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General introduction

1. Generalntroduction

1.1 Cancer and kinase in cancer

Cancer refers to a large group of different diseases characterizédilbye of regulation of cell
growth, which ultimately resultsn uncontrolled expansion of cancer cedisd malignanttumor
formation (1). Despite theslight decline of the incidence ratéby 0.6% per year) in men and
cancer death rategby 1.7% per year) in totatancer remains avorldwide major public health

The American Cancer Society estimates that a total of 1,68&)@w cancer cases are projected
to occur in theUnited States in 2012nd 577,19Qpeople will die from cancer, contributing

one quarter of the total death in UR). The prevalence of tumor sites reina different between

the sexes. For exampléhe five most @mmon forms of cancer for men are prostate, lung,
colorectal, bladder and melanoma, whereas in women the fiep are breast, lug, colorectal,
uterine corpus, lyroid and melanoma. Cancers of the lupgostate, colorectal, pancreas and
liver in men and cancersof the lung, breast, colorectal, pancreas and ovary in women are the
most lethal forms of cancer The general fear relative survivatates havebeen notably
improved for all cancer typessince 1975, which was around 67% between 2001 and 2007.
However it varies widely betweetthe cancer types. Foinstance the 5year survival rate of
prostatecancer patientdhias been improved to almost 100% while only 6% of patients diagnosed
with pancreas cancdrave a more than 5 yeaurvivalrate (2). Besi@s, for most of the cancers,
the five year survival rate highly depends on the stagthefcancer apoint of diagnosisEarly
detection of cancer greatly increases the chances for successful treatment and consequently
improves the prognosig-or examplethe statistic datarom the National Cancer databasetbé

US showed thathe 5-year survival rate for patients diagnosed with O stage breast cancer was
93%, while it dramatically decreased to 15% tfuwse patients diagnosed with stagéV breast
cancer.Despite the notable improvement, theyear survival rates for most types of cancers
diagnosed atfate stageds still less than 20%fpr some even less than 4%. Unfortunately, for
several types of cancer including lung, ovary and pancreas, more thaardalhly detectablet

the distant stage. Therefore, there a urgentneed of novel diagndi€ approaches to improve

the chance todiagnsethese types of cancer at an early stagecluding development of novel

markersfor early diagnosis.



General introduction

In most cass, cancer is a compleliseaserising frommultiple genetic and epigenetic changes in
genes involved in the cancassociated signaling pathwaygpically acquiredover alonger

period of time. In general, two broad categories of altered geaes required for a normal
healthycell to transform into a cancer cell, oncogenes (promoting cell gramthreproduction)

and tumor suppresag genes(inhibiting cell division and survivdB). Occasionally, a single gene
alteration could also result imanifestation ofcancer, such as chronic myelogenous leukemia
(CML), most of whickare driven by the constitutive actigtion of ABL kinase due to the

Gt KAf I RSt LIKALF ¢ OK NRuivedtly, Angsphoryladtibryaget! figdalin p@&hivays

are the most common pathways ardsearchhotspots of which many pathways havebeen
revealed to be involved in diverse types of cars. Giventhe fact that kinases are in the central
nodes of mediating diverse intracellulahosphorylationbasedsignaling pathwayst may be not
surprising that numerous kinases have been revealed tdotea fideoncogenes drivers of

tumor growth, induding growth factor receptors (e.g., EGFKIV, MET) and signal transducers
(e.g., SRC, ABL and AKT). The accumulation of multiple genetic lesions of kinase genes leads the
normal cells to acquire the canceglated phenotypesssummarized by Hanahamd Weinberg.
Thisbasicallyincludessix characteristicas shown in Fig. 1, most of which could be promoted or
exacerbated by kinas@volved dysregulation signalirfd, 5) (i) Seksufficiency in growth signals.
Mitogenic growth signals are absolutely required for a celthange from thequiescent state

into the proliferative state In normal cells, these signaling cascades are initiated by stimulating

the transmembrane receptors with different ligands (e.g., diffusible growth factmd
extracellular matrix components) and transmitted into the cells via the coupled intracellular
mediators topromote cell proliferation. Protein kinases are the primary components in these
singling pathways, including the transmembrane receptor tyrosine kinases (e.g., EGFR and MET)
(6)the tightly couplednonreceptor tyrosine kinases (e.g., SRC and YES) and further downstream
serine/threonine kinases (e.g., AKT and AURKA). Aberrant activation of these kirasetes

the uncontrolled proliferation which has beenimplicated in tumor initiation, progression,
andacquired resistance. (Ipsensitivity toantigrowth signals; the proliferation of the normal cell

is undertight control of not only mitogenic growth signals mentioned abobeit also by ati-
proliferative signals These signaling pathways are initiated by growth inhibitors and are largely
directed by the cyciRSLISY RSy i 1Ayl aSa o6/ 5Ya03 SodgOKCil & 3INR S
responsiveness could be a result of devegulation of theTGCi NB OSLII2NJ 0 aSNAYy Sk i
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Sustaining proliferative
signaling

Resisting Evading growth
cell death sSuppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure 1. The six Hallmarks of Candéapted fromHanahan Dand Weinberg AR, Cell. 2000
kinase receptor) or failure of CDK4 inhibitigh). In addition, in some tumors carrying aneuploidy
and other genomic aberrations, the mitosis related kinases, like the Aurora familpcdodike
kinase 1 (PLK1), are often found to bp-regulatedto promote cell division. (iii) Evading
apoptosis.Complementary to the uncontrolled pliteration, evading apoptosifurther allows
the cancerto expand its population. Many RTKs and intracellular kinases contribute to this
escape mechanispincluding the TGF  LJF G Kg | & Y S \Adothe imPdrant snalishS o
pathway involved in the acquisition of this capabiigythe PI3BKPTENAK Tpathway. Either los®f
function of PTEN or increased kinase activities of PI3K an#/@allow constitutiveactivaton of
this pathway for the cells to evade apoptosis. (iv) Limittegpdicative potentialln distinction to
normal cellghat havea limit to the number of successive cell grovahd-division cycles to pass
through, cancer cellattain the ability of limitlessreplicative potential in order to generate
macroscopic tumors. Expression of telomerase to protect the ends of chromosomes is one major
mechanism for this ability. However several CDKs are also required to overcome replicative
senescence. (v) SustainedgamgenesisSupplyof oxygenand nutrients and elimination of the
metabolites via the vasculature are absdyutrequired for the growth of tumas. So far,
numerous of receptor tyrosine kinases and other protein kinases have msstified to
contribute to the vascular recruitment and developmemcluding the receptors of the growth
factors VEGF, PDGF, FGF and HGF, as well as AKT and mTOR kinases. Many of these kinases have

been developed as targets for cancer therapy). Tissue invasion and metastasi$is capability

3
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allows the cancer cells to invade adjacent tissues and migrate to distal sites representing a very
late stage of cancer development, which significantly reduitee prognosis of the cancer
patients as indicated earlier. Therefore, eithaaghosis at the early stages thre inhibition of
invasion and metastasisvoiding the cancer to develapto the later stags, are very important

for therapeutic management. The aberrant activation of several kinases (e.g., MET and CDK?5)
have been showto promote the cell migration and metastag®, 9) Theorder and numbeiof

these six capabilitiesells canacquire varieswidely, evenamong tumors of the same types.
Genome instability and variability allows the expression of these aberrant kinases involved in the
six acquired capabilities of cancers. However, proper folding is essential for these aberrant
kinasego be functional, whiclrequiresa higher activated¢haperone machinery. So far, many of
these kinases mentioned above have been identified aslbea fide clients of HSP90In
addition, overexpressed and/or hyperactivated state HSP@8 been found in many types of
cancerindicating its oncogenic roie the process of tumorgenes($0, 11)

Given the critical roleshat kinases play in the development of cancer described above,
targeting these aberrant kinases present in a particular cancer may #ilewselectivekilling of

tumor cells or inhibitn of their carcinogenicbehavior. Currently, there are three modalities
employed to inhibit the kinases activjtysmall molecular inhiibors, antibodies and small
interference RNA (siRNA). Small molecular inhibitors refer to a group of small molecular weight
organic compouns, either synthesize of natural productsMost of these small molecular
inhibitors are designed to competitively hinto the ATP pocket and subsequently block the
hydrolysis of ATP to inhibit the kinases activity, such as the first FDA approved kinase inhibitor
drug Iressa, which specificaligrgets the EGFR kinase and inhibits its kinase activity. However
these typesof drugs are currently limitedn their specificity andthere is an emergingisk or
acquiringresistance. In addition, some small molecular inhibitors targeting the outside of ATP
pockets are currently under different clinical trials, for example, dlesteric Akt inhibitor MK

2206, which can specifically bind to the pleckstrin domain (PH) and consequently abrogate the
interaction between AKT and PIP3 to inhibit the activitthefAKFPI3K pathwayl2) To dag, all

the FDA approved therapeutic antibodies are monoclonal and recognize a single epitope on a
signal target, such as the amiER2 (ERBB2) antibody trastuzun(idlerceptin®) and the aint
EGFR antibody cetuximab (Erbitu®) Despite the success of clinical trials, their utility with

regard to kinases is stricted to the receptorsor their ligandson the cell surface due to their

4
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impenetrabilityof the celsmembrane. siRNAas provided a powerful tool for inhibiting the gene
expression. Theoretically speaking, it is possible to design a rather spedifis diRg against

each protein including kinaseThe lack of areffective delivery approaclhowever limits the
clinical application so far, however it becomes an important technique and platform for the
validation of new drug$14). Besides, distinct with the three approaches mentioned above that
targets the kinases directly, inhibition of the chaperon machinery by targeting HSP90 offers an
alternative strategy to inhibit the aberrant kinases indirectly. Numerous of the small molecular
inhibitors designed to bind to the ATP pocket to inhibit the A€Rasivity of HSP90 are currently
under different stages of clinic trials.

With the efforts of pastdecades, a great progress has been made in understanding the role of
specific kinases iordinary cell biology as well as tumor carcinogenesis and the syess
success of developing small molecule inhilsitand antibodydirected drugs for basic research,
clinical studies and clinical therapy. However, a global level to understand the signaling networks
remains challenigg, such as the relevant question§this thesis: how to classify the patient and
predict which patient can benefit from giventherapeutic drugor strategy which kinases can be
developed as therapeutic targets, hamesthe cell maintain aberrant signaling networked so

on. Numeroussystematic approaches have been developed to address these questions including
the genomics and proteomics approaches. Comparatively speaking, the proteomics approaches
could provide a straightforward understanding of diseaskevant kinase function andgnaling
pathwayon protein levelregardless of the diversity of molecular mechanismderlying thede-

regulated kinase function in human cancers.

1.2 Mass spectrometrpased proteomics

The proteome is the final product of genome expression and compalsdse proteins present in

a cell at a particular tim¢l5). Genome sequencing revealed that the human genome contains
around 20,000 genes, whildne whole human proteome has more than one million different
proteins with an average of five post translational modificationssuch as phosphorylatioand
acylation oneach protein(16). Complementary to genomics, proteomics is the lasgale study

of gene and cellular function directly at prateilevel, includingthe identification and
guantification of proteing the study of posttranslational modificatioa (PTM3$ and protein

protein interactions which could offer a better understanding of an organi€li, 18) Mass
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spectrometry (MS) is an analytical technique developed early last century to measumatse
to-charge ratioof charged particleDue to two main breakthroughs: the availability of gene and
genome sequence databases and the development of ionization techniques for ladgeokam
molecules ihatrix-assisted laser desorption ionizatioMALD), Electrospray, Tanaka, Fenn,
Nobel Prize 2002)Protein or peptide sequencing via tandem mass spectrometry (MS/MS)
becomesone of most comprehensive and versatile ®dah largescale poteomics (19, 20)
According the different prgrocesing of the protein samples MSbased protein identification
can be mainly divided into twoategories bottom-up proteomicsand topdown proteomics (Fig
2). In the bottomup proteomics, samplproteins are proteolytically or chemically digested prior
to the MS analysis, which is widely used in the proteorfiédd currently. In contrastin the top-
down proteomicsthe intact proteinis typically submitted directly into MS aftegparation. Each
of the approachedas its own advantages and disadvantages. For the bottompppoach the
sample will be digested first to geblubleproteolytic peptidesthat are subsequentlgeparated
with a powerful separation LC system. This approach is quitetdaifar complex samples, which

is consideredto be more difficultto study on intact proteins. In addition, tandem mass spectra

/-‘ Proteins ~__
a Bottom- b =] |
L [ Bottom-up | | Top-down
L P Bl i Al
— Protein separation / (Shotgun approach) ] ‘:"’“’";‘
: _ ; Sosston ractionation
Digestion with MS Identif . I S bz separaton
3« "‘“‘U an enzyme z / entify pr.oteln Single protein or less —,, 22 Y
*& (. : Deduce primary complex protein mixture Peptide mixture [ Singhe protein or less
bt — — "y structure 0"*“"“"§ complex protein mixture
rev £ . .
£ MS/MS pepbdes | ottt /
C——J Onine muRdmensional /
> NC-MS s
Protein Peptide fragments / \‘»lD"C w / ;eupfcn ;‘CQ . 7/ )
—————;‘Pmm e [Oftane statc Ms | [ On-ine LC-MS
- Peptid - J L ) J
Top-down ";fwfarx;s! mass measurement ‘
S —— [ Y Y
— c— — 4‘;*‘ Protein precursor mass measurement |
- - - Deduce primary [Oalaoepencenl MSMMS | . - ]
oy | gl
p ¥ Fragment - : koot heonizg
€ - b p add structure : Y . lonselecton y Y
e '-, in MS rotein fragment ladder (PMF) [ Peptae igentiication ‘ M | [ Data dependent MsMS
LY o4 y P ——{ -
F Y Y A y
Protein 1D Protein ID and characterization Protein ID and characterization
Protein from MS from peptide MS/MS from intact protein MS!

Figure2. Schematics of MS based proteomics strategiemp-down \ersusbottom-up approaches in

proteomics Adapted fromChait, B. TScience, 2006. b) outlines of diverse approafdrdglShased

protein identification and characterizatioAdapted from Han et alGurrOpinChemBiol, 2008
acquired from these proteolytic peptides often yield sufficient information to identify the
peptides and proteing21). However, because of the different physicochemical properties of the
proteolytic peptides, only a small fraction of these peptides can be detected and generate useful

MS/MSspectrafor their identification. Consequently, the coverage of many identified proteins is

6
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low, which might not be a problem for the parent protein identification or even quantification,

odzi AG Q& Yy 20 QkHdgderiz&idd ob ppdtraddlatiohic? Nddific&tiGnsRTMS

on parent proteins. In the toglown approach,the ionized intact protein is injected and
subsequently fragmented ithe mass spectrometerA complete description of the primary

structure of the protein can reveal all of its modifications, even any correlations that exist

between these modifications could be deduced from the informative fragment ions acquired by

MS (21). However this approach requires a higher performance MS, for exathpld-ouier

transform ion cyclotron resonanc@FICR)mass spectromey, to get enough resolution to

generate deconvolued spectraof the higHy charged iong(22). Besides, the low throughput

limits its application in largscale proteomicg$23). Nevertheless, both strategies contain three

oFaArAo0 LAfEFNRY O0A0 (GKS WFNRBY(d SYyRQ FTNIXOGAZ2YI G
acquisition ad (iii) protein identification and characterization by database searching. Among
iKSaSz G(KS WFNRYy(d SyRQ FTNIOGA2YyLFiA2Yy 2F O02YLX SE
key elements for both approach420, 23) Fig.3 illustrates a typical workflow of the MS based

bottom-up proteomics experimeni24).

Peptide Spray

Cell culture  Sample needle

preparation/ Protein 7~ Peptide Sample

Mass Mass spectrum  Data
@ faction digestion /:',-\ separation ionization 4.  spectrometry ‘,?, analysis
(4] C) — » Yot > > ¥ — —_—
© O sos-rack. Trypsin HPLC Es| o LTO-Orbitrap ERL i~ Mascot Lo
electrophoresis r::;' e Andromena @s===="%

Figure3. Workflow of a typical shotgun proteomics experimeidifiedfrom Steenet, al, Nature
Reviews Molecular Cell Biology, 2004.

1.2.1 Sample preparation

Sample preparation includes the multiple steps of protein extraction,-seggaration and
separation. However, concerning that the relevant chemical proteomics for thegqparation in

this thesis will be introduced later, the introduction here starts from {h®tein separatiorstep

prior to the coupled L®AS. After extraction and solubilization from cells or tissihe, protein
mixtures can be separated via two primampproaches gel based and gel free. Gel based
separation represents an effective and common approach in shotgun proteomics. For mass

spectrometric analysis by B85, 1D gel electrophoresis separation is often used to separate the
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protein mixture according to theidifferent masgsand normally followed by hgel digestion. A
typical procedure of kgel digestion includes destaining, reduction, aalklylation of cysteines,
enzymatic cleavage of proteins inteeptides, and extraction of peptides from the gel25).
Despitethe diversity of available proteasefor large scale proteomics analysis, trypsin remains
the most commoly used enzymewhich allows generating well defined peptide fragments.
Trypsin specifically and effagely cleaves ®&rminal of lysine and arginine residuesxcept
when eitherof themis followed bya proline residue Tryptic peptides are mainly doubly charged
at opposite ends of the peptide, which can be fragmented into both charged ietesnmihal
fragment ions and Nerminal fragment ions.The m/z value difference betweersuccessive
membersof each series can be used to deduce the amino acid sequgB@6¢ The gelfree
approach includes diverse fundamental different techniques recently summarized by ARif)ed
In the large scale proteome research, most of the time tryptic peptides from 1D gel fraation
still fartoo complex forthe capacity of any given mass spectrometer. €hae, coupling with
other smallscale preparative separatiamethods is often required to reduce the complexity of
tryptic peptide mixtures, for example theion-pairing reversed phase high-pressure liquid
chromatography (RPIPLC). In principleng inert non-polar substance that achieves sufficient
packing can be used for reverspdase chromatography. The most popular column in
proteomics is the octadecyl carbon chain (Cli&)ded silica. Generallyryptic peptides are first
dissolved withaqueous hbiffer A (e.g.,water) and loaded to the column. The retained peptides
will be sequentially eluted by increasing theganic solvent buffer B (e.gacetonitrile) dueto
their different hydrophobicity. Normallyacid is added tdoth buffers (e.g., 0.1%ermic aid) to
improve the chromatographic peak shape and to provide a source of prdtone peptides
ionizationfor the following mass spectrometry analydi@r the same material, such as Chigh
loading capacitysensitivity, and dynamic range of the RPLC can be achieved by packing long,
narrow capillary columns. Howevem the other hand this requirefigh pressure, which is
limited by the HPLC. With decades of efforts, the resolution, efficiency, reproducimildy
analysis speed of RPh&sbeen significantly improved.ogether with the ESI compatible buffer,
RRHPLC is the most widely usedlare coupling technique in larggcale proteomic$28).
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1.2.2 MS analysis

The rext step isthe analysis ofhe eluted tryptic peptides by MSA typicalmass spectrometer
generally consists of three parts: an ion source to produce thepgaseions, a mass analyzer to
separate the ionized analytes according to their m@sshargeratio (m/z), and a detector that
registers the number of ions at each m/z value. Once the peptides or proteins are ionized, they
are transferred into the mass ana@fzvia the electric potential differences between the ion
source and mass analyzesind subsequenthseparated according to their different mags
charge ratios. Alternatively, to acquire the structural information, an extra collision reaction cell
is imdemented in the tandem mass spectrometer, where the peptides or proteins can be
fragmented by different dissociation methods. The resulting fragment ions are subsequently
separated in the mass analyzer. In the end, all separated ions with differenttorabarge ratio

can be detected by different kinds of detectors and translated into a mass spectrum containing
the signal intensity against m/z values. The acquired raw mass spectra will ipeopessed to
extract the signal out of the noise and followéyg searchingagainst the proper database to
identify the peptides or proteins.

The analytegor MS analysishave to be converted into ggshase charged ions. Although many
ways of producing ions in the gas phase have been developed,najor techniquessoft
ionization techniquesre most commonly used in proteomics reseaftf, 29, 30) Electrospray
ionization (ESI) and MALDI. Electrospray ionization is a methedigh analytes present in a
solution can be ionized into gas phasehich wasfirst introduced byMalcolm et al. and its

underlying physical effect was first described by Geoffrey T48Ibr However, the significance
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of ESMS in proteomics was only recognized later last century by John &hn32)and
afterwards it becamea routinely used technique in proteomics research. Although the full
mechanism of ESI has not bemsolvedyet (33), three major steps in the pduction of gas
phase were summarized by Kebadeal.: (a) production of charged droplets at the ES capillary
tip; (b) shrinkage of the charged droplets by solveuaporation and repeated droplet
disintegrations leading ultimately to very small highly charged droplets capable of producing gas
phase ions; and (c) the actual mechanism by whichppase ions are produced from the very
small and highly charged dropl€tSig. 4(34). Because of the ability of ionizing the analyfesm

the liquid phase, ESI is particularly suited for coupling with the liquid based separation tools (for

example, liquid chromatographyTherefore integratedliquid-chromatogaphy ESMS systems

i

g 1

Differential pumping
| Orbitrap K Cﬁ

Figure5. Schmatics oETQOrbitrap. In the LT€Drbitrap, an ion trap is combined to the Orbitra
analyzer for the ions selection and fragmentation. From Thermol fisher company.

are preferred to be used for the analysis of complex samples. Another major advance enabling
ESIMS to sensitively detect protein and peptides is the development of +iwe ESK35, 36)
which is particularly important to applications in proteomics because of the limited quantity of
the samples.n matrix-assisted laser desorption ionizati@MALDI) the sampled spotted and co
crystallized wth the matrix solution ora plate (30, 37, 38)which canbe ionizedsoftly by laser
stimulation. The feature that MALDIlan retain the 2dimension coordinate of the lased spots
enables MALDI to carry the absolute advantage over electrosprayin the imaging mass
spectrometry field, where mass spectrometry is applied to visualize the spatial distribution of
proteins, peptidesdrug candidate compounds and their metabolites, and s¢3®42).

The commonly used mass analyzers in protesmesearch can be cataloged intoverl types
based on different physical principles: lingan trap (LIT), timef-flight (TOF), and Fourier

transform ion cyclotron resonance (FTICR) and Orbitrap miaalyzer(19, 20) Given the fact
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that the hybridzation of LIT and Orbitrap mass analyzer (OrRitrap, Fig5) is the only relevant
machine used in the thesis, a short overview about the LIT and Orbitrap mass analyzer is given
here:

The linear quadruple ion trap consists of four hyperbolic rods péttabolic shaped inner edges
creating a hollow space where the ions are trapped and controlled, and each rod comprises of
three parts: front section, ceet section and back section (Fig.(83). Thisconstruction allows

the trap to cafine the ionsradially by applyingthe radio frequency RF voltageto the four
guadrupole rods to form a 2D RF field, and axikityapplying DC potential® end of each
electrode. Tofunction asan m/z analyzer, twaextra phases of supplemental AC voltagee

applied across the-pods for ion isolation, activation, and masslective ejection, which also

~" Back
Section

Section

Figure 6. 2D quadrupole ion tra@jpplication of discreet DC voltages on each part of the rodsallows
trappingthe iors along the z axis in the central section of the deviAclapted from Schwartetal., J
Am Soc Mass Spectro2002

allow performing the tandem mass spectrum in the trgg). First the precursoions can be

selected by isolation operation and fragmented by collision induced dissociation (activation).
Subsequently, the fragmented ions are ejected out of the trap and detected by the detector.
Compared to the threglimensional (3D) Paul traps, lindaaps have higher injection efficiencies
and higher ion storage capacities, which consequently result in increased sensitivity, resolution
and mass accuracy and faster scan spétgjs

The Orbitrap, a new type of mass analyzer, was invented by Meakand applied into
proteomics research by Het al. (46, 47) The main attributes of this analyzer are high mass
accuracy and resolutigmvhich are relatively comparable with the IR instrumentatio48). In

the Orbitrap, squeezed ions fromt@p are trapped in an electrostatic field generated by an

outer barretlike and an inner spindieke electrode and oscillating along the central electrode
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and the zaxis. The oscillating ions induce an image current into the two outer halves of the
orbitrap, which is inversely proportional to the square root of the m/z andlmadetected using

a differential amplifier(Fig7). The signals are amplified and transformed into a frequency
spectrum by fast Fourier Transformation which is finally converted into a mass spectrum.

For the application in proteomics and related figldhe Orbitrap mass analyzer is typically
combinedwith a low resolution linear ion trap (L¥Qrbitrap), which performs the function of
collecting ion populatiosin MS moe or selecting and fragmenting the ions within a certain m/z
window in MS/MS mode. Th&ombination has gained a huge success in proteomics research in
the past years. In a typical proteomics experiment with 40rQitrap, the high resolution MS
scan in Orbitrap and the low resolution MS/MS scans in the linear ion can be performed in
parallelwhich results in obtaining high mass accuracy spectra for precursor peptides and fast

fragmentation(49, 50)

Measured mass is propertionalto o, = /‘,,r
the frequency of axial oscillations: Vm/q

Figure7. A cut awaymodel of Orbitrap mass analyzer and the formula which axial oscillation frequ
follows. Adapted from Scigelova aktakarov, Proteomics, 2006

The cetector is the final part o mass spectrometemwhich is used to record either the charge
induced or the current produced when an ion passes by or hits a surface. Two types of detectors
are commonly implemented in the mass spectrometer for proteomics research: destructive
detector and nordestructive detector. In the destructive detector, the ion impact generates
secondary electrons which can amplify the original signaling, thereforeachieve a high
sensitivity. Typically, in the LIT, the detector consists of the conversion dynode and the dynode

electron multiplier. While, in Orbitraps, the detector is art@structive detector consisting of a
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pair of metal surfaces within the mass aywmdr/ion trap region which the ions only pass near as
they oscillate. Only a weak AC image current rather DC current is produced by the analyate ions
when circuiting between the electrodes. Compared to the multiplier, Orbitraps need more ions
to generate he AC image; thereforé hasa relatively low sensitivity.

Tandem mass spectrometry (MS/MS or®S a key technique for protein or peptide sequencing

as well as PTM analygig0) consisting of multiple eventsThe first step igon selection the
precursor ions from the full scan are isolated and accumulatezisecond step ifagmentation

which is peformed onions to break them apart andh the final stepthe fragment ions are
separated by the mass analyzer and recorded by the detector. After isolation the target ions are
fragmented by colliding with the inert gas or electron donor resulting in boledvage and
generation of various fragment ions for peptides identification and PTM characterization. Several
different fragmentation methods are currelgtavailable on different machines, among which
Collision mduced (ClPpand Electron Transfer Dissd@a (ETD) are two widely used methods in
proteomics research with different mechanisms and consequently generate different fragment
ions. As showin Fig8, there are three possible types of breakage between two residuesCNH
COCH and COIH. Two spees are generated after thbackbone breakage and only charged

species can be detected afterwardg MS According to cleavage and charging status of the new
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HoN-CH-— C— NH--CH-- C—NH-CH-- C—NH-CH-COH
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Figure8. Nomenclature of peptide fragment ioby Roepstorff and Fohiman
species, the fragment ions are indicated hy b, or G, if the charge is retained on the-férminus

and %, ¥, or z if the charge is maintained on thet€minus(51). The subscript indicates the
number of amino acid residues in the fragment. In the CID, kinetic energy from the collision of
ions with inert gas is converted into internal (vibrational) energy mainly resulting in peptide
backbone breakage which mainly consists-aditd yions. In ETD, pejole ions can react with the

electron donor (e.g. Anthracen anion) and consequently the ion charge is reduced and paired
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electron configuration changes to unpaired electron configuration leading to fragmentation.

Different from CID, the fragment ions are imig ¢ and zions(52).

1.2.3 Data processing

For the largescale proteomics resach, possibilitybased database searching the most
effective way to interpret the tandem spectf@4, 53) However, the premise of this approach is
the peptide of inteest should be in the databasBrofiting from the advance of DNs#&quencing
technology, many databases aawailable for this purpose. As introduced above, each peptide
fragment in a series differs from its neighbor by one amino acid, which will be gsed mput
spectrum. Proteins from the database are first digested virtually into peptides and further
generate the theoretical spectrum. By comparing the input spectrum with the theoretical
spectrum, the most likely peptide rgported as output Numerouscommercial or free software

is currentlyavailable for this comparison, such as Mascot and Andronigdn They are using
different scoring algorithrs butare based on two common criteria (i) the peptide mass and (ii)
the number and intensity of the geamatched by the theoreticalgomputed m/z values of
the fragment iong55). The possibilities are presented as the identification scdaheshigherthe
score the higher possibility thathe match is correct. With this possibiliyased identification,

the number of misidentifications (false positgyecan eay increase to a high level by adding up
the small error rates for each of the corresponding peptides, partityuléor largescale
proteomics research. Therefore, stringentiteria are required to get high confident
identificatiors for all of the proteins. However, this would be achieved #te cost of losing the
confident identification of the proteins whicare present in the sample (false negati(®3) To
solve this problem, many searchiegginesallow using defined protein mixtures or randomized
databases to evaluate the false positive rate (FDR), and adjust the ctitergatrol the FDR &t
acceptable level (e.g., 19%)e novois another way to interpret the MS/MS spectrum, whibbes

not require any prior knowledge of the amino acid sequermfethe proteirs present in the
sample(56-58). However, it remainsa challenge even with # help of powerful bioinformatic
tools because of the quantity and complexity of the tandem spectra, for example, missing peaks,

different modifications and so of58-60).

14



General introduction

1.2.4 Mass spectrometrpased gquantitative proteomics

Rather than just giving a listf identified proteins, quantitative proteomics also provide
guantitative information of the analyzed samples, as a major advance in proteomics, which
allows researchers to quantitatively compare the samples. Relative and absolute quantification
represen two forms of quantitative data. In relative quantificatiothe protein amount is
relatively calculated to the same protein presentireference sample, such as how many fofd
change after a certain treatment or relative changes between diseased aimbalthy state,
whereas absolute quantification determimexactly how many copies or amount of a protein
there isper cell(61). Compared to the classic methods of differential protein gel or blot staining
by dyes andfluorophores massspectrometrybased @proaches enable taentify andquantify
many proteirs in parallelwhichhasgained a huge successtire largescale proteomics research
field. Label free and isotope labeling are two basic strategies avillfferent basis. Label free
guantification approaches achieve the relative or absolute quantification by correlating to the
mass spectrometric signal of intact peptides (intensity based) or the number of peptide
sequencing events (spectraounting). Incontrast, isotope labeling approaches introduce a
differential mass tag to the samples that can be recognized by a mass spectrometer and at the
same time provide the basis for quantificatiofig. 9summarizes the existing methodologies
used for quantificion. MSbased labefree quantification methods have emergeagécently,
consisting of two fundamentally different strategies: spektrauntsand intensity. Inthe former
approach the number of MS/M®ventsfrom a given peptidevere usedo estimate the anount

of the peptide, which is based on the empirical observation thatmore peptideare presents in

the samplesthe more frequert a tandem MS spectra for this peptide can be acquired. In the
intensity based approach, the extracted iohromatogram(XIC) for a given peptide is extracted
from different samples for the quantificationNumerous software packageshave been
developed to extract this information in batch, such as Progenesis laDM$laxquant (62).

Most of the labelfree quantification based strategies are focusing on relative quantification,
however absolute quantification based on lalflde approaches have also been investigat@sl).
Despitethe fact that both systematic and noesystematicerrors can b introducedetween
experiments, labefree quantification is worth considering compared to the isotope labeling
approach for the following reasons: {p principle limit to the number of experiments that can

be compared. (ii)) More analytical depth (more identification) due to the relative simpletrgpe
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complexity. (iii) Higher dynamic range of quantificat{@4). However, stable -01S sysem and

elaborate experiment procedure are absolutely required for the ldieg quantification.
Metabolic labeling Chemical labeling Spiked peptides Label free
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Figure9. Workflowsof common quantitative mass spectrometry. Boxeblue and yellow represent
two experimental conditions. Horizontales indicateavhen samples are combined. Dashed lines
indicatepoints at which experimental variation and thus quantification escan occurAdapted from
Bantschefkt al., Anal Bioanal Chen2007

e

Metabolic incorporation of stable isotopes has been widely used in quantitative proteomics in
the past ten years, such as stable Isotope Labeling with Amino acids in Cell culture (SILAC) where
the normal arginine and lys¢ in the medium are replaced BJC/*°N isotope labeled arginine
and lysine which can be incorporated into all cellular proteins through cell growth and protein
turnover. Cells cultured in heavy and light medium generate two cell populations and enable th
relative quantification by comparing the intensities of isotope clusters of the intact peptide in the
survey spectrum(61, 65) Profiting from the unique experimealtdesign that the samples from
different labeled channels can be mixed befdysis avoids bringing ierrorsin the following
steps.Metabolic labeling based approaches represent the highest accurate method-bhsés
guantification. Currently, the main approach of metabolic labeling is SN is limited to
higher eukaryde cells, like human cancer cell liné). Chemical tagging is another class of
isotope labeling based approach, which brings in id@ope tags orprotein level or peptide

level via different chemical reactiosuch as ICA6) and iTRA@67). Spiking the sample with
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isotope labeled peptides is often used for absolute quantification because of the ascertain
amount of spiked peptides which can be used to dedube absolute amount of the
corresponding peptides from the sample, such as the isotope labab=hlute quantification

(AQUA peptides which can be spiked in to the sample for absolute quantificé&®n

1.3 Chemical proteomics

The lhuman proteome contains between 20,000 and 25,000-nesfundant poteins and around
50,000 to 500,000 unique protein species due to RNA splicing, proteolysis and PTM(89¢ents
70) with a dynamic range of expression of more than six orders of magn{fi@ewhich is still

an unmet technical challenge. Therefore, {separation of the complex protein mixture is
absolutely requiredto get a deep investigation of a certain group of proteins. Numerous
emergedstrategies and toolslevote to separation of a subpt@ome according to their unique
characteristics shared by a group of proteins. For exampleFitgtioncan be used to separate

the proteins according to their molecular weight, membrane proteins can be separated from the
cytoplasnic proteins and immun-precipitation (IP) calbe used toseparate the proteins sharing

a common epitope (e.g., protein level phosphotyosine IP), and so on. Among these, chemical
proteomics is a promising tool focusing on the exploration of protein function using synthetic
smallmolecules which target a subgroup of proteins related by binding site shape (properties
compoundcentric chemical proteomics, CCCP) or by chemical reacti(@titisity-based probe
profiling, ABPRY2, 73) Compounetentric chemical proteomics basically is derived from the
classical drug affinity chromatography developed degty years ago by Cuatrecasasal. (74).

A typical chemical probe used for CCCP is based on affini#gdertaintarget protein and
contairs two parts: a capture part which can be recognized by a subgroup of proteins carrying a
common domain, such as the ATP pocket in the kidaseain and anflexible linker enthg with

an amine, carboxy or hydroxyl group, which can be used to immobilize the probes to the matrix
such as agrose beads without interfering with the biological activity of the other part. The
emergence of employing higberformance mass spectrometry for protein analysis remarkably
expands its application scope in proteomics, which allows identification of a subgroup of proteins
either directly or indirectly bound to the probgg5-78). Fig 10demonstrates a typical strategy

for CCCP: after incubating the sample with the immobilized probes, the target proteins can be co

eluted from the matrixand canbe furtherseparated through different ways, for example 1D or
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2D gel, and follone by L&MS analysis. Normally, the chemical probes used here need a high
affinity against their targets, for example with thg ik nM scale, which allows one to wash the
matrix stringently toreducethe unspecific bindingThe washing conditios are another rather
important parameter for this affinity based chemical proteasiimproper washing either yietd

too less targets (too stringent washing) or high background from the unspecific binding proteins
(too soft washing), which thereof has to be optimizeforehand(79).

Besides the huge success in drug discoyésy 80, 81) CCCP has also been used to characterize
the biological functionof the target protein where normatla higHy selective immobilizable
inhibitor is required The interactors of the target protein could be-porified out by using

proper washing conditios) which can be used tanravelthe biological roles of the target protein.
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RecentlyMoulicket al. applied this strategy to identify the HSP90 dependent oncogenic proteins
and successfully revesd several cancespecific networks coordinated by Hsp@@). Comparing

to the affinity based probes, activilyased probes contaitwo main components: a reactive
group or warheadwhich can covalently label the target proteindypically an electrophilic or
photo-reactive group(82), and a tag working as a reporter ftre detection, enrichment and
identification, such adbiotin or adye (83). However, more oftentere is a third part, which could

be a pure linker between th@abovementionedtwo groups orit serves aghe site-directing

functionwhich directs the reactive elemettwards specifitargets(82).

1.4 Kinome profiling

As introducedat the beginning of thischapter, protein kinases are involved in almost all the
cellular processes by phosphorylating up to 30% of the proteome. Gene amplification,
overexpression and point mutation induced aberrant kinases expression and/or activation have
been found in numerous pathophysiological eveintsludingcancer. Profiling the kinome of a
particular tumor allows the discovery of deregulated signaling pathwayisced by the aberrant
kinases, which may offer the drug target for the therapeutic intetion and therefore may
provide biological markers for future guidance in personalized medicine. T& damerous
strategies have been designed to analyze the kinome st@4s85) Amongthese,the kinase
centric chemical proteomics technologg one of the most promisingpproaches(75, 84) By
immobilizng the ATP mimetics to agosebeads via a linker, itrables to purify hundreds of
protein kinases from human and rodent cell lines and tissues by competitively binding to the ATP
pocket within the protein kinase$75). Conjugation withquantitative mass spectrometry, it
allows the quantitative comparison of the enriched kinases from different samples. Originally this
technique was developed for drug targgisofiling. Cell or tissue lysatare pre-incubated with
either vehicle (e.g., DMS©) drug over a range of concentrations (e.g., fra80 pM to 10 mM)

and subsequently subjected &inobeadprecipitation. Depending on the affinity of the kinases

to the drug, different amours of the free kinases iavailable for capturing oKinobead Targets

with high affinity will be blocked by the drug, whereas non targeted kinases and other proteins
are unaffected(75) Recently it has been used to profile the clinic samples in respionthe
different therapeutic interventions to reveal the potential drugargetsin kinome wide Cells

were isolated from cancer patients and treated with various concentration of drug targeting the
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kinases. Subsequently the samples were profiled viakim®bead to investigate the potential

targets of the testing drugs arttle targets mostly contributing the cell apopto$gs).

1.5 Aim and outline of this thesis

This thesis comprises three projects with the common goal of usingbeadbased chemical
proteomicsin conjunction with quantitative mass spectrometry for cancharacterization. The
aim of first projectwasto establish and optimize thKinobeadechnique for target profiling from
different samples angystematically evaluate the performance of label free quantificatioa
kinasecentric chemical proteomics, wh isdescribedn Chapter 2.

Chapter 3 describes the projeat which 34 head and neckancercell lineswere profiled
employingthe established quantitative chemical proteomics strategythie first project. 30
targets out of the 42 statistical signifint kinases weresubmitted for siRNA mediated
knockdownfor further validation and resulted in 9 potential therapy targets in head and neck
cancer. The result suggested that this quantitative chemical protestrategy isndeed a useful
approach for theapeutictargets discovery.

In chapter 4the Kinobeadapproachtogetherwith afull proteome strategywasappliedfor the
characterizatiorof the HSP90 regulat proteomewhich may offer some new insighfisr cancer
intervention by targeting HSP9@he result impliednumerouskinases to be novel clients of
HSP90With the assistane of bioinformaticstools, different HSP90 coordinated pathways were
revealedto be involvedin different cancer cell lines. Puls&lLAC experimestlsoprovided a

new interpretationfor the differential dependence of the clients on HSP90.
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2. Establishment and optimization dfinobeadbased quantitative chemical proteomics
2.1 Introduction

Kinaseg(alternatively called phosphaansferase) is an enzyme which catalyzes the transfer of the
terminal phosphate from ATP to the specific substrates. With the completiotheohuman
genome sequering, the whole set of human protein kinaseeme catalogued byudarsananet

al. In total, the kinome comprises 518 protein kinases constituting about 1.7% of all human genes
(87). Coordinéing with phosphaases, an enzyme which removes the phosphate group from its
substrdes, kinases mediate most dfie signal transductiorin eukaryotic cells and consequently
regulate many cellular processéscludingcell cycle progressigrapoptosis anddifferentiation.
Dysregualted kinases have been indicated in many pathological events, such as Eeofdarg

the kinome of a particular tumor thus allows the discovery of deregulated signaling pathways
induced by the aberrant kinases, which may offtke drug targes for the therapeutic
intervention and therefore may provide biological markers for future guidance in personalized
medicine.

Advanced genomic techniques, such as microarrayest generation sequencing techniques,
enable the rapid and seiive analysis othe transcriptome.However,information from mRNA
levels only offers an indirect evaluation of protedbundance and function due to either poor
correlation between mRNA and protein concentration or the post translational modification
which cannot be predicted from the deduced amino acids sequéd@80). In contrast, protein
level result gives a straightforwaabsessment of the kinase quantity and/or activitygls as the
classic kinase activity screen assay. The kinase activity can be estimated actortheg
phosphorylation level of itself or its specific substraté¥l). Employing similar strategies
important improvemens have been made usingotein arraytechnology which enables the
analysis of many kinases or substrates in parall®idverthis strategy mainly suffers from the
availability of specific antibodies and/or specific substrat¢85). Chemical proteomicsn
conjuncion with mass spectrometry,as introduced above, allmvfocusing on a certain
subproteome sharing siitar physiochemical propertiesn thisthesis focus lies on th&inome, a
group of proteins with kinase domanand astructurally conserved protein domain containing
the catalytic function othe phosphotranferase. There are two indispensable conseregibns

in the kinase domain:reATP binding region in the-fdrminal extremity of the catalytic domain
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and a conserved aspartic acid residue in the central part of the catalytic domain which is
important for the catalytic activity of the enzym@2). The former region (ATP pocket) also
allows the selective binding of ATP analogs, which can be further developed as probes for
affinity-based chemical proteomics for drug discovery or biological resd@&;03) In a typical
experiment, these compoundare immobilized to agrose beadsvia a linkey resulting in the
probe matrix subsequentlyised to affinity capture the kinases from cell or tissue extracts.
Considering the fact that human cells contgiigh concentrations of ATP (~ 2 mM) and high ATP
affinity for most of the kinase (l«rr<0.1 mM),an extreme higlaffinity is absolutely required for
these compoundto effectively bind to the ATP pocket instead of ATP. The binding efficiency can
be estimated by the equationGyo = (K gnnibior) (1 + ([ATPY/IKatr)), Where the Kd value is
determined by competition binding assay experiment Most of the currenty designed
compounds have an nM scale Kd for their targets which can effectively bind to the ATP pocket
according to the aforementioned equatid@4, 95) In addition, several other factors also affect
the efficiency of the whole approach, including the expression level of target proteins and
extraction methods, both of which hawn effect on the concentration of the target proteinte
compound coupling densitgould betoo low andtoo highresultingin low binding capacity and
high unspecific binding to the probe matrbespectively(96), the kinases activity, it has been
found that some of the target kinases only can bind to the probes in the active @8n
Recently, another activithasel probe usingATP or ADRs thesite-directing group has been
developedcontaining three partsthe ATP or ADP grougn acyl phosphate reactive group
which can react with theadjacentlysne residue, and a biotin group for enrichmef®7, 98)
However, the requirement of a lysine nearby the ATP pocket and ptEntgpnkinase proteis
containingan ATP binding domairemain challengng for this strategy

Kinobeadis one of the affinitypased chemical proteomics technology originally developed by
Kuster and colleagueat Cellzome(75). By immobilting pankinase inhibitors to aaose beads

via a linker, it enabkethe purification of around 350 protein kinases from human and rodent cell
lines and tissues by competitivelynding to the ATP pocket within the protein kinagés). The
technique was originally dewsbed for drug target proofing. In this studyowever, serial
parameters of theKinobeadbased chemical proteomicsene optimized in order to apply #n
approach to profile the kinome for cancer characterizatidwo quantification methodswere

compared was leading to the slection of intensity based label free quantification for the
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following experiments. Systematic evaluation of the variance of the whole strategy revealed that
less than 10% and 5% of the variance was induced by biological and technicehtespl

respectively.
2.2 Material andmethods

2.2.1 Cell culture and harvesting

K562 cel were cultured in Roswell Park Memorial Institute medium 1640 (RPMI1640) with
stable glutamine (PAA, Pasching, Austria) supplemented with 10% (vAdnhaetivated étal
bovine serum (FBS, PAA, Pasching, Austria) at 37 °C incthmator (Cell Genix, Bran#)ith
humidified air and6% CQ K562 cells were washed 3 times with qgaoledPBS after harvesting
by centrifugation.

The entire 34head and neclcell lines used in this studgre listed in the appendix tabl&1l
representing HNSCC tfe tongue andwere kindly supplied byDr. Stephan Feller from Oxford
University Dr. Suzanne A. Eccles from McElwain Laboratories, Dr. Susanne M. Gollin from
Universiy of Pittsburgh and Prof. Reid@&renman University of Turku With the exception of
the two cell lines OSC9 and OSQO, all were originally obtained from primary tumofsee
appendix tableS]). Cells were cultured in Dulbecco's Modified Eagle MediuMEB) with high
glucose and glutamine (PAA, Pasching, Austria) supplemented with 10% (vAmdwstated
fetal bovine serum (FBS, PAA, Pasching, Austria), lxessemtial amino acids (NEAA, PAA,
Pasching, Austria) at 37 °C in humidified air bt CQ.

2.2.2 Study for cell lysis with different detergest

Harvested K562 were lyzed in B0M Tris/HCI pH 7.5, 5¢tycerol, 1.5 mM MgGl 150 mMNacCl,

1 mM NaVQ, , 25 mM NaF, and protease inhibitors (SIGMAFAST, Siddiech) containing
different detergens (SeeResults part) Homogenates were centrifuged at 600§ at 4°C for 10

min to remove cell debris. Protein concentration in lysates was determined by the Bradford assay
FOO2NRAY3 (2 GKS YFydFEOGdNBEQa AyadNHOiGrA2y o

2.2.3Study for cell lysis with differat concentrations of phosphotase inhibitors
The whole panel of céllysate for target profiling wagkindly supplied byDr. Stephan Feller,
Jessica B. Doondeea and Melanie C. Janning from Oxford Unieerdigrepared according to

the following protocol:Prior to harvesting, cells were cultured in medium for 48 h. Cells were
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grown to 90100% confluence while avoiding substantial overgrowth. Before lysis, cells were
washed 3 times with ice cold phosphate buffered saline (PBS). Radionoprecipitation assay
(RIPA) 100 buffdmixed micelle buffer with 20 M TrisHCI, pH 7.5, 100 Mh NaCl, 1 vl EDTA,

1% Triton X100, 0.5% deoxycholic acid, 0.1% SDif) freshly added protease (2x protease
inhibitor cocktail, Roche Applied Science, Mannheim, Germany) and different concentrations of
phosphatase inhibitors (phosphatase inhibitor cockthjl SigmaAldrich, Munich, Germany,
phosphatase inhibitor cockta®, SigmaAldrich, Munich, Germany, 1 mM sodium orthhanadate

and 1 mM sodium molybdate) was used for cell lysis. One ml of ice cold lysis buffer per?175 cm
cell culture flask was then added to the cells. Cells were scraped immediately, collectedin a pr
cooled micrecentrifuge tube and incubated on an orbital mixer for 30 min at 4 °C. Lysates were
then centrifuged at 2 °C for 30 min at 20,00@x supernatants collected, aliquoted, frozen in

liquid nitrogen and stored aB0 °C until further use.

2.2.4Placenta lysis

Human placenta or cells was-flezen at 37°C in water bath and washed with-poeled PBS to

get rid of the blood, and subsequently lysed in 50 mN&/HCI pH 7.5, 5%ycerol, 0.8% NRO,

1.5 mM MgGl 150 mMNaCl, 1 mM N&Q, 25 mMNaF,1 mM DTT and protease inhibitors
(SIGMAFAST, Sigiakdrich) and 5x phoshotase inhibitor cocktail 1 and Il (Chembiochem, Merk).
Homogenized and lysed cells were centrifuged at 60§@xd 4°C for 15min to remove cell
debris. The supernatant was transfedrato polycarbonate ultracentrifuge tubes and cleared by
ultracentrifugation at 145,000 g and 4°C for 1h. Protein concentration in lysates was
determined by the Bradford assay according to the manufac@@ A y &.(TrhedySaie AvAsy

aliquoted and stored at80 °C for further use.

2.2.5 Affinity purification and protein digestion

Kinobeadpulldowns were performed as described previou§Rp). Briefly, cell lysates were
diluted with equal volumes of 1x compound pulldown (CP) buffer (50 TnsIHCI pH 7.5, 5%
glycerol, 1.5 mM Mggl150 mMNacCl, 20 mMNaF, 1 mM sodium orthwanadate, 1 mM DTb

mM calyculin A and protease inhibitors). Lysates were further diluted if necessary to a final
protein concentration of 5ng/ml using 1x CP buffer supplemented with 0.4%48PKinobead
(20Qul suspension)was incubated with lysates (total of 5 mg protein) at 4 °C for 4 h.

Subsequently, beads were washed with 1x CP buffer and collected by centrifugation. Bound
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proteins were eluted with 2NUPAGE®DS Sample Buffer (Invitrogen, Darmstadt, Germany) and
eluates wee reduced and alkylated by 10 mdithiothreitol (DTT and 55 mMiodoacetamide
(IAA) Samples were then run into &g®2%NuPAGE®el (Invitrogen, Darmstadt, Germany) for

about 1 cm to concentrate the sample prior tegel trypsin digestion.

2.2.6 Insolution protein digestion

Universal Proteomics Standard set 2 (UPS2, Sigdrich, Germanyyvas denatured with 8 M
urea 50mM Triethylamonium bicarbonate (TEAB) g5 for 5min followed by thiol groups
reduction by incubation with 1nM DTT (final conc.) fol h at 56°C. The resulting cysteine
residues were alkylated with 5%M iodoacetamide (IAAxt room temperature, in the dark for
45 min. The reduced and alkylated proteins were diluted intmld urea with 50mM TEAB, pH
8.5 and digested overnight withytpsin (1:100, trypsin/substrate ratio) at 3C. The reaction was
stopped by adihg 1%formic acid (FA)

2.2.7 Ingel protein digestion

To avoid keratin contamination, the modified-gel digestion procedures were performed in the
clean room as describe@®9, 100) Briefly, the protein containing lanes were cut and destained
with 50% 50mM TEAB/50%thanol. Gel pieces were dehydrated with ethanol and rehydrated
with 5 mM TEAB containing trypsin (1:100 wt/wt) and incubated oghitréit 37°C. Reactiowas
stopped by adding 5% Fand the reduced/alkylatedresidual peptides were extracted by
incubating twice with 1 % FA and one time with 60% acetonitrile (ACN) in 0.1% FA followed by
two incubations with 100 % ACN. The extractiorsVitanzen at-80 °C and lyophilized with
SpeedVac (UNIVAPO 150 ECH).

2.2.8 Dimethyl labeling of tryptic peptides

Dimethyl labeling of tryptic peptidewas performed as described previous{§01) After ingel
digestion,lyophilized tryptic peptide was dissolved with 1Q@Dreaction buffer (100mM TEAB)
and 4ul of 4% formaldehyde was added (Formaldehyde for light chaik&drmaldehyde for
medium channel). After briefly vortexing and spinning downyl4odium cyanoborohydride (600
mM) was added to the reaction system followeddsneral shaking for h at room temperature

using a tube shaker (Eppendof, Germany). The m@acvas stopped by adding 1@ of 1%
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ammonia. Equal amous®f labeled peptides from two channels were mixed together and the

excesavas removedeagent using the following STAGES purification method.

2.2.9 STAGHps purification

Samples were rsuspended in loading buffer (5% FA). After wetting and equilibration steps,

F OARAFTFASR al YL Sa 6SNB t2FRSR (2 GKS daD9[ 21 RSNE
followed by washing 2 timewith loading buffer. Pepties were eluted 2 timewith 20 ul elution

buffer (80% ACN/5% FA) and frozen&it°C and lyophilized with SpeedVac (UNIVAPO 150 ECH)

for further MS analysis.

2.2.10 LEMS/MS analysis

Nanoflow LEMS/MS was performed by coupling an EksigeamoL@Jltra 1D+ (Eksigent, Dublin,

CA) to a TQOrbitrap XL ETD (Thermo Scientific, Bremen, Germany). Tryptic peptides were
dissolved in 2Qul 0.1 % formic acid and 1l were injected for each analysis. Peptides were
delivered to a trap column/76> Yi.d. x 2 cm, packed with Bm C18 resin, Repro$iUR AQ, Dr.
Maisch, Ammerbut, Germany) at a flow rate of pL/min in 100% buffer A (0.1% FA in HPLC
grade water). After 10 min of loading and washing, peptides were transferred to an analytical
column (75umx40 cm C18 column Reprosil PUR AQ@m3 Dr. Masch, Ammerbuch, Germany)

and separated using a 225 minute gradient from 2% to 35% of buffer B (0.1% FA in acetonitrile)
at 300 nL/minute flow rate. The LTQrbitrap was operated in data dependent mode,
automatically switching between MS and MS2. Full sbé spectra were acquired in the
Orbitrap at 60,000 resolution. Internal calibration was performed using the ion signal
(Si(CH).0)xH+ at m/z 445.120025 present in ambient laboratory air. Tandem mass spectra were
generated for up to 8 peptide precursors in the linear ion trap for fragmentation by using

collisioninduced dissociation (CID).

2.2.11 Peptide and protein identification anguantification

2.2.11.1 Spectra count base label free quantification

MS raw files were loaded to Distiller (v.2.2.1, Matigience, London, UK) for peak processing
and peak picking using the following setting-eentroiding of tandem MS spectra,-calailating
precursor charge stategnd minimum ten peaks for tandem MS spectrurBubsequently, peak

lists were searched against protein sequence database IPI hum&n68;.87,061 sequences)
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using Mascot (v.2.2, Matrix Science, London, UK) using carbamidgim€tas a fixed
modification and ST, Yphosphorylation and M oxidation as variable modifications, trypsin as
proteolytic enzyme with up to 2 miss cleavages, precursor ion mass tolerance of 5 ppm, fragment
ion mass tolerance of 0.6 Da, decoy search esthbData interpretation was preformed with
Scaffold2, (v2.1.03, Proteome Software, Portland). Number of assigned spectra used for spectra
counting based label free quantification was filtered usingneimal protein identification
probability 0f99% and nmimal peptideidentificationprobability of 95%.Exponentially modified
protein abundance indexe(PA) was directly extracted from the Mascot searching result by an

in house developed script (programmed by Dr. Kurt Fellenberg).

2.2.11.2 Intensity basethbel free quantification

The Progenesis software (version 3.1, Nonlinear Dynamics, Newcastle, UK) was used for-intensity
based labefree quantification. Briefly, after selecting one sample as a reference, the retention
times of all eluting precursor mAzalues in all other samples within the experiment were aligned
tocreatel fFNHS fAald 2F WTFSH{Idz2NBaQ NBLINBaSyaaAy3
6 charges were included for further analysis. Features with 2 or less isotopes were excluded.
After alignment and feature filtering, replicate samples were grouped together and raw
abundances of all features were normalized to determine a global scaling factor for correcting
experimental variation such as differences in the quantity of proteinddaidto the instrument.

Briefly, for each sample, one unique factor is calculated and used to correct all features in the
sample for experimental variation as described previod2) Given that multiple MS/MS
spectra are frequently collected for the same feature (precursor ion) across all the samples, the
precursor intensities were r&ed and the MS/MS spectra of the five most intense precursors for
each feature were transformed into peak lists and exported to generate Mascot generic files
(mgf). The mgf files were searched against the protein sequence database IPI human (v. 3.68,
87,06L sequences) using Mascot (v.2.2, Matrix Science, London, UK). Search parameters were as
follows: fixed modification of carbamidomethylation of cysteine residues, variable modification
of S,T,Y phosphorylation and M oxidatidnypsin as proteolytic enzyme with up to 2 miss
cleavages, precursor ion mass tolerance of 5 ppm, fragment ion mass tolerance of 0.6 Da, decoy
search enabled. Search results for spectrum to peptide matches were exported in .xml format

and then imported intothe Progenesis software to enable the combination of peptide
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quantification and identification. Peptides with mascot ion scdess thanidentity threshold
(p<0.05) were filtered out, and only unique peptides for corresponding proteins were used for
identification and quantification. For protein quantification, the feature intensities of all unique

peptides of a protein were summed up.

2.2.11.3 Dimethy labeling for protein quantification

Maxqguant version 1.1.1.2%http://www. Maxquantorg/) (62), was used for the dimethy labeling
based protein quantificationAll MS raw files were processed willhaxquantto generate the

peak lists and searched against the IPI human (v. 3.68, 87,061 sequences)ecbmitin262
common contaminats and concatenated with the reversed versions of all sequences using the
Andromeda search engir(®4). Cysteine carbamidomethylatiomas set as a fixed modificatio8,

T, Y phosphorylation and M oxidation were allowed as variable modifications. Peptide
identification was based on a search with an initial mass deviation ofré@ipsor ion of up to 7

ppm. The fragment mass tolerance was set to 20 ppm on the m/z scale. The minimum required
peptide length was 6 amino acids and up to 3 missed cleavage sites and three isotopically labeled
amino acids were permitted. The accepted Fd@Bs 1 % for both protein and peptide

identifications.

2.2.12Statistical analysis

The data analysisvas in collaboration witlbr. Amin Moghadda&holami, Kuster Lab, TUNlo
detect differential kinase protein expression between multiple cell lines, a moderated linear
model (Fstatistic) oranovamodel (anova test) was applied using the limma packd@s)in
Bioconductor(104) Gtest was performed as previously describi@®5)for spectra counting and
emPAl based quantification datavalues were adjusted for multiple testing to control the False
Discovey Rate (FDR) at 5% using the algorithm of Benjamini and Hockb@sy Adjustedp-

valueswere used to identifyifferentially expressed kinases.
2.3 Result and Discussion

2.3.1Kinobeadestablishment

The first stepof this projectwas to establishthe Kinobeadtechnology, which was originally
developed by Kuster ancblleagues at Cellzome(75). Fig 11a shows the schem of Kinobead
with the ATP mimics immobilized via eitheéMH, group or-COOH groupSince low density
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couplingresults in lowcapacity while high densityouplingleads to high background due to the

unspecific bindingthe coupling concentration of individual compownaas optimized for the
Kinobeadmatrix based on the original protocol. Each compound was coupled witty22 £ Kk Y{ X H
>Y2f k Yi> V2R Yif T gufldbven éxpeRmedtson placenta samples to investigate

the affinity purification efficiency and unspecific binding. Two compouwardsilustrated inFig.

11b as examples. For compound TUMOOL, all theceeipling densitiesallowed for effective

fishing of many proteins. The intensities aghany bandswere mildly increased from 1 td

>Y2t KYf X 0 dziiby & SDdD@ ivcedas¢g bfSri@ny unspecific bands. To avoid the high
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Figure 11a) Schematic of the kinobeads. Red circles indicate the attachmenb)siduted proteins
from the beads coupled with different concentration of compound 1 arfduédowrs were performed
with 5 mg total protein from human placent&he elution was separated by SBSGE gel and followe

by silver stain.
While, in compound TUMOOG, a significant increase of the capture efficiency was observed from

1to 2> Y 2 f, wlMdst no bangewas foundfrom 2to 4> Y2t Kk Yf @ / 2y aSljdsSyatex
coupling concentration was selected for this compourddwever, further MS analysis is required
to acquire the accurate result, which was not performed here due to the previous §I8)lyThe

details of the whole 8 compounds used for tkimobeadarelisted in appenditable S2
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2.3.2Detergent selection

Detergents are amphipathic molecules that possess both a hydrophobic (feagrand a
hydrophilic (wateffriend) group that allow them to spontaneously form highly organized
spherical structures called micelles, which have similaperties as the membrankpid bilayers.
Consequently, it can be used to release the proteinsci®ating a mimic of the natural lipid
bilayer. However thenicelles only begin to form at a certain concentration which is known as the
critical micelle concdmnation (CMC) This isan important poperty for selecting detergents,
besidesvaries further conditions including pH, ionic strength, temperature as well as the
presence of protein and lipid. Overall, there are etr classifications: Neionic, bnic and
2witterionic detergents Keeping proteins biologically active is absolutely required to enable the
kinases to bind to th&inobead Hence ionic detergentwill not be considered heresince they
result in denatured proteins. In this study, five neionic detergents and one zwitterionic
detergent were compared in order to enable the inhibitor matdxcapture more kinases artd
decrease the unspecific binding. Equal nunsbef K562 (10 cels were lyzed with the same
lysate buffer but containing differerdetergents, 0.8% NBO, 0.5%Triton-100, 0.8% Brij35, 0.5%
Tween20, 0.8% digitonin and 1% CHAfSowed byKinobeadpulldown to enrich the kinases
which were subsequently analyzed by MS (in duplicates). Overall, 98 to 108 kinases were
identified from each individual pulldown. AlthougBlightly difference of total kinase
identification was observed among different condits, 0.8% NP40 and 0.5% Triton generally
resulted in the most kinase identificatioasd particular most spectra assigned to kinases 0%

more compared tal% CHAPS). Besidmth conditions allowed more identification of receptor

Table 1Comparison of differerdetergents Average number from two replicates is shown here. Date
were filtered with 99% minimum protein possibility and 95% peptide possibility. Unspecific binding
calculated by dividing the spectra assigned for-kirase potein with total assigned spectra

Detergents: 0.5% 0.8% 0.5% 1% 0.8%
Triton100 NP40 Tween20 CHAPS Digitionin
Total Kinase protein 105.5 101 105.5 103.5 101.5 104
Total kinase spectra 1663 1467.5 1602 1445 1336 1400.5
Receptor kinase 14 6.5 14.5 8 135 125
Receptor kinasespectra 260.5 55 278 99.5 258 200
Nonkinase protein 242.5 187 236 219.5 238.5 249
Non-kinase spectra 1690 1369.5 1509 1595 1511 1774
% ofunspecific binding 50.4 48.2 48.5 52.5 53 55.8
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kinases (Tably. 1% CHAPS, a zwitteriodietergent, gave similar number of total kinases and
receptor kinases, but together witlowest kinases derived spectra antbre unspecific binding.

0.8% Brij35ed to the lowestbackground at the cost of decreasing identifications, especially
receptor kinases. Considering the fact that receptor tyrosine kinases locate on the top of the
signaling pathways and play more important role in many diseases related singling pathw&ys, 0.8

NPR40 was selected for the following experiments.

2.3.3Kinobeadcapacity

To address th&inobeadOl LI OA (@ T Kinoheadwdre einfiricailyf uSeR to enrich the
kinases from a serial amount of proteins from 1 to 3@g of placenta lysate. Tdelute from
Kinobeadpulldowns was separated by SDBAGE gel and stained witharomassé blue. As
shown in FidL2, the intensities of the enriched proteins were increasing whid increase of the

starting material from 1mg to 3@ng suggesting thathe O LJ- OA (i@ 2 T Kinobhead > |

e
l

|

' ]
|
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|
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l

Figure12. Kinobeads capacity estimation. Left) Kinobeadspulldown was performed by incubatin
S[1AY20SIRa gAGK AYyRK Gthring RateRah PIACBMNESIySdte). [EMtBrdzaye
separated by SDBAGE gel and stained witharomassie blue. Right) intensity from each lane w
extracted from the left sample and overlaid togetheiaxs and yaxis represent the band intensity an
band positiors respectively. Different samples were coded with color: red, green, yellow and
indicates samples with 1mg, 5mg, 10mg and 30mg starting material.

31

as

(e



Kinobead establishment

should be enough to capture thkinases from more than 1fhg of lysate. Furthermore, the
pattern of most peaks from 1léng starting material (yellow line) showed approximately two
times abundance compared to the corresponding peaks from 5 mg starting material (green peaks)
indicatinga linear correlation between the peak intensity and starting material. Whereas from 10

to 30 mg, most ofthe peak intensitiesvere increased by only aroundfactor 2 suggesting 100

>[ & Kinabéadh&sa capacity to enrich the kinases from aroundr@g of lysate. However,

this may vary from sample to sample depending on the heterogeneity of the saRaplexample

lysates from cell lines may be quite different from tissigsates which may contain lots of
protein originating from blood (e.g.hemoglobn) and/or connective tissue (e.g., fibrinJo be
conservative 100> [ & KindbéaBuRre selected for the pulldown with Big whole lysate
protein for further experiments.

Theaffinity of different kinases to the probes mighary, as a consequence cqetitive binding

to the Kinobeadmay occuibetween the kinases: the high affinity kinases may competitively bind

to the probes first to block the binding of the kinases with low affinity if Kineobeadcapacity is

not big enough. To address the problem, a serial volumiérsbeadf NB Y MH ®p (2 wmnan
wasused to purify the kinases from 12m8g placenta lysate, from which 160] & Kindbéad R
should have enough capacity to capture the kirasecording to the data described above. By
using intensity based label free quantification (described below), 150 protein kinases were
guantified out of 168 identified ones. To achieve a robust analysis, only the protein kinases

guantified with at least wo peptides were counted representing 122 protein kinases, as
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Figurel3. a) Totalintensity of total 122 quantified protein kinases performed nice linearity among
three data pointsb) Normalized intensity distribution of the 122 protein kinagsem 4 pulldowns with
indicated volume of kinbeads.y 1 Sy aAGASa 2F wmmdp (AylFasSa LISN
beads.Only the kinases quantified by more 2 unique peptides were plotted here.
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illustrated in Fidgl3a the average intensity of total 122 protein kinases performedomd

linearity among 12.5, 25 and 59 o0 Sl Ra o6dzi y2& 6AGK wmnn>[ 0SSt R:
1Aylrasa KIgS 0SSy O2YLX Si S bréhe iRdvidifal&inaSeR, 1108 dza A y 3
of 122 protein kinaseshowed a linear behavior witRf more than 0.96 with the increase of
Kinobeadfrom 12.5 to 50> [(Fig.13b)illustrating that no obvious competition among the

different protein kinases was observesen in the samples with 12.5 and 25[Kinobead
(certainlyhavingnot enough capacity for catching all the kinases from 12.5 mg lysate). Together,

these data indicated thathe Kinobeadmatrix used here covered these quantified kinases

without big variane of affinity, therefore the amounts of individual proteins captured by the

probe matrix do not relate to the affinities of these proteins for the immobilized compounds but

reflecttheir amounts present in the sample.

2.3.4 Concentration of phosphotasehibitors

From the previous research, some kinases have been shown to bind irtbbeadonly in an
active conformation, such as Focal adhesion kinase (FAK/PFTER 2N this experiment, 14 head
and neckeell lines lysed with 2x phoptese inhibitor | &Il were profiled witKinobead(Fig.14).
However, comparison of the full lysate an#inobeadpulldown eluate by western blotting
indicated that for one kinase CSK, théMS profiling result was not consistent with full lysate
(Figl4a). Therefoe it was hypothesized that active CSK is iegflito be captured bKinobead

just the same as for FAKSK in the lysatenight beinactivated due to the low concentration of
phosplatase inhibitors (PPI). To validate this hypothesis and systematically investigate whether
there are morekinases which bind to the Kinobead attive manner, the concentrationof
phosplatase inhibitor which can keep the kinase active by inhibiting ghesphataseactivity

was optimized. Wo cell lines lyzed with same buffer but different concentraiohphosphatase
inhibitors (PPI) wereusedto compare the impact of PPI on thé&nobeadpulldown product. As
expected, the result confirmed that the FAK binding is activation dependent and two kinases CSK
and TBK1 were found to shoavsimilar behavior. Almost no CSK and TBK1 were fished by the
Kinobeadpull downfrom the lysate withlow concentration of PPI (2x) but high amosintere
observedfrom the super high PPI (5x) samples.(E#p). Furthermorewhenthe samepanel of
samples from Fig. 14a wesanalyzed with super high concentrat®onfPPI, as shown in Fityc,

a omparabk result was observed betweerKinobeadpulldown elution and whole lysate by
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western blot suggesting that super highlR® necessary for thKinobeadpulldown to achieve
high fidelity, therefore high PPl concentrations were applied all the Kinobead basel

experiments within this project.
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Figure 14. Rosphotasenihibitor effect on capture efficiency of KinobeamsComparison of CSK fron
the Kinobeads elution and corresponding cell full lysate. Only two cell lines were in agreement wit
other.b) Three kinases were identified only in the samples lyzed with super high concemtf&Rinby
Kinobeadpulldown but not the same samples lyzed watltow concentratiorof PPI. ¢) Tardeprofiling

performed on the indicated cell lines lyzed with supgh PPI which was congruent with the full lysate

2.3.5 Comparison of spectra coung based and intensity based labdétee quantification

As described ithe introduction, isotopic labelingpased quantification habeenwidely used in
guantitative proteomics research, but it is not ®dtfor largescale biomarker discovery mainly
due to eitherdifficult to label sample or limited available mass colors. Therefore, before making
the decisionon the quantification method for targets discovery, some comparisons of different
label free quantification and also label free versus isotope labeled quantificatethodswere
performed. First, the serial dilutions of the Universal Proteomics Stander@ svere utilized to

elucidate the performance of intensity or spectra count based label free quantification, which
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Tryptic peptides from UPS2 Tryptic peptides from
Serial dilution (n=3) pulldown elution (n=34)
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Figure 15. Comparison of different kel free quantification methoddJSP2 dilution samples wer
measured in triplicate for thproperties evaluation of three label free quantification methods. And ¢
one panel of 34 tumor cell lines was measured in unicate for data distribution plot (see.below)

contains 48 humanmpteins with dynamic range concentrations from 58@oles to 50 pmoles.

The raw files were either processed Byogenesid. CMS (nonlinear, UK) for intensity based label
free quantification or Mascot Distiller f@pectralcounting. Another approach calleasnPAI(107)

which is alsdased on the spectitaount but using the adjusted values was alsmpared here
(Fig15). As illustrated in Fid 6, with the spectral counting approach, all proteinshowed a
saturation behavior with increasing protein amosntn contrast, the adjusted emPAIl showed a
much better linearity, especially for the high abundantd high molecular weight proteinshich
cangenerate more observed peptides. Intensity based label free quantification also enaélied
linear quantification for the low abundant proteins and the response of the system was linear
over more than two ordes of magnitude. In addition, it comprises a lot fewer missing values
than emPAIl and spectral counting, which have a significant effect on the conclusions when
performing subsequent statistical analysis.

In order to choose the right statistical method ftire following data analysis, one important
parameter one needs to know is how the datee distributed. 34 Kinobead pulldown products
from head and neck cancer cell lines were analyzed by three different quantification approaches.
As shown inFig. 17a only the intensity data performed as a normal distribution, emPAIl and

spectrd counting followed a chisquared distribution. According to the different data
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A. Spectrum counting
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Figure B. Comparison of three different labfke protein quantificationmethods. A) Spectrun
counting: all proteins show saturation with increasing protein amounts. B) emPAl exported
Mascot search result performs much better than spectrum counting. C) Intensity: protein inten
the sum of all identified peptide amsities of a given protein. This shows the best linearity for
proteins and all analyzeguartatities.

distributions, three statistical tests on the different dataseere performed more specifically
ANOVA and-Btatisticwere performedfor intensity data and @est was performedon spectal

count data. The result suggested that many kinases out of a total of 160 kinases were
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differentially expressed between the 34 cancer cell lines. Gtest identified 92 kinases
whereas ANOVA anddtatistics identified 85 and 86 kinases respectively (Fig. 17b), which were
quite comparable with each other. Given the fact that 50% of all data points in spectral counting
test led to the suspicion that this may result from the more instable spectral counting
guantification data compared to MS intensity values. In contrast, only 0.5% missing values are
present in theMS intensitydata. Based on thisbservation moderated Fstatistic was selected

for the following intensity based data statistic analysis.

A. MS intensity distribution I B

15

19

5 10 15 20 25

Log imtensity

B. SpecCount and emPAl distributio

...... mPAl data distribution

16

Figure 17. a) Data distributiorplot generated from three different approached.abelfree
guantification ofKinobead affinity purifications show that MS intensity dasanormally distributed
while spectrum counting and emPAIl data follow a-sthiare distribution.b) Different statistic
methods performed on the different dataseevealed many significant candidates.

2.3.6 Comparison of the dimethyl labeling and intensity based lafsee quantification

For most of the biomarker discovery, metabolic labeling with ismt@lty labeledamino acids is
scarcely possible not only because of the large number of samples bubtedaasethe clinical
tissue samples cannot be kelled in this wayWhile the chemical isotope labeling based approach
allows the researchers to label the clinicairgdes and still represents a relative quantification
method with more accuracy from the former data. To evaluate the performance of the intensity
based label free quantification, a comparison between the intensity based label free
guantification and one afnost often used isotopic chemical labeling approach, dimethyl labeling,
was performed here. Kinases were purified from 5mg placenta lysakérimpeadpulldown with

triplicates. After ingel digestion, half was used for labete quantification and the ther half
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was labeled withsotopomeric dimethyl labels and followed by MS analysis. For the-fedeel
guantification, protein intensity was extraati by Progenesis LCMS from the raw files while
Maxquantwas usé for the dimethyl labeled samples. Geneyalthe proteins quantified with
higher intensity were observed to be closer to 1:1 ratio (E8). Dimethyl labeling quantification
still represents a more accurate relative quantification method wittandard deviation of the
log 2 ratio 0.42 comparetb 0.87 from the label free quantification. Howevéf just kinases
which are supposed tobe enriched bybinding specifically are considerethe standard
deviationswerereduced to 0.32 and 0.45 respectivetyaking them moreomparable with each
other. For the identification, in total 335 proteimvere identified including 94 kinases from three
replicates of dimethyl labeledamples while almost two times more protesnwere identified

from the same three replicates by labefree quantification approach containing
Dimethyl labeling Intensity based label-free quantification

-
P o g W a_n .
l— —— -m -"I-l‘-‘—r-t-l—.n-_..
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= kinases.
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Figure18. Protein quantification and identification comparison of dimethyl labeling and label free
chemical proteomics. Two samples with 1:1 mixtuerenquantified by either dimethyl labeling o
intendty based label free quantification. Upper panglots of the results from two differen
guantification approaches. Most of the proteins quantified with less than two fold changes by
methods, but direthyl labeling generally givesiore accurate quaiification results. Lower panel)
Venn diagram comparing the identification of protein kinases (left) and total proteins (right)tfrerr
two methods.
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additional48 kinases compared to the dimethyl labeled sampi¢ least two reasons can lead to
the lessidentificationobserved: first, extra steps were required to label the sample, such as the
STAGH IPpurification which can lead to the loss of tryptic peptides. Second, dimethyl labeling
increased the complexity of the MS spectrum; most of the peptides had a pair after the labeling.
Together, the intensity based labeee quantification approach resulted in slightgs$accurate
guantification but considerably more identificatianTo further investigate how well the intensity
based labefree quantification methodcan achieve three biological and technical replicates

were performed as described in the following sent

2.3.7 Viability of intensity based labdree quantification for chemical proteomics

As mentioned in the introduction, compared to the isotope labeling based quantification
methods, labefree is the least accurate quantification technique because alirilependently
performedexperimentalsteps may introduce systematic and negystematic ariations between
experiments which are finally reflected in the acquired d@4) However, the data described in

the previous section also suggestit labelree canresult in comparable quantification results
and higher identification ratesTherefore,the intensity based labdtee quantification approach

was selected for the next project amlde technical merits of the overall approaatere evaluated
before applying this strategy to real sampl€sr biological replicate analysi$rée independent
Kinobead pulldowns were performed on the cell lysate from the same cell line CAL27 and
analyzed by LBIS/MS andsubsequentintensity based label free quantificatidny Progenesis
LCMS. The mainder of the tryptic peptidesof the biological replicates were pooled and
analyzed in 3MS runs for technical variance evaluation. First, in term of the identifications, as
expected, more peptidesere identified for a given proteinin addition proteins representing a
higher abundance or molecular weighill be more robustly found, which is the fudamental
principle for spectracounting based labdlee quantification(Fig. 19a) 95% of these proteins
wereidentified with more than 3 peptides reproducedalfi 3 replicates. Only around 60% of the
proteins identified with one peptide can be found in the three replicates. A direct consequence is
the effect of missing data which may generate serious effect on the statistical results. Then, the
same file was processed with progenesis LCMS to evaln@teiability of using the intensity. As
shown in Fig.19b, 8% and 4% of the overall variance were from biological and technical replicates

respectively,suggestingthat the intensity based quantification is a robust way for lafvek
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quantification. Furtiermore, the relation between the proteins identified by different number of
peptide and protein intensity variance was also investigated. 8y Generally speaking,
coefficient of variation§CV$ and standard deviations of protein quantification decsea with
increasing number of the peptideassigned to the proteins suggesting variation of protein
guantification is a function of the number of peptides used for quantification. Even for proteins

identified by just one peptide in biological replicateaaqtification CVs is rarely larger than 20%.
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Figure 19.Robustness of protein identification and quantification. a) Reproducibility of prc
identification in biological (grey) and technical (black) triplicates using CAL27 cells. Here, no ali
of m/z and retention times was used for protein identification. All proteins with four or more pep
are identified in all replicates and 80% of all proteins reproduce in all replicates if two peptide
found for a protein. b) Variation in protein gutification. CVs of the quantified proteins from the thr
replicates were plot here; the black line defines the mean values of all the protein CVs. c) the ¢
CVs with their standard deviation for the groups with different number of peptides usec
quantification The number above the erroars indicate the number of proteins that are present
each bin

2.4 Conclusion

Kinobeadtechnology in conjunction with quantitative mass spectrometryaikinasecentric
proteomics strategy enabling to profile the expression of many kinases in parallel. In this study,

Kinobeadechndogy wasestablisted based on the previous wo(K5). A serial of parametetsas
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been esablished for the following experimest including the compounds coupling density,
detergent,Kinobeadcapacity, as well ake concentration ophosphatasenhibitors. The results
suggestedhat super highphosphatasenhibitor concentrationsare indispensable to retain the
activity of some kinases and enable them todio the Kinobead In addition comparison of
three label free quantification approaches suggested that Interdsityed quantification clearly
outperformed spectral counting and emRI with the least missing values and best overall
linearity. Besideghat, the normally distributed dataset allowed using tlestatistics for the
statistic analysis. Comparison of the intensity based label free quantificationsatwpomeric
dimethyl rewaled that the former approach showed morprotein identifications and
comparable quantification with the ledr one. Finally, the systematic evaluation of tieehnical
merits of the overall approach suggested a robust quantitative result can be achigvethss
spectrometry based kinaseentric quantitative chemical proteomics witharian@ of 4% in

technical and %in biological
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3. Quantitative chemical proteomics revealsnew potential drug targets inhead and

neckcancer

3.1 Introduction

Head and neckancerrefers toa heterogeneous groumf cancers thatrisein the upper aere
digestive tract, including the lip, oral cavity (mouth), nasal cavity (inside the nose), paranasal
sinuses, pharynx, and larynver 90% ofthese cancersoriginate from the squamous cell
epithelium of mucosal liningand are therefore referred asquamous cell carcinoma (HNSAC)
accounts for 3% of all cancer cases dadthe sixth most common form ofancer with
approximately 600,000 new cases worldwide every y@aB) The survival rate is 480% over 5
years, anddespite decades of effort, lhas not markedly improve¢l09) So far the major risk
factors identified for HNSCC are tobaes®and alcohol consumption, which contribute to 75%

of all the HNSCC patienBoth independentrisk factorscan generate a synergistic effect when
combined(110-112) Besides, infection with the sexually transmitted human papillomavirus (HPV)
is another well defined risk factor, particularly for the HNS@Gke oropharynx109) Besides,
some other risk factors have been recognized to associate with HNSCC, such as the habitual risk
factors (eg., chewing of areca nui)113) environmental carcinogens, ancertain inherited
disorders(e.g., Fanconianaemia(114) While, consumption of fruits and vegetable has been
shown to be able to reduce the risk of oral can@er5)

Previous research revealed variadistinguistable subgroups ofiNSC@t the histological level
However furtherRNAand DNA profilingesults suggestedt to be a very heterogeneous dissa

at the nolecular levelwhich can roughly be divided into HRositive (20%) and HPV negative
cases (80%)L09) In the HPVhegativegroup, highchromosome instabilitys frequently observed
which onsequently resultsn genetic alterations Two most recently exome sequencing studies
further confirmed that much more mutatiorsre found in the HP\hegative tumor compared to

the positive group and several new mutations wadentified in both tumor suppressors (e.g.,
NOTCH) and oncogenes (e.dRF6§in addition to the knowrHNSCC genésP53, CDKN2A, PTEN,
PIK3CA, and HRAS)16, 117) However still inaround 15% of all the HNSC&ses the genome
appears to be rather normahnd HPWhegative (109) To date, the molecular carcinogenesis

information is limited in the HR¥egaive group with high chromosome instabilitycontributing
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to 65% of the total HNSCCs. A dozen of candidate cancer genes and several established cancer
genes in HNSCC have been shown tarnwelved in most of thecancerrelated phenotypes
summarizedby Handan and Weinberg (see the general introduction)including limitless
replicative potential(TP53,CCNDland CDKN2A seltsufficiency in growth signalEGFR and
TGFbeta), ability to evade apoptosi@IK3CAand PTEN)invasion and metastas{€SMD}, and
angiogenesis(VEGFR)109) However,relatively few signaling pathways have so far been
established forthe pathogenesis of HNSCC. Among these thebE&FSMAD(118120) and
EGFR/PI3K/AKdre the two most researchegathways(121) The latteroffers a number of
possibé therapeutic intervention points particularly at the level of EGFR if4€®) whichis
amplified and/or overexpressed in many HNSCC cék2%) Quantitativeevaluationof EGFR ia
considerable marker for clinical outcome correlatid24, 125) Anti-EGFR monoclonal antibody
(126)or tyrosine kinase inhibitor (TK24)therapies have shown some clinical benefits; notably
for the combiration of antibody and radiation therapy127) In comparison, TKIs have shown
rather low response rates, the reasons for which are currently not fe24) The success of
targeting EGFR for HNSCC therapy demonstrtitas the improved understandingof the
underlying molecular pathways enabdeto provide for new strategies for HNSCiierapes.
However, given the fact that only a subgroup of HNSCC can benefit from the EG#&hiitn,

there is a great need to identify new molecular targets whose activity may drive this cancer in
individuals in whom EGFR does not play a major role. Recently, several otherdanage
molecular mechanisms have beender investigaton. Theseinclude aurora kinase A (AURKA)
(128) pololike kinasel(PLK1)129)and ¢MET (130) indicating that the observed molecular
heterogenely of the disease may be rooted in multiple kinase signaling pathways and
underscoring the need for potential biomarkers and/or therapeutic targets for an individualized
approach to the management of HNSCC.

Giventhe fact that variousmolecular mechanismsould result in the aberrarkinasefunction in
human cancerthe kinases basedgnalingpathways are best studied at the protein level and
guantitative proteomics methods are increasingly used to address signaling in a systematic
fashion(64, 131) The Kuster laboratorizas recently developed a chemical proteomics screening
method that allows the interrogation of many signaling pathways in par@l It is an affinity
purification matrix termed Kinobead consisting of seven immobilized nonselective kinase

inhibitors which allows the purification and identification of several hundred kinases and other
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ATP binding proteins from cell lines or tiss§@s, 132) Initially, the Kinobeadapproach was
developed to profile the selectivity of small molecule kinase inhibitors; it &edsl itself to

profiling the expression of kinases in cells or tiss(i&s 86) Besidesthat, the intensity-based
labelree quantitative mass spectrometry enables the identification and relative quantification

of the purified proteins across many biological samfE33) In this study, thentegration of
Kinobead based chemical protamics and intensity based labdiee quantitative mass
spectrometry was utilizedto systematicallyinvestigate kinases that might represent novel
candidate targets for individualized therapeutic intervention and/or candidate biomarkers
describing the underlyingndividual tumor pathology. Quantitative profiling and statistical
analysis of 147 protein kinases across 34 tumor derived HNSCC cell lines revealed that 42 kinases
showed highly significant differential protein expression. These incluchatter associated
kinases such as EGFRIET and AURKA but also novel candide®esall molecular inhibitor and

loss of function experimestusing siRNA in higland low expressing cell lines further identified
kinases including EGFR, EPHA2, LYN, JAK1, WEE1 and NE&® imveell survival and
proliferation. Among these, EGFR is confirmed as a drug target and EPkiagedto be

novel drug target. Both contribute to around 20% and 15% of the HNSCC cell lines respectively
which were further confirmedwith the clinical sample by immunohistochemical analyses
showing that high EGFR and EPHA2 expression is detected in a subset of HNSCC tissues. In
addition the several significant candidates are the potential targets of the approved potent pan
SRC family kinasehibitor dasatinib, which significantly reduces some but not all of HNSCC cell

linesas well
3.2 Material andmethods

3.2.1 HNSCC céithes

(Seechapter 2.2.1)

3.2.2 Cell culture and harvesting

Cell culturewas performedas described in chapter 2.2.1 andlls wereharvested according the
protocoldescribed in 2.2.3 except using 5 times phosphotase inhibitor | & 1l instead of 2aime

each.
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3.2.3 Affinity purification and protein digestion
(Seechapter 2.2.4)

3.2.4 L&MS/MS analysis
(Seechapter 2.2.9)

3.2.5 Peptide and protein quantification ahidentification
(Seechapter 2.2.10.2)

3.2.6 Statistical analysis

Thisdata analysisvasperformed incollaborationwith Dr. Amin Moghadda§holami, Kuster Lab,

TUM. To investigate the data distribution and ensure the appropriate application of statistical

tools, frequency histograms and quantgeantile (QQ) plots were created for all nen

normalized kinase intensities provided by the Progenesis analysis. Data weneditmealized by

Variance Stabilization Normalization (V$NJ4)which addresses the error structure in the data

and stabilizes the variance across the entire intensity range. VSN has previously been shown to

be applicable and useful for MS based quantifica{ibd8b) The power of the VSN methodolois

greatest in situations where hypothesis tests are used to detect changes in protein expression.

The underlying assumptions of these hypothesis tests are data normality and homogeneity of
variance, which tend to be more approprifteepresented by VSiHansformed rather than non
normalizeddata. Briefly, a complete paitse comparison was performed as follows: Let ykc be

the expression values for kinases k = 1,...,K and cell lines ¢ = 1,.-p@&qassed and normalized,

then the systematic effecefNJ S OK { Ayl asS OFly 6S RSAONAOGSR o0& |
yk = (yk1, ...,ykC)T is the vector of expression values for kinase k, X is a known design matrix with

full coumnry’{ w FyR i | Tla kibasespachicoveear of fegréssiotokfficients.

Regression coefficients represent comparisons of interest between cell lines in the experiment.

These coefficients were estimated with the least squares linear model fitting procedure and

tested for differential expression (testing any padit€  NJ i {w Sljdz-rf (2 no 068& Yz
t-statistics via the empirical Bayesian statistics described in the limma pa¢k@8g The null

hypothesis was accepted or rejected on the basis -@hlBes computed for the omnibus F

statistic via limma as described above, at a specified significance lexadlds were adjusted for
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multiple testing b control the False DiscoweRate (FDR) at 5% using the algorithm of Benjamini

and Hochberd106) Adjustedp-values allowed identiing differentially expressed kinases.

3.2.7 Western blot analysis

For immunoblot analysis, cells were washed with-poeled PBS and lysed in RIPA buffer. Protein
concentration was determined by the Bradford agsFifty pg of lysate from control and treated
cells were mixed with equal volumes of 2x NUPAGE® LDS sample buffer contaimikig DT
and heated at 95C for 5 min. Proteins were subsequently separateddi?% NuPAGE gel and
transferred onto PVDF memédmmes (Invitrogen, Darmstadt, Germany). Membranes were blocked
for 1 h in blocking solution (2% BSA inTts Buffered Saline, TBS, 20 miktHCI, pH 7.4, 150
mM NaCl, and 0.1% Twe&®) at room temperature and probed overnight at°@ with the
respectiveprimary antibody. Immunaeactivity was detected using IgG conjugated peroxidase
(GE, Little Chalfont, UK) and visualized by an Irqagat LAS 4000 mini (GE, Little Chalfont, UK).
For phosphorylation analysis, membranes were first probed with the resephosphespecific
antibody and then stripped with 625M TrisHCI, pH 6.8, 108 a -mercaptoethanol, 2% SDS

for 30min at room temperature to allow probing the same blot for the respective total protein

3.2.8 Immunohistochemistry analysis

This experiment was performed in collaborationwith Prof. Dr.Med. Axel Walch Helmholtz
centrum Miuinchenlnstitutfir Pathologie The levels of EGFR amtPHA2were analyzed by
immunohistochemistry in tissue microarrays (TMAs). All tissue samples were obtaorad fr
patients who were diagnosed with primary HNSCC and underwent a surgical resection. In total,
92 primary formalidfixed and paraffirembedded samples from different anatomic subsites were
obtained from the archives of the Institute of Pathology, Techm@ddniversitdtMunchen. All

tumor tissue specimens were procured from patients giving written informed consent according
to the requirements of the ethics committee of the TechnistheversitatMinchen. TMAs were
generated from these samples in house Bynpling one tumor tissue cores (1.0 mm in diameter)
from each paraffirembedded tissue block using the technique pioneered by Konehah (136)

The TMAs were constructed solely for the purpose of profiling protein expression in HNSCC
patients. Therefore, noufther clinical data (such as HPV status, smoking habit, alcohol abuse) is

available for this patient material. Immunohistochemical staining for EGFREBhA2were
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carried out using an automated stainer (Ventana Discovery, Tuscon, AZ, USA) and the DAB Map
kit (Ventana) as described elsewhe®37) The tissues were incubated with either an EGFR
antibody (Dako EGFR pharmDX TM Kit) dERHAZolyclonal atibody (Santa Cruz, €24) in a

dilution of 1:250. The EGFR antibody used for TMAs was validated by the vend&@PHA2
antibody used for TMAs was validated by single band detection on western blots tagains
number of human tissues in the Human Pratéitlas project tttp://www.proteinatlas.org/) and

by single band detection on western blots against complete cell lysates of HNSCC cell lines in

Kusterlaboratory.

3.2.9 Sample preparation for DNA sequencing

This experiment was in collaboretn with Dr. Kramer, Kuster lab, TUMIotal mRNA was
prepared from cell lines using the magnetic mMRNA isolation kit (New England Biolabs Inc., Ipswich,
MA, USA). The purified mRNA served as template for cDNA synthesianehbred polydT
primers employing the ProtoScript-MuLVTaqg RPCR kit (New England Biolabs Inc., Ipswich,
MA). The encoding transcripts were selectively amplified by touchdown PCR. Due to the limited
reading length of the sequencing reaction, eight comsige, overlapping segments were
generated by designing eight corresponding PCR primer pairs to cover tHenfiih EGFR
encoding sequence. Individual R@eactions were prepared in pl aliquots by mixing 2l cDNA

(at varying dilutions), 0.2 uM primer(biomers.net, Ulm, Germany), 1 U Phusion Higlelity

DNA PolymeraséNew England Biolabs Inc.), uiD5x reaction buffer and 200 uM dNTP mix.
Touchdown PCR was initiated in a Primus25 thermocycler (PEQIlab, Erlangen, Germany) at 98 °C
for 3 min, followal by 10 touchdown cycles with 30 sec denaturation at 98 °C, 60 °C annealing
decreased by 1 °C per cycle for 15 s and 72 °C synthesis for 45 s. After 25 additional cycles at a
constant annealing temperature of 55 °C, the reaction was completed by a fiealsén step at

72 °C for 5 min. The PCR products were purified by agarose gel electrophoresis employing the
QIAquick Gel Extraction kit (Qiagen). The DNA sequence of individual PCR a&nvpdison
determined using the ABI Prism 3730 automatic sequencerli@ppiosystems) and the primers

employed for transcript isolation by PCR.
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3.2.10 Kinase inhibitor treatment

The EGFR inhibitors gefetinib, erlotinib, the dual EGFR/HER2 inhibitor lapatinib and the pan SRC
family inhibitor dasatinib were purchased from L@boratories (Woburn, MA, USA) and the ¢

MET inhibitor PHA665752 was purchased from Tocris Bioscience (Bristol, UK). All inhibitors were
dissolved as 10mM stock solutions in dimethyl sulfoxide (DMSO) and kel &E. HNSCC cells

were seeded in 98vell plates at 3 x @*cells/well and grown in DMEM supplemented with 10%

(viv) FBS and 1x NEAA for 24 h prior toegixpental treatments. Next, 10Ql fresh medium
supplemented with different concentrations of kinase inhibitors (range afiMito 10uM in 0.1%
DMSO depending on the experiment; control cells were treated with 0.1% DMSO as a vehicle
control) were added to the cells. Cell viability was monitored afteh 3§ treatment using the

XTT Cell Proliferation Kit Il (Roche Applied Science, Mannheim, G&rman

3.2.11 siRNA treatment

Small interfering RNA (siRNA) reagents were purchdsam Qiagen (Hilden, Germanylhe
concentrations used in the described experiments were twice the values recommended by the
manufacturer (seeappendix able 8). Cells servim as negative controls were treated with
transfection reagent only; positiveontrols were transfected with M AllStarsHs Cell Death
Control siRNA (Qiagen Hilden, Germany). 7500 cells were seeded in 96 well plates and incubated
in DMEM containing 10% (Y FBS and 1x NEAat 37°C 1day before transfection. siRNA
duplexes were diluted in 5@ DMEM medium without serum, followed by addition oful
INTERFERM (PolyplusTranfection, lllkirch, FRANCE) emchediate homogenization for 18.

The mixture waghen incubated for 10min at room temperature to allow formation of the
transfection complex between siRNA duplexes and INTERFEERier exchanging the medium

with 125pl fresh prewarmed complete medium, the transfection mixture was added to the cells
and mixed gently by swirling. Cell viability was assessed by the XTT assay after 4 days as

described above.

3.2.12 Ephrin Al Fc treatment

For cell viability assay8 x 10 cells/well were seeded in 96 well plate with 1¢0 DMEM
containing 10 % (v/v) FBSdatix NEAA and allowdd attach for 24h. Then, medium with the

respective cacentrations of EphrinAEc (or1 pg/ml Fc for control cells, R&D Systems,
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Minneapolis, MN) was added to the cells and cell viability was assessed by the XTT assay after 4
days aglescribed above. For Western blots&6lls were seeded in 6 well plates containing 1ml
DMEM with 10 % (v/v) FBS and 1x NEAA. Aftér, 24lls were starved by culturing in serdrae

DMEM for another 24. Subsequently, cells were stimulated eithertwitug/ml EphrinAd-c or

lug/ml Fc as a control for 3thin. Cells were subsequently washed with PBS and lysed for

Western blot analysis as described above.

3.3 Results and Discussion

3.3.1 Experimentastrategy of identifying differential kinase protein expession in HNSCC cell

lines

After the systematic evaluabn of the wholeKinobeadprocedure(see chapter 2)it was applied

in this study to discover the therapeutic targets for the head and neck caBs&blished cell
lines were used herg¢o avoidconsidering uncertain factsrof the clinical tissue, such as the
complicated sample preparation, definition of the cancer tissue and the sample grideas
well as significant issues with candidate validation optidmis the next step The strategy
employed isillustrated in Fig20. Briefly, cellines originally derived from primary HNSCC tumors
(30 of 34) or metastases (4 of 34) were grawitroand subsequently lysed with the lysis buffer
containing high concentrations of phosphatase inhibitosskeep the phosphorylation status,
which is required for the binding of several kinaas described in the last chapter. Subsequently,
kinases were paially purified usingKinobead which has been shown to allow the purification of

60% of all human prota kinases from cell lines and tissugs), followed by subjecting to

HNSCC cell lines Kinobeads LC-MS analysis Quantification  Data analysis

il

il

Figure 20.Quantitative chemical proteomics strategy for the identification of kinase drug target
signaling pathway biomarkers.
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trypsin digestion and nanoscale liquid chromatography tandem massrepsetry (nLEMS/MS).
Protein identification was achieved by database searching of the tandem mass spectra and label
free quantification was performed using the m/z and retention time aligned precursor ion
intensities of the identified peptides integratec¢t@ss the chromatographic peak. Moderated F
statistics was employed to identify kinases that are significantly differengallyessed across

the 34 cell lines. After highlighting the significant candidates, sauditional experiments
including small mecular inhibitorand siRNA treatment, were used to validate part of the
candidates and clinicaldata of the head and neck cancgratients was also acquired to connect

with the resultachieved here

3.3.2 Targets profiling on HNSCC by chemical proteonooshined with quantitative mass

spectrometry

In this study 34 head and neck canceell line were profiled ina biologicabuplicate generating

68 samples each of which was subjected to la UKGMS/MS experiment for labdtee protein
guantification andidentification. In total, 17,873 precursor isand retention time features led

to successful peptide identifications. This corresponds to 665 unique proteins including 146
kinases with the latter contributing ~50% of the entire signal intensity. As disdus the last

chapter, consistent sample processing and stableMISCsystem areindispensablefor the
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Figure21. Mass and retention time stability of the employedM&/MS approach. a) Peptide precurs
mass error distribution of identified proted. The median mass error is 0.81 ppm with a stand
deviation of 1.40 ppm. b) Retention time stability across 34 experiments. The median CV of
retention time features is 0.011+0.005. 42% of all features have CVs of <1% and 93% of all fes
are within a C\/ of <204
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successful M$tensity based laberee quantification. Inthe analytical seup here, the
reproducibility of protein identification is further improved by the alignment of the data. As long
as a protein is robustly idéified in at least one of the samples, the alignment of the retention
times together with the accurate mass of the peptide precursor will lead to the identification of
all peptides in all samples (as long as they are present above r{@3®8) Therefore, lefore
performing furtherdata analysis the systematicvariance between the samples and replicates
wasevaluated Fig 21 showsthat the retention time distribution in the data is very narrow and

the median CV of all identified IMS features (i.e. peptides) is 1.1% (42% of all features show
retention time CVs <b and 93% show CVs <2%). The median precursor mass error of identified
peptides was 0.8 ppm and 95% of all identified peptides were measured within 1.4 ppm mass
error. This demonstrates that the ergyed LE@MS conditions were vergtable and thus well
suited forthe intensity based label freguantification purposesTogether with the data from the

last chapter showing that there isss than10% variancen the biological replicates suggested
that the intensity based labdtee quantification approach usedéh this study delives a
comparable data quality as stable isotope labe({t83)

For the screeimg of 34 cell lines (in duplicate) the respective numbers are 5.6% missing values

0
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Figure22. Identification of differential kinase protein expression across 34 HNSCC cell lines. Ex
for protein expression levels across all cell lines utilizing retention time aligned precurs:
intensities. Horizontal lines mark the median expression valigper panekhows two significant
kinases EGFR and EPHA2 while the bottom pietels two nonsignificant kinases.
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for MS intensity and 76.6% for spegtcounting, which can have a sigo#ént negative impact on
the statisti@l analysis confirmed thedistinct advantage of MS intensibyased quantification
over spectal countingdescribed in the last chaptewith the quantification approach applied for
the Kinobeadexperiments hereijt is impossible toknow the absolute quantities of any of the
purified proteins. It shouldherefore benoted that all the quantification dataare relative (i.e.
relatively comparing thequantities of one protein across the different experimeig possible
but the quantities of different proteins cannot be compared to each othéi).the results
discussedabove suggestedhat the experimental approach generateobust qualitative and
guantitative data for subsequent data analysis. total, 146 kinases were identified and
guantified across all 34 cell linesd as shown in Fig@2, most kinases wersimilarly expressed
across the panel of cell lines (e.g. MAP4K5 and CDK7, Fig. 2a bottom panel) but some kinases

showed marked differences in expstsn (e.g. EGFR aR®PHAZ2Fig. 2a upper panel).

3.3.3 Statistic analysis

This data analysisvasin collaborationwith Dr. Amin Moghadda&holami, Kuster Lab, TUNlo
investigate the data distribution antb ensure the appropriate application of statislctools,
frequency histograms and quantitpiantile (QQ) plots were created for all nemormalized

kinase intensitieprovided by the Progenesis analysis.. Biga shows afrequency histogram of

a b c
Histogram of expression values
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Figure 23. Variancestabilization normalization (VSN) of lab&ke quantification data. a) Intensity
distribution of all identified kinases. b}@ plot ofnon-normalized sample and theoretical intensitie
shows that the data are not normally distributed across the entire intensity ran)g@Q plot of VSN
processed data showing much improved normality (Figure generated by Dr. Amin Mogh
Gholami, Kuster Lab, TUM).
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the data,indicatingthat the data were not strictly normaly distributed Therefore theintensity

data were further normalizedby the variance stabilization and normalization (VSN) whih

been recently introduced to the proteomics field135) Q-Q plots before and after the
normalization suggested that the dataeve normally distributed across most part of the entire
intensity range after VSN normalimon (Fig. 23b and cBubsequently moderated Fstatistics
analysiswas performed on the normalized MS intensity data of all quantified kinases and
resulted in 42 kinases showing highly significant differential expression between cell lines (p<0.05,
Fig.244d). These include receptor tyrosine kinases such as EGFR, EPH receptor family members,
DDR1 and eVIET as well as a diverse set of cytoplasmic kinases of the NEK, SRC and other families.
Unsupervised clustering of the differential kinases and 34 cell lines Z#)y.failed to show

strong grouping of either the kinases or the cell lines. Attesmip cluster the samples or kinases

by criteria such as (the sparsely available) clinical information, kinase family membership or
member ofsignalingpathways did also not result in a significant grouping indicating that the
kinase profiles and underlygnproperties of the respective cancer cells are probably indeed

rather different.

KINASE | F.p.value | KINASE | F.p.value b

EGFR 3.39E-10 LIMK2 3.54€-03

EPHA4 8.23E-09 BMP2K 3.64E-03

CSK 3.05E-08 PRKDC 4.97€-03

WEE1 6.61E-07 PRKAG1 6.24€-03

EPHA2 7.63E-07 AURKB 6.72E-03

PIP4K2C | 8.55E-07 SRC 7.85E-03

RIPK2 1.87€-06 EPHB4 8.76E-03

o

coc2 2.06E-06 PCK2 8.78E-03

LYNA 2.31E-06 ULK3 9.34€-03

NEK9 2.68E-06 CDK2 1.08€-02

saseury

MAPK1 7.95E-05 PDXK 1.78€-02

ZAK 8.77€-05 CSNK28B 2.38-02

LYN 9.15E-05 JAK1 2.41€-02

MELK 1.30E-04 | RPS6KA4 | 2.47E-02

MAPK3 1.55€-04 PTK2 2.63E-02

“il"l .111]]!.

PKMYT1 1.75€-04 ILK 2.73E-02

PTK28 1.55€-03 PRKAAL 2.80€-02

mmmmmm
-----------

EPHB3 | 1.656-03 FRK | 3.74€-02 FRSEINE
> > B

TBK1 1.78€-03 | CAMK2D | 4.53E-02

MET 1.806-03 | EPHB2 | 4.88£-02 Cell lines

EPHAL 2.49E-03 MARK3 4.89E-02

Figure 24. aResults of moderateddtatistics reveal kinases that are differentially expressed betw
cell lines (only proteins with F.p. values of <0.05 are liskd)nsupervised clustering does not reve
any obvious grouping of differentially expressed kinases or cell lines indicating strong diffe
between individual tumor biologies. (Figure generated by Dr. Amin Mogha@Hatmi, Kuster Lab
TUM).
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3.3.4 Validation of the MS data by Western blot

To validate the MS profiling result, EGEiR, most diffeentially expressed kinase in tleell line

panel (p=3.3980) from the top of the stastic analysis listwas selectedor the validation
experiment. EGFR has been shown to be overexpressed in the majority of HNSCC patients by
other groups (14)Western blotanalysisa classienethod currently widely usedby many groups,
wasapplied hereto address how consisteriheseorthogonal method are. The sme amount of

lysate from both batches of 34 cell lines used for targets profiling were separated by ARRES

gel andprobed with ant-EGFR antibody after transferring to the PVDF membrdime band
intensities were extracted and normalized across the whole samples according to the reference
sample (Fig25g9. Concomitantly the MS intensities for all the samples were also extracted by
Progenesis LCMS. Both intensities fidfastern blot and MSvere normalized again to the same

scale and generated thdisplayedhistogram Basically theesults from these two methods were

EGFR Western Blot ( Full Lysate)
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Figure25. Correlation of protein quantification by Westebtotting and MS intensitya) Two batches
of cells were profiled by EGMRstern blottingon lysate. b)Comparisorbetween Western blott and
MS quantification d& (after Kinobead purificatign The inset shows that both measuremer
correlate well indicating that the EGFR levels idiet in lysates or on Kinobeads are similar.
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quite comparable with each othem additionthe correlation of the two quantification methods

was found to be very goodith R’=0.85 for EGFFig. 25h)

As a classic method, western blot has been developed for more than 20 years. Despite its obvious
success and convenience for many biologists, problems exist with this appesadhissemt
guantitative, has alimited dynamic rang andrequires highly specific antiboéés. As one more
fundamental limitation of this method, using specific antibodies only althe researchers to
focus on their targets. Consequently, unexpected effects in different cellular compartments or in
different cellularprocesses than the one studied will be neglected, which might be the main
effects of a given factor(139) In contrast, mass spectrometiyased quantitative proteomics
could solve these problemsijnce itenables researcheso examineglobal differencein protein
expression between for instance healthy versus the diseased staiiis a comparable oeven

better quantification result han that from western blot(140-142), which was also confirmed in

this study All thesedata together suggest that the mass spectrometrpased quantificatio
strategy applied in this study was a valid quantification approach and subsequently deserved

further data analysis on the results.

3.3.5 Immunohistochemical analysis of EGFR on clinical sample

This experimentwas in collaborationwith Prof. Dr. Med. Axel Walch Helmholtz Zentrum
Minchen Institut fir Pathologielmmunohistochemical staining (IHC) is widely used in the
diagnosis of abnormal cells such as those found in cancerous tumors by targetjperiéic
molecular marker The other utility of IHGsito understand the distribution and localization of
biomarkers and differentially expressed proteins in different parts of a biological t{$43e 144)
Here, 25 clinical formalifixed paraffirembedded HNSCC samplsre analyzedby IHC As
shownin Fig26a EGFR is differentially expressed in the clinical samples. The expression status
was estimated (Fig6b) accordingo the instruction supplied by theompany Fig. 26§. In total,

6 out of 25 samples (24%) wedieund strongly stained representing high expression of EGFR, and
there was no obvious signabservedin 5 of these samples. Themaining14 samples were
stained intermediatelnterestindy, the profiling resul of the 34 investigated cell lireeshowed

that EGFR expression of 7 cell lines (2184)e elevated by > 3 fold of the median value, which is
quite congruent with the IHC data. Previous research suggested thetB GERverexpressed in

around 80% of the HNSQC45) However the overexpression was defined as EGFR mRNA

55



Chemical proteomics r eveals new targets in HNSCC

Figure26. HNSCC tissue array analysisthe EGFR by immunohistochenmyis a and b) EGFR is high
expressed+3 on a scale of-8) in a subset of 25 HNSCC patient samples. The classificatior
LISNF2NXYSR o0& | GNXAYySR LI GK2t23AaGe OO0 9DC
upper panels are the examples of negative staining; left lower pameld+ staining intensity; right
upper panels are 2+ staining intensity and right lower panels indicate 3+ staining intensity.

medianlevelin the sample to be higherthan the control with 2times the standard deviation
(SD), which may not be exactly correlated to the protein |é88). Besides,lie EGFR mRNAvel
from only 7 out of 24 tumors elevated more than 3 falddmpared tothe corresponding controls
(145) Together,these data suggestethat only around 20~30% of the HNSCC show a high
overexpressionf EGFRlespite 80% overexpression in totdlHNSCC samplésAs)

3.3.6 Confirmation of EGFR contributing the proliferation of some but not al[HNSCC

EGFR has been shown to be overexpressed in the majority of HNSCC ga2éntstSyand it is
the most differentially expressed kinase d¢ime significantlist (p= 3.39E0), whichwas also
orthogonally confirmed by the western blot and IldGalysisas described aboveTo verify the

hypothesis tlat the approachdescribed here would enabl® highlight abnormally expressed
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Figure27.Some but not all HNSCC cell lines are growth dependent on EGFR overexpression and
a) High EGFBxpressing cells respond more strongly to lapatinib treatment than low-EQGi&ssing
cells. b) High EGFRpressing cells respond more stronglyiRNA mediated EGFR knockdown than |
EGFFexpressing cells

kinases as drivers for the proliferation af subpopulation of HNSCC cellsree high EGFR
expressing cell lines (CAL27, UPCI: &8 UTSCC87) with three low E@KpRressing cell

lines (SIHNOO5A, SCC9 and UTSCC16A) according to the profilingeess#lectedo compare

their viabilities in response to EGFR small molecule inhibitors and siRNA interference.
Submicromolar concerditions of lapatinib, a highly selective EGFR/HER inhibitorh&ifl®f the

high but not low EGFBxpressing cell§Fig. 27a8). The same differential drug response was
observed for the EGFR inhibitors, gefitinib and erlotifiiy.(2§. Next, to investige whether the
observed growth inhibition by Lapatinib correlated with the activity of EGFR and its downstream
LI Kol eas GKS GKNBS KAIK 9DCw SELINBaaiy3da OSt
to cell lysis. The level of EGFR, AKT and ER#tiao was determined by Western blot analysis.
Consistent with the drug dosmsponse curves, Lapatinib treatment on the high EGFR expressing
cells dramatically reduced the phosphorylation of EGFR. Furthermore, the data suggested that
EGFR induced redimn of cell survival and proliferation by downregulation of AKT and ERK, two
main components of the survival and proliferatisignalingpathways(Fig. 2B). Furthermore,

the hypothesis was validated from the genetic aspect by knocking down EGFR prpieisseéon

in cells via siRNA. Similar dessponse curves were observed as the drug treatment
experiments a strong reduction in cell viabiligccured inthe high but not low EGF&pressing

cells (Fig29a). The siRNA knockdown efficiency was exathimeWesterrblot (Fig. 29.

Small molecular inhibitor and small interference RNA represent two fundamental different but
complementary approaches against the target proteins. The former approach can specifically

bind to a certain domain of the target pigins and consequently inhibit the proteinrfation or
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Figure28. Differential killing of high/low EGFR expression cell lines by EGFR inhibitors. Upper
response of high EGFR expressing cell lines to the EGRF inhifitorib, erlotinib and lapatinib.
Lower panel: response of low EGFR expressing cell lines to the EGRF ighfiiitobs erlotinib and
lapatinib.
disrupt the proteinprotein interaction without altering the expregon of the target proteins,
while the later one can recognize the mRNA of the corresponding target proteins andsrigsult
sequence specific inhibition of gene expressiBoth are promising therapeutic approaches for
different diseases including canc®&iumerous of inhibitors and RNAre under different stags
of clinical trials(146, 147) However, both approaches have tipetential possibility to target
undesired targets o0 calledoff-targets) and crosseaction with targets of limited sequence
similarity by siRNAs observed75, 148) Therefore, the crossgalidation of the cell phenotypes
using these two complementary methods provides high confiderrelusions drawn abouhe
biological function and tractability as arud) target of the studied protein In this study,
convergentresponse of high but not low EGERpressing cells to specific EGFR inhibitors and
SiRNA treatmentvas observedThese datasuggess thatthe continued very higtexpression of
EGFR is requiredrf maintaining cell survival and the malignant phenotype and furthermore

offersan ideal therapeutic target for some but not all the head and neck cancer patients.
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Figure 29.a) Signaling pathway analysis using phosgbpecific antibodies reveals that lapatini
treatment inhibits the EGFR/AKT and EGFR/ERK pathways. d) Western blot analysis document
knockdown efficiency in CAL27, UPCISCC056 and UTSCC87 cells.

3.3.7Synonymoussubstitutionsin EGFR encaddg sequence

This experiment wagerformed in collaborationwith Dr. Kramer, Kuster lab, TUMRoint

mutations resulting from single nucleotide substitutiotisange the property of proteBA ¥ A (1 Q& |
non-synonymous (i.e. the encoded amino acid changesich as EGFR L858R, which
consequently causes constitutive activation of the EGFR often found in lung cancer. To address
whether this also contributeto the HNSCC samplésvestigated hereEGFR encath sequencs

from five cell lines including one low EGFR expression cell line were analyzed (UTSCC14, UTSCC87,
UPCI: SCC056, CAL27 and UTSCC40). In total, four point mutatierfigund:two of them were

in the khase domain (2361 bp, cagcaa and 2709 bp, actacc), one in the extracelluldomain

(1839 bp: gce>geX) andthe last one was in the C terminal domain (2982 bp: gagat).

However all of them were synonymousieaning thatno change was induced onehprotein

sequence levelThe facts that pharmacological inhibition and genetic knockdoesulted inthe

same viability phenotypes ango non-synonymous mutations in EGRRs detectedoy cDNA
sequencingillustrated that EGFR overexpressioather than mutation was a major driver of

survival in somg(20-25%) but not all HNSCC cell lines.

Numerous types of cancers includihgad and neck, lung, oesophagus, stomach, rectum and

anus have been revealed to be driven by Higlactivated EGFR, either via overeagsion or

mutation (149) In dscrepary with 40% of nevesmokers lung cancegpatientsin Caucasias

carrying the mutated EGHR50) aberrant EGFBgnaling as aieived inHNSCE€are oftendue

to overexression atherthan due to aactivatingmutation in EGFRthe laterwhich are reported
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in only 1% of the Caucas®{109) In this study, EGFR enaogl sequencef five cell lines were

sequenced resulting in gynonymousgnutations, which confirmed the previous reseayd®9)

3.3.8 Loss of function screening by siRNA highlights new candidate drug targets

Due to the huge biologit variance, the impact of differential kinases expression on cell viability
simply cannobe deducal from proteomic (and transcriptomic) data alone. Further experimental
data are required to reveal the consequensef the dysregulated kinaseé&sdiscussd above

small molecular inhibitor and small interference RNA are two common tools to investigate the
proteinsbiological function and its tractability as a drug tarddeally, for the drug discovery, the
cellular phentype can be validated by both metho@51) But, the fact that not so many small
molecularinhibitors with high specificity are availablmakes small interference RNA (SiRN%)

only method of choice tovalidate and prioritizahe candidate listIn particularthese proteins,
knocking down of whickvould differentially affectcel viabilityin high versus low expressing cells
would represent possible targets for individualized therapeutic interventiorelucidate if other
differentially expressed kinases are also involved ingiraiferation of some of the cell lines,
further 22 proteirs from the list of differentially expressed kinases (p< 0.05,Z4ig, and 6
kinases for which no strong evidence for differential behavior was obtained from the statistical
analysis servingas a negative contrplvere subjected to siRNA knockdown irtlespective high

and low expressing cell lineseg appendix table $3The data show that for marproteins, loss

of expression did not significantly alter cell viability. However, nine kinases (AUERKR2
EPHB2, EPHB4, JAK1, LYN, NEK9, RIPK2 andskéiEtl strong (>40%) reduction of cell
viability 96h post siRNA transfection suggesting that these kinases play an important role in
promoting and maintaining the survival of cells. Interestingly, WwBPe{A2NEK9, LYN, WEE1 and
JAK1 knockdown killed k2 with high but not low expression, AURKA and RIPK2 knockdown
killed both high and lowexpressing cells (Fig0a and b. Thesedata suggest that at lea&iPHA2
NEK9, WEE1, LYN and JAK1 might constitute novel targets with therapeutic potential in HNSCC
while the other proteins are more generally important for cltvival and/or proliferation. It has

to be noted that the result described here only investigated ¢k# survival and/or proliferation

by the XTT assay; other effects of these candidatéeprs on other biological functions were not

investigated, such as migration and/or invasion. For example, the DDR1 protein has been
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reported to relate to cell migratio(152)but the data from his study suggested no effect on the
cell viability at all, so it could be still developedadarget for inhibiting cancer metastasis.

Receptor tyrosinkinases (RTKSs) refer a subclas®f cellsurface growtkfactor receptorswith

an intrinsic, liganetontrolledtyrosinekinase activitySeveralcharactersticsof the RTKs, suchs
being upstreanof signaling pathways, their molecularchitectures and the important molecular
functions of these proteins and their ligands in tumorgenesis, lead theset®bKdhe attractive
targets for cancer therap{153) Together with the scope and the limited time of this project,
EPHA2vas selected for the following validation experimenthere was no follow ugor the

other potential targets highlighted by the analysis (JAK1, LYN, NEK9 and hWédtEe of the
scopein this study. However, JAK1 and LYN are established drug targets in a number of cancers
(154, 155)and may thus also represent gena targets in HNSCC. JAK1 (but not LYN) mRNA
levels have been found to be upregulated in some HNSCC (@&&Despite the absence of the
systematic verificationNEK9 and WEE1 are very plausiblerapeutic candidatesfor HNSCCs

120 +
) I I . o I I EPHA2
AT ———— e e o wascam 100 1
- RIPK2 " \ WEEL

~ EPHA2

tubuli

Cell viability (%)
3

§F . ]

8

£, F
B T sous  scas | mowse | umcao waiscooms | ueaisccisa | weerscces S UTSCC40 CAL27
" ] EPHBA ) JAK1 .;: 60
3
" ) - 3
40 +
' UTSCCIAA uTICCRT UTSCCTR ' =11 URCISCC006.
- YN " AURKA
20 +
J— ursces? wrsccrs e
SIHNOOSA UTSCCT6A UTSCC40 cAL27

Figure30. siRNA screem) Example results from a siRNA screen of 29 differentially expressed kine

the respective low (grey) and high (black) expressing cell p&3ell viability of low (grey) and hig

(black) EPHAZxpressing cell lines following EPHAGtgin knockdown by siRNA. EPHA2 protein le

are shown in the inset.
NEK9 is important in the regulation of mitosis and gene copy number and associated mRNA
changes have been detected in seriINSCC cell lin€s57) WEEL is an important regulator of

the G2/M cell cycle checkpoirfil58)and againthe evidence of increased mRNA leviels been
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found in some cases of HNSCK56) It has recently been shown that WEBhibition leads to

the increase sensitivity of osteosarcoma cells to radiati¢h59) This finding is particularly
relevant in the context of the work in this study on the molecular basis for HNSCC as sutgery an
radiation are themain therapies in this disease. Thereforadiation sensitization of cells via
WEEZ1 inhibition might further increase the effectiveness of this therapeutic reqihé)

AURKA and RIPKBoweda strong effect on cell viability, regardles§their relative expression
level. Except the possibility that they may be genlgrahportant for the cell proliferationthere

might be someother interpretations. For example, given that the samplesed here are
established cancer cell linethere is no real control (normal tissie &2 A0 Q& f A{1Ste& LIk
these two proteins actually are highly overexpressed in all the selected amdishe expression
difference is the biological variance only. Therefore, applying this strategy on the real clinical
samples containing diseaseand healthy tissue from the sample patient may result in more

valuable informatiorandat leastprovidesome complementary data.

3.3.9 Target validatiorof EPHA2

As one member of the largest subfamily of receptor tyrosine kinaSB$JA2appears toplay
important roles in cancer cellgy affecing the tumor growth, invasiveness, angiogenesis and
metastasis(161) In this study, differentiaEPHAZxpression profiled by MS was confirmed by
probing the samples wittan EPHAZantibody andsiRNA ofEPHA2 which killed high (CAL27,
UTSCC40) but not low (SIHNOO5A, UT&&)Expressing cellf-ig. 30b)All theseresultsindicate
EPHA20 be a novel potential therapy target for head and neck canGampelling further
evidence would come from the use of selective inhibitorsE®fHAZbut, unfortunately, such
molecules havenot yet been reported in the literature. Alternativelgphrin A1 was reported as
a negative ligand dEPHA2n some other cancers, which could function as an inhibitor although
the full signaling pathway still remains uncle@62, 163) A modest (3040%) but statistically
significant and doseéependent reduction in cell viability relative to control-tfeated (The
fragment crystallizable region ihe tail region of an antibodyafter incubatinghigh EPHA2
expressing cells (CAL27, UTSSC40) witlorifagatedEphrin A1(Fig31a), whichisin line with
similardata reports for other cell lines in the literatu(@64) Western blot analysishowed that

downstream AKT and ERK phosphorylation were reduced and FAK phosphorylatieirHAA
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downstream butproximal signaling molecule) wascreased by EPHAAC treament (Fig.31b),
suggesting thaEPHA3ignaling is functional in the cell lines studied.

RecentlyEPHA%as been proved to be clinicsignificantwhenoverexpressedin HNSCC paties
(165, 166) In this studysiRNA and Ephrin Al ligand experimssmtoposeEPHAZo0 be a novel
therapy target for HNSCC samples and further data confirmedapigthe existinghypothesisof
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Figure 31. EPHA2 target validatiom) Cell viability decreases in high EPHA2 expresssfiglines
following treatment with Feonjugated Ephrin Al) Signaling pathway analysis using phos{sipecific
antibodies reveals that Ephrin Al treatment inhibits ERK and AKT and induces FAK phosphorylati

the biological mechanism. HowevEPHADIlays a complex function in tumorgenesis and tumor
progression and relates to tumor type and microenvironmesme contradicing results were
reported by different groups both ephrinAl-mediated suppression and stimulation of
extracellular signalegulated kinase phosphorylatioas been observed in the same type of
cancer(161) Therefore, further investigation of the biological functionEPHAZs absolutely

required for developingePHAZs a therapeutic target for HNSCC patients.

3.3.10EPHA2vas differentially expressed in the clinical samples

This experimenperformed in collaboration withProf. Dr.Med. Axel WalchHelmholtz Zentrum
Minchen Institut fir PathologieTarget profiling resu#t suggested thatEPHAZs significantly
differentially expressed in HNSCC and further siRNA sogeand Egirin Al treatment indicated
that this receptor tyrosine kinase has a significant impact on the cell viafiitgonnect the
profiling datato clinicalpatients immunohstochemistry(IHC)was applied heréo determine the
expression status dPHAZn the clinical HNSCC samgter an IHC experiment, selectiohthe

primary antibody is the most important factor arkde critical feature of a primary antibody is
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specificly for the epitope. S©24 anttEPHAZantibody, which was used for théluman Protein
Atlas project fjttp://www.proteinatlas.org/), was evaluatedfor its specificity inthe Kuster
laboratory since the reliability fothe antibody was indicatedo be uncertain for IHC by the
reporter. Thesingle band detection on western blots agaiastomplete ell lysates of HNSCC cell
lines showed that thiantibody gave a nice signal to noise amdy few obviousunspecific bands
were detected which was highly comparable with the primary antibody against EGFR, a well
established antibody for IHC as wgllg. 32)
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Figure32. Antibody quality control. Western blot analysis of the EGFR and EPHA2 antibodigsthise
study show very clean signals in the background of complete cell lysates of HNSCC cell lines.

In total, the EPHA2abundance of 92 primary formaliixed and paraffirembedded HNSCC
samples from different anatomic subsite@gere determined by IHC. As shown in.RB§ ad,
EPHAZ2vas also differentidy expressed in different clinical samples. Overall, there were 14 out
of 92 (15%)HNSCC samplexpressing a very high level BPHA2 and another 30 samples,
contributingto around 30% of the total samples, were showing weak or absent si(ifigl 3&).

The restof the samples showed an in between expressiOwerall, he immunohistochemistry
data forEPHADrotein expressiomwas ina goodagreement with theMS targets profiling residt
and earlier studies (76, 77)Together with the siRNA treatment, natural ligand stimulation and
kinase inhibition datgresentedhere, it suggests thaEPHAZmay well be a nevdrug target in
addition to being a potential molecular biomarker for a subpopulation-Z@%) of HNSCC

patients(Fig. 33f)
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Figure33. HNSCC tissue array for EPHA2 by immunohistochemistry. EPHA2 is highly expres
subset of 92 HNSCC patient samples. a) Example picture for a tumor without EPHA2 expre:
Example picture for a tumor with low EPHA2 expression. ¢) Example fictaréumor with medium
EPHA2 expression. d) Example picture for a tumittn high EPHA2 expressi@). Tissue array picture:
of all 92 HNSCC patient samples. The classification was performed by a trained pathologist. f) F
showina % of different ade of the investioated 92 clinical sambles.

3.3.11 Combination treatment by targeting EGFR d&IHA2

Combination chemotherapy often resultsémhancedeffects compared to giing the single drug
and in addition decreases the likelihood of developing resistant cancer ¢&8%) With these
rationales, combination treatmentbecomes a popular concept of cancer therafi$8) For
example, he significance of combinirigituximab Fludarabine and CyclophosphanfaeChronic
Lymphocytic Leukemiaas been approved by FDA recer{i$9) As an advantage of the strategy
describedhere, profiling large numbeyof targets simultaneously may offer a global view of the
expression status ohumerousoncogenic proteins, which can be used for the combination
treatment to enhance the treatment efficiency and reduce the toxicity.

Of course multiple targets selectiomlso should be based oa thoroughunderstandng of the

biology behind As an exampleCAL27 cells had been found to express high levaiPbiAZas
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well as EGFR according to the profiling result and both have been validated #sethpeutic
targets forHNSCC by the data from this study or other gro(ip®, 171) Given the facthat
currently no specifi€PHAZnhibitor is available,alternatively siRNAwas utilizedto investigate
the coeffect of knocking dowrboth proteirs. CAL27 cellwere transfected with either the siRNA
alone or both togetherAs shown ifrig. 34knockdow of EGFR alone reducedll viability by 30%
(p=0.01). Knockdown oEPHAZ2alone reduced cell viability by 58% (p=0.0006). Combined
knockdown reduce cell viability by 75% (p=3&. The resuls suggested thattte effect of the

double knockdown on cell ability was additive (but not the same or synergistic) indicating that
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Figure 34. Combination treatment of targeting both EGFR and EPHA2 in CAL27 cells. CAL
transfected with 5nM siRNA against EGFR, or 25nM siRNA against EPHA2, or 5nM asiRRGA,
against EGFR and EPHA2 respectively. Only transfection reagent was used as control. Cell via
measured after 96hs with XTT. The experiments were repeated three times, the histogramhshsv
representghe average value with SD.

both proteins trigger reduced cell viabilipdependentof each other As mentioned earlier, the
strategy applied in this study allows profiling numerous targets in paréfieteby providing a

rich resource for selecting multiple targets for combination treatment.

3.3.12 Pathway analysis

Abrogation of ERK and AKT phosphorylation by either targeting EGERH#2vas observed
suggesting that these two pathways intersect or converge at sonia.@dPHAZignaling is not
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well studied in general and much less so in HNSCC. However, from mining the literature of the
Ephrin receptor family and EGFR using the Ingenuity Pathway Analysis software, it is pmssible
find intersections of the pathways oarring at the kinase FAEnd/or the adaptor protein SHC

Both FAK and SHC are in fact interaction partner&€BHA2and SHC is also a described
interaction partner of EGFRL72) which couldexplain the observed reduced ERK and AKT
phosphoryldéion and increased FAK phosphorylati@md the overall reduced cell viability
following EGFR drug and EPHAlligand stimulatiofseeFig.35for a possible pathwagnodek).
However, future workis required toaddresswhether these axis are also presem HNSCC cells.

One indicative experiment that could be performed to test thishis putative pathway is to
knockout the adaptor protein SH&hd in combinationwith the inhibitor/ligand treatment to

study the effect on the cellular phenotype.
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Figure 35Putative signaling pathways of EGFR and EPHA2 in HNSCC cells (derived from the |
pathway analysis software).

3.3.13 Investigation of Src family kinases in HNSCC

Src family kinases (SFKs) play a vital role in many asgfecancer development, including cell

adhesion, proliferation, survival and angiogenesis, wisctot hardto imagine because they are
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central mediators in multiple oncogenic signaling pathways, for example, EGFR signaling pathway.
SFKdave been reported to bénvolved in the GRihduced EGFR activation signaling pathway,

and consequently mediate EGFR ligalehweage, proliferation, and invasion of HNSCT3) In

this study, the role of SFKs in the HNSCC sampleas also evaluatedhot only because of its
importance described above but alsbecausemembers ofthe SFKs were othe list with a
significant pvalue. The same samples used for EGFR estimation (SIHNOO5A, UTSCC16A, SCC9
representing low EGFR expressitTSCC87, CAL27 and UTSCC14 with high EGFR expression)
were also used here and treated with different concentrationsda$atinib (a potent patf8RC

family kinase inhibitorY174) Interestindy, not only the EGFR inhibitors used earlier but also
dasatinib could discriminatebetween high and low EGFRpressing cellsp€0.007 at 100 nM
dasatinib doseFig. 3@). This effect cannot be attributed to EGFR inhibition as dasatamsbno
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Figure 36.Role of SRC family kinases a) High E&xpRssing cells respond more strongly to Dasati
treatment than lowexpressing cells. b) siRNA mediated protein knockdown of known Dasatinib te
in the highly Dasatinib sensitive cell line UTSCC87 showditfeméntial killing observed in a) can b
attributed to inhibition ofseveral proteins including EPHAZ2.

activity against EGFR at the concentration emplofftb) Furthermore, comparing liree high
EGFR expressing cell lines, UTSGO8Wed a super high sensitivity talasatinib (EC50 for
dasatinib <10 nM, Fig.36b), indicating that likelynot only the SFKEGFRpathway mightbe
involved. In order to investigate which proteins might be responsible for the observed effect,
severalknowndasatinibtarget proteins were knocked out via siRihis cell line. Interestingly,
loss of SRC, CH#EHADr EPHB2 expression each led to >8@%uction in cell viability which
may be taken as circumstantial evidence that a part of the cell killing inducdddaginibmight

be mediated byePHAZDr EPHB2besides the EGFR factor via SI€vertheless, as the biggest

non-receptor tyrosine kinase SFKs can interact with a diverse set of cell surface receptors, such
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as EGFR, VEGFR aagrotein-coupled receptorsas well, to mediate the cell signaling to
downstream proteins, such as Ras/ERK/MARKGE) and consequently promote the cell
proliferation, migration and invasion. Therefore, this may offer another therapy avenue to block
SFKsn HNSCC patientdriven by high expressedr over activated receptors, or cdmne

treatmentwith the receptor inhibitor for better therapeutic effes{177)

100

Cell viability (%)
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0.1 1 10
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Figure 37 Dasatinibtreatment on UTSCC40 cell line. UTSCC40 cells were treated with the inc
concentratiors of dasatinib and the viability was estimated by XTT after 96h. Gray lines were exitr.
from Figure 36 as a referentmr the comparison.

In addition the doseresponse curve of UTSCC40 Barsatinibwas noted to besimilarto the

group with high EGFRxpression Eig. 37. It cannotbe attributed to the highly overexpressed

EGFR pathways since this is a low EGFR expression cell line. Hence, the interpretation mentioned
above cannot be applied on this cell line. However, profiling and westiatnresults revealed

that UTSCC48howed highEPHAZ2expression which was also proved to contribute to the
proliferation of UTSCCA40 celis this study. Together with the fact th&PHA2s a potent target

of dasatinib (4 nM Kd) (175) it is most likely thatreduction of UTSCC40 viability induced by
dasatinibis mediatedvia EPHA2However formal proof of this hypothesis would require some
highly selective inhibitors to target specific pathwaggain whichare not available yet As an
alternative approachphosphoproteomics profiling might enabte comprehend the signaling

pathways disrupted bipasatinibto get deep insight of the mechanign8).

3.3.14 Evaluation of MET as a target in HNSCC

Earlier researclsuggested that-8#METwas a targein HNSCE130) In this study, intensity based

labeHree MS protein egression profiling and westerrldt validationdataalso confirmel that ¢
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MET is moderately differgially expressed across the panel of 34 cell lines with p=1388&
shownin Fig. 38. To test whether this correlates to the cell viability in response to-HETC
inhibition, four relatively high (UPCI: SCC016, UTSCC74A, UTSCC10, SAS) and twdoelativel
(SCC25, SIHNOOSAMET expressing cell lines were treated with the potent and selectM&T
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Figure38. Correlation of eMET protein quantification by Western Blotting and MS intenstity. All
HNSCC cell lines were profiled faET by MS bensity (Kinobeadpulldowns, panel a; the dotted i
represents the median expression level) and western blotting (lysates, panel b). Actin levels by 1
blotting are shavn as loading control. Panel c:ofB quantification methods show comparabl
guantification results.

inhibitor PHA665752 (biochemical kinase assay IC50 of 9 nM, Fig. 39a). Unexpectedly, the drug
response result showed that none of the cell lines responded to the drug below the cytotoxic
dose of 2uM. Before makinga conflicting conclusion, some of theelt lines were treated by
siRNAmediated eMET knockdown, which again didt show any significant effect on the cell
viability in any of the four cell lines tested (Fig. 39b). From this data, neither pharmacological
inhibition with appropriate doses of a selectiveMET inhibitor nor siRNA knockdown could

significantly reduce the viability of-MET overexpressing cells (Fig. 39). Howetrex, earlier
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studies also suggested that very high doses5(2M) of the ¢éMET inhibite SU11274were
required to kill HNSCC cellBhiswas more than ten timeghe reported effective dose for
inhibition of cellular eMET phosphorylatiorf130) and ~200 kgher than the reportedn vitro
dose for inhibition ofthe kinase activity The selective eMET inhibitor PHA66575p used here
has a similar potency and more than-td higher selectivity across a panel of diverse tyrosine
and serinethreonine kinaseg178) Therefore the interpretation of the observed reduction in
cell viability is more likely due to efffirget effects and nonspecific cytoticky rather than the
result of selective MET inhibition.Thus,the potential therapeutic value of-MET inhibition in
HNSCdefinitely requiresfurther investigation. Clearly,-RIET may still play important roles in
regulating other aspects such as nliogi and invasiveness of tumor cells in many HNSCC3

181) but this was not investigated in this study.

a b
| 'f 120 4

00 4

SCC25
SIHNOOSA
UPCI:SCCO16
UTSCCT74A .
uTsce1o 1
SAS
r T T T T
SAS

0.1 1 10 SIHNODSA 5CC25
PHAG65752 concentration [uM]

100

-

w
1=

50+

Cell viability (%)
Cellviability (%)
o
o

hété ¢4

~
=

f=1

k=1

UTSCCT4A

siRMA against MET in different cell lines

Figure39. Role of eMET in the survival of HNSCC cell l@)ddigh and low -METFexpressing cell lines
respond similarly to the selectiveMET inhibitor PHA665758) siRNA mediated-MET knockdown of
low (grey) and high (black}METexpressing cell lines shows no significant effect on cell viability

3.4 Conclusion

In this study, a kinastacused chemical proteomics approach in conjunction with inteAsitsed
labelree quantitative mass spectrometryvas applied herdo profile the expression of 146
kinases across 34 HNSCC cell lines of the tongue, in order to identify novel potential drug targets
and/or signaling pathway biomarker candidates. The analysis revealed a great molecular
heterogeneity within this group of cell lined number of proteins peviously implicated in the
disease (EGFR;MET, etc)as well asseveral novel protein kinaseswere identified to be
important for the survival and proliferation of HNSCC cells, including eg#®ireceptor These

kinasesmay represent targets for therapéic intervention or act as biomarkers indicative of
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active signaling pathway®&oth genetic and pharmacological inhibition pfeviously implicated
therapeutic target eMETsuggestshat further investigation was required to establisStMET for

HNSCC thapy.
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4. Systematic identification of the HSP90 regulated proteome

4.1 Introduction

Heat shock protein 90 (HSP90) is an abundant, ubiquitously expressed chaperone protein,
comprising 1~2% ddll cytosolic proteis under nonstress conditiong11). By cycling between

two major conformationsi.e.l yoperé and a ¢éclosalé state, HSP9Gegulates many aspects of
posttranslational protein homeostasisnd consequentlynodulates multiple cellular processes,
including assembly of protein complexes, trafficking, protein function, and quality control and so
on. During the dopere state, ATP and the nascent protein are loaded to the H$P&®@in to

form a transientlyhetero-complex (10, 11) Subsequeny, ATP hydrolysis drives the HSRO0
twists to the dclosalé status andADP isreleasal to finish the cycle.To accomplishthese
functions, HSPO need the assistance of many ahaperones, such asS#0, HOPand Q7
which is specially required for kine¢182) These HSP90 dependent proteins are known as
clients and the majority of them areignal transducetsrepresentinga large number of key
nodes of many biological network&83, 184) Thereby HSP90 exerts marked effect on normal
biology and diseases. Patrticularly for cancer, genetic instability allows the common occurrence of
overexpressed and mutateancogenc proteins, such as EGFR, AKT, KITAB¢cmost ofwhich

have been proved tdoe HSP90 dependent client®Vith decades of effortapproximately 200
proteins have been iddified as HSP9O0 client proteinSenomewide screens in yeast illustrated

an unexpectedly large numbeof potential clients of HSP9(pproximately 20% of yeast
proteome) (185, 186) which suggests that, most likely, the complete set of HSP90 dependent
proteins is unknowr{187, 188)

HSP90 has been considered to d&eoncogeneic protein.Despitethe fact thatno mutation is
found, overexpression anthyperactivated state of HSP9Gre common featurs in many solid
tumors and hematologicaimalignancieswhich allow malignant cells to maintain correct protein
folding under the hostile hypoxic and acidotic stress cond#mmntumor growth (183, 189, 190)

In addition, mutatedor overexpressedncogenic proteindhiave showra particular requirement

of HSP90 for stability and functiqi91, 192) Therdore, the disruption of HSP90 function by
small molecule drugkas becomean attractive therapeutic strategy and about a dozen of HSP90
inhibitors are currently undergoing clinicalals in a number of tumor entities and indicatiofi®,

183, 193) The highly conserved sequences of HSP90 consists of three domains: an amino
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terminal domain (NTD) containing the motifsr co-chaperones and ATP binding; a middle
domain (MD) with the docking sites for substrate proteins anecltaperones and a carboxy
terminal domain (CTD) responsible for the dimerization of two HSP90 protoA®rany kinase
specific inhibitors, most of the HSP90 inhibitors are currently designed to competitively bind to
the ATP pocket, which subsequently interraphe chaperon cycling. Another type of inhibitor
designed to disrupthe protein-protein interaction between HSP90 and its clients also under
research The latterhas been shown tde of lower toxicity, such asovobiocintargeting the
interaction between HSP90 and the chaperon protein CDCBY, 11, 183) However
development of this type of small molecular inhibitor remaiather challengedue to issues such

as the lack of welllefined binding pocket194) GeldanamycirfGA)belongs to the former group

of HSP90 inhibitors that target the ATP binding pocket of HSP90 and block the chaperone cycle
which on the one had leads to proteasome mediated degradation of HSP90 substrates via
ubiquitin pathways(182, 183)and, on the other hand, to cell resporsssuch as transcription
factor activation and subsequent gene expression changes (e.g. KIS51)196) For cancer
therapy, these HSP90 specific inhibitémglirealy inhibit these client goteins (inhibiting their
maturation)and interruptthe oncogeic signaling pathways ahultiple nodes However, like an
unselective kinases inhibitor, an avoidless consequence of targeting multiple targets is the
serious toxicy which also habeen obseved inclinical trials In addition it has beeobserved

that the efficacy and toxicity of HSP90 targeted therapy varies greatly between tumors.
Therefore it is most likely that the current repertoire of client proteins and our understanding of
drug mechaism of action are fafrom beingcomplete(197 ¢ 2 LINBRA OGO 'y AYRADAF
responsiveness, it would thus be highly desirable to identify the complete set of HSP90 regulated
proteins. Because WS90 directly (e.g. by degradation) and indirectly (e.g. by induction of
gene/protein expression) affects proteostasis, proteomic approaches are particularly attractive
for studying e.g. the HSP90 interactome and the global effects of HSP9O0 inhibitiotiuar ce
systems. A number of proteomic approaches have been introduced to explore the HSP90
dependent proteome which are functionally interacted and/or physically interacted with HSP9O.
Global proteome profiling using 2D gels and mass spectrom@i®g) as well as focused
proteomic experiments utilizing immunoprecipitation of HSP90 complexes and chemical
precipitation using immobilized HSP90 inhibitqd88) have identified numerous important

HSPO clients But these methodgenerally fail to provide a global view thfe HSP90 regulated
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proteome because the attained proteomic depth was very limited and many HSP9O0 interactions
are too transient orhave too weak affinity to be purified by these maills (199) Recently,
advancedmass spectrometry based approachesables to mvestgate the proteome wide
regulation which allowed investigation ofome oncogenicpathways involved inthe HSP90
inhibition (200) However, kinases, the main components of the signaling pathways, ara still
challenge to investigatbecause of te low abundance of these proteins and the limited capacity
of mass spectrometryModel based and bioinformatics assistant methods enaeg=archerdo
predict the physical interactions according to the common sequence of the physical interaction
domain(187) however,the conclusios normally stillrequires validationn vitro/vivoand part of

the conclusios drawn are stilunder debate, such ashe conflicing result obtained forERK5
Compiling information suggested that ERK5 has no common sunf@ractingwith HSP90but

it was proved to be &ona fideclient of HSP90 by biological experime(i87, 201)

Recently, a chemical compounds based affinity purificatmethod Kinobead has been
developed to enable the enrichment of hundreds of protein kirsdsg immobilizing the pan
kinase inhibitors onto the resins which can selectively capture the kinases from the protein
mixture (75). Combiningthis methodwith SILA@ased quantitative mass spectromet(gs), it
enablesto profile the changesdn kinase expressioimduced by HSP9@hibitionin a kinomewide
manner since theHSP90 clientsre thereby enrichedIn this study,together with 1D gel
separation this strategywas utilizedto profile the global respoase of the proteome and kinome

of the four cancer cell lines K562, Colo205, Cal27 and MDAMB231 to the HSP90 i@Abitor
~1,600 out of total >6200 identified proteins showed common as well as cell dgpeific
regulation upon drug treatment. Bioinformatic analysis enabled a functional organization of this
data into protein pathways, networks and complexdsghlighting many known and novel
aspects of HSP90 function. Protein taawer measurements usingulsed SILA®3, 202)showed

that protein half life is a main gradient for HSP90 inhibition induced hierarchical destabilization
In addition it was shown thaprotein kinases have significantly shorter half lives than other
proteins havingimplications for HSP90 inhibition in cancer therapy. A comparison of the effects
of GAand the purinebased phase | drug P71 (203) suggests that both molecules work by
similar molecular mechanisms. Differential reduction of cell viability indumespecific kinae
inhibitors revealedan altered AKT independent EGPRBBKMTOR pathwayo be involved in
CAL27 cell line. Using HSP90 immunoprecipitation and pulldowns with immoliligeskveral
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kinases (ARAF, DDRihd TRIQPand othersignalingproteins (IKBKG, BIRG&ere validated as
novel bona fideclients of HSP90. This demonstrates the value of this global profiling approach

and provides a rich resource for future investigation.
4.2 Material and method

4.2.1 SILAC labeling aradll culture

CAL27 and MDAMB23%¥lls were cultured in DMEM (4.8/liter glucose) medium, K562 and
COLON205 cells were cultured in RE@4Dmedium. To enable quantitative mass spectrometry,
cells were converted with SILAC medjune. normal medium deficient in arginine and lysine
(PAAPasching, Austria) were supplemented with stable isotepeoded arginine 6 and lysine 4
(Eurisetop) for heavy and arginine 0 and lysine O for lightdescribegbreviously(204) For both
SILAC conditions, medium was supplemented with 10% dialyzed fetal bovine <giico®,
Invitrogen, Darmstadt) and 20@M L-proline SigmaAldrich,Germany) to inhibithe arginine to
proline conversion. General cell culture conditions were 37 °C in humidified aib%itieQ
Cells were seededt a density of 2x10and cultured 24 h before further addir@Aor DMSO.
SF268 cells carrynthe established DDR1 isoformsredind supplied byDr. Kramer and cells
were cultured in DMEM medium supplemented with 10%(PB3,, Pasching, Austra)d 150
pg/ml of the antibiotic Hygromycin(BAA, Pasching, Austria)

4.2.2Pulsed SILAC

Pulsed SILAC experiments for Hiédf determination were performed as describ€@3). Briefly,

cells were growing in normal DMEM (CAL27 and MDAMB231) or RPMI (COLO205 and K562)
under the conditions as described above until around 40% confluence followed by switching to
the corresponding SILAC labeled medium. Cells were harvastiecke time points (6, 12 and 24

h).

4.2.3 Drug treatment and harvesting

20mM stock solution o6A(LC Laboratories, Woburn, MA) was prepared by dissolving in DMSO

and used within 2 weeks. Cells were treated2vith the 1G, concentratiors of GA according

the drug-response curve, briefly, 5a FA Yyl f O2y OSYdiN} A2y F2NJ YpcHZI |/
10>a TFTAYLFt O2yOSyidN}IdGA2Yy F2NJ/ h[hunpod ¢KS O2NNBal
same concentration of DMSO (0.1%) only. After washing withcgoied PBS 3times,
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approximatelyan equal number of cells from th&Atreated and control were lyzed in 5M
Tris/HCI pH 7.5, 5%jycerol, 0.8% NRO, with freshly added protease (SIGMAFAST, Sigma
Aldrich) and phosphatase inhibitof§x phosphatase inhibitococktaill,SigmaAldrich, Munich,
Germany;5x phosphatase inhibitor cocktail 2, Sigdlarich, Munich, Germany). Homogenates
were centifuged at 6000x g at 4°C for Min followed bycentrifugation at 4 °C forl h at
145,00& g. sipernatants collected, lmuoted, frozen in liquid nitrogen and stored &0 °C until

further use.The potein concentration in lysates was determined by the Bradford assay.

4.2 4 Gel based sample preparation for full proteome

100 ug mixtureof GAand DMSQreated lysatewasreduced and alkylated byncubating with10
mM DTTat 56 °Cfor 1 h and subsequently with5 mMIAAin darkat room temperature for half
an hourbefore denaturing at 95 °C witNUPAGE®DS Sample Buffer (Invitrogen, Darmstadt,
Germany) for 5min. Sampleseve then separated into 16 slices with §12% NuPAGE gel
(Invitrogen, Darmstadt, Germany) prior to-gel trypsin digestion. hgel trypsin digestion was

performed according to standard procedures.

4.2 5 Affinity purification

(See chapter2.2.9

4.2 6 Immunoprecipitation and GANHS affinity purification

MDAMB231cellswere cultured in SILAC DMEM with either Heavy (Arg6, Lys4) (Bop$ar

Light DMEM (Arg0, Lys0) (PAA, Pasching, Austria) supplemented with 10% (v/v) dialyzed fetal
bovine serum (FBS,880®, Invitrogen, Darmstadt). Cells were lysed im0 Tris/HCI pH 7.5, 5%
glycerol,0.8% NRO, 1.5 mM MgCI2, 150 mMaCl, ImM Na3VvO4 , 25 mNlaF, and protease
inhibitors (SIGMAFAST, SigAldrich). Homogenates were centrifuged at 6@@Dat 4°C for 10

min to remove cell debris. Cleared lysates were either incubated overnight at 4 °C with anti
HSP90 antibody (C20, Sai@tauz) or the same source of normal IgG (mouse, Sania) and

both were followed by incubating with protein A/G beads (Safauz) foranother 4 h at 4 °C.

After extensive washing, immunoprecipitates from heavy and light cells were boiled in LDS buffer,
combined and then separated on NUPAGE®&-12% Bisltis Mini Gel. Gel lanes containing
separated immunocomplexes were cut into 12 sliaed ingel trypsin digestion was performed

according testandard protocols.
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For GANHS affinity purification, the same cell lysate fas the immunoprecipitate vas pre-
incubated with either 25> a GAor 0.1% DMSO for 1 h at €£.°Sepharose beads with the
immobilized GA were subsequently added for another 1 hour at 4 °C. The following steps were

the same agor the immnoprecipitationexperimentmentioned above.

4.2.7 LCMS/MS analysis

The massspectrometricanalysis was p&rmed as described in chapt&.2.9 except using 2h
gradient for each slice of the full proteome sangénd Top 15most intensityof the precursor

ions were picked up for tandem mass spectrometer

4.2 8 Peptide and protein quantification and identification

Raw MS spectra were procesisby Maxquant (version 1.1.1.2%%4, 62) The maximum false
discovery rate (FDR) for proteins and peptides was 0.01 and a minimum peptide length of 6
amino acids was required. MS/MS spectrar@searched against the IPI human database human
(v. 3.68, 87,061 sequences) ttne Andromeda search engin®4, 62)enabling the contaminants

and the reversed versions of all sequences with the Wallg search parameters: fixed
modification of carbamidomethylation of cysteine residues, Acetyl (Proteierid), Gin_pyre

Glu (NTerm Q), Glu_pyr&lu(NTerm E), Oxidation(M), Phospho(ST), Phospho(Y) as variable
modifications, Trypsin as proteolytic emag with up to 2 miss cleavages, fragment ion mass
tolerance of 0.6 Da. The mass accuracy of the precursor ions was decided by tle piemelent
recalibration algorithm oMaxquant After filtering the contaminants and reverse hits i

Perseis Softwae, normalizedntensiieswere exported fromMaxquant

4.2 9 Statistic analysis

Thisanalysisvasin collaborationwith Dr. Amin Moghadda§holami, Kuster Lab, TUM. Statistical
analysis ofthe quantified proteins was performed using R (v 2.12(205) Raw protein
abundance values were first normalized using Variance Stabilization Normalig2@@&nVSN is
able to stabilize the variance across the entire intgneange and addresses the error structure
in the data. The application of VSN has previously been shown to be beneficial 4oaseid
guantification (135, 207) To investigte the data distribution and ensure the appropriate

application of statistical tools, normal quantidgiantile plots were created for all protein
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intensities in each cell line. Variance stabilization as well as variaraa dependencies eve

visually verifiedor each cell line.

Differential expression of paired samples was assessed with a moderated linear model using the

limma packagd103)in Bioconducto{104p 5 A FFSNBy O0Sa Ay LINRGSAyYy SELN.
YR WO2YyUNREtQ &l YL Sa 6SNB SadAYIGSR gAdK GKS f
tested for differential expression with moderated Studentstatistic via the empirial Bayesian

statistics described in the limma packad®3) The null hypothesisvere accepted or rejectedn

the basis of Fralues computed for the omnibus-datistic via limma at a specified significance

level. Pvalues were adjusted for multiple testing to control the False Disgdrate (FDR) at 5%.

For multiple testing adjustmentshe FDRwas calculatedusing the algorithm of Benjamini and
Hochberg(208) p-values, with appropriate multiple testirgdjustment to control the FDRt 5%

allowed us to identify differentially expressed proteins.

4.2.10 GO enrichment/ Pathway analysisbmplex analysis

This analysiswas in collaboraton with Dr. Amin MoghaddasGholami, Kuster Lab, TUM.
Classification and functional enrichment analysis of the identified proteins were performed using
DAVID Bioinformatics Databag209, 210¥or the biological process (BP), molecular function (MF)
and cellular component (CC). In orderrtmke the functional categories more understandable,
terms were clustered according to their functional similarity using REYAGD

Pathway membership of the identified proteinasanalyzed by the Ingenuity Pathway Analysis
(IPA) tool (Ingenuity Systems, Redwood City, CA, USA) for their functional significance and in the
context of biological association nebrks.

To investigate HSP90 targeting of many macromolecular complexes, the list of significantly
expressed proteins (adjusted p<0.0%)ere analyzed using Comprehensive Resource of
Mammalian protein complexes (CORU{212) a database of manually curated and validated

mammalian protein complexes.

4.2.11Immunoblot analysis

Anti EGFR, AKT, ERK, STAT3 and ph&Jpkib3 were purchased fro@ell Signaling Technology
(Frankfurt, Germany) and the restas purchased from Santa Cruz (CA, USA). For immunoblot
analysis, cells were washed with preoled PBS and lysed in RIPA buffestdth concentration

was determined by the Bradford assay. Fifty pg of lysate from control and treated cells were
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mixed with equal volumes of 2dUPAGE® LDS sample buffer containingra® DTT and heated

at 95°C for 5 min. Proteins were subsequently seped by 4£12%NuPAGE@el and transferred

onto to PVDF membranes (Invitrogen, Darmstadt, Germany). Membranes were blocked for 1 h in
blocking solution (2% BSA in 1xTris Buffered Saline, TBS, 20isHiCI, pH 7.4, 150 mMacCl,

and 0.1% Tweef0) at room emperature and probed overnight at 4C with the respective
primary antibody. Immunoreactivity was detected using IRDye® conjugated secondary antibody
(LFCOR®, Nebraska, USA) and visualized by Odyssey imagin sySt@R®&|.Nebraska, USA).

4.3 Results ad discussion

4.3.1 Strategy ofkinome and proteome widéanvestigationof HSP90 regulation

HSP90 inhibition triggerthe degradation of the abandoned clien{d82) and subsequentcell
response. With this fact,a mass spectrometry based quantitative proteomisgategy is
described herdo compare the proteomes of cancer cell lines in response to HSP90 inhibition by
the small moleule drugGA The approach allows the investigation of regulated full proteeme

and kinome. Briefly,as shown in FiglO, cell linesvere metabolically labeled with stable isotope
labeling amino acids in cell culture (SILAC) to enable the MS based quantification. The same cell

line with different mass color was treated wi@A, a specific HSP90 inhibitor, or DMSO as control.

Geldanamycin Control
—
Light Heavy

Mix cell (1:1) and lyse

Full lysate Kinobeads elution
LC-MS LC-MS
Full proteome Kinome

\ J

1
Proteinidentification and quantification

Figure 40 Quantitative proteomic strategy for proteome and kinome wide investigation of HS
dependent regulation
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Approximatelyan equal number of cells from treated and untreated samplesye mixed and
lyzed. Kinases were partially purified usitigobeadwvhich comprise a mixed sepharose matrix of
eightimmobilizedkinase inhibitor mimicsvhile the correspondingull proteome was separated
with 1D-SDSPAGE in parallel. Subsequenthpth kinase and full proteomewvere subjected to
trypsin digestion and nanecale liquid chromatography tandem mass spectrometign(nLG
MS/MS) Protein identification and quantification was achieved Maxquant integrated
Andromeda search enging4, 62)and the m/z and retention time aligned precursor ion
intensities of the identified peptidesvere integrated across the chromatographic peak
respectively After performing statistial analysisproteins thatwere significantly down regulated
upon drugtreatment should represent HSP9O0 clients, interactors and more complex regulatory
events while proteins upegulated upon drug treatment should represent only the latter
category. Furthermore, ceammunoprecipitaton in conjunction with quantitative mass
spectrometry or classic western blot analysis was applied to primarily validate part of the

potential clients and interactors.

4.32 GAreduces cell viability

In this study, 4 cell lines derived from different organs, CAL27 (head and neck cancer), K562
(chronic myelogenous leukemia), COLO205 (colon cancer) and MDAMB231 (breast cancer) were
used to investigate theroteome and kinome widerotein changes inducedy HSP9O0 inhibitio

To determine the 16 concentration, cells were treated with a serial concentrasof GAfrom

ranging from0.12uM to 10uM (3 times dilution¥or 24 hrs to establislidoseresponse curveon

four different cell lines. Cell viabilities of CAL27, COLO205 and MDAMB231 were measured by
XTT, while cell viability of K562 was determined by trypan blue cell counting after incubating with
indicated concentratioa of GAfor 24 hs (Fig 41a). For tle COLO205 cell lineg,significant
reduction in cell viability (determined by XTT assaggcurredat 0.37 uM GA but no further
significant reduction \as observedat higher concentration of GACOLO205 ia mixture of
adherent and suspension cells, thev@oncentration ofGAmay only havean impact on the
attachment of the cells to the flaskesulting in higher proportion of suspension cetikich will

be discriminated with the wiabe cells by theXTT assayllo be onthe safe side, 10 pMsAwas
usedfor COLO205 cell line the following experiments, and th&Aconcentratiors used for the

other three cellinesarelisted in Fig. 44.
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Figure 41 Geldanamycin (GA) treatment of human cancer cells. a) Cells were incubated wi
indicated concentrations of GA, and cell viability was determined after 24h. Blue dashec
indicates 50% cell viability compared to the control (0.1% DMSO). b) GA concentration used
proteome profiling experiments.

4.3.3 Proteome wide mass spectrometric identification and quantification of protein changes
induced by GA

C2NJ Fdzf £ LINE i S 2fYofal plotgih WeteHidstis&parated mte 36 fractions hyp-
SDSPAGE gefollowed by 2 h gadient nanoL@ISMS. The raw data from the sam@ological
experiment were processed together by th#&laxquant software and the integrated search
engine Andromeda was used for database searchitgptide masses were recalibrated by
Maxquant pre-searching aginst a small database with 2Ppm mass tolerance, which
significantly improved thenass accuracy as shown in Fig..42singthe criteria of protein and
peptide identification false positive ratéFDR)less than 1%83,387 high resolution spectra
corresponding to 42% of the total fragment spectra were assigned to 25,326 peptides with a
median precursor mass error of 0.2 ppamd less than 0.3 ppnstandard deviation (data
illustrated from the first replicate of CAL273600 to 4465 proteins we identified from eachof

the four cell linesandin total of the four cell lines3843 proteirs out of 6283 identified proteins
were quantified in all three biological replicates. Four different organ derived cell lines shared
2305 identified and 1285 quangii proteirs representing 8.7% and 33.4%of total identified
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Figure 42.Peptide Mass accuracy and protein identification. a) Peptide precursor mass

distribution of identified proteins after recalibration by Maxquant. The median mass error 2

with a standard deviation of 0.28 ppm. aihd c)Overlap ofall identified proteinsand protein kinases

from four cell linesc) Overlap ofall the quantifiedproteins and protein kinasefrom four cell linegnly

proteins quantified in all three replicates were considered here)
and quantified proteis respectively The kinobead experiment resulted ia total of 288
identified protein kinases repesenting60% of the whole human kinormend 172 proteirkinases
guantifiedin all three replicates from the four cell lines. Compared to the overlap of identified
and quantified full proteoms, the identified and quantified protein kinases (29.5% and 26.2%)
showed less overlapy the four different organ derived cell line@-ig. 42ke). As one of the
biggest familyof proteins, kinases have been shown to participate in the regulation of many
functions of a metazoan cgR13) In a multicellular organism, different types of cells have their
own unique functions which likely require different clugtesf kinases. For example, Ephrin
receptor tyrosine kinases play vital roles in cell communication sysstémy are commonly
expressed in nervous cells and many solid tumor cells but only EPHB4 andB2pligzng have
been found in leukemig214) Therefore, it is most likg to be the case that the overlap of
expressed kinases between differecell types is smaller tharany other grouys of proteins (i.e.

cancer central proteom(215) orthe general full proteome as observed in this study.

4 .3.4Dataevaluation

This analysiswas performed in collaboration with DrAmin MoghaddasGholami, Kuster Lab,
TUM. For the robust analysis, altatistial analysis was only performed on the proteins

guantifiedin allthree biological replicates. First, in order to investigate the data distribution to
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CAL2? COLO2S MDAME231 K62

Sample Quantiles {Intensities)

Theoretical Quantiles

Figure 43. Normal quile-quantile plot.Q-Q plots showing the MS intensity data distributions of ewv:
cell line after VSN normalization on the vertical axes vs the standard normal distribution o
horizontal axes(Figure generated by Dr. Amin Moghaddzsolami, Kusterdb, TUM)

ensure the appropriate application of statistical, frequency histograms and quaiatile (Q

Q) plots were created for the quantified proteins intensities after VSN normalization. The
linearity of the data points suggtsthat the data have a normal (or close to normal) distribution
(Fig. 43)

To evaluate the variance stabilization by VSN, estimated standard degiafiaach identified
protein expression @axis) were plotted againghe rank of the average {axi9. Ideally a stable
variance is a horizontal line althoughderthe actual circumstances there may be some random
fluctuations, butit should not show an overall tren@06) As shown in Fig4, the raw datafrom

this study show a significantly increasing variance with the inceeasf intensity ranking.

a) Raw data b) log transformed (before VSN) c) log transformed (after VSN)

4064058 60e+08 502408 102400 12400

standard deviation
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Figure44.Rank of mean and standard deviation relations of @_2@ata before and after VSN.
Comparisorof the variancestabilization effects o€AL2#lata are showrbefore and after normalization.
Each data point represengsprotein. The red dots depict the running median estimator (winddith
10%). a) Raw data without transfoation. b) Log transformed before VSN. c¢) After \(Bigure
generated by Dr. Amin Moghadd@&holami, Kuster Lab, TUM)

84



HSP90 regulated proteome

Comparing the ranking of the intensity mean and standard deviation relations of the transformed
data (b and c), the VSN method outperforms the log transform which does not perform well for
the proteins with low ranking @¢w-intensity signals)Two conclusions could be made from the
results described above: first the VSN normalization method applied here should be applicable
and useful for M®ased quantificationwhich has been discussed previo(&B8b) Second, the
normally distributed data allows further performing with the moderat8tudent's tstatistic to

highlight the significantly regulated proteins.

4.3.5 High quality map of HSP90 regulated proteins

For all subsequent data analysis and bioinformatic analysis, tholye proteins that were
guantified in all three biological replicates of a particular cell lirre consideredUsing these
rigorous criterieand moderatedStudent's tstatistial analyss resulted in 480 to 800 significantly
regulated proteins from each dhe four cell lines contributing 21% to 30% of the quantified
proteins. In total, more than 1600 proteins were significantly (p< 0.05)ouplownregulated
following GAtreatment (Fig45) including HSP70, a-chaperone, whose upregation has been
proved to be amarker of HSP90 inhibitionThe mass spectrand extracted ion chromatograms
shown inFig. 46 give examples ofthree proteins that are downregulated (left, DDR1), not
regulated (middle, CK2A8j upregulated (right, AURKA)epending on the cell line, between 20%
(MDAMB23L1 cells) and 30% (K562 cells) of all identified proteins were significantly regulated and,
in allcell linesmore proteins weredownregulated (5264%) than upregulate(86-48%). Previous

work in yeast has suggested that up to-2@%o of all proteins may be influenced by

a b C
7 la ’ COLO205 MDAMB231 COLO205 MDAMB231
K562  CAL27

0

-Log(p-values,10)
5 1

4 o 1
Log Fold Change

Figure4b5. Significantly regulated proteome. a) Volcano plsitew the-Log p-values 10) value versus
the log fold changeof the quantified proteins from four cell line$he dashed retine shows where p =
0.05 with points above the line having p < 0.05 and points below the line having p »)0a0& c)

Overlan of sinnificantlv reniilatastotenme and kinonme from fouir cell lines
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HSP90 functioill, 216) and together withthe data shown herét is suggestedhat this might

be also broadly the case in human cancer cells.

Interestindy, more than 65% of the significantly regulateateins wereexclusivéy presented in

one of the cell lines. For example, there were 407 proteins showing significant regulation only in
K562 cells and similar results were observed in all the évluer cell lines.Thismight suggest

that distinct HSP9@ependent pathwayg arespecificdly involved in different types of cancer and
also may confirm another opinion that many of the clients are conditional: a particular
constellation of proteings regulated in one sample but not the other. For example, thetgin
kinase ZAHO, which has been reported to be& HSP90 inhibitor sensitive client in chronic
lymphocytic leukemia cells, but not in normal peripheral blood lymphoc§t@9) Likewise, iis

most likely that the whole regulated proteome is also conditional depending on the individual

cell.
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Figure 46. a) Example mass speemnal b) correspondingxtracted ion chromatograms of drug induce
downregulated (left), not regulated (middle) and-bggulated (right) proteins. L and H denote pepti
species containing either light or heavy amino acids.

4.3.6 Kinomewide quantitative profiling reveals new potential clients of HSP90

Coordinaing with CDC37, HSP90 facilitates the maturation of many kinases. For these kinase
clients, functional HSP90 is required to prevent degtiatha(11, 182) Thereby, the degradation

of a given kinase induced by HSP90 inhibition highly implicates this kinase tlidet @f HSP90.
Utilization of the kinaseentric strategy conjugated with the SILAC based quantitative MS

enables to profile the kinases changes induced by HSP9O0 inhibition in kinomenamer (75).
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Figure 47Phylogenetic tree of human kinases. All identified protein kinases were mapped onto thi
Kinases unaffected by HSPBibition are marked in blue, umgulated kinases in green, dowr

regulated known HSP90 clients in yellow and doggulated novel kinases in redthe kinome tree
illustrationwas adapted fronCell Signalingechnology,Inc.(http:/www.cellsignal.com/).
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After processing the data as described above, between 137 to 195 protein Kinveeses
identified from each cell linelntotal of four cell lines, 170 kinaséi triplicates) were quantified

out of total 288 identified proteins kinasesl1l7 showed significant regulation includintd0
down-regulated(around 90% of theignificantly regulated kinaseahd 17 upregulated proteins
kinases. Among these, 44 protein kinases havenlieported asHSP90 client kinasekg, EGFR,
EPHA2and AKT)217, 218) whereasthe resthas not been reported butconstitutes potential

novel clienh 2F | {tpnd /2YLINAYy3I gAGK (GKS &adzyYlI NAl SR
protein kinases wee mapped onto the phylogenetic kinome tree indicating the knoglients
(yellow marks) and unknown but highly possible dalents (red marks) based on tdatafrom

this study As shown in Figl7, most kinases were actually unaffected (blue marks) and the
significantly regulated kinases were found in all the major kinase classes (red, yellgteand
marks) but some branches of the TK and AGC classes are partidalaily regulated kinases.
Interestingly, there were 17 kinases showiagignificant upregulation (green marks) including
AURKA, FGFR2 and AXL. Among these significant number of kinases involved in the cell
cycle (AURA, PBK, PKAb, NEK2, ERK3, TTK, and PKR). One effednbftiitieiRhat has been
reported previouslyis arresting cells in the cell cycle (G2/Mhich may either be mediated by
these kinases or result in their accumulation during the drug treatm(@i®, 220) such as
AURKZAor whichthe mRNA and protein levels progressively rise as the cells enter G2/M phases
and subsequently degrade when the cells exit mit¢®20, 221) Therefore, itmight be not
surprising to identify the significalytupregulated AURKA after incubating the cells with Ga#o

of the kinases are involved in stress responses (OSR1, MST3) whose upregulation could be a

response to the cellular stress.

4.3.7 GOanalysisreveals subgroupof proteins with diverse response to the HSP90 inhibition.

To further evaluatethe strategy, GO analysisas performedfor overrepresented molecular
functions.Considering the fact that affinitpased kinases enrichment approach implemented in
this strategy could result in serious bias of the significantly enriched category of protein kinase
when performing GO analysis, ¢stimatethis before further analysishe same GO analysis was
tested on the separated full proteome arghtire data (full proteome and kinome data)As
expect, most enriched clusters remained on the list except the protein kinase activity group
suggesting that combining the full proteome ariddme dataset for further analysis was doable
(AppendixFg. S1) Subsequentlythe significanly regulated proteins includintull proteome data
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andKinobeadprofiling datafrom each cell linavere loaded for molecular functional GO analysis
The assessment revealed tveonsideraby enriched supeclusterscommon to all four cell lines
protein kinase activity proteins and unfoldedopein binding proteins (Fig 4&lata from CAL27
cell lind. To investigate the regulation behavior for differentbgroups of protein, the same GO
analysis on downor up- regulated proteins induced by HSP90 inhibitimere performed
separately.As shown in Fig49 (and Appendix Fig. S24), the group ofsignificantly down
regulated proteinsvasmainly overrepresenteal by the GO term of protein kinase activityhile
the unfolded protein bindinggroup was mainly due tahe significantly ugregulated proteins

containing many ugegulated cechaperone proteins, such as HSP70, HSP2TB&x@B7.

B GTP binding nucleotide binding | unfolded protein binding
- protein kinase activity nucleoside binding - structural constituent of ribosome
purine nucleoside binding 7] RNA binding structural molecule activity

Figure48. Molecular functionDh  Of I & & Avbolelrégdlated pra@et on CAL27 cell li@ach
NBEOGIy3tS Aa | &aAy3fS Of dza G SNI NB LINS asérg vishialized
with different colors. Size of the rectangles reflehts frequency of the GO term in the underlying Gt
database The terms are clustered and the tree map is generated using REVIGO (Sup&k®tjpl.,

It has been well known that the HSP90 clients aiften signal transducersparticular protein
kinases S it is perhaps not surprising to find the owapresentation of protein kinase activity in

the down regulated protein groufll). Interestindy, the data analysis also suggestdtht
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Figure 49. Go analysis with down regulated protein (upper panel) angguated proteins (lower
panel).The layout follavs figure48.

anothergroup of proteirs, with biological function of RNA bindinfginctionally rely on the HSP9O,
including the translation initiation factorsjbosomal subunits and some other RNA binding

proteins which are the key layers of protein translation222, 23). So far, it hasbeen
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implicated that many RNA binding proteins functidpalepend on or physically interact with
HSPI9150, 172, 173)Together withthe results described hergt is mostly likely thatnore RNA
binding proteinswill be revealed as HSP90 clients &®lP90nay also play more important roles

in regulating the protein translatiothan ever thought before

4.3.8 Cancer specific pathways and networks involved in different cancers

Next, to investigate the sigling pathway interrupted by HSP9O0 inhibitiomvhich may implicate

the HSP90 dependent abamt network for promoting the tumorgenesis of a cancer, Ingenuity
Pathway Analysis (IPAyas utilized to navigate the biological networks from the significantly
regulated proteins. As expected, HSP90 inhibition affected multiple pathways but with strong
differences betweerindividualcell lines (Fig. 5QaThe head& neck line CAL27 and the leukemia
cellline K562showed a much stronger down regulation of mTOR signaling than the colon cancer
line COLQO05 and the breast cancer line MDAMB231. Ephrin receptor signaling was strongly
regulated in all three solid tumor lines but not in the leukemia c8iisvilaities and differences in

the general signaling capacities of the different cell lines can also be observed when placing
regulated proteins into molecular networks derived from the literature (FH@b and §.
Regulated networked proteins are often invatvin the cell cycle, cell death, cellular growth and
proliferation, DNA replication, recombination and repair (exemplified by networks around the
tumor suppressor p53 and the trangmtibn factor complex NFkB (Fig0b)), but also include
ordinary cellulartasks such as protein synthesi§he protein ubiquitination pathwaywas
overrepresented by the upregulated proteins in all four cell linésnight be not surprising if
considering that HSP90 inhibition triggers the degradation of abandoned clientsheia t
compensatoryupregulation ofthe ubiquitin machineryRecent research on thggnificantly up
regulated HSP78uggested that reduction of HSP90 function can induce an incieasBF 0
binding to theclients to form a complex containingtil/Hop and slbsequently initiate the
protein degradation processes vihe ubiquitin/proteasome pathway(224, 225) Together, in

this study, alarge number of regulatory proteinsere found in many networks, itmay not be

hard to imagine the pleiotropic effectd HSP90 inhibition will exert on cells.
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Figure 50. pExample results of Ingenuity Pathway Analysis (IPA) acrossAtegulated proteomes of
the four cell lines analyzed. The height of the histogram bars indicates the degree (significal
overrepresentation of a particular pathway in a particular cele.|Lower panel:Example protein

networks generated by Ingenuity Pathway Analysis from significantlye@#ated proteinsofCAL27
(b) and MDAMB231(c)

4.3.9 Ceregulation in protein complexnduced by GA

Proteins interacting with each other as a complex play an important role in many cellular
processes and functions. As a chaperon protein, HSP9O0 itself engages in many protein complexes
and the data in this studyrecapitulatea lot of the knownbinary interactions including many
(mostly downregulated) kinases (Figl, data from Cal27 cells)Given the comprehensive
analysis of the HSP90 regulated proteome here, one wavwaldder if poteins within a complex

perform similar responses to GAnterestingly, by querying the CORUM protein complex
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database from mammalian organisr{&l2)with the significantly regulated proteins from each

cell line, severalmembers of protein complexes sometimes apphto be coregulated by
HSP90 inhibition. For example, core members of the kinase maturation complex (HSP90a and b,
CDC37, HSP70) wereragulated upam drug treatment; this might be a simple compensatory
upregulation because of the inhibition of HSP90 functibn.addition, six out of the seven
members of the Arp2/3 complex (a cellular complex responsible for actin filament nucleation and

branching)(226) were detectedand all were upregulated upoGAtreatment. This observation
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Figure 51Binary proteinaprotein interaction map of HSP90alpha and HSP90beta extracted by IPA
the list of geldanamycin regulated proteins. Orange edges and nodes indicatereigwation; black
ones indicate upegulation upon drug treatment

could bedirectly connected to the morphological change after incubating the egtls GA Cell
morphological changeinduced by GA might be @mprehensivaesult of manyaspects hence
more workis absolutelyrequired to prove ths hypothesis.Down-regulated protein complexes
were also observed in this study, suchtlas DNAPKkKuelF2ZNFIGNF45 complex (DNA repair)
the Nop56passociated pragibosomal ribonucleoprotein complex (ribosome biogenesis), the
spliceosome (MRNA splicing) and the MMfR4F complex (protein translation initiatiot)SP90
has been found to mediate the assembly by stabilizing the unstablengubnd facilitating its
incorporation into the complex, which starts to attract more attention recer@27) Many

proteins exert their function in the form of a cotex and most, if not all, of the members in the
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complex are indispensible for the proper function. Therefore most likely,ntl#tiple protein
complexeswith one HSP90 dependent member will lose its normal function upon the HSP90
inhibition. Several of siccases have been found, for example the Nop56p protein for the
Nop56passociated preibosomal ribonucleoprotein complef27) The fact oflarge regulatory
proteins d HSP90 inhibition may further emphasize the biological importance and complexity of
HSP90.

4.3.10 Pharmacological intervention with HSP90 regulated pathways

Clearly, attenuation of multiple canc@romoting signaling pathways makes HSP90 become a
unique and attractive target for the cancer therapy, particdlathe cancers characterized with
multiple disordered signaling pathway228) GAhas been proved to be a very effective HSP90
inhibitor but along vith many unexpected side effects, which may be not hard to understand if
consideringthe observation that a large number of human proteins with diverse molecular
functions appear to be affected by GA. Therefore, other HSP90 inhibitors with better drug
properties have been developed, such as the pubased inhibitor PUH71, which targetshe N-
terminal ATP pockejust as GAbut with different structure(203) soone would wonder the
differences in specificity between GARUH71whichis currently in phase | clinical trials. To
compare this, theKinobeadprofiling experimentwas repeatedusing both drugs (Fig2a). The
highly comparable @R0.9) effect on the kinome suggested the mechanism by whictHPL
inhibits HSP9(Qs very similarto GA. However, once these molecules become more widely
available, further proteome wide profiling experiments such as the ones describedalilé ke
necessary to investigate their global effect and define their specificities.

Combining BP90 inhibitors with other drugsanimprove the therapy efficiency and suppress
resistance fONY'F GA 2y o0& W2y 023SyS &¢A ax@idAtiedaifebtivet K A &
treatment time of effective targeted drugs such as kinase inhibi{@fs 229, 23Q)Prior work

from the last chapter has shown that CAL&Isare growth dependent on EGEE31) a known
client of H®90. To test the combination effects, CAL27 oedi® treated with either lapatinib or

GA or both. As expected, either lapatinib or GA alone can significantly reduce the cell viability.
Combination of the lapatinib with a fixed dose of GA (25 nM) lechtmereased reduction of cell
viability albeit the effect was only additive rather than synergistic §2ig). This preliminary data
confirm earlier work that the drug combination is more effective than either drug alone but more
work is required to estdish if this concept can be generaliz&380, 232)
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The pathway analysis presented above revealed that mTOR signaling pathway in CAL27 cells was
overrepresented by the significantly downregulated proteins indicating GA has a strong negative
impact onthe mTOR pathway. Considering the fact that constituyivattivated mTOR pathway

has been found in numerous type of cancers including head and neck d@3&r234) which

would potentially represent yet anothlieavenue for treating these cancer cells. Indeed, the
potent dual PISBK/mTOR inhibitor PB691502 also effectively killed CAL27 cells (and better than

d b Geldanamycin (GA,nM)
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Figure 2. Comparison of different HSP90 inhibitors and kinase inhibitor respor@&L&cancer cells.
a) Correlation plot of kinases regulated by the HSP90 inhibitors geldanamyziis)(yand PUH71 (%
axis). The strong correlation of the two data sets indicates that both drugs work by similar mechan
CAL2Tcells are growth dependemin the receptor tyrosine kinase EGFR. Combined treatmeDAb27
cells with geldanamycin and the EGFR inhibitor lapatinib kills cells more effectively than eithe
alone. c) The PIBK/mTOR pathway is highly activ€Ah27cells (see Fig. 3b). The dRIBK/mTOR
inhibitor PF04691502 killsCAL27cells in an AKT independent fashion (indicated by the inability of
AKT inhibitor MKR262 to kill the cells) and with similar efficiency as the unspecific kinase inh
dasatinib.

the rather unspecific patsRC, paiEPHR inhibitor dasatinib). Given that the cells are growth
dependent on EGFR and respond to lapatinib, this data suggests that EGER sign
PI3K/mTORHowever, it isnot like the previous proposed frequently altered EGFRKAKT

MTOR pathwayl21) the datain this studysuggested that itsin an AKT independent fashion in
CAL27 as shown by the inability of the potent AKT inhibitor2@2 to kill thesame cells (Fig.

52¢). EGFR signaling to mTOR through PKC and independently of AKT has been reported in the

EGFR driven gliomdespitethat the decrease of phosphorylated AKT abundainceesponse to
95



HSP90 regulated proteome

EGFR inhibition was observ&B5) whichis in correlation withdecreased AKT phosphaaiibn
in resporse to Lapatinib in CAL27 cekkéslast chapter). Therefore, ik most likely that the AKT
dependent EGFR to mTOR signaling axis ismaiglvedas someof the HNSCg@atients

4.3.11 Protein turnover time is a main gradient of HSP90 inhibition induced hierarchical

destabilization

From proteome and kinome wide investigation of the HSP90 based regulatiomteresting
observation was sendipitously found that some kinases were removed from cells much faster
than others upon drug treatmentwhichwas further validated by Western blot staining (Fig.53a).
After incubating withGAfor 12 hours, DDR1 and BTK almost completely disappeareé avij

half of the well known HSP90 client EGWBs significantly degraded after 24 hours. Given the
fact that for the client proteins HSP9O0 is indispensible for their stabilization after the synthesis, it
naturally leads to associate this observation to the different turnover rate of individual proteins.
To ascertainthe hypothesis, thelabeling with method with metabolic labeled amino acids
(pulsedSILAC)vas used here¢o determine the kinases turnover tiebased on the fact that the
incorporation rate of the heavy amino acids into the proteins relates to the protein turnover.
High turnover proteins incorporatéhe heavy amino acidsaster than the lower turnover
proteins after exposing cells to the mediwuontaining theisotopiclabeled the amino acidé63,

236). Briefly,kinaseswere affinity purified byKinobeadfrom the cells colleed at different time
points, measured by LKIS/MS, identified ad quantified byMaxquant (Fig. 53h. Three time
point (6, 12 and 24 1s) located in a population of exponentially growing phasge selected,
where the incorporation rate should be constant and thereigavyto light (H/L) peptides ratio
from these time points should perform a linear increase with the time @&3g. 100 to 120
protein kinase halfives were determined out of 12@t150 protein kinases for each of the four
cell lines by using linear regression model{6d). As expect, protein kinases with different
turnover times were observed, for example, DDR1 has a-lifalitime of 7 hous while it takes
more than 30 hours to replace half of the existing E@R& 53d). Beside EGFR and AKT, two
bona fideHSP9O0 clients, showed a good correlation between the HSP90 induced degradation rate
(determined by the western blot) and their turnové®=0.96) (Fig. 54ajyhich suggestedhe
hypothesis was valid to some extenfo further assess the correlation comprehensivelyan
kinome widemanner, the protein turnover of kinasesletermined bypulsed SILA@as plotted
againstthe level of kinase dowrregulation by HSP90 inhibition (24 h of drug treatmeng
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shown in Fig.54b, a significant positive correlation between HSP90 inhibition and protein

turnover was observedThe degree of correlation may reflette HSP9@ependentregulation:

for these strong correlated proteing.g. DDR1, EGFR and AKT in the blue) amhieh arelikely
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Figure 53Kinetics of geldanamycin induced proteins degradation and protein turn @yaNestern blot
analysis of cells treated with GA for up to 24 hours. Proteins are removed from cells at differeahchat
consistent with the profiling redts. b) schematic representation of a pulsed SILAC experiment. Cells
labeled with heavy amino acids for three different times, light and heavy sample for each time poin
combined and analysed by MS. Newly synthsised proteins are detected as geaides while old
proteins are detected as light peptide3 Example mass spectraused for protein half life determination
the receptor tyrosine kinase DDR1 a)édditional examples for other proteins.
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