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Thesis Outline 

Chapter 1.  

This chapter gives an overview of current proteomics with emphasis on sample 

preparation, post-translational modifications, mass spectrometry and proteomic data 

analysis for cancer and biopharmaceutical proteomic research. This review examines mass 

spectrometry approaches for differential proteome quantitation. Furthermore, this review 

highlights recent advances in mass spectrometry for the analysis of proteins and peptides. 

 

Chapter 2.  

This chapter describes two protocol methods to analyse clinical patient samples using a 

resin-based depletion column followed by either protein In-Gel enzymatic digestion or 

protein In-Solution enzymatic digestion and then analysis by One-Dimensional Reverse 

Phase Chromatography or Two-Dimensional Strong Cation Exchange (SCX) ς Reverse Phase 

Chromatography (RPC). 

 

Chapter 3.  

This chapter provides protocol methods for phosphopeptide enrichment using TiO2 and 

IMAC strategies from CHO cells followed by LC-MS analyses (MS2 and MS3) for site-specific 

determination of phosphorylated serine, threonine or tyrosine residues. The reversible 

phosphorylation of proteins on serine, threonine, and tyrosine residues is one of the most 

important post-translational modifications that regulate many biological processes. 

The phosphoproteome has not been studied in any great detail in recombinant 

Chinese hamster ovary (CHO) cells to date despite phosphorylation playing a crucial role in 

regulating many molecular and cellular processes relevant to bioprocess phenotypes 

including, for example, transcription, translation, growth, apoptosis, and signal 

transduction. 
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Chapter 4.  

This chapter describes a human serum depletion strategy followed by quantitative label 

free LC-MS/MS proteomics to deliver an informative portrait of response to therapy of 

patients with Multiple myeloma. Multiple myeloma (MM) is the second most common 

blood cancer in adults; it is a neoplasm of terminally differentiated B-cells characterised by 

a clonal expansion of malignant plasma cells in the bone marrow. As blood measurements 

are frequently used in the clinic in the assessment of patient health, proteomic workflows 

for serum/plasma samples to characterise possible disease-related biomarkers with the 

goal of better/improved diagnostic specificities is of significant importance.  17 MM patient 

serum samples (9 patients who subsequently responded to treatment with bortezomib / 8 

who subsequently failed to respond) were used in this study. In this study, a number of 

ǇǊƻǘŜƛƴǎ ǿŜǊŜ ŦƻǳƴŘ ǘƻ ōŜ ǎƛƎƴƛŬŎŀƴǘƭȅ ŎƘŀƴƎŜŘ ƛƴ ŀōǳƴŘŀƴŎŜ ōŜǘǿŜŜƴ ǊŜǎǇƻƴŘŜǊǎ ŀƴŘ 

non-responders to treatment.  

 

Chapter 5. 

Chapter five describes a protein and metabolite expression profiling study in blood using 

quantitative label free LC-MS/MS and high-throughput antibody-based screening platforms 

on serum from patients with breast cancer compared to healthy patient controls. 

Previously identified blood-based breast cancer biomarkers, including cancer antigen 15.3 

(CA15-3) are useful in combination with imaging (computed tomography scans, magnetic 

resonance imaging, X-rays) and physical examination for monitoring tumour burden in 

advanced breast cancer patients.   The aim of this study was to identify a biomarker 

signature of tumour burden using cancer and non-cancer (healthy controls/non-malignant 

breast disease) patient samples. Results from both mass spectrometry and high-throughput 

antibody screening demonstrated that combinations of three candidate biomarkers: 

Glutamate, 12-Hydroxyeicosatetraenoic acid, Beta-hydroxybutyrate, Factor V and Matrix 

metalloproteinase-1 with CA15-3, were found to mirror tumour burden when comparing 

non-malignant breast disease to the different stages of breast cancer.  
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Chapter 6.  

This chapter describes proteomic techniques to identify novel proteins associated with 

cancer cell invasion/metastasis by identifying the unknown targets of monoclonal 

antibodies (MAbs) shown to functionally block invasion by cancer cells.  Having generated a 

MAb following immunisation of mice with a clonal population of the pancreatic ductal 

adenocarcinoma cell line (Mia PaCa-2), the objective was to identify membrane targets 

involved in cancer invasion using immunoprecipitation and LC-MS/MS with this antibody 

against the Mia PaCa-2 cell line, a Mia PaCa-2 clone 3 (which displays high levels of invasion 

in vitro) and a squamous lung carcinoma cell line (DLKP-M). The immunoprecipitated 

proteins were identified as heterodimeric Ku antigen, Ku70/80. 

 

Chapter 7. 

Chapter seven describes the application of the methods described in chapter three to CHO 

cells that have been subjected to temperature reduction during the exponential phase of 

growth which is a strategy commonly employed by the biopharmaceutical industry to 

increase product yield. Using two different peptide phosphorylation enrichment strategies 

(Fe-NTA and TiO2), we carried out quantitative label free LC-MS/MS to identify site specific 

differential phosphorylation in CHO cells using the Orbitrap XL Mass Spectrometer. From 

this analysis we identified 384 differentially expressed phosphopeptides (182 up and 202 

down at 31°C) from the TiO2 enriched samples, and 504 differentially expressed 

phosphopeptides from the Fe-NTA enriched samples (184 up and 320 down at 31°C). The 

results suggest significant enrichment of biological processes related to growth, ribosomal 

biogenesis, and cytoskeleton organization, and molecular functions related to RNA binding, 

transcription factor activity, and protein serine/threonine kinase activity in the cells 

following temperature adjustment.  
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Chapter 8 

Chapter eight in this thesis describes the use of immobilised metal affinity chromatography 

(IMAC) on CHO cells in culture over time for Phosphopeptide enrichment followed by label 

free LC-MS/MS using the Orbitrap Fusion Mass Spectrometer demonstrating a significant 

increase in the number of site specific phosphorylation identifications when compared to 

our previous publication (chapter seven). In total over the various growth phases, we have 

identified 3,777 differentially expressed unique phosphopeptides from 1,415 differentially 

expressed unique phosphoproteins. Analysis of the whole cell lysate without 

phosphopeptide enrichment over the various growth phases revealed the differential 

expression of 834 unique proteins, with an overlap of 188 proteins between the proteomic 

and phosphoproteomic analyses. The inclusion of phosphoproteomic data can significantly 

improve proteome coverage and also give insights into the post-translational level of 

regulation during cellular growth of recombinant CHO cells. 

 

Chapter 9 

Chapter nine in this thesis applied differential quantitative label-free LC-MS/MS proteomic 

analysis to group clonally-derived cell lines (CDCLs) based on the level of clipping of the Fc-

fusion protein they produced. The analysis was carried out over two times points in culture 

ŀƴŘ ŎƭƻƴŜǎ ǿŜǊŜ ŘŜǎƛƎƴŀǘŜŘ ŀǎ ŜƛǘƘŜǊ ƘŀǾƛƴƎ ΨƘƛƎƘΩ ƻǊ ΨƭƻǿΩ ŎƭƛǇǇƛƴƎ ǇƘŜƴƻǘȅǇŜǎΦ ¦ǎƛƴƎ 

quantitative label-free LC-MS/MS analysis we identified 200 differentially expressed 

proteins between the two experimental groups, and bioinformatic analysis suggested of 

the data suggests a role for defective protein folding and unfolded protein response. 
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malignant breast disease, stage I, stage II, stage III and stage IV breast cancer patient serum 
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stage I, stage II, stage III and stage IV breast cancer patient serum specimens respectively. .. 180 

Figure 6-1. MAb 7B7 blocks cancer invasion in PDAC Mia PaCa-2 clone 3 cells and DLKP-M squamous 

lung cells. a The invasive potential of Mia PaCa-2 clone 3 cells is significantly reduced in the 

presŜƴŎŜ ƻŦ рл ˃ƎκƳƭ ƻŦ ŀƴǘƛōƻŘȅ т.тΤ ƛƴǾŀǎƛƻƴ ƛǎ ŀƭǎƻ ǊŜŘǳŎŜŘΣ ǘƻ ŀ ƭŜǎǎŜǊ ŜȄǘŜƴǘΣ ƛƴ ǘƘŜ 

ǇǊŜǎŜƴŎŜ ƻŦ нр ˃ƎκƳƭ ƻŦ ŀƴǘƛōƻŘȅΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŀǘ a!. т.т Ŏŀƴ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǊŜŘǳŎŜ ǘƘŜ ƛƴǾŀǎƛǾŜ 

potential of this cell line in a dose responsive manner. b The invasive potential of DLKP-M cells 

ƛǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǊŜŘǳŎŜŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ рл ˃ƎκƳƭ ƻŦ ŀƴǘƛōƻŘȅ т.тΤ ƛƴǾŀǎƛƻƴ ƛǎ ŀƭǎƻ ǊŜŘǳŎŜŘΣ 

ǘƻ ŀ ƭŜǎǎŜǊ ŜȄǘŜƴǘΣ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ нр ˃ƎκƳƭ ƻŦ ŀƴǘƛōƻŘȅΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŀǘ a!. т.т Ŏŀƴ 

significantly reduce the invasive potential of this cell line in a dose-responsive manner. In both 

cases, the total number of cells invading through Matrigel is shown. Data plotted represent the 

mean ± standard deviation from a representative experiment carried out in duplicate. 

{ǘŀǘƛǎǘƛŎǎΥ ϝǇҖлΦлрΣ ϝϝǇҖлΦлмΣ ŀƴŘ ϝϝϝǇҖлΦллр ŎƻƳǇŀǊŜŘ ǿƛǘƘ ƘȅōǊƛŘƻƳŀ ƳŜŘƛǳƳ ŎƻƴǘǊƻƭ όƴƻ 

a!ōύΦ {ǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘ όǘǿƻ-tailed with equal variance, unpaired). c Representative 

photomicrographs of Mia PaCa-2 clone cells invaded through Matrigel-coated Boyden invasion 

chambers (8-˃Ƴ pore size) (stained with 0.25 % crystal violet (w/v) in the presence of two 

ŘƛŦŦŜǊŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ŀƴǘƛōƻŘȅ όƻǊƛƎƛƴŀƭ ƳŀƎƴƛŦƛŎŀǘƛƻƴΣ ҎмллΤ ǎŎŀƭŜ ōŀǊҐ нлл ˃ƳύΦ Ř 

Representative photomicrographs of DLKPM cells invaded through Matrigel-coated Boyden 

invasion chambers (8-˃Ƴ ǇƻǊŜ ǎƛȊŜύ όǎǘŀƛƴŜŘ ǿƛǘƘ лΦнр ҈ ŎǊȅǎǘŀƭ ǾƛƻƭŜǘ όǿκǾύ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ 

ǘǿƻ ŘƛŦŦŜǊŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ŀƴǘƛōƻŘȅ όƻǊƛƎƛƴŀƭ ƳŀƎƴƛŦƛŎŀǘƛƻƴΣ ҎмллΤ ǎŎŀƭŜ ōŀǊҐ нлл ˃ƳύΦ !ƭƭ 

experiments were performed a minimum of three times, and representative results are 

presented. ................................................................................................................................. 205 
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Figure 6-2. Immunofluoresence cell surface staining of antibody 7B7. MiaPaCa-2 clone 3 (a) and Mia 

PaCa-2 clone 8 (b) pancreatic ductal adenocarcinoma cells and DLKP Mitox-BCRP 6P, drug-

resistant lung squamous carcinoma cells (H. Joyce, unpublished) (c) with their sensitive parent 

cells, DLKPSQ (d) and stained with antibody 7B7. Membrane 7B7 immunoreactivity is observed 

in invasive Mia PaCa-2 clone 3 and drug-resistant DLKP Mitox-BCRP 6P cells, Mia PaCa-2 clone 8 

cells which are poorly invasive in vitro show more cytoplasmic-like 7B7 immunoreactivity only, 

DLKPSQ cells show very weak 7B7 immunoreactivity. c, d Counter stained with propidium 

iodide. Original magnifiŎŀǘƛƻƴ ƻŦ ŀƭƭ ǇƘƻǘƻƳƛŎǊƻƎǊŀǇƘǎΣ ҎпллΣ ǎŎŀƭŜ ōŀǊҐнл ˃ƳύΦ ................... 206 

Figure 6-3. Identification of MAb 7B7 target antigens by immunoprecipitation. Cross-linked 

immunoprecipitation of cell lysates with 7B7MAb and control mouse IgM separated by SDS-

PAGE and stained with 0.25 % Coomassie Blue. Lane 1 molecular weight markers, lane 2 Mia 

PaCa-2 clone 3 immunoprecipitated with mouse IgM, lane 3 Mia PaCa-2 clone 3 

immunoprecipitated with MAb 7B7. Two bands are observed; at approximately 80 kDa, 70 kDa 

were excised and run through an Orbitrap XL mass spectrometer for identification. No antibody 

heavy and light chains are present. Non-binding agarose beads were also used as a control 

(data not shown). Experiment was performed three times, and a representative scanned gel is 

shown. DLKP-M cells were also immunoprecipitated with antibody 7B7 and resulted in the 

same 70 and 80-kDa reactive bands (data not shown). ............................................................ 207 

Figure 6-4. The siRNA-mediated interference knockdown of both Ku70 and Ku80 reduces invasive 

capacity of Mia PaCa-2 clone 3 cells. (a), (b) Immunoblots showing effective knockdown of 

Ku70 (a) and Ku80 (b) at 48-h post-transfection in Mia PaCa-2 clone 3 cells transfected with 

two independent siRNAs targeting Ku70 and Ku80, respectively, relative to scrambled control 

siRNA-ǘǊŀƴǎŦŜŎǘŜŘ ŎŜƭƭǎΦ ʰ-Tubulin served as a loading control. (c), (d) Representative 

histograms showing reduced invasive capacity of Mia PaCa-2 clone 3 cells in a Boyden chamber 

assay following transfection with Ku70- and Ku80-targeted siRNAs. The total number of cells 

invading through Matrigel is shown. Data plotted represent the mean ± standard deviation of 

duplicate transwell inǎŜǊǘǎ ŦǊƻƳ ŀ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ŜȄǇŜǊƛƳŜƴǘΦ {ǘŀǘƛǎǘƛŎǎΥ ϝǇҖлΦлрΣ ϝϝǇҖлΦлмΣ 

ŀƴŘ ϝϝϝǇҖлΦллр ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǎŎǊŀƳōƭŜŘ ǎƛwb! ŎƻƴǘǊƻƭΦ {ǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘ όǘǿƻ-tailed with 

equal variance, unpaired). (e), (f) Representative photomicrographs showing invasion status of 

Mia PaCa-2 clone 3 cells following transfection with siRNAs targeting Ku70 (e) and Ku80 (f), 

respectively. A decrease in invasion can be observed following siRNA transfections of both 

Ku70 and Ku80 compared with scrambled control insert. Original magnification, ×100; scale 

ōŀǊҐнлл ˃ƳΦ !ƭƭ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀ ƳƛƴƛƳǳƳ ƻŦ ǘƘǊŜŜ ǘƛƳŜǎΣ ŀƴŘ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ 

results are presented................................................................................................................. 208 

Figure 6-5. siRNA-mediated interference knockdown of both Ku70 and Ku80 reduces invasive 

capacity of DLKP-M cells. (a), (b) Immunoblots showing effective knockdown of Ku70 (a) and 

Ku80 (b) at 48-h post-transfection in DLKP-M cells transfected with two independent siRNAs 

targeting Ku70 and Ku80, respectively, relative to scramble control siRNA-ǘǊŀƴǎŦŜŎǘŜŘ ŎŜƭƭǎΦ ʰ-

Tubulin served as a loading control. (c), (d) Representative histograms showing reduced 

invasive capacity of DLKP-M cells in a Boyden chamber assay following transfection with Ku70 

and Ku80 siRNAs. The total number of cells invading through matrigel is shown. Data plotted 

represent the mean ± standard deviation of duplicate transwell inserts from a representative 
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photomicrographs showing invasion status of DLKP-M cells following transfection siRNAs 

targeting Ku70 (e) and Ku80 (f), respectively. A decrease in invasion can be observed following 

siRNA transfection of both Ku70 and Ku80 compared with scrambled control insert. Original 

ƳŀƎƴƛŦƛŎŀǘƛƻƴΣ ҎмллΤ ǎŎŀƭŜ ōŀǊҐнлл ˃ƳύΦ !ƭƭ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀ ƳƛƴƛƳǳƳ ƻŦ 

three times, and representative results are presented............................................................. 209 
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Figure 6-6. Antibody 7B7 reduces MMP activity in squamous lung carcinoma DLKP-M cells. MMP 

activity in DLKP-M cells. a Gelatin zymography analysis of conditioned medium collected over 

72 h from DLKP-M cells showing presence of both pro and active (lower band) MMP-2 in DLKP-

M cells. b Caesin zymography analysis of conditioned medium collected over 72 h from DLKP-M 

cells showing the presence of both pro and active (lower band) MMP-10 in DLKP-M cells. MMP 

activity in DLKP-M cells treated with antibody 7B7. c Gelatin zymography analysis of 

conditioned medium collected over 72 h following treatment of DLKP-a ŎŜƭƭǎ ǿƛǘƘ рл ˃Ǝ ƻŦ 

MAb 7B7. A reduction in MMP-2 activity in DLKP-M antibody-treated cells is observed 

compared with control hybridoma medium only (no antibody). D Caesin zymography analysis 

of conditioned medium collected over 72 h following treatment with antibody 7B7. A marked 

reduction inMMP-10 activity (pro and active) is observed in DLKP-M cells treated with antibody 

7B7 compared with cells treated with control hybridoma medium only (no antibody). Three 

independent experiments were performed in all cases, and representative zymograms are 
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showing weak Ku70/Ku80 immunoreactivity, while strong Ku70/Ku80-positive staining is 

observed in grade 2 (b) and grade 3 tumours (d). Stromal Ku70/Ku80 immunoreactivity can be 

observed in (d) and in a second high grade PDAC (c). Original magnification of 
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Figure 7-1. Growth and productivity of CHO-SEAP cells at 37
o
C and 31

o
C 36 hours post temperature 

shift. (A) Viable cell numbers/mL measured using a Guava Viacount assay. (B) Secreted 

recombinant SEAP protein was determined by measuring its activity using a kinetic absorbance 

assay. Error bars represent standard deviation from data obtained from four biological 
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Figure 7-3. Unsupervised Pearson clustering shows that the expression of the differentially 

expressed phosphopeptides identified from the experimental samples separate into two 

distinct sample groups from the 37
o
C (37A-37D) and 31

o
C (31A-31D) cultures grown in 

biological quadruplicate. (A) Fe-NTA (IMAC) enriched phosphopeptides and (B) TiO2 enriched 
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Figure 7-4. Volcano plot representations of phosphopeptide abundance differences caused by 

temperature shift in CHO-SEAP cells. Volcano plots of all identified phosphopeptides showing 

their distribution according to Anova p-value (-log10 P-value) and fold change (log2 fold-

change) between the 37
o
C and 31

o
C samples from (A) Fe-NTA (IMAC) and (B) TiO2 enrichment. 
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Figure 7-5. (A) Progenesis QI for Proteomics software output showing increased expression of the 

phosphopeptide TASGSSVTSLEGPR at 31
o
C from NDRG1. The vertical axis represents 

normalised abundance volumes (log).  (B) Western blot confirming increased expression of 

phospho-NDRG1 in 3 replicate CHO-SEAP samples at 31
o
C. Total NDRG1 was not detected in all 
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phosphorylation of NDRG1 at 31
o
C. The data represents the three replicates for each sample at 

37
o
C and 31

o
/ ŀƴŘ ŀǊŜ ŜȄǇǊŜǎǎŜŘ ŀǎ ƳŜŀƴ ǾŀƭǳŜǎ ҕ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴΦ  όϝϝϝ Ґ ǇҖлΦллмύΦ  όbƻ 

densitometry analysis is shown for total NDRG1 due to the lack of signal on the immunoblot).
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o
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panel) protein expression levels at 31
o
C were densitometrically quantified relative to their 
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o
C, and confirms decreased phosphorylation of ATF2 at 31

o
C. The data 

represents the three replicates for each sample at 37
o
C and 31

o
C and are expressed as mean 
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(early death) phases of growth. (B) Unsupervised Euclidian clustering shows that the expression 
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for each comparative analysis. (A) Summary of differentially expressed peptides, 

phosphopeptides and their corresponding proteins, and their direction of fold change. (B) Venn 

diagrams showing the overlap between the proteomic and phosphoproteomic protein 

identifications between the three comparative analyses. Peptides and phosphopeptides and 

their corresponding proteins were deemed differentially expressed if the fold change between 

two conditions was ±1.5 with an ANOVA p-ǾŀƭǳŜ Җ лΦлр ōŜǘǿŜŜƴ ŜȄǇŜǊƛƳŜƴǘŀƭ ƎǊƻǳǇǎΦ ........ 286 
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patterns of peptides and phosphopeptides from (A) TRIM28, (B) PLEKHG6, and (C) CRK over 
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Figure 9-1.  (A) Mean % unclipped Fc-fusion protein (intact protein) for cell lines designated with a 
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Figure 9-2. Data visualisation using a heatmap generated using ggplot package in R to show the 

distribution of all identified proteins based on statistical analysis and fold-change across all of 

the samples used in the quantitative label-free LC-MS/MS proteomic analysis. Cell lines with 
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Abstract 

Title:  Application of Advanced Liquid Chromatography Mass Spectrometry to 

Cancer and Biopharmaceutical Proteomics Research 

 

Author: Michael Henry 

 

This thesis focuses on the application of state-of-the-art liquid chromatography 
mass spectrometry to cancer and biopharmaceutical proteomics research. The goal of 
cancer proteomic research is to improve early detection, diagnosis and response to 
treatment by identifying changes in protein expression during cancer progression, which 
have the potential to be biomarkers or therapeutic targets. The aim of biopharmaceutical 
proteomics research is to identify proteins involved in desirable recombinant Chinese 
hamster ovary (CHO) cellular phenotypes which have the potential to be manipulated to 
improve the efficiency of biotherapeutic production.  

The major output from this thesis resulted in the development of world class 
expertise in the application of protein/peptide mass spectrometry to proteomic research. 
Highly reproducible HPLC methods were developed which enabled accurate differential 
expression label-free LC-MS/MS proteomic profiling. Managing the high mass accuracy 
mass spectrometers led to in-depth identification and characterisation of proteins and their 
modifications. Meticulous data analyses ensured that all proteomic outputs were of the 
highest quality. 

The scientific output from the thesis resulted in three publications in cancer 
proteomics and three publications in CHO cell proteomics. In the cancer studies, two 
manuscripts involved biomarker discovery using serum from multiple myeloma and breast 
cancer patients, and the third involved the development of an immunoprecipitation and 
LC-MS/MS technique to identify two novel cancer proteins associated with invasion and 
metastasis. In the CHO proteomic studies one of the publications resulted in the 
identification of protein degradation targets that have the potential to be modified using 
cell line engineering to improve recombinant Fc-fusion protein quality. The final two 
publications involved the development of phosphorylation enrichment strategies to carry 
out the first phosphoproteome profiling studies in biopharma research involving 
recombinant CHO cells. This data significantly improved proteome coverage and provided 
insights into the post-translational level of regulation during cellular growth of recombinant 
CHO cells. 
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1 CHAPTER 1 
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Author: Michael Henry 

 

Literature survey on current proteomics with emphasis on sample preparation, post-

translational modifications, mass spectrometry and proteomic data analysis for cancer and 

biopharmaceutical proteomic research. It examines mass spectrometry approaches for 

differential proteome quantitation. Furthermore, this review highlights recent advances in 

mass spectrometry for the analysis of proteins and peptides. 
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1.1 What is proteomics? 

 

Proteins are involved in nearly all physiological aspects on cellular life. The misregulation of 

protein expression can result in pathological states like cancer.  The use of expression 

systems utilising mammalian cells for the production of recombinant proteins that are 

folded correctly, have post-translational modifications and product assembly is also an 

essential requirement for the biopharmaceutical industry. Proteins are synthesised by 

translating the information encoded in RNA to a polypeptide chain which takes a specific 

three dimensional structure.  Proteins are subjected to constant turnover and the balance 

between synthesis and degradation is one of many forms of regulation that are 

coordinated to achieve a unified cellular response. Accounting for protein turnover holds 

the potential to reveal crucial relationships of cellular regulation and is an essential 

component of systems-level models of cell behaviour (Hinkson et al. 2011). 

Proteomics is a complex field of study concerned with applying the techniques of analytical 

chemistry, molecular biology, biochemistry, and genetics to analysing the structure, 

function, and interactions of the proteins produced by the genome of a particular cell, 

tissue, or organism. Although proteomic technologies have improved significantly over the 

intervening twenty years, the basic desire to characterise the proteome of a given cell, 

tissue or organism has not. Understanding the impact of the proteome in eukaryotes must 

take into account the fact that proteins are very complex molecules with post-translational 

modifications, trafficking, subcellular location, interactions and complex formation all 

contributing to biological function (Gonzalez et al. 2010). 

The importance of studying the proteome of a biological sample is demonstrated by the 

fact that the analysis of mRNA expression profiles is not necessarily a direct reflection of 

the protein expression profile in the cell (Graves et al. 2002). As a result, many studies have 

not always shown a good correlation between mRNA and protein expression levels (Ideker 

et al. 2001, Abbott et al. 1999). The formation of mRNA is step one in a series of biological 

events which finally results in the synthesis of a protein and whether or not the protein is 

active (Figure 1-1). 
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Figure 1-1. An example of how a single gene can give rise to multiple gene products.  If RNA is 
edited or alternatively spliced to a more mature mRNA, multiple protein isoforms can be 
generated by RNA processing. Proteins can then by regulated by additional mechanisms including 
protein folding, post translational modifications, etc. 

 

1.1.1 Protein localisation in Eukaryotes 

A goal in cell biology is to identify where specific proteins are distributed subcellularly and 

then to characterise if and how protein localisation changes under different conditions 

such as response to signals or stress. For example, targeted profiling of the plasma 

membrane proteome (specifically the proteome exposed on the cell surface) is crucial for 

the identification of cell surface biomarkers (Smolders et al. 2015). Historically, protein 

localisation was determined by microscopy or by cell fractionation followed by western 

blotting techniques; however, both techniques have a low throughput and are also based 

on predetermined and known components.  Using MS based proteomics it is now possible 

to carry out high throughput protein identification and quantitation using traditional 

subcellular fractionation methods to study organelle, substructure and/or compartment 

proteomics from whole cell extracts and tissue samples to measure the distribution of 

proteins between subcellular fractions (Christoforou et al. 2016, L. J. Foster et al. 2006).  

 

1.1.2 Protein-protein Interactions (PPIs) 

Many physiological processes are regulated by protein interaction networks so 

characterisation can provide valuable information on cell biology. Many proteins carry out 

their function within cells in the form of protein complexes.  MS based proteomics has 

become the method of choice to comprehensively study PPIs (Smits et al. 2016). There are 

several strategies available to analyse proteinςprotein interactions.  Target purification and 

interactor identification is an approach where the protein of interest is purified along with 

its interactors generally using affinity purification followed by mass spectrometry 

identification (Ho et al. 2002). However, tubulin and actin often bind non-specifically to 
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affinity chromatography resins thus complicating research toward identifying the cellular 

targets (Tamura et al. 2003). 

Immunoprecipitation using MS provides a sensitive and accurate means of characterising 

protein complexes (ten Have et al. 2011). Using Immunoprecipitaiton with LC-MS/MS in 

chapter six we described a proteomic method antibody targeting of cell surface proteins 

with an established role in cancer invasion as a screening approach to inhibit tumour 

invasion by a functional monoclonal antibody όhΩ{ǳƭƭƛǾŀƴ Ŝǘ ŀƭΦ нлмпύ.  With the advent of 

fast and sensitive LC-MS instrumentation, PPIs can be studied at global levels not based on 

affinity purification of a specific protein of interest to study the co-behaviour of proteins 

from perturbation experiments (Savitski et al. 2014) or biochemical fractions (Wan et al. 

2015). Chemical cross-linking/MS has developed recently into an alternative technique for 

analysing protein 3D structures, mapping interaction networks and elucidating protein-

protein interactions όIŅǳǇƭ Ŝǘ ŀƭΦ 2016). The main advantage of cross-linking MS is that it 

can be performed under native-like conditions and weak or transient protein interactions 

are also preserved as covalent bonds are introduced between the interacting molecules.  

The main structural proteomic approaches use homobifunctional amine-reactive cross 

linking reagents (Mädler et al. 2009) followed by the protein of interest purification using 

affinity enrichment (LaCava et al. 2015). The binding between biotin and streptavidin or 

avidin is one of the strongest known non-covalent biological interactions (Fairhead et al. 

2015), and as a result biotinylation is an attractive approach for protein complex 

purification proteomic studies (de Boer et al. 2003).  

 

1.1.3 Protein post-translational modifications (PTMs) 

A limited number of genes can generate a huge level of complexity at the protein level as a 

result of alternative splicing and post translational modification (PTM). PTMs are essential 

for most cellular functions such as protein activity, protein degradation and protein-protein 

interactions.  A protein modification can increase/decrease protein activity, it can allow 

interaction with other proteins, it can allow a protein to localise to a specific part of the 

cell, it can affect protein folding and affect the rate of turnover, aggregation and 

degradation. Identifying post translational modifications can provide leads and insights into 

the function and role of the protein in a biological system.   PTMs may result in an addition 

or removal from an amino acid side chain or protein termini, generated by the cleavage of 
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signal peptides from proteins or by covalent cross linking between separate protein 

domains (Walsh et al. 2005).The chemical changes on modified amino acids may form a 

mass shift which can be measured by mass spectrometry. Tandem mass spectrometry 

(MS/MS) provides valuable sequence information about modified peptides. 

Protein phosphorylation is one of the most common and important post-translational 

modifications, playing a major role in the control of many biological processes, including 

cell growth, division, and signalling. Phosphorylation was first described in 1954 (Burnett et 

al. 1954). This reversible mechanism occurs through protein kinases and consists of the 

addition of a phosphate group (PO4) to the polar group R of various amino acids (Ardito et 

al. 2017). The addition of PO4 modifies the protein from hydrophobic polar to hydrophilic 

polar causing the protein to change conformation when interacting with other molecules. A 

phosphorylated amino acid can also bind molecules, able to interact with other proteins 

and consequently assemble and detach protein complexes (Bruce et al. 2007). More than 

one-third of the protein phosphorylation events take place on serine, threonine, and 

tyrosine amino acid residues (Roskoski et al. 2012). In particular, the phosphorylated 

residues of serine are 86.4%, followed by residues of threonine 11.8% however only 1.8% 

of tyrosine residues are phosphorylated (Nishi et al. 2014). Major improvements in the 

detection of PTMs, primarily by mass spectrometry over the last decade has resulted in an 

exponential increase in the documented number and type of PTMs that make up the 

modified eukaryotic proteome. Phosphorlyation can be detected by mass spectrometry by 

a dominant peak corresponding to the loss of phosphoric acid (H3PO4), i.e. a loss of 98 Da 

from the parent peptide mass. The rate at which PTMs are discovered now far surpasses 

the rate at which the specific PTM can be experimentally tested for biological function. 

Thus, a need for effective methods of prioritisation is essential for quantifying the 

likelihood of a site to be regulatory and/or impactful on biological function (Torres et al. 

2016). However, protein phosphorylation is still challenging due to the low abundance of 

phosphoproteins and often by its low stoichiometry of phosphorylation as well as the 

extremely high dynamic range and the complexity of the proteome making it nearly 

impossible to analyse phosphoproteins/peptides directly from the complex proteome by 

MS without a specific enrichment procedure. Whereas the best enrichment strategies for 

many PTMs rely on the use of immunoaffinity reagents, for phosphorylated peptides both 

antibody-based as well as metal affinity enrichment-based methods exist. Phosphorylated 

peptides can be selectively enriched through interaction of the negatively charged 

phosphate groups with positively charged metal ions including iron (IMAC), titanium 
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dioxide, and zirconium dioxide (Fila et al. 2012). Generally, antibodies bind epitopes. 

Phosphoprotein or phosphopeptide enrichment using immunoprecipitation relies on 

antibodies raised against phosphorylated amino acids. Phosphoamino acid-selected 

antibodies against tyrosine-phosphorylated proteins/peptides have been successfully 

employed as enrichment strategies (Fila et al. 2012) especially as tyrosine phosphorylation 

is more challenging due to significantly lower levels of tyrosine phosphorylation compared 

to serine and threonine (Heibeck et al. 2009). Metal affinity chromatography will 

preferentially identify phosphopeptides present at higher levels (abundance-driven), while 

antibody-based methods will identify peptides that share the sequence characteristics 

targeted by the antibody itself (affinity-driven) (Stokes et al. 2015).  

Despite the importance of the phosphorylation level of regulation, little work has been 

carried out on the phosphoproteomic characterisation of Chinese hamster ovary (CHO) 

cells in bioprocess-relevant conditions. In chapter seven using Orbitrap XL MS we identified 

700 differentially expressed CHO phosphopeptides using quantitative label-free LC-MS/MS 

phosphoproteomic analysis in conjunction with IMAC and TiO2 phosphopeptide enrichment 

strategies, following a reduction in temperature from 37 to 31 °C (Henry et al. 2017). In 

chapter eight using Orbitrap Fusion MS, we carried out an IMAC phosphoproteomic 

enrichment differential analysis of IgG producing CHO DP12 cells at various phases of 

growth in serum-free suspension batch culture to characterise dynamic changes to the 

phosphoproteome with changing culture conditions. This resulted in the identification of 

3,777 differentially expressed unique phosphopeptides (Kaushik et al. 2018). 

See Figure 1-2 for an example of tandem mass spectrometry (MS/MS) on a phosphorylated 

peptide DWEDDSDEDMSNFDR to obtain detailed structural information and consequently 

determine the amino acid sequence with the PTM site modification identified on serine 

residue 6 (S6-Phospho (79.96 Da) from Mitochondrial import receptor subunit. Identifying 

peptides from mass spectra is discussed in section 1.2.2.6. 
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Figure 1-2. An example of an MS/MS from a phosphorylated peptide. The serine 6 residue from the 
sequence was identified as the phosphorylation site (S6-Phospho (79.96 Da)) from the protein 
mitochondrial import receptor subunit.  

 

Ubiquitination, a step in the non-lysosomal degradation of proteins, is a crucial post-

translational modification in eukaryotic organisms. The structured degradation and 

turnover of cellular proteins is regulated by the ubiquitin proteasome system (UPS). Most 

proteins that are critical for cellular regulation and function are targets of the process 

(Hershko et al. 1996).  The ubiquitination process is tightly controlled by three families of 

enzymes: ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and 

finally ubiquitin-protein enzymes (E3s) (Morrow et al. 2015).  Alterations of protein 

ubiquitination have been linked to many diseases such as cancer, neurodegenerative 

diseases, cardiovascular diseases, immunological disorders, and inflammatory diseases (Xu 

et al. 2013). Ubiquitination sites can be identified by MS through the detection of peptide 

adducts derived from ubiquitin. The C-terminus of the mature ubiquitin has the amino acid 

sequence KESTLHLVLRLRGG, in which the last Gly can be conjugated to lysine residues on 

target proteins. The peptide bonds at the carboxyl side of Arg and Lys can be cleaved by 

trypsin regardless of whether they are in the target proteins, in the conjugated ubiquitin, or 

in the free ubiquitin, as long as these amino acids are not modified. When the conjugated 

ubiquitin is cleaved with trypsin, it leaves two Gly residues on the modified lysine residues, 

generating a new type of peptide (Xu et al. 2013). See Figure 1-3 for an MS/MS of a 

ubiquitin modified peptide TLTGKTITLEVEPSDTIENVK with the site modification identified 

on lysine residue 5 (K5-GG -114.04293 Da) from Ubiquitin-40S ribosomal protein S27a. 
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Figure 1-3. An example of an MS/MS from ubiquitinated peptide. The lysine 5 residue was 
identified as the ubiquitarian site (K5-GG -114.04293 Da) from the protein Ubiquitin-40S ribosomal 
protein S27a. 

 

SUMO (Small-Ubiquitin-like Modifier) is a post-translational modifier of protein substrates 

at the amino acid lysine residue that conjugates to proteins in response to changes in the 

cell. SUMO has been found to be involved in mitosis, DNA repair, transcriptional regulation 

and subcellular localisation (Sula et al. 2012).  Sumolyation occurs at certain lysine residues 

of target proteins via an isopeptide linkage (Knuesel et al. 2005). Ubiquitin has a carboxyl 

terminal sequence of KGG which allows tryptic digestions of ubiquitin conjugates to 

produce a tryptic peptide containing a diglycine signature sequence; however the absence 

of either lysine or arginine in the carboxyl terminus makes SUMO peptide identification 

with trypsin difficult due to the large tryptic fragments generated (Knuesel et al. 2005). 

Hsiao et al. (Hsiao et al. 2009) ŘŜǾŜƭƻǇŜŘ ŀ ŘŀǘŀōŀǎŜ ǎŜŀǊŎƘ ǘƻƻƭ όά/ƘƻǇb{ǇƛŎŜέύ ǘƻ 

successfully identify SUMO acceptor sites from proteins sumoylated in vivo and in vitro. 

Glycosylation is another common post-translational modification. It is a specific enzymatic 

process where glycans are attached to proteins or lipids. There are two main types of 

glycosylation, O-glycosylation where the glycan is attached to a Ser or Thr amino acid 

residue, and N-glycosylation where the glycan is attached to the Asn residue in the peptide 

consensus sequence Asn-X-Ser/Thr (where X is any amino acid except Proline). Glycans are 

involved in a wide range of intracellular, cell to cell and cell to matrix recognition events 

and are therefore of great biological interest to cancer and biopharmaceutical studies 

(Morelle et al. 2007). MS strategies for glycoprotein analysis can be divided into top-down 

analysis or bottom-up.  Top-down is the most direct method where determination of the 
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molecular weight differences of peaks makes it possible to determine the type of glycan 

modifications on the protein of interest. Bottom-up approach involves characterising 

glycopeptides obtained following a proteolytic digestion of the glycoprotein (Tsai et al. 

2017). Both Top-down and Bottom-up proteomic approaches are described in the 

application on mass spectrometry section of this thesis (Section 1.2). 

Protein Oxidative modifications have been known to result in the loss of enzymatic activity, 

functional alterations, loss of structural integrity, and protein aggregation (Droge et al. 

2002). Many diseases result in oxidative damage caused by the activation of the immune 

system, mitochondrial dysfunction or environmentally-induced oxidative stress (Verrastro 

et al. 2015). Protein oxidation is commonly measured as a marker of cellular stress and 

oxidative damage. Oxidation can be detected by mass spectrometry generating a mass 

increment of 15.9949 Da (Oxygen) to the amino acid residue methionine (Garner et al. 

1998). 

Protein Methylation is another post-translational modification which modulates biological 

and cellular processes such as protein interactions, transcription, RNA processing and 

protein dynamics (Afjehi-Sadat et al. 2013). Methylation is catalysed by highly specific 

methyltransferase enzymes on arginine, lysine, histidine and glutamate. A methyl group 

generates a mass increase of 14.016 Da on the modified amino acid. Also, peptide ions 

containing monomethyl arginine and symmetric dimethyl arginine will also generate a 

neutral loss of 31.04 Da, while a neutral loss of 45.05 Da is indicative of dimethyl arginine 

(Sidoli et al. 2012). 

-ʁN-acetylation of lysine residues in histones have a fundamental role in transcriptional 

regulation. -ʁN-acetylation is predominantly involved in gene activation, due to the 

property of neutralising a positive charge of amino acid residue lysine thereby weakening 

histone interactions with DNA (Sidoli et al. 2012). -ʁN-acetylation of lysine is catalysed by 

histone acetly transferases (HATs) and the removal is mediated by histone deacetylases 

(HDACs). A number of HDAC inhibitors induce apoptosis and autophagy, potentially 

offering new approaches in cancer therapy (Martinet et al. 2011). Acetylation can be 

detected by mass spectrometry generating a mass increment of 42.011 Da and can also 

lead to the observation of diagnostic fragment ions at m/z 126.091 and sometimes also m/z 

143.118 in the MS/MS spectra ƻŦ ʶ-N-acetylated peptides (Trelle et al. 2008). 
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O-sulfation is a post translational modification primarily on tyrosine residues with the 

addition of sulfate. This modification is limited to transmembrane and secretory proteins 

having traversed the trans-Golgi network where two tyrosylprotein sulfotransferase 

enzymes (TPST1 and TPST2) catalyse the transfer of sulfaǘŜ ŦǊƻƳ ŀŘŜƴƻǎƛƴŜ оΩ-phosphate 

рΩ-phosphosulfate to tyrosine phenol (Moore et al. 2003). The main function of tyrosine 

sulfation is the modulation of protein-protein interactions in the extracellular region 

(Kehoe et al. 2000). Fragmentation of sulfopeptides using CID MS/MS of sulfopeptides 

results in a neutral loss of sulfur trioxide SO3 (80Da) (Edelson-Averbukh et al. 2011). 

 

1.1.4 Sample preparation for Proteomics 

As the proteome is so complex, there is no one standard method for preparing protein 

samples for analysis by proteomics. Proteomic protocols vary depending on the sample 

number, type, experimental goals, and analysis method used. Many factors are considered 

when designing sample preparation strategies, which can include the source, type, physical 

properties, sample abundance, complexity and cellular location of the proteins. Workflows 

that incorporate optimised cellular lysis, subcellular fractionation, depletion of high-

abundance proteins or enrichment of select proteins, and mass tagging tools can all 

contribute to the accurate identification and quantitation of protein samples. Enrichment 

and/or fractionation steps can be introduced at the protein and/or peptide level if sample 

complexity needs to be reduced or when a specific subset of proteins/peptides are of 

interest. In all cases, the quality and reproducibility of sample extraction and preparation 

can significantly impact the research results. The most common technique to analyse 

proteins for proteomic studies by mass spectrometry is to digest the protein(s) into smaller 

peptides with an enzyme and then separate the peptides by reverse phase chromatography 

into a mass spectrometer by electrospray ionization (ESI) which allows for sequence 

information to be obtained by carrying out tandem mass spectrometry (MS/MS). Trypsin is 

by far is the most common enzyme used.  

 

1.1.4.1 Digestion enzymes used for Proteomic analysis 

Trypsin cleaves C-terminal to Arginine or Lysine which produces a mixture of peptides 

containing one basic amino acid residue per peptide. Using ESI these peptides ionize to low 

charge states (generally 1+, 2+, 3+ and 4+).  Peptides are generally separated using HPLC, 
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ionised and activated to produce informative fragmentation patterns. Using software 

algorithms, the fragment ion of the peptide is deciphered and matched to its protein. 

Trypsin is commercially available from numerous vendors, purified from bovine or porcine 

pancreas or as a heterologous recombinant preparation. Glatter et al. (Glatter et al. 2012) 

reported that trypsin exhibits lower cleavage efficiency towards lysine than arginine 

residues and recommend serial digestion with Lys-C and trypsin for complex protein 

digestions to produce fewer missed cleavages. In chapter four and chapter five we describe 

the dual enzymatic digestion of Lys-C followed by trypsin (Henry et al. 2017, Dowling et al. 

2015). 

There are many alternatives to trypsin for LC-MS/MS proteomic studies. Trypsin is unable 

to produce MS identifiable peptides from the C terminus of proteins. C-terminal peptides 

may have any terminal residue at either side which results in a low charge making them 

incompatible with LC-MS/MS. As a result, protein C-termini involved in protein integration 

in membranes, complex formation and protein activity are often underrepresented in 

tryptic proteomic studies (Tsiatsiani et al. 2015). Lys-N is a protease option that cleaves N-

terminal to basic amino acids to generate positively charged C-terminal peptides 

compatible with LC-MS/MS.   

Asp-N hydrolyses peptide bonds on the N-terminal side of aspartic and cysteic acid 

residues.  Glu-C is a serine protease cleaving at the C-terminal of aspartic acid and glutamic 

acid residues. Arg-C cleaves on the C-terminal of arginine residues (it also includes sites 

next to proline) along with lysine residues.  Chymotrypsin is also a serine protease cleaving 

at the C-terminal of tyrosine, phenylalanine and tryptophan.  

Despite the advances using proteomics in cell lysis preparation, peptide preparation, 

peptide separation, mass spectrometry and database search algorithms protein digestion is 

still mainly performed using the single enzyme trypsin (Giansanti et al. 2016). 

 

1.1.4.2 Fractionation ς Protein/peptide  

Despite major improvements in sensitivity and speed of modern mass spectrometers and 

their high performance liquid chromatography systems, basic loading capacity and ion 

suppression can still limit the overall coverage of complex proteomic samples. Column 

overloading can cause poor chromatography such as peak fronting. MS ion suppression can 

negatively affect precision and accuracy of the instrument. The need to reduce the 
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complexity or pre-fractionate the sample(s) being analysed if possible and/or if there is 

sufficient starting material to allow it will always be beneficial to the analysis.  There is a 

wide variety of strategies available to the proteomic researcher for protein and/or peptide 

fractionation. At the protein level, chromatographic separation methods like ion exchange 

(IEX), reverse phase, hydrophobic interaction and size exclusion can be employed.  In 

chapter two we describe an off-line strategy for peptide fractionation using Strong Cation 

Exchange (SCX) prior to phosphopeptide enrichment using both Fe-NTA and TiO2 methods 

(Henry et al. 2017b) 

 

1.1.4.3 Depletion and enrichment strategies  

Depletion and enrichment strategies can be employed to remove high-abundance proteins 

of no analytical interest and isolate target proteins/peptides in the sample. It is accepted 

ǘƘŀǘ ǇǊƻǘŜƛƴǎ ƛƴ ǘƘŜ ŎƛǊŎǳƭŀǘƻǊȅ ǎȅǎǘŜƳ ƳƛǊǊƻǊ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ǇƘȅǎƛƻƭƻƎȅΦ tǊƻǘŜƛn levels are 

generally determined using single-protein immunoassays in hospitals. High-throughput, 

quantitative analysis using mass-spectrometry-based proteomics of blood, plasma, and 

serum would be advantageous, however, unfortunately for clinical proteomics, the 

dynamic range of the protein concentrations of different classes of protein is greater than 

ten orders of magnitude (Pernemalm et al. 2008, Anderson et al. 2002)  and at best the 

linear dynamic range of a mass spectrometer is five orders of magnitude (A. Kaufmann et 

al. 2017).  

Figure 1-4 demonstrates the reference intervals of 70 proteins found in plasma, and the 

abundances are displayed on a log scale spanning 12 orders of magnitude. At the high 

abundance end of the scale is serum albumin (normal concentration range 35-50 mg/ml or 

35-509 pg/ml) with interleukin 6 at the lower abundance end (normal range 0-5 pg/ml) 

(Anderson et al. 2002).  

The levels of high abundance proteins range from milligram to gram per liter, while those 

of low abundance proteins are generŀƭƭȅ ƭŜǎǎ ǘƘŀƴ м ˃Ǝκ[ (Anderson et al. 2002). It has been 

suggested that the more interesting, possibly tumour-specific protein biomarkers in 

plasma/serum may be present at 2-3 orders of magnitude lower than current LC-MS 

methods allow (B. Kim et al. 2018). Because of these issues, plasma/serum prefractionation 

methods play critical roles in the reduction of their complexity, allowing an opportunity to 

explore tissue-derived proteins that leak into the circulation as low abundance 

serum/plasma proteins.  Standard approaches for plasma/serum prefractionation can be 
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assigned into any of the following approaches; immunodepletion, affinity enrichment, and 

fractionation. No single approach is perfect, but instead, different approaches may be 

complementary to each other.  Similar challenges of high abundance proteins interfering 

with the analysis of low abundance proteins is also encountered by those analysing the 

secretome collected as conditioned medium as to whether the interfering proteins are 

supplemented serum, cell culture media components and/or recombinant protein secreted 

by the host cell line. Clabaut et al. (Clabaut et al. 2015) described two methods to study the 

secretome profƛƭŜǎ ƻŦ ƘǳƳŀƴ ƳŜǎŜƴŎƘȅƳŀƭ ǎǘŜƳ ŎŜƭƭπŘŜǊƛǾŜŘ ŀŘƛǇƻŎȅǘŜǎ ǿƛǘƘ ŀ 

combination of cell washing steps and 3 KDa centrifuge filter steps. Kumar et al. (A. Kumar 

et al. 2015) analysed the supernatant from CHO-K1 culture and carried out LC/LCςMS/MS 

analysis, allowing for the identification of 3281 different host cell proteins.  The CHO-K1 

cells were washed six times with 15 mL of PBS and subsequently starved for 12 with serum-

free media to reduce high abundance protein interference. 
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Figure 1-4. Summary of the reference intervals of 70 proteins found in plasma with their abundance displayed on a log scale spanning 12 orders of magnitude. Serum 
albumin is at the high abundance end while interleukin 6 is at the lower end of the abundance scale where these proteins differ in plasma abundance by a factor of 10

10
 

(A. Kaufmann et al. 2017). 
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1.1.4.4 Immunodepletion for clinical proteomics 

Immunodepletion methods generally apply beads linked to antibodies specific towards one 

or many high abundant proteins in the serum or plasma sample. This capture technique 

with a stationary phase, allows the collection of depleted proteins in the flow-through 

separating them from the low abundant proteins. The removal of serum albumin alone 

results in 50% depletion of the total serum/plasma proteins; for example the PierceTM Top 

2  depletion kit  removes serum albumin and immunoglobulin G which results in a 75% 

depletion while a  20 protein depletion resin such as ProteoPrep® 20 depletes 95-99% of 

the total serum/plasma proteins (Chutipongtanate et al. 2017).  See Table 1-1 for summary 

of depletion strategies commercially available. 

 

Depletion strategy  Proteins removed 

PierceTM Top 2 depletion kit   Serum albumin and immunoglobulin G 

 

MARS-6 depletion column Serum albumin, immunoglobulin G, 

immunoglobulin A, haptoglobin, h-1 antitrypsin, 

and transferrin 

 

Sappro® IgY-14 depletion {ŜǊǳƳ ŀƭōǳƳƛƴΣ LƎDΣ LƎ!Σ ƘŀǇǘƻƎƭƻōƛƴΣ ʰ-1 

antitrypsin, transferring, LƎaΣ LƎ5Σ ʰ-1 

ƳŀŎǊƻƎƭƻōǳƭƛƴΣ ʰ-1 acid glycoprotein, complement 

C3, apolipoprotein AI, apolipoprotein AII, and 

apolipoprotein B 

 

ProteoPrep® 20 {ŜǊǳƳ ŀƭōǳƳƛƴΣ LƎDΣ LƎ!Σ ƘŀǇǘƻƎƭƻōƛƴΣ ʰ-1 

antitrypsin, transferring, LƎaΣ LƎ5Σ ʰ-1 

ƳŀŎǊƻƎƭƻōǳƭƛƴΣ ʰ-1 acid glycoprotein, complement 

C3, apolipoprotein AI, apolipoprotein AII, 

apolipoprotein B, transthyretin, ceruloplasmin, 

complement C4, complement C1q, prealbumin, 

and plasminogen 

 

Table 1-1. Commercially available protein depletion strategies for clinical proteomics and the list of 
proteins that they remove. 
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Nanotrap particles are hydrogel particles of various sizes ranging from 300 to 3000 

nanometers which contain a core made of a cross-linked polymeric networks of N-

isopropylacrylamide and co-ƳƻƳŜǊǎ ǎǳŎƘ ŀǎ ŀƭƭȅƭŀƳƛƴŜΣ ŀŎǊȅƭƛŎ ŀŎƛŘ ŀƴŘ bΣbΩ-

methylenebisacrylamide. The nanotrap particles are functionalised with charge-based 

affinity bait using copolymerisation and covalent bind to its shell which act as a capture, 

concentrate and trap target proteins (Shafagati et al. 2015). 

ProteoMinerTM (Bio-Rad Laboratories) is a protein enrichment technology using a large 

diverse bead-based library of combinatorial peptide ligands which simultaneously dilute 

high-abundance proteins and concentrate low-abundance proteins (L. Li et al. 2015).  

Seong et al. (Seong et al. 2017) used an albumin/IgG removal kit to analyse low abundance 

proteins in human plasma using ultra-high performance liquid chromatography coupled 

with highly accurate mass spectrometry to optimise methods for biomarker discovery in 

human plasma samples for fragmentation pattern of elevated BNP in patients with cardiac 

disease. Cao et al. (Cao et al. 2015) depleted the 14 highest abundance proteins in human 

plasma samples from patients following heart failure with a multiple affinity removal 

system column (MARS) followed by two-dimensional liquid chromatography coupled to a 

tandem mass spectrometry.   

In chapter two, we describe a method for the removal of both albumin and IgG from 

patient bio-fluids using ProteoPrep® Blue albumin depletion kit from Sigma Aldrich prior to 

either protein in-gel digestion or in-solution proteomic pipelines (Henry et al. 2017). 

In chapter four, we describe a two-step depletion strategy using a combination of the 

tǊƻǘŜƻƳŜ tǳǊƛǘȅϰ мн IǳƳŀƴ {ŜǊǳƳ tǊƻǘŜƛƴ LƳƳǳƴƻŘŜǇƭŜǘƛƻƴ wŜǎƛƴ ŦǊƻƳ w ϧ 5 {ȅǎtems, 

United Kingdom to deplete the 12 most abundant proteins (alpha 1- Acid Glycoprotein, 

alpha 1-Antitrypsin, alpha 2-Macroglobulin, Albumin, Apolipoprotein A-I, Apolipoprotein A-

II, Fibrinogen, Haptoglobin, IgA, IgG, IgM, Transferrin) from the serum followed by the 

addition of Blue Nanotrap particles (RB4VSA) from Ceres to study plasma samples from 

patients diagnosed with multiple myeloma (9 patients who subsequently responded to 

treatment/ 8 who subsequently failed to respond to treatment). The aim of the study was 

to identify a panel of clinically useful biomarkers to predict response to treatment 

containing bortezomib (Ting et al. 2017) . 

In chapter five, we described the use Proteo- MinerTM technology (Bio-Rad Laboratories) to 

perform serum equalisation on cancer and non-cancer (healthy controls/non-malignant 
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breast disease) patient samples with the aim to identify a biomarker signature of tumour 

burden using quantitative profiling by label-free LCςMS/MS analysis (Dowling et al. 2015). 

Using MS-based proteomics and combining with immunodepletion of high abundance 

proteins, as very extensive peptide fractionation, it has been possible to identify >5,000 

proteins from plasma samples from patients with myocardial infarction (Keshishian et al. 

2015).  However; extensive immunodepletion and multi-fractionation is expensive, time 

consuming, requires large volume of sample, instrument time and analysis time. Geyer et 

al. (Geyer et al. 2016) described an automated, highly reproducible, 3 h proteomic 

workflow from blood droplet collection to results to quantitate 1,000-protein plasma 

proteins with the objective of developing a proteome profile as a proteomic portrait of a 

ǇŜǊǎƻƴΩǎ ƘŜŀƭǘh state. Post blood collection, the samples were centrifuged to collect plasma 

and a combination of two immunodepletion kits were used to remove of 20 of the highest 

abundance plasma proteins.  

 

1.1.4.5 Subcellular fractionation 

Subcellular fractionation in tandem with state-of-the-art mass spectrometry-based 

proteomics represents a powerful tool for expanding the depth of cellular proteome 

coverage. Subcellular fractionation allows dissection of intracellular organelles, including 

the isolation of multi-protein complexes from these organelles. As such, many low 

abundance proteins and a variety of signalling complexes can be enriched, whereas 

unfractionated whole-cell lysate analyses are dominated by the most abundant proteins. 

Organelle enrichment can be carried out by centrifugal methods or by chemical kit 

methods for isolation of membrane, lysosome, peroxisome, nuclei, mitochondrial.  

Localisation of organelle proteins by Isotope tagging (LOPIT) (Dunkley et al. 2004) is a 

proteomic method to determine the subcellular localisation of membrane proteins which 

uses a combination of biochemical fractionation using density gradient ultracentrifugation 

with multiplexed quantitative mass spectrometry. This technique was recently redeveloped 

to enable subcellular localisation of thousands of protein per experiment termed 

άƘȅǇŜǊ[htL¢έ ǘƻ ƛƴŎƭǳŘŜ ǎǇŀǘƛŀƭ ǊŜǎƻƭǳǘƛƻƴ ŀǘ ǘƘŜ ǎǳōƻǊƎŀƴŜƭƭŜ ŀƴŘ ƭŀǊƎŜ ǇǊƻǘŜƛƴ ŎƻƳǇƭŜȄ 

level (Mulvey et al. 2017). 
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1.2 Application of mass spectrometry for the analysis of proteins and peptides 

 

1.2.1  Introduction to Mass Spectrometry Technology for Proteomics 

One of the most important developments in proteomics has been the development of 

Mass Spectrometry technology. Proteomic based MS can obtain protein structural 

information such as protein mass, peptide masses and amino acid sequence information. 

Using this information, for example, top-down proteomics can analyse whole proteins 

directly and view protein modifications that can cause mass shifts. Bottom-up proteomics 

can be used to identify proteins by searching peptide mass and sequence mass information 

against protein databases.  

Proteomic based mass spectrometry requires sample ionisation.  The biological sample 

must be converted into a desolvated ion. The two traditional methods are matrix-assisted 

laser desorption ionisation (MALDI) or more commonly electrospray ionisation (ESI). Nano 

ESI coupled with nano high performance liquid chromatography has become the standard 

LC-MS approach in the majority of proteomic labs. For MALDI ionisation, the sample is 

mixed uniformly in a large quantity of matrix. When targeted by ultraviolet light (nitrogen 

laser at 337 nm) the matrix absorbs and converts it to heat energy. The matrix heats rapidly 

and is vaporized along with the sample. The electrospray ionisation is produced by applying 

a strong electric field under atmospheric pressure to a liquid passing through a capillary 

needle. The electric field is obtained by applying a potential difference between the 

capillary and a counter electrode. This electric field will induce a charge accumulation at 

the liquid surface at the tip of the capillary which will break the surface to formed highly 

charged droplets. The charged droplets pass through a heated capillary causing solvent 

evaporation due to a high electric field in the mass spectrometer. Using ESI, peptides will 

produce mainly single, double or triple charged ions while large peptide fragments and 

proteins will produce multiple charges ions. Once a sample is charged, it undergoes 

separation, deflection and manipulation by the mass spectrometer. The charged samples 

are deflected at different angles based on their individual masses. Basically, as the charged 

particle beam passes through the magnetic field, it undergoes separation based on 

the m/z ratio of its particles. The separated particles arrive at different locations on a 

detector within the mass spectrometer, with each location is translated into a molecular 

ion peak on the spectrum graph. 
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Nanotechnology devices have the potential to significantly expand the capabilities of 

proteomics, for example, by addressing the current limitations in selectively reaching a 

target protein in vivo through physical and biological barriers and detecting low abundance 

targets. In the last decade, the sensitivity of analysis and accuracy of results for protein 

identification by MS have increased by several orders of magnitude.  

Protein identification is obtained by amino acid sequencing, known as tandem mass 

spectrometry (MS/MS), which is used to fragment a specific peptide or protein which can 

then be used to deduce the amino acid sequence.   

Shotgun proteomics (Bottom up), is the term used to describe the enzymatic digestion of 

proteins to produce peptides which are ionised by a mass spectrometer. The ionised 

peptides are analysed by their mass-to-charge (m/z) ratio and precursors (peptides). These 

can then be selected for fragmentation and have the m/z fragmented peptides determined. 

Top down proteomics is the term used to describe the introduction of intact proteins into 

the mass spectrometer and where fragmentation can allow for protein sequence coverage.  

The majority of proteomic experiments involve the bottom-up approach. With the sheer 

numbers and large dynamic range of peptide abundances involved, these proteomic 

approaches require ultra-fast peptide detection and fragmentation with extreme sensitivity 

which will reduce measurement times, increase and improve protein identified sequence 

coverage to allow for in-depth proteomic analysis. 

There are many instrument formats available for proteomic researchers (Domon et al. 

2006). However linear ion trap technology (Syka et al. 2004) coupled with Fourier 

Transform (FT) mass spectrometry has become the most popular platform for proteomics 

as it combines high resolution capabilities of the FT along with the robustness, speed and 

sensitivity of the ion trap. With FTMS, masses are represented by frequencies and because 

frequencies can be measured with high accuracy, FTMS offers very high mass measurement 

accuracy. Mass accuracy, with regards to mass spectrometry is the ratio of the m/z 

measurement error to the true m/z and is generally described in parts per million (ppm). 

The mass resolving power (resolution) of an instrument is its ability to distinguish two 

peaks with slightly different m/z values and their mass difference is generally described as 

full width at half maximum (FWHM). Accurate mass is an extremely powerful filter to 

confirm the identity of a compound and for identification of an unknown (Makarov et al. 

2006). 
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Martin et al. (Martin et al. 2000) described the first implementation of an ion cyclotron 

resonance instrument coupled with a 7T magnet to operate as a high resolution 

instrument. However; these instruments were very large and expensive to maintain.  Syka 

et al. (Syka et al. 2004) described the design and performance of a prototype high 

performance hybrid mass spectrometer which consisted of a linear quadrupole ion trap 

(QLT) coupled to a Fourier transform ion cyclotron resonance mass analyzer (FTMS).  A few 

years later, Makarov developed the OrbitrapTM analyser coupled to a linear ion trap 

providing proteomic researchers with a somewhat affordable, very small and extremely 

powerful analyser (Hu et al. 2005).  

The MS proteomics facility in the NICB Dublin City University has used Orbitrap MS 

technology (Thermo Fisher) for the last decade with the Orbitrap XL and now more recently 

with the Orbitrap Fusion Tribrid. Chapters 2, 3, 4, 5, 6, 7, and 9 used OrbiTrap XL mass 

spectrometry analysis and Chapter 8 used the Orbitrap Fusion Tribid mass spectrometer. 

 

1.2.1.1 Bottom Up/Shotgun Proteomics 

All proteins of interest are extracted and digested with a protease or combination of 

proteases to produce peptides and subjectƛƴƎ ǘƘŜƳ ǘƻ ŀ άǎƘƻǘƎǳƴέ ŀƴŀƭȅǎƛǎΣ ŀƭǎƻ ǊŜŦŜǊǊŜŘ 

ǘƻ ŀǎ άōƻǘǘƻƳ ǳǇέ ŀƴŀƭȅǎƛǎ (Kelleher et al. 1999). The key steps for this approach are, (1) 

the protein sample needs to be digested into short peptides (which can be separated by 

liquid chromatography), and (2) when introduced into a mass spectrometer, they are 

fragmented to generate sequence information by matching by computational methods to a 

protein database to yield a protein match. The general approach is deep coverage or as 

much information as possible for a defined set of proteins/peptide (targeted MS).  Shotgun 

MS proteomics approach requires no prior knowledge of the peptides present so the MS 

instrument can be run in a data dependent or independent mode.  Peptides obtained from 

the enzymatic digestion are separated by liquid chromatography systems coupled to mass 

spectrometers (LC-MS). During the analysis, eluting peptides from the chromatography are 

selected to a predefined criteria (e.g. peptide signal rising above the noise in a full scan 

mass spectrum) and fragmented, producing tandem (MS/MS) mass spectra known as data-

dependent acquisition or all eluting peptides with a defined m/z window are selected for 

fragmentation know as data-independent acquisition.  
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1.2.1.2 Data-dependent acquisition (DDA) 

DDA is the most widely used approach in shotgun proteomics (Kalli et al. 2013) and 

generally selects the most intense peptide ion from the full MS scan and selects it for 

fragmentation.  The criteria for MS and MSn events are defined by the user. Examples of 

the parameters to be selected for full MS acquisition are mass resolution, selection of 

monoisotopic precursors, automatic gain control (AGC) target value for the ion population 

and full MS maximum injection time. For tandem mass spectrometry events, parameters 

can be mass resolution, minimal signal threshold, maximum ion injection times, number of 

MSn events and dynamic exclusion times. See Figure 1-6 for an example of a peptide 

intensity threshold value to trigger an MS/MS scan. Peptides labelled 1 through to 7 have 

passed a threshold intensity value and will trigger an MS/MS event.  

The nature and complexity of the sample being analysed by the mass spectrometer can 

have a major effect on the quality of protein/peptide identification rates.  The common 

mode for MS acquisition in most labs is the highest number of identifications from a high 

peptide load. MS optimisation is usually time consuming and requires many injections of 

the same sample. It has become the normal approach for MS experts with limited time and 

ǘƻƻ Ƴŀƴȅ ǎŀƳǇƭŜǎ ǘƻ άǇƛŎƪ ŀƴŘ ǎǘƛŎƪέ, i.e. pick a method and stick with it for most samples 

as there is not enough time nor in most cases enough, sample to optimise. Unfortunately, 

peptide identifications can be the casualty for sample and time saving.  

One of the main advantages of ion trap mass spectrometry is the ability to carry out 

multiple MS/MS fragmentation steps on a single precursor molecule (e.g. a peptide) and its 

product ions (e.g. fragmented peptide) to create a pattern of product-precursor ion 

relationship to produce extensive structural information. With LC/MS ion trap experiments, 

optimisation of filling the ion trap and detecting the ions within the chromatographic time 

period of an eluting peptide is critical for successful confident identifications.  These events 

are described as analytical cycle time and in a high-performance ion trap can be divided 

into 4 events.  

1. Ion injection 

 2. Automatic Gain control (pre scan) 

 3. Isolation and activation of the peptide in the trap 

 4. Mass analysis by scanning ions out of the trap 

Ion injection time is determined by the rate that ions enter the trap while mass analysis is a 

function of scan speed and its selected mass range. 
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With DDA methods, time spent on optimising/balancing MS injection times and scan rate 

times can drastically improve peptide identification success rates depending on the 

complexity (i.e. number of peptide) of the sample being analysed. Short max ion times and 

fast ion scan rates (35 ms) should be used for complex peptide samples while longer max 

ion injection times (300 ms) with slower scan rates used for less complex samples.  Using 

an Orbitrap Fusion Tribrid Mass Spectrometer, we analysed two samples of various 

concentrations and complexity and compared fast scan rates and slower scan rates.  The 

high concentration/complex sample was a 1 µg peptide injection from a rat thyroid cell 

lysate sample and we compared a maximum ion time of 35 ms and a 300 ms maximum ion 

time.  The fast scan time method resulted in 99,502 MS/MS scans, with 18,599 unique 

peptides resulting in the identification of 3,508 rat proteins. The slower scan times resulted 

in 76,989 MS/MS scans and only 15,121 unique peptides resulting in only 3,119 proteins 

being identified (See Figure 1-5.). From this data, short max ion time is the best for complex 

sample analysis as more MS/MS were acquired resulting in more unique peptides being 

identified.  

The low concentration/complex sample was a 0.1 µg peptide fraction from a human serum 

neutrophil sample that had a membrane protein enrichment. We compared the maximum 

ion time of 35 ms and 300 ms maximum ion time methods.  The fast scan times resulted in 

38,773 MS/MS scans, but only 713 unique peptides from 333 identified human proteins. 

The slower scan times resulted in 22,661 MS/MS scans but had 2150 unique peptides from 

686 proteins identified (Figure 1-5). We found longer max ion time is the better for low 

concentration complex sample analysis as better quality MS/MS using longer ion time is 

more important than a maximum possible MS/MS count. 
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Figure 1-5. Comparison of how ion trap method parameters can drastically affect the number of 
confident peptide identification results. At high concentration of sample, fast ion injection time is 
optimal while at low concentrations of sample, longer injection times are optimal.  

 

1.2.1.3 Data Independent Acquisition (DIA)  

An alternative to DDA mass spectrometry is DIA. The peptide selection criteria with DDA 

can favour high abundant/intensity peptides. DIA methods select all peptide ions within a 

given mass range and above the detection limit of the LC-MS from a sample and are 

fragmented independently of their intensity.   

DIA, theoretically allows for the identification and quantification of all peptide precursors; 

however, the MS/MS spectra generated is composed of the fragmented ions from all the 

different peptides precursors unlike traditional DDA where the precursor peptide mass is 

directly linked to the MS/MS fragmentation.  The acquisition workflow involves cyclical 

recording across the chromatographic time frame of consecutive full MS survey scans and 

MS/MS fragment ion spectra for all peptides in a predetermined isolation window. The 

isolation window is described as the m/z range that the MS detector uses to isolate the 

precursor peptide. Then, using reference to pre-recorded spectral libraries, targeted data 

extraction is carried out on both the full MS and MS/MS.  See Figure 1-7 for an example of 

data independent acquisition below where reaction monitoring with 30 x 20 m/z wide 

windows = 500 m/z will measure all the fragment ions for all precursors (peptides) between 

400 and 900 m/z. In DIA analysis, the resulting fragment ion spectra is highly multiplexed 
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(no direct relationship between the precursor ion and its fragmented ions) and as a result, 

interpretation and interrogation of the data generated can be challenging. 

Peptide identification from DIA data can be achieved using reference spectral libraries for 

the targeted extraction of quantitative information of the peptides included in these 

libraries (Schubert et al. 2015) using tools such as Spectronaut, OpenSWATH, Skyline, or 

PeakView. Bruderer et al. (Bruderer et al. 2017) and Ritz et al. (Ritz et al. 2017) used DIA to 

characterise peptides presented by human leukocyte antigen (HLA) class I molecules and 

reported they could confidently identify more peptides than the DDA method on the same 

instrument with 100 times less sample. Either method can generate large numbers of 

MS/MS spectra which require automated search engines capable of identifying peptides 

(and quantifying if necessary). 

Another approach using DIA MS data can be a targeted approach known as Sequential 

Windowed Acquisition of All theoretical Fragment Ion Mass Spectra (SWATH) (Schubert et 

al. 2015) which uses a targeted extraction of specific ion fragmented spectra for 

identification and quantification.  

SWATH MS aims to complement traditional shotgun mass spectrometry techniques and 

SRM methods (Gillet et al. 2012). An alternative approach to SWATH is WiSIM-DIA which is 

a combination of conventional DIA with a wide-SIM (wide selected-ion monitoring) 

windows which partition the precursor m/z space thus producing high quality precursor ion 

chromatograms (Koopmans et al. 2018). An example of WiSIM-DIA workflow on an 

Orbitrap Fusion instrument can be seen in Figure 1-8. 
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Minimal signal threshold for MS/MS selection 

 

 

Figure 1-6. Data dependent acquisition method where all peptides measured above a predefined 
value/intensity are selected for MS/MS. 

 

 

 

 

Figure 1-7. Data independent acquisition method where all peptides within the given mass range 
(m/z) are selected for MS/MS. 
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Figure 1-8. WiSIM DIA on the Orbitrap fusion. Scanning at 240,000 resolution in the Orbitrap with wide isolation windows of 180 amu (which covers 450-990 m/z) while 
in parallel to each SIM scan, 15 CID MS/MS scans are carried out in the ion trap with 12 amu isolation windows. 
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1.2.2 MS/MS Fragmentation Strategies 

In an observed MS/MS spectrum, the type of ions observed will depend on a number of 

factors including the charge state of the peptide, its primary sequence, how the energy was 

introduced etc. etc. Fragment ions can only be detected by the analyser in a mass 

spectrometer if they carry at least one charge. If the retained charge is on the N-terminal 

fragment, the ion is classed as either a, b or c however, if the charge is retained on the C-

terminal, then the ion is described as either x, y or z. (See Roesptroff nomenclature in 

Figure 1-9) (Roepstroff et al. 1984). 

1.2.2.1 Collision Induced Dissociation (CID) 

CID is traditionally one of the most common fragmentation processes for tandem mass 

spectrometry to dissociate peptide ions for sequence analysis. Generally, the preferred site 

of cleavage of the peptide ion is its amide bond on the peptide backbone. Following 

collision induced dissociation, the amide bond on the peptide backbone will fragment to 

produce a series of ςy ions and ςb ions (see Figure 1-9). CID fragmentation was used in 

chapters 2, 3, 4, 5, 6, 7, 8 and 9 in this thesis as the standard fragmentation technique for 

proteomic analysis of peptides. 

 

Figure 1-9. Roepstroff Nomenclature demonstrating the fragment ions formed from the peptide 
backbone cleavage of a protonated peptide. Fragment ions retaining a positive charge on the 
carboxy terminus are termed ςx, -y and ςz type ions while the fragment ions retained on the 
positive charge on the amino terminus are termed ςa, -b and ςc ions. 

 



28 
 

1.2.2.2 High Collision Dissociation (HCD) 

HCD is a fragmentation option on Orbitrap analysers (Thermo Scientific). HCD is a higher 

energy dissociation compared to CID, and as a result enables a wider range of 

fragmentation pathways and has no low-mass cut-off (Jedrychowski et al. 2011). 

Historically, HCD resulted in higher quality MS/MS spectra, however; traditionally it is a 

slower fragmentation strategy as spectral acquisition involves Fourier transform detection. 

Newer Orbitrap mass spectrometers like the Orbitrap Fusion instruments allow for HCD 

fragmentation to also take place in the ion trap too and thus have comparable acquisition 

speed to CID ion trap (Hebert et al. 2014). 

1.2.2.3 Neutral loss M3  

Data dependent neutral loss (DDNL) MS3 methods consist of additional fragmentation of 

the product of the precursor neutral loss in the form of an MS3 scan. This technique is 

useful if there is a predominant loss in MS2 data that does not inform the user much about 

the structure of the compound (typical of phosphorylated peptides). To avoid this extra 

scan, if sufficient information is contained in the MS/MS scan, a trigger based on a 

dominant peak in the MS/MS spectrum can be set for a certain intensity and/or a certain 

mass (Villén et al. 2008). When a phosphorylated peptide is fragmented by CID or HCD, a 

dominant peak corresponding to the loss of phosphoric acid (H3PO4), i.e. a loss of 98 Da 

from the parent peptide mass, is observed in the tandem mass spectrum. This loss of 

phosphoric ŀŎƛŘ ƎŜƴŜǊŀƭƭȅ ǊŜǎǳƭǘǎ ƛƴ ǘƘŜ ǇŜǇǘƛŘŜΩǎ ōŀŎƪōƻƴŜ ōƻƴŘ ǎǘŀȅƛƴƎ ƛƴǘŀŎǘΣ ǘƘǳǎ ǘƘŜ 

resulting spectra produces a poor sequence spectrum. In chapter 7 we describe a data-

depended neutral loss MS (MS3) strategy for phosphopeptide analysis (Henry et al. 2017). 

1.2.2.4 Electron transfer dissociation (ETD)  

ETD is an ion/ion chemistry MS method to fragment peptides. Fragmentation occurs by 

transferring an electron from a radical anion to a protonated peptide. This induces 

fragmentation of the peptide backbone, causing cleavage of the C-hN bond which creates 

complementary ςc and ςz type ions (Mikesh et al. 2006). This is a soft/low energy 

fragmentation method which can preserve PTMs. ETD can also be utilised to fragment large 

peptide (greater than 20 amino acids) and high charge state peptide fragments which 

generally do not fragment well with collision dissociation fragmentation methods. 

Fluoranthene has emerged as one of the most widely used reagent anions for ETD (M. Kim 

et al. 2012). 
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1.2.2.5 Multistage activation (MSA)  

MSA is fragmentation strategy possible on hybrid Mass Spectrometers and more recently 

as CID scans on the Orbitrap Fusion MS platform.  MSA is useful when a precursor has a 

predominant loss that does not inform the user much about the structure of the compound 

which happens often in phosphorylated peptides.  MSA is a pseudo-MS3 scan where the 

precursor is fragmented as per usual and then a subsequent specified mass below that 

precursor is fragmented. All of the ions are then detected in a single scan. MSA assumes 

that the major loss will be occurring in all cases, so the instrument does not spend time 

scanning out to see if that fragment is there first.  MSA does have a time penalty relative to 

CID MS2, about 10 milli-seconds, as it is carrying out an additional activation. However, it is 

much quicker than performing true MS3 (neutral loss) analysis where you would first do 

the MS2 followed by detection then re-isolation and fragmentation for the MS3 

experiment. We used MSA fragmentation in chapter eight for MS phosphopeptide analysis 

(Kaushik et al. 2018). 

 

1.2.2.6 Identifying peptides from mass spectra  

Peptide identification from mass spectra data still remains one of the main bottlenecks in 

proteomic experiments.  The first important step in proteomic data processing is the 

correct assignment of the MS/MS spectrum generated from a peptide ion.  Identifications 

can be classified into 2 main categories: 

a. Database searching 

b. De novo sequencing 

Database searching is the most frequently used peptide identification pipeline for large-

scale proteomic studies (Kong et al. 2017). Database searching, results in a peptide 

identification by either correlating the MS/MS fragment ion spectra with theoretical 

spectra generated from a protein sequence database or by correlating the MS/MS 

fragment ion spectra with a spectral library of MS/MS spectra identified in previous 

experiments.  A spectral library is meticulously complied from previously observed and 

identified MS/MS spectra.  See Figure 1-10 of an example using SEQUEST search package to 

match a candidate fragmented peptide to the theoretical spectrum generated from the 

Chinese hamster ovary FASTA protein database (UniProtKB unreviewed TrEMBL Chinese 

hamster protein database). Theoretical b- and yςions amino acid sequence masses 

(highlighted in red and blue respectively) are confidently matched to observed spectrum 
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masses corresponding to the amino acid sequence IFQIHTSR from the protein 26S protease 

regulatory subunit 4 [Cricetulus griseus].   See Figure 1-11 of an example using SEQUEST to 

match the same candidate fragmented peptide to the Chinese hamster mass spectra library 

from chemdata website which contains 74,509 distinct peptides from 158,026 spectra. The 

top spectrum is the candidate fragmented peptides and the bottom (upside down) 

spectrum is the confidently identified/match from the spectral library also corresponding 

to the amino acid sequence IFQIHTSR from the protein 26S protease regulatory subunit 4 

[Cricetulus griseus].   
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Figure 1-10. HCD MS/MS fragment ion spectra from a Chinese hamster ovary cell line digest analysed on the Orbitrap Fusion and the data matched to the Chinese 
hamster ovary fasta protein database (UniProtKB unreviewed TrEMBL Chinese hamster protein database).  The MS/MS spectra of b- and y-ions matched confidently 
with the amino acid sequence IFQIHTSR was matched to 26S protease regulatory subunit 4 [Cricetulus griseus]. 
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Figure 1-11. An MS/MS fragment ion spectra from a Chinese hamster ovary cell line digest analysed on the Orbitrap Fusion and the data matched to the reference 
spectrum from Chinese hamster ovary fasta protein Chinese hamster mass spectra library (https://chemdata.nist/gov/) There was a strong match of the candidate 
peptide (top) to the reference spectrum (bottom) IFQIHTSR from the HCD generated MS/MS spectrum identified as 26S protease regulatory subunit 4 [Cricetulus 
griseus]. 
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De novo sequencing approach for peptide identification ƛǎ ŀ ǇǊƻŎŜǎǎ ǘƘŀǘ ŘŜǊƛǾŜǎ ŀ ǇŜǇǘƛŘŜΩs 

amino acid sequence using the MS/MS fragment ion spectra without the assistance of a 

sequence database. It can also be used if the sequence contains modified peptides or 

polymorphisms.  De novo sequencing is computationally heavy and requires high resolution 

fragment ion spectra so generally is not compatible with large scale proteomic studies 

(Kong et al. 2017). 

When using protein databases for peptide identification, the MS/MS spectrum is correlated 

against the constructed theoretical spectra as long as a certain set of database criteria have 

been satisfied.  One of the earliest software packages was SEQUEST (Eng et al. 2008) and 

more recently succeeded by SEQUEST HT. The main scoring function of SEQUEST is Xcorr 

(Eng et al. 2008) which assigns a similarity score to a given pairing of an observed MS/MS 

spectrum and to that of a theoretical spectrum of a candidate peptide.  The main two 

reasons that SEQUEST has stood the test of time is Xcorr cross-correlation has proved to be 

an excellent discriminator in the presence of noise peaks and is easily integrated into fully 

automated processing pipelines to determine which spectra are confidently identified and 

then assembled protein inferences from the peptide/ion spectrum matches (Tabb et al. 

2015). We used SEQUEST in chapters 4, 6, 7, 8 and 9 in this thesis.  

MASCOT software package (MATRIX SCIENCE) uses a probability modelling algorithm and 

protein database searching. Experimental peptide and fragmented ion masses are matched 

to ones generated in-silico from a database. We used MASCOT in chapter five and we used 

MASCOT in conjunction with SEQUEST in chapter 4 in this thesis. 

Although search engines are relatively effective at identifying peptides with a defined 

measure of reliability, their localisation of site/s of modification is often arbitrary and 

unreliable (Chalkley et al. 2012). Historically, CID fragmentation is the method of choice of 

peptide fragmentation; however alterative complementary configurations are now possible 

like ETD and HCD.  Localisation of modification amino acid sites using fragmentation 

information is not straightforward (Chalkley et al. 2012) as a site can only be assigned if 

fragment ions surrounding the site are present which can be especially difficult if multiple 

sites are modified, e.g. multiple phosphorylatable residues being adjacent and single 

peptides having multiple modifications (Collins et al. 2014). There are various evaluation 

tools available in conjunction with the database search engines to help modification site 

assignment including PhosRS (Taus et al. 2011), Ascore (Bailey et al. 2009, Beausoleil et al. 
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2006) and SloMo (Bailey et al. 2009). In chapters 7 and 8 in this thesis we used PhosRS for 

site specific phosphorylation assignment following SEQUEST confident identification. 

Figure 1-12 demonstrates SEQUEST search results from some of the fragmentation options 

available on the Orbitrap Fusion carried out on the phosphorylated peptide 

KVELs*ESEEDKGSK.  

Fragmentation was carried out using multiple dissociation techniques of HCD, MSA, ETD 

and neutral loss CID MS3 strategies to demonstrate the versatility of the next generation 

Orbitrap fusion tribrid MS platform especially for phosphorylated peptides. SEQUEST Xcorr 

cross-correlation scores for this particular phosphorylated peptide were: ETD 5.64, CID MS2 

1.91 and the neutral loss CID MS3 4.14, HCD 3.78 and MSA 4.37. 

Although the Orbitrap Tribrid MS instrument has multiple fragmentation options, we found 

the MSA strategy yielded the highest number of confident phosphorylated site specific 

identifications. We compared a 1 µg phosphopeptide enriched sample separated over 2 h 

with MSA yielding 7,148 confident phosphorylated peptides compared to HCD with 6,626 

confident phosphorylated peptides. We found ETD fragmentation a slower fragmentation 

method on this instrument and it generated 50 % less MS/MS spectrums and 

approximately 50 % less confident identifications. 
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Figure 1-12. Phosphorylated peptide KVELs*ESEEDKGSK selected fragmentation using the various options available on the Orbitrap Fusion Tribrid MS. The strategies 
demonstrated were MSA, HCD, ETD and neutral loss MS3 CID each showing different fragment ion patterns when search using SEQUEST.
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1.2.3 Top Down proteomics  

The term Top-Down originated as a means to distinguish protein analysis/identification of 

intact protein isoforms or proteomforms by mass spectrometry (Smith et al. 2013) from the 

commonly ǳǎŜŘ άōƻǘǘƻƳ ǳǇέ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ ŀǇǇǊƻŀŎƘΦ   

Structural proteomics is the process of high-throughput characterisation of the three-

dimensional structure of protein complexes or the proteins present in a specific cellular 

organelle (Manjasetty et al. 2012). Combining protein chemistry and modern mass 

spectrometry has paved the way for structural analysis of proteins and protein complexes 

as these techniques require less protein than the conventional structural techniques like 

NMR and X-Ray crystallography. Characterisation of changes in protein confirmation and 

protein-protein interactions can be studied using a combination of crosslinking (F. Liu et al. 

2018) and/or hydrogen/deuterium exchange (HDX) with mass spectrometry (F. Liu et al. 

2018). Orbitrap MS with resolution capabilities >500,000 allow for sub 1 Da distinction 

between intact proteofroms (McAlister et al. 2008). A disadvantage of direct intact protein 

analysis using mass spectrometry and electrospray ionisation is the spectra generated from 

the protein species with high charge states in a relatively small m/z window (Campbell et 

al. 2010). However, Orbitrap MS in conjunction with liquid chromatography separation can 

improve this issue.  

The MAbPacTM RP column from Thermo Scientific is a high-performance reverse-phase 

column suited to MS analysis and is suitable for characterisation of monoclonal antibody, 

fragments, variants, antibody drug conjugates, and we have used it for Fc-fusion protein 

variant separations.  The MAbPac RP chromatography column can separate similar proteins 

and allow for intact mass analysis on Fc-fusion molecules. Analysis by SDS PAGE gel 

electrophoresis showed no visible difference in the profile of a Fc-fusion protein secreted 

from two CHO cell lines Figure 1-13 A and B when using a total protein stain (Coomassie 

blue) (Figure 1-13 A) (Henry et al. 2018). Using MAbPac RP over a 15 m separation time and 

UV at 214 nm the fragmented pattern of the different variants can be observed (Figure 

1-13 B). The MAbPac RP separation uses water and acetonitrile and is therefore compatible 

with ion trap mass spectrometry. The resolution provided by the Orbitrap mass analyser on 

this Fc-fusion protein can easily be isotopically resolved at a resolution setting of 100,000. 

The charge envelope obtained for the biotherapeutic Fc-fusion protein analysed under 

denaturing conditions with the most abundant charge state detected at m/z 1,305.662 and 
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the deconvoluted monoisotopic mass using Magtran software (Grundy Research Group) at 

46,808 Da (expected mass of the Fc-fusion protein). (Figure 1-13 C). 

 

 

Figure 1-13. Comparison of an Fc-fusion protein profile from CHO cells to compare variants using 1D 
SDS gel stained with Coomassie blue and a HPLC MAbPac RP separation in conjunction with UV 
detection at 214 nm. Figure A demonstrates SDS Gel electrophoresis was unable to differentiate 
Fc-fusion protein profiles from two different CHO cell line samples which differed in their degree 
ƻŦ ǇǊƻŘǳŎǘ άŎƭƛǇǇƛƴƎέ όIŜƴǊȅ Ŝǘ ŀƭ., 2018). Figure B demonstrates reverse phased separation and 
UV analysis using MAbPAC chromatography resulted in the visualisation of additional clipped 
variants between the two samples. Figure C demonstrates Top Down proteomic analysis of the Fc-
fusion protein   after an LC separation into an Orbitrap XL mass spectrometer scanning at 100,000 
resolution with a deconvoluted monoisotopic mass using Magtran software (Gundry Research 
Group) of 46,808 Da (expected mass of the Fc-fusion protein).  
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1.2.4 Database Utilisation 

The two main repositories for sequence databases are the European Bioinformatics 

institute (www.ebi.ac.uk) and the National Centre of Biotechnology Information 

(www.ncbi.nlm.nih.gov).  All mass spectrometry data search algorithms use the Fasta 

format and support searching of databases of protein sequences (Cottrell et al. 2011). 

The success of the Human Genome Project making available the human genome sequence 

and the genomes of numerous other species revolutionised the study of biology. Instead of 

investigating a single gene or a small set of genes, whole ensembles of genes could be 

studied simultaneously. The exact same principle allowed for the study of proteins in a 

comprehensive manner using mass spectrometric analysis comparing mass information 

against database patterns and masses. In 2008, a draft of the complete human proteome 

was released from UniProtKB/Swiss-Prot containing approximately 20,000 putative human 

protein-coding genes representing only one UniProtKB/SwissProt identifying keyword 

(https://www.uniprot.org/help/human_proteome). Close to 40% of the 20,000 entries 

contain manually annotated isoforms representing over 22,000 additional sequences. 

Unfortunately, UniProtKB/SwissProt still only contains 236 reviewed sequences for Chinese 

hamster Cricetulus griseus (June 10th, 2018), historically requiring CHO proteomic 

researchers to reply on homology-based identifications from MS data (Meleady et al. 

2012). 

In 2010 with the emergence of affordable sequencing techniques like Roche 454 

pyrosequencing and the Illumina/Solexa platform allowed for parallel sequencing at an 

unprecedented level (J. Zhang et al. 2011). Becker et al. (J. Becker et al. 2011) used 

pyrosequencing technology on the expressed cDNA from a wide range of CHO cell lines 

which resulted in the first set of unassembled genomic sequence data of CHO-K1 

(Hammond et al. 2011). Shortly afterwards, Xu et al. (X. Xu et al. 2011a) assembled the 

draft genome for CHO K1 and made the database available from (Ref NCBI). Bielefeld-BOKU 

also created a CHO cell protein database in 2011 (J. Becker et al. 2011) based on 30,578 

generated unfiltered isotigs and made the database available (see Bielefeld-Boku 

reference).  Now two Chinese hamster ovary cell protein databases were available for CHO 

cell proteomic research and Meleady et al. (Meleady et al. 2012a) published a paper 

demonstrating a 50% increase in the number of confident proteins identified from CHO cell 

proteins by mass spectrometry when compared to the traditional mammalian homology-

based searches.  
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1.2.5 Bioinformatic analysis of Proteomic data 

The output from either shotgun proteomic approaches or more targeted methods 

generally result in a long list of identified factors including probability score, spectral match 

scores and possible quantitative values. To understand and interpret this data and to 

generate a hypothesis based on, for example, the response of the proteome to a challenge 

or condition, the protein list needs to filtered and classified. For functional analysis of a 

large protein list it is important to correctly match the protein name generated from the 

MS search algorithm against the protein database result to a unique identifier. Gene names 

have been standardised. However, protein names can differ between databases (example 

BB CHO vs. NCBI CRIGR data). There are web based algorithms to match protein names to 

corresponding gene names (example PICR or Cronos); however, Ensembl can accept 

UniProtKB protein identifiers as inputs. Generally, the first step for any functional 

interpretation of proteomic data is to match the protein identifier with its associated gene 

ontology (GO) term (Ashburner et al. 2000). The three main terms that genes are 

ŀǎǎƻŎƛŀǘŜŘ ǘƻ ƘƛŜǊŀǊŎƘƛŎŀƭƭȅ ŎƭǳǎǘŜǊŜŘ ŦǳƴŎǘƛƻƴ ǘŜǊƳǎ ǘƻ ŘŜǎŎǊƛōŜ ǘƘŜ άōƛƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎέΣ 

άƳƻƭŜŎǳƭŀǊ ŦǳƴŎǘƛƻƴέ ŀƴŘ άŎŜƭƭǳƭŀǊ ŎƻƳǇƻƴŜƴǘέΦ 5ŜǇŜƴŘƛƴƎ ƻƴ ǘƘe proteomic fasta protein 

database used, some database search algorithms such as SEQUEST in Proteome Discoverer, 

MaxQuant and X!Tandem have implemented a GO-term association step. However, if the 

fasta protein database is not fully annotated with a corresponding GO term, the closest GO-

term from a related protein can be located using a BLAST similarity search using the 

peptide identified.  Online tools are also available to CHO researchers when protein 

accession number is available to convert the protein identification to a gene symbol. 

GOCHO or bioDBnet are examples of such online tools.  

Following GO-term annotation, the gene names associated with the protein list can be 

analysed by GO-term enrichment analysis which will compare the abundance of the specific 

GO-terms with the abundance of the data list or in the organism of interest (Malik et al. 

2010). A p-value can be calculated to determine and overrepresentation of a specific GO-

term to demonstrate functions that are significantly enriched in one sample over another. 

Two common web-based software tools available are DAVID and Babeleomics resources 

(Jiao et al. 2012, Medina et al. 2010). We used DAVID for GO-term enrichment analysis in 

chapter 7, 8 and 9 in this thesis. In chapter 9 the Gene Ontology analysis showed a 

significant enrichment of biological processes and molecular functions related to protein 

folding, response to unfolded protein and protein translation (Henry et al. 2018). 
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Biological molecular pathways can also be analysed using the gene names from the large-

scale MS proteomic data generated using pathway analysis tools that are open-access 

databases or commercial databases. Examples are, Protein Analysis Through Evolutionary 

Relationships (Ref: PANTHER) classification system, Search Tool for the Retrieval of 

Interacting Genes/Proteins (Ref: STRING), Kyoto Encyclopedia of Genes and Genomes 

(KEGG) and Ingenuity Pathways Analysis (Ref: IPA). In chapter 9 we used STRING functional 

interaction network analysis.   

 

1.2.6 Mass Spectrometry Methods for Differential Proteomics  

Differential expression proteomics is the quantitative study of protein expression between 

samples that differ by some variable. Commonly in this approach, protein expression of the 

entire proteome or of sub-proteomes between samples is compared. Using this approach 

proteomic researchers aim to identify novel proteins and pathways involved in specific 

diseases or associated with specific desirable cell phenotypes. The main approaches for 

differential proteomics typically involve chemical labelling or label free analysis and mass 

spectrometry. 

Differential expression proteomics is the quantitative study of protein expression between 

samples that differ by some variable. Commonly in this approach, protein expression of the 

entire proteome or of sub-proteomes between samples is compared. Using this approach 

proteomic researchers aim to identify novel proteins and pathways involved in specific 

diseases or associated with specific desirable cell phenotypes.  

 

1.2.6.1 Label-free differential expression Proteomics   

Mass spectrometry measurements of biological samples by direct quantitation of the signal 

response of their derived peptides was established over ten years ago. Bondarenko et al. 

(Bondarenko et al. 2002) and Wang et al. (Wang et al. 2005) demonstrated a linear 

relationship between protein abundance and peptide peak area. Liu et al. (J. Liu et al. 2004) 

showed that spectral sampling was an accurate reflection on relative abundance with a 

linear correlation over a 2 order of magnitude linear dynamic range. Since then, numerous 

strategies and algorithms implementing these themes of peptide ion signal peak intensity 

and peptide spectral matches (PSM) spectral counting ς based quantitation have been 

published (Al Shweiki et al. 2017). 
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Quantitative label-free discovery proteomics on peptide samples allows the researcher to 

relatively quantify and identify thousands of proteins from complex samples as long as the 

instrumentation can provide highly reproducible chromatography (as sample to sample 

comparison is required) and also high-resolution, accurate mass spectrometry. LC-MS runs 

need to be aligned for comparative expression profiling between multiple different 

runs/samples.  The two most popular software packages for label free quantitation by mass 

spectrometry are Progenesis QI for Proteomics and Maxquant LFQ (MQ). Maxquant is 

freely available from the Max Planck Institute of Biochemistry in Martinsreid, Germany (Cox 

et al. 2014). The software quantifies proteins across samples using the maximum (pairwise) 

peptide ratio information extracted peptide ion signal intensity (Al Shweiki et al. 2017) 

which are then normalised by minimising the overall fold change all every peptide across all 

samples prior to normalisation.  Progenesis® QIP which is marketed by Waters also 

quantifies each protein based on its peptide ion signal peak intensity.  

An example of a label free pipeline using Progenesis QI pipeline where a total ion 

chromatogram view is used to align to LC-MS runs for label free analysis can be seen in 

Figure 1-14. LC-MS runs are represented as m/z vs. retention time overlaid where the ion 

map is visualised as an alignment target in pink and the ion map to be aligned to in green 

(Figure 1-14A).  Once the ion maps are aligned correctly they turn black (Figure 1-14B) and 

the total ion chromatogram is aligned (Figure 1-14C). Following alignment, peak picking and 

ion abundance quantification is carried out in each LC-MS run and the data is normalised 

(Figure 1-14D). We use analysis of variance (ANOVA) with a p-value of 0.05 or greater to 

select peptides to submit for identification between the experimental groups being 

compared.   

Spectral peak intensities are the most common approach where the relative abundance of 

the same peptide in different samples is measured across consecutive LC-MS runs (under 

the assumption that the measurements are performed under identical conditions).  In 

theory there is no limit to the number of samples that can be analysed.  Normalisation is 

performed based on the median of the peptide ion intensities against selected reference 

spectra. The unique peptide ion intensity for peptides from specific protein are summed to 

generate an abundance value. Using one-way ANOVA, p-values can be calculated based on 

transformed values. Supporting MS/MS data provides peptide/protein identifications.  

MaxQuant is a set of algorithms for peak detection and scoring/identifying peptides. Taking 
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raw mass spectral data MaxQuant assembles a 3D image from MS spectra over m/z 

retention times and ion intensity (Schaab et al. 2012).  

In this thesis we used label free quantitation by LC-MS/MS analysis on human patient 

samples in both chapter 4 (Ting et al. 2017) and chapter 5 (Dowling et al. 2015). We also 

used label free quantitation by LC-MS/MS to study phosphopeptide enriched Chinese 

hamster ovary cell samples in both chapter 7 (Henry et al. 2017a) and chapter eight 

(Kaushik et al. 2018) and finally in chapter 9 we studied intracellular CHO cell proteins in by 

label free quantitation (Henry et al. 2018). 
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Figure 1-14. Progenesis QI pipeline. A+B: Represent ion map overlapping where peptides are matched between samples. In this figure x-axis represents the m/z and the 
y-axis represents the retention time. Peptides are visualised as an alignment target in pink and the ion map to be aligned to in green C: Total Ion Chromatogram view of 
the finished aligned run. D:  ion abundance quantification and statistical analysis.
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1.2.6.2 Labels - Stable isotopes Isotopic tags/Isobaric mass tags  

Isobaric chemical tags in conjunction with MS/MS strategies allow for quantification and 

identification of many different pooled samples in the one experiment. The isobaric tags 

are very small chemical molecules with identical structure that covalently bind to the free 

amino termini of lysine residues of peptides thus allowing labelling peptide samples in a 

given experiment (see Figure 1-15). Following MS/MS of labelled peptides, each isobaric 

tag produces a unique reporter ion signature thus making relative quantitation possible 

when compared to the other reporter ions intensities in the same MS/MS spectrum.  

The two main labels used by proteomic researchers are tandem mass tag (TMT) and 

isobaric tag for relative and absolute quantitation (iTRAQ). iTRAQ chemical labelling 

technique allows multiplexing of up to eight different samples on the peptide level (Pichler 

et al. 2010).  

The TMT 10-plex reagent set contains ten different isobaric compounds with the same 

mass and chemical structure (i.e. isotopomeric) composed of an amine-reactive NHS-ester 

group, a spacer arm and a mass reporter. The reagent set enables up to ten different 

peptide samples prepared from cells or tissues to be labelled in parallel and then combined 

for analysis. For each sample, a unique reporter mass (i.e., TMT10 126-131Da) in the low-

mass region of the high-resolution MS/MS spectrum is used to measure relative protein 

expression levels during peptide fragmentation and tandem mass spectrometry (Figure 

1-15). McAlister et al. (G. McAlister et al. 2012) used TMT labelling to examine 8 different 

colorectal cancer cell lines in culture using complex basic pH fractionation and low pH 

fractionation (24 fractions in total) into a Velos Orbitrap Elite (Thermo Scientific) mass 

spectrometer running a multinotch MS3 methods. Hughes et al. (Hughes et al. 2017) further 

demonstrated improved sensitivity and MS3 isolation strategies for the use of Isobaric Tags 

and the latest Orbitrap Fusion mass spectrometers.  They performed an in-depth 

examination of the various acquisition methods available on the Orbitrap Fusion MS that 

yielded benefits in terms of proteome coverage and validated method configurations and 

parameters for isobaric tagging on current generation Orbitrap instruments. Currently, up 

to 11-plex labelled experiments are now possible with TMT. 
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Figure 1-15. Thermo Scientific offer the TMT 10plex
Tm

 Isobaric Mass Tag amine reactive system allowing up to 10 peptide samples to be labelled in parallel with TMT 
reagents and then combined. The labelled samples can be fractionated and then analysed by high resolution mass spectrometry before the data analysis allows for 
reporter ion relative abundance quantification and peptide identification.  The relative abundances of the target peptides from the different labelled samples are 
measure by comparing the reporter ions generated on MS/MS fragmentation of the different mass tags. 
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1.2.6.3 Mass Spectrometry for Quantitative Targeted Proteomics  

Desiderio et al. (Desiderio et al. 1983) first published targeted Mass Spectrometry assay for 

peptide quantitation and used isotopically labelled peptides as internal standards.  Later 

the term Multiple Reaction Monitoring (MRM) was coined by Kusmierz et al. (Kusmierz et 

al. 1990) who compared spectra of labelled peptide samples to unlabelled in human tissue 

extracts.  More recent approaches include Selective Reaction Monitoring (SRM) which 

allow the researcher to focus on the quantitation of a number of proteins of interest to 

perform either relative or absolute quantitation with very high specificity and sensitivity 

(Catenacci et al. 2014). Targeted proteomics requires monitoring of proteotypic peptides 

(PTPs) with a unique amino acid sequence to identify a specific protein of interest in the 

sample proteome being analysed by mass spectrometry (Adeola et al. 2016). The selection 

of the PTP is essential as targeted proteomics only involves monitoring the known 

precursor peptide and the fragmented ions generated from that peptide i.e. the protein(s) 

under investigation are known beforehand. Targeted approaches generally start with 

candidate proteins from a hypothesis based approach from proteomic data generated from 

results of extensive fractionation methods. Using SRM it is imperative to use peptides that 

are specific to the candidate protein of interest and give sufficient signal intensity.  In this 

way the experiment can be qualitatively and quantitatively validated in the samples being 

analysed. Liquid chromatography separation times, ionization and fragmentation setting 

must be set prior to the experiment starting.  As the target peptides are known prior to 

analysis, MS conditions can be set up to improve selectivity and dynamic range of the 

instrumentation compared to conventional shotgun proteomic methods (Shi et al. 2016). 

Targeted MS assays also allow for multiplexing exceeding those possible by standard 

immunological assays.  

The classical targeted approach uses triple quadrupole mass spectrometers using the first 

and third quadrupoles as m/z filters and the second quadrupole as a collision cell to 

fragment the peptide(s) (Picotti et al. 2013). The parent and product ions are described as 

transitions which are further analysed in the third quadrupole to filter specific ions thus 

improving selectivity and sensitivity (Peterson et al. 2012). Absolute quantitation involves 

spiking synthetic peptides into samples of interest at known concentrations and following 

mass spectrometry on the sample, the precursor and fragmented peaks of the synthetic 

peptide are compared to that of the natural occurring peptide in the sample.  Using 

labelled synthetic peptides, it is possible to validate biomarkers by targeted proteomics 

(Gallien et al. 2011). The stable isotope-labelled/stable isotope-dilution (SIL/SID) has 
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become a gold standard for SRM protein quantitation where synthetic peptides are 

labelled with stable isotopes at the C-terminal Arginine and Lysine residues (13C6 
15N4 for 

Arg and 13C6 
15N2 for Lys) that are chemically identical to the light native peptide of interest 

(AQUA peptide) (Gerber et al. 2003). Targeted approaches like these can be difficult to 

develop and maintain and this is true when methods require complex retention time 

scheduling which are heavily reliant on reproducible chromatography and can often require 

constant optimisation of conditions. Newer instrumentation has allowed the move away 

from the traditional triple quadrupole mass spectrometers with the advent of hybrid mass 

spectrometer instruments including the Thermo Scientific QExactive range and Orbitrap 

Fusion Tribrid instruments which have the speed, selectivity and sensitivity to allow for 

targeted proteomics.  These instruments can be run as shotgun proteomics instruments 

and as target proteomic instruments.   

Parallel reaction monitoring (PRM) is another labelled peptide targeted proteomic 

technique using specifically Orbitrap mass spectrometer (Gallien et al. 2015).The workflow 

requires the addition of heavy peptides standards into the analytical sample of interest, 

with sequences that are analogous to endogenous peptides of interest. The heavy isotopes 

peptide standard differs in mass from the endogenous forms of the peptides; however, the 

retention times match the endogenous peptides exactly. In samples where the target 

peptide may be present in very low concentrations, once the specific heavy peptide is 

detected the instrument automatically triggers high-quality MS/MS analysis on the 

expected location of the endogenous form of the peptide.   

Güzel et al. (Güzel et al. 2018) studying proteomic alterations in early stage cervical cancer 

used PRM to quantify MCM3, CEACAM5, S100P and ICAM1 in digests of whole tissue 

lysates using stable isotope-labelled (SIL) peptides. Sandow et al. (Sandow et al. 2018) 

detected and identified the urinary biomarkers MSLN and CA125 in urine from ovarian 

cancer patients using PRM and observed their abundance increase in malignancy consistent 

with literature (Hellstrom et al. 2011). Rauniyar et al. (Rauniyar et al. 2018) also used PRM 

to quantitate multiple biomarkers in various diseases, e.g. 143 biomarkers in a kidney 

disease study. 
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1.3 Overview of Orbitrap MS instrumentation used in this thesis 

 

1.3.1 LTQ Orbitrap XL 

The Orbitrap was commercially available in 2005 and gained popularity with proteomic 

groups due to its high resolving power. The LTQ Orbitrap XL is a hybrid instrument that has 

two distinct mass analysers.  The linear ion trap front end (LTQ) and the Orbitrap allowing 

for combined tandem mass spectrometry in the ion trap (LTQ) with the high resolution and 

high mass accuracy capabilities of the FT Orbitrap.  

The curved linear traps (C-trap) focuses ions in narrow areas to be ejected as compact 

bursts of ions which is achieved by altering the trapping fields of the electrodes at the front 

and rear of the instrument. The presence of a collision gas reduces the kinetic energy of the 

ions within the trap. Curved linear traps provide an efficient way to feed ions into the 

orbitrap. The curved linear ion trap allows ions to be injected into the orbitrap at a position 

offset from its equator and in fact, by doing this, ions will perform coherent axial 

oscillations almost immediately after injection without the need for any additional 

ŜȄŎƛǘŀǘƛƻƴΤ ǘƘƛǎ ǘȅǇŜ ƻŦ ƛƻƴ ƛƴƧŜŎǘƛƻƴ ƛǎ ƪƴƻǿƴ ŀǎ άŦŀǎǘ ƛƴƧŜŎǘƛƻƴέ(Badman et al. 1999). 

Ions within the orbitrap have three different frequencies of oscillation: axial, radial and 

rotational. In order to detect frequencies of oscillations, the motion of ions needs to be 

coherent. Coherence in the axial direction can be induced by different ways (Hu et al. 

2005).  The Fourier Transform of the signal can be used to produce the required mass 

spectrum. This mode of detection yields the highest mass resolution that the orbitrap can 

achieve. The Fourier Transform mode measures coherent oscillations in the axial direction 

(image current detection). See Figure 1-16 for an overview of the Orbitrap XL schematics. 

 

Figure 1-16. Schematic of the Orbitrap XL mass spectrometer 
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We used the LTQ Orbitrap XL in chapters two, four, five, seven and nine in this thesis. The 

ƛƴǎǘǊǳƳŜƴǘ ǿŀǎ ƻǇŜǊŀǘŜŘ ŦƻǊ ŀƭƭ άōƻǘǘƻƳ ǳǇέ ŀǇǇǊƻŀŎƘŜǎ ŀǘ ƘƛƎƘ ǊŜǎƻƭǳǘƛƻƴ ƛƴ ǘƘŜ hǊōƛǘǊŀǇ 

mass analyser (m/z 400-1200) with a resolution of 30,000 at m/z 400 and an automatic gain 

control (AGC) target of 106. The 3 most intense ion were selected for CID MS/MS 

fragmentation in the linear ion trap at a threshold of 1,000, an AGC of 100,000, a spray 

voltage of 1.8 kV, normalised collision energy of 32% at an activation of q=0.25 and an 

activation time of 35 ms. Detection in the linear ion trap of previously selected ions were 

dynamically excluded for 40 seconds. 

Figure 1-17 shows an example of a 1 µg CHO K1 total lysate sample prepared using the 

FASP method (Coleman et al. 2017) and separated over 3 h into an Orbitrap XL. Using the 

parameters described above, 18,908 MS/MS were acquired, and following SEQUEST 

algorithm 7,073 peptides were matched to 1,502 CHO proteins. The top 3 abundant 

peptides (highlighted in red) from the full MS scan are selected for MS/MS. 

Figure 1-18 shows an example of a CHO K1 phosphopeptide-enriched sample using IMAC 

separated over 3 h into an Orbitrap XL using a neutral loss MS3 data dependent method. 

Neutral loss of phosphoric acid in ion trap fragmentation can result in reduced intensity of 

sequence information so additional MS/MS scan of the dominant peak can increase the 

quality of the spectra for sequence information. Using this method on the Orbitrap XL we 

identified 1,634 site specific phosphorylated peptides. A phosphopeptide with a mass of 

787.8 m/z (z=2) highlighted in red was selected for MS/MS resulting in a dominant peak at 

738.8 m/z corresponding to the loss of phosphoric acid in the MS/MS scan which then 

triggered an additional fragmentation of the product the precursor neutral loss in the form 

of an MS3 scan (MS/MS/MS) providing additional sequence information. 
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Figure 1-17. Base peak chromatogram of a CHO K1 lysate digestion separated for three hours into an Orbitrap XL. Full MS spectrum at 30,000 resolution and the top 
three peptides based on their intensities were selected for MS/MS analysis.   
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Figure 1-18. Phosphopeptide with a mass of 787.8 m/z (z=2) selected for MS/MS. The resulting spectral pattern had a dominant peak with a mass of 738.8 m/z 
corresponding to the loss of phosphoric acid from the parent mass. This measured mass loss triggers an additional MS/MS of the product in the form of an MS3 scan 
generating additional fragmentation information.
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1.3.2 Orbitrap Fusion Tribrid 

The Orbitrap Fusion Tribrid mass spectrometer combines the best of quadrupole, orbitrap 

and linear ion trap analysis in one instrument. See Figure 1-19 for a schematic overview of 

the Orbitrap Fusion Tribrid. Multiple fragmentation techniques are possible with CID, HCD, 

ETD and EThCD at any stage of MSn with the subsequent mass analysis in either low 

resolution ion trap or high resolution orbitrap. Next generation ion sources and ion optics 

have increased sensitivity and speed of MS and MS/MS acquisition.  The ability to carry out 

ultrahigh resolution at 500,000 at 200 m/z enables molecular weight determination of 

intact proteins.  

 

1.3.2.1 Improvements in ion manipulation with the Orbitrap Fusion Tribrid 

The active beam guide (ABG) is a bent flatapole lens ion guide which now reduces noise by 

preventing neutrals and high-velocity clusters from entering the quadrupole.  An axial field 

applied along the length of the rods improves robustness by eliminating the effects of local 

charging (see Figure 1-19).  

The quadrupole mass filter is used to select a specific mass range for transmission to the 

ion optics and detectors downstream. Its high ion transmission at isolation widths down to 

0.4 amu improves sensitivity and selectivity. Radio Frequencies (RF) and DC voltages and 

the selected values in the quadrupole mass filter determine the range of m/z charge ratios 

allowed to be transmitted. The quadrupole RF amplitude and DC voltage are set to specific 

values which then allow only ions of a certain m/z range to be maintained within bounded 

oscillations as their velocity carries them through the mass filter. 

The ion-routing multipole (IRM) has multiple functions. It accumulates ions and route them 

to either the linear ion trap or the Orbitrap mass analyser. It also performs HCD at any 

fragmentation stage. The IRM allows parallel analysis, a function only found in the Orbitrap 

Fusion Tribrid mass spectrometer.  

Dual-Pressure Linear Ion Trap. A high-pressure cell for MSn precursor ion isolation from 0.2 

amu up to 600 amu and both Collision-induced dissociation (CID) and electron-transfer 

dissociation (ETD). A low-pressure cell allows for an improved scan speed, resolving power, 

and mass accuracy. 
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The Orbitrap Fusion Tribrid uses the new Ultra-High-Field Orbitrap which is 1.5 times 

smaller than the previous orbitrap with resolving power up to 500,000 FWHM.  

 

 

 

Figure 1-19. Schematic of the Orbitrap Fusion Tribrid Mass Spectrometer with the new hardware 
implementations.  The active beam guide for noise reducing.  The Quadrupole mass filter to select 
specific mass range for transmission selectivity and improved sensitivity. The ion-routing 
multipole for parallel analysis.  Accumulates ions for either HCD fragmentation or routing to the 
ion trap. 

 

1.3.2.2 Proteomic analysis using the Orbitrap Fusion Tribrid mass spectrometer 

A typical operation of an hǊōƛǘǊŀǇ Cǳǎƛƻƴ ¢ǊƛōǊƛŘ ŦƻǊ άōƻǘǘƻƳ ǳǇέ ŀƴŀƭȅǎƛǎ ƛs described in 

Chapter nine of this thesis. Basically, the instrument is run at high resolution in the Orbitrap 

mass analyser (m/z 375-1500) with a resolution of 120,000 at m/z 200 and an automatic 

gain control (AGC) target of 4.0e5 and an intensity threshold of 5.0e3.  For MS/MS in a 3 

second window, the AGC target was 2.0e4 with as many MS/MS with the HCD collision 

energy set to 28 and a maximum injection time of 35 ms. The quadrupole isolation window 

was 1.6 m/z and a spray voltage of 1.8kV.  

See Figure 1-20 for an example of a 1 µg CHO K1 total lysate sample prepared using the 

FASP method (Coleman et al. 2017) and separated over 140 mins into an Orbitrap Fusion 

Tribrid. Using the parameters above, 111,850 MS/MS were acquired and following 

SEQUEST algorithm 30,933 peptides were matched to 4,822 CHO proteins. 
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Figure 1-20. Base peak chromatogram of a CHO K1 lysate digestion separated over a 140 min RPC separation into an Orbitrap Fusion Tribrid instrument. Full MS spectrum 
at 120,000 resolution and MS/MS was set up to acquire in the ion trap as many scans over a 3 second window with a maximum injection time of 35ms for each MS/MS.
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Figure 1-21. Base peak chromatogram of a CHO SEAP IMAC phosphopeptide enriched sample separated over a 120 m RPC separation into an Orbitrap Fusion Tribrid 
instrument. Full MS spectrum was set 120,000 resolution and MS/MS fragmentation was carried out in the ion trap part of the instrument using MSA.  
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Figure 1-21 shows an example of a CHO K1 phosphopeptide-enriched sample using IMAC 

separated over 2 h into an Orbitrap Fusion using MSA fragmentation. MSA methods 

assumes that the peptide has a predominant loss associated with phosphorylated peptides.  

The MSA pseudo-MS3 scan fragments the peptide and then carries out a subsequent 

specified mass below that precursor is fragmented; in this case -98 Da for phosphate.  All of 

the ions are then detected in a single scan.  It is assumes the major loss will be occurring in 

all cases, so the instrument does not spend time scanning out to see if that fragment is 

there first.  We identified 6,079 phosphopeptides from a single 1 µg phosphopeptide 

enriched sample from CHO SEAP cells. 

 

1.3.3 Comparison of LTQ Orbitrap XL vs Orbitrap Fusion Tribrid proteomic 
analysis 

Table 1-2 outlines a brief comparison of Orbitrap XL and Orbitrap Fusion instruments main 

features (Scan rates/speed refers to the number of spectra per unit time that be generated. 

Scan rate can be defined as the spectral generation rate in hertz). 

Table 1-3 and Figure 1-22 outline a comparison of the Orbitrap XL and Orbitrap Fusion 

Tribrid instrumentation and a comparison of the same CHO KI sample analysed on both 

instruments. 
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 Mass Resolution Mass Accuracy Scan rate Fragmentation 

Orbitrap Fusion 15,000ς500,000 (FWHM) at m/z 200 <3ppm RMS using External 

calibration 

Orbitrap MSn up to 18 Hz  

Ion trap MSn up to 22-25 Hz 

CID, MSA, HCD, 

ETD, ETciD, EThcD 

Orbitrap XL 7,500-100,000 at m/z 400 <3ppm RMS using External 

calibration 

Orbitrap MSn up to 20 Hz  

Ion trap MSn up to 8-12 Hz  

CID, HCD and ETD 

(optional). 

 

Table 1-2. Comparison of Orbitrap XL and Orbitrap Fusion Mass Spectrometry features. (Scan rates/speed refers to the number of spectra per unit time that be 
generated. Scan rate can be defined as the spectral generation rate in hertz). 
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Instrument Separation Full MS / MS
2 

Fragmentation Data dependent settings 

Orbitrap Fusion Gradient 5 ς 30% B in 120 min 120K / Ion trap (low res) HCD - 28% Max MS/MS within 3 seconds of Full MS 

Orbitrap XL Gradient 5 ς 30% B in 180 min 30K / Ion trap (low res) CID - 32% 3 MS/MS per Full Scan 

 

Instrument Sample Proteins
 

Peptides PSM No. of MS
2 

Proteins ID (min. 2 peptide) 

Orbitrap Fusion Chinese Hamster Ovary cell digest 4822 30,933 40,459 111,850 3641 

Orbitrap XL Chinese Hamster Ovary cell digest 1502 7073 8843 18,908 1045 

 

Instrument Separation Full MS / MS
2 

Fragmentation Data dependent settings 

Orbitrap Fusion Gradient 5 ς 30% B in 120 min 120K / Ion trap (low res) MSA - 28% Max MS/MS within 3 seconds of Full MS with 

MSA merged spectra 

 

Instrument Sample Proteins
 Phospho Peptides ptmRS 

score >75% 

PSM No. of MS
2 

Orbitrap Fusion Chinese Hamster Ovary cell Phospeptide enriched sample  2879 6079 11,580 86,831 

Orbitrap XL Chinese Hamster Ovary cell Phospeptide enriched sample 876 1634 2317 10,981 

Table 1-3. Separation and Mass spectrometry setting comparing Orbitrap XL and Orbitrap Fusion analysis of a Chinese Hamster Ovary digest sample and a 
Phosphopeptide enriched sample. 
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Figure 1-22. A comparison of Orbitrap fusion Tribrid MS data to Orbitrap XL MS data using the same Chinese hamster ovary tryptically digested protein sample. The 
Orbitrap fusion Tribrid instrument confidently identified over four times as many peptides translating into confidently over three and a half time more proteins.  
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1.4 An overview of Chinese hamster ovary cell proteomics  

 

The Chinese Hamster was brought into the United States in 1948. In 1957, Theodore Puck 

obtained a Chinese hamster from a laboratory at the Boston Cancer Research Foundation, 

where he and his colleagues used it to derive the original CHO cell line (Puck et al. 

1957).The CHO cell line generates billions in sales from the generation of therapeutic 

monoclonal antibodies and recombinant proteins for the biotechnology industry. 

Establishment of stable transfected CHO cell lines is the basis of the production of 

therapeutic proteins for the biotechnology industry. Once a cell line is developed, its 

productivity and expression profile is optimised either by culture medium and production 

processes to maximize high quality yield of the product. These optimised biotechnology 

industry standards for cell line development are costly and time consuming. CHO cells are, 

however, immortalised cells, characterised by a high degree of genetic and phenotypic 

diversity. Varying profiles make a universal approach for cell line development and 

optimisation very difficult (Wurm et al. 2013). A better understanding of the biological and 

cellular characteristics of the CHO proteome will help improve productivity levels and 

quality.  

There have been a number of proteomic studies carried out to try and understand CHO 

cells in order to identify targets that can be used in engineering targets and to improved 

understanding of the cellular and molecular biology of these cells. These studies have been 

carried out using gel based (e.g. 2D gels) and gel-free approaches.  

Using 2D-DIGE, Meleady et al. (Meleady et al. 2011a) carried out proteomic profiling on 

two matched pairs of monoclonal antibody producing CHO cell lines that differed in their 

ability to sustain productivity over a 10 day fed batch culture which resulted in the 

identification of 89 differentially expressed proteins.  They concluded that these proteins 

may have an important role in sustaining the important phenotype trait of high 

productivity. Table 1-4 outlines an overview list of recent CHO cell proteomic applications 

using 2D gels approaches. 

!ƴ ŀƭǘŜǊƴŀǘƛǾŜ ǎǘǊŀǘŜƎȅ ǘƻ ƎŜƭ ōŀǎŜŘ άŎƭŀǎǎƛŎŀƭ ǇǊƻǘŜƻƳƛŎǎέ ƛƴǾƻƭǾŜǎ ǘƘŜ ǳǎŜ ƻŦ ƛƴ-solution 

protein extract digestion, peptide fractionation by liquid chromatography (single or 

multidimensional) coupled with electrospray ionisation tandem mass spectrometry. This 

gel free approach can also be quantitative using labels (e.g. iTRAQ, TMT) or label free MS 

techniques. Meleady et al. (Meleady et al. 2012) used quantitative label free LC-MS/MS 
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profiling to study CHO protein abundance following over expression of miR-7 in CHO SEAP 

cells.  From the analysis they found 93 proteins decreased in expression levels and 74 

increased following over expression of miR-7 in CHO SEAP cells compared the null cells.  

Sommeregger et al. (Sommeregger et al. 2016) used quantitative label free LC-MS/MS to 

investigate the intracellular proteome difference in CHO cells producing two similar 

antibody fragments. They concluded that not only the levels of the specific antibody 

secretion but the antibody itself had a large impact on the cell proteome. 

During the manufacturing process, some proteins derived from the host cells are 

introduced into the downstream process. It is essential that these host cell proteins (HCPs) 

impurities are cleared (to acceptable levels) as they can have a detrimental effect on 

product quality and also patient exposure to a biotherapeutic drug containing HCPs can 

induce anti-drug antibodies and anti HCP antibodies (Bracewell et al. 2015).  Regulatory 

guidance mandates the control of Host cell protein (HCP) concentration in the production 

of recombinant therapeutic proteins (Valente et al. 2018). The HCP content from cultured 

CHO cells is generally measured using Enzyme Link ImmunoSorbent Assays (ELISA) and 2D-

PAGE (Hogwood et al. 2017). Using western blotting of 2D-PAGE gels and estimation of HCP 

clearance or presence can be achieved. As western blotting confirms and determines 

relative abundance of the specific known protein(s) in a 2D gel, mass spectrometry and In-

gel digestion can be employed to identify unknown proteins in the 2D gel. The recovery of 

extracellular CHO HCP for proteomics analysis can be challenging due to the relatively low 

protein concentrations and complex composition of media (Valente et al. 2015). 

The regulatory trend towards deeper characterisation of HCP impurities has led to greater 

use of mass spectrometry (MS) to corroborate and supplement traditional immunoassays. 

Liquid chromatography coupled to mass spectrometry (LC-MS) has become, over the last 

few years, the technology of choice for protein analysis. The improvement in MS-based 

proteomics provides the identification and quantification of thousands of proteins in a 

single run. As a result of this LC-MS based approaches are becoming increasingly more 

commonly used as orthogonal and powerful alternative methods to ELISA by enabling 

identification, monitoring and quantitation of low level HCPs (Valente et al. 2018). 

Park et al. (J. H. Park et al. 2017) analysed HCPs from fed-batch cultures and batch cultures 

using gel free MS proteomics. They identified 2,145 HCPs in the fed-batch culture and 1934 

proteins in the batch culture from 36 LC-MS/MS runs using a QExactive Mass spectrometer. 

Kumar et al. (A. Kumar et al. 2015) used LC-LC-MS/MS analysis to identify host cell proteins 
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(HCPs) in conditioned medium from CHO K1 cells in culture with a view to evaluate their 

immunogenicity and help assess process and purification methods used in the production 

of biologic drugs. Walker et al. (Walker et al. 2017) examined up to 20 samples per day 

looking at CHO HCP composition and quantitation using 1D LC-MS/MS with SWATH DIA MS. 

Using a one hr method they could detect HCPs at the ng/mg range. Table 1-5 outlines a list 

recent CHO cell proteomic publications using HCP analysis. 

 

In this thesis, I have used gel-free quantitative CHO cell proteomics to understand the 

intracellular events that could play a role in determining why cell lines from the same cell 

line development project can vary in the extent of Fc-fusion protein clipping using 

differential quantitative label-free LC-MS/MS proteomic analysis (Henry et al. 2018). Our 

group were the first in the field to publish in CHO phosphoproteomic analysis using IMAC 

and TiO2 phosphopeptide enrichment strategies in conjunction with differential 

quantitative label-free LC-MS/MS proteomic analysis to study cellular processes in CHO 

cells following a reduction of culture temperature (temperature shift) (Henry et al. 2017a). 

We substantially improved our understanding of phosphoproteomic CHO cell processes 

with a follow up study using state-of-the-art mass spectrometry to analyse IgG producing 

CHO cells at various phases of growth (Henry et al. 2018). Table 1-6 outlines an overview of 

gel-free CHO cell proteomic approaches. 
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Study/Comparison Technique Key Finding Author 

CHO cell comparison of stable 

transfection to express a heavy 

chain monoclonal antibody 

 

2D-DIGE LC-

MS/MS 

Demonstrated proteins associated with cell stress via up-regulated 

metabolism, depleted nutrients and accumulated waste metabolites.  

(Blondeel et al. 2016) 

Review of principles of 2D-

PAGE and 2D-DIGE on 

recombinant Chinese 

hamster ovary cells 

 

2D-DIGE Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and 

two-dimensional difference gel electrophoresis (2D-DIGE) continue to 

be one of the most versatile and widely used techniques to study the 

proteome of a biological system.  

(Meleady 2018) 

2D-DIGE profiling analysis of 

two matched pairs of 

monoclonal antibody-

producing CHO cell lines that 

differ in their ability to sustain 

productivity over a 10 day fed-

batch culture 

 

2D-DIGE and 

LC-MS/MS   

89 distinct differentially expressed proteins identified with 12 proteins 

(AKRIB8, ANXA1, ANXA4, EIF3I, G6PD, HSPA8, HSP90B1, HSPD1, NUDC, 

PGAM1, RUVBL1 and CNN3) that were differentially expressed in the 

same direction that may have an important role in sustaining high 

productivity of recombinant protein over the duration of a fed-batch 

bioprocess culture.  

(Meleady et al. 2011a) 

4 CHO DUKK Mab Secreting 

cells designated fast and slow 

growing 

2D-DIGE and 

LC-MS/MS   

58 proteins identified as differentially expressed playing an important 

role in the regulation of cell growth during log phase and as potential 

candidates for CHO cell line engineering 

 

(Doolan et al. 2010) 

CHO MUC1 IgG2a grown in 4 

different perfusion cultivation 

systems 

 

2D DIGE and 

MALDI-TOF MS 

Demonstrated consequences of glucose limitation for the protein 

expression machinery and could play a role in higher recombinant 

protein production 

(Wingens et al. 2015) 
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Comparative differential study 

using rCHO cells producing and 

antibody in serum free 

medium.  

 

2D Gels and LC-

MS/MS 

A greater understanding of the effect of hydrolysates on CHO 

intracellular events. 

(J. Y. Kim et al. 2012) 

Proteomic analysis of CHO cells 

undergoing apoptosis during 

prolonged cultivation. 

 

2D DIGE and 

LC-MS/MS   

A foundation for optimising cell line specific cultivation processes and 

prolonging longevity although the study did not identify direct 

apoptosis regulating proteins. 

(Wei et al. 2011) 

Utilisation of CHO specific 

sequence database and mass 

spectrometry proteomics 

2D gels and LC-

MS/MS 

Increased by 40-50% total number of proteins identified from 2D gels 

using MS based proteomics. 

(Meleady et al. 2012b) 

 

Table 1-4 Compiles a list of recent CHO cell proteomic applications using 2D gels for intracellular analysis 
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Study/Comparison Technique Key Finding Author 

Label Free study looking at 

Clonal variation in 

productivity and proteolytic 

clipping of an Fc-fusion 

protein in CHO cells  

LC-MS/MS label 

free Profiling  

This study identified protein targets that could be modified using cell line 

engineering approaches to improve the quality of recombinant Fc-fusion 

protein production in the biopharmaceutical industry  

Proteomic analysis suggested a role for defective protein folding and the 

UPR 

(Henry et al. 2018) 

Large-scale label free 

differential 

phosphoproteomic study of 

IgG producing CHO DP12 

cells at various phases of 

growth. 

LC-MS/MS label 

free Profiling 

This study identified 3,777 differentially expressed unique 

phosphopeptides from 1,415 differentially expressed unique 

phosphoproteins. CHO phosphoproteomic data gives significant insights 

into the post-translational level of regulation during cellular growth of 

recombinant CHO cells. 

(Henry et al. 2018) 

CHO K1, CHO S and CHO 

DG44 cells grown in batch 

culture in two different 

types of basal media. 

Multiple Reactions 

Monitoring LC-MS 

 

The monitoring of protein biomarkers for the early prediction of cell stress 

and death is a valuable tool for process characterization and efficient 

biomanufacturing control 

(Albrecht et al. 2018) 

Large scale profiling of 

CHO-S and CHO-DG44 

LC-MS/MS profiling 11,801 unique CHO proteins identified (Heffner et al. 2017) 

Phosphopeptide 

enrichment quantitative 

analysis of CHO SEAP cells 

following temperature 

reduction 

Label Free LC-

MS/MS profiling 

700 differentially expressed phosphopeptides were identified relating to 

growth, ribosomal biogenesis and cytoskeleton organisation.  

 

 

 

(Henry et al. 2017a) 

Comparative study of CHO 

cell lines secreting two 

similar antibody fragments 

Label Free LC-

MS/MS profiling 

They concluded that not only the levels of the specific antibody secretion 

but the antibody itself had a large impact on the cell proteome 

(Sommeregger et al. 

2016) 
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Filter-Aided Sample 

Preparation (FASP) for 

Improved Proteome 

Analysis of 

Recombinant Chinese 

Hamster Ovary Cells. 

LC-MS/MS profiling A Filter Aided Sample Preparation (FASP) protocol for the extraction of 

proteins from CHO cells for proteomic studies using ultrafiltration devices 

where the membrane pores are small enough to allow contaminating 

detergents to pass through, while proteins are too large and are retained 

and concentrated in the filter unit.  

(Coleman et al. 2017) 

iTRAQ peptide quantitation 

of HCPs from antibody 

producing CHO-S cells.  

Labelled LC-MS/MS 

profiling 

iTRAQ labelled quantitative analysis for CHO HCP analysis as an 

application for process development knowledge of critical HCPs. 

(Chiverton et al. 

2016) 

iTRAQ peptide quantitation 

of supernatant from three 

transfected CHO cell lines. 

Labelled LC-MS/MS 

profiling 

There was a 60% protein identification overlap in the proteins identified 

between the transfected CHO clones. 

 

(Zhu et al. 2016) 

Re-programmed CHO K1 

cells using miR-23  

Label Free LC-

MS/MS profiling 

Label-free proteomic analysis uncovered various potential novel targets of 

miR-23 including LE1 and IDH1, both implicated in oxidative metabolism 

and mitochondrial activity.  

(Kelly et al. 2015) 

Three CHO cell lines 

secreting monoclonal 

antibody exposed to 

suboptimal copper levels. 

Label Free LC-

MS/MS profiling 

Label-free proteomic analysis uncovered under copper deficient 

conditions, a substantial reduction in the protein levels of the multiple 

subunits of cytochrome c oxidase of the mitochondrial electron transport 

chain. 

(S. Kang et al. 2014) 

Identify CHO proteins from 

the secretome, cellular 

proteome and 

glycoproteome   

LC-MS/MS Profiling 6164 grouped CHO proteins were identified from the combined 

glycoproteome and proteome analysis. 

(Baycin-Hizal et al. 

2012a) 

Metabolomic profile to 

eludicate characteristics of 

high mAb producing CHO 

cells 

LC-MS/MS Profiling High producing CHO cell lines had elevated levels of specific metabolites 

for regulation of their redox status 

(Chong et al. 2012) 
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Utilisation of CHO specific 

sequence database and 

mass spectrometry 

proteomics 

LC-MS/MS Profiling Increased by 40-50% total number of proteins identified from 2D gels 

using MS based proteomics. 

(Meleady et al. 

2012a) 

Comparative study of CHO 

SEAP cells over expressing 

miR-7 

Label Free LC-

MS/MS profiling 

93 proteins decreased in expression levels and 74 increased following 

over expression of miR-7 in CHO SEAP cells compared the null cells 

involved in protein folding and secretion. 

(Meleady et al. 2012) 

Study role of microRNA in 

regulation of CHO cells 

growth comparing clones 

with different growth rates 

Multi-Omics qPCR, 

Microarray and 

label free 

quantitative MS 

GO analysis on 285 differentially expressed proteins identified biological 

processes associated with proliferation including mRNA processing and 

translation 

(Clarke et al. 2012) 

iTRAQ peptide labelling of a 

CHO cell line producing a 

monoclonal antibody 

Labelled 2D- LC-

MS/MS profiling 

Provided a dynamic view of protein expression throughout the fed batch 

culture providing useful information of the biological processes driving 

mammalian cell culture. 

(Carlage et al. 2012) 

 

Table 1-5. Compiles a list of recent CHO cell proteomic applications using gel-free approaches 
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Study/Comparison Technique Key Finding Author 

CHO cells HCP 2D PAGE 2D PAGE with western blotting can be used for the analysis of HCP 

content during bioprocessing culturing of CHO cells. 

(Hogwood et al.  2014) 

CHO HCP levels in a purified drug 

substance protein P1 

2D DIGE and LC-

MS/MS 

Identified CHO catalase subunit in purified protein P1. (Ahluwalia et al. 2017) 

CHO cells HCP 

clearance/presence can be 

achieved by comparing 2D-PAGE  

2D PAGE Characterization of Host Cell Proteins (HCPs) 

in CHO Cell Bioprocesses 

(Hogwood et al. 2017) 

Compared  HCP profiles using 

three CHO cell lines and 2D PAGE 

2D PAGE and LC-

MS/MS 

identification 

More similar than different: Host cell protein production using 

three null CHO cell lines 

(Yuk et al. 2015) 

Used 2D-PAGE to visualize 

antibody species in the eluate 

and HCPs to screen cell lines and 

monitor and identify HCPs. 

2D PAGE separation 

and LC-MS/MS 

identification 

The dynamics of the CHO host cell protein profile during 

clarification and protein A capture in a platform antibody 

purification process 

(Hogwood et al. 2014) 

CHO HCP in batch-fed and batch 

cultures 

LC-MS/MS Profiling They identified 2145 HCPs in the fed-batch culture and 1934 

proteins in the batch culture. 

 

 

 

(J. H. Park et al. 2017) 
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A study to understand the 

effects of GAA overexpression on 

cell lysosomal phenotype and 

host cell protein release 

Zyograph gels and 

LC-MS/MS 

The overexpression of a lysosomal therapeutic recombinant 

protein impacts on the lysosomal phenotype of a CHO cell line. 

(Migani et al. 2017) 

CHO HCP 1hr Profiling LC-MS/MS DIA 

method 

Detect CHO HCPs at the ng/mg level using 1h analysis (Walker et al. 2017) 

A comparison of  CHO HCP 

subpopulations associated with 

15 different mAbs during protein 

A chromatography  

LC-MS/MS /ƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ŎƻπŜƭǳǘƛƻƴ ƻŦ Ƙƻǎǘ ŎŜƭƭ ǇǊƻǘŜƛƴǎ ǿƛǘƘ 

monoclonal antibodies during protein A purification 

(Q. Zhang et al. 2016) 

An advanced 2D LCS MS/MS 

method to demonstrate that the 

HCP enrichment for 2 different 

mAB products  

LC-MS/MS Development of advanced host cell protein enrichment and 

detection strategies to enable process relevant spike challenge 

studies 

(Soderquist et al. 2015) 

Quantitative definition and 

monitoring of the HCP proteome 

using iTRAQςa study of an 

ƛƴŘǳǎǘǊƛŀƭ Ƴ!ō ǇǊƻŘǳŎƛƴƎ /Ihπ{ 

cell line 

LC-MS/MS Used iTRAQ LC-MS/MS to analyze samples from a CHO culture 

harvest (HCCF). The data provides the basis for application of 

iTRAQ for process development based upon knowledge of critical 

HCPs. 

(Chiverton et al. 2016) 

 

Table 1-6. Compiles a list of recent CHO cell HCP analysis for proteomic applications
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1.5  Conclusion 

 

The application of strict sample preparation techniques, coupled with highly reproducible 

nano-HPLC methods, state-of-the-art mass spectrometry and data analytics will advance 

the field of proteomics research generating confident reproducible data. 

Managing well, high mass accuracy mass spectrometers will lead to in-depth identification 

and characterisation of proteins and their modifications along with meticulous data 

analyses to ensure that all proteomic outputs are of the highest quality. 

This will ensure cancer proteomic research can produce reliable data to improve early 

detection, diagnosis and response to treatment by accurately identifying changes in protein 

expression during cancer progression, which have the potential to be biomarkers or 

therapeutic targets.  

When applied to biopharmaceutical proteomics research, we can confidently identify 

proteins involved in desirable recombinant Chinese hamster ovary (CHO) cellular 

phenotypes which have the potential to be manipulated (e.g. through cell line engineering 

approaches) to improve the efficiency of biotherapeutic production.  

Over the last decade, the proteomic analytic hardware equipment involved in identifying 

proteins from biological samples has reached a level of sophistication where researchers 

need and want to identify thousands of confident identifications; however, the 

bioinformatic interpretation and data processing is struggling to keep up and find a better 

biological understanding from the data generated. 
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Abstract 

Liquid Chromatography/Mass Spectrometry (LC/MS) has become a routine powerful 

technology in clinical proteomic studies for protein identification, protein characterisation and 

the discovery of biomarkers. In this chapter, we describe two protocol methods to analyse 

clinical patient samples using a resin-based depletion column followed by either protein In-Gel 

enzymatic digestion or protein In-Solution enzymatic digestion and then analysis by One-

Dimensional Reverse Phase Chromatography or Two-Dimensional Strong Cation Exchange 

(SCX) ς Reverse Phase Chromatography (RPC). 

  

Key words: Clinical proteomics, immuno-depletion, protein separation, peptide separation, 

protein identification, protein digestion, high resolution tandem mass spectrometry. 
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2.1 Introduction  

 

Liquid chromatography-mass spectrometry (LC-MS) is an analytical technique that combines 

the physical separation capabilities of liquid chromatography with the mass analysis 

capabilities of mass spectrometry and is a fundamental tool in clinical proteomics (Aebersold 

and Mann 2003). Monitoring the protein expression pattern in mammalian cells and from 

clinical patient samples by proteomic technologies offers opportunities to discover potentially 

new biomarkers for the early detection and diagnosis of diseases including cancer (Linge et al. 

2014). There are numerous protein and peptide fractionation techniques employed including 

traditional chromatography (Brunoro et al. 2015), immunodepletion όaŀǊǘƛƴπ[ƻǊŜƴȊƻ Ŝǘ ŀƭΦ 

2014), subcellular fractionation (Ohmine et al. 2015), nanoparticle enrichment (Magni et al. 

2014) and ProteoMinerTM technology (combinatorial library of hexapeptide ligands coupled to 

beads) (Monari et al. 2011) for protein expression profiling of clinical samples. Using these 

techniques, it is possible to carry out relative or absolute LC-MS quantitation. Relative 

quantitative LC-MS proteomic analysis uses labels to compare protein or peptide abundances 

between samples. Stable Isotope Labelling with Amino Acids in Cell Culture (SILAC) (Stebbing et 

al. 2015) as well as Isotope-Coded Affinity Tags (ICAT) (Shiio and Aebersold 2006) and isobaric 

tags like iTRAQ (Crabb et al. 2015) and TMT (Sinclair and Timms 2013) are commonly used 

proteomic labelling techniques used in quantitative proteomics. Absolute quantitation can also 

be applied to LC-MS with spiked known concentrations of labelled synthetic peptides (Capuano 

et al. 2011). A label-free approach can also be employed for both relative and absolute 

quantitation using LC-MS (Holland et al. 2015, Linge et al. 2014). These proteomic tools have 

been used for the differential analysis of various types of clinical biological samples including 

tissue (Holland et al. 2015), cell line models (Dowling, Pollard et al. 2015), saliva (Dowling et al. 

2008), plasma (Dowling, Hughes et al. 2015), serum (Dowling et al. 2015), urine (Nijenhuis et al. 

2015), and blood (Dowling et al. 2014), to better understand the molecular basis of the 

pathogenesis of disease, and also in the validation and characterisation of disease-associated 

proteins.  There have been many advances in the use of LC-MS in the proteomic analysis of 

clinical samples but many challenges still remain including the dynamic range of proteins 

present in biological samples such as serum or plasma where potential biomarkers of interest 

may be present at very low concentrations thus requiring the depletion of large serum 

proteins, and also the sensitivity and reproducibility of the LC and MS instrumentation (Hakimi 
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et al. 2014). Albumin and IgG are two major protein components in serum/plasma contributing 

to approximately 80% of the total protein concentration. Removal of albumin and IgG can 

allow for the visualisation and possible identification of co-migrating proteins on one-

dimensional (1D) and/or two-dimensional (2D) polyacrylamide gel electrophoresis (PAGE). 

Removal of these abundant proteins will also make possible the detection of low abundant 

proteins present as the in-spectrum dynamic range of most mass spectrometers is not 

compatible with the dynamic range of protein concentrations found in plasma/serum samples 

that have not been depleted (Tu et al. 2010). 

In this chapter we describe LC-MS based approaches for analysing proteins from clinical patient 

bio-fluid samples that has been immuno-depleted of their high abundance serum proteins to 

allow for the detection of medium and low abundant proteins present in the sample. The first 

approach involves visualising a depleted serum sample on a Coomassie-blue stained SDS gel 

and In-gel digestion of the separated proteins using first-dimension reversed-phase liquid 

chromatography mass spectrometry (1D-RPC LC-MS). The second approach involves on-line 

two-dimensional liquid chromatography using strong cation exchange separation for the first-

dimension fractionation followed by reversed-phase separation for the second-dimension (2D-

SCX-RPC LC-MS) of the same serum sample after an In-solution protein digestion is carried out.  
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2.2 Materials and Methods 

 

2.2.1 Immuno-depletion from serum sample 

¶ ProteoPrep® Blue Albumin Depletion Kit (see Note 1). 

¶ Serum sample from blood prepared and stored using standardised procedures 

(Dowling et al. 2014). 

¶ Protein Assay: e.g. Quick StartTM Bradford Protein Assay Bio-Rad). Bovine Serum 

Albumin Standard (2 mg/mL) (Bio-Rad). Prepare standards using a 2 mg/mL stock of 

Bovine Serum Albumin (BSA) at the final concentrations: 1000, 750, 500, 250, 125 and 

0 mg/mL. 

¶ Microplate Spectrophotometer, e.g. MultiskanTM GO (Thermo Fisher Scientific). 

¶ Tube Rotator (e.g. SB2, Stuart).  

 

2.2.2 Protein Precipitation 

¶ Cold (-20 C) Acetone. 

¶ Resuspension buffer: a solution containing 6 M Urea, 2 M thiourea, 10 mM Tris. 

¶ Refrigerated high speed centrifuge (e.g. Hettich Mikro 200R). 

 

2.2.3 Sample Preparation from 1D PAGE Gels (In-Gel Digestion) 

¶ Gel Stain, e.g. Brilliant Blue G ς Colloidal (Sigma) at 1X concentration (Note 2) 

¶ LC-MS grade Water, LC-MS grade Methanol, LC-MS grade Acetonitrile, LC-MS grade 

formic acid (see Note 3). 

¶ Ammonium Bicarbonate solutions: 100 mM and 50 mM. Prepare fresh on the day of 

use. 

¶ Solution containing ammonium bicarbonate (10 mM) in 10% (v/v) acetonitrile. Prepare 

fresh on the day of use. 

¶ 50 mM acetic acid solution. 
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¶ ¢ǊȅǇǎƛƴ ǎƻƭǳǘƛƻƴΦ ¦ǎŜ ǎŜǉǳŜƴŎŜ ƎǊŀŘŜ ǘǊȅǇǎƛƴ όǎŜŜ bƻǘŜ пύΦ tǊŜǇŀǊŜ мнΦр ƴƎκ˃[ ǘǊȅǇǎƛƴ 

in 10 mM ammonium bicarbonate containing 10% (v/v) acetonitrile. Resuspend the 

trypsin at 1 µg/mL in 50 mM acetic acid (100 µg vial resuspended in 100 µL of 50 mM 

acetic acid buffer). Remove the required amount of this 80X trypsin stock needed and 

refreeze the unused portion in 10 µL aliquots and store at -20 ºC.  Make the 1X trypsin 

shortly before use by diluting in 10 mM ammonium bicarbonate containing 10% (v/v) 

acetonitǊƛƭŜ ǘƻ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ мнΦр ƴƎκ˃[ όмΥул όǾκǾύύΦ  

¶ ProteaseMAXTM {ǳǊŦŀŎǘŀƴǘ ¢ǊȅǇǎƛƴ 9ƴƘŀƴŎŜǊ ǎƻƭǳǘƛƻƴΥ wŜǎǳǎǇŜƴŘ ŀ млл ˃Ǝ Ǿƛŀƭ ƻŦ 

ProteaseMAXTM όtǊƻƳŜƎŀύ ǿƛǘƘ млл ˃[ ƻŦ рл Ƴa ŀƳƳƻƴƛǳƳ ōƛŎŀǊōƻƴŀǘŜ ǘƻ ƎƛǾŜ ŀ м҈ 

solution (see Note 5). Freeze 1л ˃[ ŀƭƛǉǳƻǘǎ and store at -20 °C. 

¶ Solution containing DTT (25 mM) in ammonium bicarbonate (50 mM). Make shortly 

before use. 

¶ Solution containing iodoacetamide (55 mM) in ammonium bicarbonate (50 mM). Make 

shortly before use. 

¶ TFA Trypsin stopping solution: 50% Trifluoroacetic acid (TFA) solution.  Use a fume 

hood to prepare this solution. 

¶ C18 - 10 µL ZipTips® (Millipore) 

¶ Wetting Solution: 100% Acetonitrile.  

¶ Equilibration Buffer (Washing Solution): 2% Acetonitrile containing 0.1% TFA.  

¶ Elution Buffer: 50% Acetonitrile containing 0.1% TFA. 

¶ Vacuum centrifuge (e.g. SpeedVacTM). 

 

2.2.4 One Dimensional Reverse Phase Chromatography 

¶ Solvent A: 2% acetonitrile in LC-MS grade water containing 0.1% formic acid. Prepare 

100 mL. Use a fume hood to prepare this solution. 

¶ Solvent B: 80% Acetonitrile, 20% LC-MS grade water, 0.8% formic acid. Prepare 100 mL. 

Use a fume hood to prepare this solution. 

¶ Sample loading buffer 1: 2% acetonitrile in LC-MS grade water containing 0.1% 

Trifluoroacetic acid (TFA). Prepare 1000 mL. Use a fume hood to prepare this solution. 
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¶ NanoLC system: e.g. Ultimate® 3000 RSLCnanoLC system (Thermo Fisher Scientific) or a 

similar system. 

¶ Mass Spectrometer: e.g. LTQ Orbitrap XL (Thermo Fisher Scientific) or a similar system. 

¶ Column: Acclaim®PepMap100 75 µm x 50 cm, nanoViper C18, 3 µm, 100Å (Thermo 

Fisher Scientific). 

¶ Trap column: PepMap C18 trap cartridge (300 µm x 5 mm) (LC Thermo Fisher 

Scientific). 

 

2.2.5 Sample Preparation from Protein In-solution 

¶ Trypsin solution. See (see 2.2.3). 

¶ ProteaseMAXTM (Promega) solution: (see 2.2.3). 

¶ Solution containing DTT (0.5 M) in ammonium bicarbonate (50 mM). Make shortly 

before use. 

¶ Solution containing iodoacetamide (0.55 M) in ammonium bicarbonate (50 mM). Make 

shortly before use. 

¶ TFA Trypsin stopping solution (see 2.2.3). 

 

2.2.6 Two Dimensional Strong Cation Exchange ς Reverse Phase Chromatography 

¶ Solvent A, Solvent B, (2. 2.4). 

¶ Sample loading buffer 2: 5% acetonitrile in LC-MS grade water containing 0.025% 

Trifluoroacetic acid (TFA). Prepare 1000 mL. 

¶ 1 mM NaCl solution prepared in 5% Acetonitrile, 0.025% TFA. 

¶ 2 mM NaCl solution prepared in 5% Acetonitrile, 0.025% TFA. 

¶ 5 mM NaCl solution prepared in 5% Acetonitrile, 0.025% TFA. 

¶ 10 mM NaCl solution prepared in 5% Acetonitrile, 0.025% TFA. 

¶ 20 mM NaCl solution prepared in 5% Acetonitrile, 0.025% TFA. 

¶ 50 mM NaCl solution prepared in 5% Acetonitrile, 0.025% TFA. 

¶ 100 mM NaCl solution prepared in 5% Acetonitrile, 0.025% TFA. 
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¶ 200 mM NaCl solution prepared in 5% Acetonitrile, 0.025% TFA. 

¶ 500 mM NaCl solution prepared in 5% Acetonitrile, 0.025% TFA. 

¶ 1 M NaCl solution prepared in 5% Acetonitrile, 0.025% TFA. 

¶ SCX Column:BioX- SCX, 5 µm (500 µm x 15 mm) (Thermo Fisher Scientific). 

¶ Column: Acclaim®PepMap100 75 µm x 50 cm, nanoViper C18, 3µm, 100Å (Thermo 

Fisher Scientific).  

¶ Trap column: PepMap C18 trap cartridge (300 µm x 5 mm) (Thermo Fisher Scientific). 

¶ NanoLC system: e.g. Ultimate® 3000 RSLCnanoLC system (Thermo Fisher Scientific) or a 

similar system. 

¶ Mass Spectrometer: e.g. LTQ Orbitrap XL (Thermo Fisher Scientific) or a similar system. 

 

 

2.3 Methods 

 

2.3.1 Immuno-depletion of serum sample  

1. Transfer 0.4 mL of the ProteoPrep Blue albumin and IgG depletion resin per 

sample to a spin column and centrifuge at 8,000 xg for 10 s.  

2. Wash the resin with 0.4 mL of equilibration buffer and centrifuge at 8,000 xg 

for 10 s. 

3. Add 50 µL of serum to the resin and incubate at room temperature rotating for 

10 min using a tube rotator. 

4. Reapply the eluate back onto the resin for a further 5 min rotating at room 

temperature before centrifuging again at 8,000 xg for 10 s. Transfer the 

supernatant to a fresh tube. 

5. Wash the resin with 100 µL of equilibration buffer, centrifuge at 8,000xg for 10 

s and pool the sample with the first collection (150 µL in total).  

6. Determine the protein concentration prior to separation by SDS PAGE. Pipette 

р ˃[ ƻŦ ǎǘŀƴŘŀǊŘ ŀƴŘ ǳƴƪƴƻǿƴ ǎŀƳǇƭŜǎ ƛƴǘƻ ƛƴŘƛǾƛŘǳŀƭ ǿŜƭƭǎ ƻŦ ŀ ƳƛŎǊƻǇƭŀǘŜ ƛƴ 

ǘǊƛǇƭƛŎŀǘŜΦ !ŘŘ нрл ˃[ ƻŦ .ǊŀŘŦƻǊŘ ŘȅŜ ǊŜŀƎŜƴǘ ǘƻ ŜŀŎƘ ǎŀƳǇƭŜ ŀƴŘ ƳƛȄΦ 

Incubate at room temperature for a minimum of 5 min and a maximum of 1 h. 
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Set spectrophotometer to 595 nm and zero against the blank samples. (See 

Note 6). 

7. Run samples on a standard 1D SDS-PAGE gel and stain with coomassie blue, 

e.g. Brilliant Blue G ς Colloidal.  

8.  Shows a Coomassie blue stained SDS-PAGE gel comparing a 10 µg serum 

sample before and after albumin and IgG depletion, and shows the reduction 

in the amounts of highly abundant IgG and albumin. 

 

2.3.2 Protein In-Gel Digestion protocol 

1. Excise the protein bands of interest from the stained gel (see Note 7) using a 

sterile polypropylene pasteur pipette (see Note 8) and transfer the cored gel 

spots to a 1.7 mL microcentrifuge tube. 

2. Wash each gel plug with 200 µL of LC-MS grade water. 

3. Destain the gel plug with 100 µL of Methanol:50 mM Ammonium Bicarbonate 

(1:1 vol:vol) to remove the stain.  

4. Dehydrate the gel plug with 100 µL Acetonitrile. Once the gel slice has 

dehydrated remove the supernatant and dry in a vacuum centrifuge (e.g. 

SpeedVacTM) until the sample is dry. 

5. Reduce the sample with 100 µL of 25 mM DTT in 50 mM ammonium 

bicarbonate for 20 min at 56 °C (see Note 9). 

6. Alkylate the sample with 100 µL of 55 mM iodoacetamide in 50 mM 

ammonium bicarbonate at room temperature in the dark for 20 min. 

7. Dehydrate and dry the sample again as outlined in 3.2.4. 

8. Digest the sample by rehydrating with 20 µL of a 12.5 ng/µL trypsin (see Note 

10) containing 0.01% ProteaseMAX for 10 min. Overlay the digesting sample 

with 30 µL of 50 mM ammonium bicarbonate and gently mix. 

9. Incubate at 50 °C for 1 h or 37 °C for 2-4 h. 

10. Centrifuge at 12,000 xg for 10 s to collect any condensate. 

11. Transfer the digested peptides to a fresh tube and acidify the solution with the 

addition of TFA Trypsin stopping solution to a final concentration of 0.5%. If 

the amount of digested protein is sufficiently high, the digest can be analysed 



96 
 

directly by LC-MS or it can be stored at -20 °C (if it is not going to be analysed 

straight away). 

12. However, if the peptide abundance is low, the peptide sample can be 

concentrated and purified with 10 µL C18 Millipore ZipTips®. Wet the C18 

ZipTip by aspirating and dispensing 15 µL of wetting solution x 3 times through 

the ZipTip and discarding the solution each time (see Note 11).  Wet the ZipTip 

again by aspirating and dispensing 15 µL of elution buffer x 3 times discarding 

the solution each time. Equilibrate the ZipTip by aspirating and dispensing 15 

µL of equilibration buffer x 3 times discarding the solution each time. Bind the 

low abundant peptide sample to the ZipTip by aspirating and dispensing the 

sample through the ZipTip without discarding the sample. After binding is 

completed, wash the sample on the Zip Tip by aspirating and dispensing 15 µL 

of equilibration buffer solution x 3 times. Elute the sample with 10 µL of 

elution buffer into a clean microcentrifuge tube and repeat this step. As the 

elution buffer contains acetonitrile, the sample must be evaporated by vacuum 

centrifugation (e.g. Speed VacTM) prior to LC-MS analysis.  If the digest is not 

going to be analysed straight away, freeze and store at ς20 °C. If going straight 

to LC-MS analysis, rehydrate the sample in 20 µL of 2% acetonitrile containing 

1% formic acid. 

 

2.3.3 One dimensional (1D) reverse phase chromatography using a 60 minute 
separation time. 

1. Carry out nano-flow chromatography with a suitable LC such as the Ultimate® 

3000 RSLC nanoLC system which is used here. The LC is configured, as shown in 

Figure 2, using an Acclaim®PepMap100 75 µm x 50 cm column and a 

nanoViper C18, 3µm, 100Å and PepMap C18 trap cartridge (300 µm x 5 mm).  

2. Prior to analysis, equilibrate the columns in Solvent A for 10 min and set the 

column temperatures to 35 °C using a column oven. 
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3. Using a 20 µL loop, pick up a 5 µL injection of sample at a flow rate of 25 

µL/min using Sample loading buffer 1 and desalt for 3 min through the PepMap 

C18 trap cartridge. 

4. Separate the peptides using a 60 min linear gradient elution using Solvent A 

and Solvent B starting with 2% Solvent B to 90% B over 60 min at a flow rate of 

350 nL/min. See Note 12 for details of longer separation times used for 

complex peptide separations. Figure 2-3 shows the peptides obtained from a 

typical 1D LC-MS experimental run from a 1D PAGE gel band over a 60 minute 

gradient from a patient serum sample after immuno-depletion. 

5. Use a stainless steel emitter (see Note 13) for nano-electrospraying the 

samples into the mass spectrometer with the ion spray voltage set at 1.5 kV.  

6. Use a tandem mass spectrometer (MS/MS) to analyse the peptides eluting 

from the nano-flow chromatography system. We use an LTQ OrbitrapXLTM 

Hybrid Ion Trap-Orbitrap Mass Spectrometer for this analysis. Operate the MS 

analysis in a data dependent mode so that the top 10 most abundant 

precursors in each MS scan are selected for MS/MS using a collision energy of 

32%, precursor isolation is set at a width of 2 Da, intensity threshold for 

precursor selection of 1,000). Select the following global parameters; precursor 

ions between m/z 400-1200 at a resolution of 30,000 collected in profile mode.  

The m/z values for charge state =1 and >4 are rejected. Enable dynamic 

exclusion with a repeat count of 1 and set the exclusion duration to 40 

seconds.  

7. Use computer software search engine(s) to analyse data from tandem mass-

spectrometry samples to match mass spectra with peptide sequences. The 

search engine(s) will match the tandem mass spectra with peptide sequences 

from a protein sequence database and use the identified peptides to infer the 

protein content of the sample. Through Proteome Discoverer 1.4 (Thermo 

Fisher Scientific), we use a combination of the search engines MASCOT 

(www.matrixscience.com) and SEQUEST (Thermo Fisher Scientific) against the 

UniProt/SwissProt fasta sequence database using the homo sapien (human) 
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taxomony when searching the data from patient samples. Set cysteine 

carbamidomethylation as a fixed modification and set oxidation of methionine 

as a variable modification. For database analysis using OrbitrapXL data, set a 

precursor mass tolerance of 10 ppm and an MS/MS tolerance at 0.6 Da using 

full trypsin specificity and allow for 2 missed cleavages. 

8. We use strict scoring criteria for our protein identification search engine 

results (Omenn et al. 2005). (See Note 14). 

 

2.3.4 Protein In-Solution Digestion protocol 

1. Precipitate the protein sample (50-200 µg) if it contains detergent or you are 

not sure of the composition of the buffer with 4 volumes of pre-chilled -20 °C 

acetone. Cool the required volume of acetone to -20 ºC for 20 min beforehand.  

Vortex the sample and incubate for 60 min at -20 ºC. Centrifuge at 12,000 xg 

for 10 min at 4 °C to pellet the protein. Resuspend the pellet in resuspension 

buffer (see 2.2.2) at a minimum concentration of 1.2 mg/mL 

2. Determine protein concentration using Bradford Protein Assay as outlined in 

3.1.6. 

3. Digest 10 µg of protein (ensure final concentration of urea in the solution is   

<1 M) (see Note 15). 

4. Add 50 mM Ammonium Bicarbonate to a final volume of 50 µL. 

5. Add 0.5 µL of 0.5 M DTT and incubate at 56 ºC for 20 min. 

6. Add 1.35 µL of 0.55 M Iodoacetamide and incubate at room temperature in 

the dark for 20 min. 

7. Add 1 µg of trypsin and 0.5 µL of 1% ProteaseMAX and digest at 37 °C for a 

minimum of 3 h. 

8. Centrifuge at 12,000 xg for 10 s to collect any condensate and to stop the 

trypsin activity by the addition of TFA Trypsin stopping solution to a final 

concentration of 0.5%.  

9. If the digest is not going to be analysed straight away, freeze and store at ς20 

°C.  
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2.3.5 Two dimensional (2D) strong cation exchange (SCX) reverse phase 
chromatography (RPC) for   complex protein mixtures 

1. We carry out nano-flow chromatography using an Ultimate® 3000 RSLC nanoLC 

system, using an Acclaim®PepMap100 75µm x 50cm, nanoViper C18, 3µm, 

100Å, a PepMap C18 trap cartridge (300 µm x 5 mm) and a BioX-SCX (500 µm x 

15 mm) configured as outlined in Figure 4. 

2. Using a 100 µL loop, pick up a 10 µL injection of peptide sample at a flow rate 

of 25 µL/min with Sample loading buffer 2 to load onto the BioX-SCX trap for 5 

min. 

3. Elute the peptides stepwise from the SCX trap through the different salt steps 

of 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000 mM. 

4. Carry out a linear gradient elution using Solvent A and Solvent B starting with 

2% buffer B to 90% B over 40 min at a flow rate of 350 nL/min.  

5. Figure 5 shows base peak chromatograms for the salt injections on the SCX 

trap. The fractions are overlaid to show different peptide profiles following the 

separation on the reverse-phase column. 

6. Mass spectrometer parameters are outlined in 2.3.6. 

7. Data analysis is outlined in 2.3.7. 
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2.4 Notes 

 

1. There are many commercially available immunodepletion kits and columns that can 

remove high abundant proteins in serum such as IgG, serum albumin, etc. Examples 

include ProteoPrep® and Seppro® (SIGMA), ProteoSpinTM (NORGEN BioTek Corp), 

Proteome Purify (R&D Systems), Top2 and Top12 Depletion Spin Columns (Pierce), 

Multiple Affinity Removal (MARS) range (Agilent). These kits and columns are not just 

confined to use on serum but can be used for immuno-depletion of other biological 

fluids (e.g. plasma, vitreous fluid, wound exudate, etc.). 

2. Proteins separated by either 1D or 2D PAGE for protein identification are normally 

visualised by staining with dyes such as Coomassie Brilliant Blue (CBB) R250 and silver 

stain (gluteraldehyde-free), or fluorescence-based methods such as Sypro Ruby, Deep 

Purple, etc. For mass spectrometry analysis, the silver stain method should not use 

glutaraldehyde. 

3. All solvents and water used must be LC-MS grade. All chemicals must be of the highest 

purity.  

4. The most common enzyme used for peptide generation for LC-MS analysis is trypsin 

which has been modified by reductive alkylation to suppress trypsin autolysis. Trypsin 

is a robust enzyme and digestions can be performed under denaturing conditions. We 

use modified porcine trypsin (Promega) in our laboratory.  

5. We use ProteaseMaxTM Surfactant Trypsin Enhancer as it removes the need to extract 

peptides following In-gel digestion. We also find there is improved peptide recovery 

from gels compared to when not using it. When we carry out protein In-solutions 

digestions we find protein solubilisation is improved. ProteaseMaxTM Surfactant 

Trypsin Enhancer degrades over the course of the digestion, so samples are ready for 

LC-MS without the need to remove the detergent. 

6. To ensure precision in determining protein concentrations when using a Bradford 

protein assay, the relative standard deviation (RSD) for each triplicate sample UV value 

must be very low <1%.  



101 
 

7. When working with SDS-PAGE gels, gloves must be worn at all times to minimise 

keratin and dust contamination which can affect your LC-MS results. When excising 

protein from gels this work should be done in a laminar flow cabinet to minimise the 

possibility of any hair, dust or skin flakes contaminating the sample with unwanted 

keratins. 

8. The use of polypropylene tubes and tips helps to minimise protein loss by adsorption. 

9. Reduction and alkylation is essential for samples prepared by 1D SDS-PAGE separation 

even when reducing agent is already present in the loading buffer. 

10. There are enzymes other than trypsin that can be used for protein digestion which 

have different cleavage specificities, such as Asp-N and Glu-C. 

11. Avoid introducing any air bubbles into the ZipTip at any stage of the process.  

12. Complex peptide mixtures can require long separation times. We use 120, 180 or 300 

min separation times depending on the complexity of the sample. 

13. We use stainless steel emitters to maintain a stable spray into our Mass Spectrometer 

however stainless steel emitters are not suitable when looking at phosphorylated 

peptides so fused silica emitters are recommended instead. 

14. Peptides with either ion scores of 40 or more (from Mascot) and peptides with XCorr 

scores >1.9 for singly charged ions, >2.2 for doubly charged ions and >3.75 for triply 

charged ions or more (from Sequest HT) are accepted as high confidence 

identifications Proteins with 2 peptides matched are generally accepted as identified.  

15. Trypsin activity is inhibited by urea at concentrations >1M. 
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2.5 Figure Legends 

 

Figure 2-1. Non-depleted (left) vs Serum/IgG depleted sample (right) from a serum sample 

separated on a Coomassie stained SDS-PAGE gel. The region highlighted in red shows 

proteins no longer masked by very high levels of albumin and IgG. Non-depleted (left) vs 

Serum/IgG depleted sample (right) from a serum sample separated on a Coomassie stained 

SDS-PAGE gel. The region highlighted in red shows proteins no longer masked by very high 

levels of albumin and IgG. 

Figure 2-2. Schematic using a 10 port valve for the fluidic connections for one dimensional 

(1D) reverse phase chromatography for simple protein mixtures.Schematic using a 10 port 

valve for the fluidic connections for one dimensional (1D) reverse phase chromatography 

for simple protein mixtures. 

Figure 2-3. Mass spectrometry trace showing the total ion intensity from all the mass 

spectra recorded during a 1D reverse phase LC-MS using a 60 min reverse phase 

separation, shown as a function of elution time. The sample shown is a serum protein 

digest from a 1D gel band.Mass spectrometry trace showing the total ion intensity from all 

the mass spectra recorded during a 1D reverse phase LC-MS using a 60 min reverse phase 

separation, shown as a function of elution time. The sample shown is a serum protein 

digest from a 1D gel band. 

Figure 2-4. Schematic using two 10 port valves for the fluidic connections for two 

dimensional (2D) LC salt plug experiment. Schematic using two 10 port valves for the 

fluidic connections for two dimensional (2D) LC salt plug experiment. 

Figure 2-5. Mass spectrometry traces overlaid from 10 salt plug fractions generated from a 

2D-LC run. Base peak chromatograms for the salt injections on the SCX trap fractions are 

overlaid to show different peptide profiles following separation on the reverse-phase 

column. Each fraction is designated by a different colour chromatogram. Mass 

spectrometry traces overlaid from 10 salt plug fractions generated from a 2D-LC run. Base 

peak chromatograms for the salt injections on the SCX trap, fractions are overlaid to show 

different peptide profiles following separation on the reverse-phase column. Each salt 

fraction is designated by a different colour chromatogram. 
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Figure 2-1. Non-depleted (left) vs Serum/IgG depleted sample (right) from a serum sample separated on a 
Coomassie stained SDS-PAGE gel. The region highlighted in red shows proteins no longer masked by very high 
levels of albumin and IgG. 
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Figure 2-2. Schematic using a 10 port valve for the fluidic connections for one dimensional (1D) reverse phase 
chromatography for simple protein mixtures. 
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Figure 2-3. Mass spectrometry trace showing the total ion intensity from all the mass spectra recorded during a 1D reverse phase LC-MS using a 60 min reverse phase 
separation, shown as a function of elution time. The sample shown is a serum protein digest from a 1D gel band. 
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Figure 2-4. Schematic using two 10 port valves for the fluidic connections for two dimensional (2D) LC salt plug experiment. 
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. 

 

Figure 2-5. Mass spectrometry traces overlaid from 10 salt plug fractions generated from a 2D-LC run. Base peak chromatograms for the salt injections on the SCX trap 
fractions are overlaid to show different peptide profiles following separation on the reverse-phase column. Each fraction is designated by a different colour chromatogram.
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Abstract 

 

The reversible phosphorylation of proteins on serine, threonine and tyrosine residues is one of the most 

important post-translational modifications that regulate many biological processes. The 

phosphoproteome has not been studied in any great detail in recombinant Chinese hamster ovary (CHO) 

cells to date despite phosphorylation playing a crucial role in regulating many molecular and cellular 

processes relevant to bioprocess phenotypes including, for example, transcription, translation, growth, 

apoptosis and signal transduction. In this chapter we provide a protocol for phosphoproteomic analysis 

of Chinese hamster ovary cells using phosphopeptide enrichment with metal oxide affinity 

chromatography (MOAC) and immobilized metal affinity chromatography (IMAC) techniques, followed 

by site-specific identification of phosphorylated residues using LC-MS (MS2 and MS3) strategies. 

 

Key words: Phosphoproteomics, phosphopeptide enrichment, site specific phosphorylation, Chinese 

hamster ovary cells. 
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3.1 Introduction  

 

The Chinese hamster ovary (CHO) cell is the most commonly used mammalian host cell line for the 

production of recombinant biotherapeutics (Walsh 2014). This dominance is likely to continue for the 

foreseeable future due to their ability to correctly fold proteins that are compatible with human use, 

their ability to produce proteins with human-like post-translational modifications, their safety record, 

and their track record in industry (Wurm 2004). There has been considerable success in developing high-

producing CHO cell culture processes through media optimisation and bioreactor design (Prentice, 

Ehrenfels and Sisk 2007, Altamirano et al. 2000); however, the bottlenecks in the cellular machinery for 

the efficient production of recombinant proteins are poorly understood. In order to improve the 

efficiency of production with the overall aim to reduce the costs of therapeutics a fundamental 

understanding of the biology underpinning growth and productivity of CHO cells is required. Systems 

biology approaches (including transcriptomics, proteomics, metabolomics, etc.) are being increasingly 

used to characterise recombinant CHO cells and will be instrumental in metabolic and cell engineering 

interventions to enhance CHO cell lines for more efficient production of therapeutics (Gutierrez and 

Lewis 2015, Kildegaard et al. 2013).  

In the past CHO systems biology has been hampered by the lack of genomic data on CHO cells. The 

recently sequenced genomes of CHO cells (Kaas et al. 2015, Lewis et al. 2013, Brinkrolf et al. 2013, Xu et 

al. 2011) have opened up a new era involving analysis of CHO cells on a systems biology level. Examining 

the transcriptome can provide insight into the regulation of cellular processes but mRNA levels are not 

necessarily correlated with protein expression levels for their protein products (Baycin-Hizal et al. 

2012b, Guo et al. 2008). In addition, proteins are subjected to a variety of post-translational 

modifications (PTMs) that affect biological activity; phosphorylation being one of most widely studied 

PTMs, especially in disease stateǎ ǎǳŎƘ ŀǎ ŎŀƴŎŜǊΦ  ¢ƘŜ Ǿŀǎǘ ƳŀƧƻǊƛǘȅ ƻŦ ΨƻƳƛŎ ōŀǎŜŘ ǎǘǳŘƛŜǎ ƛƴ /Ih ŎŜƭƭǎ 

to date have missed out on the post-translational level of regulation despite their pivotal role in the 

regulation of growth, cell cycle arrest, apoptosis, transcription, signal transduction, etc. and hence are 

likely to be central to understanding and controlling bioprocess-relevant phenotypes. The 

phosphoproteome has not been assessed in any detail in CHO (A. Farrell et al. 2014) though some 

research has been done in CHO cells, based on knowledge of phosphorylation events in cancer cells 

described in the literature. 

PTMs increase chemical diversity and complexity of the proteome, and can determine protein function 

by altering activity, cellular location, turnover, and interaction with other proteins (Choudhary and 
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Mann 2010). The complexity of the cellular processes that rely upon phosphorylation is demonstrated in 

that approximately 30% of all eukaryotic proteins can become phosphorylated (Olsen et al. 2010, Cohen 

2001), though some of these phosphorylation events may be physiologically irrelevant (Dephoure et al. 

2013)Φ !ƭƳƻǎǘ ƘŀƭŦ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ ƪƛƴŀǎŜǎ ƻŦ ǘƘŜ ƘǳƳŀƴ ΨƪƛƴƻƳŜΩ ŀǊŜ ƛƳǇƭƛŎŀǘŜŘ ƛƴ ƘǳƳŀƴ ŎŀƴŎŜǊǎ ŀǎ 

well as numerous serine-threonine kinases, including Akt and mTOR (Martini et al. 2014). Phosphatases 

such as PTEN and PP2A are also known to play important roles in cancer (Hopkins et al. 2014, A. S. 

Farrell et al. 2014). Phosphorylation of nuclear proteins has been widely recognised as a key chemical 

modification necessary for the control of mRNA transcription (Whitmarsh and Davis 2000). 

While some proteins are constitutively phosphorylated, most are only transiently phosphorylated 

following key cellular cues, thus altering the chemical state of a protein in subtle ways that are not easily 

detected using standard profiling techniques (Simon and Cravatt 2008). Phosphorylation sites in most 

proteins are sub-stoichiometric and hence are often present in low abundance compared to their native 

counterparts. As a result phosphopeptide enrichment using immobilized metal ion (Fe3+ or Ga3+) affinity 

chromatography (IMAC) and metal oxide affinity chromatography (MOAC) using TiO2 or ZrO2 prior to LC-

MS/MS analysis is widely used in phosphoproteomic studies (Angel et al. 2012). Both these materials 

have different binding specificities, resulting in increased phosphoproteome coverage (Thingholm et al. 

2008). 

In this chapter we describe methods for phosphopeptide enrichment using TiO2 and IMAC strategies 

from CHO cells followed by LC-MS analyses (MS2 and MS3) for site-specific determination of 

phosphorylated serine, threonine or tyrosine residues. The methods described are also amenable to 

differential phosphoproteomic studies. 
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3.2 Materials 

 

3.2.1 Equipment  

¶ Pierce® Fe-NTA (IMAC) Phosphopeptide Enrichment Kit (Thermo Fisher Scientific).  

¶ Pierce® TiO2 Phosphopeptide Enrichment Kit (Thermo Fisher Scientific). 

¶ tƛŜǊŎŜϰ DǊŀǇƘƛǘŜ {Ǉƛƴ /ƻƭǳƳƴǎ ό¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύΦ 

¶ tƛŜǊŎŜϰ {ǘǊƻƴƎ /ŀǘƛƻƴ 9ȄŎƘŀƴƎŜ ό{/·ύ {Ǉƛƴ /ƻƭǳƳƴΣ aƛƴƛ ό¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύΦ 

¶ Microcentrifuge capable of spinning 1.7 mL microcentrifuge tubes at 14,000 xg at 4°C. 

¶ Microcentrifuge polypropylene 1.7 mL collection tubes. 

¶ Sonicating probe. 

¶ Vortex. 

¶ Fume Hood. 

¶ Microplate Spectrophotometer reading 96-well plate format at 595 nm. 

¶ tƛŜǊŎŜϰ ./! tǊƻǘŜƛƴ !ǎǎŀȅ Yƛǘ ό¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύΦ  

¶ Dry Heating Block.  

¶ ±ŀŎǳǳƳ 9ǾŀǇƻǊŀǘƻǊκ[ȅƻǇƘƛƭƛǎŜǊ όŜΦƎΦ {ǇŜŜŘ±ŀŎϰΣ ¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύΦ 

¶ Ultimate® 3000 RSLCnanoLC system (Thermo Fisher Scientific). 

¶ LTQ Orbitrap XL (Thermo Fisher Scientific).  

¶ {ƛƭƛŎŀ¢ƛǇϰ {ǘŀƴŘŀǊŘ /ƻŀǘƛƴƎ ¢ǳōƛƴƎ h5κL5 ослκнлҡƳ ¢ƛǇΣ L5 мл ҡƳΣ ƭŜƴƎǘƘ 5cm (New 

Objective). 

¶ Analytical column: Acclaim®PepMap100 75µm x 50cm, nanoViper C18, 3µm, 100Å (Thermo 

Fisher Scientific). 

¶ ¢ǊŀǇ ŎƻƭǳƳƴΥ /му tŜǇaŀǇΣ олл ˃Ƴ L5 Ҏ р ƳƳΣ р ˃Ƴ ǇŀǊǘƛŎƭŜ ǎƛȊŜΣ млл ) ǇƻǊŜ ǎƛȊŜΤ ¢ƘŜǊƳƻ 

Fisher Scientific). 

¶ Xcalibur software, version 2.0.7 (Thermo Fisher Scientific). 

¶ Proteome Discover 2.1 (Thermo Fisher Scientific) with SEQUEST HT and phosphoRS 3.1 (Taus 

et al. 2011a) and suitable Cricetulus griseus protein database in fasta format (Meleady et al. 

2012a). 
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3.2.2 Reagents 

Ensure that all solvents and water are LC-MS grade.  

¶ DL-Dithiothreitol (DTT). 

¶ Iodoacetamide. 

¶ Urea. 

¶ LC-MS grade water. 

¶ HEPES. 

¶ Sequencing-grade modified trypsin (e.g. Promega, Thermo Fisher Scientific, Sigma Aldrich). 

¶ ProteaseMaxTM Surfactant Trypsin Enhancer (Promega). 

¶ Trifluoroacetic acid (TFA) Use a fume hood when preparing solutions with this acid. 

¶ Acetonitrile (ACN). 

¶ Ammonium Bicarbonate. 

¶ Iŀƭǘϰ tǊƻǘŜŀǎŜ LƴƘƛōƛǘƻǊ /ƻŎƪǘŀƛƭ ό¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύΦ 

¶ Iŀƭǘϰ tƘƻǎǇƘŀǘŀǎŜ LƴƘƛōƛǘƻǊ /ƻŎƪǘŀƛƭ ό¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύΦ 

¶ Ammonium Hydroxide (NH4OH) ACS Reagent (Sigma Aldrich). 

¶ Potassium Phosphate Monobasic (KH2PO4). 

¶ Potassium Chloride (KCl). 

  

3.2.3 Cell Lysis, Protein Extraction and Protein Quantification 

¶ 50 mM Ammonium Bicarbonate (must be freshly prepared and used within 24 hours).  

¶ 0.5 M DTT in 50 mM Ammonium Bicarbonate (must be freshly prepared). 

¶ 0.55 M Iodoacetamide in 50 mM Ammonium Bicarbonate (must be freshly prepared). 

¶ Trypsin solution: Use sequence grade trypsin (see Note 1).  

¶ ProteaseMaxTM Surfactant Enhancer (see Note 2).  
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3.2.4 Protein Digestion 

¶ 50 mM Ammonium Bicarbonate (must be freshly prepared and used within 24 hours).  

¶ 0.5 M DTT in 50 mM Ammonium Bicarbonate (must be freshly prepared). 

¶ 0.55 M Iodoacetamide in 50 mM Ammonium Bicarbonate (must be freshly prepared). 

¶ Trypsin solution: Use sequence grade trypsin (see Note 1).  

¶ ProteaseMaxTM Surfactant Enhancer (see Note 2).  

 

3.2.5 Peptide Fractionation Using Strong Cation Exchange (SCX) spin cartridges 

¶ Diluent solution: To prepare 1 L add 1.36 g of KH2PO4 and 250 mL of acetonitrile to 750 mL 

of LC-MS grade water and adjust the pH to 3.0. 

¶ Prepare the following 10 mL Potassium Chloride (KCl) elution buffers as outlined in Table 3-1  

using the 10 mM KH2PO4 in 25% acetonitrile pH 3.0 diluent. 

 

 

Elution Buffer KCL 

(g) 

10mM KH2PO4 in 25% ACN (mL) KCl concentration 

(mM) 

Elution buffer step 1 0.007 10 10 

Elution buffer step 2 0.037 10 50 

Elution buffer step 3 0.075 10 100 

Elution buffer step 4 0.373 10 500 

 

Table 3-1. Overview of preparation of KCl elution buffers. 
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3.2.6 Fe-NTA Phosphopeptide Enrichment Buffer Preparation 

Wash buffer A and B must be prepared prior to starting the protocol. 300 µL of each wash buffer is 

required per spin column i.e. sample.  

¶ Wash buffer A: Add 150 µL of the 2X wash buffer stock supplied in the kit to 150 µL of LC-MS 

grade water.  

¶ Wash buffer B: Add 150 µL of the 2X wash buffer stock supplied in the kit and 30 µL of 

acetonitrile to 120 µL of LC-MS grade water.  

3.2.7 TiO2 Phosphopeptide Enrichment Buffer Preparation 

The following buffer preparations are for the enrichment of 1-6 samples, if more samples are being 

ǇǊƻŎŜǎǎŜŘ ǎŎŀƭŜ ǳǇ ǘƘŜ ōǳŦŦŜǊ ǾƻƭǳƳŜǎ ŀŎŎƻǊŘƛƴƎƭȅ ƻǊ ǎŜŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ  

¶ Buffer A: Add 401 µL of ACN and 2 µL of TFA to 100 µL of LC-MS water.  

¶ Buffer B: Add 400 µL of 90% lactic acid (provided in the kit) to 1 mL of Buffer A.  

¶ Elution Buffer 1: Add 20 µL of 30% Ammonium Hydroxide to 380 µL of LC-MS water.  

¶ Elution Buffer 2: Add 20 µL of Pyrrolidine (provided in the kit) to 380 µL of LC-MS water. 

 

3.2.8 Peptide Purificŀǘƛƻƴ ǿƛǘƘ tƛŜǊŎŜϰ DǊŀǇƘƛǘŜ {Ǉƛƴ /ƻƭǳƳƴǎ 

¶ Column preparation buffer (1 M NH4OH): Add 0.688 mL of Ammonium hydroxide solution 

ACS reagent (28 -30%) to 2.5 mL of LC-MS water and adjust the final volume of the solution 

to 10 mL with LC-MS water. Store at 4°C until required.  

¶ Equilibration and rinse solution: 1% TFA. Add 100 µL of TFA to 10 mL of LC-MS water.  

¶ Elution solution: 0.1% TFA, 70% ACN. Add 100 µL of TFA to 3 mL of LC-MS water containing 7 

mL of ACN.  

 

3.2.9 Reverse Phase Chromatography Buffers 

¶ Solvent A: 2% ACN in LC-MS grade water containing 0.1% formic acid. Prepare 100 mL. Use a 

fume hood to prepare this solution. 

¶ Solvent B: 80% ACN, 20% LC-MS grade water containing 0.8% formic acid. Prepare 100 mL.  
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3.3 Methods 

 

3.3.1 Cell Lysis 

1. Harvest cells and wash with pre-chilled 50 mM HEPES buffer three times. Centrifuge at 

1000 xg for 5 min and remove the supernatant. Snap freeze the cell pellet in a 

microcentrifuge tube using liquid nitrogen (take extreme caution when doing this). Store 

at    -80°C until cell lysis is performed.  

2. Lyse cell pellets corresponding to 1 x 107 cells with 1 mL of lysis buffer containing 1x 

Iŀƭǘϰ tǊƻǘŜŀǎŜ LƴƘƛōƛǘƻǊ ŎƻŎƪǘŀƛƭ ŀƴŘ мȄ Iŀƭǘϰ tǊƻǘŜŀǎŜ LƴƘƛōƛǘƻǊ ŎƻŎƪǘŀƛƭΦ {ǳǎǇŜƴŘ ǘƘŜ 

cell pellet in the lysis buffer and mix the solution by vigorous vortexing for 5 min. 

3. Disrupt the cells using a sonicating probe while maintaining the lysate at 4oC. 

4. Centrifuge the sample at 14,000 xg for 15 min at 4oC. Collect supernatant into a fresh 

microcentrifuge tube. 

5. Determine protein concentration using a BCA assay acŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. 

6. Transfer 500 µg of protein lysate aliquots into microcentrifuge tubes and freeze at -80ºC 

until required. 

7. Prior to digestion, dilute sample with 50 mM ammonium bicarbonate to achieve a final 

urea concentration of 1 M.  

 

 

3.3.2 In-Solution Protein Digestion 

1. Adjust the volume of 500 µg protein lysate to 84 µL with 50 mM ammonium 

bicarbonate. 

2. Add 1 µL of 0.5 M DTT and heat the lysate at 56°C for 20 min to reduce the protein. 

3. Add 2.7 µL of 0.55 M iodoacetamide and incubate at room temperature in the dark for 

20 min to allow for alkylation. 

4. Add 12.5 µl of 1 µg/µL sequence-grade trypsin (1:40 enzyme:protein). 

5. Digest at 37°C for 3 h in a dry heating block under gentle rotation  
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6. Centrifuge at 14,000 xg at 20°C for 20 min and transfer the supernatant to a new 

microcentrifuge tube. 

7. Add TFA to a final concentration of 0.1% to inactivate the trypsin. 

8. Proceed directly to peptide concentration and desalting (subsection 3.3.4) or store the 

sample at -80°C until required. 

 

3.3.3 Peptide Concentration and Desalting with Graphite Spin Columns 

1. Remove the top and bottom cap from the graphite spin column (see Note 3) and place 

the column in a 1.7 mL collection tube. Centrifuge at 2000 xg for 1 min and discard the 

flow-through. 

2. Prime the Graphite spin column using 100 µL of 1 M NH4OH. Centrifuge at 2000 xg for 1 

min and discard the flow-through. 

3. Activate the graphite spin column using 100 µL of ACN. Centrifuge at 2000 xg for 1 min 

and discard the flow-through. 

4. Apply the peptide sample from subsection 3.3.2 to the graphite resin and allow sample 

binding for 10 min with occasional vortexing.  

5. Centrifuge at 1000 xg for 3 min and discard the flow-through. 

6. Wash the graphite spin column using 100 µL of the rinse solution, centrifuge at 2000 xg 

for 1 min and discard rinse wash. 

7. Repeat step 6. 

8. Place the graphite spin column in a new collection tube and elute the peptide sample 

using 100 µL of elution buffer into a new microcentrifuge tube. 

9. Repeat step 8 three more times to give a final volume of 400 µL. 

10. Concentrate the peptide sample to dryness in a SpeedVac vacuum dryer. 

11. Freeze peptide sample at -80°C or proceed directly to Strong Cation Exchange 

preparation. 
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3.3.4 {ǘǊƻƴƎ /ŀǘƛƻƴ 9ȄŎƘŀƴƎŜ ό{/·ύ ǳǎƛƴƎ tƛŜǊŎŜϰ aƛƴƛ {Ǉƛƴ /ƻƭǳƳƴǎ  

1. Condition a SCX spin column with 400 µL of 10 mM KH2PO4 in 25% ACN pH 3.0 and 

centrifuge at 2,000 xg for 5 min. Discard the flow-through 

2. Resuspend the dried peptides from the final step of subsection 3.3.3 in 200 µL of 10 mM 

KH2PO4 in 25% ACN pH 3.0. Apply this to the conditioned SCX column and centrifuge at 

2,000 xg for 5 min. 

3. Add 200 µL of elution buffer step 1 (see subsection 3.2.5) and centrifuge at 2,000 xg for 

5 min and collect the flow-through. 

4. Repeat this procedure to elute the peptides in a step-wise manner using elution buffer 

step 1 through to elution buffer step 4, collecting each flow-through generating 5 

samples (initial flow through, 10, 50, 100 and 500 mM salt fractions). 

5. Eluted peptides are desalted and concentrated again using Graphite spin columns (go to 

subsection 3.3.3). 

6. Following graphite spin column desalting and concentration, the SCX fractions peptide 

samples can either be phosphopeptide enriched using Fe-NTA (IMAC) (go to subsection 

3.3.5) or TiO2 (go to subsection 3.3.6). 

 

3.3.5 IMAC Phosphopeptide Enrichment  

1. Resuspend the dried sample from the SCX fractionation protocol in 200 µL of Binding 

buffer. Add the sample to a Fe-NTA spin column and incubate for 20 min at room 

temperature on a rotator. 

2. Remove bottom cap from the column and place the column into a microcentrifuge tube 

and centrifuge at 1,000 xg for 1 min. Transfer the column to a new tube. 

3. Add 100 µL of wash buffer A to the column and pipette well to mix contents. Centrifuge 

the tube at 1,000 xg for 1 min. Transfer column to a new tube. 

4. Repeat step 3. 

5. Add 100 µL of wash buffer B to the column and pipette well to mix contents. Centrifuge 

the tube at 1,000 xg for 1 min. Transfer the column to a new tube. 

6. Repeat step 5. 
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7. Equilibrate the column by adding 100 µL of LC-MS water to the column and mix contents 

by pipetting. Centrifuge the column at 1,000 xg for 1 min. Transfer column to a new 

tube. 

8. Elute the phosphopeptides by adding 50 µL of Elution buffer to the column and incubate 

for 5 min at room temperature. Centrifuge the column at 1,000 xg for 1 minute and 

retain the eluate (flow-through). 

9. Repeat step 8 and pool the elution fractions. 

10. Acidify the elution fraction by adding 200 µL of 2.5% TFA to the sample. Proceed to 

subsection 3.3.7.  

 

3.3.6 TiO2 Phosphopeptide Enrichment  

1. Place a centrifuge column adaptor in a collection tube and insert a TiO2 spin tip into the 

adaptor. Add 20 µL of Buffer A and centrifuge at 3,000 xg for 2 min. Discard the flow-

through. 

2. Add 20 µL of Buffer B and centrifuge at 3,000 xg for 2 min. Discard the flow-through. 

3. Resuspend the dried sample from the SCX fractionation protocol in 150 µL of Buffer B. 

Add the sample to the spin tip and centrifuge at 1,000 xg for 10 min.  

4. Collect the flow-through sample and reapply it to the spin tip and centrifuge at 1,000 xg 

for 10 min. 

5. Wash the column by adding 20 µL of Buffer B and centrifuging at 3,000 xg for 2 min. 

6. Wash the column by adding 20 µL of Buffer A and centrifuge at 3,000 xg for 2 min. 

Repeat this step twice so that the column has been washed three times.  

7. Place the spin tip in a new collection tube and add 50 µL of Elution Buffer 1. Centrifuge 

at 1,000 xg for 5 min. 

8. Using the same collection tube, add 50 µL of Elution Buffer 2. Centrifuge at 1,000 xg for 

5 min. 

9. Acidify the elution fraction by adding 100 µL of 2.5% TFA to the sample. Proceed to 

subsection 3.3.7.  
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3.3.7 LC-MS/MS analysis 

1. Resuspend the dried phosphopeptide samples in 25 µL of LC-MS grade water with 0.1% 

TFA and 2% ACN.  

2. Carry out nano LCςMS/MS analysis using, for example, an Ultimate 3000 RSLCnano 

system coupled to a hybrid linear ion trap/Orbitrap mass ǎǇŜŎǘǊƻƳŜǘŜǊΦ ¦ǎŜ {ƛƭƛŎŀ¢ƛǇϰ 

Standard Coating Tubing as emitter tips for nano electrospray as the formation of 

phosphopeptide metal ion complexes can cause a mass spectrum signal intensity 

decrease of protonated phosphopeptides (Liu et al. 2005). (See Note 4). 

3. Load each sample onto a C18 trap column. Desalt the sample for 3 min using a flow rate 

ƻŦ нр ˃[κƳƛƴ ƛƴ лΦм҈ ¢C! ŎƻƴǘŀƛƴƛƴƎ н҈ !/b ό[ƻŀŘƛƴƎ .ǳŦŦŜǊύΦ  {ǿƛǘŎƘ ǘƘŜ ǘǊŀǇ ŎƻƭǳƳƴ 

online with the analytical column using a column oven at 35 °C and elute the peptides 

with the following binary gradients of: Mobile Phase Buffer A and Mobile phase buffer 

B: 0ς25% solvent B in 120 min and 25ς50% solvent B in a further 60 min, where solvent 

A consisted of 2% acetonitrile (ACN) and 0.1% formic acid in water and solvent B 

consisted of 80% ACN and 0.08% formic acid in water. Set the column flow rate to 300 

nL/min.  Acquire the data with Xcalibur software.  

4. Operate the LTQ Orbitrap XL in data-dependent neutral loss mode and externally 

calibrate the instrument. Acquire survey MS scans in the Orbitrap in the 400ς1800 m/z 

range with the resolution set to a value of 30,000 at m/z 400. Fragment up to three of 

the most intense ions (1+, 2+ and 3+) per scan using CID in the linear ion trap followed 

by a Neutral loss MS3 event. MS3 is activated if a neutral loss of phosphoric acid is 

detected indicated by a -98, -49 or -32.7 Da loss from the parent precursor. Enable 

dynamic exclusion with a repeat count of 1, repeat duration of 30 s, exclusion list size of 

500 and exclusion duration of 40 s. Set the minimum signal threshold to 3000.  Collect 

all tandem mass spectra using a normalised collision energy of 32%, an isolation window 

of 2 m/z with an activation time of 30 ms. 
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3.3.8 Mass Spectrometry Data Searches for Phosphorylation Analysis  

1. Search MS spectra using Proteome Discoverer 2.1 against Sequest HT with phosphoRS 

3.1 against a suitable Cricetulus griseus protein fasta database (see Note 5).  

2. The processing workflow used through Proteome Discoverer 2.1 is shown in Figure 3.1  

(See Note 6). 

3. Scan Event Filter(Baycin-Hizal et al. 2012a) and (Guo et al. 2008) (Figure 3.1) selects for 

MS2 and MS3 data respectively. 

4. From Scan Event Filter(Baycin-Hizal et al. 2012a) into Search algorithm SEQUEST HT (2) 

(Figure 3.1), apply the following search parameters for all MS2 data for protein 

identification: (i) set peptide mass tolerance to 20 ppm, (ii) set MS/MS mass tolerance 

to 0.6 Da, (iii) allow up to two missed cleavages, (iv) set carbamidomethylation as a fixed 

modification (i.e. Carboxymethyl (C) means that all calculations will use 161 Da as the 

mass of cysteine).  (v) set methionine oxidation as a variable modification (where the 

methionine residue may or may not be oxidised (Met +16 Da)), and (vi) set serine, 

threonine and tyrosine phosphorylation as variable modifications (where the serine, 

threonine, and tyrosine residues may have the addition of a phosphate group HPO3 (Ser 

+80 Da, Thr +80 Da, Tyr +80 Da)).  (Figure 2a and Figure.2b). 

5. From Scan Event Filter (Guo et al. 2008) into Search algorithm SEQUEST HT (Cohen 

2001)(see Figure 3-1), set the following search parameters for all MS3 (neutral loss) data 

for protein identification: (i) set peptide mass tolerance to 0.6 Da (ii) set MS/MS mass 

tolerance to 0.6 Da, (iii) allow up to two missed cleavages, (iv) set 

carbamidomethylation as a fixed modification (v) set methionine oxidation as variable 

modification (vi) set serine, threonine and tyrosine phosphorylation as variable 

modifications (vii) and set neutral loss of phosphoric acid H3PO4 (-98 Da) from 

phosphorylated serine, threonine and tyrosine phosphorylation as variable 

modifications. (See Figure 3-2 c). 

6. Process the output from SEQUEST through Percolator (a semi-supervised learning and 

decoy database search strategy to distinguish between correct and incorrect 

identifications accepting a 1% FDR)(Spivak et al. 2009). 

7. Accept only peptides with XCorr scores >1.5 for singly charged ions, >2.0 for doubly 

charged ions and >3.0 for triply charged ions.  
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8. Determine the phosphorylation site location in the peptide sequence through 

phosphoRS (ptmRS) in Proteome Discoverer 2.1 (Taus et al. 2011a). Apply a site 

probability cut off score of 75% or greater for S, T or Y amino acids (Alpert, Hudecz and 

Mechtler 2015, Roitinger et al. 2015, Taus et al. 2011b). 

 

3.4 Notes 

 

1. Use sequencing-grade or mass spectrometry grade trypsin. Reconstitute the lyophilised 

trypsin in 50 mM acetic acid to give a final concentration of 1 µg/µL and store aliquots at -

20ϲ/ ǳƴǘƛƭ ǊŜǉǳƛǊŜŘΦ Lƴ ƻǳǊ ƭŀō ǿŜ ǳǎŜ tǊƻƳŜƎŀΩǎ ¢ǊȅǇǎƛƴ DƻƭŘ aŀǎǎ {ǇŜŎǘǊƻƳŜǘǊȅ ƎǊŀŘŜ ƻǊ 

tƛŜǊŎŜϰ ¢ǊȅǇǎƛƴ tǊƻǘŜŀǎŜ a{ ƎǊŀŘŜ ŦƻǊ ǇǊƻǘŜƛƴ ŘƛƎŜǎǘƛƻƴΦ  

2. Add 100 µL of 50 mM ammonium bicarbonate to a 1 mg vial of ProteaseMaxTM Surfactant to 

a give a 1% solution. Store aliquots at -20ºC until required. Ammonium Bicarbonate must be 

freshly prepared and used within 24 h.  

3. For peptide purification use graphite spin columns instead of C18 as graphite binds 

hydrophilic peptides more efficiently than C18. 

4. The emitter tip connecting the LC to the MS should not be stainless steel. Applying a voltage 

across a stainless emitter tip will cause irreversible binding of phosphopeptides. 

5. For protein/peptides identification using Chinese Hamster Ovary cells we recommend using 

either protein fasta databases from Bielefeld BOKU CHO expressed Protein Database 

(BBCHO)(Meleady et al. 2012b) or from Cricetulus griseus fasta sequences available from 

https://www.ncbi.nlm.nih.gov/protein. 

6.  Using spectrum selector filter in Proteome Discoverer to separate MS2 and MS3 data allows 

for significantly shorter search times as MS2 streams can be searched with variable 

phosphorylation modifications on S, T and Y, while MS3 streams can be searched with 

variable phosphorylation modifications on S, T, and Y along with dehydration as a variable 

modification on S, T and Y. (Figure 3-2).  
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3.5 Figure Legends 

 

Figure 3-1 Processing workflow for MS2 and MS3 data using Proteome Discoverer 2.1. 

Figure 3-2 MS/MS of DGQVINTSQHDDLE showing sequence ladder matching glutamine (Q) to serine (S) 

and has a mass difference of 87 Da confirming unmodified serine. (B) MS/MS of DGQVINTS*QHDDL 

showing a sequence ladder matching glutamine (Q) to serine (S) and has a mass difference of 167 Da 

όŀŘŘƛǘƛƻƴ ƻŦ ǇƘƻǎǇƘŀǘŜ ƎǊƻǳǇ όIthоύ ŎƻƴŦƛǊƳƛƴƎ ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ǎŜǊƛƴŜ όҌул ɲa ƻƴ {ŜǊƛƴŜύΦ (C) 

MS/MS/MS of DGQVINTS*QHDDL showing a neutral loss event on serine where the sequence ladder 

matching glutamine (Q) to serine (S) has a mass difference of -18 Da which corresponds to the loss of 

phosphoric acid from the phosphorylated residue to produce a di-dehydroamino acid. 
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Figure 3-1. Processing workflow for MS2 and MS3 data using Proteome Discoverer 2.1. 
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Figure 3-2 MS/MS of DGQVINTSQHDDLE showing sequence ladder matching glutamine (Q) to serine (S) and has a mass 

difference of 87 Da confirming unmodified serine. (B) MS/MS of DGQVINTS*QHDDL showing a sequence ladder matching 

glutamine (Q) to serine (S) and has a mass difference of 167 Da (addition of phosphate group (HPO3) confirming 

ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ǎŜǊƛƴŜ όҌул ɲM on Serine). (C) MS/MS/MS of DGQVINTS*QHDDL showing a neutral loss event on serine 

where the sequence ladder matching glutamine (Q) to serine (S) has a mass difference of -18 Da which corresponds to the 

loss of phosphoric acid from the phosphorylated residue to produce a di-dehydroamino acid. 
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Abstract 

aǳƭǘƛǇƭŜ ƳȅŜƭƻƳŀ όaaύ ƛǎ ŀ ŎƻƳǇƭŜȄ ƘŜǘŜǊƻƎŜƴŜƻǳǎ ŘƛǎŜŀǎŜΦ ±ŀǊƛƻǳǎ Ǌƛǎƪ ǎǘǊŀǘƛŬŎŀǘƛƻƴ ƳƻŘŜƭǎ ƘŀǾŜ 

been recommended including cytogenetic and FISH analysis to identify high-risk patients who may 

ōŜƴŜŬǘ ŦǊƻƳ ƴƻǾŜƭ ǘǊŜatments, but such facilities are not widely available. The International Scoring 

System (ISS) using beta-2-microglobulin and albumin remains a widely used prognostic scoring system in 

many clinical practices; however, it is not useful in predicting response to treatment in MM. The aim of 

this study is to identify clinically useful biomarkers to predict response to treatment containing 

bortezomib.  

Methods: 17 MM patient serum samples (9 responders/8 non-responders) were used for the discovery 

phase (label-free mass spectrometry) and an additional 20 MM patient serum samples were used for 

the ELISA-based validation phase (14 responders/6 non-responders). 

Results: CLU and ANG mean levels were higher in the responders group, while Complement C1q had 

lower concentrations. The combination of all standard biomarkers (albumin, beta-2-microglobulin 

(ß2M), para protein and kappa/lambda (K/L) ratio) had an AUC value of 0.71 with 65% correct 

ŎƭŀǎǎƛŬŎŀǘƛƻƴΣ ǿƘƛƭŜ ŀƴ ƻǾŜǊŀƭƭ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ƴŜǿ ŎŀƴŘƛŘŀǘŜ ǇǊƻǘŜƛƴ ōƛƻƳŀǊƪŜǊǎ with standard 

biomarkers had an AUC value of 0.89 with урΦо҈ ŎƻǊǊŜŎǘ ŎƭŀǎǎƛŬŎŀǘƛƻƴΦ  

Conclusions: A combination of new and standard biomarkers consisting of CLU, ANG, C1Q, albumin, 

ß2M, paraprotein and K/L ratio may have potential as a novel panel of biomarkers to predict MM 

response to treatment containing bortezomib.  

DŜƴŜǊŀƭ ǎƛƎƴƛŬŎŀƴŎŜΥ ¦ǎŜ ƻŦ ǘƘƛǎ ōƛƻƳŀǊƪŜǊ ǇŀƴŜƭ Ŏƻuld facilitate a more personalised therapy approach 

ŀƴŘ ǘƻ ƳƛƴƛƳƛȊŜ ǳƴƴŜŎŜǎǎŀǊȅ ǎƛŘŜ ŜũŜŎǘǎ ŦǊƻƳ ƛƴŜũŜŎǘƛǾŜ ŘǊǳƎǎΦ 
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4.1 Introduction  

 

Multiple Myeloma (MM) is a plasma cell disorder characterised by ōƻƴŜ ƳŀǊǊƻǿ ƛƴŬƭǘǊŀǘƛƻƴ ǿƛǘƘ 

clonal plasm a cells, which secrete monoclonal immunoglobulin detectable in serum and/or urine. 

The development of novel targeted therapies has markedly improved the response rate and survival 

outcome, but MM remains incurable (N. Kumar et al. 2008). Bortezomib, which ǿŀǎ ǘƘŜ ŬǊǎǘ 

proteasome inhibitor anticancer drug, is one of the many novel agents being used. It has numerous 

functionalities such as inducing apoptosis and growth arrest in the myeloma cell cycle, altering the 

bone marrow micro-environment, inhibiting nuclear factor kappa B and reversing chemoresistance 

in myeloma cells (Field-Smith, Morgan and Davies 2006, Mitsiades et al. 2003). It also demonstrates 

an ƛƴƘƛōƛǘƻǊȅ ŜũŜŎǘ ƻƴ ŀƴƎƛƻƎŜƴŜǎƛǎ ŀƴŘ 5NA repair but also has no permanent impact on normal 

hematopoietic stem cells.  

Following the APEX and SUMMIT trials, bortezomib monotherapy may overcome relapsed and 

refractory MM patients with poorer prognosis (Jagannath et al. 2007, Richardson et al. 2006). 

Bortezomib is now established as the backbone agent for combined induction therapy regimens 

(Cavo et al. 2010, Richardson et al. 2010, Jagannath et al. 2005).  

Diagnostic criteria and frontline standards guidelines have been shown to also play an important 

role in deciding the outcome of MM disease and individualising treatment (Fonseca et al. 2009, 

Fonseca et al. 2004). Unfortunately, only a minority of centers has such extensive access to 

molecular and genetic sequencing studies and imaging facilities that will provide a better 

ǎǘǊŀǘƛŬŎŀǘƛƻƴ ƻŦ ǇŀǘƛŜƴǘǎ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜƛǊ ŘƛǎŜŀǎŜ ōǳǊŘŜƴ (Inamoto et al. 2009). 

²ƘƛƭŜ ƴƻǾŜƭ ŀƎŜƴǘǎ ƘŀǾŜ ƛƳǇǊƻǾŜŘ ǘǊŜŀǘƳŜƴǘ ƻǳǘŎƻƳŜǎΣ ƛŘŜƴǘƛŬŎŀǘƛƻƴ ƻŦ ōƛƻƳŀǊƪŜǊǎ ǘƘŀǘ ǿƛƭƭ 

facilitate clinicians in determining which treatment is optimum for high-risk patients following initial 

diagnosis is a crucial area in the clinical management of MM. Quantitative measurement of 

ǇƭŀǎƳŀκǎŜǊǳƳ ŀƴŘ ǳǊƛƴŀǊȅ ǇǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ Ǉƭŀȅǎ ŀ ǎƛƎƴƛŬŎŀƴǘ ǊƻƭŜ ƛƴ ǘƘŜ ƳƻƴƛǘƻǊƛƴƎ ƻŦ 

patients wiǘƘ aaΦ Lƴ нллрΣ ŀƴ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ŎƻƴǎƻǊǘƛǳƳ ƻŦ ǊŜǎŜŀǊŎƘŜǊǎ ǳǎŜŘ ǎŜǊǳƳ ʲнa ŀƴŘ ǎŜǊǳƳ 

albumin to create the International Staging System (ISS), which enabled clinicians to stage patients 

and predict their long-term prognosis, a process that has been reŬned with the addition of 

ƅǳƻǊŜǎŎŜƴǘ ƛƴ ǎƛǘǳ ƘȅōǊƛŘƛȊŀǘƛƻƴ όCL{Iύ Řŀǘŀ (Avet-Loiseau et al. 2013, Greipp et al. 2005). The serum 

free light chain assay also plays an important role in prognosis, with the International Myeloma 
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Working Group identifying several uses for serum free light chain analysis in MM (Dispenzieri et al. 

2009, van Rhee et al. 2007, Durie et al. 2006).  

In view of the limited and restricted access to facilities such as advanced imaging and genetic 

testing, idenǘƛŦȅƛƴƎ ǘƘŜ Ƴƻǎǘ ǎǇŜŎƛŬŎ ŀƴŘ ǊŜliable prognostic biomarker remains a great challenge. 

²Ŝ ƘŀǾŜ ŦƻŎǳǎŜŘ ǎǇŜŎƛŬŎŀƭƭȅ ƻƴ ƛŘŜƴǘƛŦȅƛƴƎ ŀ ǇŀƴŜƭ ƻŦ ǇǊƻǘŜƛƴ ōƛƻƳŀǊƪŜǊǎ ǘƘŀǘ ŎƻǳƭŘ ōŜ ǳǎŜŘ ǘƻ 

predict response following combined agent use in newly diagnosed MM patients. The ability to 

ŎƻƳōƛƴŜ ǊƻǳǘƛƴŜ ƭŀōƻǊŀǘƻǊȅ ƳŜŀǎǳǊŜƳŜƴǘǎΣ ŦƻǊ ŜȄŀƳǇƭŜ ʲнaΣ ǿƛǘƘ ƴŜǿƭȅ ŘƛǎŎƻǾŜǊŜŘ ŎŀƴŘƛŘŀǘŜ 

biomarkers for predicting response to bortezomib therapy was an important consideration. In this 

investigation, all patients were naïve to bortezomib therapy at the time of sampling in order to 

ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ ƛŘŜƴǘƛŬŎŀǘƛƻƴ ƻŦ ǇǊŜŘƛŎǘƛǾŜ ōƛƻƳŀǊƪŜǊ ƻŦ ǘǊŜŀǘƳŜƴǘ ǊŜǎǇƻƴǎŜΦ {ƻƳŜ aa ǇŀǘƛŜƴǘǎ ƘŀǾŜ 

de ƴƻǾƻ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ōƻǊǘŜȊƻƳƛō ǘƘŜǊŀǇȅΣ ǿƛǘƘ ǘƘŜ ƛŘŜƴǘƛŬŎŀǘƛƻƴ ƻŦ ƴƻǾŜƭ ōƛƻƳŀǊƪŜǊǎ ƻŦ ŜŀǊƭȅ 

resistance critical for their clinical management (Fall et al. 2014). 

¢ƘŜ ŀǾŀƛƭŀōƛƭƛǘȅ ƻŦ ǇǊŜŘƛŎǘƛǾŜ ōƛƻƳŀǊƪŜǊǎ ǿƻǳƭŘ ōŜ ǳǎŜŦǳƭ ƛƴ ŀǾƻƛŘƛƴƎ ƛƴŜũŜŎǘƛǾŜ ǘǊŜŀǘƳŜƴǘǎΣ ŀƴŘ 

allow for the administration of alternative regimens which are continuing to be approved for the 

ǘǊŜŀǘƳŜƴǘ ƻŦ aaΦ LƴŜũŜŎǘƛǾŜ ǘǊŜŀǘƳŜƴǘǎ Ŏŀƴ ŀƭǎƻ ōŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǳƴŘŜǎƛǊŜŘ ǎƛŘŜ ŜũŜŎǘǎΣ ǎǳŎƘ ŀǎ 

peripheral neuropathy and thrombocytopenia, which are important to avoid particularly if no 

ōŜƴŜŬǘ ƛǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ǎǇŜŎƛŬŎ treatment. 

 

4.2  Material and methods 
 

4.2.1 Patients' selection and sample collection 

Thirty seven newly diagnosed MM patients from 2011 to 2013 were selected for this study as 

shown in Table 4-мΦ ¢ƘŜȅ ǿŜǊŜ ƴŀƠǾŜ ǘƻ ōƻǊǘŜȊƻƳƛō ǘƘŜǊŀǇȅΦ ¢ƘŜǎŜ ǇŀǘƛŜƴǘǎ ǿŜǊŜ ǎǘǊŀǘƛŬŜŘ to 

either responders or non-responders group according to the International Myeloma Working 

Group (IMWG) uniform response criteria for MM (Durie et al. 2006). Responders were 

considered Complete Response (CR), Very Good Partial Response (VGPR) and Partial Response 

(PR) with non-responders considered Progressive Disease (PD) and Stable Disease (SD) as 

determined using the International Myeloma Working Group Uniform Response Criteria. 
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Seventeen patient samples were used in the discovery phase and all samples were used in the 

validation phase.  

Serum samples were obtained at diagnosis or prior to commencing therapy. The participating 

subjects gave written informed consent in accordance with the Declaration of Helsinki that was 

approved by local ethics committees. These samples were collected according to standard 

phlebotomy procedures. 10 ml of blood was collected into additive free (serum) blood tubes 

and was allowed to clot for 30 min to 1 h at room temperature. The serum was denuded by 

pipette from the clot and aliquoted into a clean tube. The tubes were centrifuged at 400 ×g 

for30 min at 4 °C. Serum was aliquoted in cryovial ǘǳōŜǎΣ ƭŀōŜƭƭŜŘ ŀƴŘ ǎǘƻǊŜŘ ŀǘ ҍ80 °C until time 

of analysis. The time from samǇƭŜ ǇǊƻŎǳǊŜƳŜƴǘ ǘƻ ǎǘƻǊŀƎŜ ŀǘ ҍ80 °C was < 3 h. 

 

4.2.2 Serum protein sample fractionation and enzymatic digestion 

¢ƘŜ tǊƻǘŜƻƳŜ tǳǊƛǘȅϰ мн IǳƳŀƴ {ŜǊǳƳ tǊƻǘŜƛƴ LƳƳǳƴƻŘŜǇƭŜǘƛƻƴ wŜǎƛƴ ŦǊƻƳ R & D Systems, 

United Kingdom was selected to remove high abundance protein. It depletes the 12 most 

abundant proteins (alpha 1- Acid Glycoprotein, alpha 1-Antitrypsin, alpha 2-

Macroglobulin,Albumin, Apolipoprotein A-I, Apolipoprotein A-II, Fibrinogen, Haptoglobin, IgA, 

IgG, IgM, Transferrin) from the serum as described by the manufacturer's protocol (Millioni et al. 

2011).  

млл ˃[ ƻŦ ǘƘŜ .ƭǳŜ bŀƴƻǘǊŀǇ ǇŀǊǘƛŎƭŜǎ όw.п±{!ύ ŦǊƻƳ /ŜǊŜǎ bŀƴƻ was added to each prepared 

immunodepleted sample that contained Tris-I/ƭ ōǳũŜǊΦ ¢ƘŜǎŜ ǇŀǊǘƛŎƭŜǎ ǿŜǊŜ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴǘƻ 

the prepared samples and allowed to incubate for 30 min at room temperature. The suspension 

was centrifuged at 16,800 ×g (Hettich Mikro 200R, United Kingdom) for 10 min at room 

temperature and the supernatant was carefully removed from each sample and transferred to 

individually labelled clean micro-centrifuge tubes. The pelleted particles were resuspended in 

рлл ˃[ ƻŦ [/-MS grade water. Once more, the particles were centrifuged at 16,800 ×g for 10 min 

at room temperature. The supernatant was removed and discarded. A total of 3 washes with the 

Ultra High Purity Water were performed leaving a pellet particle to be resuspended in an eluent.  

млл ˃[ ƻŦ ŦǊŜǎƘƭȅ ƳŀŘŜ ǇǊƻǘŜƛƴ Ŝƭǳǘƛƻƴ ōǳũŜǊ όтл҈ ŀŎŜǘƻƴƛǘǊƛƭŜ ό!/bύ ŦǊƻƳ {ƛƎƳŀ-Aldrich/10% 

ammonium hydroxide from Sigma-Aldrich) was added to the particles before vortexing and then 
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sonicating using the waterbath method (Precision ultrasonic cleaning, DP201ς00, Ultrawave, 

UK) for 2 min. These samples were centrifuged (Hettich Mikro 200R, United Kingdom) at 16,800 

×g for 7 min at room temperature and the eluted proteins obtained were carefully removed and 

transferred to a clean microcentrifuge tube. The protein elution step was repeated for a total of 

нлл ˃[Φ ¢ƘŜ ŎƻƳōƛƴŜŘ ŜƭǳŜƴǘΣ ŎƻƭƭŜŎǘŜŘ ƛƴ ǘƘŜ Ƴƛcrocentrifuge tubes, was vacuum dried at room 

temperature. Samples were then digested with trypsin overnight according to standard 

procedures (Dowling, Hayes et al. 2014). 

 

4.2.3 Nano HPLC and mass spectrometry analysis 

The nano LC-MS/MS analysis of responders versus non-responders patient samples was carried 

out using an Ultimate 3000 nanoLC system (Dionex) coupled to an LTQ XL Orbitrap mass 

ǎǇŜŎǘǊƻƳŜǘŜǊ ό¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŬŎΣ 5ǳōƭƛƴΣ LǊŜƭŀƴŘύ ƛƴ ǘƘŜ tǊƻǘŜƻƳƛŎǎ CŀŎƛƭƛǘȅ ƻŦ ǘƘŜ 

bŀǘƛƻƴŀƭ LƴǎǘƛǘǳǘŜ ŦƻǊ /ŜƭƭǳƭŀǊ .ƛƻǘŜŎƘƴƻƭƻƎȅΣ 5ǳōƭƛƴ /ƛǘȅ ¦ƴƛǾŜǊǎƛǘȅΦ tŜǇǘƛŘŜ ƳƛȄǘǳǊŜǎ όр ˃ƭ 

volume) were loaded onto a Cму ǘǊŀǇ ŎƻƭǳƳƴ ό/му tŜǇaŀǇΣ олл ˃Ƴ ƛŘ Ҏ р ƳƳΣ р ˃Ƴ ǇŀǊǘƛŎƭŜ 

size, 100 Å pore size; 5ƛƻƴŜȄύΦ 5ŜǎŀƭǘƛƴƎ ǿŀǎ ŀŎƘƛŜǾŜŘ ŀǘ ŀ ƅƻǿ ǊŀǘŜ ƻŦ нр ˃ƭκƳƛƴ ƛƴ лΦм҈¢C! ŦƻǊ 

3 min. The trap column was switched on-ƭƛƴŜ ǿƛǘƘ ŀƴ ŀƴŀƭȅǘƛŎŀƭ tŜǇaŀǇ /му ŎƻƭǳƳƴ όтр ˃Ƴ ƛŘ Ҏ 

500 mmΣ о ˃Ƴ particle and 100 Å pore size; Dionex). Peptides generated from the digestion 

were eluted with the following binary gradients: solvent A (2% ACN and 0.1%formic acid in LC-

MS grade water) and 0ς25% solvent B (80% ACN and 0.08% formic acid in LC-MS grade water) 

for 160 min and 25ς50% ǎƻƭǾŜƴǘ . ŦƻǊ ŀ ŦǳǊǘƘŜǊ нл ƳƛƴΦ ¢ƘŜ ŎƻƭǳƳƴ ƅƻǿ ǊŀǘŜ ǿŀǎ ǎŜǘ ǘƻ орл 

ƴƭκƳƛƴΦ 5ŀǘŀ ǿŀǎ ŀŎǉǳƛǊŜŘ ǿƛǘƘ ·ŎŀƭƛōǳǊ ǎƻŦǘǿŀǊŜΣ ǾŜǊǎƛƻƴ нΦлΦт ό¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŬŎύΦ ¢ƘŜ 

MS apparatus was operated in data-dependent mode. Survey MS scans were acquired in the 

Orbitrap in the 400ς1200 m/z range with the resolution set to a value of 30,000 at m/z 400 and 

lock mass set to 445.120025 m/z. CID fragmentation was carried out in the linear ion trap with 

the three most intense ions per scan. Within 40 s, a dynamic exclusion window was applied. 

Normalised collision energy of 35%, an isolation window of 2 m/z and one microscan were used 

to collect suitable tandem mass spectra. 
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4.2.4 vǳŀƴǘƛǘŀǘƛǾŜ ǇǊƻǘŜƛƴ ǇǊƻŬƭƛƴƎ ōȅ ƭŀōŜƭ-free LC-MS/MS analysis 

Processing of the raw data generated from LC-MS/MS analysis was carried out with Progenesis 

QI for Proteomics label-free LC-MS software (version 3.1; Non-Linear Dynamics, Newcastle upon 

Tyne, UK). Data alignment was based on the LC retention time of each sample, allowing for any 

drift in retention time given and adjusted retention time for all runs in the analysis. A reference 

run was established with the sample run that yielded most features (i.e. peptide ions). The 

retention times of all of the other runs were aligned to this reference run and peak intensities 

were then normalisŜŘΦ tǊƛƻǊ ǘƻ ŜȄǇƻǊǘƛƴƎ ǘƘŜ a{κa{ ƻǳǘǇǳǘ ŬƭŜǎ ǘƻ tǊƻǘŜƻƳŜ 5ƛǎŎƻǾŜǊŜǊ мΦп 

ό¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŬŎύ ŦƻǊ ǇǊƻǘŜƛƴ ƛŘŜƴǘƛŬŎŀǘƛƻƴΣ ŀ ƴǳƳōŜǊ ƻŦ ŎǊƛǘŜǊƛŀ ǿŜǊŜ ŜƳǇƭƻȅŜŘ ǘƻ ŬƭǘŜǊ 

the data including: (i) peptide features with ANOVA < 0.05 between experimental groups, (ii) 

mass peaks (features) with charge states from +2, +3, and (iii) greater than one isotope per 

ǇŜǇǘƛŘŜΦ ¢ƘŜ ŜȄǇƻǊǘŜŘ a{κa{ ŬƭŜ ŦǊƻƳ tǊƻƎŜƴŜǎƛǎ ƭŀōŜƭ-free LC-MS software was searched 

using a dual algorithm search with both MASCOT and SEQUEST in ProteomeDiscoverer 1.4 

against the human UniSwiss Prot database (taxonomy:Homo sapiens). The following search 

ǇŀǊŀƳŜǘŜǊǎ ǿŜǊŜ ǳǎŜŘ ŦƻǊ ǇǊƻǘŜƛƴ ƛŘŜƴǘƛŬŎŀǘƛƻƴΥ όƛύ a{κa{ Ƴŀǎǎ ǘƻƭŜǊŀƴŎŜ ǎŜǘ ŀǘ лΦс 5ŀΣ όƛƛύ 

peptide mass tolerance set to 20 ppm, (iii) carbamidomethylatƛƻƴ ǎŜǘ ŀǎ ŀ ŬȄŜŘ ƳƻŘƛŬŎŀǘƛƻƴΣ όƛǾύ 

up to two missed cleavages were allowed and (v) methionine oxidation set as a variable 

ƳƻŘƛŬŎŀǘƛƻƴΦ ¢ƘŜ ŦƻƭƭƻǿƛƴƎ ŎǊƛǘŜǊƛŀ ǿŜǊŜ ŀǇǇƭƛŜŘ ǘƻ ŀǎǎƛƎƴ ǇƻǎƛǘƛǾŜƭȅ ƛŘŜƴǘƛŬŜŘ ǇǊƻǘŜƛƴǎΥ όƛύ ŀƴ 

ANOVA score between experimental groǳǇǎ ƻŦ Җ лΦлрΣ όƛƛύ ǇǊƻǘŜƛƴǎ ǿƛǘƘ җ м ǇŜǇǘƛŘŜǎ ƳŀǘŎƘŜŘ 

and (iii) a MASCOT score > 40. 

 

4.2.5 Enzyme-linked immunosorbent assays (ELISA) 

9[L{! ƪƛǘǎ ǿŜǊŜ ǳǎŜŘ ǘƻ ǾŜǊƛŦȅ ǘƘŜ ŘƛũŜǊŜƴǘ ƭŜǾŜƭǎ ŦƻǊ ǎŜƭŜŎǘŜŘ ǇǊƻǘŜƛƴǎ ƛŘŜƴǘƛŬŜŘ ŦǊƻƳ ǘƘŜ 

discovery phase using label free mass spectrometry analysis. Four potential biomarkers were 

chosen and were validated using raw unfractionated serum samples from the same cohort of 

patients. Four commercially available kits for these four proteins; angiogenin (ANG) [Abcam, UK 

- ab99970], clusterin (CLU)[R & D system, UK - DCLU00], C-C Motif Chemokine 18 (CCL18) 

[Abcam, UK - ab100620], and Complement C1q [Abcam, UK -ab170246] were used. Duplicate 

and triplicate serum samples were used during this analysis. Each of these ELISA assays was 

performed according to their individual manufacturer's protocol and guidelines. The 



140 
 

concentration of each protein in the serum samples was measured by comparing the optical 

density (OD) using a microplate reader (Bio-Tek and Luminex). Standard curves were calculated 

for each ELISA kit.  

4.2.6 Statistical analysis 

tǊƻǘŜƛƴǎ ŘƛũŜǊŜƴǘƛŀƭƭȅ ŜȄǇǊŜǎǎŜŘ ƛƴ ǊŜǎǇƻƴŘŜǊ ŀƴŘ ƴƻƴ-responder groups underwent statistical 

analyses. Multivariate logistic regression (LR) and receiver operating characteristic (ROC) curve 

analysis were selected to interpret the various protein combinations. The ROC plots were 

obtained by plotting all sensitivity values (true positive fraction) on the y-axis against their 

equivalent (1-ǎǇŜŎƛŬŎƛǘȅύ ǾŀƭǳŜǎ όŦŀƭǎŜ ǇƻǎƛǘƛǾŜ ŦǊŀŎǘƛƻƴύ ŦƻǊ ŀƭƭ ŀǾŀƛƭŀōƭŜ ǘƘǊŜǎƘƻƭŘs on the x-axis 

(MedCalc for Windows 8.1.1.0, Medcalc Software, Mariakerke, Belgium). The probability of 

correctly predicting a given model was calculated from the ROC curve by determining the area 

under curve (AUC)(R. Kumar and Indrayan 2011, Zou, O'Malley and Mauri 2007). In our study, 

ǿŜ ŎƻƴǎƛŘŜǊŜŘ !¦/ ǾŀƭǳŜǎ ǊŀƴƎƛƴƎ ŦǊƻƳ лΦр Ҧ лΦт ŀǎ ǇƻƻǊΣ лΦт Ҧ лΦу ŀǎ ŀǾŜǊŀƎŜΣ лΦу Ҧ лΦф ŀǎ 

good and > 0.9 as outstanding. Proteins and any combination of proteins providing an AUC value 

ҔлΦу ǿŀǎ ŘŜŜƳŜŘ ǘƻ ōŜ ŜũŜŎǘƛǾŜ ŦƻǊ ǘƘŜ ŘƛǎŎǊƛƳƛƴŀǘƛƻƴ ƻŦ ǊŜǎǇƻƴŘŜǊǎ ŦǊƻƳ ƴƻƴ-responders 

(Hosmer et al. 1997). 
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4.3 Results  
 

4.3.1 Sample group 

The study group consists of 14 females and 23 males; mean age of patients was 66.5 ± 10.5 

years (range 44ς87 years). As per International Myeloma Working Group (IMWG) uniform 

ǊŜǎǇƻƴǎŜ ŎǊƛǘŜǊƛŀΣ мп ǇŀǘƛŜƴǘǎ ǿŜǊŜ ƛŘŜƴǘƛŬŜŘ ŀǎ ƴƻƴ-responders and 23 patients were 

responders to induction therapy containing bortezomib (Figure 4-1 and Table 4-1). Age was 

closely matched for both groups with responders mean age of 65 ± 9.5 years (range 44ς 80 

years) and non-responders mean age of 68.7 ± 11.9 years (range 46ς87 years). As ISS 

ŎƭŀǎǎƛŬŎŀǘƛƻƴ ǊŜƳŀƛƴǎ ƛƳǇƻǊǘŀƴǘ ƛƴ ǇǊƻǾƛŘƛƴƎ ǇǊƻƎƴƻǎǘƛŎ ƻǳǘŎƻƳŜ ƻŦ aa ŘƛǎŜŀǎŜΣ ǇŀǘƛŜƴǘǎ ǿŜǊŜ 

ŀƭǎƻ ŎƭŀǎǎƛŬŜŘ ǘƻ ŜŀŎƘ ǊŜǎǇŜŎǘƛǾŜ ǎǘŀƎŜǎΤ L όƴ Ґ мм ŎŀǎŜǎύΣ LL όƴ Ґ мт ŎŀǎŜǎύ ŀƴŘ LLL όƴ Ґ ф ŎŀǎŜǎύΦ 

 

4.3.2 Proteomic profiling and identification  

16 proteins showing differential expression with significant p-values and fold changes were 

identified using Progenesis QI for Proteomics. Four proteins (ANG, CLU, CCL18 & C1Q) were 

selected for further validation based on the availability of commercial ELISA kits to evaluate the 

abundance of these proteins in the validation cohort Table 4-2. ANG, CLU, CCL18 & C1Q also had 

the following criteria: p-vaƭǳŜ ҖлΦлрΣ ǇǊƻǘŜƛƴ ŦƻƭŘ ŎƘŀƴƎŜ җмΦр ŀƴŘ ǇǊƻǘŜƛƴǎ ǿƛǘƘ җн ǇŜǇǘƛŘŜǎ 

matched. 

 

4.3.3 ELISA data and ROC curve analysis 

Standard markers such as albumin, ß2M, paraprotein and K/L ratio that are routinely used in 

clinical practice were measured and compared with the new candidate biomarkers. CLU, ANG, 

C1Q and CCL18levels were compared between the responder and non-responder patients Table 

4-3. A similar analytical approach was applied to this cohort of patient as described in our 

previous study with thalidomide-based therapy samples (Rajpal et al. 2011). 

CLU showed higher levels in the responders compared to non-responders with a mean of 

291.123 ± 243.13 ng/mL and181.760 ± 208.096 ng/mL respectively; corresponding with the 
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discovery phase pattern observed by LC-MS analysis. The ROC curve from this ELISA data was 

ŦƻǳƴŘ ǘƻ ƘŀǾŜ ŀƴ !¦/ ƻŦ лΦсрм όǇ Ґ лΦмнфύΦ !bD ƭŜǾŜƭǎ ǿŜǊŜ ŀƭǎƻ ǎƛƎƴƛŬŎŀƴǘƭȅ ƘƛƎƘŜǊ ƛƴ ǘƘŜ 

responders compared to non-responders group with a mean of 14.383 ± 0.436 ng/mL and13.839 

± 0.635 ng/mL respectively. ROC curve analysis for ANG had an AUC value of 0.748 (p = 0.012). 

bƻ ǎƛƎƴƛŬŎŀƴǘ ŘƛũŜǊŜƴŎŜ ƛƴ ǘƘŜ ƳŜŀƴ ŀƴŘ !¦/ ŦƻǊ //[му ǇǊƻǘŜƛƴ ǿŀǎ ƻōǎŜǊǾŜŘΦ 

C1Q was found to have higher levels in the non-responders com-pared to responders group that 

was also observed in the discovery phase. Mean levels for non-responders were 249.170 ± 

мфлΦслп ˃Ǝκ[ ŀƴŘ мпфΦстр ҕ моуΦууо ˃Ǝκ[ ƛƴ ǘƘŜ ǊŜǎǇƻƴŘŜǊǎ ƎǊƻǳǇΦ !ƴ !¦/ ƻŦ 0.722 with a p-

value of 0.032 was calculated from the ROC curve  

Albumin and K/L ratio mean abundance levels were higher in the responders group as shown in 

Table 4-3. ß2M and paraprotein mean levels were higher in the non-responders group. 

tŀǊŀǇǊƻǘŜƛƴ ǿŀǎ ǘƘŜ ƻƴƭȅ ǇǊƻǘŜƛƴ ǘƻ ƘŀǾŜ ŀ ǎƛƎƴƛŬŎŀƴǘ Ǉ-value (0.027) and an associated AUC 

value of 0.719. 

Lƴ ŎƭƛƴƛŎŀƭ ǎŜǘǘƛƴƎǎΣ ǇŀǘƛŜƴǘǎ ǿƻǳƭŘ ƎŜƴŜǊŀƭƭȅ ƘŀǾŜ ǎŜǾŜǊŀƭ ŘƛũŜǊŜƴǘ ƳŀǊƪŜǊǎ ƳŜŀǎǳǊŜŘ ǘƻ ŀǎǎŜǎǎ 

their disease burden and progression. To identify a predictive panel of protein biomarkers, the 

standard biomarkers consisting of albumin, ß2M, paraprotein and K/L ratio were assessed 

initially. A combination of proteins that are used alone in the ISS (albumin, ß2M) had an AUC of 

лΦсс ǿƛǘƘ стΦс҈ ŎƻǊǊŜŎǘ ŎƭŀǎǎƛŬŎŀǘƛƻƴΦ .ȅ ŎƻƳōƛƴƛƴƎ ŀƭōǳƳƛƴ ŀƴŘ ǖнa ǿƛǘƘ ǇŀǊŀǇǊƻǘŜƛƴ ŀƴŘ Yκ[ 

ratio, the AU/ ƛƴŎǊŜŀǎŜŘ ǘƻ лΦтлу ǿƛǘƘ спΦф҈ ŎƻǊǊŜŎǘ ŎƭŀǎǎƛŬŎŀǘƛƻƴΦ .ŀǎŜŘ ǳǇƻƴ ǘƘƛǎ ŀƴŀƭȅǎƛǎΣ 

further combinations of proteins were performed to identify a better predictive model.  

Four new combinations of biomarkers from this study were found to be successful in predicting 

response to bortezomib therapy Table 4-4.These combinations consist of either all four new 

candidate biomarkers (ANG, CLU, C1Q and CCL18) with an AUC = 0.850 and 76.5% correct 

ŎƭŀǎǎƛŬŎŀǘƛƻƴΣ ƻǊ ǘƘǊŜŜ ƴŜǿ ŎŀƴŘƛŘŀǘŜ ōƛƻƳŀǊƪŜǊs without CCL18,AUC = 0.802 and 76.5% correct 

ŎƭŀǎǎƛŬŎŀǘƛƻƴΦ ¢ƘŜ ƻǘƘŜǊ ǘǿƻ ŎƻƳōƛƴŀǘƛƻƴǎ ƛƴŎƭǳŘŜ ŀƭƭ ŦƻǳǊ ǎǘŀƴŘŀǊŘ ōƛƻƳŀǊƪŜǊǎ ǘƘŀǘ ŀǊŜ 

routinely used in most clinical settings with either 3 new candidate biomarkers (ANG, CLU and 

C1Q) with an AUC = 0.890 and урΦо҈ ŎƻǊǊŜŎǘ ŎƭŀǎǎƛŬŎŀǘƛƻƴ ƻǊ п ƴŜǿ ŎŀƴŘƛŘŀǘŜ ōƛƻƳŀǊƪŜǊǎ 

ƛƴŎƭǳŘƛƴƎ //[муΣ !¦/ Ґ лΦфлр ŀƴŘ унΦп҈ ŎƻǊǊŜŎǘ ŎƭŀǎǎƛŬŎŀǘƛƻƴΦ 
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Figure 4-1. Survival data. Overall survival for responders and non-responders patients following induction therapy containing bortezomib 
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Table 4-1. Patient clinical details.  Patient details used in the study with 23 responders and 14 non-responders 

Code Gender Age ISS Immunofixation Predicted response Bortezomib IMIDs Overall survival (mo) 

1 Female  65 3 IgG Lambda  Responder  Y 
 

17.00 

2 Male  54 1 Kappa Light Chain  Responder  Y Y 27.00 

3 Female 61 1 IgG Kappa  Responder  Y 
 

57.00 

4 Female 60 2 Kappa Light Chain  Responder  Y Y 19.00 

5 Male 51 1 Lambda Light Chain  Responder  Y Y 28.00 

6 Male  70 2 IgG Kappa  Responder  Y Y 28.00 

7 Male  69 1 IgA Kappa  Responder  Y Y 50.00 

8 Male  56 3 Kappa Light Chain  Responder  Y Y 17.00 

9 Female  75 2 IgA Lambda  Responder  Y 
 

53.00 

10 Male  58 2 IgA Kappa  Responder  Y Y 27.00 

11 Female  78 3 Lambda Light Chain  Responder  Y Y 31.00 

12 Female  64 2 IgA Lambda  Responder  Y 
 

31.00 

13 Male  76 2 Kappa Light Chain  Responder  Y Y 62.00 

14 Female  64 2 IgA Kappa  Responder  Y 
 

70.00 

15 Male  80 3 IgG Kappa  Responder  Y Y 30.00 

16 Male  67 2 IgG Kappa  Responder  Y 
 

48.00 

17 Female  54 1 IgG Kappa  Responder  Y 
 

16.00 

18 Male  64 2 IgG Kappa  Responder  Y Y 50.00 
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19 Male  44 1 IgG Kappa  Responder  Y Y 52.00 

20 Male  64 2 IgG Lambda  Responder  Y Y 23.00 

21 Male  68 2 IgG Lambda  Responder  Y Y 33.00 

22 Male  77 3 IgA Kappa  Responder  Y Y 9.00 

23 Male  78 3 IgA Kappa  Responder  Y Y 14.00 

24 Male  66 3 IgG Kappa  Non-responder Y Y 17.00 

25 Female  55 1 IgG lambda  Non-responder Y Y 3.00 

26 Female  75 2 IgG Lambda  Non-responder Y Y 9.00 

27 Male  83 2 IgG Lambda  Non-responder Y 
 

7.00 

28 Female  58 2 IgA Kappa  Non-responder Y 
 

81.00 

29 Male  76 2 IgG Kappa  Non-responder Y 
 

3.00 

30 Male  65 2 IgA Kappa  Non-responder Y 
 

4.00 

31 Male  87 2 IgA Kappa  Non-responder Y Y 47.00 

32 Male  76 3 IgA Lambda  Non-responder Y 
 

14.00 

33 Female  83 2 IgA Lambda  Non-responder Y Y 35.00 

34 Male  67 2 IgG Kappa  Non-responder Y 
 

17.00 

35 Male  67 3 IgG Lambda  Non-responder Y 
 

31.00 

36 Female  45 1 IgG Kappa  Non-responder Y Y 20.00 

37 Female  58 1 IgG Lambda  Non-responder Y 
 

78.00 
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Table 4-2. Label-free mass spectrometry data. List of statistically significant discovered proteins using LC-MS analysis. Proteins (in bold) were selected for further validation 
using ELISA. 

Accession 
Peptide 
count 

Confidence 
score 

Anova 
(p) 

Max fold 
change 

Highest mean 
condition 

Lowest mean 
condition Protein Description 

P10909 3 139.15 0.003 1.87 Responders Non-responders Clusterin 

P01024 3 100.75 0.01 1.85 Responders Non-responders Complement C3 

P08603 10 369.28 0.02 2.75 Responders Non-responders Complement factor H 

P01009 3 71.37 0.02 2.09 Responders Non-responders Alpha-1-antitrypsin 

P55774 2 106.68 0.02 2.26 Responders Non-responders C-C motif chemokine 18 

P10720 2 103.88 0.02 2.53 Responders Non-responders Platelet factor 4 variant 

P02790 2 118.53 0.03 1.58 Non-responders Responders Hemopexin 

Q14624 3 125.97 0.03 3.62 Responders Non-responders Inter-alpha-trypsin inhibitor heavy chain H4 

P03950 3 92.77 0.03 1.86 Responders Non-responders Angiogenin 

P02647 1 49.62 0.03 1.56 Responders Non-responders Apolipoprotein A 

Q03591 6 208.05 0.03 1.93 Responders Non-responders Complement factor H-related protein 1 

P00751 1 68.05 0.04 1.73 Responders Non-responders Complement factor B 

P01031 1 71.55 0.04 4.15 Responders Non-responders Complement C5 

P00747 1 46.69 0.04 2.13 Responders Non-responders Plasminogen 

P02745 2 64.53 0.05 2.96 Non-responders Responders Complement C1q subcomponent subunit A 

Q9BXR6 1 63.61 0.05 2.32 Responders Non-responders Complement factor H-related protein 5 
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Table 4-3. ELISA data. Mean, SD, Area under the curve (AUC) and p-value for each of the new and standard proteins found in the groups of patients 
compared.

 

Proteins 
 

n    Mean Std. Deviation          AUC      p-value 

 
Candidate biomarkers 

      Clusterin (ng/mL)  Responders 23 291.12 243.13 0.651 0.129 

 
Non-responders 14 181.76 208.1 

  /ƻƳǇƭŜƳŜƴǘ /мǉ ό˃ƎκƳ[ύ Responders 21 149.68 138.88 0.722 0.032 

 
Non-responders 13 249.17 190.6 

  Angiogenin (ng/mL)  Responders 23 14.38 0.44 0.748 0.012 

 
Non-responders 14 13.84 0.64 

  C-C motif ligand 18 (ng/mL)  Responders 23 7 0.4 0.549 0.633 

 
Non-responders 13 6.96 0.41 

  

       Standard biomarkers 
      Albumin (g/L) Responders 23 33.04 7.11 0.672 0.082 

 
Non-responders 14 28.21 7.68 

  Beta 2 Microglobulin (mg/L) Responders 23 3.45 2.24 0.565 0.511 

 
Non-responders 14 4.39 3.16 

  Paraprotein (g/L) Responders 23 16.13 19.12 0.719 0.027 

 
Non-responders 14 29.07 18.34 

  Kappa/Lambda ratio Responders 23 176.33 425.43 0.512 0.908 

 
Non-responders 14 102.09 257.69 
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Table 4-4. Logistic regression analysis data. List of different protein combinations used to establish the best model that can be used as a predictive panel for response to 
induction therapy containing bortezomib regime. 

Protein combinations AUC 

Hosmer & Lemeshow 
test 

(p-value) 

Correct 
classification       

(%) 

International Scoring System: albumin and ß2M 0.66 0.702 67.6 

Standard biomarkers: albumin, ß2M, paraprotein and K/L Ratio 0.708 0.75 64.9 

Candidate biomarkers: Angiogenin, Clusterin, Complement C1q 0.802 0.76 76.5 

Candidate biomarkers: Angiogenin, Clusterin, Complement C1q, CCL18  0.85 0.636 76.5 

4 standard and 3 candidate biomarkers (Angiogenin, Clusterin and Complement C1q) 0.89 0.495 85.3 

4 standard and 3 candidate biomarkers (Angiogenin, Clusterin and Complement C1q, CCL18) 0.905 0.238 82.4 
 



149 
 

4.4 Discussion 

 

Numerous clinical trials have shown a dramatic improvement in the clinical outcome for 

MM patients over the last decade, but all patients will still relapse following treatment. 

Over the last decade, the US Food and Drug Administration (FDA) have approved the use of 

bortezomib as a frontline treatment for MM. Despite the developments of novel biological 

ŀƎŜƴǘǎ ǎǳŎƘ ŀǎ ŬǊǎǘ ŀƴŘ ǎŜŎƻƴŘ generation proteasome inhibitors (bortezomib and 

ŎŀǊŬƭȊƻƳƛōύΣ many MM patients will develop drug resistance and in some cases have de 

novo resistance to these novel agents (Fall et al. 2014, N. Kumar et al. 2008, Markovina et 

al. 2008). Furthermore, bortezomib has a range of adverse reactions such as 

thrombocytopenia, neutropenia, anaemia, infections, gastrointestinal discomfort, 

ƳǳǎŎǳƭƻǎƪŜƭŜǘŀƭ Ǉŀƛƴ ŀƴŘ ŎƻƳƳƻƴƭȅ ǇŜǊƛǇƘŜǊŀƭ ƴŜǳǊƻǇŀǘƘȅ ǘƘŀǘ Ƴŀȅ ŀũŜŎǘ ŀ ǇŀǘƛŜƴǘϥǎ 

subsequent treatment (Argyriou et al. 2014, Kouroukis et al. 2014). The ability to avoid side 

ŜũŜŎǘǎ ŦǊƻƳ ƛƴŜũŜŎǘƛǾŜ ǘǊŜŀǘƳŜƴǘǎ ƛǎ ŀ ŎǊǳŎƛŀƭ ŀǊŜŀ ǿƘŜǊŜ ōƛƻƳŀǊƪŜǊǎ Ŏŀƴ Ǉƭŀȅ ŀ ǎƛƎƴƛŬŎŀƴǘ 

role. 

Biomarkers have been eũective in individualising treatments in various malignancies 

including breast, lung and nasopharyngeal cancers (Cagle, Raparia and Portier 2016, 

Calhoun and Collins 2015, Kang, Kiess and Chung 2015). In MM, there are still limited 

published studies on biomarkers that could be used to predict treatment (e.g. bortezomib) 

response. Recently, Cereblon (CRBN) has been found to be a target for immunomodulatory 

agents (IMiDs) and its lack of expression shows a high correlation with resistance to these 

agents (Broyl et al. 2013, Egan et al. 2013). Employing CRBN as a biomarker in MM, 

accurately predicts response rate and survival in patients treated with IMiDs.  

Albumin, ß2M, paraprotein and kappa/lambda ratio are the standard biomarkers currently 

ǳǎŜŘ ƛƴ ǘƘŜ ŎƭƛƴƛŎŀƭ ǎŜǘǘƛƴƎΦ 5ŜǎǇƛǘŜ ǘƘŀǘ ǘƘŜǎŜ ǇŀƴŜƭǎ ƻŦ ōƭƻƻŘ ǘŜǎǘǎ ŀǊŜ ƴƻǘ ǎǇŜŎƛŬŎ ǘƻ 

predict response to any form of therapy (Greipp et al. 2005). In this study, a number of 

ǇǊƻǘŜƛƴǎ ǿŜǊŜ ŦƻǳƴŘ ǘƻ ōŜ ǎƛƎƴƛŬŎŀƴǘƭȅ ŎƘŀƴƎŜŘ ƛƴ ŀōǳƴŘŀƴŎŜ ōŜǘǿŜŜƴ ǊŜǎǇƻƴŘŜǊǎ ŀƴŘ 

non-responders to treatment containing bortezomib. C1Q is a hexamer of three unique 

protein subunits (A, B, and C) and plays a key role in apoptotic cell, immunological and 

ƛƴƅŀƳƳŀǘƻǊȅ ǇǊƻŎŜǎǎŜǎΦ Lǘ ƛǎ ŀ псл ƪ5ŀ ǇǊƻǘŜƛƴ ŎƻƳǇƻǎŜŘ ƻŦ му ǇƻƭȅǇŜǇǘƛŘŜ ŎƘŀƛƴǎ ƻŦ όс !-

chains, 6 B-chains and 6 C-chains) (Kishore and Reid 2000). Its role has been thought to be 
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involved with advanced glycation end (AGEs) products through its binding properties in 

human serum (Chikazawa et al. 2016), and studies have shown that these proteins have 

the ability to induce precipitation of soluble gamma globulin complexes (Eggleton, Reid and 

Tenner 1998). C1Q receptors are directed to the heavy polypeptide chains of IgG and IgM 

(Sontheimer, Racila and Racila 2005). It has been suggested that some myeloma IgG 

proteins undergo unusual glycosylation processes during disease progression (Aurer et al. 

2007). These glycosylation studies ǘƻƎŜǘƘŜǊ ǿƛǘƘ ƻǳǊ ŎǳǊǊŜƴǘ ŬƴŘƛƴƎǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ǘƘŜǊŜ ƛs 

an association between the increased levels of C1Q in the non-responders group.  

ANG, a 14 kDa angiogenic ribonuclease, is an actin binding protein on the surface of 

endothelial cells, promoting cell invasion and migration (Gao and Xu 2008). Various studies 

ƘŀǾŜ ǎƘƻǿƴ ǘƘŀǘ ƛƳƳǳƴƻƳƻŘǳƭŀǘƻǊȅ ŘǊǳƎǎ ǎǳŎƘ ŀǎ ǘƘŀƭƛŘƻƳƛŘŜ ƘŀǾŜ ŀƴ ƛƴƘƛōƛǘƻǊȅ ŜũŜŎǘ 

on angiogenesis in cancer, thus reinforcing the importance of ANG's role in MM disease 

progression (Terpos et al. 2008, Li et al. 2003, Thomas et al. 2003). A study has recently 

shown that myeloma patients who were treated with bortezomib and had responded well, 

ŘƛǎǇƭŀȅŜŘ ŀ ǎƛƎƴƛŬŎŀƴǘ ŘŜŎǊŜŀǎŜ ƛƴ ƳƛŎǊƻǾŜǎǎŜƭ ŘŜƴǎƛǘȅΣ ǿƘƛŎƘ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ōƻǊǘŜȊƻƳƛō 

may have an anti-ŀƴƎƛƻƎŜƴƛŎ ŜũŜŎǘ (Wang et al. 2015).  

CLU, a ubiquitous extracellular protein is expressed in a range of diseases that arise from 

protein misfolding and deposition of highly structured protein (Falgarone and Chiocchia 

2009). CLU exists in several isoforms; secretory and nuclear CLU. Its exact mechanism of 

action remains unknown but it is thought to play a role in promoting cancer cell survival 

ǘƘǊƻǳƎƘ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ƻŦ !ƪǘ ŀƴŘ bCˁ. ǇŀǘƘǿŀȅǎ (Zoubeidi and Gleave 2012, Zoubeidi et 

al. 2010, Trougakos and Gonos 2002, Moll et al. 1998). Studies have shown that 

bortezomib plays an important role with transcription nuclear factor kB όbCˁ.ύ ōȅ ōƭƻŎƪƛƴƎ 

the degradation of its inhibitor, IkB (Chen et al. 2011). 

//[муΣ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ƳŀŎǊƻǇƘŀƎŜ ƛƴƅŀƳƳŀǘƻǊȅ ǇǊƻǘŜƛƴ пΣ ƛǎ ŀ ŎƘŜƳƻǘŀŎǘƛŎ ŎȅǘƻƪƛƴŜ ǘƘŀǘ 

has no known receptor. Yuan and co-workers recently found using survival and 

multivariate analysis that CCL18 was an independent favourable prognostic factor in 

patients with colorectal cancer. Similarly, in this investigation, CCL18 levels were found to 

ōŜ ǎƛƎƴƛŬŎŀƴǘƭȅ ƛƴŎǊŜŀǎŜŘ ƛƴ ǘƘŜ ǊŜǎǇƻƴŘŜǊ ƎǊƻǳǇ (Yuan et al. 2013).  
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By combining these new candidate biomarkers (ANG, CLU, C1Q) with standard biomarkers 

(Albumin, ß2M, Paraprotein and K/L ratio), we have developed a novel panel of biomarkers 

to predict response to bortezomib treatment in MM. These ELISA kits are widely available 

and inexpensive in comparison to other prognostic methods. This novel biomarker panel 

Ƴŀȅ ŀǎǎƛǎǘ ŎƭƛƴƛŎƛŀƴǎ ƛƴ ŎƘƻƻǎƛƴƎ ŀ ƳƻǊŜ ǇŜǊǎƻƴŀƭƛǎŜŘ ŀƴŘ ŜŶŎŀŎƛƻǳǎ ǘǊŜŀǘƳŜƴǘΣ ǿƘƛƭǎǘ 

ƳƛƴƛƳƛǎƛƴƎ ǳƴƴŜŎŜǎǎŀǊȅ ǎƛŘŜ ŜũŜŎǘǎΦ CǳǊǘƘŜǊ Ǉrospective multi-centre randomised studies 

ǿƛƭƭ ōŜ ǳǎŜŦǳƭ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ŜŶŎŀŎȅ ƻf this panel of biomarkers. MM is not one disease 

and therefore for any potential biomarker to be useful in monitoring or predicting 

response to treatment, it will most likely be as part of a panel of disease relevant 

biomolecules with direct connection to the phenotypic machinery associated with MM. 

Most biomarkers current used in MM management are either diagnostic or prognostic. 

This study has demonstrated that by combining biomarkers that are currently used in the 

management of MM, with additional candidate protein biomarkers, it is possible to 

develop a sensitive test that predict response to bortezomib treatment, an established 

component of anti-myeloma therapy. 

In this study, a combination of fraction methods was employed to reduce the dynamic 

range oŦ ǇǊƻǘŜƛƴǎ ǳƴŘŜǊ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ŀƴŘ ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ ŘŜǘŜŎǘƛƻƴκǉǳŀƴǘƛŬŎŀǘƛƻƴ ƻŦ ƳƻǊŜ 

low abundant molecules by high abundant protein removal/depletion. However, high 

abundant proteins sequestering low abundant cargo proteins can help to increase their 

abundance and protect them from elimination by the body. A drawback of compressing 

the dynamic range by protein removal/depletion is the potential loss of information on the 

ŀōǳƴŘŀƴŎŜ ƭŜǾŜƭǎ ŦƻǊ ǘƘŜǎŜ ǇǊƻǘŜƛƴǎ ǳƴŘŜǊ ŘƛũŜǊŜƴǘ ŎƻƴŘƛǘƛƻƴǎ όǊŜǎǇƻƴǎŜ ǘƻ ǘǊŜŀǘƳŜƴǘύ 

and the valuable proteins that can be found attached to these molecules (Dowling, 

Palmerini et al. 2014).The ISS predicts survival of newly diagnosed MM patients by using a 

combination of two routine biomarkers, ß2M and albumin, and uses this information to 

separate patients into three stages with a distinct prognosis. However, this approach is not 

ǎǇŜŎƛŬŎ ǘƻ ŀƴȅ ƛƴŘƛǾƛŘǳŀƭ ǘǊŜŀǘƳŜƴǘΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ŦƻŎǳǎ ƻŦ ǘƘƛǎ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ǿŀǎ ǘƻ 

combine routine biomarkers, such as those used by the ISS, with novel biomarkers 

discovered using proteomics analysis of MM patient samples. Ultimately the aim is to 

ŘŜǾŜƭƻǇ ŀ ǇǊŜŘƛŎǘƛǾŜ ƳƻŘŜƭ ǳǎƛƴƎ Ŝŀǎƛƭȅ ǉǳŀƴǘƛŬŀōƭŜ ŀƴŘ ŀŎŎŜǎǎƛōƭŜ ǇƭŀǘŦƻǊƳǎΣ ŘƛǊŜŎǘƭȅ 

ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǎǇŜŎƛŬŎ ǘƘŜǊŀǇŜǳǘƛŎ ƻǇǘƛƻns, such as bortezomib. Such theranostics are 

intended to give clinicians the means to implement a treatment plan customised for each 
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ǇŀǘƛŜƴǘΦ tǊƻǎǇŜŎǘƛǾŜ ǎǘǳŘƛŜǎ ǿƛƭƭ ōŜ ǇƭŀƴƴŜŘ ǘƻ ǾŀƭƛŘŀǘŜ ǘƘŜ ǇǊƻǇƻǎŜŘ Ǌƛǎƪ ǎǘǊŀǘƛŬŎŀǘƛƻƴ 

panel in this study and will also take into account the revised International Staging System 

(R-L{{ύΣ ǘƻ ƛƳǇǊƻǾŜ Ǌƛǎƪ ǎǘǊŀǘƛŬŎŀǘƛƻƴ ōȅ ŜǾŀƭǳŀǘƛƴƎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŎƘǊƻƳƻǎƻƳŀƭ 

abnormalities detected by iFISH (t(4;14), t(14;16) and del17p) and elevated serum lactate 

dehydrogenase in addition to ISS. 
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Abstract 

Evaluation of protein and metabolite expression patterns in blood using mass spectrometry 

and high-throughput antibody-based screening platforms has potential for the discovery of 

new biomarkers for managing breast cancer patient treatment. Previously identified blood-

based breast cancer biomarkers, including cancer antigen 15.3 (CA15-3) are useful in 

combination with imaging (computed tomography scans, magnetic resonance imaging, X-rays) 

and physical examination for monitoring tumour burden in advanced breast cancer patients. 

However, these biomarkers suffer from insufficient levels of accuracy and with new therapies 

available for the treatment of breast cancer, there is an urgent need for reliable, non-invasive 

biomarkers that measure tumour burden with high sensitivity and specificity so as to provide 

early warning of the need to switch to an alternative treatment. The aim of this study was to 

identify a biomarker signature of tumour burden using cancer and non-cancer (healthy 

controls/non-malignant breast disease) patient samples.  

Results demonstrate that combinations of three candidate biomarkers from Glutamate, 12-

Hydroxyeicosatetraenoic acid, Beta-hydroxybutyrate, Factor V and Matrix metalloproteinase-1 

with CA15-3, an established biomarker for breast cancer, were found to mirror tumour burden, 

with AUC values ranging from 0.71 to 0.98 when comparing non-malignant breast disease to 

the different stages of breast cancer.  

Further validation of these biomarker panels could potentially facilitate the management of 

breast cancer patients, especially to assess changes in tumour burden in combination with 

imaging and physical examination. 
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5.1 Introduction  

 

Breast cancer is the most common cancer and the leading cause of cancer-related death in 

women worldwide. Declines in breast cancer mortality have been reported in several 

developed countries including northern America, Australia, and several European regions,  

(Soerjomataram et al. 2012), however the overall incidence rate continues to increase (Benson 

and Jatoi 2012). Metastatic breast cancer (MBC) is not a curable condition but treatment can 

prolong life, delay the progression of the cancer, relieve cancer related symptoms, and 

improve quality of life (Senkus, Cardoso and Pagani 2014). MBC is treatable by means of serial 

administration of endocrine, cytotoxic, or biologic therapies. Sensitive reproducible biomarkers 

of response/resistance are urgently needed to avoid unnecessary toxic side effects of 

ineffective therapies and to signal the need to switch to a different treatment regime. 

Treatment response can be assessed with the use of serial imaging, but logistics, cost and 

radiation exposure considerations limit the applicability of this approach.  

The most commonly used serum biomarkers in patients with breast cancer is the soluble form 

of Mucin 1 (MUC1/ CA15-3) (Duffy, Evoy and McDermott 2010), primarily used for monitoring 

therapy outcomes and disease progression in MBC patients (Duffy 2006). MUC1 is a 

transmembrane mucin which can become overexpressed in epithelial cancer cells (Brayman, 

Thathiah and Carson 2004). CA15-3 is an FDA approved assay that detects shed or soluble 

forms of MUC1 protein (Hayes et al. 1985). A CA15-3 test which utilises an antibody pair, DF3 

and 115-D8 to detect the soluble forms of MUC-1 protein is the most widely used serum 

marker in patients for monitoring MBC. CA 27.29 also detects MUC-1 through the monoclonal 

antibody BR 27.29. CA15-3 is clinically useful in some patients with MBC for monitoring 

response to therapy (Kurebayashi et al. 2004, Tondini et al. 1988), however ASCO guidelines 

state that CA15-3 should not be used alone but can be used in conjunction with diagnostic 

imaging, history and physical examination (Graham et al. 2014, Duffy 2013, Harris et al. 2007). 

Carcinoembryonic antigen (CEA), circulating cytokeratins, for example tissue polypeptide 

antigen, tissue polypeptide specific antigen and cytokeratin 19 fragment (CYFRA 21-1), and the 

proteolytically cleaved ectodomain of the human epidermal growth factor receptor 2 (s-HER2) 

are also useful in the management of breast cancer patients (Moreno-Aspitia et al. 2013, 

Nakata et al. 2000, Mughal et al. 1983, Lokich, Zamcheck and Lowenstein 1978, Haagensen Jr 
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et al. 1978). Ideally, a serum tumour biomarker should be able to detect disease early, predict 

response or the emergence of resistance to specific therapeutic strategies and for monitoring 

ǇŀǘƛŜƴǘΩǎ post-treatment (Mirabelli and Incoronato 2013). Only serum tests for MUC1 (CA27.29 

or CA15-3) and CEA are FDA approved for use in breast cancer, however, these tests lack the 

high levels of overall accuracy needed and are most effective when used in combination with 

imaging techniques currently used routinely by oncology departments.  

The aim of this study was to determine the serum levels for a number of candidate biomarkers, 

identified using different discovery platforms and analysed in a larger independent sample set 

with different cancer stages, non-malignant breast disease and the healthy subjects. Moreover, 

we defined the receiver operating characteristics (ROC) curve for all tested parameters and 

performed logistic regression (LR) analysis on combinations of the most promising candidate 

biomarkers together with the FDA approved CA15-3.  

The data presented identifies a panel of protein and metabolite biomolecules that correlate 

significantly with increasing tumour burden. 

 

 

5.2 Materials and methods 

 

5.2.1 Patient information and sample collection  

Samples were collected through a collaborative project involving participating sites (St 

±ƛƴŎŜƴǘΩǎ ¦ƴƛǾŜǊǎƛǘȅ IƻǎǇƛǘŀƭΣ 5ǳōƭƛƴ пΣ LǊŜƭŀƴŘ ŀƴŘ {ǘΦ WŀƳŜǎΩǎ IƻǎǇƛǘŀƭΣ 5ǳōƭƛƴ уΣ LǊŜƭŀƴŘύΣ 

coordinated through ICORG (the All Ireland Co-operative Oncology Research Group, www. 

icorg.ie) and by Asterand in the USA (Detroit, MI, USA). The samples were collected according 

to standard phlebotomy procedures from consented patients before the commencement of 

treatment. Ethical consent was granted from each of the respective Hospital Ethics 

Committees. A total of 10 ml of blood was collected into additive free (serum) blood tubes and 

was allowed to clot for 30 min to 1 h at room temperature. The serum was denuded by pipette 

from the clot and poured into a clean tube. The tubes were centrifuged at 1000xg for 30 min at 

4°C. Serum was aliquoted in the cryovial tubes, labelled and stored at -80°C until time of 
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analysis. The time from sample procurement to storage at -80°C was less than 3 h. Each serum 

sample underwent not more than three freeze/thaw cycles prior to analysis. Table 5-1 provides 

a summary of the total number of patients analysed and a breakdown of their clinicopathologic 

parameters. 

 

5.2.2 Metabolomics analysis 

Serum specimens (250 µl) were shipped on dry-ice to Metabolon Inc., North Carolina, USA, 

where the metabolomics profiling was performed. Metabolon incorporates three independent 

complementary analysis platforms to maximise the number of small molecules and 

metabolites that the combined systems can identify and measure. Two independent ultra-high 

performance liquid chromatography/ tandem mass spectrometry (UHPLC/MS/MS2) injections 

(one optimised for basic compounds and the other for acidic compounds) and one GC/MS 

injection per sample are performed. Firstly, small molecules were extracted from serum 

specimens using methanol to allow precipitation of proteins. The extract supernatant was then 

split into four equal aliquots; two for UHPLC/MS, one for GC/MS and one reserve aliquot. 

Aliquots were then dried overnight to remove solvent.  

For the UHPLC methods, one aliquot was reconstituted in 50 µl 0.1 % formic acid and the other 

in 50 µl 6.5 mM ammonium bicarbonate pH 8.0. For GC/MS analysis, aliquots were derivatized 

using equal parts N,O-bistrimethylsilyltrifluoroacetamide and a solvent mixture of 

acetonitrile:dichloromethane:cyclohexane (5:4:1) with 5 % triethylamine at 60°C for 1 h. All 

reconstitution solvents contained instrument internal standards used to monitor instrument 

performance. UHPLC/MS was carried out using a Waters Acquity UHPLC coupled to an LTQ 

mass spectrometer equipped with an electrospray ionization source. Two independent 

UHPLC/MS injections were performed on each sample. The acidic injections were monitored 

for positive ions and the basic injections were monitored for negative ions. The derivatized 

samples for GC/MS were analysed on a Thermo-Finnigan Trace DSQ fast-scanning single-

ǉǳŀŘǊǳǇƻƭŜ a{Φ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ a{κa{н Řŀǘŀ ǿŀǎ ǘƘŜƴ ǎŜŀǊŎƘŜŘ ŀƎŀƛƴǎǘ aŜǘŀōƻƭƻƴΩǎ ǊŜŦŜǊŜƴŎŜ 

standard library. This library was generated from 1500 standards and contains the retention 

time/index, mass to charge (m/z), and MS/MS spectral data for all molecules in the library, 
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including their associated adducts, in-source fragments, and multimers. The library allows 

identification of experimentally detected metabolites based on a multi-parameter match basis. 

All identifications and quantifications were subjected to QC to verify the quality of the 

identification and peak integration. 

 

5.2.3 ProteoMinerTM fractionation 

Serum protein equalisation was performed using Proteo-MinerTM enrichment kit (Bio-Rad 

Laboratories, Hercules, CA) according to the manufacturer procedure. In summary, the storage 

solution was first washed out from the spin column containing 100 µl of peptide beads with 

deionised water. Thereafter, the column was washed with the 10 mM NaH2PO4, 150 mM NaCl, 

pH 7.4 solution provided with the kit. When the spin column was ready for sample binding, 1 

ml of centrifuged serum sample was added to the column and equilibrated at room 

temperature for 2 h. The unbound proteins were removed with the wash buffer and the 

captured proteins were eluted by 3 x 100 µl of 8 M urea containing 2 % CHAPS dissolved in 5 % 

acetic acid.  

Following vortexing, sonication and centrifugation, the protein concentration of control and 

stage IV breast cancer patient samples was determined. Volumes of protein suspensions were 

equalised using label-free solubilisation buffer and then reduced for 30 min with 10 mM DTT 

and alkylated for 20 min in the dark with 25 mM iodoacetamide in 50 mM ammonium 

bicarbonate. The proteolytic digestion of proteins was carried out in 2 steps. Firstly, digestion 

was performed with sequencing grade Lys-C at a ratio of 1:100 (protease/protein) for 4 h at 

37°C, followed by diluted with four times the initial sample volume in 50 mM ammonium 

bicarbonate. Secondly, further digestion was based on incubation with sequencing grade 

trypsin at a ratio of 1:25 (protease/protein) overnight at 37°C. The protease-treated serum 

protein suspensions were diluted 3:1 (v/v) with 2 % trifluoroacetic acid in 20 % acetonitrile. To 

ensure an even suspension of peptide populations from control and stage IV breast cancer 

patient samples, the samples were briefly vortexed and sonicated. 
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5.2.4 Label-free LCςMS/MS analysis 

The nano LCςMS/MS analysis of control versus stage IV breast cancer patient samples was 

carried out with the help of an Ultimate 3000 nanoLC system (Dionex UK, Camberley, United 

Kingdom) coupled to a an LTQ Orbitrap XL mass spectrometrer (Thermo Fisher Scientific, 

Dublin, Ireland) in the Proteomics Facility of the National Institute for Cellular Biotechnology, 

Dublin City University. The optimised methodology has been as previously described in detail) 

(Meleady, Hoffrogge et al. 2012a, Meleady et al. 2012). Peptide mixtures (5µl volume) were 

loaded onto a C18 trap column (C18 Pep-Map, 300 µm x id 50 mm, 5 µm particle size, 100 Å 

pore size; Dionex). Desalting was achieved at a flow rate of 25 µl/min in 0.1 % TFA containing 

2% ACN for 3 min. The trap column was switched on-line with an analytical PepMap C18 

column (75 µm id x 500 mm, 3 µm particle and 100 Å pore size; Dionex). Peptides generated 

from muscle proteins were eluted with the following binary gradients: solvent A (2 % ACN and 

0.1 % formic acid in LCςMS grade water) and 0ς25 % solvent B (80 % ACN and 0.08 % formic 

acid in LCςMS grade water) for 240 min and 25ς50 % solvent B for a further 60 min. The 

column flow rate was set to 350 nl/min. Data was acquired with Xcalibur software, version 

2.0.7 (Thermo Fisher Scientific). The MS apparatus was operated in data-dependent mode and 

externally calibrated. Survey MS scans were acquired in the Orbitrap in the 375ς2000 m/z 

range with the resolution set to a value of 30,000 at m/z 400 and lock mass set to 445.120025. 

CID fragmentation was carried out in the linear ion trap with the three most intense ions per 

scan. Within 60 s, a dynamic exclusion window was applied. A normalised collision energy of 35 

%, an isolation window of 2 m/z and one microscan were used to collect suitable tandem mass 

spectra. 

 

5.2.5 Quantitative profiling by label-free LCςMS/MS analysis 

Processing of the raw data generated from LCςMS/MS analysis was carried out with Progenesis 

label-free LCςMS software (version 3.1; Non-Linear Dynamics, Newcastle upon Tyne, UK). Data 

alignment was based on the LC retention time of each sample, allowing for any drift in 

retention time given and adjusted retention time for all runs in the analysis (Meleady, 

Hoffrogge et al. 2012b, Meleady, Gallagher et al. 2012). A reference run was established with 

the sample run that yielded most features (i.e. peptide ions). The retention times of all of the 
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other runs were aligned to this reference run and peak intensities were then normalised. Prior 

to exporting the MS/MS output files to MASCOT (www.matrixscience.com) for protein 

identification, a number of criteria were employed to filter the data including: (i) peptide 

features with ANOVA\0.05 between experimental groups, (ii) mass peaks (features) with 

charge states from +2, +3, and (iii) greater than one isotope per peptide. A MASCOT generic file 

was generated from all exported MS/MS spectra from Progenesis software. The MASCOT 

generic file was used for peptide identification with MASCOT (version 2.2) and searched against 

the UniProtKB-Swiss-Prot database (downloaded in January 2013) with 16,638 proteins 

(taxonomy: Homo sapiens). The following search parameters were used for protein 

identification: (i) MS/MS mass tolerance set at 0.5 Da, (ii) peptide mass tolerance set to 20 

ppm, (iii) carbamidomethylation set as a fixed modification, (iv) up to two missed cleavages 

were allowed and (v) methionine oxidation set as a variable modification. For further 

consideration and re-importation back into Progenesis LCςMS software for further analysis, 

only peptides with ion scores of 40 and above were chosen. Importantly, the following criteria 

were applied to assign a serum associated proteins as properly identified: (i) an ANOVA score 

between experimental groups of җ0.05, (ii) proteins with >2 peptides matched and (iii) a 

MASCOT score >40. 

 

5.2.6 Serum biomarker screening and colorimetric assays 

Serum samples were screened using different protein panel selections, including MILLIPLEX 

MAP Human Circulating Cancer Biomarker Magnetic Bead Panel, MILLIPLEX MAP Human MMP 

Magnetic Bead Panel 2 and MILLIPLEX MAP Human Angiogenesis/Growth Factor Magnetic 

Bead Panel (Merck-Millipore UK: HCCBP1MAG-58K, HMMP2MAG-55K & HAGP1MAG- 12K). 

Multiplex assays were processed on a MAGPIX Plate Reader (Luminex, Austin, TX, US), and 

analysed with 3.1 xPONENT software. Protein expression levels were expressed as median 

fluorescent intensities generated by analyzing 50ς100 magnetic beads for each analyte in each 

sample. The concentrations of analytes were quantitated from median fluorescence intensities 

using standard curves generated by Analyst 5.1 five-parameter curve fitting to the series of 

known concentrations for each analyte. All samples were performed in duplicate. Significantly 
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elevated markers were reanalysed by MILLIPLEX MAP Magnetic Bead Panels now tailored for 

the markers of interest in a larger independent cohort of samples.  

13-HODE, 12-hydroxyeicosatetraenoic acid (12-HETE) and Serotonin levels were analysed using 

13(S)-HODE EIA kits, 12(S)-HETE EIA kits and Serotonin ELISA kits respectively which are 

colorimetric competitive enzyme immunoassay with absorbances read at 405 nm (Enzo Life 

Sciences (UK) LTD: ADI-900-108, ADI-900-050 & ADI- 900-175). ELISA kits to Fibronectin 

(competitive enzyme immunoassay technique) and Factor V (sandwich enzyme immunoassay 

technique) were performed to quantify abundance level for these label-free LCςMS identified 

proteins (Universal Biologicals (Cambridge) Ltd: EF1045- 1 & EF1005-1). Assays for Glutamate, 

and Beta- Hydroxybutyrate were performed according to the manufacturers guidelines and 

quantified by colorimetric (spectrophotometry at k = 450 nm) method (Abcam: ab83389 & 

ab83390). All samples were performed in duplicate. 

 

5.2.7 Statistical analysis 

Student t-test was used to identify statistically significant changes in abundance levels for 

specific proteins between control, non-malignant breast disease and stages IςIV breast cancer 

patient serum samples (discovery phaseτ Table 5-2, Table 5-3, Table 5-4). Non-parametric 

KruskalςWallis tests were used for a global assessment of possible differences in the 

distributions of the candidate biomarker measurements across the different benign and 

disease categories (validation phase). Following the statistically significant global test, a 

pairwise Wilcoxon Rank Sum test was performed to determine differences between groups for 

each candidate biomarker with a Benjamini Hochberg correction used to adjust the p values for 

multiple testing. ROC curve analysis was performed as it is a useful tool in assessment of 

biomarker accuracy (Dowling et al. 2012). The ROC plots were obtained by plotting all 

sensitivity values (true positive fraction) on the y-axis against their equivalent (1- specificity) 

values (false positive fraction) for all available thresholds on the x-axis (MedCalc, version 13-0-

0-0 64-bit, Medcalc Software, Mariakerke, Belgium). The area under the curve (AUC) was 

calculated to provide a summary of overall classifier effectiveness. In our study, we consider 

AUC values ranging from 0.5-0.7 as poor, 0.7-0.8 as average, 0.8-0.9 as good and >0.9 as 
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outstanding. For multivariate analysis of biomarker combinations, LR analysis of the serum 

biomarker levels in these patients groups was performed. 

 

 

5.3 Results 
 

5.3.1 Metabolomic profiling 

Samples were split into four aliquots for untargeted metabolic profiling and randomised for 

analysis. Samples were characterised using three independent platforms: ultrahigh-

performance liquid chromatography/tandem mass spectrometry (UHPLC-MS/MS) in the 

negative ion mode, UHPLC-MS/MS in the positive ion mode, and gas chromatography-mass 

spectrometry (GC-MS). Of the molecules that were analysed, a number of them were found to 

be statistically significant when comparing normal controls to advanced breast cancer patient 

serum samples (Table 5-2). The vast majority of these molecules were found to have an 

increased abundance levels in the advanced patient samples with only Serotonin (5-HT) found 

to be higher in the normal control group. 13-HODE, 12-HETE, Glutamate, Beta-hydroxybutyrate 

and Serotonin were selected for further analysis based on the availability of biochemical or 

antibody-based assays for further analysis in an independent cohort of patient samples. 

 

5.3.2 Proteomic profiling 

Prior to label-free mass spectrometry analysis, serum samples from normal control and 

advanced breast cancer patients were fractionated using ProteoMinerTM technology. The 

dynamic range of serum protein concentrations comprises at least nine orders of magnitude. 

Without fractionation, high abundant serum protein such as albumin, Haptoglobin and 

immunoglobulins would mask the vast majority of proteins making their detection and 

identification impossible. Many groups have previously reported on using ProteoMinerTM 

technology as a sample preparation tool to compression of the dynamic range in complex 

protein mixtures such as serum (Milan et al. 2012, Monari et al. 2011). ProteoMinerTM 
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technology contains millions of randomly synthesised hexapeptide ligands that are equally 

represented and when a complex sample such as serum is processed, high-abundance proteins 

quickly saturate their binding sites, while low abundant proteins do not saturate the 

corresponding hexapeptide ligands, therefore allowing for quantitative analysis in subsequent 

experiments.  

ProteoMinerTM fractionated samples were analysed by label-free mass spectrometry analysis. 

The resultant data was transferred to Progenesis LCςMS software to compare normal controls 

to advanced breast cancer patient serum samples. Following Progenesis LCςMS analysis 

peptide features with ANOVA <0.05 and +2/+3 charge states were subjected to MASCOT 

database searching. The resultant MASCOT mgf files were then resubmitted to the Progenesis 

software to yield a list of identified proteins (Table 5-3). Similarly, to the metabolomics data, 

the majority of proteins were found to be increased in abundance levels in the advanced 

breast cancer patient group compared to normal controls. We included proteins that were only 

identified by a single peptide (the so-ŎŀƭƭŜŘ ΨΨƻƴŜ-hit wonders) as the complexity of the serum 

sample even after ProteoMinerTM fractionation was very high and resulted in many single hit 

identifications. We selected Fibronectin and Coagulation Factor V for further ELISA-based 

analysis as these were strong candidates in terms of p-values and MASCOT scores and some of 

the other proteins we had previously investigated (Dowling et al. 2012). 

 

5.3.3 Analyte screen 

Single ELISAs have been the mainstay of immunoassay technology for nearly half a century, 

however, the development of multiplexed assays has proved to be a significant platform in 

screening clinical specimens for panels of known analytes producing data in a matter of hours 

in large numbers of samples (Bigbee et al. 2012). In this investigation, our approach was to use 

the Luminex xMAP technology platform to screen serum samples from advanced breast cancer 

patients compared to normal controls using assays for circulating cancer biomarkers, matrix 

metalloproteinases (MMPs) and angiogenesis/growth factors. Luminex xPONENT_ software 

was used to analyse the data with a number of analytes found to be statistically significant. 

Prolactin, Cancer Antigen 15-3 (CA15-3), Cancer Antigen 125 (CA125), Cancer Antigen 19-9 

(CA19-9),Matrixmetalloproteinase-1 (MMP-1),Matrix metalloproteinase-9 (MMP-9), Epidermal 
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growth factor and vascular endothelial growth factor (VEGF) were all found to have increased 

levels in advanced breast cancer compared to the normal control group (Table 5-4). A number 

of these proteins were selected for further analysis in a larger independent cohort of patient 

samples based on their fold-change, p-value and established usage in breast cancer 

management. 

 

5.3.4 Evaluation of candidate markers in an independent sample set 

Single ELISAs, multiplex and biochemical assays were used to analyse a range of metabolites 

and proteins in an independent sample set comprised of 34 normal control serum samples, 12 

non-malignant breast disease serum samples and samples from breast cancer patients stage I 

(n = 29), stage II (n = 30), stage III (n = 20) and stage IV (n = 16 or n = 50). Candidate biomarkers 

were selected for analysis in this cohort of patient samples based on the availability of suitable 

assays and also the amount of sample needed. For CA15-3, Glutamate and 12-HETE, the 

number of samples in the stage V breast cancer group was 50 due to patient sample availability 

at the time of performing these assays. Table 5-5 summarises the data including mean ± 

standard deviation, median, range and n-value data for a number of selected 

metabolites/proteins analysed in the independent sample set. The non-malignant breast 

disease patient serum samples were from individuals diagnosed with fibroadenoma of the 

breast, fibrocystic mastopathy of the breast, fibrocystic change with fibroadenoma of the 

breast, duct papillomas of the breast or atypical ductal hyperplasia of the breast.  

Comparison p-values and AUC-values between the different groups for 13-HODE, 12-HETE, 

Fibronectin, Glutamate, Beta Hydroxybutyrate, Factor V, CA15-3, CA125, VEGF, Serotonin and 

MMP-1 are included in the supplementary data 

(https://link.springer.com/article/10.1007%2Fs11306-014-0723-1). From this data, 12-HETE, 

Fibronectin, Glutamate, Factor V and CA15-3 were consistently found to be the most significant 

between the different comparisons. 

Kurskal-Wallis tests were used to evaluate the significance of 12HETE, 13HODE, Fibronectin, 

Glutamate, Beta Hydroxybutyrate, Factor V, CA15-3, CA125, VEGF, MMP- 1 and Serotonin 

across all groups (Table 5-6). 12HETEFibronectin, Glutamate, Beta Hydroxybutyrate, Factor V, 
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CA15-3 and MMP-1 were found to be significant. A pair wise Wilcoxon Rank Sum test was 

performed to determine differences between groups for each candidate biomarker with a 

Benjamini Hochberg correction used to adjust the p-values for multiple testing (see 

supplementary data (https://link.springer.com/article/10.1007%2Fs11306-014-0723-1) for 

individual comparison tables and box & whisker plots). 

 

5.3.5 Multivariate analysis of biomarker panel using logistic regression 

Table 5-7 summarises LR analysis for combinations of 3 candidate biomarkers (3 was found to 

be the optimum number as additional biomarkers did not improve the AUC values). CA15-3 

was always included as this is the most significant breast cancer biomarkers currently used in 

the clinic, with 12-HETE, Glutamate, Beta Hydroxybutyrate, Factor V and MMP-1 also selected 

as these were found to be significant using KurskalςWallis tests. Fibronectin was not selected 

for LR analysis as there was discordance between the discovery label-free analysis and 

subsequent measurement in the independent sample set. Fibronectin was found to be 2.77-

fold increase in abundance levels in serum samples from advanced breast cancer patient group 

compared to normal controls. However, analysis by ELISA in the larger sample set showed a 

significant decrease in abundances levels, most noticeably in the advanced breast cancer 

disease group.  

A number of biomarker combinations were found to be significant, especially when focusing on 

advanced disease compared to normal health controls and non-malignant breast disease 

patient samples. An example of one of the most significant LR AUC-values was for the 

combination of CA15-3/12-HETE/Glutamate in control compared to stage IV and non-

malignant breast disease compared to stage IV. Figure 4-1 graphically represents the LR AUC-

values for the combination of CA15-3/12-HETE/Glutamate and CA15-3 alone in the comparison 

of control to non-malignant breast disease, stage I, stage II, stage III and stage IV breast cancer 

patient serum specimens respectively (A) and LR AUC values for the combination of CA15-3/12-

HETE/Glutamate and CA15-3 alone in the comparison of non-malignant breast disease to stage 

I, stage II, stage III and stage IV breast cancer patient serum specimens respectively (B). 
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Discovery set  n Validation set n 

Normal healthy control 
 

Normal healthy control 
     No. cases   16     No. cases  34 

    Age (average ± standard deviation) 55 ± 10     Age (average ± standard deviation) 54 ± 8 
Breast cancer 

 
Non-malignant breast disease 

     No. cases  26     No. cases  12 
    Age (average ± standard deviation)  55 ± 13     Age (average ± standard deviation)  43 ± 20 
Tumour stage  

 
Type 

     IV  26     Fibroadenoma of the breast  6 
    ER status (positive/negative) 19/6 (1*)     Fibrocystic mastopathy of the breast 1 
Type 

 
    Fibrocystic change with fibroadenoma of the breast 2 

    Invasive lobular carcinoma  6     Duct papillomas of the breast  1 
    Invasive ductal carcinoma  20     Atypical ductal hyperplasia of the breast  2 

  
Breast cancer 

 
  

    No. cases  129 

  
    Age (average ± standard deviation) 54 ± 2 

  
Tumour stage 

 
  

    I 29 

  
    II  30 

  
    III  20 

  
    IV  50 

  
    ER status (positive/negative) 101/22(6*) 

  
    HER-2 status (positive/negative) 21/101 (7*) 

  
Type 

 
  

    Invasive lobular carcinoma 20 

  
    Invasive ductal carcinoma 109 

    
Table 5-1. Patient data. Clinicopathologic features of the cancer samples used for proteomics and metabolomics analyses. The discovery sample set was used 
to generate the data displayed in Tables 5-2, 5-3 and 5-4. The validation sample set was used to evaluate 13-HODE, 12-HETE, Fibronectin, Glutamate, Beta 
Hydroxybuterate, Factor V, CA15-3, CA125, VEGF, Serotonin and MMP-1 in a range of different sample groups (normal healthy controls, non-malignant 
breast disease and breast cancer (stages IςIV) a not determined. 
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HMDB Biochemical name Platform Fold change Highest mean condition Lowest mean condition p-value 

HMDB00172 Isoleucine LC/MS pos 1.5 Breast Cancer  Control ҖлΦллм 
HMDB03374 Ornithine GC/MS 2.7 Breast Cancer Control ҖлΦллм 
n/a Cyclo(phe-phe) GC/MS 2.1 Breast Cancer Control ҖлΦллм 
HMDB00673 Linoleate LC/MS neg 2.2 Breast Cancer Control ҖлΦллм 
HMDB00806 Myristate (14:0) LC/MS neg 2.2 Breast Cancer Control ҖлΦллм 
HMDB02259 Margarate (17:0) LC MS neg 2.4 Breast Cancer Control ҖлΦллм 
n/a 10-heptadecenoate (17:In7) LC MS neg 3.0 Breast Cancer Control ҖлΦллм 
HMDB00827  stearate(18:0) LC MS neg 1.7 Breast Cancer Control ҖлΦ001 
n/a 10-nonadecenoate (19:ln9) LC MS neg 3.1 Breast Cancer Control ҖлΦллм 
HMDB06111 12-HETE LC/MS neg 37.8 Breast Cancer Control ҖлΦллм 
HMDB01388 Linolenate [alpha or gamma; (18:3n3 or 6)] LC/MS neg 2.7 Breast Cancer Control ҖлΦлм 
HMDB00772 Nonadecanoate (19:0) LC/MS neg 2.0 Breast Cancer Control ҖлΦлм 
HMDB00207 Oleate (18:ln9) GC/MS 2.9 Breast Cancer Control ҖлΦлм 
HMDB02231 Eicosenoate (20:ln9 or 11) LC/MS neg 3.0 Breast Cancer Control ҖлΦлм 
HMDB02000  Myristoleate (14:ln5) LC/MS neg 3.0 Breast Cancer Control ҖлΦлм 
HMDB00162 Proline LC/MS pos 1.7 Breast Cancer Control ҖлΦлм 
n/a 13-HODE + 9-HODE LC/MS neg 3.7 Breast Cancer Control ҖлΦлм 
HMDB00191 Aspartate GC/MS 2.0 Breast Cancer Control ҖлΦлм 
HMDB03339 Glutamate LC/MS pos 2.3 Breast Cancer Control ҖлΦлм 
HMDB03736 3-methyl-2-oxovalerate LC/MS neg 1.6 Breast Cancer Control ҖлΦлр 
HMDB00357 3-hiydroxybutyrate GC/MS 2.9 Breast Cancer Control ҖлΦлр 
n/a Dihomo-linoleate  (20:2n6) LC/MS neg 2.1 Breast Cancer Control ҖлΦлр 
HMDB00765 Mannitol GC/MS 3.7 Breast Cancer Control ҖлΦлр 
HMDB00259 Serotonin (5HT) LC/MS pos 1.8 Control Breast Cancer ҖлΦлр 
HMDB00267 5-Oxoproline LC/MS pos 1.7 Breast Cancer Control ҖлΦлр 
HMDB00672 Hexadecanedioate LC/MS neg 2.1 Breast Cancer Control ҖлΦлр 
HMDB00169 Mannose GC/MS 1.9 Breast Cancer Control ҖлΦлр 
HMDB00706 Aspartylphenylalanine LC/MS pos 2.4 Breast Cancer Control ҖлΦлр 

 

Table 5-2. Metabolomics screen. List of metabolites found to be differentially expressed at statistically significant levels when comparing control (n = 8) to 
stage IV breast cancer (n = 16) patient serum samples. Included in the table is the Human Metabolome Database (HMDB) entry, biochemical name, 
platform used to analyse the biochemicals, fold-change, highest/lowest mean change and p value. (n/a = not available). 
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Gene  Protein Identification Platform Peptides used Confidence Fold Highest  Lowest p-value 
symbol 

  
for  score change mean  mean  

       quantification     condition Condition   

H4 Histone H4 LC/MS 2 90.8 111.1 Breast cancer Control ҖлΦллм 
ACTB Actin, cytoplasmic 1 LC/MS 1 111.6 13.4 Breast cancer Control ҖлΦллм 
VTDB Vitamin D-binding protein LC/MS 1 55.4 3.5 Breast cancer Control ҖлΦллм 
1433F 14-3-3 protein eta LC/MS 1 52.6 9.9 Breast cancer Control ҖлΦллм 
BID Biotinidase LC/MS 1 64.2 3.8 Breast cancer Control ҖлΦллм 
CIS Complement Cl LC/MS 5 382.1 1.8 Breast cancer Control ҖлΦллм 
FMC Fibronectin LC/MS 36 3030.0 2.8 Breast cancer Control ҖлΦллм 
APOA1 Apolipoprotein A-1 LC/MS 1 54.4 5.7 Breast cancer Control ҖлΦллм 
FIB A Fibrinogen alpha chain LC/MS 2 209.6 2.4 Breast cancer Control ҖлΦллм 
CBPB2 Carboxypeptidase B2 LC/MS 2 130.9 3.7 Breast cancer Control ҖлΦллм 

ITIH3 
Inter-alpha-trypsin inhibitor heavy chain 
H3 LC/MS 5 385.8 4.0 Breast cancer Control 

ҖлΦллм 

ALEU Serum albumin LC/MS 2 290.3 3.3 Breast cancer Control ҖлΦллм 
FA9 Coagulation factor IX LC/MS 1 56.1 3.9 Breast cancer Control ҖлΦлм 
HBB Hemoglobin subunit beta LC/MS 3 157.2 6.7 Breast cancer Control ҖлΦлм 
CLUS Clusterin LC/MS 2 121.9 1.8 Breast cancer Control ҖлΦлм 
AACT Alpha-1-antichymotrypsin LC/MS 4 287.1 4.0 Breast cancer Control ҖлΦлм 
LG3BP Galectin-3-binding protein LC/MS 5 400.6 2.3 Breast cancer Control ҖлΦлм 
FBLN1 Fibulin-1 LC/MS 2 203.8 1.9 Breast cancer Control ҖлΦлм 
IGHM Ig mu chain C region LC/MS 1 46.0 5.5 Control Breast cancer ҖлΦлм 
FA5 Coagulation factor V LC/MS 3 266.5 1.8 Breast cancer Breast cancer ҖлΦлм 
CERU Ceruloplasmin LC/MS 1 41.8 4.2 Control Breast cancer ҖлΦлм 
ACTC Actin, alpha cardiac muscle 1 LC/MS 1 116.4 5.6 Breast cancer Control ҖлΦлм 
IGHA1 Ig alpha-1 chain C region LC/MS 1 54.9 5.5 Breast cancer Control ҖлΦлм 
A1AG1 Alpha-1-acid glycoprotein 1 LC/MS 3 173.3 5 3.8 Breast cancer Control ҖлΦлм 
A1AT Alpha-1-antitrypsin LC/MS 9 756.5 2.5 Breast cancer Control ҖлΦлм 
APOB Apolipoprotein B-100 LC/MS 2 108.2 1.7 Breast cancer Control ҖлΦлм 
HEMO Hemopexin LC/MS 1 56.8 2.7 Breast cancer Control ҖлΦлм 
CRP C-reactive protein LC/MS 5 274.0 10.4 Breast cancer Control ҖлΦлм 
IC1 Plasma protease CI inhibitor LC/MS 1 67.0 2.6 Breast cancer Control ҖлΦлм 
PLF4 Platelet factor 4 LC/MS 1 40.7 2.4 Control Breast cancer ҖлΦлм 
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APOA2 Apolipoprotein A-II LC/MS 1 44.0 82.3 Control Breast cancer ҖлΦлм 
HPT Haptoglobin LC/MS 3 168.9 2.4 Breast cancer Control ҖлΦлм 
C1R Complement C1r subcomponent LC/MS 4 250.9 1.8 Breast cancer Control ҖлΦлм 
FIBG Fibrinogen gamma chain LC/MS 1 40.3 1.5 Breast cancer Control ҖлΦлм 
HBA Hemoglobin subunit alpha LC/MS 2 220.5 7.9 Breast cancer Control ҖлΦлм 
IGHG4 Ig gamma-4 chain C region LC/MS 1 40.9 3.1 Breast cancer Control ҖлΦлм 
A2AP Alpha-2-antiplasmin LC/MS 2 96.5 1.7 Breast cancer Control ҖлΦлм 
VTNC Vitronectin LC/MS 1 74.9 1.5 Breast cancer Control ҖлΦлр 
HABP2 Hyaluronan-binding protein 2 LC/MS 1 41.5 1.5 Breast cancer Control ҖлΦлр 
C03 Complement C3 LC/MS 4 199.0 1.5 Control Breast cancer ҖлΦлр 
THRB Prothrombin LC/MS 2 89.7 1.3 Breast cancer Control ҖлΦлр 
C04A Complement C4-A LC/MS 10 737.1 1.5 Breast cancer Control ҖлΦлр 
APOA4 Apolipoprotein A-IV LC/MS 2 99.6 3.9 Control Breast cancer ҖлΦлр 

 

Table 5-3. Label-free proteomics screen List of proteins found to be differentially expressed at statistically significant levels when comparing control (n = 16) 
to stage IV breast cancer (n = 26) patient serum samples. Included in the table is the gene symbol, protein identification, platform used to analyse the 
proteins, foldchange, highest/lowest mean change and p-value. 
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Gene Protein Identification Platform Fold Highest Lowest p-value 
symbol 

  
change mean mean 

 
    

condition condition 

PLR Prolactin LuminexxMAP 1.8 Breast cancer Control ҖлΦлм 

CA15-3 Cancer Antigen 15-3 LuminexxMAP 3.6 Breast cancer Control ҖлΦллм 

CA125 Cancer Antigen 125 LuminexxMAP 2.0 Breast cancer Control ҖлΦлр 

CA19-9 Cancer Antigen 19-9 LuminexxMAP 3.9 Breast cancer Control ҖлΦлр 

MMP-1 Matrix metalloproteinase-1 LuminexxMAP 1.9 Breast cancer Control ҖлΦллм 

MMP-9 Matrix metalloproteinase-9 LuminexxMAP 1.9 Breast cancer Control ҖлΦллм 

EGF Epidermal growth factor LuminexxMAP 3.2 Breast cancer Control ҖлΦллм 

VEGF Vascular endothelial growth factor LuminexxMAP 4.1 Breast cancer Control ҖлΦлм 

 

Table 5-4. Multiplex proteomics screen List of proteins found to be differentially expressed at statistically significant levels when comparing control (n = 16) 
to stage IV breast cancer (n = 26) patient serum samples. Included in the table is the gene symbol, protein identification, platform used to analyse the 
proteins, foldchange, highest/lowest mean change and p-value. 
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Control Non-malignant breast disease Stage I 

Biomarker Mean ± SD Median Range n Mean ± SD Median Range n Mean ± SD Median Range n 

13 HODE (ng/ml) 92 ± 132 34.0 15-374 34 42 ± 12 39.0 29-73 12 45 ± 22 41 22-133 29 
12 HETE (ng/ml) 101.7 ± 216.5 9.8 1.3-1055.4 34 573.8 ± 587.6 326.5 26.6-1624.4 12 175.0 ± 317.4 37.3 3.0-1365.8 29 
Fibronectin (lg/ml) 245 ± 127 241.0 59-634 34 357 ± 92 354.0 173-529 12 241 ± 120 258 26-427 29 
Glutamate (nmoL/ml) 14.7 ± 4.3 14.0 11.7-28.6 34 15.5 ± 3.5 16.3 13.0-18.6 12 15.32± 4.8 14.9 12.0-30.9 29 
Beta Hydroxybutyrate 
(nmol/ml) 14.5 ± 3.2 13.5 10.8-22.5 34 16.1 ± 3.7 15.2 12.6-24.0 12 17.2 ± 4.6 16.1 11.5-29.7 29 
Factor V (lg/ml) 7.6 ± 3.4 6.6 3.9-20.7 34 12.0 ± 5.3 10.3 5.6-19.1 12 11.6 ± 4.3 10.8 5.9-25.1 29 
CA15-3 (U/ml) 3.4 ± 2.6 2.8 0.5-12.4 34 3.0 ± 1.6 3.0 1.0 -5.7 12 8.0 ± 16.9 4.6 0.7-93.8 29 
CA125 (U/ml) 8.6 ± 5.0 7.2 3.8-31.2 34 9.2 ± 5.4 7.9 3.1-21.5 12 68.3 ± 272.4 10.4 1.8-1480.3 29 
VEGF (pg/ml) 13.6 ± 5.9 13.7 4.4-26.5 34 16.0 ± 7.2 16.3 2.5-31.1 12 24.2 ± 20.7 16.1 2.5-92.0 29 
Serotonin (ng/ml) 56.5 ± 32.9 50.9 13.3-158.2 34 49.4 ± 20.8 46.1 15.9-103.3 12 41.6 ± 32.3 28.1 15.4-116.3 29 
MMP-1 (pg/ml) 3419 ± 4209 2269 122-22701 34 4055 ± 4334 3044 360-13519 12 2406 ± 2789 1116 122-7448 29 

             

 
Stage II Stage III Stage IV 

Biomarker Mean ± SD Median Range n Mean ± SD Median Range n Mean ± SD Median Range n 

13 HODE (ng/ml) 41 ± 18 36.0 20-89 30 50 ± 21 43.0 22-100 20 63 ± 38 54 19-180 16 

12 HETE (ng/ml) 300.1 ± 506.4 65.1 7.1-2201.4 30 208.8 ± 274.2 67.0 2.4-585.2 20 1507.0 ± 543.3 1523 507.6-2318 50 

Fibronectin (lg/ml) 242 ± 129 209.0 59-589 30 217 ± 120 222.0 37-516 20 155 ± 74 140 57-296 16 

Glutamate (nmoL/ml) 13.1 ± 2.5 13.0 11.2-18.97 30 15.6 ± 7.0 13.8 11.7-40.4 20 22.1 ± 5.8 23 16.8-31.5 50 
Beta Hydroxybutyrate 
(nmol/ml) 16.1 ± 4.7 14.2 12.4-33.7 30 19.7± 11.2 17.4 12.3-64.5 20 16.2 ± 4.8 14.4 11.5-26.2 16 

Factor V (lg/ml) 12.0 ± 8.9 9.1 3.8-49.0 30 10.9 ± 3.5 10.3 6.2-18.1 20 14.7 ± 6.9 12.1 8.3-100 16 

CA15-3 (U/ml) 6.1 ± 13.8 2.5 0.8-77.7 30 4.6 ± 3.7 3.8 0.6-14.4 20 26.0 ± 37.1 12.2 3.5-893.6 50 

CA125 (U/ml) 30.1 ± 107.5 8.2 2.1-592.5 30 10.3 ± 12.4 6.4 2.3-57.2 20 128.3 ± 296.6 10.8 4.3-53.2 16 

VEGF (pg/ml) 22.1 ± 15.1 16.9 6.0-71.0 30 16.2 ± 8.4 14.9 4.3-34.7 20 14.4 ± 11.2 11.9 8.0-141.5 16 

Serotonin (ng/ml) 41.2 ± 24.0 33.7 14.8-87.1 30 394.2 ± 19.2 34.8 5.2-81.5 20 39.8 ± 26.2 36 19-76632 16 

MMP-1 (pg/ml) 2240 ± 1937 1597 122-5324 30 2465 ± 1524 2301 122-4737 20 12749 ± 22443 4372 122-7448 16 
Table 5-5. Validation results. Mean ± SD, median, range and n value data for a number of metabolites/proteins analysed in an independent sample set of 
control, non-malignant breast disease, stage I, stage II, stage III and stage IV breast cancer patient serum specimens. 
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Biomarker Kmskal-Walbs df p-value Significant 

 
chi squared 

             

12 HETE 89 5 1.3E-17 Yes 
13 HODE 8.2 5 0.15 No 
Fibronectin 21 5 0.00074 Yes 
Glutamate 15 5 0.012 Yes 
Beta Hydroxybuterate 12 5 0.031 Yes 
Factor V 38 5 4.6E-07 Yes 

CA15-3 77 5 3.5E-15 Yes 

CA125 11 5 0.058 No 

VEGF 11 5 0.051 No 

MMP-1 22 5 0.00047 Yes 

Serotonin 9.8 5 0.082 No 
 

Table 5-6. KurskalςWallis test The KurskalςWallis test was used to evaluate the significance of 12 HETE, 13 HODE, Fibronectin, Glutamate, Beta 
Hydroxybuterate, Factor V, CA15-3, CA125, VEGF, MMP-1 and Serotonin across all groups. 
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Table 5-7. Multivariate analysis LR analysis was performed on combinations of 3 candidate biomarkers found to be significant in the KurskalςWallis test, with 
the AUC and p value in brackets shown. CA15-3 was always included, with 12-HETE, Glutamate, Beta Hydroxybuterate, Factor V and MMP-1 also selected. 
Fibronectin was not included even-though this was significant as the results from the discovery and validation phases were opposing.



180 
 

 

 

Figure 5-1. Logistic regression AUC-values. A Comparison of logistic regression AUC-values for the combination of 
CA15-3/  12-HETE/Glutamate and CA15- 3 alone for control compared to non-malignant breast disease, stage I, 
stage II, stage III and stage IV breast cancer patient serum specimens respectively. b Comparison of logistic 
regression AUC-values for the combination of CA15-3/12- HETE/Glutamate and CA15-3 alone for non-malignant 
breast disease compared to stage I, stage II, stage III and stage IV breast cancer patient serum specimens 
respectively. 
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5.4  Discussion 

 

5.4.1  Established tumour biomarkers  

Circulating tumour markers are soluble molecules in blood, usually glycoproteins, detected by a single or 

pair of monoclonal antibodies. They are released into the blood by tumour cells or by other cells within 

the tumour microenvironment. Established markers are widely examined for detection of malignancies, 

for assessing outcome or predicting recurrence and for monitoring the response to anti-cancer 

therapies. Various studies have demonstrated that the diagnostic sensitivity of the CA15-3 test is about 

10ς15 % (stage I), 20ς25 % (stage II) and 30ς45 % (stage III) (Seregni et al. 2004). The accuracy of 

established tumour markers improves in advanced disease with levels of CA15-3 found to be significant 

in patients with distant metastases (Molina et al. 2005). Molina et al. found that combinations of CA15-3 

and other clinically relevant biomarkers was a useful tool in the prognostic evaluation of patients with 

primary breast cancer (Molina, Auge, Farrus et al. 2010). This finding was also expanded by including 

serum HER-2 (only in those patients with tissue overexpression), with similar results (Molina, Auge, 

Escudero et al. 2010). 

5.4.2 Clinical relevance 

Clinically relevant and accurate biomarkers, reflecting tumour burden, present a minimally invasive 

clinical tests that clinicians can use to help further stratify patients along with other relevant tests. By 

assessing for example, information ascertained about the metastatic nature of the disease based on 

protein measurements, clinicians potentially can reduce over-treatment of localised tumours and avoid 

under-treatment of aggressive tumours.  

The mainstay of early breast cancer detection is X-ray mammography. Researchers have not yet reached 

the necessary levels of sensitivity and specificity to routinely detect early stage breast cancer using 

single or multiple protein biomarkers, as found in this study with AUC-values failing to reach above 0.8 

when comparing benign breast disease to stage I cancer. However, the X-ray mammogram, with its 

associated exposure to small levels of X-ray radiation, does have lower sensitivity in women with dense 

breasts and is unable to differentiate between morphologically similar benign or malignant breast 

lesions (Drukteinis et al. 2013). Therefore, protein biomarkers may complement existing scanning 

techniques in these situations. 
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5.4.3 Biomarker combinations in tumour burden measurement 

Our results confirm a clear correlation between CA15-3 and disease progression, with stage IV breast 

cancer patient samples showing the highest levels of CA15-3 (AUC = 0.8 normal control v stage IV & AUC 

= 0.8 nonmalignant breast disease v stage IV). An example of three candidate biomarkers used in 

combination is CA15-3/ Glutamate/12-HETE, which was found to accurately reflect the degree of 

tumour burden when compared to both normal healthy control and non-malignant breast disease 

groups. The most significant AUC values was found when comparing normal and non-malignant breast 

disease groups to advanced breast cancer (AUC = 0.99 & 0.97 respectively). By the addition of both 

glutamate and 12-HETE measurements to CA15-3, there is a significant improvement in the AUC values 

compared to CA15-3 alone. As previously described, CA15-3 is an established biomarkers in breast 

cancer management with strict guidelines in place as to where these markers add value in patient care 

and was found to be an integral part of the three biomolecules panel for measuring tumour burden in 

this evaluation. Glutamate is a non-essential amino acid and an excitatory neurotransmitter in the 

central nervous system.  

Glutamine, an abundant extracellular nutrient, is steadily converted into glutamate by phosphate-

dependent glutaminase (GLS), an enzyme found within the inner mitochondrial membrane. The altered 

ŎŜƭƭǳƭŀǊ ƳŜǘŀōƻƭƛǎƳ ŘƛǎǇƭŀȅŜŘ ōȅ ƳŀƭƛƎƴŀƴǘ ŎŜƭƭǎ ǿŀǎ ŦƛǊǎǘ ŀŎƪƴƻǿƭŜŘƎŜŘ Ƴƻǎǘ ƴƻǘŀōƭȅ ƛƴ hǘǘƻ ²ŀǊōǳǊƎΩǎ 

description of a switch in glucose metabolism from oxidative phosphorylation to glycolysis, known as the 

Warburg effect (Koppenol, Bounds and Dang 2011). To help maintain a functioning citric acid cycle 

compromised due to the Warburg effect, cancer cells often rely on elevated glutamine metabolism 

(Erickson and Cerione 2010). As a result, GLS has been shown to be overexpressed in both solid tumours 

and cell line models of cancer (Katt et al. 2012, Maity, Chakraborty and Bhattacharya 2000). 

Interestingly, targeting GLS activity has been proposed as a potential therapeutic strategy against 

human malignancies (Zhao, Butler and Tan 2013).  

Our findings support the major set of changes in cancer metabolism resulting in a shift to increased rates 

of glutamine metabolism, through the accelerated hydrolysis of glutamine to glutamate, as catalyzed by 

mitochondrial GLS activity. Using a standard glutamate biochemical assay for evaluating abundance, we 

found increased levels of glutamate in breast cancer patient serum samples compared to normal control 

and non-malignant breast disease. The most noticeable increase in abundance for glutamate was in the 

MBC group, perhaps reflecting the greatest increase in glutamine metabolism. Other groups have 

reported on elevated glutamate levels and associated signalling pathways in malignancies and 
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correlating this with a more aggressive phenotype (Speyer et al. 2014, Koochekpour et al. 2012, Ripka et 

al. 2010, Namkoong et al. 2007).  

We also found increased levels of 12-HETE when comparing control groups (normal and non-malignant 

breast disease) to breast cancer patient samples. Similar to glutamate, the most significant elevation in 

abundance for this molecule was found in the MBC cohort. 12-HETE is an eicosanoid formed by the 

action of a 12-lipoxygenase (12-LO) enzyme on arachidonic acid. The evidence to date suggests a 

significant role for 12-HETE and 12-lipoxygenase, the enzyme responsible for the production of 12-HETE 

in many aspects of tumour biology, including cell growth, angiogenesis, metastatic potential and 

immunomodulation (Fürstenberger et al. 2006). Recent reports on 12-HETE involvement in tumour 

biology have found it to induce pro-metastatic protein expression patterns and show NF-jB-dependent 

up-regulation of the mesenchymal marker protein S100A4 and of transcriptional repressor ZEB1 

secreted by MCF-7 spheroids  (Vonach et al. 2011). Previously, Lui and co-workers described how 12-

HETE increased the motility and invasion of AT2.1 cells (low metastatic rat prostate tumour cells) 

through activation of protein kinase C (PKC), a process that was inhibited by a selective PKC inhibitor, 

calphostin C (Liu et al. 1994). 12-lipoxygenase has been reported to be significantly increased in both 

breast cancer serum and tissue patient samples compared to healthy controls (Singh et al. 2011, Jiang, 

Douglas-Jones and Mansel 2003), with this increase found to be significantly decreased after 

chemotherapy (Singh et al. 2011).  

Of the other interesting candidate biomarkers that were found to have significant AUC-values when 

used in combination with other proteins/metabolites, Factor V & MMP-1 have previous been found 

elevated in the blood proteome from cancer patients, especially in the advanced stages, reflecting the 

increasing role of the coagulation cascades in some cases, together with the function proteases play in 

tumour progression (Klee et al. 2012, Boström et al. 2011). Beta-hydroxybutyrate, one of three sources 

of ketone bodies, has previously been reported to be significantly increased in breast cancer, 

participating in regulating histone acetylation and gene expression in tumour development (Asiago et al. 

2010). Reports on combining traditional biomarkers for breast cancer with other proteins have 

established this approach as very significant with impressive data to support their findings. Lawicik and 

co-workers demonstrated the usefulness of macrophage-colony stimulating factor (M-CSF) and VEGF in 

the diagnosis of breast cancer, but showed that only M-CSF was found to discriminate between cancer 

and non-carcinoma lesions, especially in combination with CA15-3 ό_ŀǿƛŎƪƛΣ .ťŘƪƻǿǎƪŀ ŀƴŘ {ȊƳƛǘƪƻǿǎƪƛ 

2013). A recent publication by Park and co-workers describes how measurement of human cytosolic 
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thioredoxin in combination with established breast cancer biomarkers, including CA15-3, improved the 

overall accuracy for early detection of breast cancer (Park, Cha and Kim 2014). 

 

5.5 Concluding remarks 

 

Using a combination of different metabolomics and proteomics discovery platforms, we identified a 

number of significant biomolecules when comparing normal controls serum samples to a MBC cohort. 

Subsequently, we analysed a number of these significant molecules in a larger independent cohort of 

patient samples, comprising of normal controls, non-malignant breast disease and different stages of 

breast cancer. Established markers used in breast cancer patient care are an important resource in the 

clinical setting and our approach was to try to improve the overall accuracy of measurements of CA15-3 

when combined with the most significant molecules coming out of this investigation.  

In this investigation, advanced stage breast cancer serum samples were analysed in the discovery phase 

analysis to increase the chance of identifying abnormal proteins/metabolites due to the associated high 

tumour burden. However, it is likely that many advanced stage biomarkers do not represent the early 

stage phenotype, due to the specific processes and mechanisms activated throughout the course of 

tumour development. Nevertheless, many of the molecules selected for further analysis in the 

validation cohort did correlate with tumour burden, suggests this is a worthwhile strategy for initial 

biomarker discovery investigations.  

It was established that glutamate, 12-HETE, Betahydroxybutyrate, Factor V and MMP-1 were the most 

significant and further analysis using combinations of these candidate biomarkers with CA15-3 resulted 

in noticeably improved AUC values compared to CA15-3 alone, especially when comparing advanced 

breast cancer groups to normal controls and non-malignant breast disease. The example expanded on in 

this discussion, shows how a combination of CA15-3/Glutamate/12-HETE is more accurate than CA15-3 

alone, and indeed the same is true of other combinations including Beta-hydroxybutyrate, Factor V and 

MMP-1, especially in the advanced setting. Clinical applications of biomarkers that reflect tumour 

burden include screening in asymptomatic individuals, confirming a suspected diagnosis and assisting in 

tumour classification/staging. Many of the candidate biomarkers discussed in this study accurate 

correlate with tumour burden, especially in advanced stages where these biomarkers could potentially 

provide clinicians with additional confirmation on staging. 
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Abstract 

Development of more effective therapeutic strategies for cancers of high unmet need requires the 

continued discovery of disease-specific protein targets for therapeutic antibody targeting. In order to 

identify novel proteins associated with cancer cell invasion/metastasis, we present here an alternative 

to antibody targeting of cell surface proteins with an established role in invasion; our functional 

antibody screening approach involves the isolation and selection of MAbs that are primarily screened for 

their ability to inhibit tumour invasion. A clonal population of the Mia PaCa-2, a pancreatic ductal 

adenocarcinoma (PDAC) cell line, which displays a highly invasive phenotype, was used to generate 

MAbs with the objective of identifying membrane targets directly involved in cancer invasion. Selected 

MAb 7B7 can significantly reduce invasion in a dose-responsive manner in Mia PaCa-2 clone 3 and DLKP-

M squamous lung carcinoma cells. Using immunoprecipitation and liquid chromatography tandem mass 

spectrometry (LC-MS-MS) analysis, the target antigen of anti-invasive antibody, 7B7, was determined to 

be the heterodimeric Ku antigen, Ku70/80, a core protein composed of the Ku70 and Ku80 subunits 

which is involved in non-homologous end-joining (NHEJ) DNA repair. RNA interference-mediated 

knockdown of Ku70 and Ku80 resulted in a marked decrease in the invasive capacity of Mia PaCa-2 clone 

3 and DLKP-M cells, indicating that Ku70/Ku80 is functionally involved in pancreatic and lung cancer 

invasion. Immunohistochemical analysis demonstrated Ku70/Ku80 immunoreactivity in 37 PDAC 

tumours, indicating that this heterodimer is highly expressed in this aggressive cancer type. This study 

demonstrates that a functional MAb screening approach coupled with immunoprecipitation/proteomic 

analyses can be successfully applied to identify functional anti invasive MAbs and potential novel targets 

for therapeutic antibody targeting. 

Keywords: Monoclonal antibody. Cancer metastasis. Cancer invasion. Ku70/Ku80. Target discovery 
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6.1 Introduction  

 

Metastasis remains the major driver of mortality in patients with cancer, and, in contrast to primary 

cancer, metastasis is a major therapeutic challenge; currently, there are no effective treatments for 

the vast majority of metastatic cancers. Only a very small number of therapeutic targets have been 

investigated/evaluated clinically for their ability to limit metastasisτnone of these are in clinical use 

(Weber 2013, Eckhardt et al. 2012). Identification of targets with a role in cancer 

invasion/metastasis may have the potential to be developed as novel treatment strategies to treat 

(or delay) metastasis. Monoclonal-antibody-based treatment of cancer has, in the last two decades, 

become established as one of the most successful therapeutic strategies for treating patients with 

haematological and solid tumours (Scott, Wolchok and Old 2012). Antibody cancer therapeutics are 

highly specific and potent drugs, which exert their therapeutic effect through modulation of key 

signalling pathways to reduce cell growth or induce apoptosis and/or triggering of antibody-unique 

effect or functions. There are now 14 antibody-based products approved to treat cancer patients in 

the European Union (EU) and the USA (Lambert 2013, Chames et al. 2009). Therapeutic cancer 

antibodies are, however, focused on a relatively narrow set of targets; one third of all antibodies 

(approved and in development) are specific for just five targets (Reichert 2014, Lambert 2013). 

Currently, the key challenge in new antibody cancer therapeutics is the continued discovery of novel 

targets that are associated with hallmarks of cancer pathophysiology such as metastatic potential 

and drug sensitivity that are suitable for antibody-based targeting. The ideal tumour target antigen 

will be easily accessible from the tumour neovasculature and shows abundant tumour expression 

with limited normal tissue expression.  

First generation antibodies such as trastuzumab and rituximab show significant clinical benefits and 

have revolutionised treatment of human epidermal growth factor receptor 2 (HER-2) positive breast 

cancer and CD-20 positive lymphomas. However, conventional unmodified antibodies have 

limitations such as low tumour to blood ratio due to long serum half-life, limited tissue penetration 

and specificity for a single epitope, and they can sometimes be limited in efficacy (Chames et al. 

2009). There has been a drive to improve established targeted therapeutic antibodies using 

glycoengineering approaches to increase potency (e.g. development of non-fucosylated antibodies) 

and the use of antibody fragments for better tissue penetration. Development of bispecific 

antibodies (bsABs) (e.g. catumaxomab) and trifunctional antibodies is a big growth area; these 

antibodies can bind to two different tumour antigens or to a tumour antigen and an antigen in the 
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tumour stroma/microenvironment such as an immune killer cell (Sliwkowski and Mellman 2013, 

Scott et al. 2012). Antibody-drug conjugates (ADCs) such as the recently approved trastuzumab-DM1 

aim to overcome the limitations of non-specific cytotoxics and ineffective MAb therapy, through the 

use of a highly potent cytotoxic agent (payload) which is directed to the tumour by appending it to 

an antibody or antibody fragment. ADCs currently account for around 15% of the clinical stage 

anticancer-antibody-based pipeline outnumbering bispecific antibodies and antibody fragments 

(Mullard 2013). Currently, the key challenge for ADC cancer therapeutics is the ongoing 

identification of tractable targets (Sievers and Senter 2013).  

Large numbers of potential cancer-associated antigens have been identified in a number of different 

cancer types using various high-ǘƘǊƻǳƎƘǇǳǘ άƻƳƛŎǎέ ǇƭŀǘŦƻǊƳǎ (Roti and Stegmaier 2012). However, 

for the most part, these approaches did not distinguish between targets that are directly involved in 

the cancer pathology from those that are merely bystanders with no functional contribution to 

tumourogenesis. All of these candidate targets, obviously then, require extensive characterisation 

and validation to define their relevant functional role, if any, in cancer. It is imperative that a greater 

emphasis is placed upon targets that are functionally relevant to cancer development and 

progression. The significant contribution of phenotypic screening is well recognised in first in-class 

small molecule drug discovery (Swinney and Anthony 2011). The most commonly used approach to 

therapeutic antibody discovery has been to generate antibodies that are specifically directed at pre-

defined, well-characterised cell surface proteins or newly described proteins that are less well 

characterised, with respect to cancer. Early antibody candidates are generally identified using 

traditional hybridoma technology developed by Köhler and Milstein or phage display platforms 

which are adapted easily for high-throughput antibody generation (Köhler and Milstein 1975). 

Therapeutic antibody discovery is now also starting to focus on MAb targets that are functionally 

ǊŜƭŜǾŀƴǘ ǘƻ ǘƘŜ ŎŀƴŎŜǊ ŘƛǎŜŀǎŜ ǇǊƻŎŜǎǎΣ ǿƛǘƘ άŦǳƴŎǘƛƻƴ ŦƛǊǎǘέ ŘƛǎŎƻǾŜǊȅ ƻǊ άǇƘŜƴƻǘȅǇƛŎ ŀƴǘƛōƻŘȅ 

ǎŎǊŜŜƴƛƴƎέ ŀǇǇǊƻŀŎƘŜǎ ōŜƛƴƎ ŘŜǎŎǊƛōŜŘ for identification of candidate MAbs that are functionally 

involved in cancer tumourogenesis (Frendéus 2013, Rust et al. 2013, Kinch et al. 2009).  

Our laboratory previously isolated isogenic populations of the PDAC cell line, Mia PaCa-2 clone 3, 

which displays high levels of invasion in vitro, and Mia PaCa-2 clone 8, which is poorly invasive in 

vitro (Walsh et al. 2008). The use of isogenic cell lines with different phenotypes with respect to 

metastasis is a very useful model to aid in the identification of potential cancer targets. In this study, 

we have used a functional MAb screening approach (based on ability to inhibit tumour invasion in 

vitro) to generate functional anti-invasive MAbs using the Mia PaCa-2 clone 3 cell line as an 
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immunogen, in order to identify potential targets with a direct role in cancer invasion. 

Immunoprecipitation followed by liquid chromatography tandem mass spectrometry (LC-MS-MS) 

analyses was used for target identification of the selected anti-invasive antibody. 

 

6.2 Materials and Methods 

 

6.2.1 Cell lines 

The triple-negative breast carcinoma (TNBC), MDA-MB- 231, HER-2 positive breast, SKBR-3, large cell 

lung NCIH1229 and the HCT-116 colon carcinoma cell lines were obtained from the American Tissue 

Culture Collection (ATCC), Rockville, MD, USA. The SNB-19 glioma cell line was obtained from the 

German Collection of Microorganisms and Cell Cultures. The Mia PaCa-2 clone 3 pancreatic cancer cell 

line and the DLKP-M squamous lung carcinoma cell line were established in our own laboratory (Walsh 

et al. 2008, McBride et al. 1998). 

6.2.2 Hybridoma generation 

The immunogen chosen for the Mab generation was Mia PaCa-2 clone 3, an invasive clonal variant of 

the pancreatic cell line Mia PaCa-2 (Walsh et al. 2008). Prior to immunisations, a non-enzymatic cell 

ŘƛǎǎƻŎƛŀǘƛƻƴ ōǳŦŦŜǊ ǿŀǎ ǳǎŜŘ ǘƻ ǊŜƳƻǾŜ ŎŜƭƭǎ ŦǊƻƳ Ŧƭŀǎƪǎ όнҎмлс ŎŜƭƭǎ όрл ˃ƭ ǾƻƭǳƳŜύύ ŦƻƭƭƻǿƛƴƎ ǿƘƛŎƘ 

cells were washed and re-suspended in phosphate-buffered saline (PBS) plus an equal volume of 

lipopeptide adjuvant, Pam3Cys-SKKKK (EMC micro-collections, Germany; L2000). Each mouse received a 

primary immunisation administered by an intraperitoneal injection, followed by four booster 

immunisations administered at three weekly intervals. Three days prior to cell fusion, mice received one 

final immunisation. Cell fusion of the immunised spleen B-cells with SP/2/O-Ag myeloma cells was 

carried out using a modification of the fusion protocol outlined by Kohler and Milstein (Köhler and 

Milstein 1975). Fused cells were plated out in 48-well plates and incubated undisturbed for 10ς12 days 

in a humidified chamber at 37°C/5%CO2. Immunisations were carried out at the Royal College of 

Surgeons (RCSI) Biomedical Research Facility, Beaumont Hospital, Dublin 9, Ireland; all immunisation 

protocols were licensed by the Department of Health and Children, Ireland. 
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6.2.3 Hybridoma generation 

The immunogen chosen for the Mab generation was Mia PaCa-2 clone 3, an invasive clonal variant of 

the pancreatic cell line Mia PaCa-2 (Walsh et al. 2008). Prior to immunisations, a non-enzymatic cell 

ŘƛǎǎƻŎƛŀǘƛƻƴ ōǳŦŦŜǊ ǿŀǎ ǳǎŜŘ ǘƻ ǊŜƳƻǾŜ ŎŜƭƭǎ ŦǊƻƳ Ŧƭŀǎƪǎ όнҎмлс ŎŜƭƭǎ όрл ˃ƭ ǾƻƭǳƳŜύύ ŦƻƭƭƻǿƛƴƎ ǿƘƛŎƘ 

cells were washed and re-suspended in phosphate-buffered saline (PBS) plus an equal volume of 

lipopeptide adjuvant, Pam3Cys-SKKKK (EMC micro-collections, Germany; L2000). Each mouse received a 

primary immunisation administered by an intraperitoneal injection, followed by four booster 

immunisations administered at three weekly intervals. Three days prior to cell fusion, mice received one 

final immunisation. Cell fusion of the immunised spleen B-cells with SP/2/O-Ag myeloma cells was 

carried out using a modification of the fusion protocol outlined by Kohler and Milstein (Köhler and 

Milstein 1975). Fused cells were plated out in 48-well plates and incubated undisturbed for 10ς12 days 

in a humidified chamber at 37°C/5%CO2. Immunisations were carried out at the Royal College of 

Surgeons (RCSI) Biomedical Research Facility, Beaumont Hospital, Dublin 9, Ireland; all immunisation 

protocols were licensed by the Department of Health and Children, Ireland. 

6.2.4 Screening of hybridomas 

Hybridomas were allowed to form large colonies and grow for at least 10 days undisturbed before 

supernatant was removed to screen for specific antibody production. Hybridoma supernatants were 

screened directly for their ability to inhibit cell invasion in Mia PaCa-2 clone 3 cells and for their ability to 

show membrane immunoreactivity on unfixed Mia PaCa-2 clone 3 cells. 

6.2.5 Immunofluorescence studies 

Cells were suspended to a concentration of 2×106 cells/ml, added to 10-well 7-mm microscope slides 

(Thermo Fisher Scientific), and incubated overnight at 37°C. Excess supernatant was removed, and the 

microscope slides were rinsed gently with PBS. Hybridoma supernatants were added to each well (PBS 

was added to one well as a negative control). For fixed cell immunofluorescence studies, cells were fixed 

in ice cold acetone for 2 min, followed by air-drying for 15 min prior to application of antibody 7B7. All 

slides were incubated overnight at 4°C. Primary antibodies were removed by gently washing three times 

ƛƴ t.{Φ ! ǾƻƭǳƳŜ ƻŦ ол ˃ƭ ƻŦ ǎŜŎƻƴŘŀǊȅ ŀƴǘƛōƻŘȅΣ ŦƭǳƻǊŜǎŎŜƛƴ ƛǎƻǘƘƛƻŎȅŀƴŀǘŜ όCL¢/ύ-linked rabbit anti-

mouse Ig (Dako, F0261), diluted 1/40, was added to each well, followed by a 30-min incubation at room 

temperature. Secondary antibody was removed by gently washing three times in PBS. Each slide was 
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mounted using VECTASHIELD mounting medium (Vector, H-100), cover slipped and viewed using a Nikon 

phase contrast microscope fitted with an FITC filter. 96-well invasion assays. This screening assay was 

adapted from the standard Boyden chamber transwell assay described previously (Walsh et al. 2009), 

which is a modification of the method of Albini et al. (Albini 1998). Briefly, using Millipore 96-well 

ƛƴǾŀǎƛƻƴ ǇƭŀǘŜǎ όaƛƭƭƛǇƻǊŜΣ a!aL/у{млύΣ рл ˃ƭ ƻŦ aŀǘǊƛƎŜƭ όм ƳƎκƳƭύ ό.5 .ƛƻǎŎƛŜƴŎŜǎΣ орпнопύ ǿŀǎ 

dispensed into each insert; the plate was incubated overnight at 4°C, followed by the removal of any 

excess Matrigel. Cells were harvested at a concentration of 2.5×104 ŎŜƭƭǎκƳƭ ƛƴ ƳŜŘƛŀΣ ŀƴŘ рл ˃ƭ ǿŀǎ 

added to each insert, along with an equal volume of antibody or control hybridoma medium (no 

antibody). A ǾƻƭǳƳŜ ƻŦ мрл ˃ƭ ƳŜŘƛa was added to each insert well. Cells were incubated at 37 °C for 48 

h. Following this, the inserts were washed with PBS to remove any cells, while the outside of the insert 

was stained with 0.25% crystal violet. Stained inserts were viewed using a Nikon inverted microscope 

and scored as having either decreased levels of invasion or no effect on invasion relative to control 

hybridoma medium inserts (no hybridoma supernatant, representing 100 % invasion). Those 

supernatants showing a decrease in invasion were re-screened using this same method. 

6.2.6 24-well invasion assays 

For 24-well invasion assays, Costar 24-well plates ό/ƻǎǘŀǊΣ орнпύΣ ŎƻƴǘŀƛƴƛƴƎ уΦл ˃Ƴ ǇƻǊŜ-sized inserts 

ό.5 .ƛƻǎŎƛŜƴŎŜǎΣ оролфтύΣ ǿŜǊŜ ǳǎŜŘΦ ! ǾƻƭǳƳŜ ƻŦ млл ˃ƭ ƻŦ aŀǘǊƛƎŜƭ ǿŀǎ ŘƛǎǇŜƴǎŜŘ ƛƴǘƻ ŜŀŎƘ ƛƴǎŜǊǘΣ ŀ 

cell suspension of 1×106 ŎŜƭƭǎκƳƭ ǿŀǎ ǳǎŜŘΣ ŀƴŘ млл ˃ƭ ƻŦ ŀƴǘƛōƻŘȅ ƻǊ ŎƻƴǘǊƻƭ ƘȅōǊƛŘƻƳŀ ƳŜŘƛǳƳ όƴƻ 

anǘƛōƻŘȅύ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ƛƴǎŜǊǘΤ рлл ˃ƭ ƳŜŘƛŀ ǿŜǊŜ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ƛƴǎŜǊǘ ǿell. Cells were incubated 

at 37°C for either 24 or 48 h, depending on the cell line used. The total number of invading cells was 

determined by counting the number of cells per field in 10 random fields at ×200 magnification. The 

average number of cells per field was then multiplied by a factor of 140 as described previously (Walsh 

et al. 2009).  

6.2.7 Motility assays 

Motility assays were carried out in an identical manner to 24- well invasion assays, as described above, 

with the exception that the inserts were not coated in Matrigel.  
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6.2.8 Proliferation assays 

Cells were harvested at a concentration of 2×104 ŎŜƭƭǎκƳƭ ƛƴ ƳŜŘƛŀΦ ±ƻƭǳƳŜǎ ƻŦ млл ˃ƭκǿŜƭƭ ƻŦ ǘƘŜǎŜ ŎŜƭƭ 

suspensions were added to a 96-well plate (Costar, 3596) using a multichannel pipette. Plates were 

gently agitated to ensure an even dispersion of cells over a given plate. Cells were incubated at 37°C in 5 

% CO2 ƻǾŜǊƴƛƎƘǘΦ CƻƭƭƻǿƛƴƎ ǘƘƛǎΣ млл ˃ƭ ƻŦ ŀƴǘƛōƻŘȅ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ǿŜƭƭΦ /ƻƴǘǊƻƭ ǿŜƭƭǎ ƘŀŘ млл ˃ƭ 

hybridoma media added to the cell suspension. Plates were gently agitated, as described above, and 

incubated at 37°C in 5 % CO2 for 6/7 days, until the control wells have reached 80ς90 % confluency. 

Assessment of cell survival in the presence of the antibodies relative to control (no MAbτhybridoma 

control medium only) was determined by acid phosphatase assay as previously described (Martin and 

Clynes 1991). 

6.2.9 Adhesion assays 

Adhesion assays were performed as described previously (Walsh et al. 2009)Φ ! ǾƻƭǳƳŜ ƻŦ нрл ˃ƭ ƻŦ 

extracellular matrix (ECM) proteins was placed into each well of 24-well plates and incubated overnight 

at 4°C. Excess solution was removed from the wells, followed by washing two times with sterile PBS. To 

reduce non-specific binding, 0.5 ml of sterile 0.1 % BSA/PBS solution was dispensed into each well. The 

plates were incubated at 37°C for 20 min and then rinsed twice again with sterile PBS. Cells were 

harvested and re-suspended in media at a concentration of 2.5×104 cells/ml. Aliquots of 1 ml of cells 

were plated onto 24-well plates, in triplicate, and incubated for 60 min. The medium was then removed 

from the wells and rinsed gently with sterile PBS. The cell number attached was assessed using the acid 

phosphatase assay. 

6.2.10 Zymography 

DLKP-a ŎŜƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ a!ō т.т όрл ˃ƎκƳƭύ ƻǊ ŎƻƴǘǊƻƭ ƘȅōǊƛŘƻƳŀ όƴƻ a!ōύ ŦƻǊ нп Ƙ ŀƴŘ 

subsequently transferred into serum-free medium for the collection of conditioned medium for 

zymographic analysis (over 72 h). Conditioned medium was concentrated 20× using an Amicon Ultra 

Centrifugal Filter device (5 k MW cut-off) and loaded onto Novex gelatin (Invitrogen EC6175) and casein 

(Invitrogen EC6405) gels using a 2× non-reducing sample buffer (Novex), renatured in zymogram 

renaturing buffer and developed in zymogram developing buffer (Invitrogen). Gels were stained with 

Brilliant blue G Colloidal Coomassie (Sigma, B2025); zones of gelatinolytic/casein activity were detected 

as clear bands against a blue background. 
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6.2.11 Isotype analysis 

Isotyping of MAb 7B7 was carried out using the Isostrip Monoclonal Antibody Isotyping kit (Roche 

Diagnostics Gmbh, 1493027). Prior to immunoprecipitation, MAb 7B7 was purified using the Pierce NAb 

Spin Purification Kit (Pierce, 20530) and dialyzed using a Pierce Slide-A-Lyzer MINI Dialysis Unit (Pierce, 

69576). Cells were grown to 80ς90 % confluency, removed from flasks, pelleted and washed three times 

in PBS. Whole cell extracts were prepared by re-suspending cells in 1.5 ml of radio-immunoprecipitation 

assay (RIPA) lysis buffer (Sigma, R0278), sonicating for 5 min and centrifuging at 14,000 rpm for 10 min 

at 4°C. The 7B7 antigen(s) were immunoprecipitated from these samples using the Direct IP Kit from 

tƛŜǊŎŜ όпроорύΣ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ ǇǊƻǘŜƛƴ-L purified MAb 7B7 was 

covalently immobilised on aldehyde activated agarose beads overnight at 4°C. The antigen (whole cell 

extracts of Mia PaCa-2 clone 3 or DLKP-M cells) was then added to immobilised antibody gel mixture 

together with binding buffer on a rocking platform overnight at 4°C. The antigens were eluted from the 

beaded agarose into the elution buffer (IgM Elution Buffer, Pierce) using microcentrifuge spin cups. 

Fractions were neutralised through the addition of Tris-HCl, pH 8.8. Eluted fractions were prepared for 

gel electrophoresis using NuPAGE LDS sample buffer (Invitrogen, NP007). Following gel electrophoresis, 

gels were stained with Brilliant Blue Colloidal Coomassie to visualise precipitated proteins. For validation 

of mass spectrometry identifications, the gels were probed with relevant antibodies (Ku70 and Ku80 

specific antibodies, Abcam, UK) for Western blot analysis. 

6.2.12 Protein identification using LC-MS-MS 

LC-MS/MS was performed on an UltiMate 3000 Nano-LC system (Dionex), interfaced to an LTQ Orbitrap 

XL (Thermo Fisher Scientific). Preparation of samples was based on the method described by 

Shevehenko et al. (Shevchenko et al. 2006). Briefly, protein bands were excised from the Coomassie-

stained gel and were destained. Samples were then dehydrated and digested, and peptides were 

ŜȄǘǊŀŎǘŜŘ ǿƛǘƘ ŀŎŜǘƻƴƛǘǊƛƭŜκлΦм҈ ŦƻǊƳƛŎ ŀŎƛŘΦ ! р ˃ƭ peptide mixture was loaded onto a C18 trap column 

ό/му tŜǇaŀǇΣ олл ˃Ƴ ƛŘ Ҏ р ƳƳΣ р ˃Ƴ ǇŀǊǘƛŎƭe size, 100 Å pore size; Dionex) for desalting before 

separation on an analytical PepMap C18 coluƳƴ όтр ˃Ƴ ƛŘ Ҏ нрл ƳƳΣ о ˃Ƴ particle and 100 Å pore size; 

Dionex). Peptides were separated over a 60 minute period at a flow rate of 350 nl/min into the Orbitrap 

XL. The instrument was operated in data-dependent mode. Survey MS scans were acquired in the 

Orbitrap in the 400ς1500 m/z range a resolution of 30,000 at m/z 400 and CID fragmentation was 

carried out in the linear ion trap with the ten most intense ions per scan. 
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6.2.13 Bioinformatic profiling of identified proteins 

Protein database searches were performed using TurboSEQUEST software (Bioworks Browser version 

3.3.1) (Thermo Fisher Scientific) using the human subset from the SWISS-PROT database. The following 

search parameters were used ŦƻǊ ǇǊƻǘŜƛƴ ƛŘŜƴǘƛŬŎŀǘƛƻƴΥ όƛύ a{κa{ Ƴŀǎǎ ǘƻƭŜǊŀƴŎŜ ǎŜǘ ŀǘ лΦс 5ŀΣ όƛƛύ 

ǇŜǇǘƛŘŜ Ƴŀǎǎ ǘƻƭŜǊŀƴŎŜ ǎŜǘ ǘƻ нл ǇǇƳΣ όƛƛƛύ ŎŀǊōŀƳƛŘƻƳŜǘƘȅƭŀǘƛƻƴ ǎŜǘ ŀǎ ŀ ŬȄŜŘ ƳƻŘƛŬŎŀǘƛƻƴΣ όƛǾύ 

ƳŜǘƘƛƻƴƛƴŜ ƻȄƛŘŀǘƛƻƴ ǎŜǘ ŀǎ ŀ ǾŀǊƛŀōƭŜ ƳƻŘƛŬŎŀǘƛƻƴ, (v) up to two missed cleavages were allowed and 

(vi) for charge state 1, xcorr>1.5; for charge state 2, xcorr>2.5; and for charge state 3, xcorr>3.5 were 

accepted. 

6.2.14 RNA interference-mediated knockdown of Ku70 and Ku80 

Two pre-designed small interfering RNAs (siRNAs, Ambion) were chosen that target Ku70 and Ku80, 

respectively (Ku70τAmbion s14952 and s14953; Ku80τAmbion s5455 and s52594), and transiently 

transfected into cells. Each set of siRNA transfections carried out was accompanied with a control (non-

transfected) and a scrambled (SCR) transfection (Ambion, 4390843). Solutions of siRNA at a final 

concentration of 30 nm were prepared in Opti-MEM (Invitrogen). The siRNA experiments were set up 

using 2-˃ƭ bŜƻC· ό!ƳōƛƻƴΣ !aпрммύΣ ǘƻ ǘǊŀƴǎŦŜŎǘ ол ƴƳ ǎƛwb! ŀǘ ŀ ŎŜƭƭ ŘŜƴǎƛǘȅ ƻŦ оҎ млр Ƴƭ ƛƴ ŀ ǎƛȄ-well 

plate. Transfection medium was removed after 24 h and replaced with fresh growth medium. A kinesin 

specific siRNA (Ambion) was used as a positive control in all knockdown experiments to assess the 

efficiency of transfections. The transfected cells were collected at 72 and 96 h for immunoblotting and 

assayed for changes in invasion capacity at 24 or 48 h using the in vitro invasion assay, as described 

above. 

6.2.15 Immunoblotting 

Whole cell lysates were extracted using RIPA buffer (Sigma) containing protease inhibitor cocktail 

(Roche) and centrifuged for 15 min at 16,000g at 4°C. Protein concentrations were determined using the 

BCA ǇǊƻǘŜƛƴ ŀǎǎŀȅ ƪƛǘ όtƛŜǊŎŜύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ /ƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ мр-ол˃Ǝ 

of protein (whole cell extracts or immunoprecipitated proteins) were separated using 4ς12 % gradient 

gels (Invitrogen) under reducing conditions. Proteins were transferred to PVDF membranes (Roche 

Diagnostic GmbH). The membranes were blocked for 2 h at room temperature with Starting BlockTM 

Blocking Buffer (Pierce). The membranes were probed with MAb 7B7 supernatants, anti-Ku70 and anti-

Ku80 antibodies (Abcam, ¦YύΣ ʲ-ŀŎǘƛƴ ƻǊ ʰ-tubulin (T5168, A5441, Sigma). The membranes were washed 
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three times for 5 min with 1× Tris-buffered saline (TBS)/Tween-20 (0.5 %v/v) and incubated with an anti-

mouse HRP-conjugated secondary antibody (Dako) for 1 h at room temperature and washing step 

repeated. Detection was performed with ECL reagents and Amersham HyperfilmTM chemiluminescence 

film (GE Healthcare). 

6.2.16 Immunohistochemistry 

A commercially available pancreatic cancer tissue microarray (TMA) (PA1001, US BioMax), comprising of 

duplicate tissue cores from 40 pancreatic cancers (including 37 pancreatic ductal adenocarcinoma 

(PDAC) tumours) and 6 adjacent non-cancer tissues, was stained for Ku70/Ku80 expression using an anti-

Ku70/Ku80 polyclonal antibody suitable for immunohistochemistry (IHC) (Abcam, UK). Staining was 

performed using an automated IHC staining apparatus (Autostainer, Dako) according to the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƎǳƛŘŜƭƛƴŜǎΦ .ǊƛŜŦƭȅΣ ŦƻƭƭƻǿƛƴƎ ŘŜ-paraffinisation and rehydration, the slides were 

subjected to an antigen retrieval step consisting of 20-min incubation in pH 6.0 buffer (Target Retrieval, 

Dako). The slides were counterstained with haematoxylin, dehydrated in graded alcohols and glass-

mounted (DPX, Sigma). Negative control (primary antibody omitted, replaced by TBS) and positive 

control (tonsil) slides were processed at the same time. TMA cores were scored according to the 

intensity of the Ku70/Ku80 immunoreactivity observed (weak, moderate, and strong). 

6.2.17 Quantification of MAb 7B7 

MAb 7B7 was quantified using the mouse IgM ELISA quantification from Bethyl Laboratories, USA (E90-

101). 

6.2.18 Statistical analysis 

All data are presented as mean ± standard deviation (SD). Analysis of the difference of comparisons, 

scrambled control siRNA versus siRNA-treated mean invasion and motility counts, adherence 

ŀōǎƻǊōŀƴŎŜΣ ŀƴŘ ǇŜǊŎŜƴǘŀƎŜ ǎǳǊǾƛǾŀƭ ŎŀƭŎǳƭŀǘŜŘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ {ǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘ όǘǿƻ-tailed, 

unpaired with equal variance). A p-value of ֒ 0.05, ֒ 0.01, and ֒0.005 was deemed statistically significant. 

Statistical analysis was performed using Microsoft Excel. All experiments were repeated a minimum of 

three times, with the exception of initial hybridoma invasion screening assays and IHC analysis of 

Ku70/Ku80. 
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6.3 Results 

 

6.3.1 Isolation of anti-invasive MAbs  

Since trypsin may lead to the loss of cell surface antigens, a non-enzymatic cell disassociation buffer 

(Sigma, C5914) was used to remove cells from flasks prior to preparation of immunogen and for all 

screening assays for antibody characterisation studies. Following fusion, 335 hybridoma supernatants 

(77.5 % fusion efficiency) were screened using a 96-well Boyden chamber invasion assay platform for 

their ability to block invasion in Mia PaCa-2 clone 3 cells. Selected hybridoma supernatants were re-

screened twice (duplicate samples) using the 96-well invasion Boyden chamber assay method. Seven 

supernatants, 8B3, 1E5, 7C3, 7B7, 9D6, 5B1 and 6E2, were selected on the basis of a decrease in invasion 

observed in relation to invasion observed on controls (hybridoma control medium). These seven 

hybridomas were then expanded for further characterisation. Supernatants (triplicate samples) were re-

screened by both 96-well and 24-well invasion assays. Hybridomas 7B7 and 6E2 were selected based on 

their ability to inhibit invasion. In parallel, hybridoma supernatants were screened for membrane 

fluorescence immunoreactivity using an FITC-labelled secondary antibody, on unfixed Mia PaCa-2 clone 

3 cells. Twenty-two supernatants (from a total of 335 screened) showed strong immunoreactivity on 

Mia Paca-2 clone 3 cells. Hybridomas 8F4, 3E2, 5B5, 1E5, 6D6 and 7B7 showed strong immunoreactivity; 

8F4 and 7B7 showed more intense staining in Mia PaCa-2 clone 3 cells compared with the poorly 

invasive Mia PaCa- 2 clone 8 cells. Selected antibodies 7B7 and 6E2 were cloned by limiting dilution and 

re-screened (duplicate samples) using both the 24-well and the 96-well invasion assay methods. The 7B7 

clone G52 was selected for further study as it showed the strongest anti-invasive effects in Mia PaCa-2 

clone 3 cells and showed strong cell surface expression on these cells (Figure 6-1 Figure 6-2) (note that 

7B7 G52 is referred to, throughout this manuscript as 7B7, its parental name). 

 

6.3.2 Isotyping of MAb 7B7 

Using a commercial isotyping kit, the isotype of antibody 7B7 was determined to be an IgM (data not 

shown). 
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6.3.3 MAb 7B7 impedes the invasive potential of aggressive cancer cells in vitro 

In order to ascertain if antibody 7B7 could also impede invasion in other aggressive cancer cell types, we 

also investigated its anti-invasive effects in glioma, lung, colon and breast cancer cell lines. Antibody 7B7 

blocked the ability of DLKP-M squamous lung carcinoma cells (mean inhibition level of 32.2 %) (Figure 

6-2) and H1229 large cell lung carcinoma cells (mean inhibition level of 30.6 %) to invade through 

Matrigel (Figure 6-5). The anti-invasive effects of 7B7 in the other aggressive cancer types were not as 

marked: SNB-19 glioma, mean inhibition level of 27 %; HCT-116 colon adenocarcinoma, mean inhibition 

level of 24.2 %; SKBR-3 HER-2 positive breast, mean inhibition level of 25.6 %; and TNBC MDA-MB-231, 

mean inhibition level of 23 % in the preǎŜƴŎŜ ƻŦ ƛŘŜƴǘƛŎŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ т.т όрл ˃ƎκƳƭύ όFigure 6-5 

Figure 6-6) (mean inhibition, figures from a minimum of three independent experiments). To further 

characterise the 7B7 functional blocking antibody, its ability to inhibit invasion in a dose-responsive 

manner was determined in Mia PaCa2-clone 3 cells and DLKP-M squamous carcinoma cells (Figure 6-1). 

Antibody 7B7 significantly inhibited invasion in a dose-responsive manner in both cell lines; represented 

histograms are presented in figure 6-1. Furthermore, 7B7 was also found to inhibit motility in a dose-

responsive manner in Mia PaCa-2 clone 3 cells (see supplementary data 

https://link.springer.com/article/10.1007%2Fs13277-014-1857-5 ); effects on motility in other 

aggressive cell types were not determined, so it cannot be concluded if antibody 7B7 is capable of 

blocking cancer cell motility. 

6.3.4 MAb 7B7 recognises a membrane associated target antigen 

Immunofluorescence staining of highly invasive Mia PaCa-2 clone 3 cells and drug resistant Mitox6p cells 

with 7B7 revealed strong membrane reactivity on both of these cell lines (Figure 6-2); weaker 

immunoreactivity was observed on poorly invasive Mia PaCa-2 clone 8 cells and DLKP-SQ, the parental 

drug-sensitive clone of DLKP-SQ Mitox-BCRP 6P. These results suggested that the 7B7 antigen may 

possibly be associated with an aggressive cancer phenotype, i.e. highly invasive/drug sensitive cell. 

Taken together with 7B7s ability to impede the invasive potential of various cancer cell types, the 

observed 7B7 immunoreactivity strongly suggests that this antibody binds to its native putative target 

antigen on the cell surface in these invasive cell lines. 
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6.3.5 Identification of the 7B7 target antigen 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) separation followed western 

blotting analysis with 7B7 revealed no potential reactive antigen band(s), suggesting that this antibody is 

recognising a conformational and not a liner epitope. We previously successfully used an 

immunoprecipitation approach coupled with proteomic analysis to identify the target antigen of 

antibody 5C3 (Larkin et al. 2005). As we had determined the isotype of antibody 7B7 to be an IgM, we 

used a modification of our previous approach utilising a commercially sourced immunoprecipitation kit 

with involved direct immobilisation of purified antibody to aldehyde-activated agarose beads. So, in 

addition to eliminating immunoprecipitation contaminating antibody, protein A/G is not involved, thus 

its suitability for IgM immobilisation. Cell extracts from Mia PaCa-2 clone 3 cells and DLKP-M cells were 

immunoprecipitated with MAb 7B7. SDS-PAGE and MS-compatible Coomassie Blue staining revealed 

two reactive bands of approximately 80 and 70 KDa, in immunoprecipitates from both cell lines which 

were not present on control mouse IgM immunoprecipitates. A representative gel is shown in Figure 6-3 

showing reactive bands in immunoprecipitated Mia PaCa-2 clone 3 extracts. These two bands were 

excised and subjected to in-gel digestion followed by liquid chromatography mass spectrometry. They 

were identified as the ATP dependent DNA helicase 2 subunit 1 (Ku70) (molecular weight 69.79 KDa) 

and the ATP dependent DNA helicase 2 subunit 2 (Ku80) (molecular weight 82.65 KDa) (Table 6-1). 

Immunoprecipates were identified with commercial antibodies directed against Ku70 and Ku80, 

confirming these identifications (see supplementary data 

https://link.springer.com/article/10.1007%2Fs13277-014-1857-5 ). 

 

6.3.6 RNA interference-mediated knockdown of Ku70 and Ku80 suppresses the invasive 
capacity of Mia PaCa-2 clone 3 and DLKP-M cells  

As we had demonstrated that incubation with MAb 7B7 can significantly inhibit tumour invasion in a 

dose-responsive manner in the Mia PaCa-2 clone 3 and DLKP-M cell lines, we then determined the 

effects of siRNA-mediated knockdown on proliferation and invasion to establish if Ku70/Ku80 is 

functionally involved and thus has therapeutic relevance in these two aggressive cancer types. Two 

independent siRNAs were used to successfully knockdown both subunits of the Ku heterodimer in the 

two cell lines. Down regulation of both Ku70 and Ku80 significantly reduced the invasive capacity of both 

cell lines to invade compared with cells transfected with scrambled control siRNA as indicated by a 

marked decrease in the number of cells invading through matrigel (Figure 6-4 Figure 6-5). Cells 
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transfected with Ku70 and Ku80 siRNA grew at a similar rate to scrambled control transfected cells 

indicating that down regulation of Ku70/Ku80 has no effect on proliferation in these cell lines, indicating 

that the anti-invasive effects of antibody 7B7 are not secondary to the effects on cell growth (see 

supplementary data https://link.springer.com/article/10.1007%2Fs13277-014-1857-5). These siRNA 

knockdown experiments demonstrate that Ku70 and Ku80 are required for invasion of these aggressive 

PDAC and squamous lung carcinoma cell lines and thus are functionally involved in pancreatic and lung 

cancer invasion in vitro.  

6.3.7 MAb 7B7 impedes the adhesion potential of Mia PaCa-2 clone 3 and DLKP-M cells  

Adhesion of a tumourigenic cell to the basement membrane is a crucial stage in the invasion process. 

Thus, the effect of MAb 7B7 on the adhesive potential of Mia PaCa-2 clone 3 cells was assessed. In the 

presence of MAb 7B7, a small decrease in the adhesion of Mia PaCa-2 clone 3 cells to matrigel and DLKP-

M cells to fibronectin was observed (see supplementary data 

https://link.springer.com/article/10.1007%2Fs13277-014-1857-5 ). 

6.3.8 MAb inhibits MMP activity in DLKPM cells 

Following treatment of squamous lung DLKP cells with antibody 7B7, effects on MMP activity were 

determined. As demonstrated in Figure 6.6, zymographic analysis of conditioned medium (collected 

over 72 h) from DLKP-M cells treated for 24 h with antibody 7B7 revealed reductions in pro and active 

MMP-10 and pro-MMP-2 compared with conditioned medium from cells treated with hybridoma 

control medium only. These results indicated that 7B7 may be eliciting its anti-invasive effects through 

reduction of MMP-2 and MMP-10 activities in DLKP-M cells. 

6.3.9 IHC analysis of Ku70/Ku80 expression in pancreatic cancer  

TMA cores were scored according to the intensity of the Ku70/Ku80 immunoreactivity observed (weak, 

moderate, and strong) (Table 6-2). Duplicate cores were stained in all cases; there was complete 

concordance between duplicates. Nuclear Ku70/Ku80 immunoreactivity was observed in all cases; some 

cytoplasmic localised staining was also observed. In addition, cytoplasmic staining of stromal cells was 

observed in a number of tumours. Ku70/Ku80 immunoreactivity was present in 40/40 tumours (37 

PDAC, 2 acinar, and 1 squamous). All of the high-grade tumours studied exhibited either moderate or 

strong Ku70/Ku80 immunoreactivity, suggesting a possible trend of increased expression of Ku70/Ku80 

with more aggressive PDAC tumours. Weak Ku70/Ku80 expression was also observed in 2/5 normal 
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pancreatic tissues; 3/5 tissues showed intermediate immunoreactivity. Representative 

photomicrographs are shown in  

Figure 6-7. We were not able to establish if membrane Ku70/Ku80 expression is present in PDAC, as this 

commercial antibody has not been demonstrated to be specific for Ku70/Ku80 membrane expression. 
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Figure 6-1. MAb 7B7 blocks cancer invasion in PDAC Mia PaCa-2 clone 3 cells and DLKP-M squamous lung cells. a The invasive potential of Mia PaCa-2 clone 3 
cells is significantly reducŜŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ рл ˃ƎκƳƭ ƻŦ ŀƴǘƛōƻŘȅ т.тΤ ƛƴǾŀǎƛƻƴ ƛǎ ŀƭǎƻ ǊŜŘǳŎŜŘΣ ǘƻ ŀ ƭŜǎǎŜǊ ŜȄǘŜƴǘΣ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ нр ˃ƎκƳƭ ƻŦ 
antibody, indicating that MAB 7B7 can significantly reduce the invasive potential of this cell line in a dose responsive manner. b The invasive potential of 
DLKP-a ŎŜƭƭǎ ƛǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǊŜŘǳŎŜŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ рл ˃ƎκƳƭ ƻŦ ŀƴǘƛōƻŘȅ т.тΤ ƛƴǾŀǎƛƻƴ ƛǎ ŀƭǎƻ ǊŜŘǳŎŜŘΣ ǘƻ ŀ ƭŜǎǎŜǊ ŜȄǘŜƴǘΣ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ нр ˃ƎκƳƭ ƻŦ 
antibody, indicating that MAB 7B7 can significantly reduce the invasive potential of this cell line in a dose-responsive manner. In both cases, the total 
number of cells invading through Matrigel is shown. Data plotted represent the mean ± standard deviation from a representative experiment carried out in 
duplicate. StatistiŎǎΥ ϝǇҖлΦлрΣ ϝϝǇҖлΦлмΣ ŀƴŘ ϝϝϝǇҖлΦллр ŎƻƳǇŀǊŜŘ ǿƛǘƘ ƘȅōǊƛŘƻƳŀ ƳŜŘƛǳƳ ŎƻƴǘǊƻƭ όƴƻ a!ōύΦ {ǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘ όǘǿƻ-tailed with equal 
variance, unpaired). c Representative photomicrographs of Mia PaCa-2 clone cells invaded through Matrigel-coated Boyden invasion chambers (8-˃Ƴ ǇƻǊŜ 
size) (stained with 0.25 % crystal violet (w/v) in the presence of two different concentrations of antibody (original magnifiŎŀǘƛƻƴΣ ҎмллΤ ǎŎŀƭŜ ōŀǊҐ нлл ˃ƳύΦ 
d Representative photomicrographs of DLKPM cells invaded through Matrigel-coated Boyden invasion chambers (8-˃Ƴ ǇƻǊŜ ǎƛȊŜύ όǎǘŀƛƴŜŘ ǿƛǘƘ лΦнр ҈ 
crystal violet (w/v) in the presence of two different concentrations of antibody (original magnification, ×100; scale bar= 20л ˃ƳύΦ !ƭƭ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ 
performed a minimum of three times, and representative results are presented.
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Figure 6-2. Immunofluoresence cell surface staining of antibody 7B7. MiaPaCa-2 clone 3 (a) and Mia PaCa-2 clone 8 (b) pancreatic ductal adenocarcinoma 
cells and DLKP Mitox-BCRP 6P, drug-resistant lung squamous carcinoma cells (H. Joyce, unpublished) (c) with their sensitive parent cells, DLKPSQ (d) and 
stained with antibody 7B7. Membrane 7B7 immunoreactivity is observed in invasive Mia PaCa-2 clone 3 and drug-resistant DLKP Mitox-BCRP 6P cells, Mia 
PaCa-2 clone 8 cells which are poorly invasive in vitro show more cytoplasmic-like 7B7 immunoreactivity only, DLKPSQ cells show very weak 7B7 
immunoreactivity. c, d Counter stained with propidium iodide. Original magnificaǘƛƻƴ ƻŦ ŀƭƭ ǇƘƻǘƻƳƛŎǊƻƎǊŀǇƘǎΣ ҎпллΣ ǎŎŀƭŜ ōŀǊҐнл ˃ƳύΦ 
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Figure 6-3. Identification of MAb 7B7 target antigens by immunoprecipitation. Cross-linked immunoprecipitation of cell lysates with 7B7MAb and control 
mouse IgM separated by SDS-PAGE and stained with 0.25 % Coomassie Blue. Lane 1 molecular weight markers, lane 2 Mia PaCa-2 clone 3 
immunoprecipitated with mouse IgM, lane 3 Mia PaCa-2 clone 3 immunoprecipitated with MAb 7B7. Two bands are observed; at approximately 80 kDa, 70 
kDa were excised and run through an Orbitrap XL mass spectrometer for identification. No antibody heavy and light chains are present. Non-binding 
agarose beads were also used as a control (data not shown). Experiment was performed three times, and a representative scanned gel is shown. DLKP-M 
cells were also immunoprecipitated with antibody 7B7 and resulted in the same 70 and 80-kDa reactive bands (data not shown). 
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Figure 6-4. The siRNA-mediated interference knockdown of both Ku70 and Ku80 reduces invasive capacity of Mia PaCa-2 clone 3 cells. (a), (b) Immunoblots 
showing effective knockdown of Ku70 (a) and Ku80 (b) at 48-h post-transfection in Mia PaCa-2 clone 3 cells transfected with two independent siRNAs 
targeting Ku70 and Ku80, respectively, relative to scrambled control siRNA-ǘǊŀƴǎŦŜŎǘŜŘ ŎŜƭƭǎΦ ʰ-Tubulin served as a loading control. (c), (d) Representative 
histograms showing reduced invasive capacity of Mia PaCa-2 clone 3 cells in a Boyden chamber assay following transfection with Ku70- and Ku80-targeted 
siRNAs. The total number of cells invading through Matrigel is shown. Data plotted represent the mean ± standard deviation of duplicate transwell inserts 
from a representative eȄǇŜǊƛƳŜƴǘΦ {ǘŀǘƛǎǘƛŎǎΥ ϝǇҖлΦлрΣ ϝϝǇҖлΦлмΣ ŀƴŘ ϝϝϝǇҖлΦллр ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǎŎǊŀƳōƭŜŘ ǎƛwb! ŎƻƴǘǊƻƭΦ {ǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘ όǘǿƻ-tailed with 
equal variance, unpaired). (e), (f) Representative photomicrographs showing invasion status of Mia PaCa-2 clone 3 cells following transfection with siRNAs 
targeting Ku70 (e) and Ku80 (f), respectively. A decrease in invasion can be observed following siRNA transfections of both Ku70 and Ku80 compared with 
ǎŎǊŀƳōƭŜŘ ŎƻƴǘǊƻƭ ƛƴǎŜǊǘΦ hǊƛƎƛƴŀƭ ƳŀƎƴƛŦƛŎŀǘƛƻƴΣ ҎмллΤ ǎŎŀƭŜ ōŀǊҐнлл ˃ƳΦ !ll experiments were performed in a minimum of three times, and representative 
results are presented. 
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Figure 6-5. siRNA-mediated interference knockdown of both Ku70 and Ku80 reduces invasive capacity of DLKP-M cells. (a), (b) Immunoblots showing 
effective knockdown of Ku70 (a) and Ku80 (b) at 48-h post-transfection in DLKP-M cells transfected with two independent siRNAs targeting Ku70 and Ku80, 
respectively, relative to scramble control siRNA-transfected ŎŜƭƭǎΦ ʰ-Tubulin served as a loading control. (c), (d) Representative histograms showing reduced 
invasive capacity of DLKP-M cells in a Boyden chamber assay following transfection with Ku70 and Ku80 siRNAs. The total number of cells invading through 
matrigel is shown. Data plotted represent the mean ± standard deviation of duplicate transwell inserts from a representative experiment. Statistics: 
ϝǇҖлΦлрΣ ϝϝǇҖлΦлмΣ ŀƴŘ ϝϝϝǇҖлΦллр ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǎŎǊŀƳōƭŜŘ ǎƛwb! ŎƻƴǘǊƻƭΦ {ǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘ όǘǿƻ ǘŀƛƭŜŘ ǿƛǘƘ Ŝǉǳŀƭ variance, unpaired). e, f Representative 
photomicrographs showing invasion status of DLKP-M cells following transfection siRNAs targeting Ku70 (e) and Ku80 (f), respectively. A decrease in 
invasion can be observed following siRNA transfection of both Ku70 and Ku80 compared with scrambled control insert. Original magnification, ×100; scale 
ōŀǊҐнлл ˃ƳύΦ !ƭƭ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀ ƳƛƴƛƳǳƳ ƻŦ ǘƘǊŜŜ ǘƛƳŜǎΣ ŀƴŘ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ǊŜǎǳƭǘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ. 

 
 
 



210 
 

 
 

Protein name      Gene symbol  Protein Accession     MW (kDa) 
ATP-dependent DNA helicase 2 subunit 1 XRCC6   gi|169145199|   69.79 
ATP-dependent DNA helicase 2 subunit 2 XRCC5   gi|125731|  82.65 
 

 

Table 6-1. The 7B7 target antigens identified by immunoprecipitation/LCMS- MS. These proteomic identifications were validated by probing Mia PaCa-2 
clone 3 and DLKP-M immunoprecipitates with commercial antibodies specific for both the Ku70 and Ku80 subunits of the Ku heterodimer, confirming these 
proteomic identifications. 

 
 
 
 
 

       
 

Grade 3    5/12 strong 
7/12 moderate 
 

Grade 2    3/12 strong 
5/12 moderate 
4/12 weak 
 

Grade 1    3/13 strong 
7/13 moderate 
3/13 weak 

 
 
Table 6-2. Ku70/Ku80 immunoreactivity in grades 1, 2 and 3 PDAC tumours.  
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Figure 6-6. Antibody 7B7 reduces MMP activity in squamous lung carcinoma DLKP-M cells. MMP activity in DLKP-M cells. a Gelatin zymography analysis of 
conditioned medium collected over 72 h from DLKP-M cells showing presence of both pro and active (lower band) MMP-2 in DLKP-M cells. b Caesin 
zymography analysis of conditioned medium collected over 72 h from DLKP-M cells showing the presence of both pro and active (lower band) MMP-10 in 
DLKP-M cells. MMP activity in DLKP-M cells treated with antibody 7B7. c Gelatin zymography analysis of conditioned medium collected over 72 h following 
treatment of DLKP-a ŎŜƭƭǎ ǿƛǘƘ рл ˃Ǝ ƻŦ a!ō т.тΦ ! ǊŜŘǳŎǘƛƻƴ ƛƴ aat-2 activity in DLKP-M antibody-treated cells is observed compared with control 
hybridoma medium only (no antibody). D Caesin zymography analysis of conditioned medium collected over 72 h following treatment with antibody 7B7. A 
marked reduction inMMP-10 activity (pro and active) is observed in DLKP-M cells treated with antibody 7B7 compared with cells treated with control 
hybridoma medium only (no antibody). Three independent experiments were performed in all cases, and representative zymograms are shown. 
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Figure 6-7. Immunohistochemical analysis of Ku70/Ku80 in (PDAC). Ku70/Ku80 expression was studied in 37 PDAC tumours and 5 normal pancreatic tissues 
using a commercial pancreatic cancer TMA (US Biomax). Duplicate cores from each patient were stained, and Ku70/Ku80 immunoreactivity was scored 
according to the staining intensity observed (weak, moderate, and strong. Representative photomicrographs are shown, (a) a low-grade PDAC tumour 
showing weak Ku70/Ku80 immunoreactivity, while strong Ku70/Ku80-positive staining is observed in grade 2 (b) and grade 3 tumours (d). Stromal 
Ku70/Ku80 immunoreactivity can be observed in (d) and in a second high grade PDAC (c). Original magnification of photomicrographs of a, b and d is×400 
όǎŎŀƭŜ ōŀǊҐмлл ˃ƳΤ ŎҎнлл όǎŎŀƭŜ ōŀǊҐрл ˃Ƴύ. 
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6.4 Discussion 

 

Despite the considerable success of MAbs in cancer therapy, there is still an unmet need 

for novel antibody therapeutics in oncology. Metastasis remains a huge therapeutic 

challenge, and a number of aggressive cancers currently lack well defined therapeutic 

targets. The key challenge for antibody discovery for these unmet cancers is the 

continued identification of novel targets that are suitable for therapeutic antibody or 

ADC targeting. Therapeutic antibody target discovery can broadly be classified into two 

main approaches: antibody targeting of proteins with established, validated roles in 

cancer and antibody development without prior knowledge of the target which is based 

on functional screening.  

Here, we report the isolation and characterisation of an anti-invasive blocking antibody 

ǿƘƛŎƘ ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ ǳǎƛƴƎ ǎǳŎƘ ŀ άŦǳƴŎǘƛƻƴŀƭ ǎŎǊŜŜƴƛƴƎέ ƻǊ ŦǳƴŎǘƛƻƴ ŦƛǊǎǘ ƘȅōǊƛŘƻƳŀ 

screening approach. Such phenotypic-based antibody screening approaches are 

increasingly been described for antibody discovery (Beck et al. 2010). Our strategy 

involved the generation and selection of functional anti-invasive MAbs directed against 

the Mia PaCa-2 clone 3 cell line, with the overall objective of identifying cell surface 

protein targets with a direct role in cancer invasion that may be tractable to 

antibody/ADC therapy. This isogenic cell line which was previously isolated in this 

laboratory displays the characteristics of an aggressive cancer, with decreased adhesion 

facilitating increased invasion and motility coupled with an ability to survive in 

anchorage-independent conditions (Walsh et al. 2009). Furthermore, by immunising 

with cancer cells expressing functionally important antigens in their native cell surface 

configuration, it was more likely that we would isolate highly tumour-selective 

antibodies. Following fusion, hybridomas were screened based on their ability to inhibit 

invasion in their target cell line, Mia PaCa-2 clone 3. In parallel, hybridoma supernatants 

were also screened by immunofluorescence staining on unfixed Mia PaCa-2 clone 3 cells. 

Cell surface receptors are key targets for antibody-based therapeutics and account for 

over two thirds of current drug targets. The selected antibody 7B7 was chosen for 

further study, based on its ability to significantly impede invasion in Mia PaCa-2 clone 3 
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cells and its strong membrane immunoreactivity in Mia PaCa-2 clone 3 cells with 

reduced staining in poorly invasive clone 8 cells. DLKP SQ Mitox6p cells, a drug-resistant 

clone also exhibited strong 7B7 immunoreactivity compared with its drug-sensitive 

parent (H. Joyce, unpublished). So, it appeared that the 7B7 target antigen may possibly 

be more highly expressed in cell lines that are representative of a more aggressive 

phenotype, i.e. highly invasive and/or chemo-resistant.  

We further demonstrated that antibody 7B7 could reduce cancer invasion in a panel of 

cell lines representing other aggressive tumour types (lung, glioma, colon, and breast). 

Its anti-invasive effects, however, were not as strong as that observed in Mia PaCa-2 

clone 3. The observed variation in the extent of inhibition may reflect varying expression 

of the 7B7 target antigen in these cell lines, or it may suggest that our antibody is more 

selective for Mia PaCa-2 clone 3 PDAC cells. As the most striking anti-invasive effects 

were observed in pancreatic and lung cell lines, we then demonstrated that MAb 7B7 

can significantly reduce invasion in a dose dependent manner in both Mia PaCa-2 clone 3 

and DLKP M cells. Tumour invasion involves both the formation and the loss of adhesive 

contacts of tumour cells with the extracellular matrix. A small reduction in adhesion of 

Mia PaCa-2 clone 3 cells to ECM protein, fibronectin, and in adhesion of DLKPM cells to 

Matrigel in the presence of MAb 7B7 was also observed; this inhibitory effect on 

adhesion may be contributing to the significant decreases in the invasive potential 

observed in these aggressive cancer cells lines with MAb 7B7.  

 In addition to identifying a functional MAb with invasion-blocking activity, our study also 

aimed to reveal its target antigen. No signals could be detected when western blotting 

was performed with antibody 7B7, suggesting that 7B7 is recognising a conformational 

and not a linear epitope. The anti-invasive effects of antibody 7B7 and cell surface 

immunoreactivity observed in invasive cancer cells indicate that this antibody is 

recognising a native target antigen on the membrane of these cells.  

Using an immunoprecipitation cross-lined method, mass spectrometry analysis using LC-

MS-MS identified the immunoprecipitated 70 and 80 kDa bands as the ATP dependent 

DNA helicase 2 subunit 1 (Ku70) and the 80 kDa ATP-dependent DNA helicase 2 subunit 

2 (Ku80) Table 6-1. The antibody immunoprecipitates were validated with commercial 
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antibodies directed against the Ku70 and Ku80 subunits, confirming the proteomic 

identifications (see supplementary data 

https://link.springer.com/article/10.1007%2Fs13277-014-1857-5). Ku is a heterodimeric 

protein composed of two subunits, Ku70 and Ku80; it was originally identified as an 

auto-antigen recognised by the sera of patients with autoimmune disease (Tuteja et al. 

1994). It is normally found in the nucleus where it plays a key role in non-homologous 

end joining (NHEJ), a major pathway in DSB repairs in humans (Muller et al. 2005). 

Ku70/Ku80 is a key mediator in NHEJ and has been implicated in the radiosensitivity of a 

number of cancer types including the bladder, lung, breast, glioma, prostate, head and 

neck and cervix (Groselj, Kerr and Kiltie 2013, Bouchaert et al. 2012, Ma et al. 2012, 

Hassan et al. 2011, Petera et al. 2011, Jia et al. 2010, Söderlund Leifler et al. 2010, 

Cosaceanu et al. 2007). Ku has also been reported to be involved in cisplatin 

chemoresistance of some aggressive cancers such as lung adenocarcinoma, ovarian and 

leukaemic cells (Groselj et al. 2013, Bouchaert et al. 2012, Ma et al. 2012, Hassan et al. 

2011, Petera et al. 2011).  

Functional antibody-blocking experiments with MAb 7B7 directed against Ku70/Ku80 

had demonstrated that incubation of Mia PaCa-2 clone 3 and DLKP-M cells with this anti-

invasive antibody strongly suppressed invasion in a dose dependent manner in both cell 

lines. We then demonstrated that, for the first time, siRNA duplexes specific for both 

Ku70 and Ku80 could substantially reduce the invasive capacity of PDAC (Mia PaCa-2 

clone 3) and lung squamous cancer cells (DLKP-M). These RNA interference-mediated 

knockdown results further strengthen our antibody-blocking results, indicating the 

functional involvement of Ku70/Ku80 in pancreatic and lung cancer invasion. The Ku 

heterodimer has been found to be expressed on the cell surface of various cancer cell 

lines (e.g. neuroblastoma, breast, cervix, and multiple myeloma) (Muller et al. 2005). 

Ku80 has been found to associate with latent and active MMP-9 on the cell surface of 

highly invasive haemapoietic cells (Monferran et al. 2004). MAb 7B7 showed strong 

membrane reactivity on invasive Mia PaCa-2 clone 3 cells and on drug-resistant Mitox6p 

cells. Together with the anti-invasive effects of MAb 7B7, these results strongly suggest 

that our antibody shows specificity for membrane-associated Ku70/Ku80. A number of 

antibodies have been developed against Ku70/Ku80; only one of these, the INCA-X 
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antibody, has been demonstrated to show membrane-associatedKu70/Ku80 expression 

in human cancer tissue, glioma (Persson et al. 2010). This group also demonstrated, 

using their antibody, that Ku70/Ku80 is internalised into pancreatic carcinoma cells, 

suggesting that it has potential therapeutic value (Fransson and Borrebaeck 2006). To 

our best knowledge, the involvement of Ku70/Ku80 in invasion of this aggressive cancer 

type or in lung cancer has not been studied to date. Studies on the role of Ku70/Ku80 in 

cancer invasion/ progression are limited. Inhibition of Ku80 with either TRK mediated 

breast cancer invasion cancer (Lagadec et al. 2010).  

To investigate how 7B7 may be exerting its anti-invasive effects, we then determined if 

antibody 7B7 could alter MMP activity. Treatment of DLKP-M cells with antibody 7B7 

resulted in a reduction in both MMP-2 and MMP-10 activities. Ku70/Ku80 has been 

shown to interact with MMP-9 in highly invasive cancer cells; to our knowledge, 

interactions with other MMPs have not been reported. So, antibody 7B7 may possibly be 

eliciting its anti-invasive effects by reducing MMP activity, at least in the cell line studied 

here.  

It is likely that tumour progression is associated with enhanced NHEJ, and up regulation 

of Ku70/Ku80 has been reported in a number of aggressive tumours such as lung 

adenocarcinoma, breast and gastric cancers (Alshareeda et al. 2013, Li et al. 2013, Ma et 

al. 2012). Conversely, it has been suggested that deficient expression or lack of 

Ku70/Ku80 may result in genomic instability leading to tumourogenesis (Ferenczi et al. 

2010). Earlier phases of melanoma progression are associated with loss of expression of 

Ku70/Ku80, and the binding activity of Ku70/Ku80 was reported to be strongly reduced 

at the advanced tumour stage in breast and bladder tumours (Pucci et al. 2009, 

Korabiowska et al. 2002). There are limited investigations focused on DNA repair 

proteins in pancreatic cancer. Ku70 has been implicated in the radiosensitivity of 

pancreatic carcinoma cells, has been shown to block Bax-mediated apoptosis and has 

been shown to be a secondary target for MDM2 inhibitor (Azmi et al. 2010). PDAC is 

highly refractory to systemic therapies and is characterised by a high propensity for local 

invasion and distant metastasis. There is an urgent need to develop new therapeutic 

strategies for this neoplasm. To ascertain if altered expression of Ku70/Ku80 is involved 

in tumourogenesis in PDAC, we determined, using IHC, Ku70/Ku80 expression in 37 
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PDAC tumours and 6 normal pancreatic tissues. Our characterisation studies indicated 

that the 7B7 epitope was destroyed upon formalin fixation as we did not observe any 

immunoreactivity on archival tissues; therefore, a commercial Ku70/Ku80 antibody was 

used for IHC studies. The Ku protein was expressed in all tumours studied, with a trend 

towards possible elevated expression of Ku70/Ku80 in higher grade, i.e. more aggressive 

tumours. Ku70/Ku80 immunoreactivity was also observed in stromal cells in a number of 

tumours. We did observe Ku70/Ku80 expression in some of the normal pancreatic 

tissues stained, albeit weaker immunoreactivity than that observed in the majority of 

the tumours. Determination of Ku70/Ku80 immunoreactivity (and tumour membrane 

specificity, if this can be demonstrated) in a larger PDAC patient cohort with follow-up 

will clarify the role of Ku70/Ku80 in PDAC progression. In terms of its application as a 

potential antibody target for PDAC (or other aggressive neoplasms), 

immunohistochemical expression levels in an extended panel of normal tissues 

(including haemopoietic cells) will need to be carried out.  

The preliminary IHC results presented here, however, demonstrate, for the first time, 

that Ku70/Ku80 is widely expressed in PDAC. Taken together with invasion blocking and 

siRNA-mediated knockdown experiments, our study provides further evidence that 

targeting Ku70/Ku80 with antibodies has therapeutic potential in pancreatic cancer. Our 

observed anti-invasive effects in other cancer cells, while not as striking as Mia PaCa-2 

clone 3 and DLKP-M, suggest that Ku70/Ku80 may be involved in the invasion of other 

aggressive cancer types; further, RNA-mediated interference knockdown studies would 

need to be carried out to confirm any potential functional role for Ku70/Ku80 in these 

cancer types.  

In summary, we have identified a cancer cell surface protein representing a potential 

therapeutic target through characterisation of an anti-invasive MAb generated using a 

functional hybridoma screening approach. Selection of MAbs based on their ability to 

inhibit cancer invasion and immunoprecipitation-based proteomic identification of 

putative target antigens has the potential to identify novel candidate membrane 

proteins for therapeutic antibody targeting or ADC targeting. Furthermore, our approach 

may also complement pre-defined target discovery approaches by assigning cancer-

invasive-associated functions to known targets. 
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Abstract 

Phosphorylation is one of the most important post-translational modifications, playing a crucial 

role in regulating many cellular processes, including transcription, cytoskeletal rearrangement, 

cell proliferation, differentiation, apoptosis, and signal transduction. However, to date, little 

work has been carried out on the phosphoproteome in CHO cells. In this study we have carried 

out a large-scale differential phosphoproteomic analysis of recombinant CHO cells following a 

reduction of culture temperature (temperature shift). The reduction of culture temperature 

during the exponential phase of growth is commonly employed by the biopharmaceutical 

industry to increase product yield; however, the molecular mechanisms of temperature shift in 

CHO cells remain poorly understood. We have identified 700 differentially expressed 

phosphopeptides using quantitative label-free LC-MS/MS phosphoproteomic analysis in 

conjunction with IMAC and TiO2 phosphopeptide enrichment strategies, following a reduction 

in temperature from 37 to 31 °C. Functional assessment of the phosphoproteomic data using 

gene ontology analysis showed a significant enrichment of biological processes related to 

growth (e.g., cell cycle, cell division), ribosomal biogenesis, and cytoskeleton organization, and 

molecular functions related to RNA binding, transcription factor activity, and protein 

serine/threonine kinase activity. Differential phosphorylation of two proteins, ATF2 and 

NDRG1, was confirmed by Western blotting. This data suggests the importance of including the 

post-ǘǊŀƴǎƭŀǘƛƻƴŀƭ ƭŀȅŜǊ ƻŦ ǊŜƎǳƭŀǘƛƻƴΣ ǎǳŎƘ ŀǎ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴΣ ƛƴ /Ih άƻƳƛŎǎέ ǎǘǳŘƛŜǎΦ ¢Ƙƛǎ 

study also has the potential to identify phosphoprotein targets that could be modified using 

cell line engineering approaches to improve the efficiency of recombinant protein production. 

 

Key Words: Chinese hamster ovary, phosphoproteomics, site-specific phosphorylation, 

biopharmaceuticals, temperature shift, recombinant protein production. 
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7.1 Introduction  

 

The Chinese hamster ovary (CHO) cell line is still the animal cell expression system of 

choice for production of recombinant therapeutic proteins due to their ability to produce 

grams/L of high quality protein, their robust nature, their track record in industry, and their 

safety record (Walsh 2014, Wurm 2004). As a result, there is significant scientific and 

commercial interest in research that could improve the productivity of CHO cells as this 

dominance is likely to continue. Improving the efficiency of production of these biologics 

will be critical in controlling costs to healthcare systems as more of these drugs come to 

market.  

There has been considerable success in developing high-producing CHO cell culture 

processes using approaches such as optimisation of media formulation, improvements in 

expression vector design, and also improvements in the design of bioreactors (Hacker, De 

Jesus and Wurm 2009). The next generation of improvements are being made via genetic 

engineering of the host (CHO) cell itself to increase or decrease the expression of 

endogenous genes depending on the desired outcome, in order to improve the efficiency 

of the production of therapeutic protein product (Fischer, Handrick and Otte 2015). In 

order to enhance the production capabilities and efficiency of the host cell line, an 

increased understanding of cellular physiology of CHO cells is of critical importance. 

There have been a number of proteomic studies in CHO to try to understand phenotypes 

relating to growth and productivity by our group and others (Sommeregger et al. 2016, 

Orellana et al. 2015, Meleady et al. 2011, Doolan et al. 2010, Carlage et al. 2009, Meleady 

et al. 2008a). However, the vast mŀƧƻǊƛǘȅ ƻŦ ΨƻƳƛŎ ōŀǎŜŘ ǎǘǳŘƛŜǎ ƛƴ /ƘƛƴŜǎŜ ƘŀƳǎǘŜǊ ƻǾŀǊȅ 

(CHO) cells to date has missed out on the post-translational level of regulation, which is 

surprising given their pivotal role in regulating cellular events such as growth and apoptosis 

(Farrell et al. 2014). Genomic and transcriptomic approaches are blind to post-translational 

modifications (PTMs) such as phosphorylation, making proteomics the only way to study 

these on a global scale (Angel et al. 2012).  

Reversible protein phosphorylation occurring on serine, threonine, and tyrosine residues is 

one of the most important and most studied post-translational modifications, and plays a 
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crucial role in the regulation of many cellular processes including transcription, cytoskeletal 

rearrangement, cell proliferation, differentiation, apoptosis and signal transduction 

pathways (Yan and He 2008), hence are likely to be central to understanding and 

controlling bioprocess-relevant phenotypes. PTMs determine protein function by altering 

activity, cellular location, turnover, and interaction with other proteins (Choudhary and 

Mann 2010). Protein modifications are involved in most signaling events driving 

communication from the cell membrane to the nucleus in response to external stimuli. 

Because PTMs are a central mechanism for signal transduction and regulation, knowledge 

of the protein targets and modified amino acid sites sheds light on important aspects of 

signaling and regulation.  

Despite this, to date little work has been carried out on the phosphoproteome in CHO cells. 

Phosphoproteomics, when mapped to metabolic and genetic networks, have the potential 

to improve our understanding in controlling key regulatory events in the cell (Gutierrez and 

Lewis 2015). One of the earliest profiling studies in CHO cells found alterations in the levels 

of tyrosine phosphorylation on an 80 kDa and 180 kDa protein following temperature shift 

ŦǊƻƳ отɕ/ ǘƻ омɕ/Τ ǘƘƛǎ ǇǊƻǾƛŘŜŘ ǘƘŜ ŦƛǊǎǘ ŜǾƛŘŜƴŎŜ ƻŦ /Ih ŎŜƭƭǎ ŀŎǘƛǾŜƭȅ ǊŜǎǇƻƴŘƛƴƎ ŀǘ ǘƘŜ 

post-translational level to changes in culture temperature (Kaufmann et al. 1999). The 

reduction of culture temperature during the exponential phase of growth is commonly 

employed by biopharma to increase product yield (Becerra et al. 2012). There has been 

some work looking at protein translation and phosphorylation events following reduction 

in temperature. A decrease in global protein synthesis has been attributed to the 

ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ ǘƘŜ ƛƴƛǘƛŀǘƛƻƴ ŦŀŎǘƻǊ ŜLCнʰ (Underhill et al. 2005). More recently 

exposure of CHO-K1 cells to mild hypothermia was found to activate the ATR (ataxia 

telangiectasia mutated- and Rad3-related kinase) ςp53 ς p21 signaling pathway, where it 

was found that p53 is phosphorylated at Ser15 through ATR activation; at the same time 

ATR activates p38 MAPK, resulting in the phosphorylation of p53 at Ser33 and Ser46, that 

subsequently enhances Ser15 phosphorylation. P53 subsequently activates transcription of 

the downstream target p21, which leads to cell cycle arrest (Roobol et al. 2011).  

In recent years high-throughput and quantitative phosphoproteomics based on mass 

spectrometry has emerged as a powerful tool to study signal transduction pathways and 

cellular responses (Macek, Mann and Olsen 2009, Jensen et al. 2006, Cohen 2001). The 
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complexity and importance of the cellular processes that rely upon phosphorylation for 

such signaling events becomes apparent when it is realised that approximately 30% of all 

eukaryotic proteins can become phosphorylated (Olsen et al. 2010, Cohen 2001), though 

some of these phosphorylation events may be physiologically irrelevant and may not be 

required for cell signaling (Dephoure et al. 2013).  

Lƴ ǘƘƛǎ ΨǇǊƻƻŦ-of-ŎƻƴŎŜǇǘΩ ǎǘǳŘȅ ǿŜ ƘŀǾŜ ŎŀǊǊƛŜŘ ƻǳǘ ŀ ǇƘƻǎǇƘƻǇǊƻǘŜƻƳƛŎ ŀƴŀƭȅǎƛǎ ƻŦ /Ih-

{9!t ŎŜƭƭǎ ǎǳōƧŜŎǘŜŘ ǘƻ ŀ ŎǳƭǘǳǊŜ ǘŜƳǇŜǊŀǘǳǊŜ ǎƘƛŦǘ ŦǊƻƳ отɕ/ ǘƻ омɕ/Φ tƘƻǎǇƘƻǇŜǇǘƛŘŜ 

enrichment of protein digests in combination with quantitative label-free LC-MS/MS 

proteomic analysis was used to compare differential expression of phosphorylated proteins 

following temperature shift. Phosphopeptide enrichment using immobilized metal ion 

(Fe3+ or Ga3+) affinity chromatography (IMAC) and metal oxide affinity chromatography 

(MOAC) using TiO2 or ZrO2 are widely used in phosphoproteomic studies (Angel et al. 2012)  

and are often used in parallel to increase phosphoproteome coverage (von Stechow, 

Francavilla and Olsen 2015). Their use in the phosphoproteomic analysis of CHO cells has 

not been reported to date making this study an important step towards a better 

understanding of CHO cell physiology at a systems biology level. 

 

7.2 Materials and Methods 

 

7.2.1  Cell Culture  

CHO K1 cells stably transfected with an expression vector encoding human secreted alkaline 

(SEAP) were previously established in our laboratory.26 Eight shake flasks of CHO SEAP cells 

seeded at 2x105 cells/mL were set up in a 50 mL volume containing CHO-S-SFMII (Thermo 

Fisher Scientific) serum-ŦǊŜŜ ƳŜŘƛŀ ƛƴ ŀ ōŀǘŎƘ ŎǳƭǘǳǊŜ ŀǘ отɕ/ ŀƴŘ р҈ /h2 in a Kuhner Climo-

Shaker ISF1-X orbital shaker (Kuhner) at 170 rpm. After 48 hours, four flasks were selected for 

temperature-shift and were placed in ŀ омɕ/ ƻǊōƛǘŀƭ ǎƘŀƪŜǊ ŦƻǊ ǘƘŜ ǊŜƳŀƛƴŘŜǊ ƻŦ ǘƘŜ ŎǳƭǘǳǊŜ 

ǇŜǊƛƻŘ ǿƘƛƭŜ ǘƘŜ ǊŜƳŀƛƴƛƴƎ п Ŧƭŀǎƪǎ ǿŜǊŜ ƳŀƛƴǘŀƛƴŜŘ ŀǘ отɕ/Φ !ŦǘŜǊ ŀ ŦǳǊǘƘŜǊ ос ƘǊǎ ƛƴŎǳōŀǘƛƻƴ 

CHO SEAP cells were harvested from both temperature-shifted and non-temperature-shifted 

cultures. 36 hours was selected because this is more than sufficient time for consistent 

phosphorylation events in direct response to culture temperature reduction to take place and 



228 
 

allow any changes in phosphorylation that may be as a result of shock to subside. Based on 

other growth profiling experiments, 36 hrs post temperature shift is also still within the 

exponential phase of growth for this cell line. Cellular growth and viability was assayed using a 

Guava Benchtop Cytometer after staining with ViacountTM (Millipore) while SEAP activity was 

measured using the phosphatase assay as described previously (Barron et al. 2011, Lipscomb et 

al. 2005). SEAP was reported in terms of activity (unit/min/mL) rather than protein quantity. 

Normalised activity referred to the measured activity divided by the cell number per unit 

volume. All cell lines were free of Mycoplasma contamination, as tested monthly with the 

indirect Hoechst staining method. 

 

7.2.2 Cell Lysate Sample Preparation 

Cells were pelleted by centrifugation, washed with 50 mM ice cold HEPES and then snap frozen 

and stored at -улɕ/ ǳƴǘƛƭ ǊŜǉǳƛǊŜŘΦ /Ŝƭƭǎ ǿŜǊŜ ƭȅǎŜŘ ƛƴ ŀ ōǳŦŦŜǊ ŎƻƴǘŀƛƴƛƴƎ т a ¦ǊŜŀΣ н a 

Thiourea, 4% CHAPS, 30 mM Tris, pH 8.5, 1x HALT protease inhibitors (Thermo Fisher 

Scientific), 1X HALT phosphatase inhibitors (Thermo Fisher Scientific) and incubated on ice for 

20 minutes with occasional vortexing. Sample lysates were centrifuged at 14000 xg for 15 

ƳƛƴǳǘŜǎ ŀǘ пɕ/ ŀƴŘ ǘƘŜ ǎǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ a new microcentrifuge tube and 

assayed for protein concentration using the Quick StartTM Bradford Protein Assay (BioRad).  The 

protein sample was stored in aliquots at -улɕ/Φ  

 

7.2.3 In-Solution Protein Digestion and Phosphopeptide Enrichment 

Protein from the cell lysates was cleaned up using the ReadyPrep 2D Cleanup Kit (BioRad) 

ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ ŎƭŜŀƴŜŘ ǇǊƻǘŜƛƴ ǇŜƭƭŜǘǎ ǿŜǊŜ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ ŀ 

buffer containing 6 M Urea, 2 M Thiourea, 30 mM Tris, pH 8.5 and assayed for protein 

concentration using the QuickStartTM Bradford Protein Assay. Five hundred microgrammes of 

cleaned up protein was diluted with 50 mM Ammonium Bicarbonate so that the final urea 

concentration was less than 1 M. The protein was reduced with freshly prepared dithiothreitol 

ǘƻ ŀ Ŧƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ р Ƴa ŦƻǊ нл ƳƛƴǳǘŜǎ ŀǘ рсɕ/ ŦƻƭƭƻǿŜŘ ōȅ ŀƭƪȅƭŀǘƛƻƴ ǿƛǘƘ ŦǊŜǎƘƭȅ 

prepared iodoacetamide to a final concentration of 15 mM and incubated in the dark for 20 
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minutes at room temperature. Digestion of protein samples was carried out using 

Endoproteinase Lys-/ όtǊƻƳŜƎŀύ ŀǘ ŀ Ǌŀǘƛƻ ƻŦ мллΥмΣ ǇǊƻǘŜƛƴκŜƴȊȅƳŜ ǿκǿ ŀǘ отɕ/ ŦƻǊ о ƘƻǳǊǎ 

followed by trypsin digestion (sequence grade, Promega) at a ratio of 50:1 protein/enzyme w/v 

ŀǘ отɕ/ ƻǾŜǊƴƛƎƘǘΦ ¢ǊƛŦƭǳƻǊƻŀŎŜǘƛŎ ŀŎƛŘ ό¢C!ύ ǿŀǎ ŀŘŘŜŘ ǘƻ a final concentration of 0.5% to each 

ǎŀƳǇƭŜ ǘƻ ƛƴŀŎǘƛǾŀǘŜ ǘƘŜ ǘǊȅǇǎƛƴΦ tŜǇǘƛŘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘƘŜ tƛŜǊŎŜϰ 

Quantitative Fluorometric Peptide Assay (Thermo Fisher Scientific). 20 µg of digested peptide 

were retained from each sample as non-enriched whole cell lysate samples and were purified 

ǿƛǘƘ /му ǎǇƛƴ ŎƻƭǳƳƴǎ όtƛŜǊŎŜΣ ¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

Eluted peptides were gently dried with a vacuum evaporator (SpeedVac). The remaining 

peptides for phosphopeptide enrichment were then purified with graphite spin columns 

όtƛŜǊŎŜΣ ¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ŀƴŘ ŜƭǳǘŜŘ ǇŜǇǘƛŘŜǎ ǿŜǊŜ 

gently dried with a vacuum evaporator (SpeedVac). To ensure reproducibility of the graphite 

spin columns we used the same Lot no. for the complete experiment. The average peptide loss 

was 31% ± 2% for each sample that was subjected to graphite spin column clean-up). Dried 

peptides were resuspended in the relevant resuspension buffer depending on the 

phƻǎǇƘƻǇŜǇǘƛŘŜ ŜƴǊƛŎƘƳŜƴǘ ǳǎŜŘ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƛh2 phosphopeptide 

enrichment and Fe-NTA (IMAC) spin column kits were used in the analysis (both from Pierce, 

Thermo Fisher Scientific). Eluted phosphopeptides from both techniques were once again 

individually cleaned up with graphite spin columns and gently dried with a SpeedVac. 

 

7.2.4 LC-MS/MS analysis 

20 µg of dried phosphopeptide and non-phosphopeptide enriched samples were re-solubilised 

in 25 µL of LC-MS grade water with 0.1% TFA and 2% Acetonitrile (ACN). Nano LCςMS/MS 

analysis was carried out using a Dionex Ultimate 3000 RSLCnano system (Thermo Fisher 

Scientific) coupled to a hybrid linear ion trap/Orbitrap mass spectrometer (LTQ Orbitrap XL; 

¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύΦ  {ƛƭƛŎŀ¢ƛǇϰ {ǘŀƴŘŀǊŘ Coating Tubing OD/ID 360/20µm Tip, ID 10 µm, 

Length 5cm (New Objective) were used as emitter tips for nano electrospray. 

A 5 µL injection of sample was picked up using the autosampler and loaded onto a C18 trap 

ŎƻƭǳƳƴ ό/му tŜǇaŀǇΣ олл ˃Ƴ L5 Ҏ р ƳƳΣ р ˃Ƴ Ǉŀrticle size, 100 Å pore size; Thermo Fisher 

{ŎƛŜƴǘƛŦƛŎύΦ ¢ƘŜ ǎŀƳǇƭŜ ǿŀǎ ŘŜǎŀƭǘŜŘ ŦƻǊ о ƳƛƴǳǘŜǎ ǳǎƛƴƎ ŀ Ŧƭƻǿ ǊŀǘŜ ƻŦ нр ˃[κƳƛƴ ƛƴ лΦм҈ ¢C! 
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containing 2% ACN. The trap column was then switched online with the analytical column 

όtŜǇaŀǇ /муΣ тр ˃Ƴ L5 Ҏ нрл ƳƳΣ о ˃Ƴ ǇŀǊǘƛŎƭŜ ŀƴŘ млл ) ǇƻǊŜ ǎƛȊŜΤ ό¢ƘŜǊƳƻ CƛǎƘŜǊ 

Scientific)) using a column oven at 35°C and peptides were eluted with the following binary 

gradients of: Mobile Phase Buffer A and Mobile Phase Buffer B: 0ς25% solvent B in 240 

minutes and 25ς50% solvent B in a further 60 minutes, where solvent A consisted of 2% 

acetonitrile (ACN) and 0.1% formic acid in water and solvent B consisted of 80% ACN and 0.08% 

formic acid in water. The column flow rate was set to 300 nL/min.  Data was acquired with 

Xcalibur software, version 2.0.7 (Thermo Fisher Scientific).  

The LTQ Orbitrap XL was operated in data-dependent and externally calibrated. Survey MS 

scans were acquired in the Orbitrap in the 400ς1800 m/z range with the resolution set to a 

value of 30,000 at m/z 400. Up to three of the most intense ions (1+, 2+ and 3+) per scan were 

CID fragmented in the linear ion trap. Dynamic exclusion was enabled with a repeat count of 1, 

repeat duration of 30 seconds, exclusion list size of 500 and exclusion duration of 40 seconds. 

The minimum signal was set to 2000.  All tandem mass spectra were collected using a 

normalised collision energy of 35%, an isolation window of 2 m/z with an activation time of 30 

milliseconds. 

 

7.2.5 Quantitative Label-free LC-MS/MS Data Analysis 

The raw MS data files obtained were processed using Progenesis QI for Proteomics software 

(version 2.0; Non-Linear Dynamics, a Waters company, Newcastle upon Tyne, UK). Peptide LC 

retention times from all MS data files were aligned to an assigned reference run (a raw file 

chosen by the software as the most suitable reference for all runs). The samples from the two 

experimental groups were then set up within the Progenesis software for differential analysis.  

Peptide features were filtered using the following parameters; (1) peptide features with 

!bh±! Җ лΦлр ōŜǘǿŜŜƴ ŜȄǇŜǊƛƳŜƴǘŀƭ ƎǊƻǳǇǎΣ όнύ Ƴŀǎǎ ǇŜŀƪǎ ǿƛǘƘ ŎƘŀǊƎŜ ǎǘŀǘŜǎ ŦǊƻƳ Ҍм ǘƻ Ҍо 

and greater than one isotope per peptide. For the phosphoproteomic analysis a mascot generic 

file (mgf) was then generated from all exported MS/MS spectra which was used for peptide 

and protein identification via Proteome Discoverer 2.1 using Sequest HT (Thermo Fisher 

Scientific) and Percolator (Kall et al. 2007) followed by phosphoRS 3.1 (Taus et al. 2011) against 

the NCBI Cricetulus griseus database CRIGR containing 44,065 sequences (fasta file 



231 
 

downloaded November 2015). The following search parameters were used for protein 

identification: (1) peptide mass tolerance set to 20 ppm, (2) MS/MS mass tolerance set to 0.6 

Da, (3) up to two missed cleavages were allowed, (4) carbamidomethylation of cysteine set as a 

fixed modification and (5) methionine oxidation, and serine, threonine and tyrosine 

phosphorylation were set as variable modifications. Only high confident peptide identifications 

ǿƛǘƘ ŀƴ C5w Җ лΦлм όƛŘŜƴǘƛŦƛŜŘ ǳǎƛƴƎ ŀ {9v¦9{¢ I¢ ǿƻǊƪŦƭƻǿ ŎƻǳǇƭŜŘ ǿƛǘƘ tŜǊŎƻƭŀǘƻǊ ǾŀƭƛŘŀǘƛƻƴ 

in Proteome Discoverer 2.1 (Thermo Fisher Scientific)) were imported into Progenesis QI 

software for further analysis if the phosphorylation site in the peptide was localised through 

phosphoRS in Proteome Discoverer 2.1 after applying a site probability cut off score of 75% or 

greater for S, T or Y amino acids (Alpert, Hudecz and Mechtler 2015, Roitinger et al. 2015). 

Once successful phosphopeptide identifications were imported into Progenesis, statistical 

criteria of ANOVA p-value less than 0.05 and a minimum fold-change of relative peptide 

ŀōǳƴŘŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ŜȄǇŜǊƛƳŜƴǘŀƭ ƎǊƻǳǇǎ ƻŦ җ 1.5-fold was set. Phosphopeptides 

which passed these criteria were then deemed to be differentially expressed phosphopeptides 

between the two experimental groups. Data visualisation was achieved using volcano plots and 

heatmaps which were generated using ggplot package in R to show (1) the distribution of all 

identified phosphopeptides based on statistics and fold-change and (2) the relative expression 

levels of the differentially expressed phosphopeptides across all of the samples, respectively. 

For the non-enriched whole cell lysate samples, a statistical criteria of ANOVA p-value less than 

лΦлрΣ ŀ ƳƛƴƛƳǳƳ ƻŦ ǘǿƻ ǇŜǇǘƛŘŜǎ ƳŀǘŎƘŜŘ ǘƻ ŀ ǇǊƻǘŜƛƴ ŀƴŘ ŀ җ 1.5-fold change in relative 

abundance between the two experimental conditions was used as the criteria for identification 

as a differentially expressed protein. 

 

7.2.6 Gene Ontology (GO) Analysis  

Identified differentially expressed proteins were assigned to mouse or human official Gene 

Symbol identifiers. These gene symbols were then imported into DAVID 

(https://david.ncifcrf.gov) for functional pathway analysis using GO. In order to refine the 

number of pathways identified, an adjusted p-ǾŀƭǳŜ ό.ŜƴƧŀƳƛƴƛ IƻŎƘōŜǊƎύ ƻŦ ҖлΦлр ǿŀǎ ǳǎŜŘΦ  
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7.2.7 Western Blot Analysis 

Samples for western blot analysis were prepared in 2X Laemmli sample buffer (Sigma-Aldrich), 

heated at 95 °C for 5 min and then cooled on ice. Protein samples were then loaded onto 4-

12% NuPAGE Bis-Tris gels (InvitrogenTM, Life Technologies). Electrophoretic transfer, blocking 

and development of Western blots were carried out as described previously (Meleady et al. 

2008b). The following primary antibodies were used; polyclonal rabbit anti-ATF2 (dilution 

1:1000, v/v; Abcam, Cambridge, UK); polyclonal rabbit anti-phospho ATF2 (Thr69/Thr51) 

(dilution 1:1000, v/v; Abcam); polyclonal rabbit anti-NDRG1 (dilution 1:1000, v/v; Cell Signalling 

Technology, Danvers, MA, USA); polyclonal rabbit anti-phospho NDRG1 (Ser330) (dilution 

1:1000, v/v; Cell Signalling Technology); monoclonal mouse anti-GAPDH (clone 6C5, dilution 

1:10.000, v/v; Abcam); polyclonal goat anti- -̡actin (dilution 1:1000, v/v, Abcam). Bound 

antibodies were detected using horseradish peroxidase conjugated secondary antibodies (anti-

mouse, dilution 1:2000, v/v; anti-rabbit, dilution 1:2000 v/v; anti-goat, 1:2000, v/v (all from 

Dako, Glostrup, Denmark)). Bands were quantified by densitometry using Image Quant 

software version 5.0 (Amersham Biosciences). Statistical analysis was performed using 

Students t-test. 

 

 

7.3 Results  
 

7.3.1 Differential Phosphoproteomic Analysis of CHOςSEAP Cells Following 
Temperature Shift  

Eight biological replicates of CHO-SEAP cells were cultured for 48 hours, the culture 

temperature was then reduced to 31°C in one set of the four cultures and the second set of 

four cultures were maintained at 37°C (i.e. four biological replicate cultures for each of the two 

experimental conditions). Cells were harvested from both sets of cultures 36 hours post 

temperature shift. 36 hours was selected because this is more than sufficient time for 

consistent phosphorylation events in direct response to culture temperature reduction to take 



233 
 

place and allow any changes in phosphorylation that may be as a result of reduced 

temperature shock to subside. Based on previous growth profiling experiments (results not 

shown), 36 hours post temperature shift was also still within the exponential phase of growth 

for this cell line. This time-point was chosen for cell harvesting as cell signalling events as a 

result of temperature shift may become difficult to decipher from other signalling events later 

in the culture, e.g., reduced growth rate due to cells entering stationary phase. Figure 7-1 

displays the growth and productivity data for CHO-SEAP cells showing the reduced growth of 

the cells after 36 hours post-temperature shift compared to the 37°C cultures with an 

associated increase in productivity at 31°C.  

Five hundred micrograms of whole cell lysate sample was digested and enriched for 

phosphopeptides using TiO2 and Fe-NTA spin columns and then prepared for LC-MS/MS 

analysis; see Figure 7-2 for an outline of the experimental workflow. Five hour reverse phase 

gradients were used to separate the peptides from each enrichment method used. Raw MS 

data was interrogated using Progenesis QI for proteomics label-free LC-MS software to identify 

differentially expressed phosphopeptides between the 37°C and the 31°C cultures. Significant 

increased or decreased expression of phosphopeptides between samples was determined by 

using a fold-change cut-off of +/- 1.5-fold, and a p-value > 0.05 between the two culture 

sample sets. The phosphorylation site in the peptide was localised through phosphoRS 3.1 in 

tǊƻǘŜƻƳŜ 5ƛǎŎƻǾŜǊŜǊ нΦм ŀŦǘŜǊ ŀǇǇƭȅƛƴƎ ŀ ǎƛǘŜ ǇǊƻōŀōƛƭƛǘȅ Ŏǳǘ ƻŦŦ ǎŎƻǊŜ ƻŦ җ тр҈Φнф 

Unsupervised Pearson clustering of the differentially expressed phosphopeptides shows clear 

separation of the sample sets into distinct sample groups relating to the two temperature 

cultures based on phosphopeptide abundance difference as visualised by heatmaps for both 

enrichment methods (see Figure 7-3). From this analysis we identified 384 differentially 

expressed phosphopeptides (182 up and 202 down at 31°C) from the TiO2 enriched samples, 

and 504 differentially expressed phosphopeptides from the Fe-NTA enriched samples (184 up 

and 320 down at 31°C). These phosphopeptides corresponded to 319 differentially expressed 

proteins from the TiO2 samples (150 up and 169 down at 31°C) and 402 differentially expressed 

proteins from the Fe-NTA enriched samples (143 up and 259 down at 31°C), due to in some 

cases more than one differentially expressed phosphopeptides were identified from the same 

protein. See supplementary tables S-1 and S-2 

(https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#notes-2) for the full lists of 
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differentially expressed phosphopeptides from the TiO2 and Fe-NTA enriched samples). The 

total number of phosphopeptides identified was 2,466 from the TiO2 enriched samples and 

3,351 from the Fe-NTA enriched samples. From these total numbers of phosphopeptides 

identified, 15.6% from the TiO2 enrichment and 15% from the Fe-NTA enrichment were found 

to change in relative abundance following a reduction in culture temperature. Volcano plots for 

the two enrichment methods show the distribution of differentially expressed 

phosphopeptides based on p-value on fold-change between the two experimental conditions 

(see Figure 7-4). Only those phosphopeptides which pass the required criteria of a minimum 

fold-change of 1.5 and a p-ǾŀƭǳŜ ƻŦ ҖлΦлр όƛΦŜΦ ǘƘŜ ǇŜǇǘƛŘŜǎ ōƻǘƘ ŀōƻǾŜ ŀƴŘ ǘƻ ǘƘŜ ǊƛƎƘǘ ŀƴŘ ƭŜŦǘ 

of the threshold lines) were deemed differentially expressed between the two culture 

conditions.  

From the results a number of differentially expressed phosphopeptides were found to be in 

common between the two enrichment methods; 44 phosphopeptides were in common with 

decreased expression at 31°C and 50 in common showing increased expression at 31°C. Tables 

7-1 and 7-2 show the overlap of common phosphopeptides between the two enrichment 

methods and differentially expressed in the same direction. A closer look at this analysis 

revealed that 106 phosphosites were identified in common between the two enrichment 

methods ς 46 from phosphopeptides with decreased expression and 60 from phosphopeptides 

with increased expression at 31°C compared to 37°C (some of these phosphopeptides had 

more than one phosphosite identified by mass spectrometry). Examples of common 

phosphopeptides from proteins identified between the two enrichment methods include 

Eukaryotic translation initiation factor 4 gamma 1 (EIF4G), Cyclic AMP-dependent transcription 

factor ATF-2 (ATF2) and Microtubule-associated protein 1B (MAP1B) all showing decreased 

expression at 31°C compared to 37°C (see Table 7-1). Protein NDRG1 (NDRG1), Ras and Rab 

interactor 2 (RIN2) and Serine/threonine-protein kinase 10 (STK10) all show increased 

expression at 31°C compared to 37°C (see Table 7-2). Phosphopeptides relating to ATF2 and 

NDRG1 are highlighted in the Volcano plots as shown in Figure 7-4 to emphasise that both 

surpassed the criteria for being differentially expressed. It has also been found that >85% of 

the phosphorylation sites identified on the CHO proteins are homologous to sites identified in 

human, rat or mouse and shown in Tables 7-1 and 7-2 (as determined using PhosphoSitePlus ® 

and Uniprot). The remaining unmatched sites of phosphorylation are potentially novel CHO-

specific phosphosites. 
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7.3.2 Overlap of phosphoproteomic analysis with non-enriched whole cell lysate 
proteomic analysis of CHO-SEAP cells following temperature shift. 

Quantitative label-free LC-MS/MS proteomic analysis of the non-phosphopeptide enriched 

whole cell lysate samples resulted in the differential expression of 149 proteins with 96 

showing increased expression and 53 with decreased expression following a temperature 

reduction to 31oC (see supplementary Tables S-5 and S-6 

https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#notes-2).  Overlapping the 

differential protein expression list from the non-enriched analysis with the phosphopeptide 

enrichment lists (from both TiO2 and Fe-NTA enrichment) yielded 6 proteins with peptides in 

common (See supplementary Table S-8 

https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#notes-2). It should be noted that 

site-specific phosphorylation was not detected on these common peptides in the non-enriched 

whole cell lysate proteomic analysis. A further 16 proteins overlapped the phosphopeptide 

enrichment protein list that did not share a common peptide (see supplementary Table S-9 

https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#notes-2).  

One of the differentially expressed proteins found to share common peptides between the 

non-enriched and phosphopeptide-enriched samples was vimentin. From the non-enriched 

whole cell lysate analysis 26 peptides were matched to vimentin that contributed to its 

differential expression and identification (see supplementary Table S-7 

(https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#notes-2). Four of the differentially 

expressed phosphopeptides were in common with these 26 peptides (see supplementary Table 

S-8 https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#notes-2). Interestingly one of 

the differentially expressed phosphopeptides from vimentin (TYS*LGSALRPSTSR) showed a 14 

fold increase in expression following a reduction in temperature compared to the 1.7 fold 

increase in expression of the non-phosphorylated version of the peptide identified from the 

non-enriched whole cell lysate analysis. The overall increase in vimentin expression following 

temperature shift from the whole cell lysate proteomic study was 17 fold (see supplementary 

Table S-5 https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#notes-2). Vimentin is a 

major intermediate filament protein and phosphorylation is known to regulate its activity 

(Snider and Omary 2014a). Expression of vimentin has previously been shown to be increased 
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following temperature shift by our group and others (Snider and Omary 2014b, N. Kumar et al. 

2008).Further work would need to be carried out to assess the extent of altered 

phosphorylation of these phosphopeptides compared to their non-phosphorylated form to 

determine a potential role of phosphorylation in regulating vimentin activity following 

temperature shift. 

Phosphorylation is a low stoichiometry modification; as a result phosphopeptides (and 

phosphoproteins) need to be enriched from complex mixtures that have high backgrounds of 

non-phosphorylated proteins (Riley and Coon 2016a), which may explain the relatively low 

overlap between the non-enriched whole cell lysate proteomic and the phosphoproteomic 

data from our study. It could also be due to the low abundant nature of many of the 

phosphoproteins identified that were undetectable in the non-enriched whole cell lysate 

proteomic analysis. 

 

7.3.3 Western Blot Analysis Confirms Differential Phosphorylation of NDRG1 and 
ATF2 Following Temperature Shift 

Western blotting was carried out to validate the results found by quantitative label-free 

phosphoproteomic analysis. Similar approaches have been previously used to determine 

differential phosphopeptide expression using quantitative label-free phosphoproteomic 

approaches followed by altered phosphorylation confirmation by methods such as western 

blotting (Zhang et al. 2016). This would suggest if there were altered phosphorylation levels as 

a result of temperature shift rather than just an increase or decrease in levels of the 

phosphoprotein itself (Chen et al. 2012).  

Primary phospho-specific antibody selection against a target protein was based on the ability 

to detect peptides with homologous amino acid sequences to those identified in this study in 

species such as human, mouse and rat, as few CHO-specific antibodies are available 

commercially. The second requirement was that the antibody was capable of detecting the 

correct site of phosphorylation on the peptide of interest, i.e. the specific phosphorylation site 

was conserved between species. Based on these stipulations, two antibodies were sourced for 

the purpose of this validation, against phosphorylated and total NDRG1 and ATF2 proteins. See 

supplementary Figures S-1 and S-2 
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(https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#notes-2) for sequence alignment 

for human NDRG1 and ATF2 and the CHO-specific forms of NDRG1 and ATF2 derived from the 

CHO protein sequence database (Meleady et al. 2012). The phosphorylation sites highlighted 

are specifically detected by the phospho-specific antibodies chosen to validate the proteomic 

study.  

Following quantitative label-free LC-MS/MS analysis of TiO2 phosphopeptide enriched 

temperature-shifted CHO SEAP whole cell lysates, the monophosphorylated phosphopeptide 

¢!{D{{±¢{[9Dtw ŦǊƻƳ b5wDм ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ ƘŀǾŜ ƛƴŎǊŜŀǎŜŘ ŜȄǇǊŜǎǎƛƻƴ ŀǘ омɕ/ ŎƻƳǇŀǊŜŘ 

ǘƻ отɕC (Table 7-1) and detected using both enrichment strategies (see Figure 7-5A) for 

Progenesis label-free LC-MS/MS software analysis output showing increased expression of this 

phosphopeptide at 31oC). Western blot validation of the phosphorylated form of NDRG1 clearly 

ǎƘƻǿǎ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ŦƻǊƳ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ŀǘ омɕ/ ŎƻƳǇŀǊŜŘ ǘƻ отɕ/ όFigure 

7-5 B and C). Although total NDRG1 was detected in the control cell line (human breast cancer 

cells, SKBR3) it was not detected in the CHO samples (Figure 7-5B); this is possibly as a result of 

the antibody for total NDRG1 not being able to detect the CHO form of the protein or that the 

levels of NDRG1 are undetectable in these CHO-SEAP cells. It should be noted that a search of 

the RAW MS files from LC-MS/MS analysis of CHO whole cell lysate failed to identify the 

NDRG1 protein in the non-enriched samples (not shown); this indicates that NDRG1 is likely to 

be a low abundance protein in CHO-SEAP cells and lends further weight to the possibility that it 

could not be detected by the antibody due to its low abundant nature. 

Decreased expression of the phosphopeptide NDSVIVADQTPTPTR froƳ !¢Cн ŀǘ омɕ/ ǿŀǎ 

shown using both enrichment methods; the Progenesis output from the label-free LC-MS 

proteomic data is shown in Figure 7-6A. Figure 7-6B shows a western blot confirming the 

down-ǊŜƎǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ǇƘƻǎǇƘƻǇŜǇǘƛŘŜ b5{±L±!5v¢t¢t¢w ŦǊƻƳ ǘƘŜ ǇǊƻǘŜƛƴ !¢Cн ŀǘ омɕ/Φ 

There was no change to the expression of total ATF2 detected in the cell lysates by western 

blot analysis which suggests decreased phosphorylation of ATF2 following a reduction in 

culture temperature, as shown by densitometry analysis of the western blot data (Figure 7-6C). 

Because of lack of commercially available phospho-specific antibodies derived from CHO cells 

against the CHO-specific sites of phosphorylation identified in this study, future work would 

use targeted phosphoproteomic approaches such as Selection Reaction Monitoring (SRM) 

(Narumi et al. 2012) or Parallel Reaction Monitoring (PRM) (Abelin et al. 2016) to quantify 
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changes in phosphorylation of other phosphopeptides identified as differentially expressed 

following a reduction in culture temperature. 

 

7.3.4 Gene Ontology (GO) Analysis 

Two individual differentially expressed lists were submitted to DAVID for gene ontology 

analysis. One list was from proteins with phosphopeptides which showed increased expression 

ŀǘ омɕ/ ŦǊƻƳ ōƻǘƘ ŜƴǊƛŎƘƳŜƴǘ ǎǘǊŀǘŜƎƛŜǎ ŀƴŘ ŀ ǎŜŎƻƴŘ ǿŀǎ ŦǊƻƳ ǇǊƻǘŜƛƴǎ ǘƘŀǘ ǎƘƻǿŜŘ 

ƛƴŎǊŜŀǎŜŘ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǇƘƻǎǇƘƻǇŜǇǘƛŘŜǎ ŀǘ отɕ/ ŦǊƻƳ ōƻǘƘ ŜƴǊƛŎƘƳŜƴǘ ǎǘǊŀǘŜƎƛŜǎΦ Dh 

biological processes which were found to be over-represented in the up-ǊŜƎǳƭŀǘŜŘ ŀǘ омɕ/ 

differentially expressed list (Table 7-3) included ribosomal biogenesis and RNA processing while 

molecular functions which were over-represented included RNA binding and transcription 

factor regulation.  GO biological processes over-represented in the down-ǊŜƎǳƭŀǘŜŘ ŀǘ омɕ/ ƭƛǎǘ 

(Table 7-4) included many linked to growth including chromosome organization, mitosis, cell 

cycle, kinase activity and signal transduction while molecular functions associated with 

transcription factor activity, cytoskeleton binding and serine/threonine kinase activity were 

over-represented. 
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Figure 7-1. Growth and productivity of CHO-SEAP cells at 37
o
C and 31

o
C 36 hours post temperature shift. (A) 

Viable cell numbers/mL measured using a Guava Viacount assay. (B) Secreted recombinant SEAP protein was 
determined by measuring its activity using a kinetic absorbance assay. Error bars represent standard deviation 
from data obtained from four biological replicate cultures at each temperature (n=4). 
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Figure 7-2. Outline of experimental workflow for differential phosphoproteomic analysis using the two 
phosphopeptide enrichment strategies. 
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Figure 7-3. Unsupervised Pearson clustering shows that the expression of the differentially expressed 
phosphopeptides identified from the experimental samples separate into two distinct sample groups from the 
37

o
C (37A-37D) and 31

o
C (31A-31D) cultures grown in biological quadruplicate. (A) Fe-NTA (IMAC) enriched 

phosphopeptides and (B) TiO2 enriched phosphopeptides. 
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Figure 7-4. Volcano plot representations of phosphopeptide abundance differences caused by temperature shift 
in CHO-SEAP cells. Volcano plots of all identified phosphopeptides showing their distribution according to Anova 
p-value (-log10 P-value) and fold change (log2 fold-change) between the 37

o
C and 31

o
C samples from (A) Fe-NTA 

(IMAC) and (B) TiO2 enrichment. Phosphopeptides above the horizontal line are deemed statistically significant (p-
value <0.05) and those to the right and left of the vertical lines indicate relative folŘ ŎƘŀƴƎŜǎ җ мΦрΦ 
Phosphopeptides relating to NDRG1 (blue) and ATF2 (red) are highlighted. 
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Figure 7-5. (A) Progenesis QI for Proteomics software output showing increased expression of the 
phosphopeptide TASGSSVTSLEGPR at 31

o
C from NDRG1. The vertical axis represents normalised abundance 

volumes (log).  (B) Western blot confirming increased expression of phospho-NDRG1 in 3 replicate CHO-SEAP 
samples at 31

o
C. Total NDRG1 was not detected in all CHO-SEAP samples. GAPDH was used as a loading control. C 

ς human breast cancer cell lysate from SKBR3 cell line. (C) Phospho-NDRG1 protein expression levels at 31
o
C was 

densitometrically quantified relative to its expression at 37
o
C and confirms increased phosphorylation of NDRG1 

at 31
o
C. The data represents the three replicates for each sample at 37

o
C and 31

o
C and are expressed as mean 

ǾŀƭǳŜǎ ҕ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴΦ  όϝϝϝ Ґ ǇҖлΦллмύΦ  όbƻ ŘŜƴǎƛǘƻƳŜǘǊȅ ŀƴŀƭȅǎƛǎ ƛǎ ǎƘƻǿƴ ŦƻǊ ǘƻǘŀƭ b5wDм ŘǳŜ ǘƻ ǘƘŜ ƭŀŎƪ 
of signal on the immunoblot).  
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Figure 7-6. (A) Progenesis QI for Proteomics software output showing a reduction in expression of the 
phosphopeptide NDSVIVADQTPTPTR at 31

o
C from ATF2. The vertical axis represents normalised abundance 

volumes (log).  (B) Western blot confirming reduced expression of phospho-ATF2 in 3 replicate CHO-SEAP samples 
at 31

o
/Φ ¢ƻǘŀƭ !¢Cн ǎƘƻǿŜŘ ƴƻ ŎƘŀƴƎŜ ƛƴ ŜȄǇǊŜǎǎƛƻƴ ŀǘ ōƻǘƘ ǘŜƳǇŜǊŀǘǳǊŜǎΦ ʲ-actin was used as a loading control. 

C ς human breast cancer cell lysate from SKBR3 cell line. (C) Phospho-ATF2 (left panel) and total ATF2 (right panel) 
protein expression levels at 31

o
C were densitometrically quantified relative to their expression at 37

o
C, and 

confirms decreased phosphorylation of ATF2 at 31
o
C. The data represents the three replicates for each sample at 

37
o
C and 31

o
C and are expressed as mean values ± standard deviationΦ  όϝϝ Ґ ǇҖлΦлмύΦ   
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Titanium Enrichment 

 

Fe-NTA (IMAC) Enrichment 

Accession Description Sequence PhosphoRS: Best Site 

Probabilities 

Fold 

change 

PhosphoRS: Best Site 

Probabilities 

Fold 

change 

625200413 60S ribosomal export protein NMD3 

isoform X1  

DSTVPVESDTDDEGAPR S8(Phospho): 100; 

T10(Phospho): 100 

2.01 T10(Phospho): 99.39 2.41 

625265154 alpha-2-macroglobulin receptor-

associated protein isoform X3  

DTQMVHSNSLNEDTQDELGD

PR 

S9(Phospho): 100 1.65 S9(Phospho): 98.18 2.61 

354503849 AN1-type zinc finger protein 5  MSPMGTASGSNSPTSDSASV

QR 

S2(Phospho): 99.14 2.45 S2(Phospho): 100 2.49 

625191482 ashwin isoform X1  KSPSGPVKSPPLSPVGTTPVK S9(Phospho): 99.7; 

T17(Phospho): 78.36 

3.07 S9(Phospho): 100 2.02 

625212872 AT-rich interactive domain-containing 

protein 1A isoform X1  

TLLDPGRFSK S9(Phospho): 100 2.60 S9(Phospho): 100 2.09 

625240398 autophagy-related protein 16-1 

isoform X1  

SVSSIPVPQDNVDTHPASGK S1(Phospho): 97 2.29 S1(Phospho): 97.95 2.73 

625187501 bcl-2-associated transcription factor 1-

like  

AEGEPQEESPLKSK S9(Phospho): 100 5.09 S9(Phospho): 99.99 2.29 

625273094 brain-specific angiogenesis inhibitor 1-

associated protein 2 isoform X2  

NSYATTENKTLPR T10(Phospho): 100 4.05 T10(Phospho): 100 3.48 

625240603 CCAAT/enhancer-binding protein zeta  NEDEDSIEDVDDKEFEK S6(Phospho): 100 2.11 S6(Phospho): 100 1.77 



246 
 

625192987 DNA ligase 1 isoform X1  KAAQVLSSEGEEEDEAPSTPK S7(Phospho): 100; 

S8(Phospho): 100 

1.52 S7(Phospho): 100; 

S8(Phospho): 100; 

T19(Phospho): 91.26 

1.81 

625192987 DNA ligase 1 isoform X1  AAQVLSSEGEEEDEAPSTPK S6(Phospho): 100; 

S7(Phospho): 100 

1.58 S6(Phospho): 100; 

S7(Phospho): 100 

1.75 

354494097 DNA replication licensing factor MCM3 

isoform X1  

KKPSEDESDLEDEEEKSQEDPE

QK 

S4(Phospho): 100; 

S8(Phospho): 100 

2.13 S4(Phospho): 100; 

S8(Phospho): 100 

1.85 

625181241 ELL-associated factor 1  TSPLKDNPSPEPQLDDIKR T1(Phospho): 92.16; 

S9(Phospho): 100 

1.51 S9(Phospho): 100 1.94 

625279516 eukaryotic translation initiation factor 

3 subunit B isoform X2  

AAQPEEETATSPAVSPPPQPA

ER 

S11(Phospho): 99.5; 

S15(Phospho): 100 

1.78 S11(Phospho): 97.67; 

S15(Phospho): 99.98 

1.60 

625200598 eukaryotic translation initiation factor 

5B isoform X1  

VEIFSGSEDDDDSNKLSK S5(Phospho): 100; 

S7(Phospho): 100 

3.13 S7(Phospho): 99.94 2.13 

346716294 gap junction alpha-1 protein  SDPYHATTGPLSPSK S12(Phospho): 92.5 1.92 S12(Phospho): 90.22 2.31 

625205384 GAS2-like protein 1 isoform X1  RYSGDSDSSASSAQSGPPGAR Y2(Phospho): 91.95 11.32 Y2(Phospho): 99.29 1.87 

625207697 high mobility group protein HMG-

I/HMG-Y isoform X3  

KLEKEEEEGISQESSEEEQ S14(Phospho): 100; 

S15(Phospho): 100 

2.36 S14(Phospho): 100; 

S15(Phospho): 100 

2.52 

625192744 kinectin isoform X1  EIQNGAIHESDSENVLR S10(Phospho): 98.35 2.53 S10(Phospho): 99.99 1.68 

 

625287056 lamin isoform X2  LRLSPSPTSQR S4(Phospho): 99.84; 

S6(Phospho): 86.85 

2.00 S4(Phospho): 97.08; 

S6(Phospho): 97.51 

1.73 
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625259556 leucine-rich repeat flightless-

interacting protein 1 isoform X2  

SVNEGAEQSLER S1(Phospho): 100 2.34 S1(Phospho): 100 1.78 

625234358 MKI67 FHA domain-interacting 

nucleolar phosphoprotein  

QPVSTVKEEGQNTPTPAR T13(Phospho): 98.26 2.43 T13(Phospho): 99.27 2.04 

625213904 neuroblast differentiation-associated 

protein AHNAK isoform X1  

GGVTGSPEASISGSKGDLK S6(Phospho): 98.05; 

S10(Phospho): 96.21 

1.95 S6(Phospho): 97.98; 

S10(Phospho): 99.71; 

S12(Phospho): 87.94 

27.27 

625234518 neutral amino acid transporter B(0) 

isoform X2  

TKTPSSEPELIQVK S6(Phospho): 92.03 23.79 T3(Phospho): 92.28; 

S6(Phospho): 99.25 

2.75 

625227303 nuclear fragile X mental retardation-

interacting protein 2-like  

SLSSDEATNPISR S3(Phospho): 98.41 1.87 S3(Phospho): 99.09 1.79 

625195520 nuclear ubiquitous casein and cyclin-

dependent kinase substrate 1 isoform 

X1  

TSASSPLEKSGDEGSEDEAPSG

ED 

S10(Phospho): 100; 

S15(Phospho): 100 

4.87 S10(Phospho): 100; 

S15(Phospho): 100 

2.63 

625274316 phosphoserine aminotransferase 

isoform X2  

ASLYNAVTTEDVEK S2(Phospho): 99.95 137.00 S2(Phospho): 99.12 4.35 

625281518 protein NDRG1 isoform X2, partial  SRTASGSSVTSLEGPR T3(Phospho): 99.31; 

S5(Phospho): 99.93 

24.87 T3(Phospho): 92.96; 

S5(Phospho): 99.99 

120.25 

625281518 protein NDRG1 isoform X2, partial  TASGSSVTSLEGPR S3(Phospho): 99.19 14.45 S3(Phospho): 99.23 11.50 

 

625213093 protein phosphatase 1 regulatory 

subunit 12A isoform X3  

RSTQGVTLTDLQEAEK T3(Phospho): 93.79 21.72 T3(Phospho): 93.95 13.33 
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625188491 pumilio homolog 1 isoform X1  RDSLTGSSDLYK S3(Phospho): 100 5.00 S3(Phospho): 99.96 1.57 

625183895 ras and Rab interactor 2 isoform X1  SPEPEPEPEPELGTAGHAGGA

PPR 

S1(Phospho): 85.21 2.23 S1(Phospho): 100 1.81 

625183895 ras and Rab interactor 2 isoform X1  QASFLEAEGSAK S3(Phospho): 100 2.27 S3(Phospho): 100 2.95 

625239472 rho GTPase-activating protein 1 

isoform X1  

SSSPEPVTHLK S3(Phospho): 99.39 3.42 S3(Phospho): 92.19 2.79 

354494802 ribonucleoside-diphosphate reductase 

subunit M2 isoform X1  

LSLADKENTPPSLSGTR T9(Phospho): 98.21 6.99 T9(Phospho): 100 2.71 

625272657 serine/threonine-protein kinase 10 

isoform X2  

ANQSRPNSVALETLGGEK S4(Phospho): 100; 

S8(Phospho): 100 

2.47 S4(Phospho): 100; 

S8(Phospho): 100 

3.45 

354481628 serine/threonine-protein kinase DCLK1 

isoform X2  

SGKSPSPSPTSPGSLRK S4(Phospho): 98.39; 

S11(Phospho): 98.59 

3.13 S4(Phospho): 75.21 3.42 

625282303 serine/threonine-protein kinase SMG1 

isoform X3  

NLATSADTPPSTIPGTGK T8(Phospho): 84.47 1.54 S5(Phospho): 78.86; 

T8(Phospho): 78.86 

2.19 

625181054 serine/threonine-protein phosphatase 

4 regulatory subunit 2 isoform X1  

AHSDSPASEPEVSSLSPVK S3(Phospho): 82.67; 

S16(Phospho): 97.67 

2.33 S3(Phospho): 88.77; 

S16(Phospho): 88.77 

4.04 

625240893 small integral membrane protein 13  ELVGDTGSQEGDHEPSGSETE

EDPSASPHR 

S16(Phospho): 99.41; 

S18(Phospho): 98.07 

2.09 S16(Phospho): 99.12; 

S18(Phospho): 96.95 

3.70 

625285767 supervillin isoform X7  EMEKSFDEHNVPK S5(Phospho): 100 2.10 S5(Phospho): 100 1.77 

354477403 thyroid hormone receptor-associated 

protein 3  

ERSPALKSPLQSVVVR S3(Phospho): 100; 

S8(Phospho): 99.94 

2674.4

2 

S3(Phospho): 100; 

S8(Phospho): 99.6 

3.03 
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354477403 thyroid hormone receptor-associated 

protein 3  

SPALKSPLQSVVVR S6(Phospho): 99.3 95.78 S6(Phospho): 99.86 5.49 

625290034 transcription intermediary factor 1-

beta isoform X2  

SRSGEGEVSGLMR S3(Phospho): 99.48 1.75 S3(Phospho): 94.28 1.78 

625265776 uncharacterized protein 

LOC100772531  

TRTDGDSDAEDPGAPLEAVGA

GR 

S7(Phospho): 98.45 1.60 S7(Phospho): 99.91 1.84 

625262091 uncharacterized protein 

LOC103161432  

SRDATPPVSPINMEDQER S9(Phospho): 100 5.31 T5(Phospho): 99.19; 

S9(Phospho): 100 

4.31 

354482483 vimentin  ETNLESLPLVDTHSK S6(Phospho): 99.95 2.03 S6(Phospho): 99.97 3.29 

354482483 vimentin  DGQVINETSQHHDDLE S9(Phospho): 94.36 4.04 S9(Phospho): 93.11 2.55 

354468693 zinc finger SWIM domain-containing 

protein 8 isoform X1  

HTGMASIDSSAPETTSDSSPTL

SR 

S19(Phospho): 99.58 3.86 S19(Phospho): 90.04 2.51 

625262958 zinc transporter SLC39A7 isoform X2  EKPSSEEEEKETGVLR S4(Phospho): 100; 

S5(Phospho): 100 

4.91 S4(Phospho): 100; 

S5(Phospho): 100 

2.75 

 

Table 7-1. Differentially expressed phosphopeptides with increased expression at 31°C compared to 37°C that were identified in common between the two 
enrichment methods. PhosphoRS: Best Site Probabilities shows the amino acid that is phosphorylated and % probability score that this site is 
phosphorylated. 
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      Titanium Enrichment Fe-NTA (IMAC) Enrichment 

Accession Description Sequence PhosphoRS: Best 

Site Probabilities 

Fold change PhosphoRS: Best Site 

Probabilities 

Fold 

change 

625219250 AMP deaminase 2 isoform X1 TDSDSDLQLYK S3(Phospho): 99.49 2.03 S3(Phospho): 99.51 1.76 

625281556 arf-GAP with SH3 domain, ANK 

repeat and PH domain-containing 

protein 1 isoform X1 

TLSDPPSPLPHGPPNK S3(Phospho): 91.86; 

S7(Phospho): 100 

2.55 S3(Phospho): 98.68; 

S7(Phospho): 100 

2.68 

625188804 ataxin-2 isoform X1 TNSPSISPSVLSNSEHK S3(Phospho): 99.7; 

S7(Phospho): 99.83 

2.11 S3(Phospho): 99.72 3.02 

625257315 Bloom syndrome protein isoform 

X3 

DLDDSDKEKDILNTSK S5(Phospho): 100 2.49 S5(Phospho): 100 2.56 

625189773 C2 domain-containing protein 5 

isoform X1 

SQSESSDEVTELDLSHGK S3(Phospho): 90.52 4.29 S3(Phospho): 98.06 2.98 

625289462 calcium-regulated heat stable 

protein 1 

DRSPSPLRGNVVPSPLPTR S3(Phospho): 100; 

S5(Phospho): 100; 

S14(Phospho): 

99.91 

1.98 S3(Phospho): 100; 

S5(Phospho): 100 

1.99 

625188785 CAP-Gly domain-containing linker 

protein 1 isoform X1 

TASESISNLSEAGSVK S10(Phospho): 

99.47; 

S14(Phospho): 100 

3.06 S5(Phospho): 95.19; 

S14(Phospho): 99.57 

1.90 

625186195 catalase isoform X1 SLQKPDVLTTGGGNPIGDK S1(Phospho): 100 3.15 S1(Phospho): 100 2.94 

 



251 
 

625235353 cdc42 effector protein 2 LHLESPQPSPK S5(Phospho): 100 2.53 S5(Phospho): 99.33 1.85 

625246587 cdc42-interacting protein 4 

isoform X5 

VPSDSSLGTPDCRPELR S3(Phospho): 97.34 4.98 S3(Phospho): 98.25 2.68 

625240816 C-Jun-amino-terminal kinase-

interacting protein 4 isoform X6 

SASQSSLDKLDQELK S3(Phospho): 83.77 1.56 S3(Phospho): 85.2 3.62 

625188428 cyclic AMP-dependent 

transcription factor ATF-2 isoform 

X1 

NDSVIVADQTPTPTR T10(Phospho): 

99.99; 

T12(Phospho): 

92.62 

2.42 T10(Phospho): 99.96 7.85 

625210034 cyclic AMP-dependent 

transcription factor ATF-7 

TDSVIIADQTPTPTR T10(Phospho): 

98.85; 

T14(Phospho): 

90.31 

10.66 T10(Phospho): 99.99; 

T12(Phospho): 92.12 

2.70 

625227028 DENN domain-containing protein 

4C isoform X1 

VPSGLFDTNNR S3(Phospho): 100 3.05 S3(Phospho): 100 2.54 

625258329 DENN domain-containing protein 

5B isoform X2 

RLSITSLTGK S3(Phospho): 98.31 37.11 S3(Phospho): 87.65 2.86 

625271453 epidermal growth factor receptor 

substrate 15-like 1 isoform X7 

STPSHGSVSSLNSTGSLSPK S4(Phospho): 88.79; 

S18(Phospho): 

97.97 

18.91 S18(Phospho): 99.6 5.11 

625226222 eukaryotic elongation factor 2 

kinase isoform X1 

KPESDEDSLGSYGR S4(Phospho): 100; 

S8(Phospho): 98.43 

1.80 S8(Phospho): 99.95 1.51 
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625269033 eukaryotic translation initiation 

factor 4 gamma 3 isoform X3 

RSPGPVQTAIIAPK S2(Phospho): 99.75 9.56 S2(Phospho): 99.92 2.67 

625269033 eukaryotic translation initiation 

factor 4 gamma 3 isoform X3 

SPGPVQTAIIAPK S1(Phospho): 100 2.78 S1(Phospho): 100 1.93 

625233296 FERM, RhoGEF and pleckstrin 

domain-containing protein 1 

isoform X3 

VSALESGPHQSPALSK S11(Phospho): 

99.99 

5.70 S11(Phospho): 99.96 2.17 

625202041 girdin isoform X1 SSSQENLLDEVMK S3(Phospho): 88.21 3.10 S3(Phospho): 99.45 10.20 

625248717 golgin subfamily A member 4 

isoform X2 

SEASPPQSGDTQTFAQK S4(Phospho): 98.91 2.60 S4(Phospho): 99.75 2.71 

354468872 interferon regulatory factor 2-

binding protein 2, partial 

LEEPPELNRQSPNPR S11(Phospho): 100 2.06 S11(Phospho): 100 2.69 

354468872 interferon regulatory factor 2-

binding protein 2, partial 

AQPAHRSPADSLSGASGASELG

ADGAGK 

S7(Phospho): 98.44 1.82 S7(Phospho): 99.85 2.13 

625288986 la-related protein 4B SPSPAHLPEDPK S3(Phospho): 99.29 1.74 S3(Phospho): 99.98 1.85 

 

625261027 meiosis-specific nuclear structural 

protein 1 isoform X2 

SLHVQVLNK S1(Phospho): 100 4.58 S1(Phospho): 100 2.02 

625260808 microtubule-associated protein 

1B isoform X2 

EVPSKEEQSPVKAEVAEK S9(Phospho): 99.33 2.23 S9(Phospho): 99.52 3.36 
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625260808 microtubule-associated protein 

1B isoform X2 

AQSLEGEKLSPKSDISPLTPR S10(Phospho): 

99.99; 

S13(Phospho): 

99.95; 

T19(Phospho): 99.7 

3.05 S10(Phospho): 95.68; 

S13(Phospho): 98.81 

2.27 

625260808 microtubule-associated protein 

1B isoform X2 

SLMSSPEDLTK S4(Phospho): 99.99; 

S5(Phospho): 99.99 

3.31 S4(Phospho): 99.95; 

S5(Phospho): 99.77 

5.54 

625260808 microtubule-associated protein 

1B isoform X2 

AQSLEGEKLSPK S10(Phospho): 100 2.65 S10(Phospho): 100 2.54 

625260808 microtubule-associated protein 

1B isoform X2 

SPSLSPSPPSPIEK S10(Phospho): 

99.87 

2.21 S10(Phospho): 99.99 1.74 

625265796 oxysterol-binding protein-related 

protein 11 isoform X2 

VSESEGKLEGLATAVTPNK S4(Phospho): 90.88 1.57 S4(Phospho): 91.25 1.52 

625189056 oxysterol-binding protein-related 

protein 3 isoform X1 

ALVHQLSNESR S7(Phospho): 99.57 8.04 S7(Phospho): 100 5.84 

625264630 pleckstrin homology domain-

containing family A member 5 

isoform X3 

RAESVKELDPEHR S4(Phospho): 100 6.05 S4(Phospho): 100 3.01 

625283168 poly(A)-specific ribonuclease 

PARN isoform X2 

VSSPCSHTNSFTATGMTGK S3(Phospho): 92.79 5.81 S3(Phospho): 89.53 1.97 

625287066 polyamine-modulated factor 1 

isoform X1 

GPEGSSPESVPVDTTVSR S6(Phospho): 78.66 2.05 S6(Phospho): 98.2 1.96 
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354494786 protein chibby homolog 1 isoform 

X1 

SASLSNLHSLDR S3(Phospho): 99.2 2.14 S3(Phospho): 89.27 1.80 

625288290 protein LSM12 homolog TETPPPLASLNVSK T3(Phospho): 99.97 2.82 T3(Phospho): 99.97 2.18 

354478888 pygopus homolog 2 isoform X1 GGGTPDANSLAPPGK T4(Phospho): 99.69 2.33 T4(Phospho): 100 2.45 

625212310 tensin-3 isoform X2 LDPVEGPGRSPGQQGDESIAG

R 

S10(Phospho): 100 27.89 S10(Phospho): 100 3.72 

625187665 tumor suppressor p53-binding 

protein 1 isoform X1 

SEGDGENTQIEDTEPLSPVTNS

K 

S1(Phospho): 97.36; 

S17(Phospho): 98.9 

4.04 S17(Phospho): 97.69 1.77 

625184675 uncharacterized protein C1orf198 

homolog 

SSSLDALGPSR S3(Phospho): 99.91 5.18 S3(Phospho): 99.97 4.90 

625261639 WD repeat and HMG-box DNA-

binding protein 1 isoform X2 

SHILGDDENSVDAPMLK S10(Phospho): 100 2.15 S10(Phospho): 100 1.81 

625233942 zinc finger protein 609 isoform X2 AEEGKSPFRESSGDGIK S6(Phospho): 99.98 13.70 S6(Phospho): 99.98 2.53 

 

Table 7-2. Differentially expressed phosphopeptides with decreased expression at 31°C compared to 37°C that were identified in common between the two 
enrichment methods. PhosphoRS: Best Site Probabilities shows the amino acid that is phosphorylated and % probability score that this site is 
phosphorylated.
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7.4 Discussion 

 

There is much research ongoing to characterise CHO cell factories through the application of 

ΨƻƳƛŎǎ-ōŀǎŜŘ ŀǇǇǊƻŀŎƘŜǎΩ όŜΦƎΦ ƎŜƴƻƳƛŎǎΣ ǘǊŀƴǎŎǊƛǇǘƻƳƛŎǎΣ ǇǊƻǘŜƻƳƛŎǎΣ ƎƭȅŎƻƳƛŎǎΣ 

metabolomics, fluxomics) that will enable a fundamental understanding of CHO cell physiology. 

This would result in a better knowledge and understanding of recombinant protein production 

which will be instrumental in metabolic and cell engineering interventions to enhance CHO cell 

lines (Kildegaard et al. 2013, Datta, Linhardt and Sharfstein 2013). However, to date little work 

has been carried out on the phosphoproteomic analysis of recombinant CHO cells. In this 

ΨǇǊƻƻŦ-of-ŎƻƴŎŜǇǘΩ ǎǘǳŘȅ ǿŜ ƘŀǾŜ ǳǎŜŘ ŀ ǉǳŀƴǘƛǘŀǘƛǾŜ ǇƘƻǎǇƘƻǇǊƻǘŜƻƳƛŎ ŀǇǇǊƻŀŎƘ ŀƴŘ ƘŀǾŜ 

identified 700 phosphopeptides that were found to be differentially expressed following 

culture temperature shift, using a combined TiO2 and Fe-NTA phosphopeptide (IMAC) 

enrichment strategy in conjunction with quantitative label-free LC-MS/MS proteomic analysis. 

This suggests additional complexity in the regulation of biological and molecular processes in 

recombinant CHO cells in bioprocess-relevant conditions such as temperature shift that has not 

been extensively studied to date.  

GO analysis of the data using DAVID identified a large number of functional classes altered as a 

result of temperature shift suggesting the complexity of the molecular and cellular processes 

that underpin this phenotype in recombinant CHO cells.  Many of the enriched functional 

classes identified are in common with previous studies on recombinant CHO cells subjected to 

temperature shift including growth, transcription, mRNA translation, and cytoskeletal 

reorganization (Kantardjieff et al. 2010a, Masterton et al. 2010, Yee, Gerdtzen and Hu 2009a, 

Roobol et al. 2009, Baik et al. 2006), but the additional complexity surrounding the regulation 

of these processes by phosphorylation, though well studied in other biological systems and 

diseases, has not been explored in great detail to date in recombinant CHO cells. 

From GO analysis an enrichment of molecular and biological processes linked to growth, in 

particular cell division, cell cycle, and protein kinase activity, showed decreased expression 

following temperature shift which is as expected from the observed reduction in growth 

following temperature shift. A reduction in culture temperature has been shown to arrest cells 

in G1 phase of the cell cycle with an associated increase in productivity of recombinant protein 

(Becerra et al. 2012). Phosphopeptides from proteins involved in cell cycle regulation include 
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CDK14, CDK17, NEK1, KIF23, ANAPC1, and MELK all showed decreased expression following 

temperature shift. Anaphase-promoting complex subunit 1 (ANAPC1) (and also known as 

APC1) is a component of the anaphase promoting complex/cyclosome (APC/C) that controls 

progression through mitosis and the G1 phase of the cell cycle, and phosphorylation of 

ANAPC1 is required for its activity (Zhang et al. 2016). Maternal embryonic leucine zipper 

kinase (MELK) is a serine/threonine-protein kinase involved in cell cycle regulation with 

increased expression during mitosis and is then degraded when cells enter into G1 phase of the 

cell cycle (Badouel et al. 2010). It has been shown to be overexpressed in various cancers 

including melanoma and breast cancer resulting in its identification as a potential therapeutic 

target (Jiang and Zhang 2013). Interestingly is has been shown to be critical for mitotic 

progression of cancer cells where it directly phosphorylates eIF4B regulating protein synthesis 

during mitosis (Wang et al. 2016). We also identified a phosphopeptide from eIF4B with 

reduced expression following temperature shift. Phosphopeptides from a number of proteins 

which play key roles in MAPK signaling showed decreased expression following temperature 

shift including MAP3K7, MAP4K4 and PAK1 (P21-activated kinase-1). MAP3K7 (also known as 

TAK1) is a key regulator of both MAPK and NFkB signaling pathways (Roobol et al. 2009). 

Recently shRNA silencing of MAP4K4 reduced proliferation and induced G1 cell cycle arrest of 

gastric cancer cells (Y. F. Liu et al. 2016). PAK1 mediates activation of downstream MAP kinases 

and is also involved in reorganisation of the actin cytoskeleton (R. Kumar et al. 2017). The 

phosphoproteomic data therefore suggests a potential role for phosphorylation in regulating 

control mechanisms during cell cycle arrest of recombinant CHO cells as a result of 

temperature shift. 

From our phosphoproteomic study one of the most significantly changed proteins which 

ǎƘƻǿŜŘ ƛƴŎǊŜŀǎŜŘ ƭŜǾŜƭǎ ƻŦ ǘƘŜ ǇƘƻǎǇƘƻǇŜǇǘƛŘŜ ¢!{ϝD{{±¢{[9Dtw ŀǘ омɕ/ ŎƻƳǇŀǊŜŘ ǘƻ отɕ/ 

and the same phosphopeptide detected using both TiO2 and Fe-NTA enrichment 

methodologies was identified as Protein NDRG1 (N-Myc down-regulated gene 1). Western blot 

analysis also shows increased levels of phosphorylation of this specific phosphopeptide at the 

reduced culture temperature. NDRG1 is highly conserved across a number of multicellular 

organisms, typically expressed in response to cell stress and is known as a tumour metastasis 

suppressor in several different types of cancer including breast, colon, pancreatic and prostate 

(Ghalayini et al. 2013, Bae et al. 2013, McCaig et al. 2011). Reduced expression of NDRG1 has 

been shown to promote proliferation of prostate cancer cells (Li et al. 2015). Phosphorylation 
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of NDRG1 also appears to be involved in cell cycle arrest mechanisms (Ghalayini et al. 2013, 

McCaig et al. 2011). In this study, we found NDRG1 to have increased phosphorylation upon 

temperature shift. Although cell cycle arrest in temperature shifted CHO cells has been 

attributed to the activation of the ATR-p53-p21 pathway (Roobol et al. 2011), cellular stress 

has been shown to result in the expression of NDRG1 in a p53 dependent manner (Roobol et 

al. 2011, Stein et al. 2004). This would suggest that NDRG1 may be involved in the cell cycle 

arrest of temperature-shifted CHO cells; however further work would be required to determine 

the precise mechanisms by which this would occur and if phosphorylation is functionally 

required for this. 

Gene Ontology analysis of all differentially expressed phosphopeptides identified a significant 

number of proteins involved in the regulation of transcription. Phosphorylation can impact 

target gene expression by affecting the stability, location and structure of transcription factors 

(Filtz, Vogel and Leid 2014). Phosphorylation may also regulate the status of other PTMs such 

as methylation on a protein which can influence the transcription of target genes (Kowenz-

Leutz et al. 2010). Phosphopeptides identified from both ATF2 and ATF7, which are both highly 

conserved members of the AP-1 transcription factor family (Bae et al. 2013), were found to 

ǎƘƻǿ ŘŜŎǊŜŀǎŜŘ ŜȄǇǊŜǎǎƛƻƴ ŀǘ омɕ/ ŎƻƳǇŀǊŜŘ ǘƻ отɕ/Φ ¢ƘŜǊŜ ƛǎ ŀƭǎƻ ŀ ǎǳƎƎŜǎǘƛƻƴ ŦǊƻƳ ǿŜǎǘŜǊƴ 

blot analysis that there is a reduction in phosphorylated levels of ATF2 following temperature 

shift. While phosphorylation of ATF2 can result in its degradation as well as induction of activity 

the observed decrease in phosphorylation of Thr-69 following temperature shift (see Figure 7-6 

6) would appear to suggest that reduced culture temperature conditions results in a reduction 

of the active form of ATF2 (Fuchs, Tappin and Ronai 2000). ATF2 is a known target of SAPK/JNK 

and p38 MAP kinase signalling pathways and has been found to be directly phosphorylated by 

p38 MAPK and SAPK (Ouwens et al. 2002). Transcription intermediary factor 1-beta (TRIM28) is 

a transcriptional core-repressor protein involved in a wide variety of functions such as cell 

growth, apoptosis and DNA repair (Iyengar and Farnham 2011) and was identified as up-

ǊŜƎǳƭŀǘŜŘ ŀǘ омɕ/ ǳǎƛƴƎ ōƻǘƘ ŜƴǊƛŎƘƳŜƴǘ ǎǘǊŀǘŜƎƛŜǎΦ Lǘ Ƙŀǎ ōŜŜƴ ŘŜƳƻƴǎǘǊŀǘŜŘ ǳǎƛƴƎ ǎƘwb!ƛ 

that TRIM28 depletion led to increased cell proliferation and overexpression of TRIM28 led to 

decreased cell proliferation in breast cancer and lung cancer cell lines (Chen et al. 2012). 

Recently, phosphorylation of TRIM28 on Ser473 by (MAPKAP) kinase 2 (MK2) has been shown 

to lead to a reduction in its activity (King 2013a).   
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From our phosphoproteomic study we have also identified a number of differentially expressed 

phosphopeptides from proteins involved in mRNA translation, with certain phosphopeptides 

showing increased expression and others showing decreased expression following a reduction 

in culture temperature. From other studies it has been shown that there is a general reduction 

in translation following temperature shift but there can also be increased expression of specific 

target genes including product mRNAs (Becerra et al. 2012). Biological processes related to 

ribosome biogenesis and ribonucleoprotein complex assembly were enriched following 

functional analysis of the phosphopeptides showing increased expression at 31oC. 

Phosphorylation is known to play a role in the regulation of RNA-binding proteins and 

ribonucleoprotein complex assembly (Thapar 2015). In our study we identified two 

phosphopeptides using both enrichment strategies from the translation initiation factor EIF4G3 

with both showing decreased expression following temperature shift. EIF4G becomes 

phosphorylated during mitosis inhibiting cap-dependent translation through a reduction in its 

interaction with eIF4E (Pyronnet, Dostie and Sonenberg 2001). EIF4G3, along with eIF4G1 

(phosphopeptide identified as down-ǊŜƎǳƭŀǘŜŘ ŀƭǎƻ ŀǘ омɕ/ ŦǊƻƳ ¢ƛh2 enrichment), form the 

two functional homologs of eIF4G, part of the cap binding protein complex of eIF4F (Ivanov et 

al. 2011). In addition to phosphorylation cleavage of EIF4G resulting in loss of function is also 

known to cause inhibition of cap-dependent translation (Marcet-Palacios et al. 2011). These 

reports show the pivotal role that EIF4G plays in initiation of protein translation.  Altered levels 

of phosphopeptides from other translation initiation factors were also identified in the study 

including EIF5B, EIF3A, EIF3B, EIF4EBP1, EIF3G and EIF4B showing the potential importance of 

phosphorylation in regulating protein synthesis in CHO cells following temperature shift. 

Recently it has been shown that EEF2K, a threonine kinase that regulates protein synthesis by 

controlling the rate of peptide chain elongation, regulates the cold stress response by slowing 

translation elongation through phosphorylation of eEF2 (Knight et al. 2015). Increased 

phosphorylation of eEF2K was also shown 4 hours and 24 hours following a reduction in 

temperature from 37oC to 32oC (King 2013b). However, our results show decreased levels of 

two phosphopeptides to eEF2K following a reduction in culture temperature. Interestingly 

from closer analysis of the western blots and immunoprecipitation data shown by Knight et al 

(Knight et al. 2015) no obvious change in Ser500 phosphorylation levels were seen 4 hours 

after cooling but increased phosphorylation was seen 24 hours after cooling compared to the 

37oC culture. Expression levels of eEF2K phosphorylated at Ser398 were increased 4 hours post 
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temperature reduction but appeared to be back at basal levels by 24 hours (Knight et al. 2015). 

We did not identify phosphopeptides with these equivalent sites of phosphorylation as being 

differentially expressed in our study; this could be due to the time point of 36 hours post 

temperature shift that was used in our study compared to the 4 and 24 hour time points 

chosen in the other study (Knight et al. 2015). The four different sites of phosphorylation 

identified in our study were different to those assessed by Knight et al. (i.e. Ser398 and Ser500) 

(Knight et al. 2015). Three out of the four CHO-specific sites that we identified were conserved 

between human and CHO and were equivalent to Ser392, Ser470 and Ser474 from human 

EEF2K as determined using PhosphositePlus (http://www.phosphosite.org/). EEF2K is known to 

be phosphorylated at multiple different sites and is also prone to auto-phosphorylation 

demonstrating the complexity of its regulation, and which is still poorly understood (Kenney et 

al. 2014, Pyr Dit Ruys et al. 2012). It is known, however, that the activity of eEF2K is regulated 

by calcium ions and calmodulin (Tavares et al. 2017, Kenney et al. 2014). Cytosolic calcium 

concentrations were shown to be increased more than 10 fold after 15 and 30 minutes of rapid 

cooling compared with CHO cells maintained at 37oC, providing direct evidence of a potential 

role of calcium signaling during cooling, and the source of the calcium was determined to be 

from the ER (Knight et al. 2015). It would be of interest in future phosphoproteomic studies to 

sample at multiple time-points following a reduction in temperature to capture 

phosphoproteomic changes of eEF2K over time, to assess altered phosphorylation of the 

various different phosphosites on eEF2K and to determine which ones are of functional 

relevance.  As phosphorylation events can be rapid, transient, static and reversible (Riley and 

Coon 2016b) which can affect protein functionality and subsequent signaling cascades and 

molecular processes that are regulated by phosphorylation, this would suggest that the 

phosphoproteome would change depending on whether a rapid or slower rate of cooling was 

used to reduce culture temperature. It would therefore be of interest to carry out a time 

course study during a slow versus a rapid cooling of culture temperature (which may be of 

relevance to the working volume of a culture where, for example, larger media volumes would 

cool slower than smaller media volumes) to determine variations in the phosphoproteome 

under different cooling conditions.  

Functional analysis using GO identified a number of phosphopeptides from proteins involved in 

regulating cellular shape were identified as showing altered expression in CHO-SEAP cells 

following temperature shift. Biological processes and molecular functions related to actin 
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filament organization, cytoskeletal protein binding and actin binding were found to be over-

represented from GO analysis of the proteins down-regulated following temperature shift. For 

example girdin, showing decreased exprŜǎǎƛƻƴ ŀǘ омɕ/ ŀƴŘ ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ ǳǎƛƴƎ ōƻǘƘ 

enrichment strategies, is a key modulator of the Akt-mTOR signaling pathway and associates 

with actin and tubulin in the cytoskeleton to help regulate cell shape (C. Liu et al. 2012, 

Enomoto, Ping and Takahashi 2006). Phosphorylation of Girdin by AKT plays an important role 

in cytoskeletal reorganisation by regulating cell migration and polarisation (Yamamura et al. 

2015).  shRNA knockdown of girdin has been found to inhibit cell growth of subcutaneously 

transplanted HeLa-derived tumors in nude mice (Mao et al. 2012) and phosphorylation of 

girdin appears to play a role in prostate cancer cell migration and invasion (Tomiyama et al. 

2015). We have also identified 4 phosphopeptides found to be down-regulated following 

temperature shift from the protein Microtubule-associated protein 1B (MAP1B).  

Phosphorylation of MAP1B is known to play a role in cytoskeletal changes involved in neurite 

extension (Villarroel-Campos and Gonzalez-Billault 2014). It is known to be phosphorylated by 

GSK3b, CDKs such as CDK5 and MAPKs such as JNK1 and KNK2 regulating its activity (Villarroel-

Campos and Gonzalez-Billault 2014). Previous proteomic and transcriptomic studies on CHO 

cells subjected to temperature shift to increase productivity have shown an enrichment of 

molecular processes related to cytoskeletal reorganization (Becerra et al. 2012, Kantardjieff et 

al. 2010b, Yee, Gerdtzen and Hu 2009b). Our study is suggesting additional potential 

complexity to the regulation of these processes in CHO cells.   

Phosphoproteins themselves and the enzymes that regulate phosphorylation, such as kinases 

and phosphatases, have the potential to be engineering targets in CHO cells. There have been a 

small number of studies where signaling pathways, in which phosphorylation plays a key role, 

have been manipulated to improve growth and productivity of CHO cells. For example, an 

engineering strategy has also been employed to overexpress mTOR (mammalian target of 

rapamycin) which is a serine/threonine kinase, in CHO cells, and was found to improve growth, 

viability, cell size and antibody production (Dreesen and Fussenegger 2011). The mammalian 

target of rapamycin complex 1 (mTORC1) pathway was recently chemically inhibited using 

Rapamycin leading to increased growth and productivity in CHO cells (Dadehbeigi and Dickson 

2015). Recently Amgen reported on the use of a small molecule inhibitor that directly targets 

cyclin dependent kinases (CDK) 4/6 in order to control cell growth, and found improved 

productivity and product quality of a Mab produced from CHO cells (Du et al. 2015). 
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7.5 Conclusion 

 

Combining all levels of regulation through systems biology models will unveil the underlying 

complexity inherent in CHO cell biology and will ultimately enhance and accelerate CHO 

productive capabilities in the coming decades. The identification of 700 differentially expressed 

phosphopeptides following a reduction in bioprocess culture temperature highlights the 

importance of including phosphorylation/phosphoproteomic studies in systems biology 

analyǎŜǎ ƻŦ /Ih ŎŜƭƭ ŦŀŎǘƻǊƛŜǎΣ ŀƴŘ ǿƘƛŎƘ ƘŀǾŜ ƭŀǊƎŜƭȅ ōŜŜƴ ƴŜƎƭŜŎǘŜŘ ƛƴ /Ih ΨƻƳƛŎǎ ǎǘǳŘƛŜǎ ǘƻ 

date.  The identification of signalling events involved in the regulation of transcription raises 

some interesting questions regarding the control of transcription in temperature-shifted cells; 

are such phosphorylation events potentially involved in the increased transcription of the 

recombinant molecule, attenuating the translation of endogenous cellular proteins or in some 

way leading to enhanced transcription of target genes? Furthering our understanding of these 

signalling mechanisms could provide cell engineering targets that would enable the 

preferential translation of specific gene targets.  

Further work will also be required to assess if the site-specific phosphorylation sites identified 

in the CHO cell proteins from this study have a functional role and also to assess if these 

phosphoproteins show altered levels of phosphorylation rather than just altered levels of total 

phosphoprotein itself. The CRISPR/Cas9 genome editing technique which is becoming more 

widely used for CHO cell engineering (Tomiyama et al. 2015) is an ideal tool to study the 

phosphoproteome as it is also amenable to targeted site-specific mutagenesis as well as 

gain/loss of function studies.  
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Abstract 

Post-translational modification of proteins by reversible phosphorylation plays a pivotal role in 

regulating key cellular processes including transcription, translation, cell proliferation, 

differentiation, apoptosis, and signal transduction. Despite the importance of the 

phosphorylation level of regulation, little work has been carried out on the phosphoproteomic 

characterisation of Chinese hamster ovary (CHO) cells in bioprocess-relevant conditions. 

Growth control strategies are often used to prolong culture duration and increase specific 

productivity; however, the cellular mechanisms and regulatory pathways underlying growth 

strategies are poorly understood in CHO cells. Phosphorylation changes are dynamic and will 

respond to changes in culture conditions; this may reflect the status of the cells with respect to 

growth and viability of the culture. In this study, we have used a phosphopeptide enrichment 

strategy in conjunction with LC-MS/MS to carry out a large-scale differential 

phosphoproteomic analysis of IgG producing CHO DP12 cells at various phases of growth in 

serum-free suspension batch culture to characterise dynamic changes to the 

phosphoproteome with changing culture conditions. In total over the various growth phases, 

we have identified 3,777 differentially expressed unique phosphopeptides from 1,415 

differentially expressed unique phosphoproteins. Analysis of the whole cell lysate without 

phosphopeptide enrichment over the various growth phases revealed the differential 

expression of 834 unique proteins, with an overlap of 188 proteins between the proteomic and 

phosphoproteomic analyses. The inclusion of phosphoproteomic data significantly improves 

proteome coverage but also gives insights into the post-translational level of regulation during 

cellular growth of recombinant CHO cells. 
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8.1 Introduction  

 

Chinese hamster ovary (CHO) cells are the expression system of choice for the industrial 

production of recombinant protein therapeutics due to their ability to grow to high 

densities in suspension culture, their robust nature, their track record in industry, their 

ability to produce human-like post-translational modifications (e.g. glycosylation) and their 

capability of producing high quality protein therapeutics (Walsh 2014, Omasa, Onitsuka 

and Kim 2010, Wurm 2004). As a result, there is significant scientific and commercial 

interest in research to significantly improve the efficiency of biotherapeutic production 

from CHO cells (Fischer, Handrick and Otte 2015). In recent years, the protein production 

capabilities of recombinant CHO cells have significantly improved (Bandaranayake and 

Almo 2014), routinely producing high-quality protein in grams/L concentrations (Huang et 

al. 2010).  Most of these improvements in productivity and product quality can be 

attributed to bioprocess optimisation approaches such as in media optimisation, feed 

development, bioreactor design, etc., and often these have been based on iterative 

empirical approaches which can be time-consuming and costly (Stolfa et al. 2018, Hacker, 

De Jesus and Wurm 2009).  In order to further improve the production capabilities and 

efficiency of CHO cells, an increased understanding of CHO cell biology is of the utmost 

importance. The next generation of improvements is expected to be made via genetic 

engineering of the host (CHO) cell itself to improve the efficiency of the production of 

biotherapeutic protein products (Fischer et al. 2015). Drug discovery pipelines of 

biopharmaceutical companies are producing ever-more complex molecules which are 

putting increasing pressure on cell line development groups to generate enough material 

to meet requirements for clinical trials. The recent sequencing of CHO genomes has 

opened up new possibilities for the application of systems biology to understand and 

manipulate CHO cell biology (Kaas et al. 2015, Lewis et al. 2013, Brinkrolf et al. 2013, Xu et 

al. 2011) and will enable a fundamental understanding of CHO cell physiology. This 

improved understanding of recombinant protein production will be instrumental in 

metabolic and cell engineering interventions to enhance CHO cell line (Datta, Linhardt and 

Sharfstein 2013, Kildegaard et al. 2013). 
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¢ƘŜ Ǿŀǎǘ ƳŀƧƻǊƛǘȅ ƻŦ ΨƻƳƛŎ ōŀǎŜŘ ǎǘǳŘƛŜǎ ƛƴ /ƘƛƴŜǎŜ ƘŀƳǎǘŜǊ ƻǾŀǊȅ ό/Ihύ ŎŜƭƭǎ ŎŀǊǊƛŜŘ ƻǳǘ 

to date have continued to miss out on the post-translational level of regulation. 

Phosphorylation events are crucial to the regulation of growth, cell cycle arrest, apoptosis, 

transcription, signal transduction, etc. (Yan and He 2008), and hence are likely to be central 

to understanding and controlling bioprocess-relevant phenotypes. Post-translational 

modifications, either by proteolytic cleavage or by covalent modification of amino acids, 

can bring about changes in protein characteristics and functionality (Choudhary and 

Horvath 1996). Furthermore, genomic and transcriptomic studies are likely to reveal an 

incomplete picture of regulation if post-translational regulation of the final effector 

molecules, i.e., through a post-translational modification on the regulatory protein, is 

ignored (V. M. Tan, Cheng and Drake 2016). Hence, in order to gain a complete insight into 

the biology of CHO cells, a global differential study of post-translational modifications such 

as reversible phosphorylation of proteins is of great significance (Henry et al. 2017, 

Gutierrez and Lewis 2015).  

Post-translational modification of proteins by reversible phosphorylation on serine, 

threonine and tyrosine residues is a major switch mechanism of protein activity(Humphrey, 

James and Mann 2015). The importance of phosphorylation regulation is demonstrated in 

that up to 2% of the eukaryotic genome codes for proteins from the kinase gene family 

(Caenepeel et al. 2004). The human genome contains approximately 568 protein kinases 

and 156 protein phosphatases to regulate phosphorylation events and play a crucial role in 

the control of biological processes such as proliferation and apoptosis (Ardito et al. 2017). 

Furthermore, up to 30% of all cellular proteins are estimated to be phosphorylated on at 

least one residue at any given time, though not all may be functionally relevant (Cohen 

2000). 

Mass spectrometry has now become the principal technique for global and targeted 

analysis of phosphoproteins and phosphorylation events (Vyse, Desmond and Huang 2017, 

Savitski et al. 2010). Despite the widespread phosphorylation of proteins, a functionally 

phosphorylated isoform of a particular regulatory protein is significantly lower than the 

total amount of the protein present in the cell, therefore the large-scale analysis of 

phosphoproteins/phosphopeptides is generally achieved by enrichment strategies such as 
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immobilised metal ion (Fe3+ or Ga3+) affinity chromatography (IMAC) and metal oxide 

affinity chromatography (MOAC) using TiO2 or ZrO2 (Angel et al. 2012). 

It is expected that proteomic and phosphoproteomic patterns will change during the 

different growth phases of a batch culture and these changes may give an indication of the 

cellular state regarding viability, growth, and productivity similar to mRNA and miRNA 

profiling studies of CHO cells grown in batch suspension culture(Bort et al. 2012). In this 

study, we have applied a well-established technique for phosphopeptide enrichment from 

CHO DP12 whole cell lysate samples. Immobilized metal affinity chromatography (IMAC; 

Fe-NTA) (Wang et al. 2015) was used to enrich phosphopeptides from CHO DP12 cells prior 

to analysis by LC-MS/MS at different phases of cellular growth in serum-free suspension 

batch culture, i.e. during the exponential phase, stationary phase and decline/death phase 

of culture. The data generated emphasises the dynamic nature of the changing proteome 

and phosphoproteome during the different growth phases over time in culture. The data 

also clearly demonstrates the importance of including multiple time points in experiments 

when comparing CHO cellular phenotypes or culture conditions (Bort et al. 2012). 
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8.2 Materials and Methods 

 

8.2.1  Assessment of cell number and culture viability. 

IgG-producing CHO DP12 cells (purchased from the ATCC) were seeded at 3x105 cells/mL in a 

50 mL working volume containing CHO-S-SFM II serum free media (Thermo Fisher Scientific) in 

suspension batch culture at 37 oC and 5 % CO2 in a Kuhner Climico-Shaker ISF1-X orbital shaker 

at 170 rpm. A total of 12 flasks were seeded, and three replicate flasks were harvested for 

sample collection at each time point, i.e., at 48 hours, 72 hours, 96 hours and 120 hours after 

initial seeding, to capture early exponential, exponential, stationary and death phase of culture 

based on the growth profiling experiments. Cellular growth and culture viability were assayed 

using a Guava Benchtop Cytometer after staining with Viacount (Millipore). All cells were 

tested for Mycoplasma using the Hoeschst indirect culture test carried out in-house and were 

found to be free of contamination. 

 

8.2.2 Cell lysate preparation 

Cells were pelleted by centrifugation, washed with cold PBS and were stored at -80°C until 

required. Cells were resuspended in 8 M urea, 50 mM Tris, 75 mM NaCl (pH 8.2) buffer 

supplemented with 1X Halt protease inhibitors (Thermo Fisher Scientific), 1X Halt phosphatase 

inhibitors (Thermo Fisher Scientific), and 0.1% ProteaseMAX surfactant detergent (Promega). 

Cells were sonicated at a medium setting for 30 seconds for a total of three pulses or until a 

homogeneous, free-flowing mixture of cell lysate was observed with at least a 5 minute rest 

between each sonication pulse. The cell lysate was centrifuged at 14,000 xg for 10 minutes at 4 

°C and the supernatant was transferred to a clean microcentrifuge tube.  Protein quantitation 

was carried out using the Quick Start Bradford Protein Assay (BioRad). The remaining 

supernatant was stored at -80 °C. 
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8.2.3 In-solution protein digestion and phosphopeptide enrichment 

2 mg of each cell lysate protein preparation was transferred to a new centrifuge tube, and all 

samples were equalised to the same volume using the same resuspension buffer as described 

above. A fresh stock of 0.5 M dithiothreitol (DTT) was prepared, and an appropriate volume of 

DTT was added to achieve a final concentration of 5 mM. Samples were reduced for 25 

minutes at 56 °C. Before alkylation, samples were allowed to cool to room temperature and an 

appropriate volume of freshly prepared 0.5 M iodoacetamide was added to a final 

concentration of 14 mM. Samples were alkylated for 30 minutes at room temperature in the 

dark. Protein samples were diluted at a ratio of 1:5 in 25 mM Tris-HCl, pH 8.2, to reduce the 

concentration of urea to less than 1.6 M. Samples were digested with sequence grade modified 

trypsin (Thermo Fisher Scientific) at a ratio of 1:100 enzyme:substrate for 4 hours at 37 °C. 

Fresh trypsin at the same ratio was then added to each sample for an overnight digestion at 37 

°C. After overnight digestion, TFA was added to a final concentration of 0.4% to inactivate the 

trypsin. Digested samples were desalted and concentrated using a Sep-Pak C18 Vac cartridge 

(Waters) with negative pressure. The C18 cartridge was washed and conditioned by adding 9 

mL of acetonitrile (ACN) followed by 3 mL of 50% ACN and 0.5% acetic acid. The cartridge was 

then equilibrated with 9 mL of 0.1% TFA, and the samples were loaded in 0.4% TFA.  Loaded 

samples were desalted with 9 mL 0.1% TFA. TFA was removed with 1 mL 0.5% acetic acid. 

Desalted peptides were eluted with 6 mL of 50% ACN, 0.5% acetic acid. The eluates from each 

sample were snap frozen with liquid nitrogen, lyophilized by freeze drying to dry powder and 

stored at -20 °C. 10 µg of digested protein was set aside for non-enriched sample analysis. 2 mg 

of tryptically digested protein samples were phosphopeptide-enriched using Fe-NTA (IMAC) 

ǎǇƛƴ ŎƻƭǳƳƴǎ όtƛŜǊŎŜΣ ¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ  

Non-enriched peptide and phosphopeptide sample concentrations were determined using a 

Nanodrop One (Laptech International, UK). 
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8.2.4 LC-MS/MS analysis 

LC-MS/MS separations were performed using an UltiMate 3000 nanoRSLC system (Thermo 

Scientific) coupled in-line with an Orbitrap Fusion Tribrid mass spectrometer (Thermo 

Scientific).   

For non-ŜƴǊƛŎƘŜŘ ǎŀƳǇƭŜǎΣ мΦо ˃[ ƻŦ ŎŜƭƭ ƭȅǎŀǘŜ ǎŀƳǇƭŜǎ όŜǉǳƛǾŀƭŜƴǘ ǘƻ м ˃Ǝ ƻŦ ŘƛƎŜǎǘŜŘ 

ǇŜǇǘƛŘŜǎύ ǿŜǊŜ ƭƻŀŘŜŘ ƻƴǘƻ ǘƘŜ ǘǊŀǇǇƛƴƎ ŎƻƭǳƳƴ όtŜǇaŀǇмллΣ /муΣ олл ˃Ƴ Ҏ р ƳƳύ ό¢ƘŜǊƳƻ 

{ŎƛŜƴǘƛŦƛŎύ ŦƻǊ о ƳƛƴǳǘŜǎ ŀǘ ŀ Ŧƭƻǿ ǊŀǘŜ ƻŦ нр ˃[κƳƛƴ ǿƛǘƘ н҈ όǾκǾύ !/bΣ лΦм҈ όǾκv) TFA. Peptides 

were resolved on an analytical column (Easy-{ǇǊŀȅ /му тр ˃Ƴ Ҏ нрл ƳƳΣ н ˃Ƴ ōŜŀŘ ŘƛŀƳŜǘŜǊ 

column) (Thermo Scientific) using a gradient of 98% A (0.1% (v/v) formic acid (FA)): 2% B (80% 

(v/v) ACN, 0.08% (v/v) FA) to 35% B over 120 min at a flow rate of 300 nL/min. 

MS(/MS) data were acquired on the Orbitrap Fusion Tribrid as follows for the non-enriched 

ǿƘƻƭŜ ŎŜƭƭ ƭȅǎŀǘŜ ǎŀƳǇƭŜǎΥ ŀƭƭ a{м ǎǇŜŎǘǊŀ ǿŜǊŜ ŀŎǉǳƛǊŜŘ ƻǾŜǊ ƳκȊ пллҍмрлл ƛƴ ǘƘŜ hǊōƛǘǊŀǇ 

(120 K resolution at 200 m/z), automatic gain control (AGC) was set to accumulate 4×105 ions 

with a maximum injection time of 100 ms. Data-dependent tandem MS analysis was performed 

using a top-speed approach (cycle time of 3 s), and the normalised collision energy was 

optimised at 35% for Collision Induced Dissociation (CID). MS2 spectra were acquired with a 

fixed first m/z of 100. The intensity threshold for fragmentation was set to 5000 and included 

charge states 2+ to 7+. A dynamic exclusion of 50 s was applied with a mass tolerance of 10 

ppm. 

For the phosphopeptide-ŜƴǊƛŎƘŜŘ ǎŀƳǇƭŜǎΣ нΦр ˃[ ƻŦ ǎŀƳǇƭŜ όŜǉǳƛǾŀƭŜƴǘ ǘƻ м ˃Ǝ ƻŦ ŘƛƎŜǎǘŜŘ 

phosphopeptides) were loaded onto the trapping column (PepMap100, C18, 300 ˃Ƴ Ҏ р ƳƳύΣ 

using injection pick-upΣ ŦƻǊ о Ƴƛƴ ŀǘ ŀ Ŧƭƻǿ ǊŀǘŜ ƻŦ нр ˃[κƳƛƴ ǿƛǘƘ н҈ όǾκ Ǿύ !/bΣ лΦм҈ (v/v) TFA 

and then resolved on an analytical column (Easy-{ǇǊŀȅ /му тр ˃Ƴ Ҏ нрл ƳƳΣ н ˃Ƴ ōŜŀŘ 

diameter column) using a gradient of 98% A (0.1% (v/v) formic acid (FA)): 2% B (80% (v/v) ACN, 

0.0.08% (v/v) FA) to 35% B over 120 min at a flow rate of 300 nL/min. For the phosphopeptide-

enriched samples MS(/MS) data were acquired on the Orbitrap Fusion Tribrid as follows: all 

a{м ǎǇŜŎǘǊŀ ǿŜǊŜ ŀŎǉǳƛǊŜŘ ƻǾŜǊ ƳκȊ пллҍмплл ƛƴ ǘƘŜ hǊōƛǘǊŀǇ όмнл Y ǊŜǎƻƭǳǘƛƻƴ ŀǘ нлл ƳκȊύΣ 

automatic gain control (AGC) was set to accumulate 4 × 105 ions, with a maximum injection 

time of 50 ms. Data-dependent tandem MS analysis was performed using a top-speed 

approach (cycle time of 3 s) and the normalised collision energy CID was optimised at 35%. 
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MS2 spectra were acquired with a fixed first m/z of 100. The intensity threshold for 

fragmentation was set to 10,000 and included charge states 2+ to 6+. A dynamic exclusion of 

50 s was applied with a mass tolerance of 10 ppm. Multistage activation was enabled for 

neutral-loss triggered fragmentation for all precursor ions exhibiting neutral loss of mass 

97.9763 or 80 Da with a mass tolerance of 0.5 m/z, where the neutral loss ion was one of the 

top 10 most intense MS2 ions. AGC was set to 20,000 with a maximum injection time set at 90 

ms. 

 

8.2.5 Quantitative Label-free LC-MS/MS Data Analysis 

Differential quantitative label-free LC-MS/MS data analysis was carried by interrogating the 

resultant LC-MS/MS files using the software package Progenesis QI for Proteomics (NonLinear 

Dynamics, Waters) essentially as previously described (Henry et al. 2017). Raw MS data files 

from each of the 12 samples were imported into the Progenesis QI software interface, and 

automatic reference run alignment was carried out to account for variability between runs. 

Upon alignment of all runs, identified features were filtered based on ANOVA p-value < 0.05 

between experimental groups. For proteomic and phosphoproteomic analysis, a mascot 

generic file (mgf) was generated from all exported MS/MS spectra and analysed using 

Proteome Discoverer v.2.1 (Thermo Fisher Scientific) in conjunction with SEQUEST. Peak lists 

were searched against an NCBI-Chinese hamster ovary (Cricetulus griseus) protein database 

(fasta file downloaded 29th November 2017 containing 24,906 sequences). Parameters were 

set as follows: MS1 tolerance of 10 ppm; MS2 mass tolerance of 0.6 Da for ion trap detection; 

enzyme specificity was set as trypsin with two missed cleavages allowed; 

carbamidomethylation of cysteine was set as a fixed modification; and phosphorylation of 

serine, threonine, and tyrosine (for phosphopeptide analysis) and oxidation of methionine 

were set as variable modifications. For phosphosite identification, the PhosphoRS algorithm 

(Taus et al. 2011) was run through ProteomeDiscover 2.1 using diagnostic fragment ions and 

analyzer-specific fragment ion tolerances, as described above. Data were filtered to a 1% false 

discovery rate (FDR) on PSMs using automatic decoy searching in SEQUEST and by applying a 

phosphosite probability score of 75% or greater for S, T or Y amino acids in PhosphoRS (Taus et 

al. 2011). Once peptides and phosphopeptides were successfully identified, a statistical criteria 



278 
 

of ANOVA p-ǾŀƭǳŜ Җ лΦлр ŀƴŘ ŀ ǊŜƭŀǘƛǾŜ ƳƛƴƛƳǳƳ ŦƻƭŘ ŎƘŀƴƎŜ ƻŦ ҕмΦр ōŜǘǿŜŜƴ ǘƘŜ 

experimental groups were set. Only peptides and phosphopeptides which passed these criteria 

were then deemed to be differentially expressed between the relevant experimental groups 

being analysed. 

 

8.2.6 Gene Ontology (GO) Analysis  

Identified differentially expressed proteins and phosphoproteins were assigned to mouse or 

human official Gene Symbol identifiers. These gene symbols were then imported into DAVID 

(https://david.ncifcrf.gov), ToppGene Suit (https://toppgene.cchmc.org) and Enrichr 

(http://amp.pharm.mssm.edu/Enrichr/) online gene ontology platforms for functional pathway 

analysis. To refine the number of pathways identified, an adjusted p-value (Benjamini-

IƻŎƘōŜǊƎύ ƻŦ ҖлΦлр ōŜǘǿŜŜƴ ŜȄǇŜǊƛƳŜƴǘŀƭ ƎǊƻǳǇǎ ǿŀǎ ǳǎŜŘΦ CƻǊ ŜŀŎƘ ǇƘƻǎǇƘƻǇǊƻǘŜƛƴ ƻŦ 

interest, the phosphosite number was assigned from the corresponding human protein 

sequence match. The functional information of such phosphosites was obtained from 

phosphosite.org (www.phosphosite.org), an online resource for providing information and 

tools for the study of protein post-translational modifications. For phosphopeptides with no 

complementary human sequence match, the phosphosite number was assigned through CHO-

K1 protein database (www.chogenome.org). 
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8.3 Results  
 

8.3.1 Proteomic and phosphoproteomic analysis of the growth of CHO cells in batch 
culture 

In this comparative proteomic and phosphoproteomic study of the IgG producing CHO DP12 

cells, we aimed to identify differentially expressed proteins and phosphoproteins as the cells 

transition through the exponential, stationary and decline phases of batch growth in 

suspension-cultured CHO cells. The cells were harvested on Day 2 and then after every 24 

hours until Day 5, and are referred to as conditions Day 2, Day 3, Day 4 and Day 5. These time 

points were selected based on our understanding of the behaviour of CHO DP12 cells in serum-

free media in suspension batch culture. During this short culture duration, selected time points 

capture the culture transition from early to late exponential phase (Day 2 to Day 3), through to 

the stationary phase (Day 3 to Day 4) and ultimately to the decline phase of the cell culture 

(Day 4 to Day 5). Figure 8-1A shows the growth and culture viability of the CHO DP12 cells used 

for this study. 

For each condition or day, 2 mg of protein was tryptically digested. 10 µg from each digested 

sample was analysed as the whole cell lysate non-enriched sample and the remainder was used 

for phosphopeptide enrichment. Each sample was analysed by LC-MS/MS. Raw MS files 

generated from the Orbitrap Fusion Tribrid mass spectrometer were interrogated using 

Progenesis QI for Proteomics in order to identify statistically significant differentially expressed 

proteins and phosphoproteins over the culture duration. From this LC-MS data, we identified 

approximately 4,900 proteins in total from the 2 hour LC-MS runs from the non-enriched whole 

cell lysate samples and approximately 7,200 phosphopeptides in total from the 

phosphopeptide-enriched fractions. 

To best understand the progressive changes in the proteome and the phosphoproteome of the 

CHO DP12 cells over time in batch suspension culture, LC-MS/MS data files from the three 

replicate samples from two consecutive day samples were compared with each other to obtain 

an account of differentially expressed peptides and phosphopeptides that may have changed in 

abundance during the transition from each day of culture to the next, i.e., Day 2 vs. Day 3, Day 

3 vs. Day 4, and Day 4 vs. Day 5. Significantly increased or decreased expression of 
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phosphopeptides between samples was determined by using a fold-change cut-off of ±1.5 fold 

and a p-ǾŀƭǳŜ ҖлΦлр ōŜǘǿŜŜƴ ŜȄǇŜǊƛƳŜƴǘŀƭ ƎǊƻǳǇǎ (Henry et al. 2017).  The phosphorylation 

site in the peptide was localised through phosphoRS 3.1 in ProteomeDiscoverer 2.1 after 

applying a phosphosite probability cut-ƻŦŦ ǎŎƻǊŜ ƻŦ җтр (Taus et al. 2011).  Peptides from the 

non-enriched whole cell lysate samples with fold changes ±1.5 and a p-ǾŀƭǳŜ ҖлΦлр ōŜǘǿŜŜn 

experimental groups were also deemed to be differentially expressed.  Supplementary Table 1 

provides an overview of the numbers of differentially expressed peptides and phosphopeptides 

and their corresponding proteins over time in culture 

(https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700221). Unsupervised Euclidian 

clustering analysis of the differentially expressed phosphopeptides and non-enriched peptides 

show a clear clustering of each sample set into the different days of the batch suspension 

culture, as shown in Figure 8-1B, i.e. Day 2, Day 3, Day 4, and Day 5 of the cell culture. There is 

some variation between the samples from each time point; however, the Unsupervised 

Euclidian clustering of the phosphoproteomic and total proteomic data clustered the three 

biological replicates from each time point into distinct sample groups. This relationship can be 

confirmed from a Principal Component Analysis (PCA) plot of the phosphoproteomic and 

proteomic data, as shown in supplementary data 

(https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700221).      

In this analysis, 1867 phosphopeptides were found to be differentially expressed between Day 

2 and Day 3 of culture as the cells transition from early through to late exponential phase of 

growth, with 923 phosphopeptides showing increased expression and 944 phosphopeptides 

showing a decrease in expression at Day 3 of culture compared to Day 2. In the comparison 

between Day 3 and Day 4, 1096 phosphopeptides were differentially expressed, with 370 

phosphopeptides showing increased expression at Day 4 and 726 phosphopeptides showing 

decreased expression at Day 4 of culture as the cells transition from the exponential to the 

stationary phase. Similarly, differential analysis of Day 4 vs Day 5 of the culture identified 1521 

differentially expressed phosphopeptides with 407 phosphopeptides showing increased 

expression at Day 5 and 1114 phosphopeptides showing decreased expression at Day 5 as the 

cells transition into the decline/death phase of growth. A summary of the total number of 

differentially expressed phosphopeptides and peptides and their corresponding proteins is 

shown in Figure 8-2A. Figure 8-2B shows the overlap between the phosphoproteomic and 

proteomic differentially expressed proteins for each comparative analysis. The full lists of 
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differentially expressed phosphopeptides and their corresponding phosphoproteins are shown 

in supplementary data (https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700221).  The 

full lists of differentially expressed non-enriched peptides and the corresponding non-enriched 

proteins from the whole cell lysate (WCL) samples are shown in supplementary data 

(https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700221). 

A number of phosphopeptides were differentially expressed between multiple comparisons; 

for example, 379 phosphopeptides were common between the Day 2 vs. Day 3 and Day 3 vs. 

Day 4 comparisons, and 428 phosphopeptides were commonly identified between and Day 3 

vs. Day 4 and Day 4 vs. Day 5 comparative analyses. Interestingly, 111 phosphopeptides 

corresponding to 97 phosphoproteins were common between all comparison sets. Such 

phosphopeptides represent the dynamic nature of the phosphoproteome and give an account 

of potential acute changes in phosphorylation in response to cell growth. A change diagram of 

these constitutively differentially phosphopeptides is shown in Figure 8-3, showing the 

phosphopeptides that generally increase in expression over time in culture as Cluster 1 and 

phosphopeptides that generally decrease over time in culture as Cluster 2. A list of 

phosphopeptides that were observed to be differentially expressed at all phases of growth is 

included in supplementary Table 3 

(https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700221) and includes reference to 

whether the phosphopeptides belong to Cluster 1 or Cluster 2.  

 

8.3.2 Overlap of proteomic and phosphoproteomic datasets 

A significant limitation in phosphoproteomic studies is the ambiguity of total peptide 

stoichiometry concerning its phosphorylated isoform. As a result one of the major challenges in 

phosphoproteomics is that abundance differences of a phosphopeptide could arise from (1) 

differential phosphorylation or (2) the differential overall expression of the total 

phosphoprotein. A comparison between the relative abundance pattern of a phosphopeptide 

and the non-phosphorylated version of the same peptide, if identified, can provide evidence 

for differential phosphorylation/dephosphorylation rather than just a change in abundance of 

a phosphopeptide and hence the phosphoprotein itself. With rapidly improving capabilities of 

high resolution and highly sensitive mass spectrometers such as the Orbitrap FusionTM TribridTM 
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mass spectrometer used in this study, a good overlap between phosphopeptide identification 

and total proteome identification is expected. Supplementary Table 4 

(https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700221) shows the list of all 

differentially expressed phosphopeptides (i.e. 532 in total) for which the corresponding 

peptide was identified in the non-enriched whole cell lysate, but not differentially expressed, 

suggesting altered phosphorylation of these proteins over the growth phases in batch culture.  

From this list of 532 phosphopeptides, three examples are shown in Figure 8-4 to demonstrate 

differential expression of a phosphopeptide with no change in the corresponding peptide from 

the total protein. For example the phosphopeptide S*GEGEVSGLMR, with identified 

phosphosite corresponding to Ser473 of human Transcription intermediary factor 1-beta 

(TRIM28), was found to be differentially expressed at all phases of growth, whereas the non-

phosphorylated version of the peptide did not change over time in culture (see Figure 8-4A). 

The phosphopeptide abundance varies significantly across the growth curve with relative 

abundance firstly decreasing 1.9 fold from day 2 to day 3 and then gradually rising from day 3 

until the end of the culture duration. However, no significant fold changes were observed from 

the analysis of the non-phosphorylated version of the peptide over time in culture. It has 

previously been shown that depletion of TRIM28 using shRNAi leads to increased cellular 

proliferation (Chen et al. 2012) and phosphorylation of TRIM28 on Ser473 by MAP kinase-

activated protein kinase 2 (MK2) has been shown to reduce the activity of TRIM28 (King 2013). 

These previous studies tie in with the phosphoproteomic data shown here with the initial 

decrease in phosphorylation during the exponential phase of growth (day 2 to day 3) and then 

an increase in phosphorylation as the growth rate decreases and eventually the culture 

entering the decline phase by day 5. Similarly, the phosphopeptide QAGPS*PEAELR of protein 

Pleckstrin-like domain-containing family G member 6 (PLEKHG6), which is a guanine nucleotide 

exchange factor that can activate RhoG and RhoA and plays a role in cytokinesis (Samson et al. 

2010, Wu et al. 2006), was identified to be differentially expressed at all phases of growth, 

initially showing a decrease in expression by 1.8 fold between day 2 and day 3, and then 

increasing in expression 1.8 fold from day 3 to day 4 and continuing to  increase (1.7 fold) from 

day 4 to day 5. However, the abundance of the non-phosphorylated peptide QAGPSPEAELR 

identified from the non-enriched whole cell lysate did not change significantly over the culture 

duration (see Figure 8-4B). Similarly, phosphopeptide VSHYIINSSGPRPPVPPSPAQPPPGVSPS*R 

(Ser85) identified from Proto-oncogene c-CRK (also known as Adaptor molecule CRK),  which 
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belongs to a family of adaptor proteins that act as major convergence points of tyrosine kinase 

signaling pathways(Braiman and Isakov 2015), shows a 2 fold decrease from day 2 to day 3, a 

1.8 fold decrease from day 3 to day 4, and a 1.9 fold decrease from day 4 to day 5 of the CHO 

cell culture,  whereas the non-phosphorylated version of the peptide shows no significant 

change in abundance over time in culture (see Figure 8-4C).   

 

8.3.3 Functional classification of significantly differentially expressed proteins and 
phosphoproteins 

All differentially expressed proteins were assigned human official gene identifiers for functional 

classification. Functional annotation of these genes was performed using DAVID 

(https://david.ncifcrf.gov) and Toppgene suite for functional analysis 

(https://toppgene.cchmc.org). For refined identification of statistically significant enrichment 

terms, an adjusted p-ǾŀƭǳŜ ό.ŜƴƧŀƳƛƴƛ IƻŎƘōŜǊƎύ ƻŦ ҖлΦлр ǿŀǎ ǳǎŜŘΦ ¢ƘŜ Ƴƻǎǘ ǎƛƎƴƛŦƛŎŀƴǘ ƻŦ ǘƘŜ 

GO: Biological Process terms identified from the phosphoproteomic study were related to cell 

cycle, RNA processing, regulation of organelle organization, cytoskeleton organization, 

chromatin organization, histone modifications, etc. The molecular function of these proteins 

indicated that the differentially expressed phosphoproteins were of importance in, for 

example, transcription factor and transcription cofactor activity, transcription factor binding, 

GTPase regulator activity and kinase binding. (See supplementary Table 5 for the top 20 most-

enriched GO: Biological Processes and GO: Molecular Functions from the phosphoproteomic 

and the non-enriched whole cell lysate proteomic analyses 

(https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700221)).  We also identified the 

differential expression of 94 kinases along the growth curve, as shown in supplementary Table 

6 (https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700221), which is a remarkable 

number given that the human kinome contains close to 518 kinases ό5ǳƻƴƎπ[ȅ ŀƴŘ tŜǘŜǊǎƻƴ 

2013).    

From KEGG pathway analysis we observed the enrichment of a number of pathways during the 

various phases of growth in batch culture from analysis of the lists of differentially expressed 

phosphoproteins. For example, there was a significant enrichment of growth-related signalling 

pathways such as ErB signalling, insulin signalling and cancer-related pathways. Table 8-1 lists 
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the KEGG pathways that were identified to be active at various phases of cell growth. Two of 

the pathways that were found to be highly enriched in the exponential and stationary phases 

were the mTOR and autophagy pathways. The mTOR pathway has been manipulated 

previously in CHO cells to improve production efficiencies (Josse et al. 2016, Dadehbeigi and 

Dickson 2015a, Dreesen and Fussenegger 2011a), and recently autophagy in CHO cells have 

gained attention as an opportunity for controlled cell death in bioprocess (Baek et al. 2016). In 

our study, we identified 18 phosphoproteins from the mTOR pathway, including the 

components of both mTORC1 and mTORC2 complexes. We also observed the differential 

expression of 17 autophagy-related phosphoproteins, predominantly at the exponential phase 

of cell culture; Supplementary Table 7 provides the complete list of differentially expressed 

phosphopeptides and associated phosphosites identified from the mTOR and autophagy 

pathways (https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700221). Supplementary 

Figure 2 shows KEGG pathways highlighting the differentially expressed phosphoproteins from 

the mTOR and autophagy pathways identified in this study 

(https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700221). Three of the phosphosites 

identified from WIPI2 and ATG2A from the autophagy pathway are potentially CHO-specific as 

no equivalent phosphosites were found in human sequences. 

KEGG pathway analysis of the non-enriched whole cell lysate differentially expressed proteins 

showed a different set of enriched pathways and included an enrichment of proteins related to 

metabolism such as the Citrate (TCA) cycle, carbon metabolism, amino acid synthesis and 

degradation (see Table 8-1). This again demonstrates the extra depth of information achieved 

when combining both the proteomic and phosphoproteomic datasets.   
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Figure 8-1. Growth curve of CHO DP12 cell line and heat maps of differentially expressed peptides and 
phosphopeptides over time in culture. (A) Cell number and culture viability (%) over time in serum-free 
suspension batch culture. Samples for proteomic and phosphoproteomic analysis were captured on day 2 (early 
exponential), day 3 (exponential), day 4 (stationary) and day 5 (early death) phases of growth. (B) Unsupervised 
Euclidian clustering shows that the expression of the differentially expressed non-enriched peptides (left) and 
phosphopeptides (right) identified from the experimental samples separate into four distinct sample groups i.e. 
Day 2, Day 3, Day 4, and Day 5 of the cell culture. Three replicate samples (labelled A-C) are shown for each time 
point. 

 

 






























































































