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BACKGROUND: Ovarian carcinosarcoma (OCS) is an exceptionally aggressive and understudied ovarian cancer type harbouring
distinct carcinomatous and sarcomatous compartments. Here, we seek to identify shared and compartment-specific events that
may represent potential therapeutic targets and candidate drivers of sarcomatous compartment formation through epithelial-to-
mesenchymal transition (EMT).
METHODS: We performed multiomic profiling (exome sequencing, RNA-sequencing, microRNA profiling) of paired carcinomatous
and sarcomatous components in 12 OCS cases.
RESULTS: While paired sarcomatous and carcinomatous compartments demonstrate substantial genomic similarities, multiple loci
are recurrently copy number-altered between components; regions containing GNAS and SRC are recurrently gained within the
sarcomatous compartment. CCNE1 gain is a common event in OCS, occurring more frequently than in high grade serous ovarian
carcinoma (HGSOC). Transcriptomic analysis suggests increased MAPK activity and subtype switching toward poor prognosis
HGSOC-derived transcriptomic subtypes within the sarcomatous component. The two compartments show global differences in
microRNA profiles, with differentially expressed microRNAs targeting EMT-related genes (SIRT1, ZEB2) and regulators of pro-
tumourigenic pathways (TGFβ, NOTCH); chrX is a highly enriched target of these microRNAs and is also frequently deleted across
samples. The sarcomatous component harbours significantly fewer CD8-positive cells, suggesting poorer immune engagement.
CONCLUSION: CCNE1 gain and chrX loss are frequent in OCS. SRC gain, increased GNAS expression and microRNA dysregulation
represent potential mechanisms driving sarcomatous compartment formation.
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BACKGROUND
Ovarian carcinosarcoma (OCS) is an exceptionally aggressive
ovarian cancer type, with a median survival of 12–24 months
[1, 2]. OCS is biphasic, harbouring malignant epithelial (carcino-
matous) and malignant mesenchymal (sarcomatous) compart-
ments [2, 3]. Historically, this led to their classification as ovarian
sarcomas. However, we now recognise that OCS is of epithelial
origin, accounting for 2–4% of ovarian carcinomas, with the
sarcomatous population having undergone complete epithelial-
to-mesenchymal transition (EMT) from the carcinomatous popula-
tion [2, 4].
Most OCS cases have a carcinomatous component that is of

high grade serous (HGS) type, though a significant proportion
(~20%) are of endometrioid type [1, 3]. However, in recent years it
has become apparent that OCS is not simply a disease variant of
high grade serous ovarian carcinoma (HGSOC). Compared with
HGSOC, OCS is associated with significantly poorer survival
[1, 5, 6], is significantly more intrinsically chemoresistant (response

rate 25–65%) [1, 6, 7], is more frequently diagnosed at an earlier
stage (15% FIGO I, 10% FIGO II) [1, 5], and affects women at a
significantly older age (median 66–70 years) [1, 5, 6].
The distinct histopathological appearance and unique clinical

characteristics of OCS highlight the need for disease-specific
investigations of OCS to improve our understanding of its
behaviour and underlying biology. However, despite its aggres-
sive behaviour, OCS has received little research attention to date
[2, 4]. Our understanding of molecular similarities and differ-
ences between the two compartments is also poor. This is of
acute relevance in the context of molecular therapeutics;
therapies targeting molecular events shared between both
compartments may be expected to demonstrate greater activity
than those targeting molecules that are only perturbed in one of
the two malignant cell populations. Moreover, little is known
about which molecular events may drive the carcinomatous
component to undergo EMT and form the sarcomatous
population.
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A small number of OCS cases have undergone genomic
characterisation, most commonly by targeted sequencing [8].
These data have revealed frequent TP53 mutation but few
recurrent mutational events [9]. Little is known about the copy
number landscape of OCS, other than that extensive copy number
disruption appears common [8]. There is a particular scarcity of
transcriptomic characterisation in OCS, and there has been little
investigation of whether either malignant compartment is actively
engaged by the immune system [2, 4]. Moreover, the microRNA
expression landscape in OCS remains completely unexplored.
More comprehensive studies have been performed in uterine

carcinosarcoma, which has sometimes included a small number of
OCS samples in combined studies of gynaecological carcinosar-
coma, leading to the identification of HER2, EFGR and PDGFR as
potential therapeutic targets [2, 10, 11]. However, these have been
dominated by the large numbers of uterine carcinosarcoma
samples, shedding little light on the specific biology of OCS. It is
well established that cancers of tubo-ovarian origin demonstrate
distinct clinical and molecular behaviour to those of similar
histologies arising in the uterus [12–16], and the limited available
data show global differences in the molecular landscape of OCS
and uterine carcinosarcoma [9, 17].
Here, we report comprehensive genomic, transcriptomic and

microRNA profiling of paired carcinomatous and sarcomatous
compartments in a series of OCS cases, alongside an assessment
of tumour-infiltrating immune cell burden.

MATERIALS AND METHODS
Case identification and inclusion criteria
The study cohort comprised paired carcinomatous and sarcomatous FFPE
tumour samples from 12 OCS cases with carcinomatous components of
the high grade serous type identified as part of a recent cross-sectional
study of OCS [1]. From 82 pathologically-confirmed OCS cases identified in
this previous work, 65 had carcinomatous components of high grade
serous type (all confirmed WT1 positive) [1]; from these 65 cases, 12 were
selected for multiomic characterisation based on the availability of paired
samples containing pure carcinomatous (confirmed cytokeratin positive)
and pure sarcomatous (confirmed vimentin positive) malignant cells with
sufficient material for molecular analysis (Table S1). 7 cases contained
heterologous sarcomatous elements (4 chondrosarcoma confirmed by
S100 immunohistochemistry, 3 rhabdomyosarcoma confirmed by immu-
nohistochemistry for myogenin and desmin [1]); definitively heterologous
regions were avoided during molecular profiling.

Ethical approval
Ethical approval was obtained from the Lothian NRS Human Annotated
Bioresource (reference 15/ES/0094-SR1330). All participants gave written
informed consent or had consent waived by the ethics committee due to
the retrospective nature of the study; this study was performed in
accordance with the Declaration of Helsinki.

Immunohistochemistry
4 µm FFPE sections were used for immunohistochemical (IHC) staining on
the Leica BOND III Autostainer (Leica Biosystems) using IHC protocol F. CD3
and CD8 IHC was performed using Leica ready-to-use CD3 (clone LN10,
pre-diluted, Leica Biosystems #PA0553) and CD8 (clone 4B11, pre-diluted,
Leica Biosystems, #PA0183) mouse monoclonal antibodies. Vimentin and
pan-cytokeratin IHC was performed with Leica ready-to-use vimentin
(clone V9, pre-diluted, Leica Biosystems #PA0640) and multi-cytokeratin
(clone AE1/AE3, pre-diluted, Leica Biosystems #PA0909) monoclonal
mouse antibodies as previously described [1]. CD3, CD8, vimentin and
multi-cytokeratin staining were performed on carcinomatous and sarco-
matous samples from all 12 cases.

Isolation of carcinomatous and sarcomatous samples
H&E-stained slides from all available FFPE tumour blocks were assessed for
the presence of regions containing only carcinomatous or sarcomatous
malignant populations. Corresponding slides, stained for vimentin and
pan-cytokeratin, were used to confirm the purity of the respective tumour

areas. H&E slides were then marked to identify the pure sarcomatous and
pure carcinomatous regions, which were then used as a guide for the
macrodissection of sequential 10 µm FFPE sections.

Genomic profiling
Genomic profiling was performed by whole exome sequencing of DNA
extracted from matched sarcomatous and carcinomatous samples. DNA
extraction was performed using the Qiagen QIAamp DNA FFPE tissue kit
(Qiagen, #56404) with deparaffinization solution (Qiagen, #19093) accord-
ing to the manufacturer’s instructions.
Whole exome libraries were prepared using the Illumina TruSeq Exome

Library Prep kit (Illumina, FC-150–1002) according to the manufacturer’s
protocol, modified for FFPE DNA (Supplement A), and sequenced using the
NextSeq2000 (Illumina). Exome sequencing data were processed using the
bcbio nextgen workflow (v1.2.4) for tumour-only sequencing: reads were
aligned to the human reference genome (GRCh38) using bwa (v0.7.17) and
duplicates were marked prior to base quality score recalibration with GATK
v4.1.9. The median per-sample on-target coverage was 109X. Variant
calling was performed using a majority vote system from three callers
(VarDict 2019.06.04, Mutect2 and Freebayes 1.1.0.46). Called variants were
annotated using the ensemble variant effect predictor (VEP v102) and
filtered to remove common variation and retain likely functional variants at
a variant allele frequency of ≥0.1 (Supplement A).

Genome-wide copy number analysis
Genome-wide copy number data were derived from aligned BAM files
using the CopywriteR R package to calculate relative copy number
estimates at 20 kb genomic intervals [18] (Supplement A). Median relative
log2 copy number ratios of intervals spanning each chromosome arm were
calculated; a median of 0.5 and -0.5 were used as thresholds for
chromosome arm-level gains and losses, respectively. Copy number
estimates across genomic intervals were compared between samples
using Spearman’s rank-sum test to produce a matrix of per-sample
correlations. This matrix underwent hierarchical clustering using Euclidean
distance and Ward’s linkage. Recurrent copy number changes between
sarcomatous and sarcomatous regions were identified using paired
Mann–Whitney U-tests of quantified copy number estimates across the
genomic intervals (Supplement A).

Targeted CCNE1 copy number assessment
Copy number of CCNE1, encoding cyclin E1, was assessed in each
compartment across the 12 OCS cases due to the association of CCNE1
gain with poor outcome and chemoresistance in HGSOC [2, 4]. CCNE1 copy
number was quantified by TaqMan qPCR (ThermoFisher Scientific,
Hs07158517_cn) using NA12878 DNA as a calibrator (copy number= 2)
within CopyCaller v2.0 (Thermofisher Scientific). Samples with ≥4 copies of
CCNE1 were considered to be CCNE1 gained. A comparator cohort of 362
HGSOC cases, characterised by the same assay in a previous study [19], was
used to assess differences in CCNE1-gain frequency in OCS versus HGSOC.

MicroRNA profiling
MicroRNA profiling was performed using the HTG Molecular EdgeSeq
microRNA Whole Transcriptome Assay (HTG Molecular) (Supplement B).
Samples were lysed directly into the target capture reaction and libraries
were sequenced using a NextSeq (Illumina). The HTG EdgeSeq Parser was
used to align FASTQ files to the probe list and produce raw per-target
count data. The median total counts per sample was 13.6 M (range
6.0–17.7 M).
Unsupervised analysis of microRNA expression profiles was performed

by principal component analysis. Significantly differentially expressed
microRNAs between carcinomatous and sarcomatous compartments were
identified using a paired design matrix within the EdgeR R package
(Supplement B). Hierarchical clustering was used to identify clusters of
differentially expressed microRNAs, which were then annotated for
significantly enriched target genes using miEAA version 2.0 [20]
(Supplement B). Identified gene targets were mapped to significantly
enriched pathways against the Molecular Signatures 2020 Database [21]
using the enrichR R package [22].

Transcriptomic profiling
mRNA profiling was performed by Lexogen Quantseq 3’ mRNA-Seq
(Lexogen Inc, #015) (Supplement C). Generated libraries were sequenced
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using the NextSeq 550 (Illumina), achieving a mean coverage of 18.2 M
reads per sample (range 13.5M-28.6 M). Per-gene counts were generated
against the human reference transcriptome (Ensembl GRCh38 cDNA
reference) using salmon (0.14.1). One sample pair failed quality control
(Supplement C) and was removed. HGSOC transcriptomic subtypes were
assigned using the consensusOv R package [23]. Significantly differentially
expressed transcripts were identified using EdgeR [24]. Identified transcript
clusters were mapped to significantly enriched pathways against the
Molecular Signatures 2020 Database [21] using enrichR [22].
The Cancer Genome Atlas (TCGA) ovarian cancer data were accessed via

the curatedOvarianData R package [25] (Supplement D).

Quantification of immune cell infiltration
CD3 and CD8-positive cell infiltration were quantified by CD3 and CD8 IHC
of whole 4 µm sections (Supplement E) (one slide of sarcomatous sample
and one slide of carcinomatous sample for all 12 cases). Tumour areas
were marked as regions of interest on digitised slides and positive
tumour-infiltrating cells were quantified using the positive cell detection
protocol in QuPath version 0.2.3. Automated counts were validated
against two human observers in 22 images per marker (15% of samples),
demonstrating excellent agreement between human and automated
observers (spearman’s rho > 0.9 for all inter-observer comparisons, range
0.94–0.99).
Additional immune cell populations were investigated through decon-

volution of RNA-sequencing data. The relative abundance of B cells, CD4
T cells, M1-like macrophages and M2-like macrophages were quantified
using the consensusTME R package [26]; normalised per-gene read counts
were used as the input. To assess the reliability of deconvoluted data, CD8
T cells were also quantified by this method and compared against
immunohistochemistry-based quantification. There was a strong correla-
tion between deconvolution- and immunohistochemistry-based quantifi-
cation of CD8-positive cells (r= 0.74, P < 0.0001).

Additional statistical analysis
All analyses were performed using R version 4.2.2. Continuous data
were compared using the Mann–Whitney-U-test. Categorical data were
compared using Barnard’s Test. Paired Mann–Whitney-U and Spear-
man’s rank association tests were used when analysing matched
sarcomatous and carcinomatous samples. Statistical tests were two-
sided; P < 0.05 was considered statistically significant unless otherwise
specified.

RESULTS
Genomic profiling of OCS
Eleven of the 12 sarcomatous samples contained shared TP53
mutations within their respective carcinomatous sample pair
(Table S2). The remaining pair did not contain a detectable TP53
mutation. OCS cases demonstrated a high rate of CCNE1 copy
number gain (CCNE1g; 50.0%, 6 of 12 carcinomatous OCS
samples), with a strong correlation in CCNE1 copy number
between the two compartments (Spearman’s rho 0.80,
P < 0.0001) (Fig. S1). Comparison with a large cohort of HGSOC
cases characterised by the same method [19] identified a
significantly higher rate of CCNE1g in the carcinomatous
compartments of OCS samples compared to HGSOC specimens
(50.0%, 6 of 12 vs. 14.9%, 54 of 362 HGSOC, P= 0.004) (Fig. 1a).
Loss of chromosome X was common across samples (67% with

concurrent ChrXp and Xq loss), as was the loss of chr8p (42% of
samples) (Fig. 2 and Fig. S2). The most common chromosome arm-
level gain events occurred at chr3q, chr8q, chr12p and chr20q
(38%, 33%, 38% and 46% of samples) (Fig. 2).
Correlation between global copy number estimates across 20 kB

genomic intervals identified significantly stronger correlation
between paired samples versus the wider sample population
(median paired sample rho 0.69 vs 0.46 across all comparisons of
unpaired samples, P < 0.0001) (Fig. 1b), suggesting that the
carcinomatous sample from a given patient was more genomically
similar to its sarcomatous pair compared to the carcinomatous
samples from other patients, and vice versa for sarcomatous samples.
Clustering of these data grouped samples predominantly by patient,
rather than by sample type (carcinomatous vs sarcomatous) (Fig. 1c).
Analysis of genomic intervals with significant copy number

differences between matched sarcomatous and carcinomatous
samples revealed multiple genomic regions consistently altered
between compartments (Table S3). These included two regions on
chr20 containing SRC and GNAS that demonstrated consistent
copy number gain in the sarcomatous component. Focussed
analysis of genomic internals mapping to SRC demonstrated copy
number gain in sarcomatous components (P= 0.0048) (Fig. 1d).
Loci mapping to GNAS suggested higher copy number in the
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sarcomatous component, but this was not statistically significant
(P= 0.0640) (Fig. S3); however, RNA-sequencing revealed signifi-
cantly increased GNAS mRNA expression in sarcomatous samples
(P= 0.0048) (Fig. 1e), which appeared limited to those with GNAS
copy number gain (Fig. S3).
Within the TCGA HGSOC cohort, GNAS expression was

significantly correlated with expression of the EMT markers
Vimentin and N-cadherin, and the cancer cell stemness marker
PROM1 (Table S4). Similarly, SRC expression was significantly
correlated with expression of the EMT markers SNAIL and TGFβ,
and the cancer cell stemness marker ALDH1 (Table S4).

Transcriptomic landscape of OCS
Sarcomatous samples demonstrated a significantly higher MPAS
transcriptomic score for MAPK activity [27] compared to carcino-
matous samples (P= 0.042) (Fig. 3a). Assignment of samples to
transcriptomic subtypes derived from HGSOC showed the breadth
of subtypes in the carcinomatous samples (N= 5 C2/IMR, N= 3 C4/
DIF, N= 2 C5/PRO, N= 1 C1/MES). All cases with carcinomatous
components of the favourable prognosis subtypes (C2/IMR and C4/
DIF) transitioned toward poorer prognosis subtypes (C1/MES and
C5/PRO) within the sarcomatous components (N= 4 C1/MES, N= 7
C5/PRO) (Fig. 3b). Accordingly, the poor prognosis subtypes (C1/
MES, C5/PRO) were significantly enriched in sarcomatous com-
pared to carcinomatous samples (P= 0.001).
While unsupervised transcriptomic analysis did not separate

carcinomatous and sarcomatous samples with high fidelity
(Fig. S4), we identified 1477 significantly differentially expressed

transcripts between the carcinomatous and sarcomatous com-
partments. Hierarchical clustering demonstrated 5 clusters of
differentially expressed genes (Fig. 3c). Clusters 4 and 5
represented genes more highly expressed in carcinomatous
samples and were enriched for late oestrogen response genes.
Cluster 3 comprised genes more highly expressed in sarcomatous
samples and were significantly enriched for WNT signalling genes.
Interferon signalling was enriched in clusters 5 and 1, both of
which represented gene clusters more highly expressed in
carcinomatous samples. Multiple clusters were enriched for EMT,
myogenesis and apical junctions (Fig. 3c and Table S5). Multiple
clusters were also mapped to modulation of KRAS signalling.

MicroRNA expression profile in OCS
Unsupervised analysis of microRNA expression demonstrated global
differences in microRNA profiles between sarcomatous and carcino-
matous samples, with samples separating by type upon principal
component analysis (carcinomatous vs sarcomatous), rather than by
patient (Fig. 4a). 91 significantly differentially expressed microRNAs
were identified between the two compartments (absolute log fold-
change >1.5, FDR < 0.01) (Table S6); clustering of these data
identified four microRNA set clusters (Fig. 4b).
MicroRNA cluster 1 (miR-C1) demonstrated a large number of

significantly enriched gene targets (n= 687), with the majority of
microRNAs in this cluster being more highly expressed in
carcinomatous samples. A number of genes were targeted by a
large number of microRNAs in this cluster (>5 microRNAs),
including the apoptosis and cell cycle-related genes BLC2, CDK6
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and CDKN1B, the cell signalling-associated genes IGF1R, TGFBR1
and PTEN, and the EMT-related genes SIRT1 and ZEB2 (Table S7).
Pathway analysis of miR-C1 target genes identified multiple
significantly enriched pathways/processes (P-adj < 0.05), including
EMT and apical junctions, alongside and E2F and MYC targets
(Table S8). Gene targets were also significantly enriched for TNFα,
TGFβ, mTORC1 and PI3K/AKT/mTOR signalling pathways (Fig. 4b).
MiR-C2 comprised microRNAs more highly expressed in

sarcomatous samples, while miR-C3 and miR-C4 represented
clusters of microRNAs more highly expressed in carcinomatous
samples (Fig. 4b). MiR-C2 showed enrichment of the gene targets
PRFM16 and MTHFD1L, and were significantly enriched for
chromosome X targets (P-adj= 0.0097). MiR-C3 showed no
significantly enriched gene targets but demonstrated significant
enrichment of chromosome X targets (P-adj < 0.0001), while miR-
C4 demonstrated enrichment of five gene targets, including MYC,
alongside targeting of chromosome X (P-adj < 0.0001) and
chromosome 1 (P-adj= 0.004) (Fig. 4b and Table S9).

Immune cell infiltration
The burden of infiltrating CD3+ and CD8+ cells, as assessed by
immunohistochemistry, was highly heterogeneous across samples
(Fig. S5). There was moderate-to-strong correlation between CD8-
positive cell burden in the carcinomatous and sarcomatous
compartments (spearman’s rho 0.67, P= 0.020) (Fig. S6); however,
the sarcomatous samples contained significantly lower levels of
CD8+ immune infiltration (P= 0.006) (Fig. 5a, b), with a lower ratio
of CD8+:CD3+ cells (P= 0.002) (Fig. 5b and Fig. S7). Immune cell
deconvolution from bulk RNA-sequencing data suggested that the
carcinomatous component may also demonstrate a greater
abundance of M1-like macrophages and B cells, though these
differences did not pass the threshold for statistical significance
(P= 0.052 and P= 0.077, respectively) (Fig. 5c).

DISCUSSION
OCS is a highly aggressive ovarian cancer type that demonstrates
relative chemoresistance [1, 6, 7]. Recurrence rate and mortality
are high across all stages and new treatment strategies to improve
survival are urgently needed [1]. However, the identification of
candidate targeted interventions has been hindered by a lack of

fundamental understanding of molecular driver events [4]. To
date, analysis of OCS samples has been limited to genomic
profiling in small numbers of samples, most commonly by
targeted sequencing [8]. There is a paucity of transcriptomic
characterisation of OCS and a distinct lack of reports investigating
other molecules of interest, such as microRNAs, or in determining
levels of tumour engagement by the immune system.
Though previously hypothesised to represent collisions of inde-

pendently formed tumours, we now recognise that OCS is of
epithelial origin, with the sarcomatous compartment having formed
through complete EMT, most commonly from HGSOC [2]. While OCS
are therefore related to high grade ovarian carcinomas (≥95% from
HGSOC or high grade endometrioid ovarian carcinoma [2, 4]), they are
distinct in their clinical behaviour: OCS is diagnosed at a significantly
older age, is significantly more chemoresistant, and is associated with
significantly poorer survival despite a significantly higher rate of early-
stage diagnosis compared to HGSOC [1, 6].
We identify shared TP53 mutations between paired carcinomatous

and sarcomatous samples, further supporting the notion of a shared
clonal origin. We show that CCNE1 copy number gain is common in
OCS (50% in the carcinomatous samples) and that this frequency is
significantly higher in OCS than in HGSOC; CCNE1 gain may therefore
predispose HGSOC to evolve into OCS. This is an interesting notion as
CCNE1 gain is a marker of poor prognosis in HGSOC [14, 19], may be
associated with earlier stage at diagnosis (stage IV cases are
reportedly depleted in CCNE1-gained HGSOC [19]), and is associated
with older age at HGSOC diagnoses [28–30]; CCNE1-gained HGSOC
may therefore represent a more OCS-like phenotype. Conversely, OCS
may be conceptualised as an extreme form of CCNE1-gained HGSOC,
though it is important to note that not all OCS harbour this event, and
that not all OCS have carcinomatous components of high grade
serous type [1]; CCNE1 gain is not known to occur frequently in
endometrioid ovarian carcinoma [12, 31, 32].
At the copy number level, paired carcinomatous and sarcoma-

tous samples demonstrate substantial similarity; however, a
number of specific genomic regions appear consistently altered
between compartments. This includes a region containing SRC
which is consistently gained in the sarcomatous component. SRC
is widely implicated in EMT across a range of solid tumour types
[33], and increased SRC activity via copy number gain is a feasible
mechanism by which carcinomatous cells may dissociate cell-cell
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junctions, modulate the extracellular matrix, and transition toward
a more mesenchymal phenotype [33]. SRC therefore represents a
candidate driver of EMT to form the sarcomatous component,
though it must be noted that functional investigations are
required to validate this hypothesis, and that SRC is one of many
genes encoded in the relevant region of chromosome 20. Another
region consistently gained in the sarcomatous compartment
contains GNAS; GNAS mRNA is significantly more highly expressed
in the sarcomatous compartment compared to carcinomatous
samples, supporting the notion that GNAS may be the driver gene
within this amplicon. GNAS overexpression is associated with
increased migration and proliferation in breast cancer models,
while GNAS knockdown is able to inhibit EMT and breast tumour
growth in vivo [34]. Increased GNAS expression associated with
copy number gain may therefore represent a potential EMT driver
in OCS, though - as with SRC - this hypothesis requires further
investigation in model systems. Analysis of transcriptomic data
from the TCGA HGSOC dataset suggests that SRC and GNAS
expression may be associated with increased expression of EMT

and cancer cell stemness markers, supporting the notion that
these molecules may be able to drive EMT in ovarian cancers.
The transcriptomic landscape of OCS has remained poorly

characterised to date. While unsupervised analysis of mRNA
expression does not separate carcinomatous and sarcomatous
samples with high fidelity, these compartments display a large
number of significantly differentially expressed transcripts. Clusters of
significantly differentially expressed genes are enriched for several
hallmark processes with clear reflections of OCS biology, including
EMT, myogenesis, and the apical junction complex. These analyses
identify KRAS signalling modulation as significantly enriched across
multiple gene clusters, alongside highlighting the potential impor-
tance of the WNT and TGFβ pathways in OCS. An mRNA score of
RAS/MAPK pathway activity, the MPAS score [27], suggested
increased MAPK activity within the sarcomatous component.
Beyond genomic and transcriptomic features, the microRNA

landscape appears markedly different between the two compart-
ments of OCS. Unsupervised analysis separates paired compartments
to group samples by type rather than patient, suggesting consistent
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shifts in the global microRNA profiles between carcinomatous and
sarcomatous regions. A large number of microRNAs are significantly
differentially expressed between the two compartments, with
clusters of deregulated microRNAs mapping to specific target genes.
miR-C1 comprises microRNAs with a large number of significantly
enriched gene targets, including the known EMT regulators ZEB2 and
SIRT1. SIRT1 is known to suppress TGFβ-mediated EMT in breast
cancer and kidney epithelial cells [35]. High expression of microRNAs
acting as negative SIRT1 regulators may therefore facilitate EMT in
OCS. The TGFβ and NOTCH pathway are also significantly enriched
within the gene targets of miR-C1.
Conversely, the other microRNA clusters are enriched for

relatively few target genes. Only PRDM16 and MTHFD1L are
significantly enriched targets in miR-C2; miR-133, which is present
in miR-C2, is reported to directly target and downregulate PRDM16
to regulate fat cell differentiation [36], and PRDM16 overexpres-
sion has been reported to inhibit EMT in lung cancer models [37].
The high expression of miR-133 as part of miR-C2 within the
sarcomatous component may therefore lead to suppression of
PRDM16 and subsequently facilitate sarcomatous component
formation through EMT.
miR-C3 was enriched solely for chromosome X targets, while

miR-C4 was enriched for chromosome X and chromosome 1
targets. While multiple clusters of differentially expressed micro-
RNAs were significantly enriched for chromosome X targets, OCS
samples also demonstrated a high frequency of chromosome X
copy number loss, which affects both p and q arms in around two-
thirds of samples. These data suggest that chromosome X is a
crucial target of molecular events in OCS, disrupted through
multiple distinct mechanisms at the genomic and microRNA
levels. Chromosome X harbours a large number of functionally
important genes, including tumour suppressors [38] and genes
involved in drug metabolism and response [39]. Dysregulation of
chromosome X gene expression has been investigated previously
in ovarian carcinoma; however, much of this work has centred on
escape from X-chromosome inactivation [40, 41]. Deletion of all or
part of chromosome X has been reported in HGSOC and
endometrioid ovarian carcinoma [42], but the functional signifi-
cance of this event and the key target genes of these defects are
poorly characterised.
Little is known about interactions between OCS and the tumour

microenvironment. We show that, while infiltrating immune cells
are evident in both sarcomatous and carcinomatous compart-
ments, the sarcomatous compartment has significantly fewer
infiltrating CD8-positive cells. This suggests a relative paucity of
cytotoxic T cells. Levels of infiltrating cytotoxic T cells have been
associated with prognosis across multiple tumour types, including
ovarian cancer [43, 44]. The sarcomatous component’s apparent
ability to better evade the cytotoxic T-cell response may
contribute toward the poorer prognosis seen in this patient
group. Alongside depleted CD8-positive cells, the sarcomatous
component demonstrated lower levels of B cells and M1-like
macrophages, though these differences did not reach the
threshold for statistical significance. Together, these data suggest
widespread differences in the tumour microenvironment and host
immune response to the two separate malignant components,
with the sarcomatous component more adept at evading this
response. Immune checkpoint inhibitors may be a useful class of
agents for reactivating the immune system against the sarcoma-
tous component and could represent candidate treatment options
for improving OCS patient outcomes. Currently, efficacy data for
such agents in this disease context is extremely limited; no OCS
cases were included in the phase 3 JAVELIN Ovarian 100 trial of
first-line avelumab [45], and only 6 OCS cases were enroled in
JAVELIN Ovarian 200 trial of avelumab in platinum-resistant
ovarian cancer [46]. Case reports of pembrolizumab use in OCS
have been made available in the literature, demonstrating that

response to such agents is possible in OCS, but these reports are
sparse and represent only anecdotal evidence [47, 48].

CONCLUSION
We provide the first comprehensive molecular picture of OCS in a
series of paired carcinomatous and sarcomatous samples. Gain of
CCNE1 and loss of chromosome X are common features of OCS.
We identify shared and compartment-specific molecular events in
these biphasic tumours, with features specific to the sarcomatous
compartment representing potential EMT-associated events. SRC
gain, increased GNAS expression and dysregulated microRNA
expression represent potential mechanisms driving sarcomatous
compartment formation by EMT that are worthy of further
exploration, including functional investigation in model systems.

DATA AVAILABILITY
We are happy to provide all relevant data upon reasonable request to the
corresponding author, subject to compliance with the relevant ethical framework.

REFERENCES
1. Hollis RL, Croy I, Churchman M, Bartos C, Rye T, Gourley C, et al. Ovarian carci-

nosarcoma is a distinct form of ovarian cancer with poorer survival compared to
tubo-ovarian high-grade serous carcinoma. Br J cancer. 2022;127:1034–42.

2. Boussios S, Karathanasi A, Zakynthinakis-Kyriakou N, Tsiouris AK, Chatziantoniou
AA, Kanellos FS, et al. Ovarian carcinosarcoma: current developments and future
perspectives. Crit Rev Oncol/Hematol. 2019;134:46–55.

3. Herrington CS. Muir’s textbook of pathology. 16th ed. CRC Press; Boca Raton, FL,
USA 2020.

4. Hollis RL. Molecular characteristics and clinical behaviour of epithelial ovarian
cancers. Cancer Lett. 2023;555:216057.

5. Rauh-Hain JA, Diver EJ, Clemmer JT, Bradford LS, Clark RM, Growdon WB, et al.
Carcinosarcoma of the ovary compared to papillary serous ovarian carcinoma: a
SEER analysis. Gynecologic Oncol. 2013;131:46–51.

6. Brown E, Stewart M, Rye T, Al-Nafussi A, Williams AR, Bradburn M, et al. Carci-
nosarcoma of the ovary: 19 years of prospective data from a single center.
Cancer. 2004;100:2148–53.

7. Leiser AL, Chi DS, Ishill NM, Tew WP. Carcinosarcoma of the ovary treated with
platinum and taxane: the memorial Sloan-Kettering Cancer Center experience.
Gynecologic Oncol. 2007;105:657–61.

8. Ho GY, Kyran EL, Bedo J, Wakefield MJ, Ennis DP, Mirza HB, et al. Epithelial-to-
mesenchymal transition supports ovarian carcinosarcoma tumorigenesis and
confers sensitivity to microtubule-targeting with eribulin. Cancer Res.
2022;82:4457–73.

9. Zhao S, Bellone S, Lopez S, Thakral D, Schwab C, English DP, et al. Mutational
landscape of uterine and ovarian carcinosarcomas implicates histone genes in
epithelial–mesenchymal transition. Proc Natl Acad Sci USA. 2016;113:12238.

10. Zhao S, Bellone S, Lopez S, Thakral D, Schwab C, English DP, et al. Mutational
landscape of uterine and ovarian carcinosarcomas implicates histone genes in
epithelial–mesenchymal transition. Proc Natl Acad Sci USA. 2016;113:12238–43.

11. Sertier A-S, Ferrari A, Pommier RM, Treilleux I, Boyault S, Devouassoux-
Shisheboran M, et al. Dissecting the origin of heterogeneity in uterine and
ovarian carcinosarcomas. Cancer Res Commun. 2023;3:830–41.

12. Hollis RL, Thomson JP, Stanley B, Churchman M, Meynert AM, Rye T, et al.
Molecular stratification of endometrioid ovarian carcinoma predicts clinical out-
come. Nat Commun. 2020;11:4995.

13. Kandoth C, Schultz N, Cherniack AD, Akbani R, Liu Y, Shen H, et al. Integrated
genomic characterization of endometrial carcinoma. Nature. 2013;497:67–73.

14. Bell D, Berchuck A, Birrer M, Chien J, Cramer DW, Dao F, et al. Integrated genomic
analyses of ovarian carcinoma. Nature. 2011;474:609–15.

15. McConechy MK, Ding J, Senz J, Yang W, Melnyk N, Tone AA, et al. Ovarian and
endometrial endometrioid carcinomas have distinct CTNNB1 and PTEN mutation
profiles. Mod Pathol. 2014;27:128–34.

16. Huang HN, Lin MC, Tseng LH, Chiang YC, Lin LI, Lin YF, et al. Ovarian and endometrial
endometrioid adenocarcinomas have distinct profiles of microsatellite instability,
PTEN expression, and ARID1A expression. Histopathology. 2015;66:517–28.

17. Gotoh O, Sugiyama Y, Takazawa Y, Kato K, Tanaka N, Omatsu K, et al. Clinically
relevant molecular subtypes and genomic alteration-independent differentiation
in gynecologic carcinosarcoma. Nat Commun. 2019;10:4965.

C.S. Herrington et al.

333

British Journal of Cancer (2024) 130:327 – 335



18. Kuilman T, Velds A, Kemper K, Ranzani M, Bombardelli L, Hoogstraat M, et al.
CopywriteR: DNA copy number detection from off-target sequence data. Gen-
ome Biol. 2015;16:49.

19. Hollis RL, Meynert AM, Michie CO, Rye T, Churchman M, Hallas-Potts A, et al.
Multiomic characterization of high-grade serous ovarian carcinoma enables high-
resolution patient stratification. Clin Cancer Res. 2022;28:3546–56.

20. Kern F, Fehlmann T, Solomon J, Schwed L, Grammes N, Backes C, et al. miEAA 2.0:
integrating multi-species microRNA enrichment analysis and workflow manage-
ment systems. Nucleic Acids Res. 2020;48:W521–w8.

21. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdóttir H, Tamayo P, Mesirov JP.
Molecular signatures database (MSigDB) 3.0. Bioinforma (Oxf, Engl). 2011;27:1739–40.

22. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al.
Enrichr: a comprehensive gene set enrichment analysis web server 2016 update.
Nucleic acids Res. 2016;44:W90–7.

23. Chen GM, Kannan L, Geistlinger L, Kofia V, Safikhani Z, Gendoo DMA, et al.
Consensus on molecular subtypes of high-grade serous ovarian carcinoma. Clin
Cancer Res. 2018;24:5037–47.

24. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for dif-
ferential expression analysis of digital gene expression data. Bioinforma (Oxf,
Engl). 2010;26:139–40.

25. Ganzfried BF, Riester M, Haibe-Kains B, Risch T, Tyekucheva S, Jazic I, et al. cur-
atedOvarianData: clinically annotated data for the ovarian cancer transcriptome.
Database : J Biol Databases Curation. 2013;2013:bat013.

26. Jiménez-Sánchez A, Cast O, Miller ML. Comprehensive benchmarking and inte-
gration of tumor microenvironment cell estimation methods. Cancer Res.
2019;79:6238–46.

27. Wagle MC, Kirouac D, Klijn C, Liu B, Mahajan S, Junttila M, et al. A transcriptional
MAPK pathway activity score (MPAS) is a clinically relevant biomarker in multiple
cancer types. NPJ Precis Oncol. 2018;2:7.

28. Etemadmoghadam D, George J, Cowin PA, Cullinane C, Kansara M, Gorringe KL,
et al. Amplicon-dependent CCNE1 expression is critical for clonogenic survival
after cisplatin treatment and is correlated with 20q11 gain in ovarian cancer. PloS
one. 2010;5:e15498.

29. Yao S, Meric-Bernstam F, Hong D, Janku F, Naing A, Piha-Paul SA, et al. Clinical
characteristics and outcomes of phase I cancer patients with CCNE1 amplifica-
tion: MD Anderson experiences. Sci Rep. 2022;12:8701.

30. Chan AM, Enwere E, McIntyre JB, Wilson H, Nwaroh C, Wiebe N, et al. Combined
CCNE1 high-level amplification and overexpression is associated with unfavour-
able outcome in tubo-ovarian high-grade serous carcinoma. J Pathol Clin Res.
2020;6:252–62.

31. Krämer P, Talhouk A, Brett MA, Chiu DS, Cairns ES, Scheunhage DA, et al.
Endometrial cancer molecular risk stratification is equally prognostic for endo-
metrioid ovarian carcinoma. Clin Cancer Res. 2020;26:5400–10.

32. Hollis RL, Stanley B, Thomson JP, Churchman M, Croy I, Rye T, et al. Integrated
molecular characterisation of endometrioid ovarian carcinoma identifies oppor-
tunities for stratification. NPJ Precis Oncol. 2021;5:47.

33. Patel A, Sabbineni H, Clarke A, Somanath PR. Novel roles of Src in cancer cell
epithelial-to-mesenchymal transition, vascular permeability, microinvasion and
metastasis. Life Sci. 2016;157:52–61.

34. Jin X, Zhu L, Cui Z, Tang J, Xie M, Ren G. Elevated expression of GNAS promotes
breast cancer cell proliferation and migration via the PI3K/AKT/Snail1/E-cadherin
axis. Clin Transl Oncol. 2019;21:1207–19.

35. Simic P, Williams EO, Bell EL, Gong JJ, Bonkowski M, Guarente L. SIRT1 suppresses
the epithelial-to-mesenchymal transition in cancer metastasis and organ fibrosis.
Cell Rep. 2013;3:1175–86.

36. Trajkovski M, Ahmed K, Esau CC, Stoffel M. MyomiR-133 regulates brown fat
differentiation through Prdm16. Nat Cell Biol. 2012;14:1330–5.

37. Fei LR, Huang WJ, Wang Y, Lei L, Li ZH, Zheng YW, et al. PRDM16 functions as a
suppressor of lung adenocarcinoma metastasis. J Exp Clin Cancer Res. 2019;38:35.

38. Dunford A, Weinstock DM, Savova V, Schumacher SE, Cleary JP, Yoda A, et al.
Tumor-suppressor genes that escape from X-inactivation contribute to cancer sex
bias. Nat Genet. 2017;49:10–6.

39. Gamazon ER, Im HK, O’Donnell PH, Ziliak D, Stark AL, Cox NJ, et al. Compre-
hensive evaluation of the contribution of X chromosome genes to platinum
sensitivity. Mol Cancer Ther. 2011;10:472–80.

40. Pageau GJ, Hall LL, Ganesan S, Livingston DM, Lawrence JB. The disappearing
Barr body in breast and ovarian cancers. Nat Rev Cancer. 2007;7:628–33.

41. Winham SJ, Larson NB, Armasu SM, Fogarty ZC, Larson MC, McCauley BM, et al.
Molecular signatures of X chromosome inactivation and associations with clinical
outcomes in epithelial ovarian cancer. Hum Mol Genet. 2019;28:1331–42.

42. Huang RY, Chen GB, Matsumura N, Lai H-C, Mori S, Li J, et al. Histotype-specific
copy-number alterations in ovarian cancer. BMC Med Genomics. 2012;5:47.

43. Pagès F, Kirilovsky A, Mlecnik B, Asslaber M, Tosolini M, Bindea G, et al. In situ
cytotoxic and memory T cells predict outcome in patients with early-stage col-
orectal cancer. J Clin Oncol. 2009;27:5944–51.

44. Sato E, Olson SH, Ahn J, Bundy B, Nishikawa H, Qian F, et al. Intraepithelial CD8+
tumor-infiltrating lymphocytes and a high CD8+/regulatory T cell ratio are
associated with favorable prognosis in ovarian cancer. Proc Natl Acad Sci USA.
2005;102:18538–43.

45. Monk BJ, Colombo N, Oza AM, Fujiwara K, Birrer MJ, Randall L, et al. Che-
motherapy with or without avelumab followed by avelumab maintenance versus
chemotherapy alone in patients with previously untreated epithelial ovarian
cancer (JAVELIN Ovarian 100): an open-label, randomised, phase 3 trial. Lancet
Oncol. 2021;22:1275–89.

46. Pujade-Lauraine E, Fujiwara K, Ledermann JA, Oza AM, Kristeleit R, Ray-Coquard
IL, et al. Avelumab alone or in combination with chemotherapy versus che-
motherapy alone in platinum-resistant or platinum-refractory ovarian cancer
(JAVELIN Ovarian 200): an open-label, three-arm, randomised, phase 3 study.
Lancet Oncol. 2021;22:1034–46.

47. Zibetti Dal Molin G, Abrahão CM, Coleman RL, Maluf FC. Response to pem-
brolizumab in a heavily treated patient with metastatic ovarian carcinosarcoma.
Gynecologic Oncol Res Pract. 2018;5:6.

48. Daniyal M, Polani AS, Canary M. Ovarian carcinosarcoma and response to
immunotherapy. Cureus. 2023;15:e37149.

ACKNOWLEDGEMENTS
We thank the Nicola Murray Foundation for their generous support of The Nicola
Murray Centre for Ovarian Cancer Research. The whole exome sequencing and mRNA
sequencing presented in this study was performed by the Edinburgh Clinical
Research Facility, Western General Hospital, Edinburgh, UK. The microRNA profiling
described in this manuscript was funded and performed by HTG Molecular.

AUTHOR CONTRIBUTIONS
Conceptualisation: CSH, RLH; Methodology: CSH, RLH; Investigation: CSH, AJO, LJS, IC,
MC, RLH; Visualisation: RLH; Funding acquisition: RLH; Project administration: MC;
Writing—original draft: RLH; Writing—review and editing: CSH, AJO, LJS, IC, MC.

FUNDING
This work was funded by a research grant from Tenovus Scotland awarded to RLH
(E19–11). The microRNA profiling described in this manuscript was funded and
performed by HTG Molecular. AJO is supported by a TRACC PhD Studentship funded
jointly by AstraZeneca and Cancer Research UK. LJS is supported by a TRACC MB-PhD
Studentship funded by Cancer Research UK. RLH is supported by an IGC Langmuir
Talent Fellowship.

COMPETING INTERESTS
RLH: consultancy fees from GlaxoSmithKline and DeciBio. The microRNA profiling
described in this manuscript was funded and performed by HTG Molecular. All other
authors declare no conflicts of interest.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
Ethical approval for the study was obtained from the Lothian NRS Human Annotated
Bioresource (reference 15/ES/0094-SR1330). All participants gave written informed
consent or had consent waived by the ethics committee due to the retrospective
nature of the study. The study was performed in accordance with the Declaration of
Helsinki.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41416-023-02508-3.

Correspondence and requests for materials should be addressed to Robert L. Hollis.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

C.S. Herrington et al.

334

British Journal of Cancer (2024) 130:327 – 335

https://doi.org/10.1038/s41416-023-02508-3
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

C.S. Herrington et al.

335

British Journal of Cancer (2024) 130:327 – 335

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Compartment-specific multiomic profiling identifies SRC and GNAS as candidate drivers of epithelial-to-mesenchymal transition in ovarian carcinosarcoma
	Background
	Materials and Methods
	Case identification and inclusion criteria
	Ethical approval
	Immunohistochemistry
	Isolation of carcinomatous and sarcomatous samples
	Genomic profiling
	Genome-wide copy number analysis
	Targeted CCNE1 copy number assessment
	MicroRNA profiling
	Transcriptomic profiling
	Quantification of immune cell infiltration
	Additional statistical analysis

	Results
	Genomic profiling�of OCS
	Transcriptomic landscape�of OCS
	MicroRNA expression profile�in OCS
	Immune cell infiltration

	Discussion
	Conclusion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




