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is observed in a large OCCC cell line 
panel. Similar results are obtained 
in OCCC patient-derived xenografts, 
signifying the clinical implications of 
these genomic alterations. Targeting of 
mTORC1 in combination with standard 
chemotherapy did not improve overall 
survival in OCCC patients. Therefore, 

evaluated in phase II clinical trials, are 
proposed for the treatment of OCCC. 
Based on the mutational landscape 

TRANSLATIONAL RELEVANCE

Advanced stage ovarian clear cell 
carcinoma (OCCC) is less responsive 
to platinum-based chemotherapy 
compared to high-grade serous ovarian 
carcinoma. Our in-depth analyses of 
a large set of OCCC patients reveal 
numerous genomic alterations related 

sensitivity, especially to inhibitors 
targeting both mTORC1 and mTORC2 

as treatment strategy in ovarian clear cell carcinoma 

Joseph J. Caumanns, Katrien Berns, G. Bea A. Wisman, Rudolf S.N. Fehrmann, 
Tushar Tomar, Harry Klip, Gert J. Meersma, E. Marielle Hijmans, Annemiek M.C. 
Gennissen, Evelien W. Duiker, Desiree Weening, Hiroaki Itamochi, Roelof J.C. 
Kluin, Anna K.L. Reyners, Michael J. Birrer, Helga B. Salvesen†, Ignace Vergote, Els 
van Nieuwenhuysen, James Brenton, E. Ioana Braicu, Jolanta Kupryjanczyk, Beata 
Spiewankiewicz, Lorenza Mittempergher, René Bernards, Ate G.J. van der Zee and 
Steven de Jong

Advanced stage ovarian clear cell carcinoma (OCCC) is unresponsive to 
conventional platinum-based chemotherapy. Frequent alterations in 
OCCC include deleterious mutations in the tumor suppressor ARID1A and 
activating mutations in the PI3K subunit PIK3CA. In this study, we aimed 
to identify currently unknown mutated kinases in OCCC patients and test 
druggability of downstream affected pathways in OCCC models. In a large set 
of OCCC patients (n=124), the human kinome (518 kinases) and additional 
cancer related genes were sequenced and copy number alterations were 
determined. Genetically characterized OCCC cell lines (n=17) and OCCC 
patient-derived xenografts (n=3) were used for drug testing of ERBB 
tyrosine kinase inhibitors erlotinib and lapatinib, the PARP inhibitor olaparib 

mutations in kinases at low frequency that were not previously annotated in 
OCCC. Combining mutations and copy number alterations, 91% of all tumors 
are affected in the PI3K/AKT/mTOR pathway, the MAPK pathway or the 
ERBB family of receptor tyrosine kinases and 82% in the DNA repair pathway. 
Strong p-S6 staining in OCCC patients suggests high mTORC1/2 activity. We 
consistently found that the majority of OCCC cell lines are especially sensitive 
to mTORC1/2 inhibition by AZD8055 and not towards drugs targeting ERBB 
family of receptor tyrosine kinases or DNA repair signaling. We subsequently 

patient-derived xenograft models. These results propose mTORC1/2 
inhibition as an effective treatment strategy in OCCC.
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OCCC patients, respectively (1, 4, 6, 8, 
9). In addition to mutational aberrations, 
copy number alterations (CNA) have 
been found in OCCC tumor samples 
in the proto oncogene ZNF217, tumor 
suppressor genes, cyclin dependent 
kinase inhibitors CDKN2A and CDKN2B 
and the membrane receptor oncogene 
MET (10-12). 

frequently mutated genes ARID1A and 
PIK3CA may lead to new therapeutic 

ARID1A loss are being investigated 
and vulnerabilities in ARID1A mutant 

lethal interactions have recently been 
demonstrated in ARID1A mutant OCCC 
cancer cell lines by shRNA mediated 
suppression of ARID1B, a homolog of 
ARID1A, as well as chemical inhibition of 
the histone H3 methyltransferase EZH2 
and histone deacetylase HDAC6 (13-15). 
PI3K signaling-mediated tumor addiction 
through the well-studied hypermorphic 
mutant forms of PIK3CA (E545* and 
H1047*) was studied extensively in 
multiple cancer types including OCCC. 
Recent translational research in OCCC 
cell lines demonstrated sensitivity to 

inhibitors, although PIK3CA mutations 
did not predict sensitivity to these 
inhibitors (16, 17).

In the present study, we aimed to 
identify novel targetable mutations by 
means of high-coverage sequencing 
of all protein kinase genes, referred to 
as the kinome, and of a subgroup of 
cancer-related genes in a large set of 
OCCC. In addition, we determined copy 
number gains and losses in kinases 
and other genes of OCCC tumors 
using high-coverage single nucleotide 
polymorphism (SNP) arrays. To detect 
kinase mutations and CNA at both 
high and low frequency, we used a 
large cohort of 124 untreated primary 
OCCC tumors and most of the available 
OCCC cell lines (n=17). Finally, we 

in OCCC, our in vitro results and the 
toxicity observed with dual inhibitors of 

with either PI3K or MEK inhibitors could 

for OCCC patients.

INTRODUCTION

In the United States, ovarian cancer 

deaths in women (1). Ovarian clear cell 
carcinoma (OCCC) is the second most 
common subtype of epithelial ovarian 
cancer. The majority of OCCC patients 
are diagnosed at an early stage (57-

survival compared to stage matched 
high-grade serous (HGS) ovarian 
cancer, the most common subtype 
of ovarian cancer. In contrast, OCCC 
patients diagnosed at late stage respond 
poorly to standard platinum-based 
chemotherapy compared to late stage 
HGS ovarian carcinoma patients (2). In 
recent years, genetic studies in relatively 
small patient groups have revealed 
the mutational landscape in OCCC. 
The SWI-SNF chromatin remodeling 
complex DNA binding AT-rich interactive 
domain 1A gene (ARID1A) has been 
shown to be deleteriously mutated in 
40-57% of OCCC patients, the highest 
percentage found in any cancer (3, 
4). Loss of ARID1A protein, being a 
key component of the complex, may 

pathway, implicated in survival, protein 
synthesis and proliferation, is another 
major player in OCCC. PIK3CA, encoding 
the catalytic domain of PI3K, contains 
activating mutations in 30-40% of OCCC 
patients, whereas expression of the PI3K 
antagonist PTEN is diminished in 40% of 
OCCC patients (4, 6, 7). Furthermore, 
mutations in the oncogene KRAS and the 
tumor suppressor gene TP53 have been 
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Figure 1 | Most frequent OCCC mutations. (A) 
ARID1A mutations (n=54 tumors) were 

revealed using haloplex sequencing on 116 OCCC tumors. Mutated genes involved in PI3K (PIK3CA, 
PIK3R1, PTEN, AKT1 and FBXW7, n=54, n=9, n=8, n=6, n=5 tumors, respectively), MAPK (KRAS, n=19 
tumors), or DNA repair signaling (TP53, ATM, PRKDC and FBXW7, n=14, n=11, n=10 and n=5 tumors, 
respectively) and ERBB family of receptor tyrosine kinases (ERBB3 and EGFR, n=8 and n=5 tumors) are 

(B) ARID1A, (C) PIK3CA, (D) KRAS and (E) TP53. Mutation marks are shown in black (truncating), red 
(SIFT and PolyPhen damaging prediction), yellow (SIFT or PolyPhen damaging prediction) or white (SIFT 

available and written in black (previously described mutation) or red (novel mutations).
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proportion of each type of mutation 
in ARID1A matches those reported in 
earlier studies (3, 4). ARID1A mutant and 

mutation incidence in kinome genes (7.4 
vs. 6.6 mutations per tumor on average).

Statistical binomial univariate testing 

genes (p<0.05) relative to background 
mutations. These predicted oncogenic 
drivers were PIK3CA, KRAS, TP53, 
PTEN, AKT1, PIK3R1, FBXW7, 
ERBB3, ATM, CHEK2 and MYO3A 
(Supplementary Table 3). PIK3CA and 
KRAS exhibited mutations in established 

H1047 in PIK3CA and G12 in KRAS, 
while TP53 mutations were distributed 
across the TP53 DNA binding domain 
(Fig. 1C-E).

in three genes not previously described 
in OCCC (AKT1, PIK3R1 and ERBB3) 

AKT1 

in six tumors (4.9%). AKT1 is one of 

mTOR cascade. The PH domain of 
AKT1 interacts with its kinase domain 
and maintains the protein in a closed 
and inactive state (18). One candidate 
somatic mutation, D323N, was located 
in the kinase domain. The mutations 
R25H, L52R (occurring in three tumors) 
and W80R (both described in COSMIC) 
were all located in the AKT1 PH domain 
(Supplementary Fig. 2A). PIK3R1 
was mutated in nine tumors (7.3%), of 
which seven tumors carried mutations 
in the inter-SH2-1 SH2-2 domain of the 
protein (aa 429-623). This domain binds 
PIK3CA and is required for the inhibitory 
role of PIK3R1 on PIK3CA (19). Two 
of the inter-SH2 domain mutations 
are described in COSMIC: E439* and 
T576* in-frame deletions. In addition, 

mutations; two somatic missense (aa 

functionally validated several candidate 
targets in OCCC cell lines and unique 
OCCC patient-derived xenograft (PDX) 

inhibition as an approach to guide future 
development of therapeutic strategies 
for OCCC.

 
RESULTS

Kinome sequencing analysis

Across all OCCC tumors (n=122) and 
OCCC cell lines (n=17), 95.9% of all 
bases had >20 read coverage for variant 
calling. The mean coverage depth for 
aligned reads was 99.3x. On average 
1.17% of the sequenced genes were 
mutated per patient. Genes with a high 
mutation frequency (>4%) across all 
OCCC tumors are shown in Figure 1A. 
Re-sequencing of these 19 genes using 

mutations (97%) that were originally 

the same tumor DNA. The majority of 
genes with a high mutation frequency are 
implicated in well-known cancer related 

pathway (PIK3CA, PTEN, PIK3R1 and 
AKT1), MAPK signaling transduction 
pathway (KRAS), DNA repair pathway 
(TP53, ATM and PRKDC), ERBB family of 
receptor tyrosine kinase genes (ERBB3 
and EGFR) and chromatin remodeling 
genes (ARID1A). The frequencies of 
previously described mutated genes 
observed in our study were in agreement 
with such frequencies reported earlier in 
smaller studies of OCCC (Fig. 1A) (3, 4, 
6, 8, 9). 

ARID1A mutations were analyzed 
using Haloplex sequencing only. Out of 
54 ARID1A mutant tumors, 18 tumors 
contained homozygous frameshift 
or stop-gain mutations, 13 tumors 
harbored more than one heterozygous 
mutation, while 23 tumors contained a 
single heterozygous frameshift or stop-
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in the ERBB family of receptor tyrosine 
kinases in 18 patients (14.8%) and in 
DNA repair pathway genes in 46 patients 
(37.7%). The co-occurrence of mutations 
in both ARID1A and PIK3CA in this large 
set of OCCC tumors was in accordance 

study (Supplementary Fig. 3A) (4, 
23). PIK3R1 mutations were mutually 
exclusive with PIK3CA mutant tumors 
(p=0.043) and a trend was observed 
for PTEN with PIK3CA mutant tumors 
(p=0.0756). In general, TP53 mutant 
tumors (including pure OCCCs) were 
mutually exclusive with both ARID1A 
and PIK3CA mutant tumors (p=0.0031), 
in agreement with previous literature 
(5). Surprisingly, co-occurrence of TP53 
and ARID1A or PIK3CA mutations was 
observed in a few cases. In total 108 out 
of 122 tumors (89%) comprised one or 
more mutations in genes belonging to 

pathway, DNA repair pathway and ERBB 
family of receptor tyrosine kinases 
(Supplementary Fig. 3A).

Evidently, there is a large overlap 
in tumors that were both ARID1A 
mutant and harbored a mutation in 

MAPK and ERBB family of receptor 
tyrosine kinase genes (Supplementary 
Fig. 3B). Subdividing tumors into 
ARID1A heterozygous-mutated and 
homozygous-mutated tumors did not 

receptor tyrosine kinase genes or DNA 
repair genes in both groups (data not 
shown). ARID1A wild type tumors more 
frequently contained mutations in DNA 
repair genes in addition to mutations in 

family of receptor tyrosine kinase genes 
as compared to ARID1A mutant tumors 
(49% vs. 26%, p=0.0385).

CNA analysis

In 108 SNP genotyped primary OCCC 

N453D and T471S, together in one 
tumor), two somatic in-frame deletions 

somatic frameshift (starting in aa 582) 
and one candidate somatic stop-gain 
mutation (aa 571) (Supplementary Fig. 
2B). In ERBB3
mutations across eight distinct tumors 
(5.7%). At the cell membrane ERBB3 
can dimerize with other ERBB family 
members and regulate downstream 
kinase signaling. Six mutations were 
located across the extracellular domains 
of ERBB3
as somatic. The D297Y mutation has 
been described as a hotspot location 
in ovarian and colorectal cancer (20). 
Furthermore, three mutations were in the 
intracellular C-terminal domain and one 
in the kinase domain (Supplementary 

mutated genes, F-Box and WD Repeat 
Domain Containing 7 (FBXW7) has been 
assigned a role in PI3K regulation and 
DNA repair. These mutations are mainly 

Threonine Kinase (ATM) and Checkpoint 
kinase 2 (CHEK2) are designated as 
DNA repair genes whereas Myosin IIIA 
(MYO3A) is an actin-dependent motor 
protein. Mutations in FBXW7 and ATM 
were previously described in OCCC 
(Supplementary Fig. 2D-G) (22).

Pathway analysis of kinome mutations

We also investigated the pathways 
in which genes with a high mutation 
frequency are involved. To this end, all 
low mutation frequency genes (<4%) 

and DNA repair pathways, the ERBB 
family of receptor tyrosine kinases and 
mutations in ARID1A were mapped per 
tumor in order to determine mutational 
spectra across these signaling pathways 
in OCCC. One or more mutations were 

genes in 76 patients (62.3%), in MAPK 
pathway genes in 22 patients (18%), 
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present in 18 OCCC tumors (17%, 
p
kinases included ERBB2 (17q12), 

p=0.002), and the chromatin-associated 
and transcriptional control-related kinase 
TRIM28
in 52 tumors (48%, p=0.0035).

SIK3 (11q23.3) and the transcriptional 
repressor CDK8 (13q12.13) (Fig. 2). In 
addition, three known cancer related 
genes included in kinome sequencing 

regulators CDKN2A and CDKN2B (both 

ZNF217 (20q13.20), a transcriptional 
regulator previously described in OCCC 
(11), in 29 tumors (27%, p=0.014). Using 
GISTIC analysis, we subsequently found 
multiple kinases and other cancer-

(3q26.2) contained multiple kinases; 
PIK3CA, EPHB3, MAPK3K13, PAK2, 
PRKCI, TNIK, TNK2 and DGKG (14 
tumors, 13%, p=0.046). The cancer-
related gene TERT (5p15.33), included 

in 12 tumors (11%, p=0.044). EGFR 

Figure 2 | Kinase CNA in OCCC. 
by GISTIC analysis. All kinases and cancer related genes from the kinome sequencing gene panel that 

Chromosomal location and total amount of tumors (between brackets) harboring the event are annotated 
with each gene name. The false-discovery rate (FDR) (0.05 threshold), indicated by the green line, and 
G-score are shown along the horizontal axis.
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never co-occurred in AKT1 and PRKDC. 
Deletion incidence of >10% was 

related gene PIK3C3 (18.9%) and the 
DNA repair genes PALB2 (30.2%), ATM 
(17.9%) and BRCA2 (17%). PIK3C3, 
PALB2 and BRCA2 primarily harbored 
deletions, while ATM deletions and 
mutations co-occurred in three tumors.

We hypothesized that the alterations 
in genes described in Figure 3A can be 
added up to promote aberrant pathway 
signaling. Mutations or CNA occurred in 

MAPK pathway in 27.4% of tumors and 
in ERBB receptor family of kinases in 
42.5% of tumors. Combined mutations 

pathway genes and the ERBB family of 
receptor tyrosine kinases indicated that 

3B), while the DNA repair pathway was 

 
Clinical data was available for a subset 
of patients (n=70) (Supplementary Table 

revealed that ARID1A, PIK3CA or 
ARID1A plus PIK3CA alterations were 
not related to survival (Supplementary 
Fig. 5A-C). Kinome mutations and 
CNA events of all 106 tumors were 
integrated, and the tumors were grouped 
using K-means consensus clustering. 
Maximum cluster number was set at 
8, since more clusters only marginally 
decreased friction (Supplementary 
Fig. 5D-F). Most tumors grouped 
together in cluster 1 (n=53), 3 (n=27) 
or 5 (n=13).  A trend for worse disease-

located on 9p21.3) were deleted in 16 
tumors (15%, p=0.024) and PALB2 
(16p12.2), an essential chaperone of 
BRCA2, was deleted in 33 tumors (31%, 
p<0.0001).

A separate GISTIC analysis was 
implemented to compare ARID1A 
mutant tumors (n=45) with ARID1A wild 
type (n=63) tumors (Supplementary Fig. 
4A). TRIM28 CDK8 

in ARID1A mutant tumors (p<0.0001 
and p=0.0067, respectively), whereas 
EGFR
retained only in ARID1A wild type tumors 
(p=0.0054) (Supplementary Fig. 4B-C).

Integration of kinome mutations and 
CNA

Both kinome sequencing and SNP data 
were available for 106 tumors. After 
merging all mutations and CNA events 

DNA repair pathway and ERBB family of 

at least one event in 103 of 106 tumors 
analyzed (97%) (Fig. 3A). 

genes AKT2 (17%), PIK3R2 (14.2%), 
PIK3CA (12.3%), AKT1 (10.4%), the 
ERBB family of receptor tyrosine kinases 
ERBB2 (19.8%) and EGFR (17%), and 
the DNA repair genes PRKDC (24%) 
and CHEK2 (12.3%). AKT2, PIK3R2, 
ERBB2, EGFR and CHEK2 primarily 

only ERBB2 (n=2) and EGFR (n=1) 
presented tumors that were both 

PIK3CA was 
mostly mutated, yet four PIK3CA mutant 

coPrint. CNA for each mutated gene are added. The 106 OCCC tumors that were both kinome sequenced 
and SNP arrayed are shown on the horizontal axis ordered on total event frequency in the subsequently 
altered pathways. (B)
MAPK pathway and (C)
mutations and CNA.
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with cluster 3 compared with all other 
clusters (p=0.0638) (Supplementary 
Fig. 5G-H), which became highly 

stage OCCC patients (p<0.001, n=31) 
(Supplementary Fig. 5I). Grouping of 
mutation and CNA status for each cluster 
did not reveal unique genes in cluster 3 
(Supplementary Fig. 5J-K).

susceptibility

Kinome sequencing and SNP data of 
17 OCCC cell lines presented similar 

mTOR, MAPK and DNA repair pathway 
genes and the ERBB family of receptor 
tyrosine kinases as those observed in 
OCCC patients (Fig. 4A-B). However, an 
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Figure 4 | OCCC cell line CNA 
and mutation distribution. (A) 

blue, deletions in red) in OCCC tu-
mors (n=108) and cell lines (n=17) 
depicted from Nexus Copy Num-
ber. (B) OCCC cell lines nonsyn-
onymous mutation distribution in 
genes involved in the frequently 

MAPK pathway (yellow), ERBB 
family of receptor tyrosine kinas-
es (green) and DNA repair (red) 
pathway as well as ARID1A and 
PALB2 are shown with OncoPrint. 
CNA for each mutated gene are 
added. The 17 OCCC cell lines 
that were both kinome sequenced 
and SNP arrayed are shown 
on the horizontal axis ordered 
on total event frequency in the 
subsequently altered pathways. 

ARID1A 
mutant but retain ARID1A expres-
sion. The genes AKT2, PIK3C3, 
PIK3CD, PIK3C2B, PIK3R2, 
PIK3C2G, PIK3C2A, PIK3CG, 
AKT3, PIK3R4, ERBB4, PALB2 
and CHEK1 were not sequenced 

*TP53
detected just above threshold.
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and MAPK pathway downstream targets 

tyrosine kinases EGFR and ERBB2. 
In addition, the DNA repair pathway 
was targeted. High-throughput drug 
sensitivity testing revealed nanomolar 

overrepresentation of ARID1A and TP53 
mutations and an underrepresentation of 
KRAS mutations were found. Due to the 
resemblance of OCCC patient alterations 
with those in the cell line panel, we 
decided to screen for kinase inhibition 
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6F). Limited sensitivity was observed 

EGFR 
mutations were observed in two cell lines, 

levels of ERBB2 mRNA and high ERBB2 

and TUOC1), lapatinib sensitivity was 
observed (Fig. 5A). However, some 
of the tested cell lines without EGFR 
mutations or elevated ERBB2 levels 

and lapatinib, indicating involvement of 
alternative mechanisms. The PARP1 

against ATR
In conclusion, OCCC cell lines exhibit 

inhibitors, whereas limited sensitivity 
was observed towards ERBB receptor 
tyrosine kinase and DNA repair inhibitors 
despite the high aberration frequency in 
those pathways.

PDX models

Considering the high susceptibility 
of OCCC cell lines to AZD8055, we 

tumor samples. Immunostaining of the 

microarrays (n=136 and n=83) with 
primary tumor material from HGS ovarian 
cancer and OCCC.  OCCC tumors 
were more frequently p-S6 positive 
compared to HGS ovarian cancer in 
both datasets (p=0.053 and p=0.0028, 
respectively) (Fig. 6A-C). Subsequently, 

PDX-bearing NSG mice. Sequencing 
of 19 genes with the highest mutation 
frequency in OCCC patients showed 
mutations in ARID1A (1148* stop-gain), 
PTEN (H93R) and BRCA1
1533* stop-gain) in PDX.155, in PIK3CA 
(K111E, recurrent in OCCC tumors) and 
ATM (T1020I) in PDX.180 and none in 

inhibitor AZD8055 in all 17 OCCC 
cell lines tested (Fig. 5A). Sensitivity 
appeared to be irrespective of PIK3CA or 
ARID1A mutation status, suggesting that 

explain the comprehensive AZD8055 
susceptibility. COSMICs cancer cell 
line drug screening data (n=913 cell 
lines) with AZD8055 (Cancerrxgene.org) 
and temsirolimus (targeting mTORC1) 
indicate that OCCC cell lines are among 
the most sensitive ovarian cancer cell 
lines (Fig. 5B and Supplementary Fig. 
6A). 

MTT assay-based IC50 determination 
in 14 out of 17 OCCC cell lines 
demonstrated higher susceptibility to 
AZD8055 and the mTORC1 inhibitor 
everolimus in comparison to three HGS 
ovarian cancer cell lines (Fig. 5C). 
In contrast to AZD8055, proliferation 
inhibition by everolimus displayed a 
plateau phase in a wide concentration 
range and a large variation in sensitivity 
among OCCC cell lines (Fig. 5D and 
Supplementary Fig. 6B). Moreover, 
everolimus treatment resulted in 
increased p-AKT473 levels, while 
AZD8055 and MLN0128, another 

upregulation (Supplementary Fig. 6C). 

PI3K inhibitor for which OCCC cell lines 
are highly sensitive (Supplementary 
Fig. 6A), strongly reduced p-AKT473 

and to a lesser extent p-AKT308 at high 
concentrations (Supplementary Fig. 6D). 
The absence of PARP cleavage indicated 
that everolimus, AZD8055 and dactolisib 
do not induce apoptosis in an in vitro 
setting (Supplementary Fig. 6D). OCCC 
cell lines presented a large IC50 variation 

mTOR and MAPK pathway, e.g. PI3K 
inhibitor GDC0941 and MEK inhibitor 
selumetinib, compared with AZD8055 
and dactolisib (Supplementary Fig. 
6E). Long-term proliferation inhibition 
by dactolisib was stronger compared 
with AZD8055 (Supplementary Fig. 
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Figure 6 | p-S6 expression and mTORC1/2 inhibition in OCCC PDX models. (A) Representation of 
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ARID1A was the most common 
mutated gene in our OCCC dataset, 
with a mutation rate of 46.6%. Overall, 
the mutation rates observed for 
ARID1A, PIK3CA, TP53 and KRAS 
matched earlier sequencing studies on 
smaller OCCC datasets (3, 4, 6, 8, 9, 
24). Moreover, mutation incidences in 
PIK3CA, TP53 and KRAS correlated with 
the frequencies found in ‘pure OCCC’ 
tumors as described by Friedlander 
et al. (22), indicating that our sample 
cohort also contains pure OCCC tumors. 
ARID1A and PIK3CA mutations have 
been shown as early onset mutations 
in the development of OCCC (23, 25). 
Previous studies have shown that onset 
of oncogenesis regularly requires two or 
more mutational hits in a proto-oncogene 
or tumor suppressor gene, as was 
demonstrated in a de novo OCCC mouse 
model (26). Indeed, in our tumor cohort, 
94% of the PIK3CA and ARID1A mutant 
tumors contained at least one additional 

MAPK or DNA repair pathway genes 
or the ERBB family of receptor tyrosine 
kinases, which was stage independent. 
Considering earlier reports and our 
observed OCCC mutation pattern, we 
hypothesize that a mutation in ARID1A or 
PIK3CA is accompanied by either a CNA 
or mutation in one of the aforementioned 
pathways to promote onset of OCCC. 
A limitation of the present study can 
be the imbalance in tumor samples 
and matched controls. Accordingly, we 
could designate a restricted number of 
mutations as somatic. Not all clinical 
data were available and therefore we 
may have underestimated the relation 
between kinome alteration status and 
clinicopathological characteristics or 
clinical outcome.

Genes mutated at low frequency (1-

as oncogenic drivers. Therefore, 
we used a large OCCC dataset and 
binomial testing of observed kinome 
variants. Eleven genes were found to 

PDX.247. All mutations were present 
in the sequenced F0 (patient tumor), 
F1 and F2 generation. GISTIC analysis 
indicated CNA across the PDX models 
that resemble CNA in OCCC patients 

vehicle-treated mice in all three PDX 
models (Fig. 6D-F). AZD8055 treatment 
reduced tumor growth in PDX.247 and 
inhibited tumor growth in PDX.155 and 

of proliferation marker Ki67 positivity 
(Fig. 6D-F). Remarkably, an increased 
staining of the apoptosis marker 
Cleaved Caspase-3 was observed in 
PDX.155 after AZD8055 treatment (Fig. 

downstream target S6 was clearly 
detectable in the vehicle treated tumors 

AZD8055 treatment (Supplementary Fig. 
7B-D). 

DISCUSSION

Advanced stage OCCC patients respond 
poorly to standard platinum-based 
chemotherapy, indicating an unmet 
need for novel treatment strategies. 
Kinome sequencing of 518 kinases and 
79 cancer-related genes and SNP array 
analysis of 108 OCCC tumors revealed 

in well-known genes such as ARID1A, 
PIK3CA, TP53 and KRAS and several 

mTOR pathway, the MAPK pathway and 
the ERBB family of receptor tyrosine 
kinases were found in 91% of tumors. In 
line with these alterations, high mTOR 
signaling was frequently observed in 

PDX models. These results indicate that 

OCCC patients.
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studies did not focus on OCCC patients. 
Additionally, alterations in DNA repair 

of tumors, suggesting opportunities to 
target DNA repair cascades in OCCC in 

in our OCCC cell line panel, including 
BRCA1 mutant cell lines. Interestingly, 

trapping agent talazoparib demonstrated 

(37).
Mutations in mTOR have been 

detected in several tumor types including 
HGS ovarian cancer (38). Although 
mTOR mutations were not found in 
OCCC tumors, alterations in upstream 

activation were found in 91% of these 
tumors. In line with these results, 
abundant high p-S6 expression was 
observed in OCCC tumors compared to 
HGS ovarian cancer tumors. Moreover, 
OCCC cell lines demonstrated nanomolar 

inhibitor AZD8055 and higher sensitivity 
compared with HGS ovarian cancer cell 
lines. To our knowledge we were the 

of OCCC. In vivo administration of 

models, consisting of a PIK3CA mutant, 
an ARID1A mutant and a PIK3CA 
and ARID1A wild type model. These 

inhibition as a future treatment strategy 
in OCCC that should be explored with 
urgency. Additional inhibition of ARID1A 
synthetic lethal targets in combination 

in ARID1A mutant OCCC tumors (14, 
15).

In the clinic, inhibition of mTORC1 
with temsirolimus added to standard 
chemotherapy did not improve overall 
survival in newly diagnosed stage 3-4 
OCCC patients as compared to historical 

background mutation rate, and some of 
these had not previously been described 

low-mutation-frequency genes across 
multiple cancer types using the COSMIC 
database enabled us to predict AKT1, 
PIK3R1, FBXW7, ERBB3, ATM, CHEK2 
and MYO3A as novel drivers of OCCC 

AKT1 and 
PIK3R1 mutations in these domains 
were described in previous research. 
For instance, mutations in the AKT1 
PH-domain were shown to constitutively 
activate AKT1 (18). Likewise, mutations 
in the PIK3R1 inter SH1-SH2 domain 
resulted in loss of PIK3R1 function, thus 
generating PIK3CA hyperactivation (19). 
These studies support the assumption 
that AKT1 and PIK3R1 are oncogenic 
drivers in OCCC. Furthermore, AKT1, 
PIK3R1, FBXW7 and ERBB3 all 
contribute to mTOR signaling, while 
ATM, CHEK2 and FBXW7 are implicated 
in DNA repair signaling (19, 21, 28). 
MYO3A mutations are found infrequently 
in cancer, but are still implicated in 
resistance to trastuzumab in breast 
cancer (29).

In the present study, kinome 
sequencing and SNP array analysis 
revealed substantial percentages 
of EGFR and ERBB2 mutations 

EGFR
endometriosis, a precursor of OCCC) 
and ERBB2
previously demonstrated in OCCC by 
comparative genomic hybridization (30, 
31). Furthermore, sensitivity towards the 

lapatinib was shown in OCCC cell lines 
harboring EGFR or ERBB2 alterations 
and may be explored further in the clinic 
(32, 33). In previous studies, EGFR-

erlotinib and EGFR-ERBB2 targeting 
therapy using lapatinib did not provide 

cancer patients (34-36), but these 



526956-L-sub01-bw-Caumanns526956-L-sub01-bw-Caumanns526956-L-sub01-bw-Caumanns526956-L-sub01-bw-Caumanns
Processed on: 7-12-2018Processed on: 7-12-2018Processed on: 7-12-2018Processed on: 7-12-2018 PDF page: 76PDF page: 76PDF page: 76PDF page: 76

CHAPTER 4

4

76

clinical trials in OCCC in the future.
 
MATERIAL AND METHODS

Sample collection 
Primary tumor samples from 124 OCCC 
patients and 47 paired control blood 
samples were prospectively collected 
from Belgium, Germany, Norway, 
Poland, the Netherlands, UK and USA. 
All patients gave written informed 
consent for samples to be collected and 
the corresponding ethical review boards 
approved the study. Tumor samples 

by experienced gynecologic oncology 
pathologists. We obtained 17 human 

HAC2 (JCRB Cell Bank, Japan); JHOC5 

Hiroaki Itamochi, Tottori University 
School of Medicine, Tottori, Japan); ES2 
(Dr. Els Berns, Erasmus MC, Rotterdam, 
The Netherlands); TAYA (Dr. Yasushi 
Saga, Jichi Medical University, Yakushiji, 
Shimotsuke-shi, Tochigi, Japan) and 

Mayo Clinic, Rochester, MN, USA). 
All cell lines were maintained in RPMI 

L-Glutamine. All cell lines were tested 

free. All cell lines were kept in culture for 
a maximum of 50 passages.

Kinome sequencing 
Library construction, exome capture 
and sequencing: From 124 primary 
fresh frozen OCCC tumors and 47 
paired controls, 3 μg DNA was prepared 
for sequencing using the following 
steps. Genomic DNA was sheared to 
produce 300 bp fragments (Covaris 

controls (39). However, by blocking both 
mTORC1 and mTORC2, re-activation of 
PI3K and MAPK signaling via mTORC2 
can be prevented in OCCC. This may 
contribute to a better response in 
OCCC patients. AZD8055 and another 

tested in non-OCCC cancer types. 

only observed above maximum tolerated 
dose and both drugs are no longer in 
clinical development (40, 41). Based on 
our results, it is conceivable that tumor 
responses in OCCC patients can be 
attained at or below maximum tolerated 
dose with AZD8055 or OSI-027. A new 

as MLN0128 (sapanisertib), is now being 
evaluated in multiple phase II clinical trials 
(NCT02724020 and NCT02725268). 
Given the large variation in mutations in 

and MAPK pathway between patients 
and the high variation in sensitivity 
towards PI3K and MEK inhibition in 
our OCCC cell lines, PI3K or MEK 
monotherapy tumor responses in OCCC 
patients will presumably be limited. 
MLN0128 is now being combined with a 

phase II trial in advanced endometrial 
cancer (NCT02725268). Drugs targeting 

dactolisib, DS-7423 and XL765, showed 
high toxicity in the clinical setting, 

cancer models, including OCCC (16, 42-
45). Based on our mutational analysis in 
OCCC patients, drug sensitivity screens 
and molecular analyses in OCCC cell 
lines, a strategy that combines inhibition 

have the highest likelihood to improve 

patients. However, the use of single 

MEK at suboptimal concentrations is 

minimize toxicities that were observed 
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of aa conservation) mutation assessor 
algorithms (46, 47). For 47 out of 124 
tumors we acquired paired control 
samples to exclude germline variants. 

47 tumors with paired control were 

novel mutations in tumors without paired 

somatic. Subsequently, population single 
nucleotide polymorphisms variations 
present in the exome variant server 
were excluded, and variants found in 
the genes MIR548N, TTN and OBSCN 
were removed for further analysis.  
Mutated genes with a >4% mutation 
incidence across the OCCC tumors and 

were manually assessed in Intergrative 

pipeline is summarized in Supplementary 
Figure 1.

Haloplex sequencing: We sequenced 
40 genes, including 19 high mutation 
frequency genes (genes mutated in >4% 
of OCCC tumors), ARID1A and other 
cancer-related genes were sequenced 
using the same OCCC tumor samples 
for re-validation of the mutations 
using Haloplex custom kit, (Agilent 
technologies®, USA) (Supplementary 
Table 2). In nine out of 124 tumor 
samples the DNA quantity was too low 
to perform sequencing. Five additional 
paired control samples were included 
in this sequencing step, which revealed 
a total of four germ line variants: ATR 
(n=2), TRRAP (n=1) and MYO3A (n=1). 

retained for further analysis. Haloplex 
sequencing revealed four variants (ATM, 
ERBB3, PTEN, PIK3R1, one variant 
in each gene) also present in kinome 
sequencing, but below the read coverage 
thresholds.

SNP array
SNP genotyping, quality control:  Genome-

S220 USA); using SureSelect Target 
enrichment & Human Kinome Kit (Agilent 
technologies®, USA) kinase exons were 
tagged and captured; using biotinylated 
RNA library baits and streptavidin beads, 

HiSeq2500 Illumina sequencer using 
paired-end sequencing according 
to manufacturer’s protocols. The 
SureSelect Human Kinome Kit captures 
exons from 518 kinases, 13 diglyceride 
kinases, 18 PI3K domain and regulatory 
component genes and 48 cancer 
related genes (Supplementary Table 
1, available online). After sequencing, 
raw data was mapped to the human 
reference sequence NCBI build 37 
(hg19) and processed according to our 
sequencing pipeline (Supplementary 
Fig. 1). Genome Analysis Toolkit (GATK, 
version 1.0.5069) was used for indel re-
alignment and base quality recalibration 

Genotype calling and quality control: 
Using the SAMtools-mpileup algorithm, 

from all samples were combined and 
only variants of high quality were 

following: a minimum mapping quality of 
40 reads, minimum coverage of 10 reads 
and a minimum variant-containing read 
fraction of 0.1 with a minimum coverage 
of 5 reads.

mutations: Only variants with a high 

function were retained (according to 
Ensembl variation prediction). These 
variants included splice donor variant, 
splice acceptor variant, stop-gain, 
frameshift variant, initiator codon 
variant, inframe insertion, inframe 
deletion, missense variant. Missense 

in silico with PolyPhen-2 (prediction 
based on amino acid (aa) structure) 
and SIFT (prediction based on degree 
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threshold: 0.3, deletion threshold: -0.3, 

0.05, remove X: yes. Other parameters 
were used under default settings. 
GISTIC was used to identify CNA that 
were over-represented in our dataset 
based on frequency and amplitude of 

Subsequently, a p-value was assigned 
to each G-score based on background 
G-score distribution corrected by false 
discovery rate statistics. We used high-

0.3) and deletion (LogR ratio below 
-0.3) thresholds to identify focal gains 
and losses above the levels observed in 
whole chromosome arms, as described 
by The Cancer Genome Atlas (1, 53).

K-means consensus clustering of kinome 
mutations and CNA

we used the “ConsensusClusterPlus” 
package 3.3 (54). CNA and mutation 
data per kinase were integrated for each 
tumor according to the following criteria: 

0, deletion = -1, deleterious mutation = -2, 
deletion + deleterious mutation = -3. We 
used a data matrix of the aforementioned 
values and standard parameters using 
euclidean distance, up to k=10 groups, 
and n=1000 bootstrapped sampling with 
80% resampling in each iteration. Used 
kinase CNA were extracted directly from 
GISTIC analysis, and kinase mutations 
were evaluated for activating or 

using SIFT and PolyPhen-2 predictor 
algorithms.

mRNA level determination
The 7500 Fast Real-Time PCR System 
from Applied Biosystems was used 
to measure mRNA levels that were 

wide SNP genotyping was performed 
with HumanOmniExpressExome-
8BeadChip (Illumina, USA) containing 
>900K SNPs, including >273K functional 
exomic markers to determine CNA in 108 
primary OCCC tumors and 17 OCCC 
cell lines. DNA sample processing, 
hybridization, labeling, scanning and 
data extraction was performed according 

GenomeStudio software was used for 
primary sample assessment and SNP 
call rate quality control of SNP intensity 

Normalization and analysis: SNP 
names, sample IDs, chromosome, 
position and raw X and Y SNP probe 
intensity data were exported from 
GenomeStudio software. Raw X and Y 
SNP probe intensity were normalized 
using GenomeStudio and subsequently 
corrected for non-genetic factors caused 

using principal components analysis. 
These methods were described 

SNP probe intensities was determined 
by comparing with SNP probe 
intensities in a control sample dataset 
(n=1536, 731 male and 756 female, 
kindly provided by Dr. GH Koppelman, 
Pediatric Pulmonology and Pediatric 
Allergology, Beatrix Children's Hospital, 
University Medical Center Groningen, 
the Netherlands) SNP genotyped using 
HumanOmniExpressExome-8BeadChip 
on the same Illumina BeadArray reader. 

and signals of normal individuals were 
excluded. SNP probe intensities were 
converted to log-R-ratios and CNA 
were determined by a circular binary 
segmentation algorithm in the DNA copy 
module (version 1.40.0), conducted in R 

the segmented copy numbers were 
analyzed with GISTIC version 2.6.2 on 
the Genepattern server from the Broad 
Institute, USA) (52). Parameters used for 
running GISTIC included the following: 
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AZD8055 or dactolisib was added. After 

formaldehyde, stained with 0.1% crystal 
violet and subsequently the plates were 
scanned. Plating concentrations were; 

Western blotting
For western blotting primary antibodies 
against p-AKT308 (9275), p-AKT473 (9271), 
p-S6 (2211) and PARP (9532) were 
obtained from Cell Signaling Technology, 

MPbiomedicals, USA. MLN0128 was 
obtained from Axon Medchem, The 
Netherlands.

In vitro inhibitor screening
The 17 OCCC cell lines were plated 
in 384 well plates with 250-2000 

dispenser. Cell lines were incubated 
with varying concentrations of AZD8055 
(Axon Medchem, The Netherlands), 

(Selleckchem, USA) or olaparib (Axon 
Medchem, The Netherlands) for six 
days. Cell viability was subsequently 
monitored using CellTiter-Blue cell 
viability assay (Promega, USA). Due to 
large cell density dependent variability 
in drug sensitivity, for each cell line the 
lowest and highest IC50 were removed. 

exposed to AZD8055 to serve as 
sensitive and resistant controls.

AZD8055 in vivo administration
All animal experiments were approved 
by the Institutional Animal Care and 
Use Committee of the University of 
Groningen (Groningen, the Netherlands) 
and carried out in accordance with the 
approved guideline “code of practice: 
animal experiments in cancer research” 
(Netherlands Inspectorate for Health 

normalized to expression of GAPDH. 
The following primer sequences were 
used in the SYBR® Green master mix 
(Roche, Switzerland): GAPDH_Forward, 
A A G G T G A A G G T C G G A G T C A A ; 
GAPDH_Reverse, AATGAAGGGGTCAT 
TGATGG; ERBB2_Forward, AGCATGT 
CCAGGTGGGTCT; ERBB2_Reverse, 
CTCCTCCTCGCCCTCTTG ; EGFR_
Forward, TCCTCTGGAGGCTGAGAAA 
A; EGFR_Reverse, GGGCTCTGGAGGA 
AAAGAAA.

Flow cytometry
Cells were stained with cetuximab 
antibody (Merck KGaA, Germany) 
or trastuzumab antibody (Roche, 
Switzerland) and subsequently stained 
with FITC conjugated monoclonal mouse 
anti-human secondary antibody (Sigma-
Aldrich, USA). At least 10.000 events 
were measured on a FACS Calibur 
(Becton Dickinson, USA). FlowJo 
software was used for data analysis. 

as overexpression. 

MTT assays
Cells from the afore mentioned OCCC 
cell lines and the HGS ovarian cancer 

were plated in 96-wells plates and 
incubated overnight before 96-hour 
treatment with increasing concentrations 
of AZD8055, GDC0941, selumetinib, 
dactolisib (Axon Medchem, the 
Netherlands) or everolimus (Santa Cruz, 
USA). After 96 hours MTT was added to 

cells were incubated for 4 additional 
hours. Cells were then dissolved in 
DMSO, and the produced formazan was 
measured at 520 nm with a Bio-Rad 
iMark spectrometer.

Long-term proliferation assays 
Cells were seeded in 12-well plates and 
incubated overnight before everolimus, 
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tumors were resected and snap frozen 

Immunohistochemical analysis

and two TMAs containing 11 OCCC 
tumors and 125 HGS ovarian cancer 
tumors (56) and 11 OCCC tumors and 72 

thick) were cut using a microtome and 
placed on 3-aminopropyltriethoxysilane-
coated glass slides. Heat-induced 
antigen retrieval was performed in 10 

microwave. Endogenous peroxidase 
was blocked by 30 minutes incubation 
with 0.3% H2O2 in PBS. Endogenous 

a commercially available blocking kit 

were incubated with primary antibodies 
detecting human Ki67 (DAKO M7240, 
USA), Cleaved Caspase-3 (Cell 
Signaling #9661) and p-S6 (Cell Signaling 
#2211, USA). Staining was visualized 
after incubation with biotinylated or 
peroxidase-bound secondary antibodies 

horseradish peroxidase complex 
(Dako, USA) and 3,3’-diaminobenzidine 
(Sigma-Aldrich, USA). Hematoxylin 
counterstaining was applied routinely, 
and hematoxylin & eosin (H&E) staining 
was used to analyze tissue viability and 
morphology. Photographs were acquired 
by digitalized scanning of slides using 
the NanoZoomer 2.0-HT multi-slide 
scanner (Hamamatsu, Japan). The 

scoring positive nuclei (Ki67) or positive 

from each slide. The TMAs were scored in 
a semi-quantitative fashion incorporating 
both the intensity and distribution of the 
staining. The percentage of positive 
cells was categorized as absent (0-5%, 
0), low (5-25% positive cells, 1), low-
moderate (25-50% positive cells, 2), 
moderate-high (50-75% positive cells, 

Public Health, 1999). 
 Before surgery, all patients from 
whom tumor samples were obtained for 
PDX modeling gave written informed 
consent. PDX.155 was obtained from 
a FIGO stage IIIC OCCC patient, with 

chemotherapy and 9 months disease-

from a FIGO stage IIIC OCCC patient 

paclitaxel chemotherapy and 10 

PDX.247 was obtained from a FIGO 
stage IIB OCCC patient, treated with 
complete debulking surgery followed by 

no evidence of disease after 24 months 
of follow-up. Surgical tissues were 
implanted and propagated successfully 
to the F3 or F4 generation according to 
previously described methods (55). PDX 
models were Haloplex sequenced as 
described above. F3 or F4 tumor pieces 
were cut into 3x3x3 mm3 sections 
and subcutaneously implanted in the 

breed, Central Animal Facility, University 
Medical Centre Groningen). Tumor 

per 3 days by caliper measurements 
according to the formula (width2 x 

sustained growth (on average after 
27 days), mice were randomized into 
vehicle control or treatment groups 

in 10% DMSO, 40% Polyethylene glycol 
300) or the vehicle were administered 
intraperitoneally daily. Treatment with 
AZD8055 or the vehicle was continued 
for 21 days, after which all mice were 

treated group died on treatment day nine 

tumor volume. For future analysis the 
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3) or high (75-100%, 4).  The intensity 
of cytoplasmic staining was categorized 
as absent (0), weak (1), moderate (2) or 
strong (3). The intensity and proportion 
scores were then multiplied to give the 
weighted h-score.

Data visualization 

illustrations the following software tools 
were used; Adobe® Illustrator® CS6, 

cBioPortal OncoPrinter version 1.6.1 
and R.

Statistical analysis

were tested for binomial statistical 

multiple testing corrections using R. 
Clinical data (n=70) was imported 
in Graphpad Prism® 6.01. Disease-

using the Kaplan-Meier method with 

between groups, with p<0.05 as 

growth was determined using 2-way 

immunohistochemical analysis was 
determined using a two-tailed Student’s 

exclusivities between mutated genes 
were calculated using Fisher’s exact test, 
two-tailed in Graphpad Prism® 6.01.
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SUPPLEMENTARY DATA

124 OCCC tumors
+ 47 matched controls

17 OCCC 
cell lines

124 OCCC tumors
+ 47 matched controls

Kinome sequencing of:
518 kinases

13 diglyceride kinases
18 PI3K domain & regulatory components

48 cancer related genes

21892 variants

1946 variants

Variant quality minimum:
Mapping quality = 40

Variant location coverage = 10 reads
Variant coverage = 5 reads

Variant read frequency = 10%
Variant read frequency in forward 

and reverse direction = 5 reads

- Retain only variants with high 
protein effect probability

- Exclude variants annotated in 
Exome Variant Server

- Exclude variants present 
in control samples

- Exclude tumors with low read 
coverage or alignment (n=2)

851 mutations

- Exclude variants in genes 
MIR548N, TTN and OBSCN

- Exclude variants in OCCC cell lines
- Exclude variants not confirmed 

by Haloplex3 sequencing
- In IGV validate genes with a >4%

 incidence or depicted in oncoprinter
illustrations

524 candidate 
somatic mutations

176 mutations with 
matched control DNA
(somatic mutations)

197 mutations
previously annotated as somatic

 in other in-house kinome
sequencing projects

46 overlapping mutations

(Figure S2 continued legend)
FBXW7, (E) ATM, (F) CHEK2 and (G) MYO3A in OCCC. Mutation marks are shown in black (truncating), 
red (SIFT and PolyPhen damaging prediction), yellow (SIFT or PolyPhen damaging prediction) or white 

-
trol was available and written in black (previously described mutation) or red (novel mutations).



526956-L-sub01-bw-Caumanns526956-L-sub01-bw-Caumanns526956-L-sub01-bw-Caumanns526956-L-sub01-bw-Caumanns
Processed on: 7-12-2018Processed on: 7-12-2018Processed on: 7-12-2018Processed on: 7-12-2018 PDF page: 86PDF page: 86PDF page: 86PDF page: 86

CHAPTER 4

4

86

1
707WD-repeatsF-box

1

3
4
5

2

6
7
8
9

10

P
at

ie
nt

s

FBXW7
R50

5G

G42
3V

E38
A

R47
9Q

R50
5S

1
3056

FATCKinaseFAT

1

3
4
5

2

6
7
8
9

10

P
at

ie
nt

s

ATM

Q13
31

R

D25
6H

R30
08

C

R25
80

K

K23
83

T

W20
42

R

G75
7R

13
31

Spl.D
onor

28
38

Frm
S

12
31

Frm
S

46
8F

rm
S

D19
69

V

1 543FHA

1

3
4
5

2

6
7
8
9

10

P
at

ie
nt

s

CHEK2

Kinase domain

41
0F

rm
S

L34
6S

33
2F

rm
S

F10
3L

1 1616IQ1Kinase domain

1

3
4
5

2

6
7
8
9

10

P
at

ie
nt

s

MYO3A

9-1
1In

fr.I
ns

Myosin motor IQ2 IQ3

R64
0C

S93
9F

E53
8K

33
1S

topG

S10
85

R

I60
4V

D

E

F

G

Kinase domain1 480

1

3
4
5

2

6
7
8
9

10

P
at

ie
nt

s

AKT1

L5
2R

PH domain AGC-kinase

R25
H

W
80

R

D32
3N

1 724SH2-2SH2-1Rho-GAPSH3

1

3
4
5

2

6
7
8
9

10

P
at

ie
nt

s

PIK3R1

57
6In

fr.D
el

43
9In

fr.D
el

45
5In

fr.D
el 

57
1S

topG

T47
1SN45

3D
  

D16
8Q

P70
L 58
2F

rm
S

46
1In

fr.D
el

Kinase domain1 1342

1

3
4
5

2

6
7
8
9

10

P
at

ie
nt

s

ERBB3

A24
5V

D29
7Y

ECD I II III IV

R47
5W

P58
3L

T90
6S

L10
84

V

R11
27

C

P11
26

R

A23
2V

A

B

C

AKT1, PIK3R1, ERBB3, FBXW7, ATM, CHEK2 and MYO3A. 
(A) AKT1, (B) PIK3R1, (C) ERBB3, (D) 

(Legend continued on previous page)



526956-L-sub01-bw-Caumanns526956-L-sub01-bw-Caumanns526956-L-sub01-bw-Caumanns526956-L-sub01-bw-Caumanns
Processed on: 7-12-2018Processed on: 7-12-2018Processed on: 7-12-2018Processed on: 7-12-2018 PDF page: 87PDF page: 87PDF page: 87PDF page: 87

INTEGRATIVE KINOME PROFILING IN OCCC

4

87

A ARID1A 47%

KRAS
NRAS
BRAFM

A
PK 16%

2%
1%

ERBB3
EGFR
ERBB2
ERBB4ER

B
B 7%

4%
2%
2%

B

PI3K-MAPK-ERBB

DNA 
Repair

19

32

12

ARID1A

10

18 11

1
PI3K

DNA 
Repair

24
ERBB
MAPK

4
7

1

7 1

PI3K

DNA 
Repair

6

ERBB
MAPK

610

12

5

2

8

Within
ARID1A mutant 

Within
ARID1A wildtype 

Genetic 
Alteratrion

Missense 
Mutation

Inframe 
Mutation

Truncating 
Mutation

Not ARID1A
Sequenced

PRKDC
ATM

BRCA2
CHEK2
BRCA1

TP53

FBXW7
ATR

CHEK1

D
N

A 
R

ep
ai

r

11%
9%
8%
4%
3%
3%
3%
2%
1%

PIK3CA

PIK3C3

AKT1

PIK3R2

PIK3R1

PIK3C2A

PTEN

PIK3C2G

AKT3

PIK3CD

PIK3C2B
PIK3CG

PIK3R5
PIK3R4

AKT2

PI
3K

/A
K

T/
m

TO
R

7%
44%

7%
5%

2%
2%
2%
2%
2%
1%

1%
1%
1%
1%
1%

FBXW7 4%

Figure S3 | Mutation distribution in OCCC. (A) Nonsynonymous mutation distribution in genes involved 
-

sine kinases (green) and DNA repair (red) pathway is shown. In this OncoPrint, kinome sequenced OCCC 
tumors are depicted on the horizontal axis and ordered on mutation frequency in the subsequent altered 
pathways, represented vertically on the right. ARID1A mutant tumors are displayed at the top. (B) Bio-

ARID1A

mutations within only ARID1A wildtype tumors (n=49) and only ARID1A mutant tumors (n=44) are shown. 

circles is proportional to group overlap.
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Figure S4 | Whole genome CNA heatmap. (A) 
tumors (above), 63 ARID1A wildtype tumors (middle) and 45 ARID1A mutant tumors (below). (B) Sig-

ARID1A wildtype tumors (n=63) and (C) only ARID1A mutant tumors (n=45) as 
determined by GISTIC analysis. All kinases and cancer-related genes from the kinome sequencing gene 

vertically. Chromosomal location and total amount of tumors harboring the event are annotated with each 
gene name. False-discovery rate (FDR) 0.05 threshold, indicated by the green line, and G-score are 
shown along the horizontal axis.
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Figure S5 | Clustering (n=106) and survival analysis (n=70) on kinome mutations and CNA. (A) 
ARID1A status, (B) PIK3CA status and (C) ARI-

D1A + PIK3CA status. (D) Consensus clustering, with maximum group count set to 10 and cluster-
(Legend continued on next page)
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Figure S6 | mTORC1, mTORC1/2 and PI3K-mTORC1/2 inhibitor sensitivities. (A) IC50 of the mTORC1 
inhibitor temsirolimus and dactolisib from COSMICs drug screening database in all cancer cell lines vs. 
ovarian cancer cell lines, horizontal lines indicate geometric mean. (B) MTT assay curves from AZD8055 
(above) or everolimus (below) treatment on the aforementioned cell line panel. (C) Expression of p-AKT308, 
p-AKT473 and p-S6 after 24 (up) and 72h (down) exposure to 100 nM everolimus, AZD8055 or MLN0128 

(Legend continued on next page)
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Figure S7 | PDX alteration status and p-S6 staining. (A) Nonsynonymous mutation distribution in 

MAPK pathway (yellow), ERBB family of receptor tyrosine kinases (green) and DNA repair pathway (red) 
as well as ARID1A and PALB2 are shown with OncoPrint. CNA in each mutated gene are added. (B) 
PDX.155, (C) PDX.180 and (D) PDX.247 representative p-S6 expression after 21 days of vehicle or 
AZD8055 treatment.

-
trol. Results are representative from n=2 experiments. (D) Expression of p-AKT308, p-AKT473, p-S6 and 
(cleaved) PARP after 48h exposure to increasing concentrations of everolimus, AZD8055 and dactolisib 

loading control. Results are representative from n=2 experiments. (E) Everolimus, AZD8055, GDC0941 
and selumetinib IC50 -

50 deter-

assay. Selumetinib IC50 of KOC7C was not reached at maximum used concentration of 25 uM. Horizontal 
(F) Long-term proliferation assay 

after exposure to increasing concentrations of AZD8055 and dactolisib. Results are representative from 
n=3 experiments.
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Gene ID ENSMBL Gene ID ENSMBL 
1 ARID1A ENST00000324856 21 BRD2 ENST00000374825
2 SMARCA4 ENST00000590574 22 PKN1 ENST00000242783
3 PIK3CA ENST00000263967 23 PRKCQ ENST00000263125
4 PIK3R1 ENST00000521381 24 PRPF4B ENST00000337659
5 PTEN ENST00000371953 25 MYO3B ENST00000408978
6 AKT1 ENST00000555528 26 BRCA1 ENST00000357654
7 KRAS ENST00000311936 27 BRCA2 ENST00000544455
8 ERBB3 ENST00000267101 28 TRRAP ENST00000359863
9 EGFR ENST00000275493 29 NRAS ENST00000369535

10 TP53 ENST00000269305 30 BRAF ENST00000288602
11 ATM ENST00000278616 31 ERBB2 ENST00000269571
12 ATR ENST00000350721 32 EIF2AK4 ENST00000263791
13 CHEK2 ENST00000382580 33 LRRK2 ENST00000298910
14 SGK223 ENST00000622241 34 WNK2 ENST00000297954
15 FES ENST00000328850 35 TAF1 ENST00000423759
16 MYO3A ENST00000265944 36 ERBB4 ENST00000342788
17 PRKDC ENST00000314191 37 CTNNB1 ENST00000396183
18 MAST4 ENST00000403625 38 SMAD4 ENST00000398417
19 FBXW7 ENST00000281708 39 STK11 ENST00000326873
20 CAMK2B ENST00000395749 40 MET ENST00000318493

Table S2 | Gene set for Haloplex sequencing.

Gene
patients 
affected

Gene 
size (bp) p-value

1 PIK3CA 54 4196 9.58E-46
2 KRAS 19 4320 0.00011
3 TP53 14 2280 0.00024
4 PTEN 8 4560 0.00082
5 AKT1 6 3554 0.00429
6 PIK3R1 9 7320 0.00437
7 FBXW7 5 2986 0.00914
8 ERBB3 7 6360 0.01930
9 ATM 11 12720 0.02070

10 CHEK2 4 2520 0.02258
11 MYO3A 7 7440 0.03975
12 ARAF 4 3341 0.05368
13 ERN2 5 4911 0.05798
14 PHKG2 3 2129 0.06152
15 EIF2AK4 6 6600 0.06210
16 PIM2 3 2280 0.07224
17 SBK2 2 1080 0.07613
18 MYC 3 2400 0.08130
19 PBK 3 2400 0.08130
20 IRS2 4 4200 0.10230

Table S3 | Binomial testing of kinome sequencing variants. 

Table S1 | Gene set for kinome sequencing. All human kinases (n=518) and a set of customly selected 
genes including PI3K domain proteins (n=12), diglyceride kinases (n=13), PI3K regulatory components 
(n=6) and additional cancer related genes (n=48). Full gene list is available as supplementary table online.
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                                                                     All patients (n=70) 
     
                                                                N                                   % 
 
Age (years)a 

 
56 (29-81) 

 
 

    Missing 
 
FIGO stage 

11  

    1 36  51.4 
    2 7  10 
    3 
    4 

24 
3 

34.3 
4.3 
 

Surgery 
     Complete debulking 
     Incomplete debulking 

 
61 
7 

 
87.1 
12.9 
 

Type of chemotherapy   
     No chemotherapy 5 7.1 
     Platinum based 11 15.7 
     Platinum/taxane based  45 64.3 
     Other regimen 8 11.4 
     Missing 1 1.4 
 
a Data is expressed as median (range). 

Abbreviations: FIGO, International Federation of Gynaecology and obstetrics. 
 

Clinicopathological characteristics

Table S4 | Clinicopathological characteristics (n=70 patients).
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