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Thesis Outline

Chapter 1.

This chapter gives amverview of current proteomics with emphasis on sample
preparation, postranslational modifications, mass spectretry and proteomic data
analysis for cancer and biopharmaceutical proteomic research. This review examines mass
spectrometry approaches for differential proteome quantitation. Furthermohgs review

highlights recent advances in mass spectrometry forahalysis of proteins and peptides.

Chapter 2.

This chapterdescribes two protocol methods to analyse clinical patient samples using a
resinbased depletion column followed by either protein 4@el enzymatic digestion or
protein InSolution enzymatic degtion and then analysis by Oiemensional Reverse
Phase Chromatography or Tildmensional Strong Cation Exchange (f@€verse Phase
Chromatography (RPC)

Chapter 3.

This chaptermprovides protocol methodsfor phosphopeptide enrichment using TLi@nd

IMAC strategies from CHO cells followed byM&analyses (MS2 and MS3) for sipecific
determination of phosphorylated seringhreonine or tyrosine residuesThe reversible
phosphorylation of proteins on serine, threonine, and tyrosine residues ibtiee most
important posttranslational modifications that regulate many biological processes.
Thephosphoproteomehas not been studied in any great detail r@combinant
Chineséhamsterovary(CHOXellsto date despite phosphorylation playing a cruaiale in
regulating many molecular and cellular processes relevant to bioprocess phenotypes
including, for example, transcription, translation, growth, apoptosis, and signal

transduction



Chapter 4.

This chapter describes a human serum depletion stratiediowed by quantitative label

free LEMS/MS proteomics to deliver an informative portrait of response to therapy of
patients with Multiple myelomaMultiple myeloma (MM) is the second most common
blood cancer in adults; it is a neoplasm of terminalffedéntiated Bcells 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 characteripessible diseaseelated 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 lvattezomib/ 8

who subsequently failed to repsnd) were used in this studyn this study, a number of
LINEPGSAYya ¢SNB F2dzyR G2 06S aArA3ayraUlOrydte OKLy

non-resporders to treatment.

Chapter 5.

Chapter five describes grotein and metabolite expressioprofiling stud/ in blood using
gquantitative label free L&MS/MSand high-throughput antibodybased screening platforms
on serum from patients with breast cancer compared to healthy patient controls.
Previously identified bloothased breast cancer biomarkers, includimmeer antigen 15.3
(CA153) are useful in combination with imaging (computed tomography scans, magnetic
resonance imaging,-bays) and physical examination for monitoring tumour burden in
advanced breast cancer patients.The aim of this study was to idgfy a biomarker
signature of tumour burden using cancer and reamcer (healthy controls/nemalignant
breast disease) patient samples. Results from both mass spectrometry anthifoglghput
antibody screening demonstrated that combinations of three ddatk biomarkers:
Glutamate, 12Hydroxyeicosatetraenoic acid, Betgdroxybutyrate, Factor V and Matrix
metalloproteinasel with CA183, were found to mirror tumour burden when comparing

non-malignant breast disease to the different stages of breast cancer



Chapter 6.

This chapter describes proteomic techniquesidentify novel proteins associated with
cancer cell invasion/metastasis by identifying the unknown targets of monoclonal
antibodies (MAbs) shown to functionally block invasion by cancer. ddlising generated

MADb following immunisation of mice with a clonal population of the pancreatic ductal
adenocarcinoma cell line (Mia PaZg the objective was to identify membrane targets
involved in cancer invasion using immunoprecipitataomd LEMSMS with this antibody
against the Mia PaGzacell line, aMia PaC& clone 3whichdisplays high levels of invasion

in vitro) and a squamous lung carcinoma cell line (DMJPThe immunoprecipitated

proteins were identified abeterodimeric Ku antigen,uk0/80.

Chapter?7.

Chapter sevenlescribes the application of thmethods described in chaptéhree to CHO

cells that have been subjected to temperature reduction during the exponential phase of
growth which is a strategy commonly employed by the bioptereutical industryto
increase product yield. Using two different peptide phosphorylation enrichrstrmategies
(FeNTAand T10,), we carried out quantitative label frdeCMS/MSto identify site specific
differential phosphorylationn CHO cells using éhOrbitrap XL Mass Spectromet&rom

this analysis we identified 384 differentially expressed phosphopeptides (182 up and 202
down at 3FC) from the Ti® enriched samples, and 504 differentially expressed
phosphopeptides from the FRTA enriched sample4&4 up and 320 down at 31°C). The
results suggest significaehrichment of biological processes relatedgrowth, ribosomal
biogenesis, and cytoskeleton organization, and molecular functions related to RNA binding,
transcription factor activity, and pretn serine/threonine kinase activityn the cells

following temperature adjustment
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Chapter8

Chaptereight in this thesis descris¢he use of immobilised metal affinity chromatography
(IMAC) on CHO cells in culture over time for Phosphopeptidetengnt followed by label
free LGMS/MS using the Orbitrap Fusion Mass Spectrometer demonstrating a significant
increase in the number of site specific phosphorylation identifications when comdpare
our previous publication fapter seven)in total overthe 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 pbssrevealed the differential
expression of 834 unique proteins, with an overlap of 188 proteins between the proteomic
and phosphoproteomic analyses. The inclusion of phosphoproteomicadatsignificantly
improve proteome coveragand also give insightsnio the posttranslational level of

regulation during cellular growth of recombinant CHO cells.

Chapter 9

Chapter nine in this thesepplied differential quantitative labdtee LEMS/MS proteomic

analysis to group clonalgerived cell lines (CDCLSs) édon the level of clipping of the +c

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

YR Of2ySa ¢SNBE RSAAIYIGSR Fa SAGKSNI KI @Ay 3
quantitative labelfree LEMS/MS analyis we identified 200 differentially expressed

proteins between the two experimental groupand bioinformatic analysis suggested of

the data suggests a role for defective protein folding and unfolded protein response.
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Figure 112. Phosphorylated peptide KVELS*ESEEDKGSK selected fragmentation using the various
options available on the Orlvap 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.....o ittt e e e e ettt e et e e e e e e e e e s e bbb b e e e e eeaaaeeeas 35
Figure 113. Comparisonf an Fefusion 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
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detection at 214 nm. Figure A demonstrates SDS Gel electrophoresis was unable to
differentiate Fefusion protein profiles from two different CHO cell line samples which differed
Ay GKSANI RSAINBS 2F LINPRdAzOG aOf ALIWMYIE 61 Sy NER
phased separation and UV analysis using MAbPAC chromatography resultedvisuilisation
of additional clipped variants between the two samples. Figure C demonstrates Top Down
proteomic analysis of the Fasion protein after an LC separation into an Orbitrap XL mass
spectrometer scanning at 100,000 resolution with a decomeal monoisotopic mass using
Magtran software (Gundry Research Group) of 46,808 Da (expected mass offtiséoRc
10 (=1 1 ) RS 37
Figure 114. Progenesis QI pipeline. A+B: Represent ion mapapyerlg where peptides are
matched between samples. In this figur@xis represents the m/z and theaxis 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 lon Chromgram view of the finished aligned run. D: ion
abundance quantification and statistical analySiS............ccccoriiiiiriiiii e 43
Figure 15. Thermo Scientific offer the TMT 10p[8fsobaric Mass Tag amine reactive syste
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 relativeralance 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............cooov i 45
Figure 116. Schematic of the Orbitrap XL Mass SPECtrOMELer..........occvveeeiriiiiiee e 48
Figure 117. Base peak chromatogram of a CHO K1 lysate digestion separatece®htiurs 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 @nalysSiS.........cccoeiiiiiiiiiiceeiire e 50
Figure 118. Phosphopeptide wita 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 productin the form of an MS3 scan generating additional fragmentation informatidn.
Figure 119. Schematic of the Orbitrap Fusion Tribrid Mass Spectrometer with the new hardware
implementations. e active beam guide for noise reducing. The Quadrupole mass filter to
select specific mass range for transmission selectivity and improved sensitivity. Titogfiowgy
multipole for parallel analysis. Accumulates ions for either HCD fragmentation tingda
L0 TSI 0] 1R 1= o PP 53
Figure 120. Base peak chromatogram of a CHO K1 lysate digestion separated over a 140 min RPC
separation into an Orbitrap Fusion Tribrid instrument. Full MS spectrut@@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..............oo oo, 54
Figure 121. Base peak chromagoam 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 INStrUMBNL USING MSA. ... e aaaaaaaas 55
Figure 122. A comparison of Orbitrap fusion Tribrid MS data to Orbitrap XL MS data using the same
Chinese hamster ovary tryptically digested protein sample. The Orbitragnfiisibrid
instrument confidently identified over four times as many peptides translating into confidently
over three and a half time MOre ProteiNS..........ooi ittt 59
Figure 21. Nondepleted (left) vs SerunigG depleted sample (right) from a serum sample separated
on a Coomassie stained SBPAGE gel. The region highlighted in red shows proteins no longer
masked by very high levels of albumin and IgG............ccoviiiiiiieee e 103
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Figure 22. Schematic using a 10 port valve for the fluidic connections for one dimensional (1D)
reverse phase chromatography for simple protein MiXtUreS..........coocvveveiiiimeieeeiniineeen. 104

Figure 23. Mass spectrontey trace showing the total ion intensity from all the mass spectra
recorded during a 1D reverse phaseMS§S 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 gel1@md.

Figure 24. Schematic using two 10 port valves for the fluidic connections for two dimensional (2D)
O : 1L o] (U0 I=)tq =T 41T o ) o 106

Figure 25. Mass spectrometry traces overlaid from 10 salt plug fractions generated fronrL& 2D
run. Base peak chromatograms for the salt injections on the SCX trap fractions are overlaid to
show different peptide profiles following separation on the reveptmse column. Each
fraction is designated by a different colour chromatogram..........ccccccoevvvvcvivvviieneeeeeennn. 107

Figure 31. Processing workflow for MS2 and MS3 data using Proteome Discoverer.2.1.....127

Figure 32 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 laddtahing glutamine (Q) to serine (S) and has a
mass difference of 167 Da (addition of phosphate group (HPO3) confirming phosphorylated
ASNAYS 6byn pa 2y {SNAYySo® o6/0 a{ka{ka{ 2F 5Dv:
on serine where the sequence laddmatching 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 elehydroamino ACi...........ccueeiiiiiiiiiieiiiiiiie e 128
Figure 41. Survival data. Overall survival for responders andnesponders patients following
induction therapy containing bortezomib..............oooovii i, 143

Figure 51. Logistic regression Ab@lues. A Compas of logistic regression Ad@lues for the
combination of CA1B/ 12-HETE/Glutamate and CAl®Halone for control compared to nen
malignant breast disease, stage I, stage I, stage Il and stage IV breast cancer patient serum
specimens respectively. b @parison of logistic regression AlW@lues for the combination of
CA153/12- HETE/Glutamate and CA3mlone for noAmalignant breast disease compared to
stage |, stage I, stage Il and stage IV breast cancer patient serum specimens respet80ely.

Figure 61. MAb 7B7 blocks cancer invasion in PDAC Mia-Pa(ae 3 cells and DL¥Psquamous
lung cells. a The invasive potential of Mia R2&4one 3 cells is significantly reduced in the
preSy O0S 2F pn >3kYE 2F yiAo2Re 7. 1T AY@larzy Az
LINBASyOS 2F wp >3kYf 2F FYyGAo2Rex AYRAOFGAY3 i
potential of this cell line in a dose responsive manner. b The invasteafml of DLKM cells
Ad AAIAYAFAOIyldte NBRAZOSR Ay (KS LINBaSyOoS 2F pn
G2 | fS&8&4SNJISEGSydz Ay G(KS LINBaSyOS 2F wp >3kY!
significantly reduce the invasive potentialtbfs cell line in a doseesponsive 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.
{GF GAAGA GAIKNFDLIDKED A SR FFFF LKA ®nnp O2YLI NBR gAGK
al 60 ® { (dzRS ydiled &ith @qual \Bdafice, ainpairéd). c Representative
photomicrographs of Mia Pa€aclone cells invaded through Matrigebated Boyden invasion
chambers (8> Ypore size) (stained with 0.25 % crystal violet (w/v) in the presence of two
RATFSNBY(G O2yOSyidiN}idAz2ya 2F lyiAo2Re O02NAIAAYI f
Representative photomicrographs of DLKPM cells invaded through Matdgetd Boyden
invasion chambers (8 ¥ L2 N8B &A1 S0 o6aidilAySR 6AGK noup 22 ONJ
G662 RAFFSNBY(d O2yOSyiaNlrGA2ya 2F yidAo2Re& 02NR3,
experiments were performed a minimum of three times, and represevearesults are
] (22T 01 (=0 FO PP TR ORI 205
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Figure 62. Immunofluoresence cell surface staining of antibody 7B7. MiaRatme 3 (a) and Mia
PaCa clone 8 (b) pancreatic ductal adenocarcinoma cellsRIngP MitosBCRP 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 PaGaclone 3 and drugesistant DLKP MiteBCRP 6P cells, Mia PaCaone 8
cells which are poorly invasiwe vitro show more cytoplasmitike 7B7 immunoreactivity only,
DLKPSQ cells show very weak 7B7 immunoreactivity. ¢, d Counter stained with propidium
iodide. Originalmagn@ G A2y 2F Fff LIK2G§2YAONRANIL.LRAEZ Pnnnsx
Figure 63. Identification of MAb 7B7 target antigens by immunoprecipitation. Clinked
immunoprecipitation of cell lysates witlrB7 MAb and control mouse IgM separated by SDS
PAGE and stained with 0.25 % Coomassie Blue. Lane 1 molecular weight markers, lane 2 Mia
PaCa clone 3 immunoprecipitated with mouse IgM, lane 3 Mia P2Clone 3
immunoprecipitated with MAb 7B7. Two bands ateserved; 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. Noinding agarose beads were also used as a control
(data not shown). Experimentas performed three times, and a representative scanned gel is
shown. DLK#® cells were also immunoprecipitated with antibody 7B7 and resulted in the
same 70 and 88Da reactive bands (data Not ShOWN)...........coocuviiiiiiiiieiieiniee e, 207
Figure 64. The siRN#nediated interference knockdown of both Ku70 and Ku80 reduces invasive
capacity of Mia PaGaclone 3 cells. (a), (b) Immunoblots showing effective knockdown of
Ku70 (a) and Ku80 (b) at-h&osttransfection in Mia PaC2 clone 3 cells transfected with
two independent siRNAs targeting Ku70 and Ku80, respectively, relative to scrambled control
histograms showing reduced invasive capaoit Mia PaG& clone 3 cells in a Boyden chamber
assay following transfection with Ku7&nd Ku8&targeted siRNAs. The total number of cells
invading through Matrigel is shown. Data plotted represent the mean + standard deviation of
duplicate transwellida SNIia FNRBY | NBLINBaASY(dl GABS SELISNAYSy
FYR FFrLIXnodnnp O2YLI NBR ¢AGK aONHated wiBR aAwb! O:
equal variance, unpaired). (e), (f) Representative photomicrographs showing invasion status of
Mia PaC& 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 magraficati 00; scale
OFNI'Hnn >Y® 1 £f SELISNAYSy(da sSNB LISNF2NX¥SR Ay |
FESUILS Are PreSENTEU. ... .uu i e e e e e e e e e e e e e e e e e e e e eeeaaar s 208
Figure 65. siRNAmediated interference knockdown of bothulkO and Ku80 reduces invasive
capacity of DLKWMI cells. (a), (b) Immunoblots showing effective knockdown of Ku70 (a) and
Ku80 (b) at 4& posttransfection in DLKR®! cells transfected with two independent siRNAs
Tubulin served as a loading control. (c), (d) Representative histograms showing reduced
invasive capacity of DLKPcells in a Boyden chamber assay following transfection with Ku70
and Ku80 siRNAs. Theabhumber of cells invading through matrigel is shown. Data plotted
represent the mean + standard deviation of duplicate transwell inserts from a representative
SELISNAYSyiGd {dFiA&aGAOAY FLXXAOAPIEI FFLXAOAMI | YR
controld { GdzZRSy G Qa G G§Sad odGg2 GFAtSR 6AGK Sldz t @I
photomicrographs showing invasion status of DIMKEells following transfection siRNAs
targeting Ku70 (e) and Ku80 (f), respectively. A decrease in invasion can be olickovwadg
siRNA transfection of both Ku70 and Ku80 compared with scrambled control insert. Original
YIEIYyAFAOLGA2YE RmanT 401 tS 0FNIFuwnn >Yood ! ff SE
three times, and representative results are presented..........oocvvveeviieieeeeiniieeee e 209
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Figure 66. Antibody 7B7 reduces MMP activity in squamous lung carcinoma-MLdéaits. MMP
activity in DLK®M cells. a Gelatin zymography analysis of conditioned medium collected over
72 h from DLKI cdls showing presence of both pro and active (lower band) MMP DLKP
M cells. b Caesin zymography analysis of conditioned medium collected over 72 h froAviDLKP
cells showing the presence of both pro and active (lower band) MNP DLK#® cells. MMP
adivity in DLKRM cells treated with antibody 7B7. ¢ Gelatin zymography analysis of
conditioned medium collected over 72 h following treatment of DEKPO St f & A G K pn >3
MADb 7B7. A reduction in MMP activity in DLKRI 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 inMMP10 activity (pro and active) is observed in DIMKEells treaed 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

Figure 67. 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 weredtand Ku70/Ku80
immunoreactivity was scored according to the staining intensity observed (weak, moderate,
and strong; Representative photomicrographs are shown, (a) aylade PDAC tumour
showing weak Ku70/Ku80 immunoreactivity, while strong Ku70/Kp@ltive 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 (g)n&@nmagnification of
LK2G§2YAONRPINI LIK& 2F 2 6 YR R Aa&aPnnn.2o2alOl £S ol

Figure 71. Growth and productivity of CHSEAP cells at 32 and 31C 36 hours posemperature
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 obthfram four biological

replicate cultures at each temperature (N=4).......cooviiie i 239
Figure 72. Outline of experimental workflow for differential phosphoproteomic analysis using the
two phosphopeptide erichment StrategieS........ccovie i 240

Figure 73. Unsupervised Pearson clustering shows that the expression of the differentially
expressed phosphopeptides identified from the experimental samples sepataténo
distinct sample groups from the 32 (37A37D) and 3iC (31A31D) cultures grown in
biological quadruplicate. (A) F¢TA (IMAC) enriched phosphopeptides and (B) di@iched
o] g XS] o] ple] o I=T o0 =3 T TP P T PPPPPPRPPPPPRN 241
Figure 74. Volcano plot representations of phosphopeptide abundance differences caused by
temperature shift in CHEGEAP cells. Volcano plots of all identified phosphopeptides showing
their distribution according to Anovayalue ¢log10 Pvalug and fold change (log2 fold
change) between the 3T and 3IC samples from (A) A¢TA (IMAC) and (B) Li@richment.
Phosphopeptides above the horizontal line are deemed statistically significaaip <0.05)
and those to the right and leftof the viéerA O t f Ay Sa AYyRAOFGS NBfFGADS
Phosphopeptides relating to NDRG1 (blue) and ATF2 (red) are highlighted................ 242
Figure 75. (A) Progenesis QI for Proteomics software output shgwicreased expression of the
phosphopeptide TASGSSVTSLEGPRG@ NDRG1. The vertical axis represents
normalised abundance volumes (log). (B) Western blot confirming increased expression of
phospheNDRGL1 in 3 replicate CHEEAP samples at°®L Teal NDRG1 was not detected in all
CHGSEAP samples. GAPDH was used as a loading comthain@n breast cancer cell lysate
from SKBR3 cell line. (C) PhospdRG1 protein expression levels aiGivas
densitometrically quantified relative to its expressiat 37C and confirms increased
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phosphorylation of NDRG1 at &L The data represents the three replicates for each sample at
37°Cand3% +yR N6 SELINB&aaSR a YSIy @ltdsSa s aidly
densitometry analysis is shown fatal NDRGL1 due to the lack of signal on the immunoblot).

Figure 76. (A) Progenesis QI for Proteomics software output showing a reduction in expression of
the phosphopeptide NDSVIVADQTPT&TIR’C from ATF2. The vertical axis represents
normalised abundance volumes (log). (B) Western blot confirming reduced expression of
phospheATF2 in 3 replicate CHEEAP samples at &l Total ATF2 showed no change in
SELINB&aarz2y | G odthkasiisedrasid bddidgdaiiBod @iman breast
cancer cell lysate from SKBR3 cell line. (C) PheApR@ (left panel) and total ATF2 (right
panel) protein expression levels at’®lwere densitometrically quantified relative to their
expression at 3, and confirms decreased phosphorylation of ATF2 % .3lhe data
represents the three replicates for each sample at@@nd 31C and are expressed as mean
Gl £dzS&a 5 adl yRINR RSAALAGAZY.D. ... 4FF.. L. . LYRMOAMO
Figure 81. 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 serumfree suspension batch culture. Samptesproteomic 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 differentiallyexpressed nosenriched 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 (lab€l)earé showrfior
(<= Tod o I8 11 0= o o o | PPNt 285
Figure 82. Overview of the total number of differentially expressed phosphopeptides, and peptides
for each comparative analysis. (A) Summary of differentially explgssgtides,
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. Peptidespmudphopeptides and
their corresponding proteins were deemed differentially expressed if the fold change between
two conditions was +1.5 with an ANOVAH £ dzS XX nonp 06S06S5.8y286ELISNAYS
Figure 83. A change diagram of phosphopeptides shown to be differentially expressed at all growth
phases. Unsupervisesbft clustering of phosphopeptides revealed two different cluster
structures, (A) Cluster 1 and (B) Cluster 2. Log10 transforinesphopeptide abundance
values on the yaxis are plotted against the sample collection time points on th&is........ 287
Figure 84. Altered phosphorylation of phosphoproteins during batch susjpensulture. Expression
patterns of peptides and phosphopeptides from (A) TRIM28, (B) PLEKHGG6, and (C) CRK over
time in culture. Left panel shows the change in expression of thepihmsphorylated peptide
identified from the norenriched whole cell lysatever time in culture. Right panel show
changes in expression of the phosphorylated version of the same peptide over time in culture.
X-axis, days of cell culture:axkis, peptide/phosphopeptide abundance from MS data....288
Figure 91. (A) Mean % unclipped-fesion protein (intact protein) for cell lines designated with a
GKAIKE YyR af26é Of ALIMAY3I LIKSy2:0GLIS G GKS KN
of the Fefusion proteining [ F2 NJ G KS OStft fAySa gAlGK (GKS GKA
at three time points (Day 8, 10 and 14) (Day 6 data was not available). (C) Comparison of viable
cell density and (D) % viability for the individual cell lines at Day 6, Day 10 and. Eagot4
bars represent the standard error calculated from the standard deviation of the mean. (*<0.05,
**<(0.005). Black barg OSf f f Ay Sa SAGK Wf26QOCTE A LAY D aLIKS i K
ClIPPING PRENOIYPE- ...t e e e e e e eee s 319
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Figure 92. Data visualisation using a heatmap generated using ggplot package in R to show the
distribution of all identified proteins based on statistical analysis anddblthge across all of
the samples used in the qatitative labelfree LEGMS/MS proteomic analysis. Cell lines with
WKAIKQ YR Wi26Q Of ALY A LIKSy2i481)84..820YLI NBR
Figure 93. Relative quantitative labdtee LEMS/MS analysis using Progenesis QI for Proteomics
software showing the abundance of a peptide from (A) Wolframin (WFS1) and (BJLICAM
RSY2y&aidNI GAy3a AyONBIFI&aSR SELINBaaAiAzy Ay (GKS OStf
10 comparedtothecellly S& A GK GKS W[ 26Q Opeptiditview I3 LIKSy20Ge
showing a representation of the altered abundance of one peptide from WFS1 and1CAM
Right panel protein view showing the average normalised abundance volumes of the
individual peptidesdentified from WFS1 and ICAM The horizontal axis represents the three
AYRAGARdzZ £ OStt tAyS&a FTNRY (KS (G662 SELISNAYSyGl
vertical axis represents normalised abundance volumes (I0g)......cccccceeeevvvviiicinvninennnen. 321
Figure 94. Functional interactions network analysis using STRING shows an enrichment of protein
NBLINBaSydAy3d o!'0 WLINRGIGSAY F2fRAYIQ YR 6.0 WNB.
the significantly dferentially expressed proteins on Day 10 between the cell lines with the
GKAIKE YR af2é Of ALY LIKSy22GeLISad ¢KS TFdz ¢
Lo TU L [T aT=To I T T = o] = PRSPPI 322
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List of abbreviations:

2D-PAGE
ACN
ANOVA
AUC
CA
CDCLs
CHO
CHO SEAP
CID
CRIGR
DDA
DDNL
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DIGE
DTT
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ETD
ESI

FA

Fc

FDR
Fe3d
FeNTA
FT
FWHM
Ga3
GO

Two-dimensional polyacrylamide gel electrophoresis
Acetonitrile

Analysis of variance

Area under the curve

Cancer antigen

Jonally-derived cell lines

Chinese hamster ovary

Chhese hamster ovary secreting alkaline phosphatase
Collision Induced Dissociation
Cricetulus griseus

Data dependent acquisition

Data dependent neutral loss

Data independent acquisition
Difference ingel electrophoresis
DL:Dithiothreitol
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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 applicatiof stateof-the-art liquid chromatography
mass spectrometry to ceer 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 béiomarkers 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 efficieny 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 reproducibleHPLC methods were developed whichakled accurate differential
expression labelree LEMS/MS proteomic profiling. Managing the high mass accuracy
mass spectrometers led to-epth identification and characterisation of proteins and their
modifications. Meticulous data analyses ensuredtthl 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 discoyansing serum from multiple myeloma and breast
cancer patients, and the third involvatie developmentof an immunoprecipitation and
LGMS/MS technique to identify two novel cancer proteins associated with invasion and
metastasis. In the CHO proteomic siesl 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-fesion protein quality. The final two
publications involved the developme of phosphorylation enrichment strategies to carry
out the first phosphoproteome profiling studies in biopharma research involving
recombinant CHO cells. iSldata significantly improved proteome coverage and provided
insights into the postranslationallevel of regulation during cellular growth of recombinant
CHO cells.

xliii



xliv



1 CHAPTER 1

Literature Survey

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 advarnoe
mass spectrometry for the analysis of proteins and peptides.



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. usheof expression
systems utilising mammalian cells for the production of recombinant proteins that are
folded correctly, have posgtanslational modifications and product assembly is also an
essential requirement for the biopharmaceutical industi§rotens are synthesed 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 foraisregulation 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 systemevel models of cell behavio@iHinkson et al2011)

Proteomicss a complex field of studyoncerned with applying the techniques arialytical
chemistry, molecular biology, biochemistry, and genetics to asdaly the structure,
function, and mteractions of tle proteins produced by the genoma a particularcell,
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 proteomsukaryotesmust
take into account the fact that proteins are very complex molecules with-fragslational
modifications, trafficking, subcellular location, interactions and complex ftomaall

contributing to biological functiofiGonzalez et aR010)

The importanceof studying the proteome of a biological sample is demonstrated by the
fact that the analysis of MRNA expression profilesiot necessarily a direct reflection of
the protein expression profile in the cébraves et aR002) As a result, many studies have
not alwaysshown a good correlation between mRNA and protein expression |@delser

et al. 2001, Abbotet al. 1999) The formation of mMRNA is step one in a series of biological
events which finally results in the synthesis of a protein and whetinarot the protein

active Figurel-1).
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Figure1-1. An example of how a single gene can give rise to multiple gene produdtsRNA is
edited or alternatively spliced to a moremature 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 Proteinlocalisationin Eukaryotes

A goal in cell biologis to identify where specific protesare distributed subcellularly and
then to characterise if and how protein localisation changes under different conditions
such asrespmse to signals or stress. For example, targeted profiling of the plasma
membrane poteome (specifically the proteome exposed on the cell surface) is crucial for
the identification of cell surface biomarkef(Smolders et al. 2015Historically, protein
localisation was determined by microsgopr by cell fractionation followed by western
blotting techniques however, both techniques have a low throughput and are also based
on predetermined and known components. UsM@ based proteomics it is how possible

to carry out high throughput proteindentification and quantitation using traditional
subcellular fractionation methods tstudy organelle substructure ad/or compartment
proteomics fromwhole cell extracts and tissue samples rteeasure the distribution of

proteins betweersubcellular fradons(Christoforou et al. 2016, L. J. Foster et al. 2006)

1.1.2 Proteinprotein Interactions (PPIs)

Many physiological processes are regulated by protein interaction networks so
charactersation can provide valuable information on cell biologhany proteinscarry out

their function within cells in the form of protein complexedS based proteomics has
become the method of choice to comprehensively study PEtsEts et al2016) There are
several strategies available to analyse protgirotein interactions. Target purification and
interactor identification is an approachihere the protein of interest ipurified along with

its interactors generallyusing affinity purification followed by mass spectrometry

identification (Ho et al. 2002)However, tbulin and actin often binadhon-specificallyto
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affinity chromatography resins thusomplicating research toward idefiting the cellular

targets(Tamura et al. 2003).

Immunoprecipitation using MS provides a sensitive and accurate means of characterising
protein complexeqten Have et al. 2011)Jsing Immunoprecipitaiton with EISMS in
chaptersixwe described a proteomic methoantibody targeting of cell surface proteins
with an established role in cancer invasion as a screening apptoaathibit tumour
invasion bya functional monoclonal antibodp h Q{ dzf f A @I. WithStie advéntddf H 1 mn O
fast and sensitive L-NMIS instrumentation, PPIs can be studedylobal levels not based on
affinity purification of a specific protein of interest to study the-lmehaviour of proteins

from perturbation experiments(Savitski et al. 2014)r biochemical fractiongWan et al.
2015) Chemical crosknking/MS has developed recently into an alternative technique for
analysng protein 3D structures, mapping interaction networks and elucidating protein
protein interactionsd | N dzLJf2016)(irhelmiidadvantage of crelisking MS is that it

can be performed under nativiike conditions and weak or transient protein interactions
are also preserved as covalent bonds are introducetivben the interacting molecules.

The main structural proteomic approaches use homobifunctional amr@netive cross
linking reagentgMadler et al. 2009jollowed by the protein of interest purification using
affinity enrichment(LaCava et al. 2015)he binding between biotin and streptavidin or
avidin is one of the strongest known naovalent biological interactionf-airhead etal.

2015) and as a resultbiotinylation is an attractive approach for protein complex

purificationproteomic studiegde Boer et al. 2003)

1.1.3 Protein posttranslational modifications (PTMs)

A limited number of genesan 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 prpieitein
interactions. A protein modification can increase/decrease protein activity, it can allow
interaction with other proteinsjt canallow a protein to localise ta specific part of the

cell, it can affect protein folding and affect the rate of turnover, aggrgation and
degradation Identifying post translational modifications can provide leads and insights into
the function and role of the protein in a biological systefTMs may result in an addition

or removal froman amino acid side chain or protein temmigeneratedby the cleavage of



signal peptides from proteins or by covalent cross linkingwben separate protein
domains(Walksh et al.2005)The chemical changes on modified amino aciday form a
mass slit which can be masured by mass spectrometrfandem mass spectrometry

(MS/MS) provides valuabkequenceanformation about modified peptides.

Protein phosphorylationis one of the most common and important pestanslational
modifications, playing a majaole in the control of many biological processes, including
cell growth, division, andigndling. Phosphorylationwas first describeih 1954(Burnett et
al. 1954) This reversible mechanism occurs through protkimases and consists of the
addition of a phosphate group (FQo the polar goup R of various amino acidarglito et

al. 2017). Theddition of PQ, modifies the protein from hydrophobic polar to hydrophilic
polar causinghe protein to change conformatiowhen interacting with other molecules. A
phosphorylated amino acid caaiso bind moleculesable to interact with other proteins
and consequetly assemble and detach protedomplexegBruce et al. 2007 More than
one-third of the protein phosphorylatio events take place on serine, threoninand
tyrosine amino acidresidues (Roskoskiet al. 2012. In particular, the phosphorylated
residues of serine are 86.4%, followed byidass of threonine 11.8% howevenly 1.8%
of tyrosine residues are phosphaoayd (Nishiet al. 2014).Major improvements in the
detection of PTMs, primarily hyjass spectrometrpver the last decadéasresulted in an
exponential increse in the documentechumber aml type of PTMs that make up the
modified eukaryotic proteomePhogphorlyationcan be detected by mass spectromeby

a dominant peak corresponding to the loss of phosphoric aciB@) i.e. a loss of 98 Da
from the parent peptide mass.h€ rate at which PTMare discovered now fasurpasses
the rate at which the spefic PTMcan be experimentally tested for biological function
Thus, a need for effective methods of prioritisation isessential for quantifying the
likelihood of a site to be regulatory and/or impactful on biological func(i@mres et al.
2016) However, potein phosphorylation istill challenging due to the low abundance of
phosphoproteins andften by itslow stoichiometry of phosphorylation as well as the
extremely high dynamic range arttie complexity of the prteome making it nearly
impossible to anales phosphoproteingpeptides directly from the complex proteome by
MS without a specific enrichment proceduM/hereas the best enrichment strategies for
many PTMs rely on the use of immunoaffinity reagents, farygpiorylated peptides both
antibody-based as well as metal affinity enrichmdyased methods exisPhosphorylated
peptides can be selectively enriched through interaction of the negatively charged

phosphate groups with positively charged metal ions inicigdiron (IMAC), titanium



dioxide, and zirconium dioxidéFila et al.2012) Generally, antibodies bind epitopes.
Phosphoprotein or phosphopeptide enrichment using immunoprecipitation relies on
antibodies raised againsphosphorylated amino acids. Phosphoamino esetected
antibodies against tyrosinphosphorylated proteins/peptides have been successfully
employed as enrichment strategidfila et al2012)especially as tyrosine pbphorylation

is more challenging due to significantly lower levels of tyrosine phosphorylation compared
to serine and threonine(Heibeck et al. 2009)Metal affinity chromatographywill
preferentially identify phephopeptides present at higher levels (abundadcieen), while
antibody-based methods will identify peptides that share the sequence characteristics

targeted by the ahbody itself (affinitydriven)(Stokes et al2015)

Despite the importance of the phosphorylation level of regulation, littlerk has been
carried out on the phosphoproteomic characterisation of Chinese hamster ovary (CHO)
cells in bioproceseelevant conditions. In chapter seven using OrbitkdpMS we identified

700 differentially expressed CHO phosphopeptides using quantitativeffaleel GMS/MS
phosphoproteomic analysis in conjunction with IMAC and pi@sphopeptide enrichment
strategies, following a reduction in temperature from 37 to ¥L(Henry et al. 201) In
chapter eight using Orbitrap Fusion MS, we carrmd an IMACphosphoproteomic
enrichment differential analysis of IgG producing CHO DP12 cells at various phases of
growth in serurafree suspension batch culture to characterise dynamic changes to the
phosphoproteome with changing culture conditionkhis resulted in thédentification of

3,777 differentially expressed unigiphosphopeptidegKaushk et al. 2018)

SeeFigurel-2 for anexample of tandem mass spectrometiM$/MS on a phosphorylated
peptide DWEDDSDEDMSNRDRbtain deailed structural information and consequently
determine the amino acid segncewith the PTMsite modification identified on serine
residue 6 (S®hospho (79.96 Ddjom Mitochondrial import receptor subunitdentifying

peptides from mass spectra is discussed in section 1.2.2.6.
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Figurel-2. An example ofan MS/MS from gohosphorylated peptide The ®rine 6 residuefrom the
sequence was identifiecas the phosphorylation site (SBhospho (79.96 Da)) fronthe protein
mitochondrial import receptor subunit.

Ubiquitination, a step m the nonlysosomal degradation of proteinss ia crucial post
translational modification in eukaryotic organism$he structured degradation and
turnover of cellular proteins is regulated by the ubiquitin proteasome system (UPS). Most
proteins that are dtical for cellular regulation and function are targets of the process
(Hershkoet al. 1996) The ubiquitination process is tightly controlled by three families of
enzymes: ubiquitiractivating enzymes (E1s), ubitin-conjugating enzymes (E2s), and
finally ubiquitinprotein 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 digéases

et al. 2013) Ubiquitination sites can be identified by MS through the detection of peptide
adducts derived from ubiquitin. Thet€rminus 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 whethr 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,
gererating a new type of peptidéXu et al.2013) SeeFigure 1-3 for an MS/MS of a
ubiquitin modified peptideTLTGKTITLEVEPSDTIENVK with the site modification identified
on lysne residue §K5GG-114.04293 Dafrom Ubiquitin-40S ribosomal protein S27a.
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Figure 1-3. An example ofan MS/MS from ubiquitinated peptide. The lysine 5 residuewas
identified as theubiquitarian site (K5-GG-114.04293 Da) fronthe protein Ubiquitin-40S ribosomal
protein S27a

SUMO gmaltUbiquitin-like Modifier) is a postranslational modifier of protein substrates

at the amino acid lysine residue that conjugates to proteins in response to changes in th
cell. SUMO has been found to be involved in mitosis, DNA repair, transcriptional regulation
and subcellular localisatiofulaet al.2012) Sumolyation occurs at certain lysine residues

of target proteins via @ isopeptide linkagéKnuesel et al. 2005Jbiquitin has a carboxyl
terminal sequence of KGG which allows tryptic digestions of ubiquitin conjugates to
produce a tryptic peptide containing a diglycine signature seqaghowever the absence

of either lysine or arginine in the carboxyl terminus makes SUMO peptide identification
with trypsin difficult due to the large trypticdgments generatedKnuesel et al. 2005)

Hsiao et al.(Hsiao et al. 2000RS @St 21LJSR | RFdFolFasS aSI NOK

successfully identify SUMO acceptor sites from proteins sumoyiateidoandin vitro.

Glycosylationis another common podranslational modiitation. It is a specific enzymatic
process where glycans are attached to proteins or lipids. There are two main types of
glycosylation, @lycosylation where the glycan is attached to a Ser or Thr amino acid
residue, and Nylycosylation where the glycanastached to the Asn residue in the peptide
consensus se@nceAsnXx-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 blogical interest to cancer and biopharmaceutical studies
(Morelle et al.2007) MS strategies for glycoprotein analysis can be divided intedtapn

analysis or bottorrup. Topdown is the most direct method whergetermination of the
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molecular weight differences of peaks makes it possible to determine the type of glycan
modifications onthe protein of interest. Bottorrup approach involves characterising
glycopeptides obtained following a proteolytic digestion bé tgicoprotein (Tsai et al.
2017) Both Topdown and Bottorup proteomic approaches ar@escribedin the

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

ProteinOxidativemodifications have &en known to result in the loss of enzymatic activity,
functional alterations, loss of structural integrity, and protein aggregatidrogeet al.
2002) Many diseases result in oxidative damage caused by the aotivatithe immune
system, mitochondrial dysfunction or environmentailiyluced oxidative stres@/errastro

et al. 2015) Protein oxidation is commonly measured as a marker of cellular stress and
oxidative damage. Xddation can be detected by mass spectrometry generating a mass
increment of 15.9949 Da (Oxygen) to the amino acid residue methigi@ener et al.
1998)

Protein Methylation is another postranslational modificatiorwhich modulates biological

and cellular processes such as protein interactions, transcription, RNA processing and
protein dynamics(AfjehiSadat et al.2013) Methylation iscatalysed by highly specific
methyitransferase 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 Dadisativeof dimethyl arginine
(Sidoli et al2012)

8-N-acetylation of lysine residues in histondsave afundamental role in transcriptional
regulation. 8-N-acetylation is predominanthinvolved in gene activationdue to the
property of neutralitng a positive charge @mino acid residue lysinghereby weakening
histone interactions with DNASidoli et al. 2012F¢-N-acetylation of lysine is catakyd by
histone acetlytransferases (HATs) and the removal is mediated by histone deacetylases
(HDACs). A number of HDAC inhibitors induce apoptosisanghagy potentially
offering new approacheis cancer therapy(Martinet et al. 2011) Acetylation can be
detected by mass spectrometry generatingnaassincrement of 42.01Da and caralso

lead tothe observation of diagnostic fragment ionsnafz 126.091 and soetimes also m/z

143.118 in the MS/MSpectraz F-N-gcetylated peptidegTrelle et al2008)



O-sulfation is a post translational modification primarily on tyrosine residues with the
addition of sulfate. This modification is limited to transmembrane andetegy proteins
having traversed the tran&olgi network where two tyrosylprotein sulfotransferase
enzymes (TPST1 and TPST2) catalyse the transfer af Sulfa¥ N2 Y | -phSsphaté A Y S
p -@hosphosulfate to tyrosine phengMoore et al. 2003) The main function of tyrosine
sulfation is the modulation of proteiprotein interactions in the extracellular region
(Kehoe et al2000) Fragmentation of sulfopeptidegsing CID MS/MS of ulfopeptides

results inaneutral loss of sulfur trioxide S{80Da)(EdelsorAverbukh et al. 2011)

1.1.4 Sample preparation for Proteomics

As the proteome is so complex, there is no one standard method repaping 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 strategiehjch caninclude the source, type, physical
properties,sampleabundance, complexity and cellular location of the proteinsrikffows

that incorporate optimied cellular lysis, subcellular fractionation, depletion of high
abundance proteins or enrichment of select proteim)d mass tagging tools can all
contribute to the accurate identification and quantitation of protein samplesrichment
and/or fractionation steps can be introduced at the protein and/or peptide level if sample
complexity needs to be reduced or when a cifie 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 maspectrometry 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 bgarrying out tandem mass spectrometry (MS/MS). Tryfssin

by faris the most common enzyme used.

1.1.4.1 Digestion enzymes used for Proteomic analysis
Trypsin cleaves @erminal to Arginine or Lysine which produces a mixture of peptides

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

charge states (generally+12+, 3+ and 4+). Peptides are generally separated using HPLC,
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ionised and activated to produce informative fragmentation patterns. Using software
algorithms, tle 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 preparat®latter et al. (Glatter et al. 2012)
reported that trypsin exhibits lower cleavage efficiency towards lysine than arginine
residues and recommend serial digestion withsC and trypsin for complex protein
digestions to produce fewer missed cleavadeshapterfour and chapterfive we describe

the dual enzymatic digestion of L¢sfollowed by trypsiiHenry et al. 2017, Dowlirgt al.
2015)

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

to produce MS identifiable peptides frothe C terminusof proteins. Gterminal peptides

may have any terminal residue at either side which results in a low charge making them
incompatible with LAAS/MS. As a resulprotein Gtermini involved in protein integration

in membranes, complex formation and protein activity are often underrepresented in
tryptic proteomic studiegTsiatsiani et aR015) LysN is a protease optio that cleaves N
terminal to basic amino acids to generate positively chargeter@inal peptides

compatible with LMS/MS.

AspN hydrolyses peptide bonds on the-tdrminal side of aspartic and cysteic acid
residues. GIu-Cis a serine protease cleaviag the Gterminal of aspartic acid and glutamic

acid residuesArg-C cleaves on the @rminal of arginine residues (it also includes sites
next to proline) along with lysine residue€hymotrypsinis also a serine protease cleaving

at the Gterminal of yrosine, phenylalanine and tryptophan.

Despite the advancesising proteomics in cell lysis preparation, peptide preparation,
peptide separation, mass spectrometry and database search algorithms protein digestion is

still mainly performed using the singdmzyme trypsirf{Giansanti et al. 2016)

1.1.4.2 Fractionationg Protein/peptide
Despite major improvements in sensitivity and speed of modern mass spectrometers and

their high performance liquid chromatography systerbssic loading capacity and ion
suppression can still limit the overall coverage of complex proteomic sam@l@simn
overloading can cause poor chromatography such as peak fronting. MS ion suppression can

negatively affect precision and accuracy of thesimument. The need to reduce the
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complexity or prefractionate 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 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.
chaptertwo we describe a off-line strategy for peptideractionation using Strong Cation
Exchange (SCX) prior to phosphopeptide enrichment using betdTReand Ti©methods
(Henry et al201)

1.1.4.3 Depletion and enrichment strategies
Depktion and enrichment strategiesan be employed to remove higibundance proteins

of no analytical interest and isolate target proteins/peptides in the sample. It is accepted
GKFG LINPGSAYya Ay (GKS OANDdz I 62NE nk&eBa&yY YA NI
generally determined using singtgotein immunoassays in hospitals. Hitnoughput,

gquantitative analysis using maspectrometrybased proteomics of blood, plasmand

serum would be advantageoudowever, unfortunately for clinical proteones, the

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

ten orders of magnitudgPernemalm efl. 2008, Anderson et a2002) and at best the

linear dynamic range of a mass spectrometer is fixders of magnituddA. Kaufmann et

al.2017)

Figurel1l-4 demonstratesthe reference intervals of 70 proteins found jfasma and the
abundance aredisplayedon a log scalepanning 12 orders of magnitude. At the high
abundance end of the scale is serum albumin (normal concentration ran§é &8wg/ml or
3550° pg/ml) with interleukin 6 at the lower abundance end (normahge 05 pg/ml)
(Anderson et al2002)

The levels of high abundance proteins range from milligram to gram per liter, while those
of low abundance proteins are gettef f & f S & FAndefsdn ¢t alR002} [Bhag been
suggested that the more interesting, possibly tumapecific protein biomarkers in
plasma/serum may be present at3 orders of magnitude lower than current IMS
methods allow(B. Kim et al. 2018Because of these issues, plasma/serum prefractionation
methods play critical rokein the reduction of their complexity, allowing an opportunity to
explore tissuaderived proteins that leak into the circulation as loabundance

serum/plasma proteins. Standard approaches for plasma/serum prefractionation can be

12



assigned into any of the following approaches; immunodepletion, affinity enrichment, and
fractionation. No single approach is perfect, but instead, differentragphes 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 mediuss to whether the interering proteins are
supplemented serum, cell culture media components and/or recombinant protein secreted
by the host cell line. Clabaut et &Clabaut et al. 2015)escribed twanethods to study the
secretome prokf S& 2F KdzYly YSaSyOKeyYl f aisy
combination of cell washing steps an&Bacentrifuge filter steps. Kumar et dA. Kumar

et al. 2015)analysedthe supernatant from CH®1 culture and arried out LC/LEMS/MS
analysis, allowing for the identification of 3281 different host cell proteins. TheKaHO
cells were washed six times Wil5 mL of PBS and subsequestirved for 12vith serum:

free media to reduce high abundance protein intediace
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Figurel-4. Summary of the reference intervals of 70 proteins found in plasmih their abundance displayed on a log scale spanning 12 orders of magnitude. Serum
albumin is at the high abundancenel while interleukin 6 is at the lower end of the abundance scale where these proteins differ in plasma abundance by adaa@?

(A. Kaufmann et al2017)
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1.1.4.4 Immunodepletion for clinical proteomics

Immunodeplgion 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-fllaugh

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

results in 50% depletion dhe total serum/plasma proteinspf examplethe Piercé™ Top

2 depletion kit removes serum albumin and immunoglobulimi@ch resuts in a 75%

depletion while a 20 protein depletionresinsuch as ProteoPrep® 20 depletes93846 of

the total serum/plasma protein@Chutipongtanate et ak017) SeeTablel-1 for summary

of depletion strategies commercially available.

Depletion strateqy

Piercé" Top 2depletion kit

MARSG depletion column

Sappro® Ig¥4 depletion

ProteoPrep® 20

Proteins removed

Serum albumin andrimunoglobulin G

Serum albumin, immunoglobulin G,
immunoglobulin A, haptoglobinf -1 antitrypsin,
andtransferrin

{ SNHzY | fodzYAyZ L3ID>1 L3A!:

antitrypsin,  transferring, L 3a X LAS5 2>
Y ONER 3 2 addiglyopiotein, complement
C3, apolipoprotein Al, apolipoprotein All, and
apolipoprotein B

h

{ SNHzY | fodzYAYyZ L3IDx1 L3A!:

antitrypsin,  transferring, L 3a X LAS5 2
Y ONER 3 2 @addiglyopiotein, complement
C3, apolipopreein Al, apolipoprotein  All,
apolipoprotein B, transthyretin, ceruloplasmin,
complement C4, compleemt Cl1q, prealbumin,
and plasminogen

Table1-1. Commercially available protein depletion strategies for clinical proteomics and the list of

proteins that they remove.
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Nanotrap particles are hydrogel pargsl of various sizes ranging from 300 to 3000
nanometers which contain a core made of a crlisked polymeric networks of N
isopropylacrylamide and e62 YSNA &4dzOK & FffteftlYAySs I
methylenebisacrylamide. The nanotrap particles are fioralised with chargéased

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

concentrate and trap target proteini§Shafagati et al. 2015)

ProteoMiner™ (Bio-Rad Laboratries) is a protein enrichment technology using a large
diverse beadbased library of combinatorial peptide ligands which simultaneously dilute

highrabundance proteins and concentrate l@atundance proteingL. Liet al.2015).

Seoncet al. (Seong et al. 201sed an albumin/IgG removal kit to analyse low abundance
proteins in human plasma using ukhégh performance liquid chromatography coupled
with highly accurate mass spectnetry to optimie methods for biomarker discovery in
human plasma samples for fragmentation pattern of elevated BNP in patients with cardiac
disease. Gaet al.(Cao et al. 2015)epleted the 14 highest abundancegpeins in human
plasma samples from patients following heart failure with a multiple affinity removal
system column (MARS) followed by twdimensional liquid chromatography coupled to a

tandem mass spectrometry.

In chaptertwo, we describe a method forhe removal of both albumin and IgG from
patient biofluids using ProteoPrep® Blue albumin depletion kit from Sigma Aldrich prior to

either protein ingel digestion or irsolution proteomic pipelinefHenry et al2017).

In chapter four, we describe a twgiep depletion strategy using a combination the

t N2PGS2YS tdzNAGeéun wmu | dzYFy {SNYHzY t NRtéhBAY LYY
United Kingdom to depletéhe 12 most abundant proteins (alpha Acid Glycoprots,

alpha ZAntitrypsin, alpha 2Vlacroglobulin Albumin, Apolipoprotein A, 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 plasnpéesdnom

patients diagnosed with multiple myelom@ patients who subsequently responded to

treatment/ 8 who subsequently failed to respond to treatmenihe aim of the study was

to identify a panel ofclinically useful biomarkers to predict response ttr@atment

containing bortezomil§Ting et al. 2017)

In chapter five, we described these Protee Miner™ technology (BieRad Laboratories) to

perform serum equalisation omancer and nottancer (healthy controlsim-malignant
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breast disease) patient samples with the aim to identify a biomarker signature of tumour

burden usingquantitative profiling by labefree L&EMS/MS analysi@Dowling et al. 2015)

Using M$based proteonts and combining with immuepletion of high abundance
proteins as very extensive peptide fthonation, it has beenpossible to identify >5,000
proteins from plasma samples from patients wittyocardial infarctionKeshishian et al.
2015) However;extensive immunodepletion and muftiactionation is expensive, time
consuming, requires large volume of sample, instrument tand analysis time. Geyer et

al. (Geyer et al.2016) described an automated, highly reproducible, h3proteomic
workflow from blood drglet collection to results to quantitatel,000protein plasma
proteins with the objective of developing @oteome profile as a proteomic portrait of a
LJS NE& 2 yHsate.®8st blodd collection, the samples were centrifuged to collect plasma
and a combination of two immunodeplen kits were used to removef 20 of the highest

abundance plasma pteins.

1.1.4.5 Subcellular fractionation
Subcellular fractionation in tandenwith state-of-the-art mass spectrometrpased

proteomics represents a powerful tool for expanding the depth of cellular proteome
coverage. Subcellular fractionation allows dissection of intracellular organelles, including
the isolation of multiprotein canplexes from these organelles. As such, many low
abundance proteins and a variety of sitjimgy complexes can be enriched, whereas
unfractionated wholecell lysate analyses are dominated by the most abundant proteins.
Organelle enrichment can be carried toby centrifugal methods or by chemical kit

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

Localisation of organelle proteins by Isotope tagging (LOBIdNkley et al. 2004 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 recentveddped

to enable subcellular localisation of thousands of protein per experiment termed

GKBLINI htL¢ég G2 AyOfdzZRS aALIGAIFET NBaztdziazy

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. Proteomicsbd MS can obtairprotein structural
information such as protein mass, peptide masses and amino acid sequence information.
Using this information, for example, tefown proteomics can analyse whole proteins
directly and view protein modifications that caause mass shifts. Botteop 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 conveed into a desolvated ion. The two traditional methods are maaissisted

laser desorption ionisation (MALDI) or more commonly electrospray ionisation (ESI). Nano
ESI coupled with nano high performance liquid chromatography has become the standard
LGMS aproach in the majority of proteomic lab&or MALDI ionisation, the sample is
mixed uniformly in a large quantity of matrix. When targeted by ultraviolet light (nitrogen
laser at 337 nm) the matrixbsorbsand converts it to heat energy. The matrix hegpidly

and is vaporized along with the samplde electrosprayonisation is produced by applying

a strong electric field undeatmospheric pressuréo a liquid passing through a capillary
needle. The electric field is obtained by applying a potentifferdince 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 dropletsThe charged droplets pass thrdu@ heated capillary causing solvent
evaporationdue to a high electric field in the mass spectrometdsing ESI, peptides will
produce mainly single, double or triple charged ions while large peptide fragments and
proteins will produce multiple charge®ris One a sample is charged, itindergaes
separation, deflection and manipulation by the mass spectroméibe charged samples

are deflected at different angles based on thieidividual masses. Basicalis the charged
particle beam passes through thenagnetic field, it undergoes separation based on
the m/zratio of its particles. The separated particles arrive at different locations on a
detector within the mass spectrometer, witkach location is translated into a molecular

ion peak on thespectrum gaph.
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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 proteinin vivothrough physical and biological barriers and detegtiow 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 tanaess
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 pepties which are iosed by a mass spectrometer. The ioeis
peptides are analysed by their masscharge (m/z) ratio and precursors (peptideshese
can then be selected for fragmentation and have the m/z fragmented peptideEsmined.
Top down proteomicss the term used to describe thatroduction of intact proteins into

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

The majority of proteomic experiments involve the bottamp approach. With the sheer
numbers andlarge dynamic range of peptide abundances involvitise proteomic
approaches require ultrfast peptide detection and fragmentation with extreme sensitivity
which will reduce measurement times, increase and improve protein identified sequence

coverage tallow for indepth proteomic analysis.

There are many instrument formats available for proteomic researcfiesnon et al.
2006) However linear ion trap technologgSyka et al. @04) 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 aprasented by frequencies and teacse
frequencies can be measuredth high accuracy, FTMS offers very high mass measurement
accuracy. Mass accurgcwith regards to mass spectrometry is the ratio of the m/z
measurement error to the true m/z and is geneyatflescribed 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 (FWHMMAccurate mass is an extremely powerful filter to
confirm the identity of a compound and for identification of an unkno{Meakarov 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 higolution
instrument. Howeverthese instruments were very large and expensive to maint&pka

et al. (Syka et al. 2004¥escribed the dsign and performance of a prototype high
performance hybrid mass spectrometer which consistédda linear quadrupole ion trap
(QLT) coupled to a Fourier transform ion cyclotron resonance masszan@iyTMS)A few
years later, Makarov developed the Orbitf8panalyser coupled toa linear ion trap
providing proteomic researchers with a somewhat affordable, very small and extremely

powerfulanalyser(Hu et al. 208).

The MS proteomics facility in the NICB Dublin City University has used Orbitrap MS
technology (Thermo Fisher) for the last decade with the Orbi¥a@nd now more recently
with the Orbitrap Fusion Tribrid. Chapte?s 3, 4, 5, 6, 7, and 9sed Orbifap XL mass

spectrometry analysis and Chapteu8ed the Orbitrag-usion Tribid mass spectroneet

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 subjegf 3 G KSY (2 | Ga&aK2G3dzyé
G2 Fa ao2ilZKellerdaldt al. L9gHThedkayAsteps for this approach are, (1)
the protein sample needs to be digested into short peptides (which caseparated by

liquid chromatography), and (2) when introducedana 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 deegrage 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 modepti®es obtained from

the enzymatic digestion are separated by liquid chromatography systems coupled to mass
spectrometers (L®1S). During the analysis, eluting peptides from the chromatography are
selectedto a predefined criteria (e.goeptide signal risng above the noise in a full scan
mass spectrumand 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 datandependent acquisition

20

Y



1.2.1.2 Datadependent acquisition (DDA)
DDA is the most widely used approach in shotgun proteortiedli et al. 2013pnd

generally selects the most intense peptide ion from the full MS scan and selects it for
fragmentation. The criteria for MS and M&vents 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 iongimpul

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
MS' events and dynamic exclusion timeSee 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 lggad 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 issually tme consuming and requires many injections of
the same sample. It has become the normal approach for MS experts with limited time and
G622 YlIye &l YLX Saie.pigk aimto®4nd stigk Rith i forin©4gt samples
as there is not enough time nam most cases enougkample 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 onsingle precursor molecule (e.g. a peptide) and its
product ions (e.g. fragmented peptide) to create a pattern of progurecursor ion
relationship to produce extensive structural information. With LC/MS ion trap experiments,
optimisation of filling the ia trap and detecting the ions within the chromatographic time
period of an eluting peptide is critical for successful confident identifications. These events
are described asnalytical cycle time and in a higierformance ion trap can be divided

into 4 events.

1. lon 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

lon injection time is determined by the rate that ions enter the trap while mass sisaly a

function of scan speed and its selected mass range.
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With DDA methods, time spent on optimmg/balancing MS injection times and scan rate
times can drastically improve peptide identification success rates depending on the
complexity (i.e. numberfgoeptide) of the sample being analysed. Short max ion times and
fast ion scan rates (38s) should be used for complex peptide samples while longer max
ion injection times (300ns) with slower scan rates used for less complex samples. Using
an Orbitrap Hsion 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 aud peptide injection from a rat thyroid cell
lysate sampleind 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 76,98 MS/MS scans and only 15,121 unique peptides resulting in only 3,119 proteins
being identified (Se€igurel-5.). From this data, short max ion time is the best for complex
sample analysis as more MS/MS were acquired resultirgdre unique peptides being
identified.

The low concentration/complex sample was a glpeptide 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 timethods. 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 poteins identified Figurel-5). We found bnger max ion time is the kger for low
concentrationcomplex sample analysis as better quality MS/M$glonger ion time is

more important than a mamum possibleMS/MS count.
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Number of Peptide IDs vs Concentration
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Figure1-5. Comparison ofhow ion trap method parametes can drasticallyaffect the number of
confident peptideidentification results. At high concentration of sample, fast ion injection time is
optimal while at low concentrations obample, longer injection times areptimal.

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 iongwith
given mass range and above the detection limit of theMSCfrom a sample and are

fragmented independently aheir intensity.

DIA, theoretically allows for the identification and quantification of all peptide precursors;
however,the MS/MS spectrgienerated 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 thehromatographic 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 pepti@. Then, using reference to precorded spectral libraries, targeted data
extraction is carried out on both theif MS and MS/MS. Séeégurel-7 for an example of
data independent acquisition below where reactiononitoring 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 pecersor 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 usaigrence spectral libraries for

the targeted extraction of quantitée information of the peptides included in these
libraries (Schubert et al. 2015)sing tools such as Spectronaut, OpenSWATH, Skyline, or
PeakViewBrudereret al. (Brucerer et al. 2017andRitzet al. (Ritz et al. 2017)sed DIA to
characterisepeptides presented by human leukocyte antigen (HLA) class | molemndes
reported they could confidently identify more peptides than th®A 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 MStalaan be a targeted approach known as Sequential
Windowed Acquisition of All theoretical Fragmédah Mass Spectra (SWAT({Schubert et
al. 2015) which uses a targeted extraction of specific ion fragmented spedtr

identification and quantification.

SWATH MS aims to complement traditional shotgun masstrgpeetry techniques and
SRM method¢Gilletet al. 2012. An alternative approach to SWATH is WiSIM which is
a combination of conventional DIA with a wi®IM (wide selecte@bn monitoring)
windows which partition the precursor m/z space thus producing high quality precursor ion
chromatograms(Koopmans et al. 2018)An example of WIBI-DIA workflow on an

OrbitrapFusion insrument can be seen iRigue 1-8.
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Figure1-6. Data dependent acquisitiormethod where all peptidesmeasuredabove apredefined
value/intensity are selectedfor MS/MS.
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Figure1-7. Data independent acquisitionmethod where all peptideswithin the given mass range
(m/z) are selectedor MS/MS.
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Figue 1-8. WiSIM DIA on the Orbitrap fusion. Scanning at 240,000 resolution in@mbitrap with wide isolation windows of 180 amu (which covers 48@0 m/z) while
in parallel to each SIM scan, 15 CID MS/MS sameascarried 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 thewnergy 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-teentihal
fragment, the ion is classed as either a, b or ¢ however, if tiagge is retained on the-C
terminal, then the ion is described as either x, y or z. (See Roesptroff nomenclature in

Figure 19) (Roepstroff et al. 1984).

1.2.2.1 Collsion Induced Dissociation (CID)
CID istraditionally one of the most common fragmentation processfor 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 peaptidickbone will fragment to
produce a series ofy ions andcb ions (seeFigurel1-9). CID fragmentation was used in
chapters2, 3, 4, 5, 6, ,78and 9in this thesis as the standard fragmentation technique for

proteomic analysis of peptides.

X3 Y3 Z3 X3 Y2 Z; X1 Y1 Z;
..... L e e T S Yy e I_|-l+
R1 O R2 | O R3O | R4

H,N— C—=C—= N =— C =— C =— N=— C— C =— N-— C — COOH

H H: H . H H H H
4 ¢ - - - : - : - ¢ 4
a, b, C a, b, (Y ag b, [N

Figure 1-9. Roepstroff Nomenclature demonstrating the fragment ions formed from the peptide
backbone cleavage of a protonated peptide. Fragment ions retaining a positive charg¢he
carboxy terminus are termedgx, -y and ¢z type ions while the fragment ions retained on the
positive charge on the amino terminuare termedca, -b andcc ions.
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1.2.2.2 High Collision Dissociation (HCD)
HCD is a fragmentation option ddrbitrap analysers (flermo Scientific). HCD is a higher

energy dissociation compared to CID, and as a result enables a wider range of
fragmentation pathways and has no lewass cut-off (Jedrychowski et al. 2011)
Historically, HCDesulted in higher quality MS/MS spectriowever, traditionally it is a
slower fragmentation strategy as spectral acquisition involasriertransform 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 coraplar acquisition
speed to CID ion trafHebert et al. 2014)

1.2.2.3 Neutral loss M3
Data dependent neutral loss (DDNL) MS3 methods consist of additiagahdéntation of

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

useful if there isa predominant losin MS2 datahat does not inform the user much about

the structure of the compound (typical of phosphorylated pejes). 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 & 2008) When a phosphorylated peptide is fragmented by CID or HCD, a
dominant peak corresponding to the loss of phosphoric aci?@), i.e. a loss of 98 Da

from the parent peptide mass, is observed in the tandem mass spectrum. This loss of
phosphoricc OA R 3ISy SNl ffte NBadzZ t6a Ay (GKS LISLIGIARSQ:
resulting spectra prduces a poor sequence spectruin. chapter 7we describe a data

depended neutral loss MS (MS3) strategy for phosphopeptide an@iesisy et al. 2017)

1.2.2.4 Electron transfer dissociation (ETD)
ETDis an ionfion chemistyMS methodto fragment peptides. Fragmentation occurs by

transferring an electron from a radical anion to a protonated peptide. This induces
fragmentaton of the peptide backbone, causing cleavage of theNbond which creates
complementary ¢c and ¢z type ions(Mikesh et al. 2006)This is a soft/low energy
fragmentation methodvhich campreserve PTMs. ETD can also be utilised to fragment large
peptide (greater tha 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 Widesed reagent anions f&TD(M. Kim

et al.2012)
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1.2.2.5 Multistage activation (MSA)
MSA is fragmentation strategy possible on hybrid Mass Spectromatersnore recently

as CID scans othe Orbitrap FusionMS platform MSA is useful when a precursor has a
predominant loss that des not inform the user much about tistructure of the compound
which happens often in phosphorylated peptidedMSA is a pseuddS3 scan where the
precursor is fragmenteds per usual and then a subsequent specified massvidluat
precursor is fragmeni Al of the ions areghen detected in a single scaMSAassunes

that the major loss will be occurring in all cases,the instrument does naspend time
scanning out to see if that fragment is there first. MSA does have a time penalty relative to
CIDMS2, about 10 nfli-semnds as it is carrying out an additional activatiorowever, it is
much quicker than performing true MSBeutral loss)analysis where you would first do
the MS2 followed by detection then 4ieolation 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 ohthe 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 seardhg

b. De novcsequencing

Database searching is the most frequently used peptide identification pipeline for- large
scak proteomic studies(Kong et al. 2017)Database searchingesults in a peptide
identification by eier 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 spectralbliary is meticulously complied from previously observed and
identified MS/MS spectraSeeFigurel-10 of an example using SEQUES8arch packagm®

match a candidate fragmented peptide the theoretical spectrungenerated from the
Chinese hamster ovary FASTA protein database (UniProtKB unreviewed TrEMBL Chinese
hamster protein database). Theoretical lnd ycions amino acid sequence masses

(highlighted in red and blue respectively) are confidently matched to eeskespectrum
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masses corresponding to the amino acid sequence IFQIHTSR from the p&Sqinotease
regulatory subunit 4Qricetulus griseds SeeFigurel-11 of an example using SEQUEST to
match the same candide fragmented peptide to the Chinese hamster mass spectra library
from chemdata websitevhich 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 confidatly identified/match from the spectral library also corresponding
to the amino acid sequence IFQIHTSR from the pr@é protease regulatory subunit 4

[Cricetulus griselis
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Figure1-10. HCDMS/MS fragnent ion specta 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)MSIM& spectraof b- and yions matched confidently
with the amino acid sequence IFQIHTSR was matched to 26S protease regulatory subunit 4 [Cricetulus griseus].
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Figure1-11. An MS/MS fragment ion spectra from a Chinese hasrsbvary cell line digest analysed on the Orbitrap Fusion and the data matched to the reference
spectrum from Chinese hamster ovary fasta prote€@hinese hamster mass spectra libyathttps://chemdata.nist/gov/) There was a strong matcbf the candidate
peptide (top) to the reference spectrum(bottom) IFQIHTSR from the HCD generated MS/MS spectrum identified as 26S protease regulatory subGmitetulus

griseud.
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De novesequencing approach for peptide identificatianda | LINR2 OSaa G Kl G RSN
amino acid sequence using the MS/MS fragment ion spectra without the assistance of a
sequence database. It can also bed if the sequence contains modified peptides or
polymorphisms.De novosequencing is computationally heavy and requires high réisolu

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

(Kong et al. 2017)

When using protein databases for peptide identificatidre MS/MS spectrum is correlated
against the costructed theoretical spectra as long as a certain set of database criteria have
been satisfied. One of the earliest software packages was SEQEHESAt al. 2008nd

more recently succeeded by SEQUEST HT. Thesewimg function of SEQUEST dg X
(Eng et al. 2008)hich 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
reaons that SEQUEST has stood the test of timg,ischosscorrelation 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 confidatghtified and

then assembled protein inferences from the peptide/ion spectrum matofiebbet al.

2015) We used SEQUEST in chapters, 7, 8 and th this thesis.

MASCOT software package (MATRIX SCIENCE)prsésilality modelling algorithm and
protein database searching. Experimental peptide and fragmented ion masses are matched
to ones generatedh-silicofrom a databaseWe used MASCOT in chapter five and we used
MASCOT in conjurioh with SEQUEST in chapdéan thisthesis

Although search engines are relatiyedffective at identifyingpeptides with a defined
measure of reliability, their localisation of site/s of modification is often arbitrary and
unreliable(Chdkley et al.2012) Historically, CID fragmentation is the methodcbbice of
peptide fragmentationhowever alterative complementary configurations are now possible
like ETD and HCD. Localisation of modification amino acid sites using fragmentation
information is not straightforwardChalkley et al2012)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. multipl phosphorylatable residues being adjacent and single
peptides having multiple modificationEollins et al. 2014)There are various evaluation
tools available in conjunction with the database search engines lp imedification site

assignment including PhosRI%aus et al. 2011)Ascore(Bailey et al. 2009, Beausoleil et al.
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2006)and SloMo(Bailey et al. 2009)n chapters 7 and 8 this thesis we used PhosRS for
site specific phosphorylation assigant following SEQUEST confident identification.

Figurel-12 demonstrates SEQUEST search results from some of the fragmentation options
available on the Orbitrap Fusion carried out on the phosphorylated peptide

KVEK*ESEEDKGSK.

Fragmentation was carried out using multiple dissociation techniques of HCD, MSA, ETD
and reutral loss CID MS3 strategies to demonstrate the versatility of the next generation
Orbitrap fusion tribrid MS platform especially for phosphorylated peptides. SEQUEST X
crosscorrelation scores for this particular phosphorylated peptide were: ETH B 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 MSAsstrategy yielded the highest number of confident phosphorylated site specific
identifications. We compared a |1g phosphopeptide enriched sampgeparated ovel h

with MSA yielding 7,148 confident phosphorylated peptidempared toHCD with 6,626
confident phosphorylated peptidesVe 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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Figure1-12. Phosphorylated peptide KVEXESEEDKGSK selectetymentation using the veous options available on the Orbitrapusion Tribrid MS. The strategies
demonstrated were MSA, HCIETDand neutral loss MS3 Cl&ach showing different fragment ion patterns when search using SEQUEST.
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1.2.3 Top Down proteomics

The term TogDown originated ag means to distinguish protein analysis/identification of
intact protein isoforms or proteomforms by mass spectromé&8ynith et al. 2013yom the
commonlydzd SR do02G02Y dzLX¥ Yl ada aLISOGNRYSIHINE | LILIN

Structural proteomicsis the process of higthroughput characterisation of the three
dimensional structure of protein complexes or the proteins presend ispecific cellular
organelle (Manjasetty et al. 2012) Combiningprotein 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 »Ray crystallography. Charactetisa of changes in protein confirmation and
protein-protein interactions can be studied using a combination of crosslir(kingiu et al.
2018)and/or hydrogen/deuterium exchange (HDX) with mass spectrom@tnlLiu et al.
2018) Orbitrap MS with resolution capabilities >500,000 allow for sub 1 Da distinction
between intact proteofromgMcAlister et al. 2008)A disadvantage of direct intaptotein
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 wir@ampbell et

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

improve this issue.

The MAbPa RP column from Thermo Scientific is a kigiformance revers@hase
column suited to MS analysis and is suitable for characterisation of monoclonal antibod
fragments, variants, antibody drug conjugates, and we have used it fusfen protein
variant separations. The MAbPac RP chromatography column can separate similar proteins
and allow for intact mass analysis on-flEsion molecules. Analysis by SDSGE gel
electrophoresis showed no visible difference in the profile of -@uBion protein secreted

from two CHO cell lineBigure1l-13 A and Bwhen using a total protein staifCoomassie

blue) Figurel-13A) (Henry et al. 2018)Jsing MAbPac RP over a 15 m separatioa and

UV at 214nm the fragmented pattern of the different variamtcan be observed-{gure
1-13B). The MAbPac RP separation uses water and acetonitrile and is therefore compatible
with ion trap mass spectrometry. The resolution provided by the Orbitrap rmealyseron

this Fefusion protein can easily be isotopically resml at a resolution setting of 100,000.

The charge envelope obtained for the biotherapeuticfligion 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 massing Ma@tran software (Grundy Research Group) at

46,808 Da (expected mass of thef@sion protein). Figurel-13 C).

Clone ; CloneA ‘
A B '

i T Theoretical mass
i ; 46,080 Da

Deconvolution with
Magtran from Gundry
research group

Full MS Spectrum at 100,000 Resolution

Figure1-13. Comparison of an Ffusion protein profle from CHO cell$o compare variants using 1D
SDS gel stained witiCoomassieblue and a HPLC MAbPac RP separatiolgdnjunction with UV
detection at 214nm. Figure A demonstrates SDS Gel electrophoresis was unable to differentiate
Fefusion protein profles from two different CHO cell linesamples which differed in their degree
2T LINRPRdzOG & Of A poLB).yFiguwe Badendysiidesvdrée phased separation and
UV analysis using MAbPAC chromatography resulted in the visualisation of additioligped
variants between the two sarmles.Figure GlemonstratesTop 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 usirgagtran software (Gundry Research
Group) of 46,808 Da (expected mass of thef&ision 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 Biethnology Information
(www.ncbi.nlm.nih.gov). All mass spectrometry data search algorithms use the Fasta

format and support searching of databases of protein seque(Cetirellet al.2011)

The success of theurhan Genome Project making available the human genome sequence
and the genomes of nuerous other species revolutiordd the study of biology. Instead of
investigating a single gene or a small set of gemd®le ensembles of genes could be
studied simultaeously. 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 fnrm UniProtKB/SwisBrot 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 annated isoforms representing over 22,000 additional sequences.
Unfortunately, UniProtKB/SwissProt still only contains 236 reviewed sequences for Chinese
hamster Cricetulus griseugJune 18, 2018), historically requiring CHO proteomic
researchers to replyon homologybased identifications from MS dat@Meleady et al.
2012).

In 2010 with the emergence of affordable sequencing techniques like Roche 454
pyrosequencing and the lllumina/Solexa platform allowed for parallel sequencing at an
unprecedented levelJ. Zhang et al. 2011Becker et al(J. Becker et al. 2011)sed
pyrosequencing technology on the expressed cDNA from a wide range of CHO cell lines
which resulted in the fgt set of unassembled genomic sequence data of -B®HO
(Hammond et al. 2011)Shorty afterwards, Xu et alX. Xu et al.2011a)assembled the

draft genome for CHO K1 and maitie database availabligom (Ref NCBIBielefeldBOKU

also created a CHO cell protein database in12(J1 Becker et al. 201bpsed on30,578
generated unfiltered isotigs and made the database availa@ee BalefeldBoku
reference) Now two Chinese hamster ovary cell protein databases were available for CHO
cell proteomic research anileleady et al. (Meleady et al.2012a) published a paper
demonstrating a 50% increagethe number of confident proteins identified from CHO cell
proteins by mass spectrometry when compared to theditional mammalian homology

based searches.
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1.2.5 Bioinformatic analysis of Proteomic data

The output from either shotgun proteomic approaches wwore 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, sponse 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 tipeotein database result to a unique identifier. Gene names

have been standardisetHowever,protein names can differ between databases (example

BB CHQ@s.NCBICRIGRIata). There are web based algorithms to match protein names to
corresponding gene namesXample PICR or Cronod)pwever, 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

I 3a20AF 0SSR (2 KASNI NOKAOIFftfe OfdzZAGSNBR TFdzy Ol
Y2t S0dzZ I NJ Fdzy OliA2yé | YR & CeStofeatricfabtd piogei LI2 v Sy (i
database used, some database search algorithms such as SEQUEST in Proteome Discoverer,
MaxQuant and X!Tandem have implemented a-t&@n association step. However, if the

fasta protein database is not fully annotated with a cor@sging 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 proteieniification to a gene symbol.

GOCHO or bioDBnet are examples of such online tools.

Following GQerm annotation, the gene names associated with the protein list can be
analysed by G&rm enrichment analysis which will compare the abundance of the gpecif
GOterms with the abundance of the data list or in the organism of inte(&lik et al.
2010) Ap-value can be calculated to determine and overrepresentation of a specific GO
term to demonstrate functions thadre significantly enriched in one sample over another.
Two common wekbased software tools available are DAVID and Babeleomics resources
(Jiao et al. 2012, Medina et al. 201®e used DAVIEbr GOterm enrichment analysis in
chapter 7, 8 and 9 in this thesis. In chaptert® Gene Ontology analysis showed a
significant enrichment of biological processes and molecular functions related to protein

folding, response to unfolded protein and peih 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 areaspess
databases or commercial databases. Examples are, Protein Analysis Through Evolutionary
Relationships Ref: PANTHER) classification system, Search Tool for the Retrieval of
Interacting Genes/ProteinsRef: STRING)Kyoto Encyclopedia of Genes and Genomes
(KEGG)rad Ingenuity Pathways AnalysRef:IPA).In chapter 9wve used STRING functional

interaction network analysis.

1.2.6 Mass Spectrometry Methods for Differential Proteomics

Differential expression proteomics is the quantitative study of protein expressiondmst
samples that differ by some variable. Commonly in this approach, protein expression of the
entire proteome or of sulproteomes between samples is compared. Using this approach
proteomic researchers aim to identify novel proteins and pathways invoirespecific
diseases or associated with specifiesirablecell phenotypesThe main approaches for
differential proteomics typically involve chemical labelling or label free analysis and mass

spectrometry.

Differential expression proteomics is the quaative study of protein expression between
samples that differ by some variable. Commonly in this approach, protein expression of the
entire proteome or of sulproteomes between samples is compared. Using this approach
proteomic researchers aim to identifyovel proteins and pathways involved in specific

diseases or associated with specifsirablecell phenotypes.

1.2.6.1 Labelree differential expression Proteomics
Mass spectrometry measurements of biological samples by direct quantitation of the signal

resgponse of their derived peptides was established over terryemo. Bondarenko et al.
(Bandarenko et al.2002) and Wang et al(Wang et al. 2005demonstrated a linear
relationship between protein abundance and pége peak area. Liu et dl. Liu et al. 2004)
showed that spectral sampling was an accurate reflection on relative abundance with a
linear correlation over a 2 order of maidgude linear dynamic range. Since then, numerous
strategies and algorithms implementing these themes of peptide ion signal peak intensity
and peptide spectral matches (PSM) spectral coungngased quantitation have been

published(Al Shweiki et al. 2017)
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Quantitative &beHree discovery proteomics on peptide samples allows the researcher to
relatively quantify and identify thousanad proteins from complex samples as long as the
instrumentation can providehighly reproducible chromatographfas sample to sample
comparison is requirgdand also highresolution, accurate mass spectrometry -MS runs

need to be aligned for comparative expression profiling between multiple different
runs/samples. The two mogbpular software packages for label free quantitation by mass
spectrometry are Progenesis QI for Proteomics and Maxquant LFQ (MQ). Maxquant is
freely available from the lsix Planckinstitute of Biochemistry in Martisreid, GermanyCox

et al. 2014) The software quantifies proteins across samples using the maximum (pairwise)
peptide ratio information extracted peptide ion signal intensfy Shweiki et al. 2017)
which are themormalised by minimising the overall fold change all every peptide across all
samples prior to normalisation. Progesis® QIP which is marketed by Waters also

gquantifies each protein based on its peptide ion signal peak intensity.

An example of a labefree pipeline using Progenesis QI pipeline where a total ion
chromatogram view is used to align to-MS runs for label fre@nalysis can be seen in
Figurel-14. LGMS runs are represented as myg.retention time overlaid where the ion
map is visualised as an alignment target in pink and the ion map toidreedlto in green
(Figurel-14A). Once the ion maps are aligned corngdiiey turn black Figurel-14B) and
the total ion chromatgram is alignedHigurel-14C). Following alignment, peak picking and
ion abundance quantification is carried out in eachME run and the dta is normalisé
(Figure1-14D). We use analysis of variance (ANOVA) wigmalue of 0.05 or greater to
select peptides tosubmit for identification between the experimental groups being

compared.

Spectral peak intensities ethe most common approach where the relative abundance of
the same peptide in different samples is measured across consecutMSLiGns (under

the assumption that the measurements are performed under identical conditions). In
theory there is no limitd 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 hundance value. Using oweay ANOVAp-values can be calculated based on
transformed values. pporting 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 intensit{Schaab et al. 2012)

In this thesis we used label free quantitation by-MS&/MS analysis on human patient
sampes in both chapte#d (Ting et al. 2017and chapter5 (Dowling et al. 2015)We also
used label free quantitation by H@S/MS to study phosphopeptide enriched Chinese
hamste ovary cell samples in both chapt&r(Henry et al. 2017aand chaptereight
(Kaushik et al. 201&ndfinally in chapte© we studiedintracellular CH@ell proteinsin by
label free quantitation(Henry et al. 2018)
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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 ongesiment. 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 (se€igure1-15). 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 labal 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 [@iehler

et al. 2010)

The TMT 14plex reagent set contains ten diffemt isobaric compounds with the same
mass and chemical structure (i.e. isotopomeric) composed of an ameawtive NH®ster
group, a spacer arm and a mass reporter. The reagent set enables up to ten different
peptide samples prepared from cells or tisste$e labelled in parallel and then combined
for analysis. For each sample, a unique reporter mass (i.e., TMT10312®&) in the low
mass region of the highesolution MS/MS spectrum is used to measure relative protein
expression levels during peptideagmentation and tandem mass spectromefffyigure
1-15). McAlisteret al. (G. McAlister et al. 2012)sed TMT labelling to examine 8 different
colorectal cancer cell lines iculture 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 M&ethods. Hughes et alHughes et al. 201 Tyrther
demonstrated improved sensitivity and MiSolation strategies for the use of Isobaric Tags
and the latest Orbitrap Fusion mass spectrometers. They performed -aiepih
examination of the various acquisition methods avaiabh the Orbitrap Fusion MS that
yielded benefits in terms of proteome coverage and validated method configurations and
parameters forisobaric tagging on current generation Orbitrap instrume@srrently, up

to 11-plex labelled experiments are now podsilwith TMT.
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Figure1-15. Thermo Scientific offer the TMT 10plé'ﬁlsobaric Mass Tag amine reactive system allowing up to 10 peptide samples to be labelled in paviieTMT
reagentsand then combined The labelled samples can be fractionated and then analysed by high resolution mass spectrometry before the data analygssfailo
reporter ion relative abundance quantification and peptide identification. The relative abundances of the target peptfdms the different labelled samples are
measure by comparing the reporter ions generated on MS/MS fragmentation of the different mass tags.

45



1.2.6.3 Mass Spectrometry for Quantitative Targeted Proteomics
Desiderio et al(Desiderio et al1983)first published targeted Mass Spectrometry assay for

peptide quantitationand used isotopically labelled peptides as internal standards. Later
the term Multiple Reaction Monitoring (MRM) waseiced by Kusmierz et alKusmierz 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 oneéhquantitation of a number of proteins of interest to
perform either relative or absolute quantitation with very high specificity and sensitivity
(Catenacci et al. 2014Yargeted proteomics requires monitogrof proteotypic peptides
(PTPs) with a unique amino acid sequence to identify a specific protein of interest in the
sample proteome being analysed by mass spectrom@deola et al. 2016)The selection

of the PP 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.argeted approaches generally start with
candidateproteins 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 intensityhis

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 peptidss known prior to
analysis, MS conditions can be set up to improve selectivity and dynamic range of the
instrumentation compared to conventional shotgun proteomic methd8ki et al. 2016)
Targeted MS assays alsdoal 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(sfPicotti 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 saitivity (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 fragnetmteaks 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 etal. 2011) The stable isotop#abelled/stable isotopelilution (SIL/SID) has
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become a gold standard for SRM protein quantitation where synthetic peptides are
labelled with stable isotopes at thet€rminal Arginine and Lysine residue3c N, for

Arg and "GN, 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 #uwhen 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 quadruple mass spectrometers with the advent of hybrid mass
spectrometer instruments including the Thermo Scientific QExactive range and Orbitrap
FusionTribrid instruments which have the speed, selectivity and sensitivity to allow for
targeted proteomics. Thesinstruments can be run as shotgun proteomics instruments

and as target proteomic instruments.

Parallel reaction monitoring (PRM)s another labelled peptide targeted proteomic
technique using specifically Orbitrap mass spmoeter (Gallien et al2015)The workflow
requires theaddition of heavy peptidestandardsinto the analytical sampl®f interest

with sequences that are analogous to endogenous peptides of intefastheavy isotopes
peptide standardiffersin mass from the endogenous forro§the peptides; however, the
retention times match the endogenous peptides exactly.samples where the target
peptide may be present in very low concentrations, once the specific heavy peptide is
detected the instrurent automatically triggershigh-quality MS/MS analysis on the

expected location of the endogenous form of the peptide.

Guzelet al. (Guzel et al. 2018tudying proteomic alterations in early stage cervical cancer
usedPRM to quantifMCM3 CEACAMS100RandICAMlin digests of whole tissue
lysates using stable isotogabelled (SIL) peptide Sandow et al(Sandow et al. 2018)
detected and identified the urinary biomarke MSLN and CA125 in urine from ovarian
cancer patients using PRM and observed their abundance increase in maligramsistent

with literature (Hellstrom et al.2011) Rauniyar et al(Rauniyar et al. 201&)lso 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 el in this thesis

1.3.1 LTQ Orbitrap XL

The Orbitrap was commercially available @02 and gained popularity with proteomic
groups due to its high resolving poweh€elLTQ Orbitrap XL is a hybndtrument that has
two distinct mass analysers. The linear tap front end (TQ)and the Orbitrap allowing
for combined tandem masspectrometry in the ion traf. TQ) with the high resolution and

high mass ecuracy capabilities of the EIrbitrap.

The curved linear trapéGtrap) focuses ions in narrow areas te kejected 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 pide 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 immediatelafter injection without the need for any additional
SEOAGI GAR2YT GKA&A (el 2F ABafmahetalIdWOA2Yy A&

lons within the orbitrap have three different frequencies of oscillatiaxial, radial and
rotational. In order to detect frequencies of oscillations, the motion of ions needs to be
coherent. Coherence in the axial direction canibduced by different way¢Hu et al.
2005) The Fourier ransform 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 arrent detection). Sed-igurel-16 for an overview of the Orbitrap XL schematics.

o Tra\p —CTae b cell
— e

AL o e = 25

\
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Orbitrap Analyser@ ———

Figurel-16. Schematic of the Orbitrap XL mass spectrometer
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We used the LTQ Orbitrap XL in chapters, four, five, seven and nine in this thesifie
AYyailiNdzySyid ¢l a 2LISNIGSR F2NI Lt aoz2dG0G2Y dzLl
mass analyser (m/z 4e200) with a resolution of 30,000 at m/z 400 and an automatic gain
control (AGC) target of £0 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 1.8kV, normalisedcollision energy of 32% at an activation of q=0.25 and an
activation time of 35ms. Detection in the linear ion trap of previously selected ions were

dynamically excluded for 40 seconds.

Figure1l-17 shows an example of a|ig CHO K1 total lysate sampbeepared using the

FASP methodColeman et al. 2019nd separated over 8 into an Orbitrap XL. Using the
parameters described above, 18,908 MS/MS were acquired, and following SEQUEST
algorithm 7073 peptides were matched to,302 CHO proteins. The top 3 abundant
peptides highlighted in red) from the full MS scan are selected for MS/MS.

Figure1-18 shows anexample of a CHO K1 phosphopeptateiched sample using IMAC
separated over 3 into an Orbitrap XL using a neutral loss MS3 data dependethade
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 informatiddsing this method on th©rbitrap XL we
identified 1,634 site specific phosphorylated peptides.phosphopeptide with a mass of
787.8 m/z (z=2highlighted in red waselected for MS/MSesulting in adominant peak at
738.8 m/z corresponding to the loss of phosphoric acid in M&MS scan whiclthen
triggeredan additional fragmentation of the product the precursor neutral loss in the form

of an MS3 scafMS/MS/MS) providing additional sequence information.
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Figure1l-17. Base pealkchromatogram of a CHO K1 lysate digestion separated for three hours into an Orbitrap XL. Full MS spectrum at 30,000 reaafltioe top
three peptidesbased on their intensities weraelected for MS/MS analysis.
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180 minute base peak

Peptide 787.8 m/z (z=2) selected for MS/MS

A dominant peak at 738.8 m/z corresponding to

the loss of phosphoric acid in the MS/MS scan which
triggers an additional fragmentation of the product
the precursor neutral loss in the form of an MS3 scan

MS/MS
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Figure1-18. Phosphopeptide with a mass af87.8 m/z (z=2) selected for MS/M3heresultingspectral pattern hada dominant peakwith a mass 0f738.8 m/z
corresponding to the loss of phosphoric adicbm the parent mass. This measured massdaisggers an additionaMS/MSof 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 aalysisin one instrument. Se€igure 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 MiEh the subsequent mass analysis &ither 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 molecu@ight determination of

intact proteins.

1.3.2.1 Improvements in ion manipulation with the Orbitrap Fusion Tribrid
The active beam guide (ABiS)a bent flatapole lens ion guide which now reduces noise by

preventing neutrals and highelocity clusters from emtring the quadrupole. An axial field
applied along the length of the rods improves robustness by eliminating the effects of local

charging (see Figute19).

The quadrupole mass filtés 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 selectiviBadio Frequencies (RF) and DC voltages and
the selected values in the quadrupole mass filter determine the range of m/gehatios

allowed to be transmitted. Thquadrupole 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 ionrouting multipole (IRMhas multiple functions. It accumulates ions and route them
to either the linear ion trap or the Orbitrap mass arsly It also performs HCD at any
fragmentation stage. The IRM allows parallel analysis, a function oniyg fiouthe Orbitrap

Fusion Tribrid mass spectrometer.

DuatPressure Linear lon Trafy.highpressure cell for MSrecursor ion isolation from 0.2
amu up to 600 amu and both Collisiovduced dissociation (CID) and electipansfer
dissociation (ETD). Aw-pressure celallows for an improved scan speed, resolving power,

and mass accu racy.
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The Orbitrap Fusion Tribrid uses the new UldighField Orbitrap which is 1.5 times

smaller than the previous orbitrap with resolving power up to 500,000 FWHM.

Ultra-High-Field Orbitrap

Active Beam

z
Guide  Quadrupole 2 = \
Mass Filter =
= \
d.'.'—I|I |~ N Multipole/HCD Cell
V74 Ee——
B
-
oo

lon Routing

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 rage for transmission selectivity and improved sensitivity. The ioyuting

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 ath ND A (1 NI L) CdzaA A 2y

¢ N 0 NsKidRcribed@nNJ & 6 2 ( (

Chaptemine of this thesis Basicallythe instrument is rurat high resolution in the Orbitrap

mass analyser (m/z 378600) with a resolution of 120,000 at m/z 208daan automatic

gain control (AGC) target of 40and an intensity threshold of 5.8e For MS/MS in a 3

second window, the AGC target wa®é&. with as many MS/MS witlthe HCD collision

energy set to 28 and maximum injection time of 3fs. The quadrupe isolation window

was 1.6 m/z and a spray voltage of 1.8kV.

SeeFigurel-20 for an example of a ig CHO K1 total lysate sample prepared using the

FASP metho@dColeman et al. 201@nd ®parated over 140 mins into an Orbitrap Fusion

Tribrid. Using the parameterabove, 111,850 MS/MS were acquired and following
SEQUEST algorithm 30,933 peptides were matche@g&24-HO proteins.
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As many MS/MS that can
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Figurel-20. Base peak chromatogram of a CHO K1 lysate digestion sepamteda 140 nn RPC separatioimto an Orbitrap FusiorTribrid instrument. Full MS spectrum
at 120,000 resolution and MS/MS was set up to acquinghe ion trapas many scanever a 3 seconavindow with a maximum injection time of 35m$or each MS/MS.
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Figure1-21. Base peak leromatogram of a CHO SEAP IMARbgphopeptide enriched sample separatealer a 120 m RPC separatiamo an Orbitrap Fu®n Tribrid
instrument. Full MS spectrumvas set 120,000 resolution and MS/MBgmentationwas carried out in the ion trap part of the instrumenising MSA.
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Figurel-21 shows anexample of a CHO K1 phosphopeptahriched sanple using IMAC
separated over 2h into an Orbitrap Fusion using MSA fragmentatidfSA methods
assumes that the peptide has a predominant loss associated with phosphorylated peptides.
The MSApseudoMS3 scanfragments the peptideand then caries out a subsequent
specified mass belo that precursor is fragmented; in this ca€8 Dafor phosphate. A of

the ions arethen detected in a single scarit is assumeghe major loss will be occurring in

all casesso the instrument does nogpendtime scanning out to see if that fragment is
there first. We identified 6079 phosphopeptides from a single yiy phosphopeptide
enriched sample from CHO SEAP cells.

1.3.3 Comparison of LTQ Orbitrap XL vs Orbitrap Fusion Tribrid proteomic
analysis

Tablel1-2 outlines a brief comparison @rbitrap XL and Orbitrap Bion 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 spectralagation rate in hertz)

Table 1-3 and Figure1-22 outline a comparison of the Orbitrap XL and Orbitrap Fusion
Tribrid instrumentation and a comparison of the same CHO Kl sample analydsathon

instruments.
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Mass Resolution Mass Accuracy Scan rate Fragmentation

Orbitrap Fusion 15,00@;500,000 (FWHM) at m/z 200 <3ppm RMS using Extern| Orbitrap MSn up to 18 Hz CID, MSA, HCD,
calibration
lon trap MSn up to 225 Hz ETD, ETciD, EThcD
Orbitrap XL 7,503:100,000 at m/z 400 <3ppm RMS using Extern| Orbitrap MSn up to 20 Hz CID, HCD and ET
calibration (optional).

lon trap MSn up to82 Hz

Table 1-2. Comparison of Orbitrap XL and Orbitrap Fusidlass 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 Fragmentation Data dependent sttings

Orbitrap Fusion | Gradient 5¢ 30% B in 120 min 120K / lon trap (low res) HCD- 28% Max MS/MS within 3 seconds of Full MS

Orbitrap XL Gradient 5¢ 30% B in 180 min 30K / lon trap (low res) CID-32% 3 MS/MS per Full Scan

Instrument Sample Proteins Peptides PSM No. of MS 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 Fragmentation Data dependent settings

Orbitrap Fusion | Gradient 5¢30% B in 120 min 120K / lon trap (low res) MSA- 28% Max MS/MS within 3 seconds of Full MS w|
MSA merged spectra

Instrument Sample Proteins | Phospho Peptides ptmR{ PSM No. of MS
score >75%

Orbitrap Fusion Chinese Hamster Ovary cell Phospeptide enriched sampl| 2879 6079 11,580 86,831

Orbitrap XL Chinese Hamster Ovary cell Bpeptide enriched sample | 876 1634 2317 10,981

Table 1-3. Separation ad Mass spectrometry setting comparing Orbitrap XL and Orbitrap Fusion analysis of a Chinese Hamster Ovary digest sample and
Phosphopeptide enriched sample.
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Chinese hamster ovary phospho proteins identified Chinese hamster ovary phospho peptides identified

3500 7000
3000 6000
2500 5000
2000 4000
W Orbitrap Fusion m Orbitrap Fusion
1500 ® Orbitrap XL 3000 m Orbitrap XL
1000 2000
0 0
Phospho proteins identified Peptides identified
Chinese hamster ovary proteins identified Chinese hamster ovary peptides identified
5000 30000
4000 25000
. . 20000
3000 ® Orbitrap Fusion m Orbitrap Fusion
W Orbitrap XL 15000 m Orbitrap XL
2000
10000
- - o -
0 0
Protein identified Phospho peptides identified

Figure1-22. A comparison of Orbitrapdsion Tribrid MSdatato Orbitrap XL MS data using the same Chinesenister ovarytryptically digested protein sample. The
Orbitrap fusionTribrid instrument confidently identified over four times as many peptides translating into confidently over three and a tia@lé more proteins.
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1.4 Anoverview of Chinese hamster ovary cell proteomics

The Chinse Hamster was brought into the United Statesl948. In 1957, Reodore Puck
obtained a Chinese hamster from a d¢ahtory at the Boston Cancer Research Foundation,
where he and his colleaguesised it to derive the original CHO cell lifRRuck et al.
1957)The CHO cell line generates billions in sales from the generation of therapeutic
monoclonal antibodies and recombinant proteinsr faghe 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 eithoy 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 consur@iH@xcellsare,
however, immortalised cells, charactextsby a high degree of genetic and phenotypic
diversity. Varying profiles make a universal approach for cell line developmedt a
optimisation very difficul{\Wurm et al. 2013) A better understanding of théiologial and
cellular characteristics of the CHO proteome will help improve productivity levels and

quality.

There have been a number of proteomic studies carried out taatrgt understand CHO
cells in order to identify targets that can be used in engineerargdts 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) andrgelapproaches.

Usirg 2DDIGE, Meleady et afMeleady et al. 2011agarried 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 89differentially expressegroteins. They concluded that these proteins
may have an important role in sustaining the important phenotype trait of high
productivity. Table1-4 outlines an overviewlist of recent CHO cell proteomic aligations

using 2D gelapproaches.

Ly FEOGSNY I GAGS aaGNrGS3e G2 ISt oF m@uEona Of | aa
protein extract digestion, peptide fractionation by liquid chromatography (single or
multidimensional) coupled with electrospragnisation tandem mass spectrometry. This

gel free approach can also be quantitative using labelg. ITRAQ, TM®) label free MS
techniques.Meleady et al.(Meleadyet al. 2012)used quantitative label fre& GMS/MS
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profiling to study CHO protein abundance following over expression of/nmRCHO SEAP
cells. From the analysis they found 93 proteins decreased in expression levels and 74
increased following over expression of RN CHO SEAP cells comparee ribll cells.
Sommeregger et alSommeregger et al. 2016sed quantitative label free GMS/MSto
investigate the intracellular proteome difference in CHO cells producing two similar
antibody fragments. fiey 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 procsslt 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 antidrug antibodies and anti HCP antibodi€Bracewell et al2015) Regulatory
guidance mandates the control of Host cell protein (HCP) concentration in the production
of recombinant therapeutic proteiné/alente et al. 2018)The HCP content from cultured
CHO cells is generally measured using Enzyme Link ImmunoSorbent Assays (ELISA) and 2D
PAGEHogwood et al2017) Using western blaoing of 2DPAGE 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 idegtifinknown 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 me@ialente et al2015)

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-NIS} has becomeyver the last

few years, the technology of choice for protein analysis. The improvement ibag&d
proteomics provides the identification and quantification of thousands of proteins in a
single run. As a result of this MS based approaches are becomingreasingly more
commonly used as orthogonal and powerful alternative methods to ELISA by enabling

identification, monitoring and quantitation of low level HGNRalente et al. 2018)

Park et al(J. H. Park et al. 201&halysed HCPs from fdzhtch cultures and batch cultures
using gel free MS proteomics. They identifieti4 HCPs in the feoltch culture and 1934
proteins in the batch culture from 36 IMIS/MS runs usg a QExactive Mass spectrometer.

Kumaret al. (A. Kumar et al. 201%)sed L& CMS/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 andhelp assess process and purification methods used in the production
of biologic drugsWalker et al.(Walker et al. 2017gxamined up to 20 samples per day
looking at CHO HCP composition and diation using 1D LMS/MS with SWATH DIA MS.
Using a one hr method they could detect HCPs at the ng/mg raraddel-5 outlines a list

recent CHO cell proteompublicationsusing HCP analysis.

In this thesis, | have used ¢gete 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-fEsion protein clipping using
differential quantitative labelfree LEMS/MS proteomic analysidHenry et al. 2018)Our
groupwere the first in the field to publish in CHO phosphoproteomic anabgisgIMAC

and TiQ phosphopeptide enrichment strategies in conjunctiowith differential
quantitative labelfree LEMS/MS proteomic analysito studycellular processes in CHO
cells following a reduction of culture temperature (temperature shiftgnry et al. 2017a)

We substantidy improved our understanding of phosphoproteomic CHO cell processes
with a follow up study using statef-the-art mass spectrometry to analyse 1gG producing
CHO cells at various phases of grogenry et al. 2018)rablel-6 outlines an overview of

gekree CHO cell proteomic approaches.
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Study/Comparison

Technique

Key Finding

Author

CHO cell comparison of stable
transfection to express a heav;
chain monoclonal antibody

2DDIGE LC
MS/MS

Demonstrated proteins associated with cell stress viaregulated
metabolism, depleted nutrients and accumulated waste metabolite

(Blondeel et al. 2016)

Review of principles &fD- 2D-DIGE Two-dimensional polyacrylamidgelelectrophoresis (2BPAGE) ang (Meleady 2018)
PAGE andD-DIGE on two-dimensional differencgelelectrophoresis (2EDIGE) continue tq

recombinantChinese be one of the most versatile and widely used techniques to study

hamsterovarycells proteomeof a biological system.

2D-DIGE profiling analysis of | 2D-DIGE and 89 distinct differentially expressed proteins identified with 12 prote| (Meleady et al. 2011a)
two matched pairs of LCMS/MS (AKRIB8, ANXA1, ANXA4, EIF3I, G6PD, HSPA8, HSP90B1, HSP

monoclonal antibody PGAM1, RUVBL1 and CNN3) that were differentially expressed

producing CHO cell lines that same direction themay have an important role in sustaining hi

differ in their ability to sustain productivity of recombinant protein over the duration of a fedtch

productivity over a 10 day fed bioprocess culture.

batchculture

4 CHO DUKK Mab Secreting | 2D-DIGE and 58 proteins identified as differentially expressed playing an impor{ (Doolan et al. 2010)
cells designated fast andbsv LCMS/MS role in the regulation of cell growth during log phase and as poter

growing candidates for CHO cell line engineering

CHO MUCL1 IgG2a grown in 4| 2D DIGE and | Demonstrated consequences of glucose limitation for the prof (Wingens et al. 2015)

different perfusion cultivation
systems

MALDITOF MS

expression machinery and could play a role in higher recombi
protein production
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Comparative differential study 2D Gels and LC] A greater understanding of the effect of hydrolysates on Q (J. Y. Kim et a2012)

using rCHO cells producing a| MS/MS intracellular events.
antibody in serum free
medium.

Proteomic analysis of CHO cg 2D DIGE and | A foundation for optimising cell line specific cultivation preses and (Wei et al. 2011)
undergoing apoptosis durin{ LCMS/MS prolonging longevity although the study did not identify dirg
prolonged cultivation. apoptosis regulating proteins.

Utilisation of CHO specifi 2D gels and L-C| Increased by 480% total number of proteins identified from 2D ge (Meleady et al2012b)
sequence database and ma| MS/MS using MS based proteomics.
spectrometry proteomics

Table1-4 Compiles a list of recent CHeIl 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 Féusion
protein in CHO cells

LCMS/MSlabel
free Profiling

This study identified protein targets that could be modified usiafjline
engineering approaches to improve the quality of recombinanrfusmon
protein production in the biopharmaceutical industry

Proteomic analysis suggestedae for defective protein folding and th
UPR

(Henry et al. 2018)

Largescale label free
differential
phosphoproteomic study of
IgG producing CHO DP12
cells at various phases of
growth.

LCMS/MS label
free Profilng

This study identified 3,777 differentially expressed unig
phosphopeptides from 1,415 differentially expressed uniq
phosphoproteins. CHO phosphoproteomic data gives significant ing
into the posttranslational level of regulation during cellulgrowth 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 LEMS

The monitoring of protein iomarkers for the early prediction of cell stre
and death is a valuable tool for process characterization and effig
biomanufacturing control

(Albrecht et al. 2018)

Large scale profiling of
CHGS and CHDGM4

LCMS/MS profiling

11,801 unigue CHO proteins identified

(Heffner et al. 2017)

Phosphopeptide
enrichment quantitative
analysis of CHO SEAP cell
following temperature
reduction

Label Free L-C
MS/MS profiling

700 differentially expressed phosphopeptides were identified relating
growth, ribosomal biogenesis and cytoskeleton organisation.

(Henry et al. 2017a)

Comparative study of CHO
cell lines secreting two

similar antibody fragments

Label Free I-C
MS/MS profiling

They concluded that not only the levels of the specific antibody secre
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
RecombinanChinese
HamsterOvaryCells

LCMS/MS profiling

A Filter Aided Sample Preparation (FASP) protocol for the extracti
proteins from CHO cells for proteomic dtas using ultrafiltration device
where the membrane pores are small enough to allow contamina
detergents to pass through, while proteins are too large and are reta
and concentrated in the filter unit.

(Cokman et al. 2017)

iTRAQ peptide quantitation
of HCPs from antibody
producing CHES cells.

Labelled L&S/MS
profiling

iTRAQ labelled quantitative analysis for CHO HCP analysis
application for process development knowledge of critical HCPs.

(Chiverton et al.
2016)

iTRAQ peptide quantitation
of supernatant from three
transfected CHO cell lines.

Labelled L&IS/MS
profiling

There was a 60% protein identification overlap in the proteins identi
between the transfected CHO clones.

(Zhu et al. 2016)

Reprogrammed CHO K1
cells using miRR3

Label Free I-C
MS/MS profiling

Labelfree proteomic analysis uncovered various potential novel target;
miR-23 including LE1 anidDH1, both implicated in oxidative metabolis
and mitochondrial activity.

(Kelly et al. 2015)

Three CHO cell lines
secreting monoclonal
antibody exposed to
suboptimal copper levels.

Label Free -C
MS/MS profiling

Labeklree proteomic analysis uncovered under copper defici
conditions, a substantial reduction in the protein levels of the multi
subunits of cytochrome ¢ oxidase of the mitochondrial electron trans
chain.

(S Kang et al. 2014)

Identify CHO proteins from
the secretome, cellular
proteome and
glycoproteome

LCMS/MS Profiling

6164 grouped CHO proteins were identified from the combi

glycoproteome and proteome analysis.

(BaycinHizal et al.
2012a)

Metabolomic profile to
eludicate characteristics of
high mAb producing CHO
cells

LCGMS/MS Profiling

High producing CHO cell lines had elevated levels of specific metab
for regulation of their redox status

(Chong et al. 2012)
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Utilisation of CHO specific
sequence database and
mass spectrometry
proteomics

LCMS/MS Profiling

Increased by 480% total number of proteins identified from 2D g¢
using MS based proteomics.

(Meleady et al.
2012a)

Comparative study of CHO
SEAP cells over expressing
miR7

Label Free L-C
MS/MS profiling

93 proteins decreased in expression levels and 74 increased follg
over expression of miR in CHOSEAP cells compared the null ce
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 gPCR,
Microarray and
label free
quantitativeMS

GO analysis on 285 differentially expressed proteins identified biolo
processes associated with proliferation including mRNA processing
translation

(Clarke etl. 2012)

iTRAQ peptide labelling of
CHO cell line producing a

monoclonal antibody

Labelled 2BLG
MS/MS profiling

Provided a dynamic view of protein expression throughout the fed b
culture providing useful information of the biological processkving
mammalian cell culture.

(Carlage et al. 2012)

Table1-5. Compiles a list of recent CHO cell proteomic applications usingfrgel approaches
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Study/Compaison

Technique

Key Finding

Author

CHO cells HCP

2D PAGE

2D PAGE with western blotting can be used for the analysis of

content during bioprocessing culturing of CHO cells.

(Hogwood et al.2014)

CHO HCRvels 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 comparingD-PAGE

2D PAGE

Characterizatin of HostCellProteins(HCPSs)

in CHCOCellBioprocesses

(Hogwood et al. 2017)

ComparedHCP profiles using
three CHQelllines and 2D PAG

2D PAGE and LC
MS/MS

identification

More similar than different: Host cell protein production usi

three null CHO cell lines

(Yuk et al. 2015)

Used 2BPAGE to visualize
antibody species in the eluate
and HCPs to screaelllines and

monitor and idenify HCPs.

2D PAGE separatig
and LEMS/MS

identification

The dynamics of the CHO host cell protein profile du
clarification and protein A capture in a platform antibo

purification process

(Hogwood et al2014)

CHO HCP in batébd and batch

cultures

LCMS/MS Profiling

They identified 2145 HCPs in the {featch 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 (
cell lysosomal phenotype and

host cell protein release

Zyograph gels and
LCMS/MS

The overexpression of a lysosomal therapeutic recombir]

protein impacts on the lysosomal phenotype of a CHO cell line,

(Migani et al2017)

CHO HCP 1hr Profiling LCMS/MS DIA Detect CHO HCPs at the ng/mg level usimgrialysis (Walker et al. 2017)
method
A comparison of CHBCP LGMS/MS I KFENF QGSNRT FdA2y 2F GKS 02 m(Q.Zhangetal 2016)

subpopulationsassociatedvith
15 different mAbs during protein
A chromatography

monoclonal antibodies during protein A purification

An advanced 2D LCS MS/MS | LGMS/MS Development of advanced host cell protein enrichment g (Soderquist et al. 2015
method to demonstrate that the detection strategies to enable process relevant spike challg

HCP enrichment fa2 different studies

MAB products

Quantitative definiton and LCMS/MS Used iTRAQLCMS/MSto analyze samplesrom a CHOculture | (Chiverton et al. 2016)

monitoring of theHCRproteome
using iTRA study of an
AYRAzZZAZONRLI E Y! 6

cell line

harvest (HCQFThe data provides the basis for application o
iTRAQ for process development based upon knowlesfgeritical
HCPs.

Table1-6. Compiles a list of recent CHO cell HCP analysis for proteomic applications
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15 Conclusion

The application of strict sample preparation techniques, coupl@t highly reproducible
nano-HPLC methods, stat#-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 leaedipin 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 impemhe
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 researgle 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 biotherapeugioduction.

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 identificationspwever, 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 bec@meoutine 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 usingresinbaseddepletion column followed by either protein 1Gel
enzymatic digestion or protein {8olution enzymatic digestion and then analysis by -One
Dimensional Reverse Phase Chromatography or-Dineensional Strong Cation Exchange
(SCX} Reverse Phase ChromatogragRPC).

Key words:Clinical proteomics, immundepletion, protein separation, peptide separation,

protein identification, protein digestion, high resolution tandem mass spectrometry.
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2.1 Introduction

Liquid chromatographynass spectrometry (-KIS) 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 protedétersold

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 dissascluding cancgtLinge et al.
2014) There are numerous protein and peptide fractionation techniques employed including
traditional chromatography(Brunoro etal. 2015) immunodepletiond a I NII A y [ 2 NSy T 2
2014) subcellular fractionatiofOhmine et al. 2015)nanoparticle enrichmen{Magni et al.
2014)and ProteoMineltechnology (combinatorial library of hexapeptide ligands coupled to
beads)(Monari et al. 2011¥or protein expression profiling of clinical samples. Using these
techniques it is possible to carry out relative or absolute-MS quantitation. Relative
quantitative L&@MS proteomic analysis uses labels to compare protein or peptide abundances
between samples. Stable Isotope Labelling with Amino Acids in Cell Culture (SteBking et

al. 2015)as well as Isotop€oded Affinity Tags (ICABhiio and Aebersold 2006hd isobaric

tags like iTRAQCrabb et al. 206) and TMT(Sinclair and Timms 2018ye commonly used
proteomic labelling techniques used in quantitative proteomics. Absolute quantitation can also
be applied to L@AS with spiked known concentrations of laleellsynthetic peptide$Capuano

et al. 2011) A labelfree approach can also be employed for both relative and absolute
quantitation using L@S (Holland et al. 2015, Linge et al. 201%hese proteomic tools have
been used for the differential analysis of various types of clinical biological samples including
tissue(Holland et al. 2015)ell line moded (Dowling, Pollard et al. 201,5aliva(Dowling et al.
2008) plasmaDowling, Hughes et al. 201%erum(Dowling et al. 2015urine(Nijenhuis et al.
2015) and blood(Dowling et al. 2014)to better understand the molecular basis of the

pathogenesis of diseasand also in the validation and characterisation of disesss®ciated
proteins. There have been many advances in the use eMB0n 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 reproducibilitytled LC and MS instrumgtion (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 -gograting proteins on one
dimensional (1D) and/or twdimensional (2D) polyacrylamide gel electrophoresis (PAGE).
Removal of these abundant proteins will also make possible the detection of low abundant
proteins present as the #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 deplete(Tu et al. 2010)

In this chapter we describe IMS based approaches for analysing proteins from clinical patient
bio-fluid samples that has been immutepleted of their high abundance serum proteins to
allow for the detection of medium and low abundant proteins presertha sample. The first
approach involves visualising a depleted serum sample Gooaassieblue stained SDS gel
and Ingel digestion of the separated proteins using fil#hension reversegbhase liquid
chromatography mass spectrometry (HPC L@®S). Thesecond approach involves dime
two-dimensional liquid chromatography using strong cation exchange separation for the first
dimension fractionation followed by reversgihase separation for the secomtimension (2D

SCXRPC L®™S) of the same serum samgéer an Insolution protein digestion is carried out.
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2.2 Materialsand Methods

221

222

2.2.3

Immuno-depletion from serum sample

ProteoPrep® Blue Albumin Depletion Kit (see Note 1).

Serum sample from blood prepared and storedings standardised procedures
(Dowling et al. 2014)

Protein Assay: e.g. Quick StartTM Bradford Protein Assair@®in Bovine Serum
Albumin Standard (2 mg/mL) (BRad). Prepare standards using a 2 mg/mL stock of
Bovine Serum Albumin (BSA) at tieaf concentrations: 1000, 750, 500, 250, 125 and
0 mg/mL.

Microplate Spectrophotometer, e.g. MultiskBhGO (Thermo Fisher Scientific).

Tube Rotator (e.g. SB2, Stuart).

Protein Precipitation

Cold (20 C) Acetone.
Resuspension buffer: a solution contaigié M Urea, 2 M thiourea, 10 mM Tris.

Refrigerated high speed centrifuge (e.g. Hettich Mikro 200R).

Sample Preparation from 1D PAGE GelsGkl Digestion)

Gel Stain, e.qg. Brilliant Bluec®olloidal (Sigma)dX concentration (Note 2)

LCMS grade Wate LGMS grade Methanol, 1-MS grade Acetonitrile, &S 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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in 10 mM ammonium bicarbonate containing 10% (v/v) acetonitrile. Resuspend the

trypsin at 1 pg/mL in 50 mM acetic acid (100 ug vial resuspended in 100 yL of 50 mM
aceticacid buffer). Remove the required amount of this 80X trypsin stock needed and
refreeze the unused portion in 10 pL aliquots and store28t°C. Make the 1X trypsin

shortly before use by diluting in 10 mM ammonium bicarbonate containing 10% (v/v)
acetonNA £ S G2 | O2yOSYidNIrGA2y 2F mMuHdp y3IAk>[ 0
ProteaseMAR' { dzZNF I Ol yi ¢ NBLEAAY 9y KIFYyOSNI az2f dzi Az
ProteaseMAXR'6t N2 YS3AI 0 gAGK mnn >[ 2F pn Ya | YY2)
solution (see Note 5). Freezal > [ lahd’stprdz22DEC.

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% Triflueetec acid (TFA) solution. Use a fume

hood to prepare this solution.

C18- 10 pL ZipTips® (Millipore)

Wetting Solution: 100% Acetonitrile.

Equilibration Buffer (Washing Solution): 2% Acetonitrile containing 0.1% TFA.

Elution Buffer: 50% Acetonitrile ctaining 0.1% TFA.

Vacuum centrifuge (e.g. SpeedVic

One Dimensional Reverse Phase Chromatography

Solvent A: 2% acetonitrile in IMS grade water containing 0.1% formic acid. Prepare
100 mL. Use a fume hood to prepare this solution.

Solvent B: 80% Acatdrile, 20% L@®AS grade water, 0.8% formic acid. Prepare 100 mL.
Use a fume hood to prepare this solution.

Sample loading buffer 1: 2% acetonitrile in-M& grade water containing 0.1%

Trifluoroacetic acid (TFA). Prepare 1000 mL. Use a fume hood to erdymsolution.
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2.2.5

2.2.6

= =4 -4 -4 -—a -a -2

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 pm x 50 cm, nano\dfé 3 pm, 100A (Thermo

Fisher Scientific).

Trap column: PepMap C18 trap cartridge (300 um x 5 mm) (LC Thermo Fisher

Scientific).

Sample Preparation from Protein golution

Trypsin solution. Se@ee 2.2.3.

ProteaseMAX' (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 Tryds stopping solution (see 2.2.3

Two Dimensional Stng Cation ExchangeReverse Phase Chromatography

Solvent A, Solvent B.(2.4).

Sample loading buffer 2: 5% acetonitrile in-M& grade water containing 0.025%
Trifluoroacetic acid (TFA). Prepare 1000 mL.

1 mM NacCl solution prepared in 5% Acetonitrl€)25% TFA.

2 mM NacCl solution prepared in 5% Acetonitrile, 0.025% TFA.

5 mM NacCl solution prepared in 5% Acetonitrile, 0.025% TFA.

10 mM NacCl solution prepared in 5% Acetonitrile, 0.025% TFA.

20 mM NacCl solution prepared in 5% Acetonitrile, 0.025% TFA.

50 mM NaCl solution prepared in 5% Acetonitrile, 0.025% TFA.

100 mM NacCl solution prepared in 5% Acetonitrile, 0.025% TFA.
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200 mM NacCl solution prepared in 5% Acetonitrile, 0.025% TFA.

500 mM NacCl solution prepared in 5% Acetonitrile, 0.025% TFA.

1 M NaCl sltion prepared in 5% Acetonitrile, 0.025% TFA.

SCX ColumBioX SCX, 5 um (500 pum x 15 mm) (Thermo Fisher Scientific).

Column: Acclaim®PepMap100 75 pm x 50 cm, nanoViper C18, 3um, 100A (Thermo

= =4 4 A -

Fisher Scientific).

1 Trap column: PepMap C18 trap cartridg@@3tm x 5 mm) (Thermo Fisher Scientific).

1 NanoLC system: e.g. Ultimate® 3000 RSLCnanoLC system (Thermo Fisher Scientific) or a
similar system.

I 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 8,6@Cfor 10 s.

2. Wash the resin with 0.4 mL of equilibration buffer and centrifuge at 8Yap0
for 10 s.
3. Add 50 pL 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 8,00@ for 10 s. Transfer the
supernatant to a fresh tube.

5. Wash the resin with 100 uL of equilibration buffer, centrifuge at 8,000xg for 10
s and pool the sample with the first collection (150 pL in total).

6. Determine the protein concentration prior to separation by SDS PAGE eI
p >[ 2F adlyRINR yR dzyly26y al YLX Sa A\
GNRALEX AOFiS® ' RR wWpn > 2F . NIRT2NR Re
Incubate at room temperature for a minimum of 5 min and a maximum of 1 h.
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Set spectrophotometer to 59 nm and zero against the blank samples. (See
Note 6).

Run samples on a standard 1D $I¥&E gel and stain with coomassie blue,
e.g. Brilliant Blue @ Colloidal.

Shows a Coomassie blue stained SEXSE gel comparing a 10 pg serum
sample before andifter albumin and IgG depletion, and shows the reduction
in the amounts of highly abundant IgG and albumin.

2.3.2 Protein InGel Digestion protocol

1.

10.

11.

Excise the protein bands of interest from the stained gel (see Note 7) using a
sterile polypropylene pasteupipette (see Note 8) and transfer the cored gel
spots to a 1.7 mL microcentrifuge tube.

Wash each gel plug with 200 pL ofMS grade water.

Destain the gel plug with 100 uL of Methanol:50 mM Ammonium Bicarbonate
(2:1 vol:vol) to remove the stain.

Dehydrate the gel plug with 100 pL Acetonitrile. Once the gel slice has
dehydrated remove the supernatant and dry in a vacuum centrifuge (e.g.
SpeedVal) until the sample is dry.

Reduce the sample with 100 pL of 25 mM DTT in 50 mM ammonium
bicarborate for 20 min at 56C (see Note 9).

Alkylate the sample with 100 pL of 55 mM iodoacetamide in 50 mM
ammonium bicarbonate at room temperature in the dark for 20 min.

Dehydrate and dry the sample again as outlined in 3.2.4.

Digest the sample by retyating with 20 pL of a 12.5 ng/uL trypsin (see Note
10) containing 0.01% ProteaseMAX for 10 min. Overlay the digesting sample
with 30 pL of 50 mM ammonium bicarbonate and gently mix.

Incubate at 50C for 1 h or 37C for 24 h.
Centrifuge at 12,00xg for 10 s to collect any condensate.

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 highe digest can be analysed
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12.

directly by LEMS or it can be stored aR0 °C (if it is not going to be analysed

straight away).

However, if the peptide abundance is low, the peptide sample can be
concentrated and purified with 10 uL C18 Millipore Zis®i. Wet the C18
ZipTip by aspirating and dispensing 15 pL 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 pL of elution buffer x 3 times discarding
the solution each time. Equilibrate the ZipTip by aspirating and dispensing 15
pL of equilibration buffer x 3 times discarding the solution each time. Bind the
low abundant peptide sample to the Zijip by aspirating and dispensing the
sample through the igTip without discarding the sample. After binding is
completed, wash the sample on the Zip Tip by aspirating and dispensing 15 pL
of equilibration buffer solution x 3 times. Elute the sample with 10 pL of
elution buffer into a clean microcentrifuge tubené repeat this step. As the
elution buffer contains acetonitrile, the sample must be evaporated by vacuum
centrifugation (e.g. Speed Vg prior to LGMIS analysis. If the digest is not
going to be analysed straight away, freeze and store28t°C. If gimg straight

to LGMS analysis, rehydrate the sample in 20 uL 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 nandlow chromatography with a suitable LC suahthe Ultimate®
3000RSL@anoLC system which is used here. The LC is configured, as shown in
Figure 2, using an Acclaim®PepMapl00 75 pm x 50 cm column and a

nanoViper C18, 3um, 100A and PepMap C18 trap cartridge (300 pm x 5 mm).

Prior to analysis, aglibrate the columns in Solvent A for 10 min and gt

column temperatures to 38C using a column oven.
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Using a 20 pL loop, pick up a 5 pL injection of sample at a flow rate of 25
pL/min using Sample loading buffer 1 and desalt for 3 min througlFrédpEMap
C18 trap cartridge.

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 udsed
compkx peptide separationgzigure2-3 shows the peptides obtained from a
typical 1D L@AS experimental run from a 1D PAGE gel band over a 60 minute

gradient from a patient serum sample after immudepletion.

Use a staimss steel emitter (see Note 13) for naalectrospraying the

samples into the mass spectrometer with the ion spray voltage set at 1.5 kV.

Use a tandem mass spectrometer (MS/MS) to analyse the peptides eluting
from the nancflow chromatographysystem. & use an LTQ OrbitrapXL
Hybrid lon TragDrbitrap 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%, preursor isolation is set at a width of 2 Da, intensityesirold for
precursor selection of,000). Select the following global parameters; precursor
ions between m/z 401200 at a resolution of 30,000 collected in profile mode.
The m/z values for chargaase =1 and >4 are rejected. Enable dynamic
exclusion with a repeat count of 1 and set the exclusion duration to 40

seconds.

Use computer software search engine(s) to analyse data from tandem- mass
spectrometry samples to match mass spectra with pepte#guences. 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 Scientif), 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 sampl&et cysteine
carbamdomethylation 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 trypsinspecificity and allow for 2 missed cleavages.

We use strict scoring criteria for our protein identification search engine

results(Omenn et al. 2005)See Note 14).

2.3.4 Protein InSolution Digestion protocol

1.

Predpitate the protein sample (5@00 pg) if it contains detergent or you are
not sure of the composition of the buffer wit4 volumes of prehilled-20 °C
acetone. Cool the required volume of acetone20 °C for 20 min beforehand.
Vortex the sample anchcubate for 60 min at20 °C. Centrifge at 12,00xg

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

Determine protein concentration using Bradford Protein Asasayoutlined in
3.1.6.

Digest 10 ug of protein (ensure final concentration of urea in the solution is
<1M) (see Note 15).

Add 50 mM Ammonium Bicarbonate to a final volume of 50 L.
Add 0.5 pL of 0.5 M DTT and incubate at 56 °C for 20 min.

Add 1.35 pL of 0.55 M lodoacetamide and incubate at room temperature in
the dark for 20 min.

Add 1 pg of trypsin and 0.5 pL d¥lProteaseMAX and digest at 37 for a
minimum of 3 h.

Centrifuge at 12,00&g for 10 s to collect any condensate and topstbe
trypsin activity by the addition of TFA Trypsin stopping solution to a final
concentration of 0.5%.

If the digest is not going to be analysed straight away, freeze and sta@0at
°C.
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2.3.5 Two dimensional (2D) strong cation exchange (SCX) reverseaseh
chromatography (RPC) for complex protein mixtures

1.

We carry out nandlow chromatography using an Ultimate® 3MR8L@anoLC
system, using an Acclaim®PepMapl100 75um x 50cm, nanoViper C18, 3um,
100A, a PepMap C18 trap cartridge (300 pum x 5 mm) a@idX%SCX (500 um x

15 mm) configured as outlined in Figure 4.

Using a 100 pL loop, pick up a 10 pL injection of peptide sample at a flow rate
of 25 pL/min with Sample loading buffer 2 to load onto the B&X trap for 5
min.

Elute the peptides stapise from the SCX trap through the different salt steps
of 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000 mM.

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.

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 reversphase column.

Mass spectrometer parameters are outlined?i3.6.

Dataanalysis is outlined i2.3.7.
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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 1gG, serum albumin, etc. Examples
include ProteoPrep® and Seppro® (SIGMA)ed3pid" (NORGEN BioTek Corp),
Proteome Purify (R&D Systems), Top2 and Topl2 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 immuepletion 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 (gluteraldehyddree), or fluorescencdased 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-MS grade. All chemicals must bf the highest

purity.

4. The most common enzyme used for peptide generation feMISCanalysis is trypsin
which has been modified by reductive alkylation to suppress trypsin autolysis. Trypsin
is a robust enzyme and digestions can be performed undeaitieing conditions. We

use modified porcine trypsin (Promega) in our laboratory.

5. We use ProteaseMaX Surfactant Trypsin Enhancer as it removes the need to extract
peptides following lrgel digestion. We also find there is improved peptide recovery
from gels compared to when not using it. When we carry out proteigolations
digestions we find protein solubilisation is improved. ProteaseMaxTM Surfactant
Trypsin Enhancer degrades over the course ofdigestion,so samples are ready for

LCGMS withoutthe 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%.
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10.

11.

12.

13.

14.

15.

When working with SDBAGE gels, gloves must be worn at all times to minimise
keratin and dust contamination which can affect yourNIE results. When excising
protein from gels this work should be done in a laminar flow cabinet to minimise the
possibility of any hair, dust ok flakes contaminating the sample with unwanted

keratins.
The use of polypropylene tubes and tips helps to minimise protein loss by adsorption.

Reduction and alkylation is essential for samples prepared by 1IPSGE separation

even when reducinggent is already present in the loading buffer.

There are enzymes other than trypsin that can be used for protein digestion which

have different cleavage specificities, such as-Msmd GIeC.
Avoid introducing any air bubbles into the ZipTip iy atage of the process.

Complex peptide mixtures can require long separation times. We use 120, 180 or 300

min separation times depending on the complexity of the sample.

We use stainless steel emitters to maintain a stable spray into our Masir&meter
however stainless steel emitters are not suitable when looking at phosphorylated

peptides so fused silica emitters are recommended instead.

Peptides with either ion scores of 40 or more (from Mascot) and peptides with XCorr
scores >1.9 forisgly 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.

Trypsin activity is inbited by urea at concentrations >1M.
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2.5 Figure Legends

Figure2-1. Non-depleted (left) vs Serum/IgG depleted sample (right) from a serum sample
separated on a Coomadssstained SDBAGE gel. The region highlighted in red shows
proteins no longer masked by very high levels of albumin andNg&depleted (left) vs
Serum/IgG depleted sample (right) from a serum sample separated on a Coomassie stained
SDSPAGE gel. The region highlighted in red shows proteins no longer maskengy thygh

levels of albumin and IgG.

Figure2-2. Schematic using a 10 port valve for the fluidic connections fierdimensional
(1D) reverse phase chromatography for simple protein mixt@&sematic using a 10 port
valve for thefluidic 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 phaL@S 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 baridass spectrometry trace showing the total ion intensity from all
the mass spectra recorded during a 1D reseephase L-®IS 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 ¢hfluidic connections for two
dimensional (2D) LC salt plug experimer@chematic using two 10 port valves for the

fluidic connections for two dimensional (2D) LC salt plug experiment.

Figure2-5. Mass spectrometry traces overlaid from 10 salt plug fractions generated from a
2DLC run. Base peak chromatograms foe #alt injections on the SCX trap fractions are
overlaid to show different peptide profiles following separation on the revgrisase
column. Each fraction is designatedy a different colour chromatogramMass
spectrometry traces overlaid from 10 salt plug fractions generated from-aQBun. Base
peak chromatograms for the salt injections on the SCX trap, fractions are overlaid to show
different peptide profiles following separation on thveversephase column. Each salt

fraction is designated by a different colour chromatogram.
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Figure 1

Figure2-1. Non-depleted (left) vs Serum/IgG depleted sample (right) from a serum sample separated on a
Coomast stained SD®AGE gel. The region highlighted in red shows proteins no longer masked by very high
levels of albumin and 1gG.
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Figure2-2. Schematic using a 10 port valve for the fluidic connections faeaimensional (1D) reverse phase
chromatography for simple protein mixtures.
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Figure2-3. Mass spectrometry trace showing the total ion intensity from all the mass spectra recorded during a 1D reverse p&¥S 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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Figure2-4. Schematic using two 10 port valves foetfiuidic connections for two dimensional (2D) LC salt plug experiment.
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Figure2-5. Mass spectrometry traces overlaid from 10 salt plug fractions generated from d.20run. Base peak chromatograms foethkalt injections on the SCX trap
fractions are overlaid to show different peptide profiles following separation on the revegdase column. Each fraction is designatied 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  posttranslational modifications that regulate mgn 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 bwocess 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 mmtade affinity
chromatography (MOAC) and immobilized metal affinity chromatography (IMAC) techniques, followed
by sitespecific identification of phosphorylated residues usingdM(MS2 and MS3) strategies.

Key words: Phosphoproteomics, phosphopeptide reshment, 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 biotherapeutia®alsh 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 humalike posttranslational modifications, thr safety record,

and their track record in industrf®wurm 2004) There has been considerable success in developing high
producing CHO cell culture processes through media optimisation and bioreactor dPsartice,
Ehrenfels and Sisk 2007, Altamirano et al. 20B6vever, the bottlenecks in the cellular machinery for

the efficient production of recombinant proteins are poorly understood. In orderiniprove the
efficiency of production with the overall aim to reduce the costs of therapeuwidsindamental
understanding of the biology underpinning growth and productivity of CHO cells is required. Systems
biology approaches (including transcriptomicsptpomics, 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 therape{@ioterrez 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 dilsas et al. 2015, Lewis et al. 2013, Brinkrolf et al. 2013, Xu et

al. 2011)ave opened up a new era involving analysis of CHO cells on a systems biolbdyxwéning

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 prod(Bts/cinHizal et al.

2012b, Guo et al. 2008)In addition, proteins are subjected to a variety of ptranslational
modifications (PTMs) that affect biological activity; phosphorylation being one of most widely studied
PTMs, especially in disease state & dzOK | a Ol y OS NX CKS @Fad Yl 22NRG:e
to date have missed out on the pesanslational level of regulation despite their pivotal role in the
regulation of growth, cell cycle arrest, apoptosis, transcription, signal dai®n, etc. and hence are

likely to be central to understanding and controlling bioproeedsvant phenotypes. The
phosphoproteome has not been assessed in any detail in @H®arrell et al. 2014though 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, cellularotation, turnover, and interaction with other protein€houdhary 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 eukaryoticopeins can become phosphorylat¢®Isen et al. 2010, Cohen
2001) though some of these phosphorylation events may be physiologically irrel@@aptoure et &
2013y ! fY2adG KFEF 2F GKS GeNRaAyS {AylasSa 2F GKS
well as numerous serinthreonine kinases, including Akt and mT@Rrtini et al. 2014) Phosphatases
such as PTMEand PP2A are also known to play important roles in cafidepkins 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 mMRNA transcrip(dfhitmarsh and Davis 2000)

While some proteins are constitutively phosphorylated, most are only transiently phosphorylated
following key cellular cueshus altering the chemical state of a protein in subtle ways that are not easily
detected using standard profiling techniquéSimon and Cravatt 2008Phosphorylation sites in most
proteins are sulstoichiometric anchence are often present in low abundance compared to their native
counterparts. As a result phosphopeptide enrichment using immobilized metal idhofF&&") affinity
chromatography (IMAC) and metal oxide affinity chromatography (MOAC) usingr 4@, prior to LG
MS/MS analysis is widely used in phosphoproteomic stughegel et al. 2012)Both these materials
have different binding specificities, resulting in increased phosphoproteome covéragegholm et al.
2008)

In this chapter we describe methods for phosphopeptide enrichment usingahi® IMAC strategies
from CHO cells followed by IMS analyses (MS2 and MS3) for sipecific determination of
phosphorylated erine, 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

= =/ =4 =4 4 4 4 4 4 4 4 4 4 4 -4

Pierce® FENTA (IMAC) Phosphopeptide Enrichment Kit (Thermo Fisher Scientific).

Pierce® TiQPhosphopetide Enrichment Kit (Thermo Fisher Scientific).

t ASNOSu DNILKAGS { LAY [/ 2fdzyYya O0¢CKSN¥Y2 CAaKSN]
t ASNOSu {GNBY3 /I GA2Y 9QEOKIYy3aS o6{/ -0 {LAYy [ 2
Microcentrifuge capable of spinning 1.7 mL microcentrifuge tulbtégt@®00 x at 4°C.

Microcentrifuge polypropylene 1.7 mL collection tubes.

Sonicating probe.

Vortex.

Fume Hood.

Microplate Spectrophotometer reading 9€ell plate format at 595 nm.

t ASNOSu . /! tNRGSAY !'&aalre YAOGD 6¢KSN)¥2 CAAaKSN
Dry Heating Bldc

+| OdzdzY 9 @I LI2NJ 2Nk[ 82LKAtAESNI 0Sd3a3d { LISSR++ O
Ultimate® 3000 RSLCnanoLC system (Thermo Fisher Scientific).

LTQ Orbitrap XL (Thermo Fisher Scientific).

{AEAOF¢ALIM {GFYRFENR /21 GAy3 ¢dzoAysem (NeWk L5 oc
Objective).

Analytical column: Acclaim®PepMap100 75um x 50cm, nanoViper C18, 3um, 100A (Thermo
Fisher Scientific).

¢N} LI O2fdzYyyY /wmy tSLlalllE onn >Y L5 R p YYZI p
Fisher Scientific).

Xcalibur software, version 2.0.7 (Thermo Fisher Scientific).

Proteome Discover 2.1 (Thermo Fisher Scientific) with SEQUEST HT and RB8dpfi@us

et al. 2011apnd suitableCricetulus griseugrotein database in fasta formdMeleady et al.

2012a)
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3.2.2 Reagents

Ensure that all solvents and water areMG grade.

3.2.3

=A =/ =2 =4 4 4 -4 4 4 4 -4 4 4 4

DL:Dithiothreitol (DTT).

lodoacetamide.

Urea.

LCMS grade water.

HEPES.

Sequencinggrade modified trypsin (e.g. Promega, Thermo Fisher Scientific, Sigma Aldrich).
ProteaseMaX’ Surfactant Trypsin Enhancer (Promega).

Trifluoroacetic acid (TFA) Use a fume hood mpeeparing solutions with this acid.
Acetonitrile (ACN).

Ammonium Bicarbonate.

I Ffdun tNRGSFAS LYKAOAG2NI /2010FAf O0CKSNX)Y2 CA
I'FEdun tK2ALKEFGFEAS LYKAOAG2NI / 2010GFAE O0¢KSNY?2
Ammonium Hydroxide (NJ@H) ACS Reagent (Sigmaiahy.

Potassium Phosphate Monobasic {RB).

Potassium Chloride (KCI).

Cell Lysis, Protein Extraction and Protein Quantification

=A =/ =4 =4 =

50 mM Ammonium Bicarbonate (must be freshly prepared and used within 24 hours).
0.5 M DTT in 50 mM Ammonium Bicarbonataigtrbe freshly prepared).

0.55 M lodoacetamide in 50 mM Ammonium Bicarbonate (must be freshly prepared).
Trypsin solution: Use sequence grade trypsage(ote 1).

ProteaseMaX’ Surfactant Enhancesé¢eNote 2).
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3.2.4 Protein Digestion

50 mM Ammonium Bigaonate (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 lodoacetamide in 50 mM Ammonium Bicarbonate (must be freshly prepared).

Trypsin solution: Use sequence grade trypsae Note 1).

= =/ =4 =4 =4

ProteaseMaX" Surfactant Enhancesé¢eNote 2).

3.2.5 Peptide Fractionation Using Strong Cation Exchange (SCX) spin cartridges

9 Diluent solution: To prepare 1 L add 1.36 g ofA®jand 250 mL of acetonitrile to 750 mL
of LGMS grade water and adjtithe pH to 3.0.

1 Prepare the following 10 mL Potassium Chloride (KCI) elution buffers as outlifiedl@3-1
using the 10 mM KiRQ, in 25% acetonitrile pH 3.0 diluent.

Elution Buffer KCL 10mM KHPQ, in 25%ACN(mL) KCI oncentration
(9) (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

Table3-1. Overview of preparation of KClI eluth buffers.

117



3.2.6 FeNTA Phosphopeptide Enrichment Buffer Preparation

Wash buffer A and B must be prepared prior to starting the protocol. 300 pL of each wash buffer is
required per spin column i.e. sample.
1 Wash buffer A: Add 150 uL of the 2X wash bugfeck supplied in the kit to 150 pL of-MS
grade water.
1 Wash buffer B: Add 150 pL of the 2X wash buffer stock supplied in the kit and 30 pL of
acetonitrile to 120 pL of LMS grade water.

3.2.7 TiG,Phosphopeptide Enrichment Buffer Preparation

The followingbuffer preparations are for the enrichment of6l samples, if more samples are being

LINEP OSaaSR aoOlfS dz2d G4KS 0dzZFFSNI @2f dzySa | OO2NRAy3If @
9 Buffer A: Add 401 pL of ACN and 2 pL of TFA to 100 putMS ater.

1 Buffer B: Add 40 pL of 90% lactic acid (provided in the kit) to 1 mL of Buffer A.

9 Elution Buffer 1: Add 20 pL of 30% Ammonium Hydroxide to 380 pl-MSLWZater.

9 Elution Buffer 2: Add 20 pL of Pyrrolidine (provided in the kit) to 380 pL-EfS ®ater.

3.2.8 Peptide Purifit G A2y S6AGK t ASNOSu DNILIKAGS { LAYy /[ 2¢f

1 Column preparation buffer (1 M N&H): Add 0.688 mL of Ammoniumydroxide solution
ACS reagent (280%) to 2.5 mL of LS water and adjust the final volume of the solution
to 10 mL with L@AS water. Store at 4°Ghtil required.

9 Equilibration and rinse solution: 1% TFA. Add 100 pL of TFA to 10 mM8flé&ter.

9 Elution solution: 0.1% TFA, 70% ACN. Add 100 pL of TFA to 3 rilSfafer containing 7
mL of ACN.

3.2.9 Reverse Phase Chromatography Buffers

1 Solvent A: 298CN in LGAS grade water containing 0.1% formic acid. Prepare 100 mL. Use a
fume hood to prepare this solution.

1 Solvent B: 80% ACN, 20%NLE 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 pohilled 50 mM HEPES buffer three times. Centrifuge at
1000 )y 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 perimed.

2. Lyse cell pellets corresponding to 1 X tells with 1 mL of lysis buffer containing 1x
IFfdu tNRGSIAS LYKAOAG2NI 020101 At yR mME |
cell pellet in the lysis buffer and mix the solution by vigorous vamtefor 5 min.

3. Disrupt the cells using a sonicating probe while maintaining the lysatiCat 4

4. Centrifuge the sample at 14,00@ for 15 min at 4C. Collect supernatant into a fresh
microcentrifuge tube.

5. Determine protein concentration using a BCA assa@ 2d&NRA y 3 (2 YI ydz¥ |
instructions.

6. Transfer 500 ug of protein lysate aliquots into microcentrifuge tubes and free30%t
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 pg protein lysate to 84 pL with 50 mM ammonium
bicarbonate.

2. Add 1 pL of 0.5 M DTT and heat the lysate at 56°C for 20 min to reduce the protein.

3. Add 2.7 pL of 0.55 M iodoacetamide and incubatecaim temperature in the dark for
20 min to allow for alkylation.

4. Add 12.5 pl of 1 pg/pL sequengeade trypsin (1:40 enzyme:protein).

5. Digest at 37C for 3 h in a dry heating block under gentle rotation
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6. Centrifuge at 14,000 gxat 20°C for 20 min and transfethe 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 desalt{sgbsection3.3.4) or store the

sample at80°C until required.

3.3.3 Peptide Concentrabn and Desalting with Graphite Spin Columns

1. Remove the top and bottom cap from the graphite spin coluseelfNote 3) and place
the column in a 1.7 mL collection tube. Centrifuge at 2096x 1 min and discard the
flow-through.

2. Prime the Graphite spin damn using 100 pL of 1 M NBIH. Centrifuge at 200@or 1
min and discard the flonhrough.

3. Activate the graphite spin column using 100 pL of ACN. Centrifuge at 8360 X min
and discard the flowhrough.

4. Apply the peptide sample fromubsection 3.2 to the graphite resin and allow sample
binding for 10 min with occasional vortexing.

5. Centrifuge at 1000gfor 3 min and discard the flowhrough.

6. Wash the graphite spin column using 100 uL of the rinse solution, centrifuge at 000 x
for 1 min and disard rinse wash.

7. Repeatstep 6

8. Place the graphite spin column in a new collection tube and elute the peptide sample
using 100 pL of elution buffer into a new microcentrifuge tube.

9. Repeat step 8 three more times to give a final volume of 400 pL.

10. Concentratethe peptide sample to dryness in a SpeedVac vacuum dryer.

11. Freeze peptide sample at80°C or proceed directly to Strong Cation Exchange

preparation.
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334 { iNRyYy3 /GA2Y 9EOKIy3S o6{/ -0 dzaAy3 tASNDOSx

1.

Condition a SCX spin column with 400 fill®@ mM KHPQ in 25% ACN pH 3.0 and
centrifuge at 2,000¢for 5 min. Discard the flowhrough

Resuspend the dried peptides from the final steputbsection 33.3in 200 pL of 10 mM
KHPQ in 25% ACN pH 3.0. Apply this to the conditioned SCX columreatrduge at
2,000 xg for 5 min.

Add 200 pL of elution buffer step 1 (segbsection3.2.5 and centrifuge at 2,000g¢or

5 min and collect the flowthrough.

Repeat this procedure to elute the peptides in a stepe manner using elution buffer
step 1 though to elution buffer step 4, collecting each flokwough generating 5
samples (initial flow through, 10, 50, 100 and 500 mM salt fractions).

Eluted peptides are desalted and concentrated again using Graphite spin columns (go to
subsection 33.3).

Following graphite spin column desalting and concentration, the SCX fractions peptide
samples can either be phosphopeptide enriched usin®iFA (IMAC) (go tsubsection
3.3.5) or TiQ (go tosubsection 33.6).

3.3.5 IMAC Phosphopeptide Enrichment

1.

Resuspend the dréesample from the SCX fractionation protocol in 200 pL of Binding
buffer. Add the sample to a R¢TA spin column and incubate for 20 min at room
temperature on a rotator.

Remove bottom cap from the column and place the column into a microcentrifuge tube
and centrifuge at 1,000gfor 1 min. Transfer the column to a new tube.

Add 100 pL of wash buffer A to the column and pipette well to mix contents. Centrifuge
the tube at 1,000 g for 1 min. Transfer column to a new tube.

Repeat step 3.

Add 100 uL of washuffer B to the column and pipette well to mix contents. Centrifuge
the tube at 1,000 g for 1 min. Transfer the column to a new tube.

Repeat step 5.
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7.

8.

9.

Equilibrate the column by adding 100 pL ofME water to the column and mix contents

by pipetting. Centrifige the column at 1,000gxfor 1 min. Transfer column to a new
tube.

Elute the phosphopeptides by adding 50 pL of Elution buffer to the column and incubate
for 5 min at room temperature. Centrifuge the column at 1,0@0for 1 minute and
retain the eluate(flow-through).

Repeat step 8 and pool the elution fractions.

10. Acidify the elution fraction by adding 200 pL of 2.5% TFA to the sample. Proceed to

subsection 33.7.

3.3.6 TiO,Phosphopeptide Enrichment

1.

Place a centrifuge column adaptor in a collection tube msért a Ti@spin tip into the
adaptor. Add 20 pL of Buffer A and centrifuge at 3,09@x 2 min. Discard the flow
through.

Add 20 pL of Buffer B and centrifuge at 3,0§@or 2 min. Discard the floshrough.
Resuspend the dried sample from the SGXtfonation protocol in 150 pL of Buffer B.
Add the sample to the spin tip and centrifuge at 1,0§@otr 10 min.

Collect the flomthrough sample and reapply it to the spin tip and centrifuge at 1,@0 x
for 10 min.

Wash the column by adding 20 pL of Buf8 and centrifuging at 3,00@ for 2 min.

Wash the column by adding 20 pL of Buffer A and centrifuge at 3,§36rX2 min.
Repeat this step twice so that the column has been washed three times.

Place the spin tip in a new collection tube and add 50@fuElution Buffer 1. Centrifuge
at 1,000 g for 5 min.

Using the same collection tube, add 50 pL of Elution Buffer 2. Centrifuge at 3880 x
5 min.

Acidify the elution fraction by adding 100 pL of 2.5% TFA to the sample. Proceed to

subsection 33.7.
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3.3.7 LGMS/MS analysis

1. Resuspend the dried phosphopeptide samples in 25 uL-M% @rade water with 0.1%
TFA and 2% ACN.

2. Carry out nano LBAS/MS analysis using, for example, an Ultimate 3000 RSLCnano
system coupled to a hybrid linear ion trap/Orbitrap massJS OG N2 YSG SN ! &S |
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 phosphopeptidésu et al. 2005 SeeNote 4).

3. Load each sample onto a C18 trap column. Desalt the sample for 3 min using a flow rate
2F Hp >[KYAY AY nom: ¢C! O2yGlFLAyAy3 w3 ! /Db
online with the analytical column using a column oven at 35 °C and elute the peptide
with the following binary gradients of: Mobile Phase Buffer A and Mobile phase buffer
B: 0z25% solvent B in 120 min and¢@®% 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 da@pendent neutral loss mode and externally
calibrate the instrument. Acquire surveySvscans in the Orbitrap in the 4100 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. MS3aidivated if a neutral loss of phosphoric acid is
detected indicated by a98, -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 @0 s. Set the minimum signal threshatd3000. 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 gR®spho
3.1 against a suitabl€ricetulugyriseusprotein fasta databaseséeNote 5).

The processing workflow used through Proteome Discoverer 2.1 is showruie Eif)
(SeeNote 6).

Scan Event Filt@BaycinHizal et al. 2012agnd (Guo et al. 2008{Figure 31) selects for

MS2 and MS3 data respectively.

From Scan Event Fil{@aycinHizal et al. 2012ahto Search algorithm SEQUEST(®T
(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 modificgtibare 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 (SEO

+80 DaThr +80 Da, Tyr +80 Da)Figire 2a and Figre.2b).

From Scan Event FiltdGGuo et al. 2008)nto Search algorithm SEQUEST (Bdhen
2001)seeFigure3-1), 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
carbamidomethiation 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 aciP@ (-98 Da) from
phosphorylated serine, threonine and tyrosine phosphorylation as iable
modifications. (Se€&igure3-2 c).

Process the output from SEQUEST through Percolator (assgmivised learning and
decoy database search strategy to distinguish between corraatl incorrect
identifications accepting a 1% FD&Yivak et al. 2009)

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
phosphd®S (ptmRS) in Proteome Discoverer ZTaus et al. 2011a)Apply a site
probability cut off score of 75% or greater for S, T or Y amino é&ldsrt, Hudecz and
Mechtler 2015, Roitinger et al. 2015, Taus et al. 2011b)

3.4 Notes

1. Use sequencingrade or mass spectrometry grade trypsin. Reconstitute the lyophilised
trypsinin 50 mM acetic acid to give a final concentration of 1 pugpl store aliquots at
20c/ dzyGAf NBIJdANBR® Ly 2dz2NJ £ 106 6S dzaS t NRYSS3
t ASNOSu ¢NRBLBAAY tNRGSIFAS a{ 3INIRS F2NJ LINRGSA

2. Add 100 pL of 50 mM amwnium bicarbonate to a 1 mg vial of ProteaseNMbSurfactant to
a give a 1% solution. Store aliquots2@°C until required. Ammonium Bicarbonate must be
freshly prepared and used within 24 h.

3. For peptide purification use graphite spin columns insteadCdf8 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 prokin/peptides identification using Chinese Hamster Ovary cells we recommend using
either protein fasta databases from Bielefeld BOKU CHO expressed Protein Database
(BBCHQ@Meleady et al. 2012bdr from Cricetulus gseusfasta sequences available from
https://www.nchbi.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
phosptorylation 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 Yigure3-2).
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3.5 Figure Legends

Figure3-1 Processing workflow for MS2 and MS3 data using Proteome Discoverer 2.1.

Figure3-2 MS/MS of DGQVINTSQHDDLE showing sequence ladder matching glutamine (Q) to serine (S)
and has a mass differeamf 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
OFRRAGARZ2Y 2F LIK2ALKIGS 3INRdAzZLI 61t ho0 O2YyFENNAY3
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 differeneB8oba which corresponds to the loss of

phosphoric acid from the phosphorylated residue to proglacdidehydroamino acid.
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Figure3-1. Processing workflow for MS2 and MS3 data using Proteome Discoverer 2.1.
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Figure3-2 MS/MS of DGQVINTSQHDDLE showing sequence ladder matching glutamine (Q) to serine (S) and$gms a m
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

LIK2 & LIK2 NB £ | (i #MPon SedbN@) MS/MBMS1of DGQVINTS*QHDDL showing a neutral loss event on serine
where the sequence ladder matching glutamine (Q) to serine (S) has a mass different® Bfa which corresponds to the

loss of phosphoric acid from the phosphorylated rdsie to produce a ddehydroamino acid.
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Within this work, Michael Henrycontributed to the methodology of the two sp serum depletion
strategy.Michaelspecifically performed the isolution protein digests and EES/MS analysis on all the
protein samplesMichaelHenryimplemented the differential expression analysis tools using label free
software Progensis QI and searched the statistically significant protein features using MS search
algorithms. Michael Henry prepared the protein differential data resultdn the writing of the
publication prepared the proteomic sections in the materials ar@hods and results section.
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Abstract

adzZtf GALX S YasSt2Yl o6aauv A& | O2YLX SE KSGSNR3ISyS2dz
been recommended including cytogenetic and FISH analysis to identifyriskgpatients who may
0SySUG ¥ Nmivents,2odi Such faciitiés are not widely available. The International Scoring
System (ISS) usibgta-2-microglobulin and albumin remains a widely used prognostic scoring system in

many clinical practices; howevet is not useful in predicting respoago 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 -nesponders) were used for the discovery
phase(labetree mass spectrometry) and an additional 20 MM patient serum samples were used for

the ELISAased validation phase (14 responders/6 wesponders).

Results: CLU and ANG mean levels were higher in the responders group, while Complement C1qg had
lower concetrations. The combination of all standard biomarkers (albumin, {2emaicroglobulin

(R2M), para protein and kappa/lambda (K/L) ratio) had an AUC value of 0.71 with 65% correct
Ot aaAUO0lIGA2YS GKAES |y 2@SNI(ff 02 Y withystaridar@¢ y 2 F
biomarkers had an AUC value of 0.89 witp ® 022 O2 NNBOG Ot F AaaAUOF A2y @

Conclusions: A combination of new and standard biomarkers consisting of CLU, ANG, C1Q, albumin,
32M, paraprotein and K/L ratio may have potential as a novel panel ofani@rs to predict MM

response to treatment containing bortezomib.

DSYSN}Yf &A3IyAUOlI yOSY uldfacilitatd a niofe persorats 2hetapiNapSoathL: y S €

FYR (2 YAYAYATS dzyySOSaal NE aA StiSOita FNBY AySi

pul;
(V)
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4.1

Introduction

Multiple Myeloma (MM) is glasma cell disorder characteed byo 2y S YI NNB g Ay Uf NI
clonal pasm a cells, which secrete marional immunoglobulin detectable iserum and/or urine.

The develoment of novel targeted therapies has markedly improved tégponse rateand survival

outcome, but MM remains incurabléN. Kumar et al. 2008)Bortezomib, whichg I & G KS UNG&
proteasome inhibitor anticancer drug, is one of the mamyel agents being used. It has numerous
functionalities such as inducirgpoptosis and growth arrest in the myeloma cell cycle, altering the

bone marrow micreenvironment, inhibiting nuear factor kappa B and rex&ng chemoresistance

in myeloma cellg¢FieldSmith, Morgan and Davies 2006, Mitsiades et al. 20038)sodemonstrates

anA Y KAOAG2NE SiSOG N&épail bithls®HASns Paimiedt impayt Rn ndrmal

hematopoietic stem cells.

Following the APEX and SUMMIT trials, bortezomib monothenagy overcome relapsed and
refractory MM patients with poorer progosis (Jagannath et al. 2007, Richardson et al. 2006)
Bortezomib is now established as the backbone agentcénbined induction therapy regimens
(Cavo et al. 2010, Richardson et al. 2010, Jagannath et al.. 2005)

Diagnostic criteria and frontline standards guidelines have &®wn to also play an important

role in deciding the outcome of MMisease and individuaiigy treatment(Fonseca et al. 2009,

Fonseca et al. 2004)Unfortunately, only aminority of centers has such extensive access to
molecular and geneticsequencing studies and imaging facilities thaill provide a better

0N GAUOIFGAZ2Y 2F LI GASyd@anodo&@2aINBOR)Y 3 (2 GKSANI RAZ

2 KAES y2@St F3ISyidta KFEFGS AYLINROSR OGNBFGYSyd 2dz
facilitate clinicians in determining whidreatment is optimum for highrisk patients following initial

diagnosis is a crucial area in the clinical management of MM. Quantitative measurement of

LI FaYFkaSNHzZY FyR dz2NAYINE LINRGSAY O2yOSy (NI GAz2y:2
patentswil K aa® LYy HaapZ |y AYOGSNYylFraGAz2ylFf O2yaz2NlAdzy
albumin to create the International Staging System (ISS), which enabled clinicians to stage patients

and predict their longerm prognais, a process that has beenUned with the addition of
bd2NBaOSyid Ay &AlddAkRdashdu Btall 2013, /Geipp eb & PQUMe)serit G |

free light chain assay also plays an important role in prognosib, the International Myeloma
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Working Group identifying several uses for serum free light chain analysis i(Diéjgenzieri et al.
2009, van Rhee et al. 2007, Durie e28i06)

In view of the limited and restricted access to facilities such as advanced imaging and genetic
testing, ideti A F@ Ay 3 (G KS Yiadeprognadtchivbriatker regfidins Aldeat challenge.

2S KI®S F20dzaSR aLISOAUOKHfte 2y ARSyiGATFTeAy3d | LI
predict response following combined agent use in newly diagnosed MM patidiite ability to
O2Y0AYS NRdziAyS f1062NFG2NE YSIF&adNBYSylias T2N Si
biomarkers for predicting response to bortezomib therapy was an important consideration. In this
investigation, all patients were naive to bortezéntherapy at the time of sampling in order to
FIOAEAGIGS GKS ARSYGAUOFGAZ2Y 2F LINBRAOGADS 0A2Y]
dey2@2 NBaAadlryOS (2 o02NIST2YA0 GKSNILRZI gAGK

resistance critickfor their clinical managemer{fall et al. 2014)

¢KS F@FAflroAfAdle 2F LINBRAOGADGS o0A2YFNJ] SNB o2dz F
allow for the administration of alternative regimens which are comitig to be approved for the
GNBFGYSYyd 2F aad LYySaSOGA@S GNBIFGYSyda OlFy |faz
peripheral neuropathy and thrombocytopenia, which are important to avoid particularly if no
0SySUG Aa Faaz2OhkeatmdrR oA GK GKS &ALISOAUO

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
shownin Tabldmd® ¢ KSe& gSNB yIF OGS (2 062NIST 2YAD G KSNI
either responders or nomesponders group according to the International Myeloma Working

Group (IMWG) uniform response criteria for MkDurie et al. 2006) Responders were
considered Complete Response (CR), VeydG@artial Response (VGPR) and Partial Response

(PR) with nomresponders 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 usi@dthe 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 Helsimkidisa

approved by local ethics committees. These samples were collected according to standard
phlebotomy procedures. 10 ml of blood was collected into additive fesgum) blood tubes

and was allowed to clot for 30 min to 1 h at room temperature. The mewas denuded by

pipette from the clot and aliquoted into a clean tube. The tubes were centrifuged at 400 xg

for30 min at 4 °C. Serum was aliquoted in cryaialzo S& > f I 0 St 8GR urtilyfiRe & (i 2 NB |
of analysis. The time from sadf S LINE OdzNB Y S§PCviag<Zhii 2 NF IS G b

4.2.2 Serum protein sample fractionation and enzymatic digestion

¢tKS tNRGIS2YS tdz2NARiGeéun wmMH | dzYly { SNJ&D Qydieksi SAY L
United Kingdom was selected to remove high abundance protein. It depletes the 12 most
abundant proteins (alpha -1 Acid Glycoprotein, alpha -Antitrypsin, alpha 2
Macroglobulin,Albumin, Apolipoprotein-i\ Apolipoprotein Al, Fibrinogen, Hatoglobin, IgA,

IgG, IgM, Transferrin) from the serum as described by the manufacturer's pr¢kditiaini et al.

2011)

mann > 2F GKS . tdz2S bl y2iNI Lwaslhdddl ko@&cS grepayed. n + { | |
immunodepleted sample that contained Ftis/ £ 0dzi SNX» ¢ KSasS LI NI AOf Sa
the prepared samples and allowed to incubate for 30 min at room temperaitite suspension

was centrifuged at 16,800 xg (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 mictwentrifuge tubes. The pelleteparticles were reuspended in

p nn > {MS8rade \vater. Once more, the particles were centrifuged at 16,800 xg 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 peflatticle to be resuspended in an eluent.

mnn >[ 2F TNBakKta YIRS LINRGSAY St d&idkicd/f0%0 dzii S NJ

ammonium hydroxide from Sigradrich) was added to the particles before vortexing and then
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4.2.3

sonicatingusing the watebath method (Precision ultrasonic cleaningP20%00, Ultrawave,

UK) for 2 min. These samples were centrifu@edttich Mikro 200R, United Kingdom) at 16,800

xg for 7 min at room temperature and the eluted proteins obtained were carefully removed and
transfered to a clean microcentrifuge tube. The protein elution step was repeated for a total of

Hnn >[® ¢KS 02 Yo Ay S Rcerddntifdgy tiiles, Wed YatuSdided &t oo y G K S
temperature. Samples were then digested with trypsin overnight accordingstandard

proceduregDowling, Hayes et al. 2014)

Nano HPLC and mass spectrometry analysis

The nano LBIS/MS analysis of responders versus megponders patient samples was carried

out using an Ultimate 3000 nahC system(Dionex) coupled to an LTQ XL Orbitrap mass
ALISOGNRBYSGSNI 0¢KSN)XY2 CAAKSNI {OASYyGAUOs 5dzof Ay
bl GA2Yyl § LyadAddziS F2N) /SttdA N . A20SOKy2f 238
volume) were loaded onto aMdy G NJ LJ O2f dzyYy o/ my tSlLJal Ll onn >
size, 100 AporesizB;A 2y SE0O® 5Sal fGAy3a s1Fa FOKASOSR Fia |

3 min. The trap column was switched-bmh yS A GK |y FylFrfte@adAaAOlf tSLlatl
500 mnE o paritfe and 100 A pore sizBjonex). 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) andq25% solvent B (80% ACN ah@8% formic acid in EX@S grale water)

for 160 min and 26650%4 2 f @Sy G . F2NJ I FdzZNIKSNJ) HA YAy d ¢ K¢
YEKYAY® 5101 g1 & FOlJdANBR gAGK - OFfA0dzN) a2F (64|
MS apparatus was operated in dadependent mode. Survey M$ans were acquired in the

Orbitrap in the 4091200 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. tiin 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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4.2.5

Processing of the raw data generated fromME/MS analysis was carried out with Progenesis

QI for Proteomics labdtee LEMS software (version 3.1; Ndrinear 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 feptide ions). The

retention times of all of the other runs were aligned to this reference run and pei@nsities
werethennormaliS R® t NA2NJ (2 SELRNIAY3I GKS a{ka{ 2dzilL.
O6¢CKSNY2 CAAKSNI { OASYGAUOO F2NJ LINPGSAY ARSYyGAUC
the data including: (i) peptide features with ANOVA < 0.05 between experimental gr@yps,

mass peaks (features) with charge states from #2, and (iii) greater than one isotope per
LISLIWIARS® ¢KS SELRNISR a/{-kea {GMP sofward Was Bearth ISy S &
using adual algorithm search with both MASCOT and SEQUEST in Prbisoowverer 1.4

against the human UniSwiss Prot database (taxonomy:Homo sapiens). The following search

LI NF YSGSNE ¢SNBE dzaSR FT2N LINPGUGSAY ARSYUGAUOIl GAZ2
peptide mass tolerance set to 20 ppm, (iii) carbamidomettiyaty & SG | a | UESR Y2F
up to two missed cleavages were allowed and (v) methionine oxidation set as a variable
Y2RAUOFGA2y®d ¢KS F2ft2Ay3a ONARGSNARI gSNB I LILIK .
ANOVA score between experimental gzbJa 2 F X ndnpX O6AA0 LINRGSAya
and (iii) a MASCOT score > 40.

Enzymelinked immunosorbent assays (ELISA)

9[L{! 1Ada 6SNBE dzaSR (2 OSNATE (KS RAGSNByYI
discovery phase using label freeass 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], tsterin (CLU)[R & D system, UKOCLUOO], €€ Motif Chemokine 18 (CCL18)
[Abcam, Uk ab100620], and Complement C1qg [Abcam, -8liKL70246] were used. Duplicate

and triplicate serum samples were used during this analysis. Each of these ELISA assays was

performed according to their individual mafacturer's protocol and guidimes. The
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4.2.6

concentration of each protein in the serum samples was measured by comparing the optical
density (OD) using a microplate reader (Bek and Luminex). Standard curves wereuwated
for each ELISA Kkit.

Statistical analysis

t NEGSAYya RAUGSNBYGALlIf & -rBshdnteBgioapS Bndekwgnt Ndisiidal2z y R S NJ
analyses. Multivariate logistic regression (LR) and receiver operating characteristic (ROC) curve
analysis were dected to interpret the various protein combinations. The ROC plots were
obtained by plotting all sensitivity values (true positive fraction) on thexig against their

equivalent (23 LISOA UOA G &0 @I fdzSa oFlFtasS LisohthedaS TNI O
(MedCalc forwindows 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 (AUQR. Kumar and Indrayan 2011, Zou, O'Malley and Mauri 2003@)r study,

S O2yaARSNBR !!/ @FftdzSa Nry3aaAy3d FTNRY nop TIb n
good and > 0.9 as outstanding. Proteins and any combination of proteinglprg an AUC value

BPnody 6Fa RSSYSR (2 0S SiSOGAGS T2 Neéspokd&s RA a ONJ
(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 mateesgn age of patients was 66.5 + 10.5

years (range 4@B7 years). As per International Myeloma Working Group (IMWG) uniform
NEaLR2yaS ONRGSNRAI I wmn LrespanSersiand 28 atBnts w&&S y G A U S
responders to induction therapy containing bortezib (Figure4-1 and Table4-1). Age was

closely matched for both groups with responders mean age of 65 + 9.5 years (ran@® 44

years) and nommesponders mean age of 68.7 £ 11.9 yeamnge 4€87 years). As ISS

Ot aaAUO0FGAZ2Y NBYIFAYya AYLERNIIFIYyd Ay LINRPGARAY3I L
Ita2 OflFaaArUSR (2 SIOK NBaLSOGAGS adal 3sSaTtT L oy

4.3.2 Proteomic profiling and identificaibn

16 proteins showing differential expression with significpatalues 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 comnareLISA kits to evaluate the
abundance of these proteina the validation cohorfable4-2. ANG, CLU, CCL18 & C1Q also had

the following criteria: pvaf dzS Xndnp > LINRuGp yI Rt RINDKEVWES 6 A

matched.

4.3.3 ELISA data and ROC curve analysis

Standard markers such as albumin, 32M, paraprotein and K/L ratio that are routinely used in
clinical practice were meaired and corpared with thenew candidate biomarkers. CLU, ANG,
C1Q and CCL18levels were compared between the responder angsponder patientsTable

4-3. A similar analytical approach was applied to this cohort of patient as described in our

previous staly with thalidomidebased therapy sampld&ajpal et al. 2011).

CLU showed higher levels in the responders compared toresponders 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 pattn observed by L-@IS analysis. The ROC curve from this ELISA data was
F2dzyR (G2 KI@S Fy 1!/ 2F nodcpm O6LI I nOMHDO D |
responders compared to neresponders group with a mean of 14.383 + 0.436 ng/mL and13.839

+ 0635 ng/mL respectively. ROC curve analysis for ANGm&UC value of 0.748 (p = 0.012).

b2 AA3IYyAUOFYyd RAGSNBYOS Ay (GKS YSty FyR !'!' /[ F2

C1Q was found to have higher levels in the-nesponders conpared to responders group #t
was also observed in the discovery phase. Mean levels fofregponders were 249.170 +
Mpn dcniny R Amj pPcTp B Moy dPyyo >3Ik[ OAAZR2wihka$ NB & L2y

value of 0.032 was calculated from the ROC curve

Albumin and K/L ratio meaabundance levels were higher in the responders group as shown in

Table 4-3. R2M and paraprotein mean levels were higher in the -n@sponders group.

t I NFLINRPGSAY 61 & GKS 2y f dvalue#irSdny ansciated AWBLS | & A
value of 0.719.

Ly OftAyAOFt aSddAy3as LI GASyGa g2dAd R IASYSNI ff &
their disease burden and progression. To identify a predictive panel ofiprbiemarkers, the
standard bionarkers consisting of llBumin, 32M, paraprotein and K/L ratio were assessed
initially. A combination of proteins that are used alone ie t8S (albumin, 32M) had an AUC of
ndocc BAIGK cT®csz O2NNBOG OfFaaAUOF A2y ® e

ratio, the AU A YONBIFaSR G2 notny 6AGK cnodiz: O2NNBOI

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 iictprgd

response to bortezomib therapyable4-4.These combinations consist of either all four new

candidate biomarkers (ANG, CLU, C1Q and CCL18) with an AUC = 0.850 and 76.5% correct

Of raaAUO0F A2y > 2N (KsNuBHBut €& #8,A0C 3/0RBA2RId ¥ &5%acar2cy | NJ S
Ot aaAUO0FGA2YDd ¢KS 20G§KSNJ G2 O2YO0AYylFGA2ya Ay
routinely used in most clinical settings with either 3 new candidate biomarkers (BNG,and

C1Q) with an AUC = 0.890 apcp ® 0’z O2 NNBOG Of  aaA U0 GA2y 2N
AyOtdzZRAY3 //[myZ '}/ T nodnp YR ynom: O2NNBOI
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Figure4-1. Survival data. Overall survival for responders and-responders patiets following induction therapy containing bortezomib

143



Table4-1. Patient clinical details Patient details used in the study with 23 responders and 14 fresponders

Code| Gender | Age | 1SS | Immunofixation Predicted response| Bortezomib IMIDs Overallsurvival (mo)
1 Female | 65 3 | lgG 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 Nonresponder Y Y 17.00
25 Female | 55 1 IgG lambda Nonresponder Y Y 3.00
26 Female | 75 2 IgG Lambda Nonresponder Y Y 9.00
27 Male 83 2 IgG Lambda Nonresponder Y 7.00
28 Female | 58 2 IgA Kappa Nonresponder Y 81.00
29 Male 76 2 IgG Kappa Nonresponder Y 3.00
30 Male 65 2 IgA Kappa Nonresponder Y 4.00
31 Male 87 2 IgA Kappa Nonresponder Y Y 47.00
32 Male 76 3 IgA Lambda Nonresponder Y 14.00
33 Female | 83 2 IgA Lambda Nonresponder Y Y 35.00
34 Male 67 2 IgG Kappa Nonresponder Y 17.00
35 Male 67 3 IgG Lambda Nonresponder Y 31.00
36 Female | 45 1 IgG Kappa Nonresponder Y Y 20.00
37 Female | 58 1 IgG Lambda Nonresponder Y 78.00
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Table4-2. Labelfree mass spectrometry datd.ist of statistically significant discovered proteins usih@MS analysis. Proteins (in bold) were selected for further validation

using ELISA.
Peptide| Confidence| Anova| Max  fold| Highest mean Lowest mean

Accession count | score (p) | change condition condition Protein Description
P10909 3 139.15 0.003 1.87 Responders Non-responders | Clusterin
P01024 3 100.75 0.01 1.85 Responders Nonresponders | Complement C3
P08603 10 369.28 0.02 2.75 Responders Nonresponders | Complement factor H
P01009 3 71.37 0.02 2.09 Responders Nonresponders | Alphal-antitrypsin
P55774 2 106.68 0.02 2.26 Responders Non-responders | GC motif chemokine 18
P10720 2 103.88 0.02 2.53 Responders Nonresponders | Platelet factor 4 variant
P02790 2 118.53 0.03 1.58 Nonresponders | Responders Hemopexin
Q14624 3 125.97 0.03 3.62 Responders Nonresponders | Inter-alphatrypsin 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 Nonresponders | Apolipoprotein A
Q03591 6 208.05 0.03 1.93 Responders Nonresponders | Complement factor Helated potein 1
P00751 1 68.05 0.04 1.73 Responders Nonresponders | Complement factor B
P01031 1 71.55 0.04 4.15 Responders Nonresponders | Complement C5
P00747 1 46.69 0.04 2.13 Responders Nonresponders | Plasminogen
P02745 2 64.53 0.05 2.96 Non-responders | Respnders Complement C1g subcomponent subunit A
Q9BXR6 1 63.61 0.05 2.32 Responders Nonresponders | Complement factor Helated protein 5
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Table4-3. ELISAlata. Mean, SD, Area under the curve (AU pvalue 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
Nonresponders 14 181.76 208.1

/| 2YLX SYSy G [/ mlj 6| Responders 21 149.68 138.88 0.722 0.032
Nonresponders 13 249.17 190.6

Angiogenin (ng/mL) Responders 23 14.38 0.44 0.748 0.012
Nonresponders 14 13.84 0.64

GC motif ligand 18 (ng/mL) Respondes 23 7 0.4 0.549 0.633
Nonresponders 13 6.96 0.41

Standard biomarkers

Albumin (g/L) Responders 23 33.04 7.11 0.672 0.082
Nonresponders 14 28.21 7.68

Beta 2 Microglobulin (mg/L) Responders 23 3.45 2.24 0.565 0.511
Nonresponders 14 4.39 3.16

Paraprotein (g/L) Responders 23 16.13 19.12 0.719 0.027
Nonresponders 14 29.07 18.34

Kappa/Lambda ratio Responders 23 176.33 425.43 0.512 0.908
Nonresponders 14 102.09 257.69
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Table4-4. Logistic regression analysis dataist of different protein combinations used to establish the best model that can be used as a predjuéinel for response to

induction therapy containing bortezomib regime

Hosmer & Lerashow Correct
test classification
Protein combinations AUC (p-value) (%)
International Scoring System: albumin and 32M 0.66 0.702 67.6
Standard biomarkers: albumin, 32M, 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, &limand Complement C1g, CCL18| 0.905 0.238 82.4
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4.4 Discussion

Numerous clinical trials have shown a dramatic improvement in the clinical outcome for

MM patients over the lastlecade,but all patients will still relapse following treatment.

Over the lastlecade, the US Food and Drug Administration (FDA) have apptovedd of

bortezomib as a frorine treatment for MM. Despitéhe developments of novel biogical

I 3SyGa adzOK | & gebekdon préteademe drbibitdry Fbortezomib and

Ol NIt Trmang MM (patients will develop drugesistance and in some cases have de

novo resistance to these novel ageriEall 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,

Ydzad OdzAf 281 St St LIAY yR O2YY2yf @& LISNRARLKSN
subsequent treatmen{Argyriou et al. 2014, Kouroukis et al. 201 e ability to avoid side
StiSOia FTNRBY AySuSOGAG®S GNBFidYSydGa Aa I+ ONXHzOA

role.

Biomarkers have beendective in imividualisSng treatments in various malignancies
including breast, lung and nasopharyngeal candg&agle, Raparia and Portier 2016,
Calhoun and Collins 2015, Kadess and Chung 20130 MM, there are stillilited
published studies on binarkers 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 iteick of expression shows a high correlation with resistance to these
agents (Broyl et al. 2013, Egan et al. 2018mploying CRBN as a biomarker in MM,

accurately predicts response rate and surviagbatients treated with IMiDs.

Albumin, R2M, paraprotein and kappa/lambda ratio are the standard biomarkers currently
dzaSR Ay GKS OftAyAOIf aSdiddAy3ae 5SalLIAGS GKI G
predict response to any form of theragffreipp et al. 2005)In this study, a number of
LINEGSAYya 6SNB F2dzyR (G2 0SS aAa3ayAuUOllyidfte OKIYy
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
AYbEYYFG2NE LINRPOSaasSaod LG A& + ncn 15+ LINRGS
chains, 6 Ehains and 6 €hains)(Kishore ad 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. 2016and studies have shown that these proteiresvé

the ability to induce precipitation of soluble gamma globulin compl€kggleton, Reid and

Tenner 1998)C1Q receptors are directed to the heavy polypeptide chains of IgG and IgM
(Sontheimer, Racila and Racila 2008&)has been suggested that some myeloma IgG

proteins undergo unusual glycosylation processes during disease progréasian et al.

2007) These glycosylation studiés2 3SG KSNJ 6A GK 2dzNJ OdzNNBy i UyR

an association between thedreased levels of C1Q in the nmsponders group.

ANG, a 14 kDa angiogenic ribonuclease, is an actin binding protein on the surface of
endothelial cells, promoting cahlivasion and migratioiGao and Xu 2008Yarious studies

KIS aK2gy GKIFIG AYYdzy2Y2RdzE | G2NE RNHZA& adzOK
on angiogenesis in cancer, thus reinforcing the importance of ANG's role irdisédse
progression(Terpos et al. 2008, Li et al. 2003, Thomas et al. 2093}udy has recently

shown that myeloma patients who were treated with bortezomib and had respondeil we

RAALIX F&@SR | &aA3yAUOFyld RSONBFaS Ay YAONROSaA
may have an andi y 3 A 2 3 S yWaly eali B H)i

CLU, a ubiquitous extracellular protein is expressed in a range of disttedearise from

protein misfolding and deposition of highly structured protékalgarone and Chiocchia

2009) CLU exists in several isoforms; secretory and nuclear CLU. Its exact mechanism of
action remains unknen but it is thought to play a role in promoting cancer cell survival
0KNRdzZAK GKS I OGAGI (A 2Foukeid and Gléavel 2¢1R, Zoulssd. LI G K
al. 2010, Trougakos and Gonos 2002, Moll et al. 19%8)dies have shown that

— — =

bortezomib plays an important role with transcription nuclear factotkB C¢ . 0 06é o0f 20

the degradation of its inhibitor, IkBChen ¢al. 2011)

[/ [ myZ Ftaz2 1y26y a YIFIONRLKII3IS AyblYYl (2NE
has no known receptor. Yuan and -workers recently found using survival and
multivariate analysis that CCL18 was an independent favourable prognostia facto

patients with colorectal cancer. Similagrip this investigation, CCL18 levels were found to

65 aA3IYAUOLYydte AyONDlhaa&R. 201§ (KS NBALRYRSN] 3
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By combining these new candidate biomarkers (ANGJ, ©1Q) with standard biomarkers

(Albumin, 32M, Paraprotein and K/L ratia)e 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 pragtic methods. This novel biomarker panel

YFre laarad Ot AyAOAlya Ay OK22aiy3a | Y2NB LX
YAYAYAAAY 3 dzyy SOSaa rodfctivé muki€entrd taddoniisdl gtudiesdzNIi K S NJ
gAft 0SS dzaASTFdzZ ( 2fthR Paned MNidmarBersiiMVGs nbt ¥r@ diskase 2

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 tthe phenotypic machinery associated with MM.

Most biomarkers curent 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 cardiite protein biomarkers, it is possible to

develop a sensitive test that predict response to bortezomib treatment, an established

component of antimyelomatherapy.

In this study, a combination of fraction methods was employed to reduce the dynamic
range & LINPGSAYya dzy RSN Ay@SadAaldAaz2y FyR Tl OAft
low abundant molecules by high abundant protein removal/depletion. However, high
abundant proteins sequestering low abundant cargo proteins can help to increase their
abundarce 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
 6dzy Rl yOS fS@Sta F2NJ 6KS&aS LINRPGSAya dzyRSNI R
and the valuable proteins that can be found attached to these moleci[@swling,

Palmerini et al. 2014)he ISS predicts survival of newly diagnosed MM patients by using a
combination of two routine biomarkers, 32M aradbumin, and uses this information to

separate patients into three stages with a distinct progndsswever this approach is not
ALISOAUO (2 Ftyé AYRAGARAZ f GNBFGYSYyGod ¢ KSNET
combine routine biomarkers, such aso#e used by the ISS, with novel markers

discovered using proteomics analysis of MM patient samples. Ultimately the aim is to
RS@St 2L I LINBRAOGAGS Y2RSt dzaAy3 Sl airfte |dz
Faa20AFGSR 6AGK &3S QukhUa® bottezdmnid Suid dhiéranOstic® adél A 2
intended to give clinicians the means to implement a treatment plan customised for each
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LI GASYyGod t NPaLISOGAPS aitdzRASE gAft 0SS LIXIFYyyS
panel in this study and will algake into account the revised International Staging System
RL{{VOZ G2 AYLNROGS NR&a]l a&aidN}XdGAUOFIGAZ2Y o0& S
abnormalities detected by iFISH (t(4;14), t(14;16) and del17p) and elevated serum lactate
dehydrogenase in additioto ISS.
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Abstract

Evaluation of protein and metabolite expression patterns in blood using mass spectrometry
and highthroughput antibodybased screening platforms has potaitifor the discovery of
new biomarkers for managing breast cancer patient treatment. Previously identified -blood
based breast cancer biomarkers, including cancer antigen 15.3 {§A&Be useful in
combination with imaging (computed tomography scans, méignesonance imaging,-bays)

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 ca@G there is an urgent need for reliable, nowasive
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 bianarker signature of tumour burden using cancer and -nancer (healthy

controls/nonmalignant breast disease) patient samples.

Results demonstrate that combinations of three candidate biomarkers from Glutamate, 12
Hydroxyeicosatetraenoic acid, Betgdrox/butyrate, Factor V and Matrix metalloproteinate
with CA153, an established biomarker for breast cancer, were found to mirror tumour burden,
with AUC values ranging from 0.71 to 0.98 when comparingmalignant breast disease to

the different stages offreast 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 eafeted death in
women worldwide. Declines in breast cancer mortality have been reported in several
developed countries including northern America, Australia, and several European siegion
(Soerjomataram et al. 2012however the overall incidence rate continues to incre@enson

and Jatoi 2012)Metastatic breast cancer (MBC) is not a curable cayditiut treatment can
prolong life, delay the progression of the cancer, relieve cametated symptoms, and
improve quality of lifgSenkus, Cardoso and Pagani 20MBC is treatable by means of serial
administrationof endocrine, cytotoxic, or biologic therapies. Sensitive reproducible biomarkers
of responsel/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 f
of Mucin 1 (MUC1/ CA15) (Duffy, Evoy and McDermott 201@rimarily used for monitoring
therapy outcomes and disease progression in MBC pati€bisffy 2006) MUC1 is a
transmembrane mucin which can become overexpressed in epithelial cance(Bralisnan,
Thathiah and Carson 2004CA153 is an FDA approved assay that detects shed or soluble
forms of MUCL1 proteirfHayes et al. 1985A CA1S3 test which utilises an antibody pair, DF3
and 115D8 to detect the soluble forms of MU protein is the most widely used serum
marker in patients for monitoring MBC. CA 27.29 also detects-#tytough the monoclonal
antibody BR 27.29. CABSis clinically useful in some patients with MBC for monitoring
response to therapyKurebayashi et al. 2004, Tondini et al. 1988)wever ASCO glglines
state that CA18 should not be used alone but can be used in conjunction with diagnostic

imaging, history and physical examinati@raham et al. 2014, Duffy 2013arris et al. 2007)

Carcinoembryonic antigen (CEA), circulating cytokeratins, for example tissue polypeptide
antigen, tissue polypeptide specific antigen and cytokeratin 19 fragment (CYFRAa2H the
proteolytically cleaved ectodomain of the humapidermal growth factor receptor 2{4ER2)
are also useful in the management of breast cancer pati€htsreno-Aspiia 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 spetigapeutic strategies and for monitoring

LI { A gostitledtment (Mirabelli and Incoronato 2013Dnly serum tests for MUC1 (CA27.29

or CA153) and CEA are FDA approved for use in breast cancer, however, thisslat&sthe

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 candidatearkers,
identified using different discovery platforms and analysed in a larger independent sample set
with different cancer stages, nemalignant breast disease and the healthy subjects. Moreover,
we defined the receiver operating characteristics (RO@ve for all tested parameters and
performed logistic regression (LR) analysis on combinations of the most promising candidate

biomarkers together with the FDA approved CAL5

The data presented identifies a panel of protein and metabolite biomolsecthlat 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
+AYyOSyiQa | yAOSNEA GENB(2ray1BA (YR {Hlddt WYyYSaQa
coordinated through ICORG (the All Ireland-operative Oncology Research Group, www.
icorg.ie) and by Asterand in the USA (Detroit, MI, USA). The samples were collected according
to standard phlebtomy 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 allowedo 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 cargafl at 1000xg for 30 min at

4°C. Serum was aliquoted in the cryovial tubes, l@eand stored at80°C unil time of
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analysis. The time from sangpprocurement to storage aB0°C was less than 3 h. Eadrum
sample underwent not more than three freeze/thawoates prior to analysig.able5-1 provides
a summary of the total number gfatients analysed and a breakdown of their clinicopathologic

parameters.

5.2.2 Metabolomics analysis

Serum specimens (25@) were shipped on drce to Metabolon Inc., North Carolina, USA,
where the metabolomics profiling was performed. Metabolon incorpordtese independent
complementary analysis platforms to maximise the number of small molecules and
metabolites that the combined systems can identify and measure. Two independentigira
performance liquid chromatography/ tandem mass spectrometry (UHREMAS?2) 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. @&kteact supernatant was then

split into four equal aliquots; two for UHPLC/MS, one for GC/MS and one reserve aliquot.

Aliguots were then dried overnight to remove solvent.

For the UHPLC methods, oakguot was reconstituted in 50 0.1 % formic acid anthe other

in 50l 6.5 MM ammonium bicarbonate pH 8.0. For GC/MS analysis, aliquotsdeeratized

using equal parts N,Obistrimethylsilyltrifluoroacetamide and a solvent mixture of
acetonitrile:dichloromethane:cyclohexane (5t3:with 5 % triethylamineat 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 electrosprayizationsource. 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 deziVatiz
samples for GC/MS were anadgs on a Thermd-innigan Trace DSQ fastanning single

j dzf RNHzL)2 £ S a{ ® ¢KS NBadzZ G§Ay3a a{ka{H RFGI 41 &
standard library. This library was generated from 1500 standards and contains the retention

time/index, mass to charge (m/z), and M& spectral data for all molecules in the library,
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including their associated adducts,-source fragments, and multimers. The library allows
identification of experimentally detected metabolites based on a rpdtiameter match basis.
All identificationsand quantifications were subjected to QC to verify the quality of the

identification and peak integration.

5.2.3 ProteoMiner™ fractionation

Serum protein equalition was performed using Protediner™ enrichment kit (BieRad
Laboratories, Hercules, CA) acdagito the manufacturer procedure. In summatkie storage
solution was first washed out fromhé spin column containing 104 of peptide beads with
deionised water. Thereafter, the column was washed with the 10 mM,R@;1150 mM NaCl,
pH 7.4 solution mvided 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 proteinswere eluted by 3 x 10Ql 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. Voluma®fin suspensions were
equali®d using labefree 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 carriediol steps. Firstly, digestion
was performed with sequencing grade {ysat a ratio of 1:100p(otease/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 waasbd on incubation with sequencing grade
trypsin at a ratio of 1:25 (ptease/protein) overnight at 3. The proteas&reated serum
protein suspensions were diluted 3:1 (v/v) with 2 % trifluoroacetic acid in 20 % acetonitrile. To
ensure an even suspensiarf 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 Labelree L&EMS/MS analysis

The nano LEMS/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 CelluléedBicology,
Dublin City University. The optisad methodology has been as previously described in detall
(Meleady, Hoffrogge et al. 2012a, Meleady et al. 20FP®ptide mixtures (@ volume) vere
loaded onto a C18 trap colum(€18 PegMap, 300um x id 50 mm, um particle size, 100 A
pore size; Dionex). Desalting washieved at a flow rate of 2fl/min in 0.1 % TFA containing

2% ACN for 3nin. The trap column was switched -ine with an analfical PepMap C&
column (75um id x 500 mm, 3m particle and 10} 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 k@IS grade water) andq@5 % solvet B (80 % ACN and 0.08 % formic
acid in LEMS grade water) for 240 min and &0 % 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 agiparwas operated in datdependent mode and
externally calibrated. Survey MS scans wereuaeq in the Orbitrap in the 32000 m/z

range with the reolution set to a value of 3000 at m/z 400 ad lock mass set to 445.120025

CID fragmentation was caed 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 drigigy o
%, an isolation window of @&/z and one microscan were used to collect suitable tandem mass

spectra.

5.2.5 Quantitative profiling by labelfree L&EMS/MS analysis

Processing of the raw data generated fronrgMS/MS analysis was carried out with Progenesis
labelree LEMS software (version 3.1; Ndrinear Dynamics, Newcastle upon Tyne, UK). Data
alignmentwas 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 analyMeleady,
Hoffrogge et al. 2012b, Medely, Gallagher et al. 2012A 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. Pri

to exporting the MS/MS output files to MASC@@ww.matrixscience.coin for protein
identification, a number of criteria were employed to filter the data including: (i) peptide
features with ANOWD.05 between experimental groups, (i) mass peakstfea) with
charge states from +23tand (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 (ve&R) and searad against

the UniProtKBSwissProt 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, (iitidepmass tolerance set to 20

ppm, (iii) carbamidomethylation set as a fixed modification, (iv{apwo missed cleavages

were allowed and (v) methionine oxidation set as a variable modification. For further
consideration and rémportation back into Prognesis LEMS 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 grups of ¥.05, (ii) proteins with 2 peptides matched and (iii) a
MASCOT scort0.

5.2.6 Serum biomarker screening and colorimetric assays

Serum samples were screaheising different protein panetelections, including MILLIPLEX
MAP Human Circulating Cancer Biomamdagnetic Bead Panel, MILLIPLEX MAP Human MMP
Magnetic Bead Panel 2 and MILLIPLEX MAP Human Angiogenesis/Growth Factor Magnetic
Bead Panel (MereKiillipore UK: HCCBP1MABK, HMMP2MAGS5K & HAGP1MAG 2K).
Multiplex assays were processed on a MAGPIX PldeldR (Luminex, Austin, TX, US), and
analysed with 3.1 xPONENT software. Protein expression levels were expressed as median
fluorescent intensities generated by analyzing, 500 magnetic beads for each analyte in each
sample. The concentrations of analytesre quantitated from median fluorescence intensities
using standard curves generated by Analyst 5.1-fs@meter curve fitting to the series of

known concentrations for each analyte. All samples were performed in duplicate. Significantly
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elevated markes were reanalysd by MILLIPLEX MAP Magnetic Bead Panels now tailored for

the markers of interest in a larger independent cohort of samples.

13-HODE, 1hydroxyeicosatetraenoic acid (32ETE) and Serotonin levels were analysed using
13(S)HODE EIA kits,2(SYHETE EIA kits and Serotonin ELISA Kkits respectively which are
colorimetric competitive enzyme immunoassay with absorbances read at 405 nm (Enzo Life
Sciences (UK) LTD: ADD108, ADIO00050 & ADI 900-175). ELISA kits to Fibronectin
(competitive ezyme immunoassay technique) and Factor V (sandwich enzyme immunoassay
technique) were performed to quantify abundance level for these Hitee LEMS identified
proteins (Universal Biologicals (Cambridge) Ltd: EFID&E6GEF1008). 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 ttest was used to identify statistically significant changes in abundance levels for
specific proteins between control, nemalignant breast disease and stagel/Ibreast cancer
patient serum samples (siovery phase Table5-2, Table5-3, Table5-4). Nonparametric
KruskatWallis tests were used for a global assessment of possible differences in the
distributions of the candidate biomarker measurements across the different beaigh
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 tesedjust the p values for
multiple testing. ROC curve analysis was performed as it is a useful tool in assessment of
biomarker accuracyDowling et al. 2012)The ROC plots were obtained by plotting all
sensitivityvalues (true positive fraction) on theaxis against their equivalent {$pecificity)
values (false positive fraction) for all available thresholds on thrix (MedCalc, version 1B

0-0 64bit, Medcalc Software, Mariakerke, Belgium). The area undler durve (AUC) was
calculated to provide a summary of overall classifier effectiveness. In our study, we consider

AUC values ranging from €057 as poor, 0-0.8 as average, 089 as good and0.9 as
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outstanding. For multivariate analysis of biomarke@mbinations, LR analysis of the serum

biomarker levels in these patients groups was performed.

5.3 Results

5.3.1 Metabolomic profiling

Samples weresplit into four aliquots for untargeteanetabolic profiling and randomesi for
analysis. Samples aere characteried using three independent platforms: ultrahigh
performance liquid chromatography/tandem mass spectrometry (UHREMBAS) in the
negative ion mode, UHPIMIS/MS in the positive ion mode, and gas chromatogramplags
spectrometry (G@AS). Of the molecules thatexe 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 SeroteHih) feund

to be higher in the normal control group. 480DE, 1:HETE, Glutamate, Belgrdroxybutyrate

and Serotonin were selected for further analysis based on the availabilioyoohemical or

antibody-based assays for further analysis in an indefsam cohort of patient samples.

5.3.2 Proteomic profiling

Prior to labelfree mass spectrometry analysis, serum samples from normal control and
advanced breast cancer patients were fractited using ProteoMinél! 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 madfg of proteins making their detection and
identification impossible. Many groups have previously reported on using ProteoMiner
technology as a sample preparation tool to compression of the dynamic rangeniplex

protein mixtures such as serurfMilan et al. 2012, Monari et al. 2011ProteoMinef™
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technology contaia millions of randomly synthesid hexapeptide ligands that are equally
represented and when a complex sample such as serum is gextesighabundance 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.

ProteoMiner™ fractionated sample were analysed by labflee mass spectrometry analysis.
The resultant data was transferred to ProgenesisML& software to compare normal controls

to advanced breast cancer patient serum samples. Following ProgenedSL@nalgis
peptide features withANOVA <0.05 and +Z+charge states were subjected to MASCOT
database searching. The resultant MASCOT mgf files were then resubmitted to the Progenesis
software to yield a lisof identified proteins Table5-3). 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 €01 f f S-Rit wihdletsy & the complexity of the serum
sample even after ProteoMin&f fractionation was very high and resulted in many single hit
identifications. We selected Fibronectin and Coagulation Factor V for further -BEA$48é
analysis as these were strong datates in terms op-values and MASCOT scores and some of

the other proteins we had previously investigatébwling et al. 2012)

5.3.3 Analyte screen

Single ELISAs have been the mainstay of immunoassay technolaggaftyr 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 sampl¢Bigbee et al. 2012)n this investigation, ouspproach was to use

the Luminex XMAP technology platform to screen sesamples from advanced breast cancer
patients compared to normal controls using assays for circulating canocerabters, 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 45 (CA183), Cancer Antigen 128CA125), Cancer Antigen-29
(CA199),Matrixmetalloproteinasel (MMPR1),Matrix metalloproteinas® (MMR9), Epidermal
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growth factor and vascular endothelial growth factor (VEGF) were all found to have increased
levels in advanced breast cancer comparedhe normal control groupTable5-4). A number

of these proteinswere selected for further analysis in a larger independent cohort of patient
samples based on their folthange, pvalue and established usage in breast cancer

managment.

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 |
(n = 29), stage Il (n = 30), stage lll (n = 20) and stage IV (n = 16 or n = 50). Candidate biomarkers
were selected for analysis in this cohort of patient samples basetthe availability of suitable

assays and also the amount of sample needed. For GATHutamate and 1BPIETE, the
number of samples in the stage V breast cancer group was 50 due to patient sample availability
at the time of performing these assayd.able 5-5 summarises the data including mean *
standard deviation, median, range and-value data for a number of selected
metabolites/proteins analysed in the independent sample set. The-malignant breast
disease patient serum sartgs 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.

Comparisorp-valuesand AUGralues between the different groups for +HBODE, 1-HETE,
Fibronectin, Glutamate, Beta Hydroxybutyrate, Factor V, GATA125, VEGF, Serotonin and
MMP-1 are included in the supplementary data
(https://link.springer.com/article/10.1007%2Fs113084-07231). From this data, 2HETE,
Fibronectin, Glutamate, Factor V and C&l&ere consistently found to be the most significant

between the different comparisons.

KurskalWallis tests were used to evaluate the significance of 12HETE, 13HODE, Fibronectin
Glutamate, Beta Hydroxybutyrate, Factor V, GB1%A125, VEGF, MMP and Sertonin
across all groupsTéble5-6). 12HETEFibronectin, Glutamate, Beta Hydroxybutyrate, Factor V,
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CA153 and MMP1 were found to be significantA 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 tipevalues for multiple testing (see
supplementary data (https://link.springer.com/artcle/10.1007%2Fs1136&14-07231) for

individual comparison tables and box & whisker plots).

5.3.5 Multivariate analysis of biomarker panel using logistic regression

Table5-7 summarises LR analysis for combinations of 3 candidate bkarsa(3 was found to

be the optimum number as additional biomarkers did not improve the AUC values)-:3CA15
was always included as this is the most significant breast cancer biomarkers currently used in
the clinic, with 12HETE, Glutamate, Beta Hydroxymate, Factor V and MMP also selected

as these were found to be significant using Kuidiélllis tests. Fibronectin was not selected

for LR analysis as there was discordance between the discoveryfriadehnalysis and
subsequent measurement in the indendent 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 decreasen 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-malignant breast @ease
patient samples. An example of one of tmeost significant LR AUJ@lues was for the
combination of CA1B/12-HETE/Glutamate in control compared to stage IV and-non
malignant breast diseascompared to stage I\Figure4-1 graphically represents the LR AUC
values for the combination of CAB312-HETE/Glutamate and CAB&%lone in the comparison

of control to nonmalignant breast disease, stage |, stage I, stage Ill and stage 1V breast cancer
patient serum specimens respeatly (A) and LR AW@lues for the combination of CAB312-
HETE/Glutamate and CA33lone in the comparison of nemalignant breast disease to stage

I, stage Il, stage Ill and stage IV breast cancer patient serum specimens respectively (B).

171



Discovery st 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
v 26 Fibroadenoma of the breast 6
ER status (positive/negative) 19/6 (1%) Fibrocystianastopathy 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
Bread cancer
No. cases 129
Age (average * standard deviation) 54 +2
Tumour stage
| 29
Il 30
1] 20
\ 50
ER status (positive/negative) 101/22(6%*)
HERR status (positive/negative) 21/101 (7%)
Type
Invasive lobular carcinoma 20
Invasive ductal carcinoma 109

Table5-1. Patient data. Clinicopathologic features of the cancer samples used for proteomics and metabolomics analysedis@tvery sample set was used
to generate the data displayed in Tabl&s2, 5-3 and5-4. The validation sample set was used to evaluateM®DE, 12HETE, Fibronectin, Glutamate, Beta
Hydroxybuterate, Factor V, CA1R CA125, VEGF, Serotonin and Mi#lkh a range of different sample groups (normal healthy controls, noralignant

breast disease and breast cancer (stagel/) a not determined
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HMDB Biochemical name Platform Fold change Highest mean condition Lowest mean condition p-value

HMDB00172 Isoleucire LC/MSpos 1.5 Breast Cancer Control Xndnn
HMDB03374 Ornithine GC/MS 2.7 Breast Cancer Control Xn dnn
n/a Cyclo(phephe) GC/MS 21 Breast Cancer Control Xndnn
HMDBO00673 Linoleate LC/MSneg 22 Breast Cancer Control Xnonn
HMDBO00806 Myristate (14:0) LC/MSneg 2.2 Breast Cancer Control Xnonn
HMDBO02259 Margarate (17:0) LCMSneg 24 Breast Cancer Control Xnonn
n/a 10-heptadecenoate (17:In7) LCMSneg 3.0 Breast Cancer Control Xndnn
HMDBO00827 stearate(18:0) LCMSneg 1.7 Breast Cancer Control Koe

n/a 10-nonadecenoate (19:In9) LCMSneg 31 Breast Cancer Control Xndnn
HMDBO06111 12-HETE LC/MSneg 378 Breast Cancer Control Xndnn
HMDBO01388 Linolenate [alpha or gamma; (18:3n3 or 6)] LC/MS neg 2.7 Breast Cancer Control Xndnwm
HMDBO00772 Nonadecaoate (19:0) LC/MSneg 2.0 Breast Cancer Control Xndnwm
HMDB00207 Oleate (18:In9) GC/MS 29 Breast Cancer Control Xndnwm
HMDB02231 Eicosenoate (20:In9 or 11) LC/MSneg 3.0 Breast Cancer Control Knodnwm
HMDB02000 Myristoleate (14:In5) LC/MSneg 3.0 Breast @ncer Control Knodnwm
HMDBO00162 Proline LC/MSpos 1.7 Breast Cancer Control Kndnwm
n/a 13-HODE +-$ODE LC/MSneg 3.7 Breast Cancer Control Knodnwm
HMDBO00191 Aspartate GC/MS 2.0 Breast Cancer Control Xndnwm
HMDB03339 Glutamate LC/MS pos 2.3 Breast Cancer Cortrol Xndnwm
HMDBO03736 3-methyl-2-oxovalerate LC/MSneg 1.6 Breast Cancer Control Xnonp
HMDBO00357 3-hiydroxybutyrate GC/MS 29 Breast Cancer Control Xnonp
n/a Dihomaelinoleate (20:2n6) LC/MSneg 2.1 Breast Cancer Control XKnodnp
HMDBO00765 Mannitol GC/IMS 37 Breast Cancer Control Xnodnp
HMDBO00259 Serotonin (5HT) LC/MSpos 1.8 Control Breast Cancer Xnodnp
HMDB00267 5-Oxoproline LC/MS pos 1.7 Breast Cancer Control Xnonp
HMDBO00672 Hexadecanedioate LC/MSneg 2.1 Breast Cancer Control Xnonp
HMDB00169 Mannose GC/IMS 19 Breast Cancer Control Xnonp
HMDBO00706 Aspartylphenylalanine LC/MSpos 2.4 Breast Cancer Control Xnonp

Table5-2. Metabolomics screen. List of metabolites found to be differentially expressed atistecally 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)aatteynical name,

platform used to analyse the biochemicals, folthange, 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
guantification condition Condition

H4 Histone H4 LC/IMS 2 90.8 1111 Breast cancer Control Xn on
ACTB  Actin, cytoplasmic 1 LC/MS 1 111.6 134 Breast cancer Control Xn édn
VTDB  Vitamin Dbinding protein LC/MS 1 55.4 3.5 Breast cancer Control Xn édn
1433F  14-3-3 protein eta LC/MS 1 52.6 9.9 Breast cancer Control Xn dn
BID Biotinidase LC/IMS 1 64.2 3.8 Breast cancer Control Xn on
CIs Complement ClI LC/MS 5 382.1 1.8 Breast cancer Control Xn on
FMC Fibronectin LC/MS 36 3030.0 2.8 Breast cancer Control Xn dn
APOA1 Apolipoprotein Al LC/MS 1 54.4 5.7 Breast cancer Control Kn ®dn
FIB A Fibrinogen alpha chain LC/IMS 2 209.6 2.4 Breast cancer Control Xn on
CBPB2 Carboxypeptidase B2 LC/IMS 2 130.9 3.7 Breast cancer Control Xn on

Inter-alphatrypsin inhibitor heavy chair Xn on
ITIH3 H3 LC/MS 5 385.8 40 Breast cancer Control
ALEU Serum albumin LC/IMS 2 290.3 3.3 Breast cancer Control Xn dn
FA9 Coagulation factor IX LC/MS 1 56.1 3.9 Breast cancer Control Xn on
HBB Hemoglobin subunit beta LC/MS 3 157.2 6.7 Breast cancer Control Xn on
CLUS  Clustrin LC/IMS 2 121.9 1.8 Breast cancer Control Xn on
AACT  Alphal-antichymotrypsin LC/IMS 4 287.1 4.0 Breast cancer Control Xn on
LG3BP Galectin3-binding protein LC/MS 5 400.6 2.3 Breast cancer Control Xn on
FBLN1 Fibulinl LC/IMS 2 203.8 1.9 Breast cancer Control Xn on
IGHM Ig mu chain C region LC/MS 1 46.0 5.5 Control Breast cancer >Xn ®n
FA5 Coagulation factor V LC/MS 3 266.5 1.8 Breast cancer Breast cancer XXn ®n
CERU  Ceruloplasmin LC/MS 1 41.8 4.2 Control Breast cancer >Xn ®n
ACTC  Actin, alpha cardiamuscle 1 LC/MS 1 116.4 5.6 Breast cancer Control Xn on
IGHA1 Ig alphal chain C region LC/MS 1 54.9 5.5 Breast cancer Control Xn on
AlAG1l Alphal-acid glycoprotein 1 LC/MS 3 173.35 3.8 Breast cancer Control Xn on
AlAT Alphal-antitrypsin LC/MS 9 756.5 2.5 Breast cancer Control Xn on
APOB  Apolipoprotein B100 LC/MS 2 108.2 1.7 Breast cancer Control Xn on
HEMO Hemopexin LC/MS 1 56.8 2.7 Breast cancer Control Xn on
CRP GCreactive protein LC/MS 5 274.0 104 Breast cancer Control Xn én
IC1 Plasma protese Cl inhibitor LC/MS 1 67.0 2.6 Breast cancer Control Xn dn
PLF4 Platelet factor 4 LC/MS 1 40.7 2.4 Control Breast cancer XXn @ n
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APOA2 Apolipoprotein All LC/MS 1 44.0 82.3 Control Breast cancer >Xn
HPT Haptoglobin LC/MS 3 168.9 24 Breast cancer Contol Xn
CiR Complement C1r subcomponent LC/IMS 4 250.9 1.8 Breast cancer Control Xn
FIBG Fibrinogen gamma chain LC/MS 1 40.3 15 Breast cancer Control Xn
HBA Hemoglobin subunit alpha LC/IMS 2 220.5 7.9 Breast cancer Control Xn
IGHG4 Ig gamma&4 chain C region LC/MS 1 40.9 3.1 Breast cancer Control Xn
A2AP Alpha2-antiplasmin LC/MS 2 96.5 1.7 Breast cancer Control Kn
VTNC  Vitronectin LC/IMS 1 74.9 15 Breast cancer Control Xn
HABP2 Hyaluronarbinding protein 2 LC/MS 1 41.5 15 Breast ancer Control Kn
Co3 Complement C3 LC/MS 4 199.0 15 Control Breast cancer XXn
THRB  Prothrombin LC/IMS 2 89.7 1.3 Breast cancer Control Xn
CO4A Complement CA LC/MS 1 737.1 15 Breast cancer Control Xn
APOA4 Apolipoprotein AlV LC/IMS 2 99.6 3.9 Control Breast cancer XXn

dn
dn
dn
dn
dn
dn
dn
dn
dn
dn
dn
dn
dn

Table5-3. Labelree proteomics screen List of proteins found to be differentially expressed at statistically significant levels when comgpaoitrol (n = 16)
to stage I\Vbreast cancer (n = 26) patient serum samples. Included in the table is the gene symbol, protein identification, platfornmtaiaedlyse the
proteins, foldchange, highest/lowest mean change apevalue.
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Gene Protein Identification Platform Fold Highest Lowest p-value

symbol change mean mean
condition condition

PLR Prolactin LuminexxMAF 1.8 Breast cancer Control Xn dna
CA153 Cancer Antigen 18 LuminexxMAF 3.6 Breast cancer Control Xnonr
CA125 Cancer Antigen 125 LuminexxMAF 2.0 Breast cancer Control Xnong
CA199 Cancer Antigen 19 LuminexxMAF 3.9 Breast cancer Control Xnong
MMP-1 Matrix metalloproteinasel LuminexxMAP 1.9 Breast cancer Control Knonr
MMP-9 Matrix metalloproteinased LuminexxMAF 1.9 Breast cancer Control Xnodnr
EGF Epidermal growth factor LuminexxMAF 3.2 Breast cancer Control Knonr
VEGF Vascular endothelial growth factor LuminexxMAF 4.1 Breast cancer Control Xn dnaa

Table5-4. Multiplex proteomics screen List of proteins found to be differentially expressed at statistically significant levels whewpatng control (n = 16)
to stage IV breastancer (n = 26) patient serum samples. Included in the table is the gene symbol, protein identification, platform used tgsarthe
proteins, foldchange, highest/lowest mean change aperalue.
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Control Non-malignhant breast disease Stage |

Biomarke Mean + SD Median Range n Meanz*SD Median Range n Meanz+SD Median Range n
13 HODE (ng/ml) 92 +132 34.0 15374 34 42+12 39.0 29-73 12 45+22 41 22-133 29
12 HETE (ng/ml) 101.7 +216.5 9.8 1.31055.4 34 573.8+587.6 326.5 26.61624.4 12 175.0+317%4 37.3 3.01365.8 29
Fibronectin (Ig/ml) 245 + 127 241.0 59634 34 357192 354.0 173529 12 241 +120 258 26-427 29
Glutamate (nmoL/ml) 14.7 +4.3 14.0 117286 34 155+35 16.3 13.018.6 12 15.32+4.8 14.9 12.030.9 29
Beta Hydroxybutyrate

(nmol/ml) 145+ 3.2 13.5 10.822.5 34 16.1+£3.7 15.2 12.624.0 12 17.2%+4.6 16.1 11.529.7 29
Factor V (Ig/ml) 76+34 6.6 3.920.7 34 12.0+5.3 10.3 5.619.1 12 11.6+4.3 10.8 5.925.1 29
CA153 (U/ml) 34126 2.8 0.512.4 34 3.0+16 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 3.831.2 34 9.2+54 7.9 3.1-21.5 12 68.3+2724 104 1.81480.3 29
VEGF (pg/ml) 13.6+5.9 13.7 4.4-26.5 34 16.0+7.2 16.3 2.531.1 12 24.2+20.7 16.1 2.592.0 29
Serotonin (ng/ml) 56.5+32.9 50.9 13.3158.2 34 49.4+20.8 46.1 15.9103.3 12 41.6+32.3 28.1 15.4116.3 29
MMP-1 (pg/ml) 3419+ 4209 2269 12222701 34 4055+4334 3044 36013519 12 2406 + 2789 1116 122-7448 29

Stage |l Stage I Stage IV

Biomarker Mean + SD Median Range n Meanz*SD Median Range n Meanz+SD Median Range n
13 HODE (ng/ml) 41 +18 36.0 20-89 30 5021 43.0 22-100 20 63+38 54 19180 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 507.62318 50
Fibronectin (Ig/ml) 242 + 129 209.0 59589 30 217+120 222.0 37-516 20 15574 140 57-296 16
Glutamate (nmoL/ml) 13.1+2.5 13.0 11.218.97 30 156+7.0 13.8 11.7-40.4 20 22.1+5.38 23 16.831.5 50
Beta Hydroxybutyrate

(nmol/ml) 16.1+4.7 14.2 124-33.7 30 19.7+11.2 17.4 12.364.5 20 16.2+438 14.4 11.526.2 16
Factor V (Ig/ml) 12.0+8.9 9.1 3.849.0 30 109+35 10.3 6.2-18.1 20 14.7+6.9 12.1 8.3100 16
CA153 (U/ml) 6.1+13.8 25 0.877.7 30 4637 3.8 0.614.4 20 26.0+37.1 12.2 3.5-893.6 50
CA125 (U/ml) 30.1+1075 8.2 2.1:5925 30 10.3+124 6.4 2.357.2 20 128.3+296.6 10.8 4.353.2 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 20 144+11.2 11.9 8.0-141.5 16
Serotonin (ng/ml) 41.2+24.0 33.7 14.887.1 30 394.2+19.2 348 5.2-81.5 20 39.8+26.2 36 19-76632 16
MMP-1 (pg/ml) 2240 +£1937 1597 1225324 30 2465+1524 2301 122-4737 20 12749 + 22443 4372 122-7448 16

Table5-5. Validation results. Mean + SDnedian, range andh value data for a number of metabolites/proteins analysed in an independent sample set of
control, nonmalignant breast disease, stage I, stage Il, stage Ill 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 1.3E17 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 4.6E07 Yes
CA153 77 5 3.5E15 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

Table5-6. KurskatWallis test The KurskagWallis test was used to evaluate the significance of 12 HETE, 13 HODE, Fibronedtam&eE, Beta
Hydroxybuterate, Factor V, CA1% CA125, VEGF, MMPand Serotonin across all groups
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Biomarker combinations Control v benign Control Control Control Control Benign breast  Benign breast  Benign breast  Benign breast

breast disease v stage | vstagell  vstagelll  vstagelV disease v stage | disease v stage Il disease stage Ill disease stage IV
CAL5-3 + 2 HETE4glutamate 0.868(0.0007) 0.671(0.0238) 0.716(0.0053) 0.684 (0.1592) 0.997 (<0.0001) 0.773(0.0283) 0.758(0.0375) 0.713(0.1054) 0977 (<0.0001)
CAL5-3 +12 HETE+Beta-Hydroxybuterale  0.86(0.0009)  0.71(0.0077)  0.711(0.0227) 0.791 (0.0038) 0.996 (<0.0001) 0,784 (0.0271) 0.692 (0.3664)  0.729(0.0972) 0,932 (0.0001)
CA15-3 +12 HETE+Factor V 0.885(\0.0001) 0.845 (0.0001) 0.798 (0.0011) 0,819 (0.0018) 0.998 (<0.0001) 0.799 (0.0159) 0.728(0.2805)  0.754 (0.0407) 0.958 (<0.0001)
CA15-3 + 12 HETE+MMP1 0.887(0.0008) 0.71(0.0851) 0.671(0.5520) 0.704 (0.2118) 0.997 (<0.0001) 0.675(0.2917) 0.667(0.2084)  0.712(0.2024) 0978 (<0.0001)
CAI5-3 + glutamate+Beta-Hydroxybuterate 0.657(0.1610)  0.71(0.0077)  0.707(0.0111) 0.778 (0.0093) 0.928 (<0.0001) 0.704(0.1539) 0.758(0.0423)  0.683(0.2309) 0.906(0.0001)
CAL5-3 + glutamate+Factor V 0.777(0.0042)  0.845(0.0001) 0.774(0.0032) 0.8(0.0103) 0.976(<0.0001) 0.716(0.1284) 0.75(0.0352)  0.671(0.3541)  0.906(0.0002)
CAL5-3 + glutamate+MMPI 0.581(0.7790)  0.645(0.1886) 0.577(0.7779) 0.683 (0.1334) 0.966 (<0.0001) 0.708(0.3526) 0.7(0.3587)  0.727(0.2561) 0.965 (<0.0001)

CAL5-3 + Beta-Hydroxybuterate+Factor V- 0.777(0.0042) 0,853 (\0.0001) 0.794(0.0087) 0,819 (0.0008) 0.958 (<0.0001) 0.71(0.1314) ~ 0.633(0.5492) ~ 0.704 (0.1606) 0.849 (0.0021)
CAL5-3 + Beta-Hydrowybuterate + MMP  0,675(0.1021) 0,797 (0.0090) 0.748(0.0992) 0.727 (0.0310) 0.823 (0.0001) 0.717(0.3382) 0.642(0.5138)  0.682 (0.2494) 0.807 (0.0029)
CA15-3 + Factor V+MMP1 0.772(0.0098) 0868 (0.0062) 0.665 (0.6026) 0.812 (0.0405) 0.946 (<0.0001) 0.667 (0.3212) 0.758(0.1102)  0.705(0.2771) 0.833(0.0019)

Table5-7. Multivariate analysis LR analysis was performed on combinations of 3 candidate biomarkemd to be significant in the Kurskalvallis test, with
the AUC and p value in brackets shown. CAl®%as always included, with 2PIETE, Glutamate, Beta Hydroxybuterate, Factor V and MM#so selected.
Fibronectin was not included evethough this wassignificant as the results from the discovery and validation phases were oppaosing
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Figure5-1. Logistic regression AU@lues. A Comparison of logistic regression AtHlues for the combination of
CA153/ 12-HETE/Glutamate and CA43 alone for control compared to nomalignant breast disease, stage I,
stage I, stage Il and stage IV breast cancer patient serum specimens respectively. b Comparison of logistic
regression AU@alues for the combination of £15-3/12- HETE/Glutamate and CA4®Halone for nonmalignant
breast disease compared to stage |, stage Il, stage Ill 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 asoluble 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 figcten of malignancies,

for assessing outcome or predicting recurrence and for monitoring the response tecaanuer
therapies. Various studies have demonstrated that the diagnostic sensitivity of the#$bis about
10¢15 % (stage I), 2@5 % (stag 1) and 3@45 % (stage llljSeregni et al. 2004)The accuracy of
established tumour markers improves in advanced disease with levels offaLid to be significant

in patients with distant metastasddolina et al. 2005)Molina et al. found that combinations of CA25

and other clinically relevant biomarkers was a useful tool in the prognostic evaluation of patients with
primary breast cancefMolina, Auge, Farrus et al. 201)his finding was also expanded by including
serum HER (only in those patients with tissue overexpriesg, with similar result{Molina, Auge,
Escudero et al. 2010)

5.4.2 Clinicdrelevance

Clinically relevant and accurate biomarkers, reflecting tumour burden, present a minimally invasive
clinical tests that clinicians can use to help further stratify patients aleitly other relevant tests. By
assessing for example, informati@scertained about the metastatic nature of the disease based on
protein measurements, clinicians potentially can reduce dxegitment of localised tumours and avoid

undertreatment of aggressive tumours.

The mainstay of early breast cancer detection-isyKmammography. 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 A&lGes failing to reach abov@8

when comparing benign breast disease to stage | cancer. However -l trdkammogram, with its
associated exposure to small levels efa) radiation, does have lower sensitivity in women with dense
breasts and is unable to differentiate between morpdgically 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 tumouburden measurement

Our results confirm a clear correlation between C&18nd disease progression, with stage IV breast
cancer patient samples showing the highest levels of €A#8JC = 0.8 normal control v stage IV & AUC

= 0.8 nonmalignant breast diseasestage IV). An example of three candidate biomarkers used in
combination is CA138/ Glutamate/12HETE, which was found to accurately reflect the degree of
tumour burden when compared to both normal healthy control and smaalignant breast disease
groups.The most significant AUC values was found when comparing normal archaanant breast
disease groups to advanced breast cancer (AUC = 0.99 & 0.97 respectively). By the addition of both
glutamate and 1HETE measurements to CA35there is a significanmprovement in the AUC values
compared to CA1B alone. As previously described, CAL% an establishethiomarkers in breast
cancer management with strict guidelines in place as to where these markers add value in patient care
and was found to be antiagral part of the three biomolecules panel for measuring tumour burden in
this evaluation. Glutamate is a nassential amino acid and an excitatory neurotransmitter in the

central nervous system.

Glutamine, an abundant extracellular nutrient, is stepadibnverted into glutamate by phosphate
dependent glutaminase (GLS), an enzyme found within the inner mitochondrial membrane. The altered
OStftdz  NJ YSGFr02tAAaY RAALX @SR o0& YItAIylyd OStfta
description ofa switch in glucose metabolism from oxidative phosphorylation to glycolysis, known as the
Warburg effect(Koppenol, Bounds and Dang 201Tp help maintain a functioning citric acid cycle
compromised due to the Whurg effect, cancer cells often rely on elevated glutamine metabolism
(Erickson and Cerione 201@s a result, GLS has been shown to be overexpressed in both solid tumours
and cell line models of cancgiKatt et al. 2012, Maity, Chakraborty and Bhattacharya 2000)
Interestingly, targeting GLS activity has been proposed as a potential therapeutic strategy against

human malignancie§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 norrmalignant breast disease. The most noticeable iasesin 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 m@ aggressive phenotyp&peyer et al. 2014, Koochekpour et al. 2012, Ripka et
al. 2010, Namkoong et al. 2007)

We also found increased levels of-HHETE when comparing control groups (normal and-matignant

breast disease) to breast cancer patient samples. Similar to glutamate, the most significant elevation in
abundance for this molecule was found in the MBC cohorHEZE is an eicosanoid formeg the

action of a 1dipoxygenase (1:RO) enzyme on arachidonic acid. The evidence to date suggests a
significant role for 1IHETE and Bpoxygenase, the enzyme responsible for the production eHETE

in many aspects of tumour biology, including ogitbwth, angiogenesis, metastatic potential and
immunomodulation (Furstenberger et al. 2006Recent reports on RPIETE involvement in tumour
biology have found it to induce prmetastatic protein expression pattes and show NfB-dependent
up-regulation of the mesenchymal marker protein S100A4 and of transcriptional repressor ZEB1
secreted by MGI spheroids (Vonach et al. 2011Previously, Lui and amorkers described hovi2-

HETE increased the motility and invasion of AT2.1 cells riletastatic rat prostate tumour cells)
through activation of protein kinase C (PKC), a process that was inhibited by a selective PKC inhibitor,
calphostin QLiu et al. 1994)12lipoxygenase has been reported to be significantly increased in both
breast cancer serum and tissue patient samples compared to healthy co(®ialgh et al. 2011, Jiang,
DouwlasJones and Mansel 20Q3with this increase found to be significantly decreased after

chemotherapy(Singh et al. 2011)

Of the other interesting candidate biomarkers that were found to have significantvall@ when

used in combination with other proteins/metabolites, Factor WWBMP-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 soases, together with the function proteases play in
tumour progression(Klee et al. 2012, Bostrom et al. 201Betahydroxybutyrate, one of three sources

of ketone bodies, has previously beeeported to be significantly increased in breast cancer,
participating in regulating histone acetylation and gene expression in tumour develog/hgago et al.

2010) Reports on combining traditional biomarkers fbreast 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 macrophagéony stimulating factor (MCSF) and VEGF in

the diagnoss of breast cancer, but showed that onlyGEF was found to discriminate between cancer
and noncarcinoma lesions, especially in combination with GB®5_ | ¢ A O1 A X .t Rl 26a&a1l Iy

2013) A recent publication by Park and-aorkers describes how measurement of human cytosolic
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thioredoxin in combination with established breast cancer biomarkers, inclu@®tp3, improved the

overall accuracy for early detection of breast can@ark, Cha and Kim 2014)

5.5 Concluding remarks

Using a combination of different metabolomics and proteomics discovery platforms, we ideraified
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, roalighant 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 e3 CA15

when @mbined 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 abnonpmateins/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. Nevertheks, 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, 32ETE, Betahydxybutyrate, Factor V and MMP were the most
significant and further analysis using combinations of these candidate biomarkers witi3GAdi%Hited

in noticeably improved AUC values compared to GAHione, especially when comparing advanced
breast cancegroups to normal controls and nemalignant breast disease. The example expanded on in
this discussion, shows how a combination of CAlGlutamate/12HETE is more accurate than C&15
alone, and indeed the same is true of other combinations including-Bgdroxybutyrate, 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 classificatio/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 diseasgecific 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 iomgsaur functional
antibody screening approach involves the isolation and selectidhAdfs that are primarily screened for

their ability to inhibit tumour invasion. A clonal population of the Mia RaCa pancreatic ductal
adenocarcinoma (PDAC) cell linghich displays a highly invasive phenotype, was used to generate
MAbs with the objective of identifying membrane targets directly involved in cancer invasion. Selected
MADb 7B7 can significantly reduce invasion in a desponsive manner in Mia PaQacbne 3 and DLKP

M squamous lung carcinoma cells. Using immunoprecipitation and liquid chromatography tandem mass
spectrometry (LASMS) analysis, the target antigen of aintvasive antibody, 7B7, was determined to

be the heterodimeric Ku antigen, Ku70/88,core protein composed of the Ku70 and Ku80 subunits
which is involved in nehomologous engoining (NHEJ) DNA repair. RNA interferemezliated
knockdown of Ku70 and Ku80 resulted in a marked decrease in the invasive capacity of MiecRa€a

3 and DLKPM 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 tggressive 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 atibody 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 & 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 metastasigone of these are in clinical use
(Weber 2013, Eckhardt et al. 2012)dentification of targets with a role in cancer
invasion/metastasis may have the potential to be developed as novelnreatt strategies to treat

(or delay) metastasidvlonoclonalantibody-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 tumou(Scott, Wolchok and Old 201Antibody cancer therapeutics are
highly specific and potent drugs, which exert their therapeutic effect through modulation of key
signalling pathways to reduce cell growth or indugeptosis and/or triggering of antibodynique

effect or functions. There are now 14 antibedgised products approved to treat cancer patients in
the European Union (EU) and the U@&Aambert2013, Chames et al. 2009)herapeutic 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 tard&sichert 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 antibetigsed 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 antibdies such as trastuzumab and rituximab show significant clinical benefits and
have revolutionised treatment of human epidermal growth factor receptor 2 {R)EBsitive breast
cancer and CR0 positive lymphomas. However, conventional unmodified antib®di@ve
limitations such as low tumour to blood ratio due to long serum-hfdf limited tissue penetration

and specificity for a single epitope, and they can sometimes be limited in effiCaames et al.
2009) There has been a drive to improve established targeted therapeutic antibodies using
glycoengineering approaches to increase potency (e.g. development efugosylated antibodies)

and the use of antibody fragments for better tissue penetration. Devekpmof 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 imme killer cell(Sliwkowski and Mellman 2013,
Scott et al. 2012)Antibodydrug conjugates (ADCs) such as the recently approved trastuziidb

aim to overcome the limitations of nespecfic cytotoxics and ineffective MADb 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. ADCarrently account for around 26 of the clinical stage
anticancerantibody-based pipeline outnumbering bispecific antibodies and antibody fragments
(Mullard 2013) Currently, the key challenge for ADC cancer therapeutics is the ongoing
identification of tractable target§Sievers and Senter 2013)

Large numbers of potential caneassociated antigens have been identified in a number of different
cancer types using various highK NP dz3 K LJdzii & 2(Roki &nd Steginfier Z0 FARONS(Er,

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
tumourogeresis. 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 r@hvio cancer development and
progression. The significant contribution of phenotypic screening is well recognised in-itassn
small molecule drug discove($winney and Anthony 201IJhe most commonly useapproach to
therapeutic antibody discovery has been to generate antibodies that are specifically directed at pre
defined, wellcharacterised cell surface proteins or newly described proteins that are less well
characterised, with respect to cancer. Eadgtibody candidates are generally identified using
traditional hybidoma technology developed bydKer and Milstein or phage display platforms
which are adapted easily for highroughput antibody generation(Kéher and Milstein 1975)

Therapeutic antibody discovery is now also starting to focudléip targets that are functionally

NEt Sgryd G2 GKS OFyOSN) RAaSHasS LINROSaasz ¢gAlK

AONBSYyAy3I¢ | LILINE I idénificaiiof af EahdidRi& MADNKad &dRfunctionally
involved in cancer tumourogenegiBrendéus 2013, Rust et al. 2013, Kinch et al. 2009)

Our laboratory preiously isolated isogenic populations of the PDAC cell line, Mia-Paloae 3,
which displays high levels of invasimnvitro, and Mia PaGa clone 8, which is poorly invasiie

vitro (Walsh et al. 2008)The useof 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 tumasionin

vitro) to generate functional aninvasive MAbs using the Mia PaZalone 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 chromatographgndem mass spectrometry (EBSMS)

analyses was used for target identification of the selected-antisive antibody.

6.2 Materials and Methods

6.2.1 Celllines

The triplenegative breast carcinoma (TNBC), MIDB:- 231, HER positive breast, SKER large cell

lung NCIH1229 and the HEIIL6 colon carcinoma cell lines were obtained from the American Tissue
Culture Collection (ATCC), Rockville, MD, USA. ThaBHlidma cell line was obtained from the
German Collection of Microorganisms and Cell Cultures. The MiaZRd@e 3 pancreatic cancer cell

line and the DLKR® 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 Pa€lane 3an invasive clonal variant of

the pancreatic cell line Mia PaQgWalsh et al. 2008). Prior to immunisations, a4eozymatic cell
RAZA20AIF A2y 0dzZFFSNJ 61 & dzaSR (2 NBY2@S OSftfta FNRY
cells were washed ang-suspended in phosphatieuffered saline (PBS) plus an equal volume of
lipopeptide adjuvant, Pam3CGBKKKK (EMC mierollections, Germany; L2000). Each mouse received a
primary immunisation administered by an intraperitoneal injection, followed by faasker

immunisations administered at three weekly intervals. Three days prior to cell fusion, mice received one
final immunisation. Cell fusion of the immunised spleeteBs with SP/2/@Ag myeloma cells was

carried out using a modification of the fusiprotocol outlined by Kohler and Milstein (K6hler and

Milstein 1975). Fused cells were plated out invddl plates and incubated undisturbed fordd® days

in a humidified chamber at 37°C/5%C0O2. Immunisations were carried out at the Royal College of
Surgems (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 Pa€lare 3, an invasive clonal variant of

the pancreatic cell line Mia PaQgWalsh et al. 2008). Prior to immunisations, a+eozymatic cell
RAZA20ALFGA2Y 0dzZFFSNJ 61 & dzaASR (2 NBY2@S OSftfta FNRY
cells were washednd resuspended in phosphateuffered saline (PBS) plus an equal volume of
lipopeptide adjuvant, Pam3CGBKKKK (EMC mierollections, Germany; L2000). Each mouse received a
primary immunisation administered by an intraperitoneal injection, followeddoy booster

immunisations administered at three weekly intervals. Three days prior to cell fusion, mice received one
final immunisation. Cell fusion of the immunised spleeteBs with SP/2/@Ag myeloma cells was

carried out using a modification of thedion protocol outlined by Kohler and Milstein (Kohler and

Milstein 1975). Fused cells were plated out invdd@l plates and incubated undisturbed fordd® days

in a humidified chamber at 37°C/5%C0O2. Immunisations were carried out at the Royal College of
urgeons (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 forrtarge colonies and growof 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 RaCne 3 cells and for their ability to

show manbrane immunoreactivity on unfixed Mia PaZalone 3 cells.

6.2.5 Immunofluorescence studies

Cells were suspended to a concentration of Zxd@lls/ml, added to 1@vell 7-mm microscope slides

(Thermo Fisher Scientificdnd incubated overnight at 3€. Excesapernatant 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 icecold acetonefor 2 min, followed by akdrying for 15 min prior to application of antibody 7B7. All

slides were incubated overnight at@. Primary antibodies were removed by gently washing three times

AY t.{® ! @2fdzyS 2F on >t 2F &SO2 y-inketldabbit afitii A 62 R& X
mouse Ig (Dako, F0261), diluted 1/40, was added to each well, followed bynin3Aculation 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 (Veel@Q)coveslipped and viewed using a Nikon

phase contrast microscope fitted with an FITi@rf 96-well invasion assays. This screening assay was
adapted from the standard Boyden chamber transwell assay described previgslgh et al. 2009)

which is a modification of the method of Albini et &hlbini 1998) Briefly, using Millipore 9avell
AYyOlLarzy LXIFGiSa oaArftALRNBS al'alL/y{mnos pn >t 2F
dispensed into each insert; the péawas incubated overnight at°@, folowed by the removal of any
excessMatrigel. Cells were harvested at a concentration of 253G f f &k Yf Ay YSRAI I |
added to each insert, along with an equal volume of antibody or control hybridoma medium (no
antibody). A2 f dzY'S 2 T awags added fo eatiSiRsart 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%rystal violet. Stained inserts were viewed using a Nikeerted 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 invasiomene-screened using this same method.

6.2.6 24-well invasion assays

For 24well invasion assays, Costar-&éll platesé / 2 a0 NE opHnNn U X Qigefindedhisy Ay 3 vy
6.5 .A2320ASy0Sasx opondptrox $gSNB dzaSRe® | @2fdzyS 27
cell suspension of 1xi®St f ak Yt 6l & dzaSRXI IyR wmnn >f 27F FyGAo
aniA62Re@0 61 & I RRSR G2 SI OK Ay asSNJIell Cefisiware inctibatddS RA | &
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 fighd10 random fields ak200 magnification. The

average number of cells per field was then multiplied by a factor of 140 as described pre(igalsi

et al. 2009)

6.2.7 Motility assays

Motility assays were carried out ian identical manner to 24wvell 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 Q6 f f ak Yt Ay YSRAIF® +2fdzySa 27
suspensions were added to a-9&ll plate (Costar, 3596) using a multichanpgbette. Plates were

gently agitated to ensure an even dispersion of cells over a giae. ells were incubated at 37 in 5

% CO2ISNYAIKGD® C2fft2sAy3d (GKA&AE mnn >f 2F | yiAozRe
hybridoma media added to the cell suspension. Plates were gently agitated, as described above, and
incubated at 3°C in 5 % CO2 for 6/7 days, utiié control wells have reached 8830 % confluency.
Assessment of cell survival in the presence of the antibodies relative to control (no MAlbidoma

control medium only) was determined by acid phosphatase assay as previously degbtivdd and

Clynes 1991)

6.2.9 Adhesion assays

Adhesion assays were performed as described previdigbish et al. 2009 ! @2t dzYS 2F Hp
extracellular matrix (ECM)roteins was placed into each well of-@ll plates and incubated overnight

at 4°C. Excess solution was removed from the wells, followed by washing two times with sterile PBS. To
reduce nonspecific bindig, 0.5 ml of sterile 0.1 % BSA/PBS solution was dispensed into eachheell.

plates were incubated at 3C for 20 min and then rinsed twice again with sterile PBS. Cells were
harvested and resuspended in media at a concentration of 2.5%&6lls/ml. Alguots of 1 ml of cells

were plated onto 24well plates, in triplicate, and incubated for 60 min. The medium was then removed

from the wells and rinsed gently with sterile PBS. The cell numiit@ched was assessed using the acid

phosphatase assay.

6.2.10 Zymografny

DLKRPa OStfa 6SNBE (GNBIFIGSR gAGK a!o 1.7 opn >3IkYEO
subsequentlytransferred into serurfree medium for the collection of conditioned medium for
zymographic analysis (over 72 h). Conditioned medium was concedt2x using an Amicon Ultra
Centrifugal Filter device (5 k MW eoif) and loaded onto Novex gelatin (Invitrogen EC6175) and casein
(Invitrogen EC6405) gels using a 2x -remtucing sample buffer (Novex), renatured in zymogram
renaturing buffer and develagd in zymogram developing buffer (Invitrogen). Gels were stained with
Brilliant blue G Colloidal Coomassie (SigB20)25); zones of gelatinolytidsein activity were detected

as clear bands against a blue background.
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6.2.11 Isotype analysis

Isotyping of MAb 7B¥vas carried out using the Isostrip Monoclonal Antibody Isotyping kit (Roche
Diagnostics Gmbh, 149302 Brior to immunoprecipitation, MAb 7B7 was purified using the Pierce NAb
Spin Purification Kit (Pierce, 20530) and dialyzed using a PierceA&laerMINI Dialysis Unit (Pierce,
69576). Cells were grown to 880 % confluency, removed from flasks, pelleted and washed three times

in PBS. Whole cell extracts were prepared bguspending cells in 1.5 ml of radimmunoprecipitation

assay (RIPA) lysis biff(Sigma, R0278), sonicating for 5 min and centrifuging at 14,000 rpm foinl0

at 4°C. The 7B7 antigen(aere immunoprecipitated from these samples using the Direct IP Kit from

t ASNOS o6npoop0Z & LISNI GKS YI yldpuifi@iMasEBwas Ay a G N
covalently immobilised on aldehydectivated agarose beads overnight at@ The antigen (whole cell
extracts of Mia PaCGa clone 3 or DLKM cells) was then added to immobilised antibody gel mixture
together with binding buffer on aocking platformovernight at 4C. 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 FHi€l, pH 8.8. Eluted fractionsere prepared for

gel electrophoresis using NUPAGE LDS sample buffer (Invitrogen, NP0O07). Following gel electrophoresis,
gels were stained with Brilliant Blue Colloidal Coomassie to visualise precipitated proteins. For validation
of mass spectrometry ideriitations, the gels were probed with relevant antibodies (Karnd Ku80

specific antibodiesAbcam, UK) for Western blot analysis.

6.2.12 Protein identification using LBASMS

LCMS/MS was performed on an UltiMate 3000 N&t© system (Dionex), interfaced to afQLdrbitrap

XL (Thermo Fisher Scientific). Preparation of samples was based on the nudbodbed by
Shevehenko et a[Shevchenko et al. 20Q6Briefly, protein bands were excised from the Coomassie

stained @l and were destained. Samples were then dehydrated and digested, and peptides were
SEGNI OGSR 6AGK F OS2y peptha mhivdurewad laarled BIRAGIS tp dolinR © | p
6/ my tSLlal Ll onn >Y eiske, P00 A po sizBjonex) fervdeshliindgddiokeO f
separation oran analytical PepMap C18 c¥ly 6 T p  >1Y YAYR. pautickeprid 100 A pore size;
Dionex).Peptides wereseparatedover a 60 minute period at a flow rate 850 nl/min into the Orbitrap

XL. The instrumentvas operated in datadependent mode. Survey MS scans were acquired in the
Orbitrap in the 40@1500 m/z range a resolution of 30,000 at m/z 400 &i® fragmentation was

carried out in tke linear ion trap with the temost intense ions per scan.
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6.2.13 Bioinformatic profiling of identified proteins

Protein catabase searches were performed using TurboSEQUEST software (Bioworks Browser version
3.3.1) (Thermo Fisher Scientific) using the human subset from the SARISE databas@he following

search parameters were uséB2 NJ LINPGSAY ARSYGAUOIFGA2YY O0A0 a{kaf
LISLIGARS Ylaa G2t SNryOS aSa G2 wn LIS O6AAAL  OF N
YSGKA2YAYS 2EARI GA2Y &(®ip td tdo ntissed tldddages WwesloweRardh U O (i A 2
(vi) for charge state 1, xcorr>1.5; for charge state 2, xcorr>2.8;fancharge state 3, xcorr>3.5 were

accepted.

6.2.14 RNA interferencemediated knockdown of Ku70 and Ku80

Two predesigned small interfering RNAs (siRNAs, Ambion) were chosetiatijat Ku70 andku80,
respectively (Ku70 Ambion s14952 and s14953; Ka88mbion 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)nsfaction (Ambion, 4390843). Solutions of siRNA at a final
concentration of 30 nm were prepared in OMEM (Invitrogen). The siRNA experiments were set up
using2>f bS2C- 0! YOA2YS lanpmmos (2 GNXryatfSowel on yY
plate. Transfection medium was removed after 24 h and replaced with fresh growth medium. A kinesin
specific sSiRNA (Ambion) was used as a positive control in all knockdown experiments to assess the
efficiency of transfections. The transfected cells aveollected at 72 and 96 h for immunoblotting and

assayed for changes in invasion capacity at 24 or 48 h usini tigo invasion assay, as described

above.

6.2.15 Immunoblotting

Whole cell lysates were extracted using RIPA buffer (Sigma) containing protdsisiéoi cocktail

(Roche) and centrifuged for 15 min at 16,000g at 4°C. Protein concentrations were determined using the
BCALINR GSAY Faale 1AG 6t ASNODSO I O0O2NRAYy3I GBnEES Yl y
of protein (whole cell extracts or immunoprecipitated proteins) were separated usjtg % gradient

gels (Invitrogen) under reducing conditions. Proteinsrev&gansferred to PVDF membranes (Roche
Diagnostic GmbH). The membranes were blocked for 2 h at room temperature with Startin§"Block
Blocking Buffer (Pierce). The membranes were probed Mo 7B7 spernatants, antKu70 and anti

Ku80 antibodies (Abcarh, Y 01X O i A yubulinNT5268, A5441, Sigma). The membranes were washed
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three times for 5 min with 1x Trsuffered saline (TBS)/Twe&® (0.5 %v/v) and incubated with an anti
mouse HRIonjugated secondary antibody (Dako) for 1 h at room temperaturéd washing step
repeated. Detection was performed with ECL reagents and Amersham Hypédhemiluminescence
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 acancer tissues, was stained for Ku70/Ku80 expression using an anti
Ku70/Ku80 polyclonal antibody suitable for immunohistaoisry (IHC) (Abcam, UK). Staining was
performed using an automated IHC staining apparafdsitostainer, Dako) according to the
YIydzF I OG dzZNENRA& 3 dzA RS f-pardffhiation amdArénfdfation, th& Blides 2mera y 3
subjected to an antigen retri@l step consisting of 2@in 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 byam@Sjositive

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 meuggM 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 siRMated mean invasion and miity counts, adherence
Fo&a2NblIyOSs FyR LISNOSyiGl3IS &adz2NBDAGFE OF f Qaled) G SR
unpaired with equal variance). Avalue of 0.05,” 0.01, and 0.005 was deemed statistically significant.
Statistical analysis waserformed 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 antrinvasive MAbs

Since trypsin may lead tihe loss of cell surface antigens, a remzymatic 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, BB8dma supernatants

(77.5 % fusion efficiency) were screened using &b Boyden chamber invasion assay platform for
their ability to block invasion in Mia Pa2eclone 3 cells. Selected hybridoma supernatants were re
screened twice (duplicate samples$ing the 96well invasion Boyden chamber assay method. Seven
supernatants, 8B3, 1E5, 7C3, 7B7, 9D6, 5B1 and 6E2, were selected on the basis of a decrease in invasion
observed in relation to invasion observed on controls (hybridoma control medium). Téean
hybridomas were then expanded for further characterisation. Supernatants (triplicate samples) were re
screened by both 98vell and 24well invasion assays$lybridomas 7B7 and 6E2 were selected based on
their ability to inhibit invasion. In parallehybridoma supernatants were screened for membrane
fluorescence immunoreactivity using an FHakkelled secondary antibody, on unfixétia PaC& clone

3 cells. Twentywo supernatants (from a total of 335 screened) showed strong immunoreactivity on
Mia Pae-2 clone 3 cells. Hybridomas 8F4, 3E2, 5B5, 1E5, 6D6 and 7B7 showed strong immunoreactivity;
8F4 and 7B7 showed more intense staining in Mia PaClane 3 cells compared with the poorly
invasive Mia PaG& clone 8 cells. Selected antibodies 7B7 and\@&2 cloned by limiting dilution and
re-screened (duplicate samples) using both thewgdll and the 98well invasion assay methods. The 7B7
clone G52 was selected for further study as it showed the strongesirasatsive effects in Mia Pa@a

clone 3 cel§ and showed strong cell surface expresson these cellsRigure6-1 Figure6-2) (note that

7B7 G52 is referred to, throughout this manuscript as 7B7, its parental name).

6.3.2 Isotyping of MAb 7B7

Using a ommercial isotyping kit, the isotype of antibody 7B7 was determined to be an IgM (data not

shown).
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6.3.3 MADb 7B7 impedes the invasive potential of aggressive cancer aehstro

In order to ascertain if antibody 7B7 could also impede invasion in other ajggasancer cell types, we

also investigated its anthvasive effects in glioma, lung, colon and breast cancer cell lines. Antibody 7B7
blocked the ability of DLKI® squamous lung carcinoma cells (mean inhibition level of 32.Eig)ré

6-2) and H1229 large cell lung carcinoma cells (mean inhibition level of 30.6 %) to invade through

Matrigel Figure6-5). The antinvasive effects of 7B7 in the other aggressive cancerstygere not as

marked: SNBR9 glioma, mean inhibition level of 27 %; HII6 colon adenocarcinoma, mean inhibition

level of 24.2 %; SKEBRHER? positive breast, mean inhibition level of 25.6 %; and TNBC-MB231,

mean inhibition level of 23 % inthe @eSy OS 2 F ARSY G A OF t O2 Figusegsi NI GA2Yy &

Figure6-6) (mean inhibition, figures from a minimum of three independent experiments). To further
characterse the 7B7 functional blocking antibody, its ability to inhibit invasion in a-tksgonsive
manner was determined in Mia PaCel®ne 3 cells and DLK¥ squamous carcinoma celBigure6-1).
Antibody 7B7 signiantly inhibited invasion in a dogesponsive manner in both cell lines; represented
histograms are presented figure 61. Furthermore, 7B7 was also found to inhibit motility in a dose
responsive manner in Mia PaQalone 3 cellssge supplementary dat
https://link.springer.com/article/10.1007%2Fs132014-18575 ); 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 MADb 7B7 recognises a membram@asociated target antigen

Immunofluorescence staining of highly invasive Mia PaCne 3 cells and drug resistant Mitox6p cells
with 7B7 revealed strong membrane reactivity ontlbcof these cell lines (Figure-&; weaker
immunoreactivity was observednopoorly invasive Mia Pa&aclone 8 cells and DLIS®), the parental
drug-sensitive clone of DLKFQ MitoxBCRP 6P. These results suggested that the 7B7 antigen may
possibly be associated with an aggressive cancer phenotype, i.ey hmghbkive/drug sensie 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 iniascell lines.
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6.3.5 Identification of the 7B7 target antigen

Sodium dodecydulphate polyacrylamide gel electrophoresis (FI2&E) separation followed western
blotting analysis with 7B7 revealed no potential reactive antigen band(s), suggesting that ibislgris
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 thgps®f 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 aldehyaletivated agarose beadSo,in

addition to elminating immunoprecipitation contaminating antibody, protein A/G is not involved, thus
its suitability for IgM immobilisation. Cell extracts from Mia R@C#ne 3 cells and DL##Pcells were
immunoprecipitated with MAb 7B7. SIPRAGE and M&mpatibleCoanassie 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 repmestieve gel is shown in Figure3®
showing reactive bands immunoprecipitated Mia PaGaclone 3 extracts. These two bands were
excised andubjected to irgel digestion followed by liquid chromatography mapsctrometry.They

were identified as the ATP dependent DNA helicase 2 subunit 1 (Ku70) (molecularé9eighkDa)

and the ATP dependent DNA helicase 2 subunit 2 (Ko8f¥cular weight 82.65 KDa) (Tabldp
Immunoprecipates were identified with commercial antibodies directed against Ku70 and Ku80,
confirming these identificationsée supplementary dat

https://link.springer.com/article/10.1007%2Fs132014-18575).

6.3.6 RNA interferencemediated knockdown of Ku70 and Ku80 suppresses the invasive
capacity of Mia PaGa clone 3 and DLKM cells

As we had demonstrated that incubation with MAb 7B7 can sagmifly inhibit tumour invasion in a
doseresponsive manner in the Mia Pa2ealone 3 and DLKR cell lines, we then determined the
effects of siRNAnediated knockdown on proliferation and invasion to establish if Ku70/Ku80 is
functionally involved and thai 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 ingapagity 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 rigelt (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 anttinvasive effects of antdy 7B7 are not secondary to the effects on cell grovabe(
supplementary datahttps://link.springer.com/article/10.1007%2Fs132014-1857-5). 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 invasioin vitro.

6.3.7 MADb 7B7 impedes the adhesion potential of Mia PaZ&lone 3 and DLKM cells

Adhesion of a tumourigenic cell to the basemergmbrane is a crucial stage in the invasion process.
Thus, the effect of MAb 7B7 on the adhegpatential of Mia PaGa clone 3 cells was assessed. In the
presence of MAb 7B7, a small decrease in the adhesion of MiaZPelGae 3 cells to matrigel and DR-K
M cells to fibronectin was observesdge supplementary data
https://link.springer.com/article/10.1007%2Fs132014-18575).

6.3.8 MAD inhibits MMP activity in DLKPM cells

Following treatment of squamous lung DLKP cells with antibody 7B7, effects on MMy actiei
determined. As demonstrated in Figures6zymographic analysis of conditioned medium (collected
over 72 h) from DLKHM cells treated for 24 h with antibody 7B7 revealed reductions in pro and active
MMP-10 and preMMP-2 compared with conditioned néum from cells treated with hybridoma

control medium only. These results indicated that 7B7 may be eliciting iténaasive effects through
reduction of MMP2 and MMRP10 activities in DLKM cells.

6.3.9 IHC analysis of Ku70/Ku80 expression in pancreaticcean

TMA cores were scored according to the intensity of the Ku70/Ku80 immunoreactivity observed (weak,
moderate, and strongTable6-2). Duplicate cores were stained in all cases; there was complete
concordance btween 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 wasgnt in 40/40 tumours (37

PDAC, 2 acinar, and 1 squamous). All of the-ige tumours studied exhibited either moderate or

strong Ku70/Ku80 immunoreactivity, suggesting a possible trend of increased expression of Ku70/Ku80

with more aggressive PDAGMaurs. 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

Figures-7. We were not able to®tablish 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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Figure6-1. MAb 7B7 blocks cancer imgion in PDAC Mia Pa@aclone 3 cells and DLKW squamous lung cellsa The invasive potential of Mia PaGaclone 3

cells is significantlyred8 R Ay GKS LINSaSyOS 2F pn >3kYft 2F yiAo2Re 17.1T Ay@lrairzy Aa | f
antibody, indicating that MAB 7B7 can significantly reduce the invasive potential of this cell line in a dose responsiveembrithe invasive potential of

DLKPa OStfa Aa aAAIYAFAOIyidifte NBRAdZOSR Ay (GKS LINBaSyOS 2¥ pKS>BNEB&ESgOSI ghArinp
antibody, indicating that MAB 7B7 can significantly reduce the invaspotential of this cell line in a doseesponsive manner. In both cases, the total

number of cells invading through Matrigel is shown. Data plotted represent the mean + standard deviation from a represem&tperiment carried out in

duplicate. Statistba Y fFLIKnN®npI FFLKn®aAmMI FYR FrrLKnodnnp O2YLI NBR gailedwittkKegualNA R2 Y Y SR
variance, unpaired)c Representative photomicrographs of Mia PaQaclone cells invaded through Matrigeloated Boyden invasioshambers (8 Y LJ2 NB
size) (stained with 0.25 % crystal violet (w/v) in the presence of two different concentrations of antibody (original méyhifii A 2y~ PmnannT &aoOFtS ol
d Representative photomicrographs of DLKPM cells invaded through Matrsigeted Boyden invasion chambers{8Y LI2NB aA1l Su 6&adl Ay SR ¢

crystal violet (w/v) in the presence of two different concentrations of antibody (original magnification, x100; scale ban=26 YO & ! £ f SELISNRA Y Sy (¢
performed a minimum of three timesand representative results are presented.
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Figure6-2. Immunofluoresence cell surface staining of antibody 7B7. MiaP&Gdone 3(a)and Mia PaC& clone 8(b) pancreatic ductal adenocarcinoma

cells and DKP MitoxBCRP 6P, drugesistant lung squamous carcinoma cells (H. Joyce, unpublisf@dyith their sensitive parent cells, DLKPE) and

stained with antibody 7B7. Membrane 7B7 immunoreactivity is observed in invasive Mia Pa€lane 3 and drugesistant DLKP MitoXBCRP 6P cells, Mia

PaCa2 clone 8 cells which are poorly invasiwe vitro show more cytoplasmidike 7B7 immunoreactivity only, DLKPSQ cells show very weak 7B7

immunoreactivity. ¢, d Counter stained with propidium iodide. Original magnificda 2y 2 F | ff LK202YAONRBINI LIKAX Pnnnz &0l
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Figure6-3. Identification of MAb 7B7 target antigens by immunoprecipitation. Crdgsked immunoprecipitation of cell lysates with 7B7MAb and control
mouse IgM separated by SEFSAGE and stained with 0.25 % Coomassie Blue. Lane 1 molecular weight markers, lane 2 M dtaza3
immunoprecipitated with mouse IgM, lane 3 Mia Pa@aclone 3 immunoprecipitated with MAb 7B7. Two bands are observedapproximately 80 kDa, 70
kDa wereexcised and run through an Orbitrap XL mass spectrometer for identification. No antibody heavy and light chains are pfégaiiinding
agarose beads were also used as a control (data not shown). Experiment was performed tinnes, and a representative scanned gel is shown. DMP
cells were also immunoprecipitated with antibody 7B7 and resulted in the same 70 an#B8 reactive bands (data not shown).

207



a b

2 3
5 o < @ ko] é < o
£ o o s @ A
P55 s § 0§ 3
2 o o @ 9 B ® o
8 & § i} 3 5] Q S
& & 2 g g & e &
| 8 g ] z = 2 =
= = b= = = = = =
[ - - | Kku70 [ — . | Kuso
[ ——— | 0-Tubulin [ " | 0:-Tubulin
c d
g 16000 2 18000
8 14000 i ~ 8 16000 .
2 12000 ! i 2 14000 =
T 10000 oo B 12000 - =
2 s000 £ 10000
S 5000 "6 3000 i
S & 6000
£ ao00- £ 4000
S 2000 T 2000 -
IS 0 e o
Untreated Scrambled Ku70sIRNA A Ku70sIRNA B Untreated Scrambled KuB8QA Kugog
e f
DMEM Scrambled Ku70 A Ku70 B DMEM Scrambled Ku80 A Ku80 B
TEAENTIN Aok TR TSy Bl sl RNt ) R
O “\’14!-.v o e Ll " ‘.“‘ " ‘\ Sk’ " 3 > oS | FOEH n
T A B, L SR N e s e T e
< ;-t (f;__ Q;; =Wl 5 e ¥ T N LI h - 1y s: Ay _“ A N 2N
. *! she LRIy 2 Tasg FU R S T =

Figure6-4. ThesiRNAmediated interference knockdown of both Ku70 and Ku80 reduces invasive capacity of Mia-Padae 3 cells(a), (b)immunoblots

showing effective knockdown of Ku7(@)and Ku8Q(b) at 48h posttransfection in Mia PaG& clone 3 cells transfected ith two independent siRNAs

histograms showing reduced invasive capacity of Mia P&Gdone 3 cellsn a Boyden chamber assay following transfection with Kuadd Ku86targeted

siRNAs. The total number of cells invading through Matrigel is shown. Data plotted represent the mean + standard deviataplic@te transwell inserts

from arepresentative & LISNA YSy (i ® {dF GAAGAOAY FLIKN®PnpE FFLKA®AME FYR FFFLMiedwthp O2 YL |
equal variance, unpaired)e), (flRepresentative photomicrographs showing invasion status of Mia R&&done 3 cells followng transfection with sSiRNAs

targeting Ku7Q(e) and Ku8(Q(f), respectively. A decrease in invasion can be observed following siRNA transfections of both Ku70 and Ku80 compared with

dONI Yot SR O2yiNRf AyaSNI® hNRIA W Eexperinfentd weke PerfGrndd in 2 ghiimummoithne® tintes) antl Bpresdntsitived n 1 > Y ¢
results are presented.
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Figure6-5. sSiRNAmediated interference knockdown of both Ku70 and Ku80 reduces invasive capacit &M cells.(a), (b) Immunoblots showing

effective knockdown of Ku7@a)and Ku80Q(b) at 48-h posttransfection in DLKM cells transfected with two independent siRNAs targeting Ku70 and Ku80,
respectively, relative to scramble control siRNAansfectedO S f {Tdbdiin $erved as a loading contrdk), (d) Representative histograms showing reduced

invasive capacity of DLKH® cells in a Boyden chamber assay following transfection with Ku70 and Ku80 siRNAs. The total number of cells invading throug

matrigel is shown. Data plotted represent the mean + standard deviation of duplicate transwell inserts from a representativeimgrgr Statistics:

FLXKN®npZ FrLYKndnmI YR FrrpLdKndnnp O2YLI NBR ¢A(K didhteYuhdai®e®. eif Reptedentaihy i NB f ®
photomicrographs showing invasion status of DL-KPcells following transfection siRNAs targeting Ku{®) and Ku8((f), respectively. A decrease in

invasion can be observed following siRNA transfection of both Kaid Ku80 compared with scrambled control insert. Original magnification, x100; scale
oFNI'Hnn >YOd £t SELISNAYSYyGa 6SNB LISNF2N¥YSR Ay | YAYyAYdzy 2F GKNBS GAavYSa:z
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Protein name Gene symbol Protein Accession MW (kDa)
ATRdependent DNA helicases2ibunit 1 XRCC6 gi[169145199| 69.79
ATRdependent DNA helicase 2 subunit2 ~ XRCC5 gi[125731| 82.65

Table6-1. The 7B7 target antigens identified by immunopredigtion/LCMS MS. These proteomic identifications were validated by probing Mia P&Ca
clone 3 and DLKR! immunoprecipitates with commercial antibodies specific for both the Ku70 and Ku80 subunits of the Ku heterodimer, corditimése
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

Table6-2. Ku70/Ku80 immunoreactivity in grades 1,éhd 3 PDAC tumours

210



Gelatin Zymography Caesin Zymography

a b
MW marker DLKP-M MW marker DLKP-M
MMP=2
62 kDa
80 kDa 60 kDa » MMP-=10
57kDa
50 kDa * Mmp-10  SOKDR o
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c d
Control Control 7B7 treated
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Figure6-6. Antibody 7B7 reduces MMP activity in squamous lung carcinoma DMKdlls. MMP activity in DLKM cells. a Gelatin zymography analysis of
conditioned medium colleted over 72 h from DLKMI cells showing presence of both pro and active (lower band) Miiih DLKPM cells. b Caesin
zymography analysis of conditioned medium collected over 72 h from DMKéells showing the presence of both pro and active (lower bandyit10 in
DLKPM cells. MMP activity in DLKM cells treated wth antibody 7B7. ¢ Gelatin zymography analysis of conditioned medium collected over 72 h following
treatmentof DLKPa OSffa gAGK pn >3 27F -2Adctvityin DK ahtibodyErBated celis 25 ybserwid canapaired with control
hybridomamedium only (no antibody). D Caesin zymography analysis of conditioned medium collected over 72 h following treatment witlod@n7B7. A
marked reduction inMMRPR10 activity (pro and active) is observed in DL-KFcells treated with antibody 7B7 compared Wi cells treated with control
hybridoma medium only (no antibody). Three independent experiments were performed in all cases, and representative zymograrsisown
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Figure6-7. Immunohistochemical aalysis 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 imativitgneas scoed

according to the staining intensity observed (wkamoderate, and strongRepresentative photomicrographs are showm) @ low-grade PDAC tumour

showing weak Ku70/Ku80 immunoreactivity, while strong Ku70/Ku6sitive staining is observed in grade(B) and grade 3 tumourgd). Stromal

Ku70/Ku80 immunoreactivity can be observed id)@nd in a second high grade PDAGL Original magnification of photomicrographs of a, b and d isx400
6401 tfS 6FNImnn >YT .ORunn 6&a0lLtS 6 NI'pn >Y0
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6.4 Discussion

Despite the onsiderable 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 lacldefeied therapeutic
targets. Tle 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 appr@ches: antibody targeting of proteinsith 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 @miasiveblocking antibody
GKAOK gl a ARSYGAFASR dzaAy3d adzOK | aFdzyOlAz
screening approach. Such phenotypesed antibody screening approaches are
increasingly been abcribed for antibody discoveriBeck et al. 2010)Our strategy
involved the generation and selection of functional antrasive MAbs directed against

the Mia PaC& clone 3 cell line, with the overall objective of identifying cell surface
protein targets with a direct e 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 anthotility coupled with an ability to survive in
anchorageindependent conditiongWalsh et al. 2009)Furthermore, by immunising

with cancer cells expressing functionally important antigens in their native cell surfac
configuration, it was more likely that we would isolate highly tumselective
antibodies. Following fusion, hybridomas were screened based on their ability to inhibit
invasion in their target cell line, Mia Pa€&lone 3. In parallel, hybridoma supatants

were also screened by immunofluorescence staining on unfixed Mia-Paldae 3 cells.

Cell surface receptors are key targets for antibbdged therapeutics and account for
over two thirds of current drug targets. The selected antibody 7B7 waseohtm

further study, based on its ability to significantly impede invasion in Mia Rasliane 3

213



cells and its strong membrane immunoreactivity in Mia PaGaone 3 cells with
reduced staining in poorly invasive clone 8 cells. DLKP SQ Mitox6p celig;rasistant
clone also exhibited strong 7B7 immunoreactivity compared with its -deugitive
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 raggeessive

phenotype, i.e. highly invasive and/or chesasistant.

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 anttinvasive effects, however, were not as strong as that observed in Mia-PaCa
clone 3 The observed variation in thextent 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 PaGa clone 3 PDAC cells. As the most striking-iamtisive effects
were observed in pancreatic and lung cell lines, we then demonstrated that MAb 7B7
can significantly reduce invasion in a dospendent manner in both Mia PaQaclone3

and DLKM® 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 PaC& clone 3 cells to ECM protein, fibronectin, and in adhesion of DldeRd/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 igntifying a functional MAb with invasidplocking activity, our study also
aimed to reveal its target antigen. Nuignals could be detected whenestern blotting

was performed with antibody 7B7, suggesting that 7B7 is recognising a conformational
and not alinear epitope. The aninvasive 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 immunoprecipitatioorosslined method, mass spectrometry analysis using LC
MSMS identified the immunoprecipitated 70 and 80 kDa bands as theddp&hdent
DNA helicase 2 subunit 1 (Ku70) and the 80 kDad&pendent DNA H&ase 2 subunit

2 (Ku80)rable6-1. The antibody immunoprecipitates were validated with commercial
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antibodies directed against the Ku70 and Ku80 subunits, confirming the proteomic
identifications(seesupplementary data
https://link.springer.com/article/10.1007%2Fs132014-1857-5). 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 dis€asteja et al.
1994) It is normally dund in the nucleus where it plays a key role in #m@mologous

end joining (NHEJ), a major pathway in DSB repairs in hufiartier et al. 2005)
Ku70/Ku80 is a key mediator in NHEJ and has been implicated iadiosensitivity of a
number of cancer types including the bladder, lung, breast, glioma, prostate, head and
neck and cervi¢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, Soderlund Leifler et al. 2010,
Cosacanu 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 cell¢Groselj et al. 2013, Bouchaert et al. 2012, Ma et al. 2012, Hassan et al.
2011, Petera et al. 2011)

Functional antibodyplocking experiments with MAb 7B7 directed against Ku70/Ku80
had demonstragd that incubation of Mia PaGaclone 3 and DLKW 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 andKu80 could substantially reduce the invasive capacity of PDAC (Mia2PaCa
clone 3) and lung squamous cancer cells (EMKPThese RNA interferengaediated
knockdown results further strengthen our antibofilocking results, indicating the
functional involement 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 myelofihlller et al. 2005)

Ku80 has been found to associate with latent and active MM the cell surface of
highly invasive haemapoietic cellslonferran et al. 2004) MAb 7B7 showed strong
membrane reactivityon invasive Mia Pacaclone 3 cells and on drugsistant Mitox6p

cells. Together with the anihvasive effects of MAb 7B7, these results strongly suggest
that our antibody shows specificity for membraassociated Ku70/Ku80. A number of

antibodies havebeen developed against Ku70/Ku80; only one of these, the JNCA
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antibody, has been demonstrated to show membraassociatedKu70/Ku80 expression

in human cancer tissue, gliom@&ersson et al. 2010)This group alsa@emonstrated,
using their antibody, that Ku70/Ku80 is internalised into pancreatic carcinoma cells,
suggesting that it has potential therapeutic val(feransson and Borrebaeck 2006p

our best knowledge, the imlvement 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 mR#ated

breast cancer invasiocancerLagadec et al. 2010)

To investigate how 7B7 may be exerting its amfiasive effects, we then determined if
antibody 7B7 could alter MMP activity. Treatment of DIMKells with antibody 7B7
resulted n a reduction in both MMR and MMPR10 activities. Ku70/Ku80 has been
shown to interact withMMP-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 antiinvasive 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
adenoa@rcinoma, breast and gastric cancéfdshareeda et al. 2013, Li et al. 2013, Ma et

al. 2012) Conversely, it has been suggested that deficient expression or lack of
Ku70/KiB0 may result in genomic instability leading to tumourogenéBerenczi et al.
2010) Earlier phases of melanoma progression are associated with loss of expression of
Ku70/Ku80, and the binding activity of Ku70/Kw@8s reported to be strongly reduced

at the advanced tumour stage in breast and bladder tumo(Rscci et al. 2009,
Korabiowska et al. 2002)There are limited investigations focused oOINAD repair
proteins in pancreatic cancer. Ku70 has been implicated in the radiosensitivity of
pancreatic carcinoma cells, has been shown to blocknBadiated apoptosis and has
been shown to be a secondary target for MDM2 inhibigdzmi 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 ascent#i 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 uponrrtalin 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/R/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 immunoreadiivthan 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 foflow

will clarify the role ofKu70/Ku80 in PDAC pregsion.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 prelminary IHC results presented here, however, demonstrate, for the first time,
that Ku70/Ku80 is widelgxpressed in PDAC. Taken together with invasion blocking and
siRNAmediated knockdown experiments, our study provides further evidence that
targeting Ku7fKu80 with antibodies has therapeutic potential in pancreatic cancer. Our
observed antinvasive effects in other cancer cells, while not as striking as MiaPaCa
clone 3 and DLKM, suggest that Ku70/Ku80 may be involved in the invasion of other
aggressie cancer types; further, RNAediated 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 representingeatjzd
therapeutic target through characterisation of an aimvasive MAb generated using a
functional hybridoma screening approach. Selection of MAbs based on their ability to
inhibit cancer invasion and immunoprecipitativased proteomic identificatio 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 prdefined target discovery approaches by assigning cancer

invasiveassociated functions to known targets.
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Abstract

Phosphorylation is one of the most important petsanslational 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 alargescaledifferential phosphoproteomic analysis of mobinant 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, thelecular mechanisms of temperature shift in
CHO cells remain poorly understood. We have identified 700 differentially expressed
phosphopeptides using quantitative lakiebe LGMS/MS phosphoproteomic analysis in
conjunction with IMAC and Ti@hosphopeptile 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, talivision), 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, waconfirmed by Western blotting. This data suggests the importance of including the
posti NI yatflGdAz2yFf f1F&@SN) 2F NB3IdzA A2y > &dzOK
study also has the potential to identify phosphoprotein targets that couldnoelified using

cell line engineering approaches to improve the efficiency of recombinant protein production.

Key Words: Chinese hamster ovary, phosphoproteomics,-spiteific phosphorylation,

biopharmaceuticals, temperature shift, recombinant protein guation.
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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 na#y their track record in industry, and their
safety record(Walsh 2014, Wurm 2004As aresult, there is significant scientific and
commercial interest in research that could improve the produgtiaf 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 iwetliping higkproducing CHO cell culture
processes using approaches such as optimisation of media formulation, improvements in
expression vector design, and also improvements in the design of bioregktacker, De
Jesus and Wurm 2009 he 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 produdfFischer, Handrick and Otte 20153

order to enhance the production capabilities and efficiency of the host cell line, an

increased understanding of cellular phyeigy 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 othédBommeregger et al. 2016,

Orellana et al. 2015, Meleady et al. 2011, Doolan et al. 2010, Carlage et al. 2009, Meleady

et al. 2008a)However, thevastm22 NA & 2F W2YAO ol aSR &aGdz2RAS
(CHO) cells to date has missed out on the fi@stslational 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 {@stslational

modifications (PTMs) such as phosphorylation, making proteomics the only way to study

these on a global sca(@&ngel et al. 2012)

Reversible protein phosphorylation occurring on serine, threonine, and tyrosine residues is

one of the most important and most studied pesanslational modifications, and plays a
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crucial role in the regulation of many &dar 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 bioprocesselevant phenotypes. PTMs determine protein function by altering
activity, cellular location, turnover, and interaction with other proteif@houdhary and
Mann 2010) Protein modifications & 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 anonacid 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(Geitierrez and

Lewis 2015)One of the earliest profiling studies in CHO cells found alterations in the levels

of tyrosine phosphorylatiolmn an 80 kDa and 180 kDa protein following temperature shift
FNRBY oT1e/ G2 ome/ T GKAA LINPOARSR GKS TANRIU
posttranslational level to changes in culture temperatuiiadmann et al. 1999)The
reduction of culture temperature during the exponential phase of growth is commonly
employed by biopharma to increase product yi¢RBkcerra et al. 2012)There has been

some work lookingat protein translation and phosgmrylation events following reduction

in temperature. A decrease in global protein synthesis has been attributed to the
LIK2ALIK2NRBEFGA2Yy 27F {@®=&erhil yet al. A2D06)Marg recentlyO (i 2 NJ
exposue of CHEK1 cells to mild hypothermia was found to activate the ATR (ataxia
telangiectasia mutatedand Raddelated kinase)x;p53 ¢ p21 signaling pathway, where it

was found that p53 is phosphorylated at Serl5 through ATR activation; at the same time
ATR ativates p38 MAPK, resulting in the phosphorylation of p53 at Ser33 and Ser46, that
subsequently enhances Serl5 phosphorylation. P53 subsequently activates transcription of

the downstream target p21, which leads to cell cycle ar(Bsiobol et al. 2011)

In recent years higkthroughput and quantitative phosphoproteomics based on mass
spectrometry has emerged as a powerful tool to study signal transduction pathways and

cellular responsegMacek, Mann and Olsen 2009, Jensen et al. 2006, Cohen. 204)
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complexity and importance of the cellular processes that rely upon phosphorylation for

such signaling events becomes apparent when it is rehlisat approximately 30% of all
eukaryotic proteins can become phosphorylat@lsen et al. 2010, Cohen 2001Hough

some of these phosphorylation events may be physiologically irrelevant and atdyen

required for cell signalingPephoure et al. 2013)

Ly KAMEOMMINRIBFQ adGdzRe ¢S KI @S OF NNASR- 2dzi |
{9t OStta adzweSOGSR (2 | OdzA §dzNE GSYLISNI Gd
enrichment of protein digests in combination with quantitative lafree LGMS/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 chromphygra
(MOAC) using Ti@r ZrQ are widely used in phosphoproteomic studi@sgel et al. 2012)

and are often used in parallel to increase phosphoproteome covefaga Stechow,
Francavilla and Olsen 2015}heir 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 laborafoBight shake flasks of CHO SEAP cells

seeded at 2x10cells/mL were set up in a 50 mL voluroentaining CHESFMII (Thermo

Fisher Scientific) sertdiNBES YSRALF Ay | o (0 OKin Okidinérd2hd® | G o
Shaker ISFX orbital shaker (Kuhner) at 170 rpm. After 48 hours, four flasks were selected for
temperatureshift and were placedih  ome/ 2NDBAGEFE aKF1SNI F2NJ (KS
LISNA2R ¢gKAfS GKS NBYIFAYAYy3 n Ftrala 6SNB YIAyYy
CHO SEAP cells were harvested from both temperathifted and nortemperature-shifted

cultures. 36 hows was selected because this is more than sufficient time for consistent

phosphorylation events in direct response to culture temperature reduction to take place and
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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 ViacotigMillipore) while SEAP activity was
measured using the phosphatase assay as described prev{Bashpn et al. 2011, Lipscomb et

al. 2005) SEAP was reported in terms of activity (unit/min/mL) rather tpastein quantity.
Normalised activity referred to the measured activity divided by the cell number per unit
volume. All cell lines were free dflycodasma contamination, as tested monthly with the

indirect Hoechst staining method.

7.2.2 Cell Lysate Sample Premtion

Cells were pelleted by centrifugation, washed with 50 mM ice cold HEPES and then snap frozen

and stored at-y nes/ dzyGAf NBIljdZANBR® /Sftfa gSNB feasSRr
Thiourea, 4% CHAPS, 30 mM Tris, pH 8.5, 1x HALT protease rsh{bltermo 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
YAydziSa +4G nel/ 'y R GKS 3Zadeeds Nigfdcentrifgé tulielad G NI y 2
assayed for protein concentration using the Quick StsBradford Protein Assay (BioRad). The

protein sample was stored in aliquots-gtn ¢ / @

7.2.3 In-Solution Protein Digestion and Phosphopeptide Enrichment

Protein from the ell lysates was cleaned up using the ReadyPrep 2D Cleanup Kit (BioRad)
FOO2NRAY3A (G2 YIydzFl OGdzZNENDa AyadNHzOGAZ2yad ¢KS
buffer containing 6 M Urea, 2 M Thiourea, 30 mM Tris, pH 8.5 and assayed for protein
concentation using the QuickStdM 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 ditsitothr

G2 I FTAYyLf O2yOSyidN}XGA2y 2F p Ya F2N Hn YAydz

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 adrr@t using
Endoproteinase Lys 6t N2YS3AF 0 4G | NIXGA2 2F mnnYmI LINER
followed by trypsin digestion (sequence grade, Promega) at a ratio of 50:1 protein/enzyme w/v

Fd oTe/ 2OSNYAIKID® ¢ NR T afifaNd@ricedtBatioh 6 0.5%d dacho ¢ C! 0
alYLXS (G2 AylFOGA@IGS (GKS GNRLAAYS® t SLIWARS 02
Quantitative Fluorometric Peptide Assay (Thermo Fisher Scientific). 20 ug of digested peptide

were retained from each sample asmenriched whole cell lysate samples and were purified

GAGK [/ My &LAY O2fdzyryda ot ASNOSTI ¢KSNXY2 CAAKSNI
Eluted peptides were gently dried with a vacuum evaporator (SpeedVac). The remaining
peptides for phosphopatide enrichment were then purified with graphite spin columns

0t ASNOS>E ¢KSN¥Y2 CAAKSNI {OASYGAFAOO & LISNI YIY
gently dried with avacuum evaporator (SpeedVadp ensure reproducibility of the graphite

spin ®lumns 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 columrupleddried

peptides were resuspended in the relevant resuspension buffer depending on the

ph2 3 LIK2 LISLIGARS SyYNAROKYSYy (G dzaSR I,3phodpopeptitel vy dzF I O
enrichment and FNTA (IMAC) spin column kits were used in the analysis (both from Pierce,
Thermo Fisher Scientific). Eluted phosphopeptides from both techniques were agaip

individually cleaned up with graphite spin columns and gently dried with a SpeedVac.

7.2.4 LCMS/MS analysis

20 pg of dried phosphopeptide and n@mosphopeptide enriched samples weregelubilised

in 25 pL of LIS grade water with 0.1% TFA and 2% éwmiétile (ACN). Nano k®IS/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;
¢KSNY2 CAAaKSNI { OA Sy Gdafing Tubiry OD/KD BEORGNN Tig, A0 Ymii | y R |

Length 5cm (New Objective) were used as emitter tips for nano electrospray.

A 5 pL injection of sample was picked up using the autosampler and loaded onto a C18 trap
O2ftdzyy o/ my t SLlal LI o rice size 100 A poi size; Thewf®d Figher> Y  LJ
{OASYGATAOUD® ¢KS &l YLXS é6la RSalrfiSR F2NJ o YA
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containing 2% ACN. The trap column was then switched online with the analytical column

0t SLlal Ll /MmyZ Tp o Y>YLS5LIPNIMADE SYYSY R wmnn ) LR NE
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¢B9% solvent B in 240

minutes and 2§50% solventB 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 softvare, version 2.0.7 (Thermo Fisher Scientific).

The LTQ Orbitrap XL was operated in ed#pendent and externally calibrated. Survey MS
scans were acquired in the Orbitrap in the 40800 m/z range with the resolution set to a
value of 30,000 at m/z 40Qp 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 @@ 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 Labelfree LEMS/MS Data Analysis

The raw MS da files obtained were processed using Progenesis QI for Proteomics software
(version 2.0; Nothinear Dynamics, a Waters company, Newcastle upon Tyne, UK). Peptide LC
retention times from all MS data files were aligned to an assigned reference run (aleaw f
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 parametef®) peptide features with
lbh+! X nonp 6850688y SELSNAYSy(dlf 3ANRdzZLIAS OHOD
and greater than one isotope per peptide. For the phosphoproteomic analysis a mascot generic
file (mgf) was then generated from all expadtd1S/MS spectra which was used for peptide
and protein identification via Proteome Discoverer 2.1 using Sequest HT (Thesher Fi
Scientific) and PercolatdKall et al. 2007Apllowed by phosphBS3.1 (Taus et al. 20119gainst

the NCBI Cricetulus griseusdatabase CRIGR containing 44,065 sequences (fasta file
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downloaded November 2015). The following search parameters were used for protein
identification: (1) peptide mass tolerance get20 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 kable modifications. Only high confident peptide identifications

GAGK 'y C5w X ndnm OARSYGAFASR dzaAiy3a | {9v]! 9{
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
phosphdrSin Proteome Discoverer 2.1 after applying a site probability cut off score of 75% or
greater for S, T or Y amino aci@dpert, Hudecz and Mechtler 2015, Roitinger et al. 2015)

Once successful phosphopeptide identifications were imported into Progenesis, statistical
criteria of ANOVA alue less than 0.05 and a minimum faldange of relative pepde

I 6dzy R yO0S 06Si6SSy (KS i a15fold kasISeNIPhoSpifopdptides 3 NB dzLJ
which passed these criteria were then deemed to be differentially expressed phosphopeptides
between the two experimental groups. Data visualisation was achieved uslicenoe plots and

heatmaps which were generated using ggplot package in R to show (1) the distribution of all
identified phosphopeptides based on statistics and {dénge and (2) the relative expression

levels of the differentially expressed phosphopeptdacross all of the samples, respectively.

For the norenriched whole cell lysatsamplesa statistical criteria of ANOVAvalue less than

nonps  YAYAYdzy 2F (62 LISLI ARSdichavge in Gela®® G2 |
abundance between the two experimental conditions was used as the criteria for identification

as a differentially expressed protein.

7.2.6 Gene Ontology (GPAnalysis

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 tbnesthe

number of pathways identified, an adjusted®l f dzS o6 . Sy 2 YAYA |1 2 O0Ko SNHO

231



7.2.7 Western Blot Analysis

Samples for western blot analysis were prepared in 2X Laemmli sample buffer-(Siyinh),
heated at 95 °C for 5 min and then ¢ed on ice. Protein samples were then loaded onto 4
12% NuPAGE Bisis gels (Invitrogelf, Life Technologies). Electrophoretic transfer, blocking
and development of Western blots were carried out as described previghieady et al.
2008hb) The following primary antibodies were used; polyclonal rabbit-AftF2 (dilution
1:1000, v/v; Abcam, Cambridge, UK); polyclonal rabbit-gmispho ATF2 (Thr69/Thr51)
(dilution 1:1000, v/v; Abcam); polyclonal rabbit aNDRGXdilution 1:1000, v/v; Cell Signalling
Technology, Danvers, MA, USA); polyclonal rabbit-mmispho NDRG1 (Ser330) (dilution
1:1000, vl/v; Cell Signalling Technology); monoclonal mouseG&RIDH (clone 6C5, dilution
1:10.000, v/v; Abcam); polyclonal goahti-i -actin (dilution 1:1000, v/v, Abcam). Bound
antibodies were detected using horseradish peroxidase conjugated secondary antibodies (anti
mouse, dilution 1:2000, v/v; antabbit, dilution 1:2000 v/v; amgoat, 1:2000, v/v (all from
Dako, Glostrup, Demark)). Bands were quantified by densitometry using Image Quant
software version 5.0 (Amersham Biosciences). Statistical analysis was performed using

Students #test.

7.3 Results

7.3.1 Differential Phosphoproteomic Analysis of CKHSEAP Cells Following
Temperatue Shift

Eight biological replicates of CHBEAP 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 replicateires 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 resperte culture temperature reduction to take
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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 shifaa/ also still within the exponential phase of growth
for this cell line. This timpoint 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 cuture, e.g., reduced growth rate due to cells entering stationary ph&sgure 7-1
displays the growth and productivity data for CIBAP cells showing the reduced growth of
the cells after 36 hours posemperatue 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 TiGand FeNTA spin columns and then prepared for-M&/MS

analysis; sedigure7-2 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 Pragesis QI for proteomics lab#lee LEMS 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 foldchange at-off of +/- 1.5fold, and a pvalue > 0.05 between the two culture

sample sets. The phosphorylation site in the peptide was localised through phosphoRS 3.1 in

t N2PGS2YS 5A8020SNBENI Hodm FFAOSNI FLILX @Ay3 | &aadas

Unsupervised Pearson clustering of theatiéntially 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 (seEigure7-3). From this analysis we identified 384 differentially
expressed phosphopeptides (182 up and 202 down &EBfrom the Ti@enriched samples,

and 504 differentially expressed phosphopeptides from théNFéenriched samples (184 up

and 320 down at 31°C). These phosphopeptides corresponded to 319 differentially expressed
proteins from the Ti@samples (150 up and 169 down at 31°C) and 402 differentially expressed
proteins from the FENTA enriched samples (14p and 259 down at 31°C), due to in some
cases more than one differentially expressed phosphopeptides werdified from the same
protein. See supplementary tabl&l and &
(https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#no@®dor the full lists of
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differentially expressed phosphopeptides from the Ja@d FeNTA enriched samples). The

total number of phosphopeptides identified wagtg6 from the TiO2 enriched samples and

3,351 from the FENTA enriched samples. From these total numbers osphopeptides

identified, 15.6% from the Tig@nrichment and 15% from the I¢TA 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 difémtially expressed

phosphopeptides based omlue on foldchange between the two experimental conditions
(seeFigure7-4). Only those phosphopeptides which pass the required criteria of a minimum
fold-change oflL.5andapdl f dzS 2F Xndnp O0A PSP (KS LISLIIARSaA
of the threshold lines) were deemed differentially expressed between the two culture

conditions.

From the results a number of differentially expressed phosphopeptides feemred 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 anBIEC

7-1 and 72 show the overlap of common phosphopeptides between th tenrichment
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
methodsg 46 from phosphopeptides with decreased expression anft@d 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 enrichmentthoels include
Eukaryotic translation initiation factor 4 gamma 1 (EIF4G), Cyclied&l¢hdent transcription
factor ATR2 (ATF2) and Microtubulassociated protein 1B (MAP1B) all glinng decreased
expression at 31T compared to 37°C (sdable 71). Proten NDRG1 (NDRG1), Ras and Rab
interactor 2 (RIN2) and Serine/threonipeotein kinase 10 (STK10) all show increased
expression at 31°C compared to 37°C ($able 72). Phosphopeptides relating to ATF2 and
NDRGL1 are highlighted in the Volcano plots as shmwrigure7-4 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 toidéasified in
human, rat or mouse and shown Tables’-1 and 72 (as determined using PhosphoSiteFus

and Uniprot). The remaining unmatched sites of phosphorylation are potentially novel CHO
specific phosphosites
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7.3.2 Overlap of phosphoproteomic analysisithh non-enriched whole cell lysate
proteomic analysis of CHSEAP cells following temperature shift.
Quantitative labeffree LGMS/MS proteomic analysis of the nqmosphopeptide enriched
whole cell lysate samples resulted in the differential expressidr8fproteins with 96
showing increased expression and 53 with decreased expression following a temperature
reduction to 32C (see spplementary Tables-Sand $6
https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#not®s Overlapping the
differential protein expression list from the nemriched analysis with the phosphopeptide
enrichment lists (from both Tiand FeNTA enrichment) yielded 6 proteimwith peptides in
common (Seaupplementary Table-8
https://pubs.acs.org/doi/10.1021/acs.jproteom@&b00868#note<?). It should be noted that
site-specific phosphorylation was not detected on these common peptides in theendohed
whole cell lysate proteomic analysis. A further 16 proteins overlapped the phosphopeptide
enrichment protein list that dl not sharea common peptide (sesupplementary Table-S
https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#notBs

One of the differentially expressed proteins found to share common peptides between the
non-enriched and phosphopeptidenriched samles was vimentin. From the namriched

whole cell lysate analysis 26 peptides were matched to vimentin that contributed to its
differential expession and identification (se@gplementary Table-3
(https://pubs.acs.org/doi/10.1021/acs.jproteome.6b008&80tes2). Four of the differentially
expressed phosphopeptides were in commwith these 26 peptides (seegplementary Table
S8 https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#noi@s Interestingly one of

the differentially expressed phosphopiigtes 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 ngumosphorylated version of the peptide identified from the
non-enriched whole cellysate analysis. The overall increase in vimentin expression following
temperature shift from the whole cell lysate gemmic study was 17 fold (seeplementary
Table S5 https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#not®s Vimentin is a
major intermediate filament protein and phosphorylation is known to regulate its activity

(Snider and Omary 2014d&xpression of vimentin has previously been shown to be increased
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following temperature shift by our grquand othes (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 theirpbsphorylated 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 fnocomplex mixtures that have high backgrounds of
non-phosphorylated proteingRiley and Coon 2016ayvhich may explain the relatively low
overlap between the nomnriched whole cell lysate proteomic and the phosphdpomnic

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 renriched whole cell lysate

proteomic analysis.

7.3.3 Western Blot Analysis Confirms Differential Phosphorytat of NDRG1 and
ATF2 Following Temperature Shift

Western blotting was carried out to validate the results found by quantitative {abel
phosphoproteomic analysis. Similar approaches have been previously used to determine
differential phosphopeptide expssion using quantitative labéilee phosphoproteomic
approaches followed by altered phosphorylation confirmation by methods such as western
blotting (Zhang et al. 2016)his would suggest if there were altered phosphation levels as
a result of temperature shift rather than just an increase or decrease in levels of the

phosphoprotein itsel{Chen et al. 2012)

Primary phosphespecific antibody selection against a target proteis 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-§pg€fic antibodies are available

commercially. The second requirement was that the asdippwas 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 validatiorggainst phosphorylated and tdtAiIDRG1 and ATF2 proteins. See

supplementary Figures-$and &
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(https://pubs.acs.org/doi/10.1021/acs.jproteome.6b00868#no@dor sequence alignment
for human NDRG1 and ATF2 and the GHéxific forms of NDRG1 and ATF&wdz from the
CHO protein sequence databadéeleady et al. 2012)The phosphorylation sites highlighted
are specifically detected by the phosphpecific antibodies chosen to validate the proteomic

study.

Following quantitative labefree LGMS/MS analysis of TiOphosphopeptide enriched
temperatureshifted CHO SEAP whole cell lysates, the monophosphorylated phosphopeptide

¢! {D{{+¢{[9Dtw FTNRBY b5wDm gl a F2dzyR (2 068 KI ¢
i 2 Corable 71) and detected using both enrichment strategies (deigure 7-5A) for
Progenesis labdtee LEMS/MS software analysis output showing increased expression of this
phosphopeptide at 3XC). Western blotalidation of the phosphorylated form of NDRGL1 clearly
aK2ga Ly AYONBlIasS Ay (KS LK2aLK2ZNEf Il &GguR T2NY
7-5B and C). Although total NDRG1 was detected in the contrdirefhuman breast cancer

cells, SKBR3) it was not detected in the CHO sanffitpg€7-5B); this is possibly as a result of

the antibody for total NDRGL1 not being able to detect the CHO form of the proteirabthé

levels of NDRG1 are undetectable in these GHBP cells. It should be noted that a search of

the RAW MS files from HES/MS analysis of CHO whole cell lysate failed to identify the
NDRGL1 protein in the neenriched samples (not shown); this indieatthat NDRGL1 is likely to

be a low abundance protein in CFBEAP 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 NDSVIVADQTPTRTR fr&¢ CH | i owme /
shown using both enrichment methods; the Progenesis output from the fabel LEGMS

proteomic data is shown ifrigure 7-6A. Figure 7-6B shows a westerlot confirming the

downNB Idzf F GA2Y 2F (GKS LIK2aLK2LISLIWIARS bs5{+L*!5v
There was no change to the expression of total ATF2 detected in the cell lysates by western

blot analysis which suggests decreased phosphorylation Tdi2Afollowing a reduction in

culture temperature, as shown by densitometry analysis of the western blot &&yarg7-6C).

Because of lack of commercially available phosgecific antibodies derived from CHOlsel
against the CH@pecific sites of phosphorylation identified in this study, future work would
use targeted phosphoproteomic approaches such as Selection Reaction Monitoring (SRM)
(Narumi et al. 2012pr Parallel Reztion Monitoring (PRMYAbelin et al. 2016jo 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) Ahssis

Two individual differentially expressed lists were submitted to DAVID for gene ontology
analysis. Onedt was from proteins with phosphopeptides which showed increased expression

G owme/ TNRY 020K SYNAOKYSyd &aidNrGS3IASa | yR
AYONBI4SR SELINBaaAzy 2F LIK2aLK2LISLIGARSE i o
biological pocesses which were found to be owepresented in the yNBS 3dzf | G SR G o
differentially expressed list (Table3) included ribosomal biogenesis and RNA processing while
molecular functions which were oveepresented included RNA binding and transdoipt

factor regulation. GO biological processes enegresented in the dowiNBS 3 dz | G SR |G owm
(Table7-4) included many linked to growth including chromosome organization, mitosis, cell

cycle, kinase activity and signal transduction while molecularctfons associated with
transcription factor activity, cytoskeleton binding and serine/threonine kinase activity were

over-represented.
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Figure7-1. Growth and productivity of CHESEAP cells at 8Z and 31C 36 hours post temperature shif(A)

Viable cell numbers/mL measured using a Guava Viacount ag&)Becreted 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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CHO-SEAP Whole Cell Lysate
37°C v 31°C cultures

|

Protein Digest

/ N\

Phosphopeptide Phosphopeptide
Enrichment Enrichment
(TiOy) (IMAC - Iron)
Quantitative label Quantitative label
free LC-MS/MS free LC-MS/MS
Figure 2

Figure7-2. Outline of experimental workflow for differential phosphoproteomic analysis using the two
phosphopeptide enrthment strategies.
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Differential Analysis Fe Enrichment- Pearson clustering
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Figure 3

Figure7-3. Unsupervised Pearson clustering shows that the expression of the differentially expressed
phosphopeptides identified from the experimental samples separate into two distiseimple groups from the
37°C (37A37D) and 3iC (31A31D) cultures grown in biological quadruplicatgd) FeNTA (IMAC) enriched
phosphopeptides andB) TiO; enriched phosphopeptides.
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Figure7-4. Volcano pbt representations of phosphopeptide abundance differences caused by temperature shift

in CHGSEAP cells. Volcano plots of all identified phosphopeptides showing their distribution according to Anova
p-value £log10 Rvalue) and fold change (log2 folcharge) between the 37C and 31C samples fronfA) FeNTA
(IMAC) andB)TiO, 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 relativéfol OK I y 384 x mdp &
Phosphopeptides relating to NDRG1 (blue) and ATF2 (red) are highlighted.
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Figure7-5. (A)Progenesis QI for Proteomics software output showing increased expression of the

phosphopeptide TEGSSVTSLEGPR at@from NDRG1. The vertical axis represents normalised abundance

volumes (log). (B)Western blot confirming increased expression of phospN®RG1 in 3 replicate CHEEAP

samples at 3iC. Total NDRG1 was not detected in all GEBAP sample§SAPDH was used as a loading control. C

¢ human breast cancer cell lysate from SKBR3 cell [{@PhospheNDRG1 protein expression levels at’8lwas

densitometrically quantified relative to its expression at 3¢ and confirms increased phosphorylatiaf NDRG1

at 31°C. The data represents the three replicates for each sample 4€3and 31C and are expressed as mean

g tdzSa 5 aldl yRINR RSQAlLGAZY D OFFF I LXnodnnmood 0b2 RSy:
of signal on the immunolot).

243



Replicate 1 2 3

31 37 31 37 31 37 c
Temperature
(A) (B)
31°C 37°C Phospho-ATF2 — — “g— -
s T
¢ 3
1 »e
3
¥ s Bacin g . - - - -
; :
§
)
3 e
LCE IR S ——
e T
g $
U
§ * B-actin "
% bl A —
*
z *
3 LI
3 :
(€)
14 14
_x.zi & 12 .
NS b | 3
%31 fr
i g2
§§“5 Ei“
gﬁu} g 3%
;W 1 D—§
ESoul §ioe
35™1
xcui g 02
i
° Phospho ATF2 37°C Phospho ATF2 31°C ° Total ATF237°C  Total ATF231°C
Figure 6

Figure7-6. (A)Progenesis QI for Proteomics software output showing a reduction in expression of the
phosphopeptide NDSVIVADRTPTR at 3C from ATF2. The vertical axis represents normalised ataumoe

volumes (log). (B)Western blot confirming reduced expression of phosplAd’F2 in 3 replicate CHSEAP samples
at31% ® ¢2GLf 1 ¢CH &aK26SR y2 OKLI y 3 Sacthyas 8sed asBlaadingzoftrol. G
Cc¢ human breast cancer cell lysate from SKBR3 cell [[@PhospheATF2 (left panel) and total ATF2 (right panel)
protein expression levels at $Cwere densitometrically quantified relative to their expression at 3Z, and
confirms decreased phosphorylation of ATF2 af@1 The data represents the three replicates for each sample at
37°C and 3iC and are expressed as mean values * standard devidtion 6 f f I LIXKn dnamo &
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Titanium Enrichment

FeNTA (IMAC) Enrichment

Accession Description Sequence PhosphoRS: Best Sit Fold PhosphoRS: Best Sit Fold
Probabilities change | Probabilities change
625200413 | 60S ribosomal export protein NMD3 | DSTVPVESDTDDEGAPR | S8(Phospho): 100; 2.01 T10(Phospho): 99.39 | 2.41
isoform X T10(Phospho): 100
625265154 | alpha2-macroglobulin receptor DTQMVHSNSLNEDTQDEL S9(Phospho): 100 1.65 S9(Phospho): 98.18 | 2.61
associated protein isoform X3 PR
354503849 | ANZLtype zinc finger protein 5 MSPMGTASGSNSPTSDS/ S2(Phospho): 99.14 | 2.45 S2(Phospho): 100 2.49
QR
625191482 | ashwin isoform X1 KSPSGPVKSPPLSPVGTTE S9(Phospho): 99.7; 3.07 S9(Phospho): 100 2.02
T17(Phospho): 78.36
625212872 | ATrich interactive domaircontaining | TLLDPGRFSK S9(Phospho): 100 2.60 S9(Phospho): 100 2.09
protein 1A isoform X1
625240398 | autophagyrelated protein 161 SVSSIPVPQDNVDTHPAS( S1(Phospho): 97 2.29 S1(Phospho): 97.95 | 2.73
isoform X1
625187501 | bcl2-associated transcription factor1| AEGEQEESPLKSK S9(Phospho): 100 5.09 S9(Phospho): 99.99 | 2.29
like
625273094 | brain-specific angiogenesis inhibitor I NSYATTENKTLPR T10(Phospho): 100 4.05 T10(Phospho): 100 3.48
associated protein 2 isoform X2
625240603 | CCAAT/enhancérinding protein zeta | NEDEDSIEVDDKEFEK S6(Phospho): 100 2.11 S6(Phospho): 100 1.77
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625192987 | DNA ligase 1 isoform X1 KAAQVLSSEGEEEDEAPS| S7(Phospho): 100; 1.52 S7(Phospho): 100; 1.81
S8(Phospho): 100 S8(Phospho): 100;
T19(Phospho): 91.26
625192987 | DNA ligase 1 isoform X1 AAQVLISGEEEDEAPSTPK S6(Phospho): 100; 1.58 S6(Phospho): 100; 1.75
S7(Phospho): 100 S7(Phospho): 100
354494097 | DNA replication licensing factor MCM KKPSEDESDLEDEEEKSQ| S4(Phospho): 100; 2.13 S4(Phospho): 100; 1.85
isoform X1 QK S8(Phospho): 100 S8(Phospho): 100
625181241 | ELkassociated factor 1 TSPLKDNPSPEPQLDDIKR T1(Phospho): 92.16; | 1.51 S9(Phospho): 100 1.94
S9(Phospho): 100
625279516 | eukaryotic translation initiation factor | AAQPEEETATSPAVSPPP( S11(Phospho): 99.5; | 1.78 S11(Phospho): 97.67; | 1.60
3 subunit B isoform X2 ER S15(Phospho)l00 S15(Phospho): 99.98
625200598 | eukaryotic translation initiation factor | VEIFSGSEDDDDSNKLSK | S5(Phospho): 100; 3.13 S7(Phospho): 99.94 | 2.13
5B isoform X1 S7(Phospho): 100
346716294 | gap junction alphdl protein SDPYHATPLSPSK S12(Phospho): 92.5 1.92 S12(Phospho): 90.22 | 2.31
625205384 | GASZike protein 1 isoform X1 RYSGDSDSSASSAQSGPF Y2(Phospho): 91.95 | 11.32 | Y2(Phospho): 99.29 | 1.87
625207697 | high mobility group protein HMG KLEKEEEEGISQESSEEE( SH(Phospho): 100; 2.36 S14(Phospho): 100; 2.52
I/IHMG-Y isoform X3 S15(Phospho): 100 S15(Phospho): 100
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; | 2.00 S4(Phospho): 97.08; | 1.73

S6(Phospho6.85

S6(Phospho): 97.51
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625259556 | leucinerich repeat flightless SVNEGAEQSLER S1(Phospho): 100 2.34 S1(Phospho): 100 1.78
interacting protein 1 isoform X2
625234358 | MKI67 FHA domaiimteracting QPVSTVKEEGQNTPTPAR| T13(Phospho): 98.26 | 2.43 T13(Phospho): 99.27 | 2.04
nucleolar phosphoprotein
625213904 | neuroblast differentiatiorassociated | GGVTGSPEASISGSKGDL| S6(Phospho): 98.05; | 1.95 S6(Phospho): 97.98; | 27.27
protein AHNAK isoform X1 S10(Phospho): 96.21 S10(Phospho): 99.71;
S12(Phepho): 87.94
625234518 | neutral amino acid transporter B(0) | TKTPSSEPELIQVK S6(Phospho): 92.03 | 23.79 | T3(Phospho): 92.28; | 2.75
isoform X2 S6(Phospho): 99.25
625227303 | nuclear fragile X mental retardation | SLSSDEATNPISR S3(Pospho): 98.41 1.87 S3(Phospho): 99.09 | 1.79
interacting protein 2ike
625195520 | nuclear ubiquitous casein and cyelin | TSASSPLEKSGDEGSEDE| S10(Phospho): 100; | 4.87 S10(Phospho): 100; 2.63
dependent kinase substrate 1 isoforn] ED S15(Phospho): 100 S15(Phospho): 100
X1
625274316 | phosphoserine aminotransferase ASLYNAVTTEDVEK S2(Phospho): 99.95 | 137.00 | S2(Phospho): 99.12 | 4.35
isoform X2
625281518 | protein NDRGL1 isoform X2, partial SRTASGSSVTSLEGPR T3(Phospho): 99.31; | 24.87 | T3(Phospho): 92.96; | 12025
S5(Phospho): 99.93 S5(Phospho): 99.99
625281518 | protein NDRGL1 isoform X2, partial TASGSSVTSLEGPR S3(Phospho): 99.19 14.45 S3(Phospho): 99.23 11.50
625213093 | protein phosphatase 1 regulatory RSTQGVTLTDLQEAEK T3(Phospho): 93.79 21.72 T3(Phospho): 93.95 13.33

subunit 12A isoform X3
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62518491 | 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 | SPEPEPEPEPELGTAGHA| S1(Phospho): 85.21 | 2.23 S1(Phospho): 100 1.81
PPR

625183895 | ras and Rab interactor 2 isoforkil QASFLEAEGSAK S3(Phospho): 100 2.27 S3(Phospho): 100 2.95

625239472 | rho GTPasectivating protein 1 SSSPEPVTHLK S3(Phospho): 99.39 | 3.42 S3(Phospho): 92.19 | 2.79
isoform X1

354494802 | ribonucleosidediphosphate reductase| LSLADKEHWYPSLSGTR T9(Phospho): 98.21 6.99 T9(Phospho): 100 2.71
subunit M2 isoform X1

625272657 | serine/threonineprotein kinase 10 ANQSRPNSVALETLGGEK| S4(Phospho): 100; 2.47 S4(Phospho): 100; 3.45
isoform X2 S8(Phospho): 100 S8(Phospho): 100

354481628 | serine/threonineprotein kinaseDCLK1| SGKSPSPSPTSPGSLRK | S4(Phospho): 98.39; | 3.13 S4(Phospho): 75.21 3.42
isoform X2 S11(Phospho): 98.59

625282303 | serine/threonineprotein kinase SMG1 NLATSADTPPSTIPGTGK | T8(Phospho): 84.47 1.54 S5(Phospho): 78.86; | 2.19
isoform X3 T8(Phospho): 78.86

625181054 | serine/threonineprotein phosphatase | AHSDSPASEPEVSSLSPV} S3(Phospho): 82.67; | 2.33 S3(Phospho): 88.77; | 4.04
4 regulatory subunit 2 isoform X1 S16(Phospho): 97.67 S16(Phospho): 88.77

625240893 | small integral membrane protein 13 | ELVGDTGSQEGDHEP35] S16(Phospho): 99.41; | 2.09 S16(Phospho): 99.12; | 3.70

EDPSASPHR S18(Phospho): 98.07 S18(Phospho): 96.95

625285767 | supervillin isoform X7 EMEKSFDEHNVPK S5(Phospho): 100 2.10 S5(Phospho): 100 1.77

354477403 | thyroid hormone receptoiassociated | EFSPALKSPLQSVVVR S3(Phospho): 100; 2674.4 | S3(Phospho): 100; 3.03
protein 3 S8(Phospho): 99.94 | 2 S8(Phospho): 99.6
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354477403 | thyroid hormone receptofassociated | SPALKSPLQSVVVR S6(Phospho): 99.3 95.78 | S6(Phospho): 99.86 | 5.49
protein 3

625290034 | transcription intermedary factor SRSGEGEVSGLMR S3(Phospho): 99.48 | 1.75 S3(Phospho): 94.28 | 1.78
beta isoform X2

625265776 | uncharacterized protein TRTDGDSDAEDPGAPLEA S7(Phospho): 98.45 | 1.60 S7(Phospho): 99.91 | 1.84
LOC100772531 GR

625262091 | uncharacterized protein SRDATPPVSPINMEDQER| S9(Phospho): 100 5.31 T5(Phospho): 99.19; | 4.31
LOC10316432 S9(Phospho): 100

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 domaicontaining HTGMASIDSSAPETTSDSY S19(Phospho): 99.58 | 3.86 S19(Phospho): 90.04 | 2.51
protein 8 isoform X1 SR

625262958 | zinc transporter SLC39A7 isoform X2| EKPSSEEEEKETGVLR S4(Phospho): 100; 491 S4(kospho): 100; 2.75
S5(Phospho): 100 S5(Phospho): 100

Table7-1. Differentially expressed phosphopeptidesith increased expression at 3C compared to 37T that were identified in common between the two
enrichment methods. BosphoRS: Best Site Probabilities shows the amino acid that is phosphorylated and % probability score that this site is
phosphorylated.

249




Titanium Enrichment

FeNTA (IMAC) Enrichment

Accession Description Sequence PhosphoRS: Best | Fold change | PhosphoRS: Best Sif Fold
Site Probabilities Probabilities 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 | TLSDPSPLPHGPPNK S3(Phospho): 91.86 2.55 S3(Phospho): 98.68; | 2.68
repeat and PH domaioontaining S7(Phospho): 100 S7(Phospho): 100
protein 1 isoform X1
625188804 | ataxin2 isoform X1 TNSPSISPSVLSNSEHK S3(Phospho): 99.7;| 2.11 S3(Phospho): 99.72 | 3.02
S7(Phospho): 99.83
625257315 | Bloom syndrome protein isoform| DLDDSDKEKDILNTSK S5(Phospho): 100 | 2.49 S5(Phospho): 100 2.56
X3
625189773 | C2 domaircontaining protein 5 | SQSESSDEVTELDLSHGK | S3(Phospho): 90.52 4.29 S3(Phospho): 98.06 | 2.98
isoform X1
625289462 | calciumregulated heat stable DRSPSPLRGNVVPSPLPTR S3fPhospho): 100; | 1.98 S3(Phospho): 100; 1.99
protein 1 S5(Phospho): 100; S5(Phospho): 100
S14(Phospho):
99.91
625188785 | CAPGly domaircontaining linker | TASESISNLSEAGSVK S10(Phospho): 3.06 S5(Phospho): 95.19; | 1.90
protein 1 isoform X1 99.47; S14(Phosphop9.57
S14(Phospho): 100
625186195 | catalase isoform X1 SLQKPDVLTTGGGNPIGDK S1(Phospho): 100 | 3.15 S1(Phospho): 100 2.94
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625235353 | cdc42 effector protein 2 LHLESPQPSPK S5(Phospho): 100 | 2.53 S5(Phospho): 99.33 | 1.85
625246587 | cdc42interacting protein 4 VP®SSLGTPDCRPELR S3(Phospho): 97.34 4.98 S3(Phospho): 98.25 | 2.68
isoform X5
625240816 | GJunaminoterminal kinase SASQSSLDKLDQELK S3(Phospho): 83.77 1.56 S3(Phospho): 85.2 3.62
interacting protein 4 isoform X6
625188428 | cyclic AMRdependent NDSVIVADQTPTPTR T10(Phospho): 2.42 T10(Phospho): 99.96 | 7.85
transcription factor ATR isoform 99.99;
X1 T12(Phospho):
92.62
625210034 | cyclic AMRdependent TDSVIADQTPTPTR T10(Phospho): 10.66 T10(Phospho): 99.99;| 2.70
transcription factor ATH 98.85; T12(Phosphop2.12
T14(Phospho):
90.31
625227028 | DENN domaktontaining protein | VPSGLFDTNNR S3(Phospho): 100 | 3.05 S3(Phospho): 100 2.54
4C isoform X1
625258329 | DENN domabktontaining protein | RLSITSLTGK S3(Phospho): 98.31] 37.11 S3(Phospho): 87.65 | 2.86
5B isoform X2
625271453 | epidemal growth factor receptor| STPSHGSVSSLNSTGSLSH S4(Phospho): 88.79 18.91 S18(Phospho): 99.6 | 5.11
substrate 15like 1 isoform X7 S18(Phospho):
97.97
625226222 | eukaryotic elongation factor 2 KPESDEDSLGSYGR S4(Phospho): 100; | 1.80 S8(Phospho): 99.95 | 1.51

kinase isoform X1

S8(Phospho): 843




625269033 | eukaryotic translation initiation | RSPGPVQTAIAPK S2(Phospho): 99.75 9.56 S2(Phospho): 99.92 | 2.67
factor 4 gamma 3 isoform X3

625269033 | eukaryotic translation initiation | SPGPVQTAIIAPK S1(Phospho): 100 | 2.78 S1(Phospho): 100 1.93
factor 4 gamma 3 isoform X3

625233296 | FERM, RhoGEF and pleckstrin | VSALESGPHQSPALSK S11(Phospho): 5.70 S11(Phospho): 99.96 | 2.17
domain-containing protein 1 99.99
isoform X3

625202041 | girdin isoform X1 SSSQENLLDEVMK S3(Phospho): 88.21] 3.10 S3(Phospho): 99.45 | 10.20

625248717 | golgin subfamily A member 4 SEASPPQSGDTQTFAQK | S4(Phospho): 98.91] 2.60 S4(Phospho): 99.75 | 2.71
isoform X2

354468872 | interferon regulatory factor 2 LEEPPELNRQSPNPR S11(Phospho): 100| 2.06 S11(Pbspho): 100 2.69
binding protein 2, partial

354468872 | interferon regulatory factor 2 AQPAHRSPADSLSGASGA{ S7(Phospho): 98.44 1.82 S7(Phospho): 99.85 | 2.13
binding protein 2, partial ADGAGK

625288986 | la-related protein 4B SPSPAHLPEDPK S3(Phospho): 99.29 1.74 S3(Phospho): 99.98 | 1.85

625261027 | meiosisspecific nuclear structura)] SLHVQVLNK S1(Phospho): 100 | 4.58 S1(Phospho): 100 2.02
protein 1 isoform X2

625260808 | microtubule-associated protein | EVPSKEEQSPVKAEVAEK | S9(Phospho): 99.33 2.23 S9(Phospho): 99.52 | 3.36

1B isoform X2
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62526088 | microtubuleassociated protein | AQSLEGEKLSPKSDISPLTH S10(Phospho): 3.05 S10(Phospho): 95.68;| 2.27
1B isoform X2 99.99; S13(Phospho): 98.81
S13(Phospho):
99.95;
T19(Phospho): 99.7
625260808 | microtubuleassociated protein | SLMSSPEDLTK S4(Phepho): 99.99;| 3.31 S4(Phospho): 99.95; | 5.54
1B isoform X2 S5(Phospho): 99.99 S5(Phospho): 99.77
625260808 | microtubuleassociated protein | AQSLEGEKLSPK S10(Phospho): 100| 2.65 S10(Phospho): 100 | 2.54
1B isoform X2
625260808 | microtubuleassociated protein | SPESPSPPSPIEK S10(Phospho): 2.21 S10(Phospho): 99.99 | 1.74
1B isoform X2 99.87
625265796 | oxysterotbinding proteinrelated | VSESEGKLEGLATAVTPNK| S4(Phospho): 90.88 1.57 S4(Phospho): 91.25 | 1.52
protein 11 isoform X2
625189056 | oxysterotbinding proteinrelated | ALVHQLSNESR S7(Phospho): 99.57| 8.04 S7(Phospho): 100 5.84
protein 3 isobrm X1
625264630 | pleckstrin homology domain RAESVKELDPEHR S4(Phospho): 100 | 6.05 S4(Phospho): 100 3.01
containing family A member 5
isoform X3
625283168 | poly(A}specific ribonuclease VSSPCSHTNSFTATGMTG}k S3(Phospho): 92.79 5.81 S3(Phospho): 89.53 | 1.97
PARN isoformZX
625287066 | polyaminemodulated factor 1 GPEGSSPESVPVDTTVSR | S6(Phospho): 78.66 2.05 S6(Phospho): 98.2 1.96

isoform X1
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354494786 | protein chibby homolog 1 isofornj SASLSNLHSLDR S3(Phosph): 99.2 | 2.14 S3(Phospho): 89.27 | 1.80
X1

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-3isoform X2 LDPVEGPGRSPGQQGDES S10(Phospho): 100| 27.89 S10(Phospho): 100 | 3.72

R

625187665 | tumor suppressor p5dinding SEGDGENTQIEDTEPLSPV| S1(Phospho): 97.36 4.04 S17(Phospho): 97.69 | 1.77
protein 1 isoform X1 K S17(Phospho): 98.9

625184675 | uncharacteized protein C1orf198 SSSLDALGPSR S3(Phospho): 99.91 5.18 S3(Phospho): 99.97 | 4.90
homolog

625261639 | WD repeat and HM®ox DNA SHILGDDENSVDAPMLK S10(Phospho): 100| 2.15 S10(Phospho): 100 | 1.81
binding protein 1 isoform X2

625233942 | zinc finger protein 608%0form X2 | AEEGKSPFRESSGDGIK S6(Phospho): 99.98 13.70 S6(Phospho): 99.98 | 2.53

Table7-2. Differentially expressed phosphopeptidesith decreased expression at 3C compared to 37C that were identified in conmon between the two
enrichment methods. PhosphoRS: Best Site Probabilities shows the amino acid that is phosphorylated and % probability atthéesthite is
phosphorylated.
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7.4 Discussion

There is much research ongoing to characterise CHO cell factoreegyh the application of

w2 y-a BasSR F LILINE I OKS&aQ 0SSP D 3Sy2YArA0az N ya
metabolomics, fluxomics) that will enable a fundamental understanding of CHO cell physiology.

This would result in a better knowledge and understagdof recombinant protein production

which will be instrumental in metabolic and cell engineering interventions to enhance CHO cell
lines(Kildegaard et al. 2013, Datta, Linhardt éftarfstein 2013)However, to date little work

has been carried out on the phosphoproteomic analysis of recombinant CHO cells. In this
WILIINF-FY OSLIIQ addzRe ¢S KIF@PS dzASR | ljdzk yGAGE GAE
identified 700 phosphopeptideshat were found to be differentially expressed following

culture temperature shift, using a combined 7Ti@nd FeNTA phosphopeptide (IMAC)

enrichment strategy in conjunction with quantitative ladete LEMS/MS proteomic analysis.

This suggests additionabmplexity in the regulation of biological and molecular processes in
recombinant CHO cells in bioprocessevant conditions such as temperature shift that has not

been extensively studied to date.

GO analysis of the data using DAVID identified a langgber 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 commavith 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. 2006yt the additional complexity surrounding the regulation

of these processes by phosphorylation, tgh 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 cygland 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 dahe cell cycle with an associated increase in productivity of recombinant protein

(Becerra et al. 2012Phosphopeptides from proteins involved in cell cycle regulation include
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CDK14, CDK17, NEK1, KIF23, ANAPGIVEELK all showed decreased expression following
temperature shift. Anaphaspromoting 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 anché G1 phase of the cell cycle, and phosphorylation of
ANAPCL is required for its activifghang et al. 2016)Maternal embryonic leucine zipper
kinase (MELK) is a serine/threonipmtein kinase involved in cell cyclegulation 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 melanma and breast cancer resulting in its identification as a potential therapeutic
target (Jiang and Zhang 2013Interestingly is has been shown to be critical for mitotic
progression of cancer cells where it dingcphosphorylates elF4B regulating protein synthesis
during mitosis(Wang et al. 2016)Ve also identified a phosphopeptide from elF4B with
reduced expression following temperature shift. Phosphopeptides from a numberotgins

which play key roles in MAPK signaling showed decreased expression following temperature
shift including MAP3K7, MAP4K4 and PAK1-#eftated kinasel). MAP3K7 (also known as
TAK1) is a key regulator of both MAPK and NFkB signaling patiRagisol et al. 2009)
Recently shRNA silencing of MAP4K4 reduced proliferation and induced G1 cell cycle arrest of
gastric cancer celly’. F. Liu et al. 2018 AK1 mediates activatiof downstream MAP kinases

and is also involved in reorganisation of the actin cytoskeld®nKumar et al. 2017Yhe
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
aK2gSR AYONBlIaSR tS@gSta 2F (GKS LIK2aLIK2LISLIGARS
and the same phosphopeptide detected using both ,Téhd FeNTA enrichment
methodolagies was identified as Protein NDRGIMIt downregulated gene 1). Western blot

analysis also shows increased levels of phosphorylation of this specific phosphopeptide at the
reduced culture temperature. NDRGL1 is highly conserved across a number ofeftulétic

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. 2BEHuced expression of NDRG1 has

been shown to promote proliferation of prostate cancer céllset al. 2015)Phosphorylation
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of NDRGZlso appears to be involved in cell cycle arrest mechan{&@hslayini et al. 2013,
McCaig et al. 2011)n 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 ATR53-p21 pathway(Roobol et al. 201]1)cellular stress
has been shown to result in the expression of NDRGILpBA3 dependent manngiRoobol et
al. 2011, Stein et al. 20Q4)his would suggest that NDRG1 may be involved in the cell cycle
arrest of temperatureshifted CHO cells; however further work wouldregquired 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 ithe regulation of transcription. Phosphorylation can impact
target gene expression by affecting the stability, location and structure of transcription factors
(Filtz, Vogel and Leid 20148hosphorylation may alsogalate the status of other PTMs such

as methylation on a protein which can influence the transcription of target géikewenz

Leutz et al. 2010Phosphopeptides identified from both ATF2 and ATF7, which ahehtigialy
conserved members of the APtranscription factor familyBae et al. 2013)were found to
aK2g RSONBIFaSR SELINBaaiAzy i ome/ O2YLI NBR (2
blot analysis that there is a reduction in phosphorylated levels of ATF2 following temperature
shift. While phosphorylation of ATF2 can result $ndégradation as well as induction of activity

the observed decrease in phosphorylation of-BBrfollowing temperature shift (se€igure7-6

6) would appear to suggest that reduced culture temperature conditions results in atredu

of the active form of ATRFuchs, Tappin and Ronai 2008 F2 is a known target of SAPK/INK

and p38 MAP kinase signalling pathways and has been found to be directly phosphorylated by
p38 MAPK and SARBuwens et al. 2002 ranscription intermediary factorieta (TRIM28) is

a transcriptional coreepressor protein involved in a wide variety of functions such as cell
growth, apoptosis and DNA repdilyengar and Farnham 201anhd was identified as up
NE3dzA SR G4 ome/ dz&Ay3a 020K SYNAOKYSyd adNI(
that TRIM28 depletion led to increased cell proliferation and overexpression of TRIM28 led to
decreased cell proliferation in breast cancand lung cancer cell lineChen et al. 2012)
Recently, phosphorylation of TRIM28 on Ser473 by (MAPKAP) kinase 2 (MK2) has been shown

to lead to a reduction in its activifKing 203Ba).
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From our phosphoproteomic study we have also identified a number of differentially expressed
phosphopeptides from proteins involved in mMRNA translation, with certain phosphopeptides
showing increased expression and others showing decreased exprdsowing 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 mRNMecerra et al. 2012)Biological processes related to
ribosome biogenesis and ribonucleoprotein complex assembly were enriched following
functional analysis of the phosphopeptides showing increased expressior814E.
Phosphorylation is known to play a role in the regulation of RM#ing proteins and
ribonucleoprotein  complex assemblyThapar 2015) In our study we identified two
phosphopeptides using both enrichment straieg) from the translation initiation factor EIF4G3
with both showing decreased expression following temperature shift. EIFAG becomes
phosphorylated during mitosis inhibiting calependent translation through a reduction in its
interaction with elF4EPyronnet, Dostie and Sonenberg 20HEINF4G3, along with elF4G1
(phosphopeptide identified as dowNB Jdzf | § SR | f & 2 enlicimerd)Mf@rrh theF NB Y ¢,
two functional homologs of elF4G, part of the cap binding protemmex of elF4flvanov et

al. 2011) In addition to phosphorylation cleavage of EIF4G resulting in loss of function is also
known to cause inhibition of cagependent translationMarcetPalacios et al. 2011 hese
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 EISB, 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 proteiessybth
controlling the rate of peptide chain elongation, regulates the cold stress response by slowing
translation elongation through phosphorylation of eERRnight et al. 2015) Increased
phosphorylation of eEF2itas also shown 4 hours and 24 hours following a reduction in
temperature from 37C to 32C (King 2013b)However,our results show decreased levels of
two phosphopeptides to eEF2K following a reduction in culture teatpee. Interestingly

from closer analysis of the western blots and immunoprecipitation data shown by Knight et al
(Knight et al. 2015ho obvious change in Ser500 phosphorylation levels were seen 4 hours
after coolng but increased phosphorylation was seen 24 hours after cooling compared to the

37°C 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 lfaight 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 shiftthat was used in our study compared to the 4 and 24 hour time points
chosen in the other studyKnight et al. 2015)The four different sites of phosphorylation
identified in our study were different to those assedsy Knight et al. (i.e. Ser398 and Ser500)
(Knight et al. 2015)Three out of the four CH€pecific sites that we identified were conserved
between human and CHO and were equivalent to Ser392, Ser470 and Semi/fuincan
EEF2K as determined usigosphositePlus (http://www.phosphosite.orgBEF2K is known to

be phosphorylated at multiple different sites and is also prone to dutosphorylation
demonstrating the complexity of its regulation, and which is stidrhounderstood(Kenney et

al. 2014, Pyr Dit Ruys et al. 201R)is known, however, that the activity of eEF2K is regulated
by calcium ions and calmodul{Tavares et al. 2017, Kenney et al. 20X&ytosolic calcium
concentrations were shown to be increased more than 10 fold after 15 and 30 minutes of rapid
cooling compared with CHO cells maintained atG37roviding direct evidee of a potential

role of calcium signaling during cooling, and the source of the calcium was determined to be
from the ERKnight et al. 2015)it would be of interest in future phosphoproteomic studies to
sample & multiple timepoints 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. A phosphorylation events can be rapid, transient, static and reve(®&lilky and
Coon 2016b)which can affect protein functionality and subsequent signaling cascades and
molecular processes that are regulated by ppborylation, 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 versugapid 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 coolingonditions.

Functional analysis using GO identified a number of phosphopeptides from proteins involved in
regulating cellular shape were identified as showing altered expression IrSEA® cells

following temperature shift. Biological processes and roolar 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 demegulated following temperature shift. For
example girdin, showing decreased eSpgi aA 2y i ome/ FYR 6Fa AR
enrichment strategies, is a key modulator of the -AKTOR signaling pathway and associates
with actin and tubulin in the cytoskeleton to help regulate cell sh&Pe Liu et al. 2012,
Enomoto, Ping and Takahashi 2Qd8hosphorylation of Girdin by AKT plays an important role

in cytoskeletal reorganisation by regulating cell migration and polarisgif@mamura et al
2015) shRNA knockdown of girdin has been found to inhibit cell growth of subcutaneously
transplanted Helaerived tumors in hude micéMao et al. 2012)and phosphorylation of
girdin appears to play a role in progtacancer cell migration and invasighomiyama et al.
2015) We have also identified 4 phosphopeptides found to be dosgulated following
temperature shift from the protein Microtubulassociated protein 1B (MAPLB
Phosphorylation of MAP1B is known to play a role in cytoskeletal changes involved in neurite
extension(VillarroetCampos and Gonzal&illault 2014) It is known to be phosphorylated by
GSK3b, CDKs st CDK5 and MAPKs such as JNK1 and KNK2 regulating its(dilarityel
Campos and Gonzal&illault 2014)Previous proteomic and transcriptomic studies on CHO
cells subjected to temperature shift tmdrease productivity have shown an enrichment of
molecular processes related to cytoskeletal reorganizat®ecerra et al. 2012, Kantardjieff et

al. 2010b, Yee, Gemkn 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 potentialbe 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 stratgy 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 productigDreesenand Fussenegger 201IJhe mammalian
target of rapamycin complex 1 (mTORC1) pathway was recently chemically inhibited using
Rapamycin leading to increased growth and productivity in CHO(Delttehbeigi and Dickso
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 ¢Bilset 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 capabilies 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
anah@ Sa 2F /1 h OStft FFrOG2NASazZ YR gKAOK KI @S
date. The identification of signalling events involved in the regulation of transcription raises
some interesting questions regarding the control of transcriptiotemperatureshifted 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 g@t 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-sjecific phospbrylation 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/Cas®oge editing technique which is becoming more
widely used for CHO cell engineerififomiyama et al. 20155 an ideal tool to study the
phosphoproteome as it is also amenable to targeted -sfiecific mutagenesis awsell as

gain/loss of function studies.
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Abstract

Posttranslational modification of proteins by reversible phosphorylation plays a pivotal role in
regulating key cellular processes inchgli 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 Chinesbamster ovary (CHO) cells in bioprocesgvant 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 argpoorly 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 phosphopeptidichment
strategy in conjunction with LBIS/MS to carry out a largscale differential
phosphoproteomic analysis of IgG producing CHO DP12 cells at various phases of growth in
serumfree 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 lysigteut
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 datafisagiily improves
proteome coverage but also gives insights into the ficatslational 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 gteiahdu
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 humattike posttranslational modifications (e.g. glysylation) and their
capability of producing high quality protein therapeutid/alsh 2014, Omasa, Onitsuka
and Kim 2010, Wurm 2004As a result, there is significant sciéiatiand commercial
interest in research to significantly improve the efficiency of biotherapeutic production
from CHO cellgFischer, Handrick and Otte 201H) recent years, the protein production
capabilities ofrecombinant CHO cells have significantly improyBdndaranayake and
Almo 2014) routinely producing higlgquality protein in grams/L concentratiorfsluang 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, etcand often these have been based on iterative
empirical approaches which can be timmensuming and costl¢Stolfa et al. 2018, Hacker,

De Jesus and Wurm 2009)n order to further improve the rpduction 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 #iciency of the production of
biotherapeutic protein products(Fischer et al. 2015)Drug discovery pipelines of
biopharmaceutical companies are producing eswre complex molecules which are
putting increasingoressure 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 cdtiology(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 physiologg. Thi
improved understanding of recombinant protein production will be instrumental in
metabolic and cell engineering interventions to enhance CHO cel|Diaa, Linhardt and

Sharfsteir?013, Kildegaard et al. 2013)
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to date have continued to miss out on the pdsinslational level of regulation.
Phosphorylation events are crucial to the regulataf growth, cell cycle arrest, apoptosis,
transcription, signal transduction, etYan and He 2008nd hence are likely to be central

to understanding and controlling bioprocessevant phenotypes. Podtanslatioral
modifications, either by proteolytic cleavage or by covalent modification of amino acids,
can bring about changes in protein characteristics and functioné@youdhary and
Horvath 1996) Furthermore, genomiand transcriptomic studies are likely to reveal an
incomplete picture of regulation if podtanslational regulation of the final effector
molecules, i.e., through a po#tanslational modification on the regulatory protein, is
ignored(V. M. Tan, Cheng and Drake 20Hnce, in order to gain a complete insight into
the biology of CHO cells, a global differential study of {@stslational modifications such

as reversible phosphorylation of proteins is of great $igmnce (Henry et al. 2017,

Gutierrez and Lewis 2015)

Posttranslational modification of proteins by reversible phosphorylation on serine,
threonine and tyrosine residues is a major switsbchanism of protein activiiHumphrey,
James and Mann 2015)he 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. 2004The 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 processeach as proliferation and apoptosférdito 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 funatiprrelevant(Cohen

2000)

Mass spectrometry has now become the principal technique for global and targeted
analysis of phosphoproteins and phosphorylation evéligse, Desmond and Huang 2017,
Savitski et al. 2010Despite the widespread phosphorylation of proteins, a functionally
phosphorylated isoform of a particular regulatory protein is significantly lower than the
total amount of the proten present in the cell, therefore the largeale analysis of

phosphoproteins/phosphopeptides is generally achieved by enrichment strategies such as
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immobilised metal ion (Fé3or Ga3) affinity chromatography (IMAC) and metal oxide
affinity chromatography{MOAC) using Tior ZrQ (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 indicatian of
cellular state regarding viability, growth, and productivity similar to mMRNA and miRNA
profiling studies of CHO cells grown in batch suspension c(Bareet al. 2012)In this
study, we have applied aell-established technique for phosphopeptide enrichment from
CHO DP12 whole cell lysate samples. Immobilized mdtaltyafchromatography (IMAC;
FeNTA)(Wang et al. 2015)as used to enrich phosphopeptidesitaCHO DP12 cells prior

to analysis by L-®IS/MS at different phases of cellular growth in serfnee suspension
batch culture, i.e. during the exponential phase, stationary phase and decline/death phase
of culture. The data generated emphasises the dynamaicre 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 caltconditiongBort et al. 2012)
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8.2 Materials and Methods

8.2.1 Assessment of cell number arllture viability.

lgGproducing CHO DP12 cells (purchased from the ATCC) were seeded’ate®s1@L in a

50 mL woking volume containing CH®SFM Il serum free media (Thermo Fisher Scientific) in
suspension batch culture at 3T and 5 % G a Kuhner Climie8haker ISFX orbital shaker

at 170 rpm. A total of 12 flasks were seeded, and three replicate flasks hegvested 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. Ckllugrowth and culture viability were assayed
using a Guava Benchtop Cytometer after staining with Viacount (Millipore). All cells were
tested for Mycoplasmausing the Hoeschst indirect culture test carried ouhbuse and were

found to be free of contamiation.

8.2.2 Cell lysate preparation

Cells were pelleted by centrifugation, washed withid PBS and were stored #0°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 inhibitohérmo 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, freélowing mixture of cell lysate was observed with at least a 5 minute rest
between each sonication pulse. The cell lysate was centrifuged at 14936020 minutes at 4

°C and the supernatant was transferred to a clean microcentrifuge tube. Protein quemtitat
was carried out using the Quick Start Bradford Protein Assay (BioRad). The remaining

supernatant was stored a80 °C.
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8.2.3 In-solution protein digestion and phosphopeptider@ichment

2 mg of each cell lysate protein preparation was transferred to a cemrifuge 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 concentratidn5 mM. Samples wer 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 alkyltior 30 minutes at room temperature in the

dark. Protein samples were diluted at a ratio of 1:5 in 25 mM-HG$ 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 ®atific) 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 inatttevate
trypsin. Digested samples were desalted and concentrated using -R&ef18 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% adeti€lee 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, Ocg¥cacid. The eluates from each
sample were snap frozen with liquid nitrogen, lyophilized by freeze drgirdyyt powder and

stored at-20 °C. 10 ug of digested protein was set aside for-eariched sample analysis. 2 mg

of tryptically digested proteirsamples were phosphopeptigenriched using F&ITA (IMAC)
ALAY O2fdzYya o6t ASNDST ¢KSNX¥2 CAAKSNI { OASY G ATA

Non-enriched peptide and phosphopeptide sample concentrations were determined using a

Nanodrop One (Laptech Intextional, UK).
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8.2.4 LCMS/MS analysis

LCMS/MS separations were performed using an UltiMate 3000 nanoRSLC system (Thermo
Scientific) coupled Hine with an Orbitrap Fusion Tribrid mass spectrometer (Thermo

Scientific).

For nonSY NAOKSR &l YLX Sasx wmodo >[ 2F OStft tealas
LISLIGARS&E0 6SNB f2FRSR 2yi2 GKS GNILWAyYy3 O2f dzy
{OASYGATFTAOO FT2NJ o YAydziSa 4G | FuTBA PeptideS 2F H
were resolved on an analytical column (EdsikJNJ & / my Tp >Y P Hpn YYZXZ H
column) (Thermo Scientific) using a gradient of 98% A (0.1% (v/v) formic acid (FA)): 2% B (80%

(viv) ACN, 0.08% (v/v) FA) to 35% B over 120 minlatvaréte of 300 nL/min.

MS(/MS) data were acquired on the Orbitrap Fusion Tribrid as follows for theemached

gK2tS OStft ftealrdsS arvyLitSay Ittt a{m &aLISOGNI ¢S
(120 K resolution at 200 m/z), automatic gain coh{AGC) was set to accumulate 4Xiths

with a maximum injection time of 100 ms. Datapendent tandem MS analysis was performed

using a topspeed approach (cyeltime of 3 s), and the normadid collision energy was

optimised at 35% for Collision IndugeDissociation (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 phosphopeptideSyY NA OKSR & YL S&4X wdp >[ 2F al YLX S
phosphopeptides) were loaded onto the trapping column (PepMapl100, C18 300 P p YYU0 X
usinginjectionpickupz  ¥2NJ o YAY |G | Ff2¢ NI GSV®FFAHpP >[ K
and then resolved on an analytical column (EadyJNJ € / My Tp >Y PR Hpn Y
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 mLFar the phosphopeptide

enriched samples MS(/MS) data were acquired on the Orbitrap Fusion Tribrid as follows: all
a{m ALISOGN}Y o66SNBE I OljdANBR 2@0SNJ YkI nnnbwmnnan A
automatic gain control (AGC) was set to accurteua x 10 ions, with a maximum injection

time of 50 ms. Datalependent tandem MS analysis was performed using aspmed

approach (cyle time of 3 s) and the normadid collision energy CID was optirads at 35%.
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MS2 spectra were acquired with a fixedsfirm/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
neutrakloss triggered fragmentan 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 Labelfree LEMS/MS Data Analysis

Differential quantitative labefree LEMS/MS data analysis was carried by interrogating the
resultant LEMS/MS files using the software package Progenesis QI for Proteomics (NonLinear
Dynamics, Waters) essentiallg areviously describe(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 accountvariability between runs.
Upon alignment of all runs, identified features were filtered based on ANGvalup < 0.05
between experimental groups. For proteomic and phosphoproteomic analysis, a mascot
generic file (mgf) was generated from all exported MS/ spectra and analysed using
Proteome Discoverer v.2.1 (Thermo Fisher Scientific) in conjunction with SEQUEST. Peak lists
were searched against an N&Biinese hamster ovanCficetulus griseQsprotein database
(fasta file downloaded 29 November 2017 antaining 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 asfixed modification; and phosphorylation of
serine, threonine, and tyrosine (for phosphopeptide analysis) and oxidation of methionine
were set as variable modifications. For phosphosite identification, the Ph&pddgorithm

(Taus et al. 201vas run through ProteomeDiscover 2.1 using diagnostic fragment ions and
analyzerspecific fragment ion tolerances, as described above. Data were filtered to a 1% false
discovery rate (FDR) on PSMs using automatic decoy seguichBEQUEST and by applying a
phosphosite probability score of 75% or greater for S, T or Y amino acids in PR8Epéuas et

al. 2011) Once peptides and phosphopeptides were successfully identified, a statistiedabcrit
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of ANOVA @I £ dzS XX ndnp YR I NBfFGADBS YAYyAYdzy 7
experimental groups were set. Only peptides and phosphopeptides which passed these criteria
were then deemed to be differentially expressed between the relevant experinhgntaps

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.ncifcf.gov), ToppGene Suit(https://toppgene.cchmc.org) and Enrichr
(http:/famp.pharm.mssm.edu/Enrichr/pnline gene ontology platforms for functional pathway
analysis. To refine the number of pathways identified, an adjustedilpe (Benjamini

| 20K6OSNBO 2F Xnonp o0Si06SSy SELISNAYSydlf 3INRdz
interest, the phosphosite numbewas 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 pogtranslational modifications. For phosphopeptides with no
complementary human sequence match, the phosphosite number was assigreedjh CHO

K1 protein databasévww.chogenome.org).
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8.3 Results

8.3.1 Proteomic and phosphoproteomic analysis of the grdwbf 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, statiary and decline phases of batch growth in
suspensiorcultured 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 @ur 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 loalecu
(Day 4 to Day 5Figure8-1A shows the growth and culture viability of the CHO DP12 cells used
for this study.

For each condition oray, 2 mg of protein was tryptically digested. 10 ug from each digested
sample was analysed as the whole cell lysate-@onched sample and the remainder was used
for phosphopeptide enrichment. Each sample was analysed byIS/8IS. Raw MS files
generated fom 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 thigISCdata, weadentified
approximately 4,900 proteins in total from the 2 hourMGS runs from the no®nriched whole

cell lysate samples and approximately 7,200 phosphopeptides in total from the

phosphopeptideenriched fractions.

To best understand the progressive chas in the proteome and the phosphoproteome of the
CHO DP12 cells over time in batch suspension cultus®|3/@1S data files from the three

replicate samples from two consecutive day samples were compared with each other to obtain
an account of differentidy 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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phosplopeptides between samples was determined by using adbkhge cubff of £1.5 fold
andapdl f dz§ Xndnp 06 S¢S §HennbetdlI30Nd) ThEphasphorylalidi? dzLJa
site in the peptide was localised through phosp®3.1 in ProteomeDiscoverer 2.1 after

applying a phosphosite probability eBtT ¥ & O 2(T&Bs eRal 20K1)Ppptides from the
non-enriched whole cell lysate samples with fold changes +1.5 an@ad dzS Xndnp 0SS0 6 ¢
experimental groups were also deemed to be differentially expresSagplementaryTable 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.201700221Unsupervised Euclidian
clustering analysis of the differentially expressed phosphopeptides angnodched peptides

show a clear clustering of each sample set into the different days of the batch simpens

culture, as shown ifigure8-1B,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 phosphoproteanand 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 phosphoproteadnic a
proteomic data, as shown 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 teo daponential 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 rdift@ally 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 ansik/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 ddime/death phase of growth. A summary of the total number of
differentially expressed phosphopeptides and peptides and their correspgngioteins is
shown inFigure 8-2A. Figure 8-2B shows the overlap étween the phosphoproteomic and

proteomic differentially expressed proteins for each comparative analysis. The full lists of
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differentially expressed phosphopeptides and their correspoggihosphoproteins are shown
in supplementary datghttps://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700221 The
full lists of differentially expressed neemriched peptides and the corresponding renriched
proteins from the whole cell Iyée (WCL) samples are shown inpglementary data
(https://onlinelibrary.wiley.com/doi/full/10.1002/biot.20170022)L

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 phosphopegs 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 dynamiatare 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 ph@hopeptides is shown iRigure8-3, 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 Clustelis?.of
phosphopeptides that were observed to be differentially expressed ahakgs of growth is
included in sipplementary Table 3
(https://onlinelibrary.wiley.com/doi/full/10.1002/biot.2017002219nd 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 eoiskel 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 nonphosphorylated version of the same peptide, if ideptifi 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 massapemeters such as the Orbitrap Fusiiribrid™
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mass spectrometer used in this study, a good overlap between phosphopeptide identification
and total proteame identification is expecte®ipplementary Table 4
(https://onlinelibrary.wiley.com/doi/full/101002/biot.20170022) shows the list of all
differentially expressed phosphopeptides (i.e. 532 in total) for which the corresponding
peptide was identified in the neanriched whole cell lysate, but not differentially expressed,
suggesting altered phosphdagion of these proteins over the growth phases in batch culture.
From this list of 532 phosphopeptides, terexamples are shown Figure8-4 to demonstrate
differential expression of a phosphopeptide with no change in theesponding peptide from

the total protein. For example the phosphopeptide S*\GEGEVSGLMR, with identified
phosphosite corresponding to Ser473 of human Transcription intermediary fatteral

(TRIM28), was found to be differentially expressed at all phasgowofth, whereas the non
phosphorylated version of the peptide did not changeiotime in culture (se&igure8-4A).

The phosphopeptide abundance varies significantly across the growth curve with relative
abundance firstly decresing 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 nephosphorylated 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. 2012nd phosphorylation of TRIM28 on Ser473 by MAP kinase
activated protein kinase 2 (MK2) has beenwh to reduce the activity of TRIMZEing 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/t8)dand 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
Pleckstrinlike domaincontaining family G member 6 (PLEKHGS8)¢ckvis a guanine nucleotide
exchange factor that can activate RhoG and RhoA and plays a role in cytdiSaess®n et al.
2010, Wu et al. 2006as identified to be differentially expressed atibses 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 4phiwsphorylated peptide QAGPSPEAELR
identified from the norenriched whole cell lysate did not change significantly overcthiture
duration (seeFigure8-4B). Similarly, phosphopeptide VSHYIINSSGPRPPVPPSPAQPPPGVSPS*R

(Ser85) iderified from Proteoncogene €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 pathway8raiman and Isakov 201%hows 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 ngphosphorylated version of the peptide shows no significant

change in abundance ewtime in culture (sed-igure8-4C).

8.3.3 Functional classification of significantly differentially expressed proteins and
phosphoproteins

All differentially expressed proteins were assigned human official gene identifiers foiofaict

classification. Functional annotation of these genes was performed using DAVID

(https://david.ncifcrf.govand Toppgene suite for functional analysis

(https:/itoppgene.cchmc.orl For refined identification of statistically significant enrichment

terms, an adjusted4@ | £ dzS 6. Sy 2F YAYA | 20KO6SNHUOL 2F Xndnp o

GO: Biological Process terms identified from the phosphoproteomic study were related to cell

cycle, RNA processing, regulation of organelle organization, cytoskealeganization,

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 cofactotigity, transcription factor binding,

GTPase regulator activity and kinase bindigge(applementary Table 5 for the top 20 mest

enriched GO: Biological Processes and GO: Molecular Functions from the phosphoproteomic

and the nonrenriched whole cell lysatproteomic analyses

(https://onlinelibrary.wiley.com/doi/full/10.1002/biot.20170022). We also identified the

differential expression of 94 kinases aldhg growth curve, as shown imgplementary Table

6 (https://onlinelibrary.wiley.com/doi/full/10.1®2/biot.20170022), which is a remarkable

number given that the human kinome contains close to 518 kinasesdz2 y Anm[ & YR t S S

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 differentigligssed
phosphoproteins. For example, there was a significant enrichment of groeldbed signalling

pathways such as ErB signalling, insulin signalling and eselatyd pathways. Table-1 lists
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the KEGG pathways that were identified to be active abus 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 egficies(Josse et al. 2016, Dadehbeigi and
Dickson 2015a, Dreesen and Fussenegger 20and)recently autophagy in CHO cells have
gained attention as an opportunifpr controlled cell death in bioproce¢Baek et al. 2016)n

our study, we identified 18 phosphoproteins from the mTOR pathway, including the
components of both mTORC1 and mTORC2 compMé&salso observed the dirential
expression of 17 autophagglated phosphoproteins, predominantly at the exymtial phase

of cell culture;upplementary Table 7 provides the complete list of differentially expressed
phosphopeptides and associated phosphosites identified fioembt TOR 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 thisly
(https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700221 Three of the phosphosites
identified from WIPI2 and ATG2A from the autophagy pathway are potentiallyspettfic as

no equivalent phosphosites were found in human sequences.

KEGG pathay analysis of the neanriched 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 athéssyrand
degradation (see Tabk1). This again demonstrates the extra depth of information achieved

when combining both the proteomic and phosphoproteomic datasets.
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Figure8-1. Growth curve of CHO P12 cell line and heat maps of differentially expressed peptides and
phosphopeptides over time in culture. (A) Cell number and culture viability (%) over time in sefrem

suspension batch culture. Samples for proteomic and phosphoproteomic analysis wapeured 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-aariched peptides (left) and
phosplopeptides (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 (labe@@@we shown for each time
point.

285













































































































































