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Advances in predicting responses to therapies in ovarian cancer have not matched progress
seen in other solid-organ tumours: ovarian cancer remains a poor-prognosis disease. There
has been a paradigm shift in molecular therapeutics away from targeting individual mole-
cules to whole biological pathways. The aim of this study was to quantitatively measure
the activation state of druggable oncogenic pathways by generating a phosphoprotein pro-
file in cancer tissues, in order to establish associations with clinicopathological parameters
and to identify treatment groups for targeted therapy. In total we analysed the expression
of ten phosphoproteins within eight signalling pathways (PI3K, MAPK, B-catenin, STAT,
NF«kB, ER, cell cycle and DNA damage response), proliferation (phospho-histone H3 and
Ki67) and apoptosis (activated caspase 3), in two independent cohorts of ovarian cancers
using quantitative immunofluorescence image analysis. Data were analysed by unsuper-
vised and K-means clustering to determine new biologically relevant groups. Expression
of markers of the five main pathways deregulated by mutation or copy number changes
was different between histological subtypes. Four main clusters with distinct phosphopro-
tein profiles were identified, which were significantly associated with survival in univariate
analysis, and which had distinct patterns of pathway expression reproducible between
clinical cohorts. These pathway profiles suggest novel therapeutic regimens for the treat-
ment of ovarian cancer, such as MAPK-inhibition in serous or clear cell carcinomas, or
combined inhibition of STAT, NFkB and WNT signalling.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

stories of ER, HER2 and others in breast cancer.>* There is
good evidence that platinum-taxane first-line chemotherapy

Survival figures for epithelial ovarian cancer remain poor,
with 65% of women dying of their disease within 5 years of
diagnosis’, in spite of often initially good response rates to
chemotherapy.? This is partly because women with ovarian
cancer present with late-stage disease, but also because of a
lack of predictive tissue biomarkers coupled with effective
therapy in clinical practice, in contrast to the clinical success
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is superior to other chemotherapy regimens for ovarian can-
cer>>™8, but 20-30% of patients do not respond to this therapy.
Lower toxicity targeted agents, such as tamoxifen, aromatase
inhibitors or trastuzumab (Herceptin) are not routinely used
in clinical practice but may have value.”'° There is, therefore,
an acute need to identify markers of sensitivity to existing
cytotoxic agents as well as to identify new ‘hits’ for targeted
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therapy in ovarian cancer, which could translate into real
clinical benefit if currently available therapies can be more
precisely targeted to known dysregulated signalling in ovar-
ian cancer.

Recent evidence suggests that distinct molecular sub-
groups of ovarian cancer exist, both between (Ref. 11) and
within (Ref. 12) recognised histopathological subgroups (ser-
ous, endometrioid, clear cell and mucinous). This suggests
that while histopathology alone provides useful prognostic
and predictive information, additional molecular profiling
may be able to resolve some of the heterogeneity in response.
Molecular classification at protein level may be more infor-
mative for therapeutic prediction than gene expression profil-
ing, which so far has only shown benefit in the experimental
setting.’® Although pathway-based gene signatures have been
developed for breast cancer'®'*, these are based on well-val-
idated intrinsic subtypes and no agreed classification exists
for ovarian cancer. The measurement of proteins is more
readily adapted to clinical histopathology labs, which already
use immunohistochemistry as a standard molecular tech-
nique, facilitating ready transition of proteomic classification
to the clinic. Also, drugs are designed to target proteins rather
than genes or transcripts. There may be as much as 60% dif-
ference between protein and mRNA co-expression’®, and R?
correlations between mRNA and transcript range between 0
and 0.4 in humans.'®

The most useful protein targets to measure in order to
meet these aims remain open to debate. However, an emerg-
ing paradigm within cancer biology, and supported by recent
large-scale genotyping and transcriptional profiling stud-
ies''8 is that the complexity of cancer can be reduced to
abnormalities in suppression or activation of only a few path-
ways, since several different mutations or transcriptional
aberrations within the same pathway lead to similar pheno-
types.’ While individual copy gains, losses, or mutation
events occur at relatively low frequency in different genes
of a given oncogenic signalling pathway, the combined prev-
alence of pathway level alterations is predicted to be very
high (e.g. 90% in RTK/RAS/MAPK pathway in ovarian can-
cer).'® We, therefore, reasoned that the expression of proteins
or phosphoproteins which would be expected to be deregu-
lated as a result of genomic or non-genomic (i.e. post-transla-
tional or signalling-related) changes in the signalling pathway
would act as a good surrogate for pathway deregulation, and
in one recent paper, a quantitative proteomic approach was
used to identify factors associated with platinum response
in ovarian cancer, supporting the validity of the proteomic ap-
proach.?® There is emerging data suggesting that measure-
ment of phosphorylated MAPK is more predictive of
response to anti-EGFR (epidermal growth factor receptor)
therapy than mutation status alone?! in colorectal cancers,
but similar data does not exist in ovarian cancer. Phosphory-
lation of the serine 473 epitope of AKT provides a measure of
the activation state of the PI3K pathway??, and similar key
epitopes are phosphorylated within other pathways driving
critical cellular processes such as proliferation, apoptosis,
and DNA-damage response (see Table 1).

We sought the most promising pathway candidates from a
recent next generation analysis of somatic mutations and
copy number changes in ovarian cancer.’® Five pathways

(apoptosis, cell cycle, PI3K/AKT, WNT and RTK/RAS/MAPK)
were predicted to be frequently aberrant by either mutation
or copy number variation and have functional consequence,
and biomarkers representative of the activation of these path-
ways were sought via a review of the literature and availability
of specific antibodies. We also quantified and visualised the
activation state of further four growth- or survival-promoting
pathways which show minor genetic deregulation (NF«B, ER,
components of cell cycle and DNA damage response) in addi-
tion to those targets identified by genomic analysis.

We hypothesise that since experimental and clinically
used agents already exist which target growth and apoptotic
pathways, classification of individual tumours by pathways
could result in a tumour specific signature which could guide
patient-tailored therapy from a number of readily-available
and licensed agents, either alone or in combination. Many
of the signalling pathways known to be deregulated in cancer
are subject to drug development pipelines, with agents at
varying stages of clinical use(**® and see clinicaltrials.gov).

The aims of our study were to (1) quantitatively measure
the activation state of candidate pathways which are known
targets of current or experimental cancer therapeutics by
generating a phosphoprotein profile in cancer biopsy tissue,
(2) relate this to clinicopathological parameters including his-
tological subtype and stage, and (3) generate new hypotheses
for druggable targets in ovarian cancer.

2. Patients and methods

2.1.  Study population and design

The study was approved by the Lothian Research Ethics Com-
mittee (08/51101/41). No informed consent (written or verbal)
was obtained for use of retrospective tissue samples from the
patients within this study, most of whom were deceased,
since this was not deemed necessary by the Ethics Commit-
tee. The study population consisted of three cohorts of ovar-
ian cancer patients, two of which were independent. The
first cohort consisted of 152 formalin fixed, paraffin embed-
ded (FFPE) ovarian tumours treated in the Edinburgh Cancer
Centre between 1994 and 2005, as previously described?, rep-
resenting a broad range of histological types. The second co-
hort consisted of 471 FFPE ovarian tumours treated in the
Edinburgh Cancer Centre between 1991 and 2006. Finally, 40
frozen ovarian cancer tissues (a subset of cohort 2) were used
for validation of phosphoprotein expression. Summary pa-
tient characteristics are shown in Table 2. Standard treatment
included cytoreductive surgery followed by platinum-based
therapy, with or without combination with a taxane. Overall
survival was calculated from the date of diagnosis (primary
surgery) to the date of death by ovarian cancer, or to the date
of last follow-up (censored). Patients who died from disease
other than ovarian cancer were censored. Tumours were ta-
ken from primary site (not metastatic) and before commence-
ment of chemotherapy.

2.2.  Tissue microarray (TMA) construction

The construction of the cohort 1 TMA has already been de-
scribed?’, and the cohort 2 TMA was similarly constructed.


http://clinicaltrials.gov

Table 1 - Pathways studied and the targets used to characterise them.

Target

Supplier

Dilution (AQUA)

Antigen retrieval

Pathway/role in pathway

References

PAKT (Ser 473)

PERK (Thr202/Tyr204)

PER (Ser118)

pBCatenin
(Ser33/37/Thr41)

PSTAT3 (Ser727)

PNF«B (Ser276)

PRB (Ser807/811)

pH2AX (Ser139)

GST (#4060)

GST (#9101)

CST (#2511)

CST (#9561)

CST (#9134)

GST (#3037)

CST (#9308)

CST (#9718)

1:100

1:25

1:500

1:25

1:100

1:25

1:50

1:50

Sodium citrate pH 6.0

Sodium citrate pH 6.0

Sodium citrate pH 6.0

Sodium citrate pH 6.0

Sodium citrate pH 6.0

Sodium citrate pH 6.0

Sodium citrate pH 6.0

Sodium citrate pH 6.0

PI3-kinase pathway: AKT is a well characterised effector of PI3-kinase,
and Ser473 is one of two key activation sites

MAPK pathway: The p44/42 MAPK (Erk1/2) signalling pathway is a
well characterised effector of many cellular processes including
proliferation and differentiation, in response to growth factors and
cytokines. p44 and p42 are activated through Thr202/Tyr204

ER pathway: Ser118 resides in the AF1 domain of ER, and when
phosphorylated influences DNA binding and recruitment of
cofactors, initiating downstream ER-dependent transcription.
Activated by MAPK and estradiol, phosphorylation of this residue has
been shown to be associated with outcome and response to
endocrine therapy by ourselves and others

Wnt signalling pathway: Wnt signalling is a critical oncogenic
pathway in solid tumours, including ovarian cancer. The Ser33/37/
Thr41 sites are critical for GSK-3f8 mediated phosphorylation and
degradation of B-catenin, and therefore low levels of phosphorylation
are associated with increased stabilisation of the protein and
enhanced WNT signalling. In addition, activation of B-catenin is
thought to drive EMT in some experimental systems

JAK/STAT signalling pathway: STAT3 is activated in a variety of
human cancers, including ovarian cancer. Although tyrosine
phosphorylation of STAT3, which is activated by cytokines and EGF,
promotes dimerisation and nuclear translocation, phosphorylation of
Ser727 is indispensible for maximal transcriptional activity and may
therefore act as a better surrogate of pathway activation. In addition,
this site is regulated by crosstalk with MAPK and mTOR signalling
pathways

NFkB signalling pathway: In addition to controlling inflammatory
processes, transcription factor NFxB targets include proliferative and
anti-apoptotic genes. Expression of total and phosphorylated forms
has recently been recorded in ovarian cancer. Phosphorylation of the
P65 subunit at Ser276 enhances activation of the transcription factor
through increased interaction with coactivator p300, via PKA and
MSK-dependent mechanisms

Cell cycle: pRB negatively regulates cell cycle progression, and
interacts with transcription factors to control cell fate.
Hyperphosphorylation of pRB occurs during G1/S phase and in
particular, Ser807/811 is phosphorylated in a cyclinD1-dependent
manner, critical for cell cycle progression

DNA damage response: A very early event in the DNA-damage
response, H2A.X is phosphorylated in response to double strand
breaks at Ser139, and is required for recruitment of DNA-damage
response proteins such as BRCA1
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73,74

DNA damage response: BRCA1 is phosphorylated in response to DNA-
damage at multiple sites, including Ser1524. This site is also known to

CST (#9009) 1:25 Sodium citrate pH 6.0

PBRCA1 (Ser1524)

be involved in ATR- and claspin-dependent recruitment of BRCA1 to

DNA damage, and to initiate caspase-dependent apoptosis
DNA damage response: Although p53 contains multiple

75-78

Sodium citrate pH 6.0

CST (#9286) 1:100

P-p53 (Serl5)

phosphorylation sites, Ser15 is a critical DNA-damage induced

phosphorylation site and is phosphorylated by ATM, ATR and DNA-

PK, and results in decreased interaction with the oncoprotein MDM2
and reduced degradation. It is therefore a candidate biomarker of

active DNA-damage and p53 activity

79

Proliferation: Ki67 is a specific marker of proliferation and is

expressed in all phases of the cell cycle except GO

Tris-EDTA pH 9.0

1:50

DAKO (M7240)

Ki67

80

Proliferation: Phosphorylation of the Ser10 residue of histone H3 is a

specific marker of chromosome condensation during mitosis

Tris-EDTA pH 9.0

1:100

GST (#9701)

pHH3

81

Apoptosis: Caspase 3 is a final effector of apoptosis, and cleavage is

required for activation from its inactive zymogen

Sodium citrate pH 6.0

1:200

CST (#9661)

Cleaved caspase 3

Briefly, four to six replicate TMAs were constructed using
established techniques®, and three replicates were used for
analysis within this study. Where primary lesions showed a
mixed histological pattern, representative areas of each histo-
logical type were targeted, so that all types were adequately
represented within the analysis.

2.3. Immunofluorescence

Immunofluorescence for phosphoantibodies was performed
using methods previously described.?® Briefly, 4 um tissue
microarray slides were deparaffinized and antigen-retrieved
by pressure-cooking according to the reaction conditions
shown in Table 1. Endogenous peroxidases were blocked with
2.5% hydrogen peroxide for 15 min and non-specific binding
blocked with serum-free protein block for 15 min. Slides were
then incubated with primary antibodies diluted in 0.025%
PBST for 1 h at room temperature (AE1/AE3 mouse monoclo-
nal cytokeratin antibody with primary antibodies as shown
in Table 1). After washing in 0.025% PBST sections were incu-
bated for 1 h at room temperature with secondary antibodies,
which included an Alexa 555-conjugated goat anti-mouse
antibody diluted 1:100 in 0.1M TBS, and prediluted goat
anti-rabbit antibody conjugated to a horseradish peroxidase-
decorated dextran-polymer backbone (EnVision, Dako). Slides
were then incubated for 10 min with Cy5-tyramide, which is
activated by horseradish peroxidase, to visualise HER2
expression. 4',6-Diamidino-2-phenylindole (Molecular Probes,
Eugene, Ore) was used to stain the nuclear compartment.

2.4.  AQUA automated image analysis

A detailed description of the AQUA methodology is available
elsewhere.?® Pan-cytokeratin antibody was used to identify
infiltrating tumour cells and normal epithelial cells, DAPI-
counterstain to identify nuclei, and Cy-5-tyramide detection
for target for compartmentalised (tissue and subcellular)
analysis of tissue sections. Monochromatic images of each
TMA core were captured at 20x objective using an Olympus
AX-51 epifluorescence microscope, and high-resolution digi-
tal images analysed by the AQUAnalysis software. Briefly, a
binary epithelial mask was created from the cytokeratin im-
age of each TMA core. If the epithelium comprised <5% of to-
tal core area, the core was excluded from analysis. Similar
binary masks were created for cytoplasmic and nuclear com-
partments based on DAPI staining of nuclei. Phosphoprotein
expression was quantified by calculating the Cy5 fluorescent
signal intensity on a scale of 0-255 within each image pixel,
and the AQUA score generated by dividing the sum of CyS5 sig-
nal within the epithelial mask by the area of the cytoplasmic
compartment for cytoplasmic proteins or the nuclear com-
partment for nuclear proteins.

2.5.  Protein Extraction from frozen tissue

Protein was extracted from 40 ovarian tumours, all of which
had pathological confirmation of malignancy. Tumour mate-
rial (48-250 mg) was placed in an ice-cold flat bottomed
soda-glass tube (50x12mm) with 0.3mL of lysis buffer
(50 mM Tris pH 7.5; 5 mM EGTA pH 8.5; 150 mM NacCl supple-
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Table 2 - Patient characteristics of the two clinical cohorts used for quantitative immunofluorescence. Overall survival was

assessed by Kaplan-Meier analysis with log-rank testing to determine statistical significance (p-values shown).
MMMT = malignant mixed mesodermal tumour.

Cohort 1 Cohort 2
Characteristic No. Percent Log-rank p-value No. Percent Log-rank p-value
Number of patients 152 100 471 100
Age 0.018 0.059
Median 61.0 N/A 60.4
Range 24-90 N/A 27-86
1st Line chemotherapy regimen 0.36 0.04
Platinum-based 51 33.6 283 60.1
Platinum and taxane 44 28.9 175 37.2
Other/none 28 18.4 11 2.3
Unknown 29 19.1 2 0.4
Stage <0.0001 <0.0001
I 29 19.1 47 10.0
II 20 13.2 56 11.9
111 52 34.2 271 57.5
v 20 13.2 78 16.6
Unknown 31 20.4 19 4.0
Histology 0.005 <0.0001
Serous 46 30.3 264 56.1
Clear cell 31 20.4 24 5.1
Endometrioid 29 19.1 94 20
Mixed 23 15.1 61 13
MMMT 7 4.6 0 0
Mucinous 14 9.2 14 3.0
Other 0 0 12 2.5

mented with protease inhibitors (Roche 11836153001), phos-
phatase inhibitors (Sigma P2850; P5726) and aprotinin (Sigma
A6279)). Samples were homogenised on ice at full power for
2x 10 s (with a 30 s interval between bursts to allow the sam-
ple to cool down) using a Silverson homogeniser. Resulting
homegenates were transferred to pre-cooled microcentrifuge
tubes and residual material recovered from the homogeniser
with a further 2 x 0.3 mL of lysis buffer (total pooled volume of
each sample = 0.9 mL). Triton X-100 was added to each sam-
ple (9 uL/0.9 mL) before centrifuging at 13,000g for 30 min at
4°C after which supernatants were transferred to fresh
microcentrifuge tubes. Total protein concentrations were
determined by BCA assay and normalised at 2 mg/mL.

2.6. Reverse phase protein arrays (RPPA)

Denatured and reduced protein lysates were spotted onto LI-
COR (LI-COR Biosciences, Nebraska, USA) nitrocellulose-
coated glass slides as previously described.>**! Three repli-
cates were spotted per sample in five two-fold dilutions.
Slides were hydrated in Li-Cor blocking buffer for 1h (LI-
COR Biosciences, Nebraska, USA), and then incubated with
previously optimised primary antibodies overnight at 4 °C
in a sealed box containing a damp paper towel (same anti-
bodies as AQUA analysis). The following day slides were
washed in PBS/T at room temperature for 5 min (x3) before
incubating with far-red fluorescently-labelled secondary
antibodies diluted in Li-Cor Odyssey Blocking Buffer (1 pL/
2mlL) at room temperature for 45 min with gentle shaking.
Slides were then washed in excess PBS/T (x3)/PBS (x3) and
allowed to air dry before reading on a Li-Cor Odyssey scan-

ner at 680 and 780 nm and images exported as TIFF files
for further analysis.

RPPA analysis was performed using MicroVigene RPPA
analysis module (VigeneTech, Carlisle, MA, USA). Spots were
quantified by accurate single segmentation, with actual spots
signal boundaries determined by the image analysis algo-
rithm. Each spot intensity was quantified by measuring the
total pixel intensity of the area of each spot (volume of spot
signal pixels), with background subtraction of 2 pixels around
each individual spot. The mean of the replicates was used for
normalisation and curve fitting. Curve fitting was performed
using four parameter logistical non-linear regression using a
joint estimation approach (‘supercurve method’), with quan-
tification yo (intensity of curve) or rsu (relative concentration
value) of sample dilution curves used in subsequent analysis.

2.7.  Protein expression analysis and statistics

AQUA scores were averaged from replicate cores. Protein
expression data were analysed in Cluster v2.11 and visualised
using Java Treeview, as previously described.?? Raw AQUA
scores were filtered so that >50% of protein expression data
was present for each tumour analysed for cohort 1, and
>90% for cohort 2. Unsupervised Spearman’s average linkage
clustering or K-means clustering was performed on filtered
AQUA scores which had been log-transformed, and mean-
centred to remove bias across TMAs. Overall survival was
subsequently assessed by Kaplan-Meier analysis with log-
rank testing to determine statistical significance. To assess
whether our clusters provided more accurate predictions
than standard clinicopathological parameters, we performed
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univariate and multivariate analysis using Cox proportional
hazards regression models. Comparison of differences in
means for pathway expression was performed using the
Kruskal-Wallis test, and differences in distribution of histo-
logical subtypes and grade per cluster by Chi-squared test.
In order to determine the cutpoint value for each of the phos-
phoproteins for Kaplan-Meier analysis, we utilised X-Tile,
which allows determination of an optimal cutpoint while cor-
recting for the use of minimum P statistics, as previously de-
scribed.®* Two methods of statistical correction for the use of
minimal P approach were used, the first calculation of a
Monte Carlo P-value and for the second, the Miller-Siegmund
minimal P correction.?® All calculations and analyses were
two-tailed where appropriate and done with SPSS 14.0 for
Windows (SPSS, Inc., Chicago IL).

3. Results

3.1. Patient characteristics

One-hundred and fifty-two patients in cohort 1 and 471 pa-
tients in cohort 2 had sufficient AQUA data after filtering
(>50% data present for cohort 1 and >90% data present for co-
hort 2) for subsequent clustering and survival analysis. Filter
thresholds differed between cohorts due to an increased
number of lost TMA cores (resulting in missing data) in cohort
one, and therefore increased numbers of patients included in
the analysis were favoured over completeness of protein
expression. Clinicopathological details for these patients is
summarised in Table 2. For cohort 1, the median overall
survival from diagnosis was 42.9 months (range 0.8-
161.0 months) and the 5 year overall survival was 19.0%. For
cohort 2, the median overall survival from diagnosis was
32.9 months (range 1.2-211.0 months) and the 5 year overall
survival was 30.1%. Cases in cohort 1 were deliberately se-
lected to represent all the main histological types, reflected
in the clinical characteristic, while cohort 2 was selected as
a more representative ovarian cancer population.

3.2 Pathways driven by genomic aberrations are
differentially expressed between histological subtypes of
ovarian carcinoma, but unrelated to survival

We sought the most promising pathway candidates from a re-
cent analysis of somatic mutations and copy number changes
in ovarian cancer.’® Five pathways (apoptosis, cell cycle, PI3K/
AKT, WNT and RTK/RAS/MAPK) were predicted to be fre-
quently aberrant by either mutation or copy number variation
and have functional consequences (Table 3; high combined g-
score). Quantitative expression of protein surrogates of
activation of these pathways (activated caspase 3, Ki67,
PAKT(Ser437), pBp-Catenin(Ser33/37Thr41) and pERK(Thr202/
Tyr204); Fig. 1, Table 1) showed a wide range of expression,
with a 1-2 log-fold range of expression for each of the mark-
ers tested. To examine whether pathway aberrations were
associated with tumour progression or histogenesis, the
expression of pathway markers were compared across differ-
ent pathological stages and histological types in both tumour
cohorts. Only Ki67 expression was associated with increasing
pathological stages (Kruskal-Wallis test; p <0.0001) in both

Table 3 - Evaluation of alterations in signalling pathways in
ovarian cancer. The combined g-score represents a statisti-

cal evaluation of both mutation frequency and copy numbe
alteration within each signalling pathway. For detailed

explanation, see Ref.’®

Pathway Combined g-score
APOPTOSIS 16
CELL_CYCLE 16
PI3K/AKT 16
WNT 16

RAS 2.52343
ERK/MAPK 0.71981
JAK/STAT 0.38467
IGF1 0.26454
PDGF 0.15349
DUBs 0.11905
RTK 0.11905
E3 0.11888
EGF signalling 0.05695
PTEN 0.04388
NFkB 0.04296
P38 0.04175
KINASE 0.01009
DNA damage 0

FGF 0

GPCR 0

JNK 0
NOTCH 0

cohorts. However, high pERK expression was significantly
associated with serous and clear cell carcinomas, and high
phospho-B-catenin (associated with destabilisation of p-cate-
nin), low Ki67, and high activated caspase 3 with clear cell
carcinomas alone (Fig. 2 and Supplementary Fig. 1). This sug-
gests that certain histological subtypes might be treated with
specific targeted therapies, such as serous and clear cell carci-
nomas with MAPK inhibitors or serous and endometrioid car-
cinomas with Wnt-pathway inhibitors.

3.3. Aberrant activation of pathways associated with
genomic changes is insufficient to stratify patients for
prognosis or prediction

We next sought to establish whether aberrant activation of
pathways was associated with clinical outcome. Univariate
analysis of the five candidate genetic pathways showed no
association with overall survival (log-rank test, corrected p-
value 0.30-0.46). We, therefore, examined combined pathway
activation profiles to see whether co-expression of pathways
influenced tumour behaviour and clinical outcome. Unsuper-
vised hierarchical clustering revealed two main clusters (Sup-
plementary Figs. 2 and 3) in both cohorts. There were no
differences in overall survival between pathway clusters in
either cohort of tumours. While there was a suggestion that
patients with a profile of pathway activation in cluster one
may have a worse outcome when treated with a chemother-
apy regimen including a taxane (log rank p = 0.031), this was
not independent of stage or histology in multivariate analysis.
Therefore, while aberrant pathway activation might drive car-
cinogenetic pathways, the activation status of pathways aber-
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A PAKT (Sera73) B-Catenin (Ser33/37/Thra1)

PERK (Thr202/204) pPSTATS (Ser727)

4

pAKT PERK pER pBCatenin  pSTAT3  pNFkB PRB pH2AX pBRCA1 p-p53 Kis7 pHH3  Activated
(Sera73)  (Thr202/  (Ser118) (Ser33/37/  (Ser727)  (Ser529) (Ser807/811) (Ser139)  (Seri524)  (Seri5) 1249 107 Caspase 3
202 204) 216 Thrat) g4 792 824 166 1066 77 39
a57 880

PBRCA1 (Ser1524)

Kis7?

PH2AX (Ser139)

p-p53 (Ser15) Activated Caspase 3

Fig. 1 - AQUA quantitative image analysis. (A) Representative immunofluorescence images of each of the phosphoproteins
and pathological markers used within the study. Blue = DAPI nuclear counterstain, green = cytokeratin tumour mask,
red = target. (B) Representative staining from an individual case, with corresponding AQUA score represented as both a

heatmap and whole integer.

rantly regulated by genomic changes is insufficient to stratify
patients for prognosis or prediction.

3.4.  Phosphoprotein profile clusters provide a novel
predictive framework for rationalising cancer therapies

Since there is extensive crosstalk and extra-genomic regula-
tion of signalling pathways, we next sought to establish
whether measurement of activation of other key signalling
pathways could contribute to histogenesis and prognosis in
ovarian cancer. We quantified and visualised the activation
state of a further four growth- or survival-promoting path-
ways which show minor genetic deregulation (NF«B, ER, com-
ponents of cell cycle, DNA damage response; Supplementary
Fig. 4) in addition to those targets already identified by geno-
mic analysis. Representative expression across different can-
cers is shown in Fig. 1A and in the same cancer in Fig. 1B, in
order to illustrate how the AQUA score relates to in situ phos-
phoprotein expression. Phosphoprotein expression was het-
erogeneous within and between histological subtypes
(Supplementary Fig. 5), indicating that similar subtype heter-

ogeneity exists at a functional, phosphoprotein level, to that
recently reported for total protein expression in ovarian can-
cer.’ These data suggest that crossover exists between mor-
phology and molecular phenotype in ovarian cancer, but
that re-classification of tumours by phosphoprotein signature
may refine prognostication and prediction by traditional his-
topathological parameters. In order to determine the value
of phosphoprotein profiling compared to traditional histopa-
thological subtyping, we used K-means clustering to organise
the tumours on the basis of phosphoprotein expression. Four
main clusters were identified (Fig. 3 and Supplementary Fig. 6)
in both cohorts of tumours. Baseline assessment of prognosis
by univariate log-rank analysis for clinicopathological param-
eters (Table 2), individual phosphoprotein markers (Supple-
mentary Table 1) and phosphoprotein cluster showed that
age, stage, histology, chemotherapy regimen, cluster, pH2A X,
PBRCAL1 and pHH3 were all significantly associated with over-
all survival (Table 1, Fig. 3C and Supplementary Table 1). In
univariate analysis, phosphoprotein clusters 3 and 4 differed
with respect to overall survival in cohort 2, with cluster 3 hav-
ing the best prognosis and cluster 4 the worst (log-rank
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p =0.03, HR 0.719, 95% CI 0.53-0.96). In cohort 1, there were no tion of low-grade histological types. However, in multivariate
significant differences between phosphoprotein clusters, analysis, only stage remained a significant predictor of overall
most likely reflecting the small number and unusual distribu- survival in a multivariate Cox regression model (cohort 1;
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p=0.011, HR=1.85 (95% CI 1.06-1.69) and cohort 2; p=
<0.0001, HR 1.85 (95% CI 1.58-2.10)). There was no association
with phosphoprotein cluster and response to chemotherapy.

3.5. Phosphoprotein pathway analysis suggests novel
therapeutic targets in ovarian cancer

Each of the clusters showed distinct profiles of pathway acti-
vation, which were very similar between independent cohorts
of samples (Fig. 3B). Cluster 1 tumours were highly prolifera-
tive (high Ki67 and phospho-Histone-H3), cluster 2 with con-
sistently high levels of phosphorylation of hormone, growth
factor and cytokine-dependent signalling pathways (ER,
B-catenin, STAT, NF«B), cluster 3 activation of PI3K and cluster
4 activation of MAPK, STAT high levels of phospho-Rb. In or-
der to ensure that the uncertainty of the stability of phos-
pho-epitopes in formalin-fixed, paraffin-embedded (FFPE)
tissue was not unduly biasing the results, we examined a sub-
group of these tumours which were available (n =40) as fro-
zen tissue samples for comparison with FFPE tissues. pERK,
p-B-catenin and pBRCA1 showed significant correlations be-
tween RPPA and AQUA (Pearson’s correlation coefficient
0.31-0.42; p < 0.05). In order to further check that clusters were
not biased by preanalytical factors, we measured cytokeratin
as a ‘housekeeping’ protein in the tumour samples. Cytokera-
tin expression measured by AQUA did not significantly differ
between clusters (one-way ANOVA, p =0.14). These profiles
suggest that alternative signalling pathways are activated in
ovarian cancer and are attractive candidates for personalised
medicine using new and existing targeted therapies.

4, Discussion

In this study we clustered human cancers based on the acti-
vation state of oncogenic pathways by quantitative phos-
pho-protein expression analysis. We chose ovarian cancer
as a model for this approach since the disease has proved
resistant to classification using existing approaches such as
gene expression array analysis®*¢, although there is mount-
ing evidence to suggest that few well characterised pathways
are aberrantly expressed in different histological subtypes.*’
We have shown that while phosphoprotein profiling does
show some association with traditional histopathological
subtypes, reclassification on the basis of similar phosphopro-
tein expression by cluster analysis reveals new molecular
subgroups. For example, therapeutic targets identified by this
approach may be MAPK inhibitors in clear cell carcinomas
and combinations of targeted therapies in molecularly classi-
fied tumours. Validation in prospective clinical trials, and fur-
ther investigation in vitro and in vivo of the therapeutic targets
identified herein, are warranted.

Our analysis of upstream signalling pathways has revealed
potential new markers which could be targets for new thera-
pies in ovarian cancer. In cluster 3 there is high expression of
activated AKT, which is a surrogate for PI3K pathway activa-
tion and may be a candidate biomarker for RTK and mTOR
inhibitors in breast and other cancers.*®?3° Similar biomarker
data for ovarian cancer is lacking. Cluster 2 tumours show a
phosphoprotein profile implicating pathways which connect

extracellular growth signals from cytokines, growth factors
and hormones (B-catenin, STAT, ER; see Supplementary
Fig. 4) with cellular growth and survival. Although data exist
implicating some of these pathways in ovarian cancer
histogenesis, this is the first time that the activation state of
these pathways measured by phosphoprotein analysis have
been described in clinical samples. Somatic mutations of
KRAS***? and CTNNB1 (the gene encoding p-catenin)*® are
seen in mucinous and endometrioid ovarian cancers respec-
tively, and aberrant Wnt, JAK/STAT and MAPK signalling has
recently been described in serous ovarian cancers by gene
expression analysis.’ Gene expression profiling studies have
similarly shown dominant transcriptional profiles character-
istic of specific pathways in histological subtypes. For
example, in Tothill et al.** the C3 and C6 subtypes identified
by transcriptional profiling show overactivation of MAPK
and B-catenin pathways and these groups have overrepresen-
tation of low malignant potential and low-grade endometri-
oid cancers, respectively. These data are not directly
comparable with phosphoprotein data, but the phospho-
MAPK and B-catenin expression seen in serous cancers is in
keeping with the deregulation of these pathways in a propor-
tion of serous cancers, and activated B-catenin is lowest in
endometrioid carcinomas, consistent with the C6 subtype,
further supporting the validity of the current approach. Like-
wise, heterogeneous expression of pathways measured by
gene expression profiling approaches has also been shown
in serous carcinomas®?, but similar to our findings using pro-
tein expression, pathway activation alone was a poor prog-
nostic factor in ovarian cancer and combinations of
activated pathway profiles yield better prognostic informa-
tion.'? In addition, the cohorts used within our study better
represent minor histological subtypes, and, therefore, might
better represent pathway expression within less well charac-
terised groups, such as clear cell carcinomas. More impor-
tantly, each of these pathways represents either existing or
novel therapeutic targets, and the pharmacological agents
which target them are relatively low toxicity compared with
cytotoxic chemotherapies. Good biochemical response rates
have been seen in tumours treated with aromatase inhibitors
in phase II clinical trials**™*’, and Wnt/-catenin antagonists
have shown promising efficacy in vitro and are emerging as
new therapeutic targets in cancer.*® Much less in known
about STAT signalling and ovarian cancer therapy, but one
study suggests therapeutic efficacy in vitro with the JAK inhib-
itor AG490.%°

The use of routine archival formalin-fixed, paraffin-
embedded tissue samples for phospho-protein detection has
potential limitations because of the effect of technical factors
(including time-to-fixation and protein cross-linking) on
phospho-epitope stability and detection.’®*! However it is
the form of tumour tissue most likely to be available for pa-
tients in general clinical and pathological practices. In gen-
eral, frozen tissues harvested for research have shorter
time-to-preservation and are not subject to the cross-linking
effects of formalin on proteins. Reassuringly, phosphoprotein
expression for available epitopes was found to be similar in
both formalin fixed tissues measured by in situ protein quan-
tification and frozen tissues measured by RPPA. Expression of
the housekeeping protein cytokeratin did not significantly dif-
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fer between clusters. These cross-platform analyses in tissue
samples handled in very different ways further validates the
profiling approach as applicable to samples taken in the rou-
tine clinical setting.

In conclusion, this study measures the activation states of
a number of pathways by phosphoprotein analysis. This ap-
proach offers the opportunity to represent a sufficient
amount of the disease complexity with a relatively low vol-
ume of data. It not only identifies factors of importance in re-
sponse prediction to existing chemotherapies, but also
several new hypotheses about novel targets and approaches
to individualised therapies. These findings will need further
validation in both experimental and clinical settings.
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