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Recently, The Cancer Genome Atlas data revealed four molecular subtypes of high-grade serous ovarian
carcinoma (HGSOC) exhibiting distinct prognoses. We developed four novel HGSOC histopathological subtypes
by focusing on tumor microenvironment: mesenchymal transition, defined by a remarkable desmoplastic
reaction; immune reactive by lymphocytes infiltrating the tumor; solid and proliferative by a solid growth
pattern; and papilloglandular by a papillary architecture. Unsupervised hierarchical clustering revealed four
clusters correlated with histopathological subtypes in both Kyoto and Niigata HGSOC transcriptome data sets
(P < 0.001). Gene set enrichment analysis revealed pathways enriched in our histopathological classification
significantly overlapped with the four molecular subtypes: mesenchymal, immunoreactive, proliferative, and
differentiated (P < 0.0001, respectively). In 132 HGSOC cases, progression-free survival and overall survival
were best in the immune reactive, whereas overall survival was worst in the mesenchymal transition
(P < 0.001, respectively), findings reproduced in 89 validation cases (P < 0.05, respectively). The CLOVAR_
MES_UP single-sample gene set enrichment analysis scores representing the mesenchymal molecular subtype
were higher in paclitaxel responders than nonresponders (P = 0.002) in the GSE15622 data set. Taxane-
containing regimens improved survival of cases with high MES_UP scores compared with nontaxane regi-
mens (P < 0.001) in the GSE9891 data set. Our novel histopathological classification of HGSOC correlates with
distinct prognostic transcriptome subtypes. The mesenchymal transition subtype might be particularly sen-
sitive to taxane. (Am J Pathol 2016, 186: 1103—1113; http://dx.doi.org/10.1016/j.ajpath.2015.12.029)

Ovarian carcinoma is the fifth leading cause of death among
female malignancies in the United States. High-grade
serous ovarian carcinoma (HGSOC), accounting for 68%
of ovarian carcinoma, is the histological type with the worst
prognosis because it is usually diagnosed at an advanced
stage.” Chemotherapy with taxane and platinum is typically
provided after debulking surgery to eradicate tumor
cells, and 75% of HGSOC cases respond to this initial
treatment. However, many patients experience recurrence

and eventually succumb to this disease.” Silverberg” pro-
posed a three-tier grading system (G1l, G2, and G3) for
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invasive ovarian carcinoma, including the serous type. This
system used architectural patterning, cytologic atypia, and
mitotic figures. Low-grade serous ovarian carcinoma, which
corresponds to G1, is different from HGSOC, corresponding
to G2/G3, both clinically and biologically. Low-grade se-
rous ovarian carcinoma has a good prognosis and carries
KRAS and BRAF mutations, whereas HGSOC has a poor
prognosis and carries TP53 and BRCA mutations.” Because
G2 and G3 are not substantially different clinically and
biologically,”’ serous ovarian carcinoma is currently clas-
sified into low-grade serous ovarian carcinoma and
HGSOC.* Given the diverse prognoses and chemothera-
peutic responses, further histopathological classification of
HGSOC is warranted for individualization of treatment.’
Notably, histopathological classifications proposed so far
do not include features of the interaction with stromal cells.

Recently, analyses of gene expression microarray data
from The Cancer Genome Atlas (TCGA) project revealed
that HGSOC could be classified as one of four gene
expression subtypes: mesenchymal, immunoreactive, pro-
liferative, or differentiated.'”'" These subtypes were
reproducible in an Australian data set (C1, C2, C5, and C4,
respectively).'” Both studies reported that tumors of
mesenchymal phenotype (mesenchymal or C1) had poor
prognoses, whereas immunoreactive or C2 tumors had
favorable prognoses. These subtypes have specific histo-
pathological features. The immunoreactive subtype shows
prominent infiltration of lymphocytes into the tumor, and
the mesenchymal subtype has marked tissue desmo-
plasia."""'? In this way, HGSOC gene expression subtypes
were histopathologically characterized by the interaction
between tumor and surrounding cells rather than by the
tumor cells themselves.

Our aim was to establish a novel histopathological clas-
sification of HGSOC by taking into account the status of the
microenvironment, including infiltration of immune cells
and stromal features, thereby corresponding to gene
expression subtypes relevant to prognosis and biological
differences. We show that this novel classification could
lead to individualization of chemotherapeutic regimens for
HSGOC.

Materials and Methods

Tissues and Samples

A total of 221 HGSOC from the ovary, fallopian tube, and
peritoneum, without any pretreatment, were analyzed. One
hundred cases underwent surgery between 1997 and 2012 at
Kyoto University Hospital (Kyoto, Japan), 32 underwent
surgery between 1999 and 2009 at Niigata University
Hospital (Niigata, Japan), 42 were registered for the
JGOG3016 clinical trial'® from Jikei University Hospital
(Tokyo, Japan), and 47 underwent surgery between 2002
and 2012 from Kindai University Hospital (Osaka, Japan).
Sample size (n = 221) was determined by information
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based on a previous report.'” Samples were collected after
obtaining written informed consent. The study was
approved by each of the institutional ethics committees.
Hematoxylin and eosin (H&E)—stained slides from the
Kyoto and Niigata HGSOC cases were used to develop a
histopathological classification algorithm. The Jikei and
Kindai cases served as a validation set for survival analyses.
Where available, primary tumors were used for the classi-
fication as well as metastatic tumors for cases where only
metastatic tumors were available. Tumor-infiltrating lym-
phocytes were counted with respect to localization inside or
outside cancer nests using a representative slide from each
case at x400 magnification. The number of tumor-
infiltrating lymphocytes was defined as the median count
obtained from five areas showing the most abundant infil-
tration. Two gynecologic pathologists (R.M. and 1LK.)
reviewed H&E slides independently to classify HGSOC.
When their histopathological diagnoses were different, the
decisions were made by discussion (R.M. and LK.).

Interobserver Agreement of the Histopathological
Diagnosis

Five of the authors, specializing in gynecologic pathology
and oncology, including two board-certified pathologists
(Y.M. and S.M.), evaluated microscopic features of cases
for histopathological classification. The training set,
generated by R.M. and LK., consists of 20 H&E-stained
virtual slides from 20 HGSOC cases containing five of
each subtype (ie, one representative slide per case). The
digital slides were generated using the NanoZoomer Dig-
ital Pathology System produced by Hamamatsu Photonics
(Hamamatsu, Japan). After reviewing the training set,
N.M,, T.B., K.Y., Y.M,, and S.M. independently reviewed
another 28 HGSOC cases and assigned a diagnosis for the
histopathological subtype. Then, an interobserver agree-
ment was assessed by six observers (observers A, B, C, D,
E, and F). The number of evaluated H&E slides had an
average of 9.2 (range, 4 to 15).

Immunohistochemical Staining for CD8

Immunohistochemical staining for CD8 was performed as
described'* and was evaluated similarly to that previously
reported.'* Briefly, tumor-infiltrating CD8" T lymphocytes
were counted at x400 magnification and categorized by
their localization as intraepithelial or stromal. Five areas
with the most abundant infiltration were counted; the me-
dian was defined as the number of tumor-infiltrating CD8"
T lymphocytes.

Gene Expression Microarray

Affymetrix data sets GSE9891 HG-U133 plus 2.0'” and
GSE15622 HG-U133A"” were from the National Center for
Biotechnology Information’s Gene Expression Omnibus
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MT feature: mesenchymal transition pattern or labyrinthine pattern
with destructive desmoplastic reaction >10%

No @ Yes: MT type

IR feature: immune reactive pattern with smooth invasive front

Yi No% Yes: IR type

PG feature: SP feature:
papillary and glandular pattern solid and proliferative growth pattern
PG type SP type

Figure 1  A: The algorithm for the new classification of the four high-grade serous ovarian carcinoma morphological subtypes. B: Morphological
findings of the four subtypes. Mesenchymal transition type (MT type) (top panel): Spindle and isolated cells with destructive stromal reaction, referred
to as the MT pattern (middle panel); broadly compressed large papillae infiltration with desmoplastic stromal, referred to as the labyrinthine pattern
(bottom panel); isolated and invasive cancer cells. Immune reactive type (IR type) (top panel): Relatively round tumor invasive front with tumor-
infiltrating lymphocytes (middle panel); a large number of lymphocytes surrounding necrotic tumor (bottom panel); a large number of lymphocytes
infiltrating or surrounding tumor. Solid and proliferative type (SP type) (top panel): Proliferative and solid growth architecture (middle panel);
proliferative and solid growth architecture with less desmoplastic reaction (bottom panel); solid growth as undifferentiated carcinoma-like. Papil-
loglandular type (PG type) (top panel): Well-differentiated and papillary growth architecture (middle panel); papillary growth and glandular archi-
tecture with less desmoplastic reaction (bottom panel); papillary growth architecture with atypia. Original magnification: x4 (B, top panels); x10 (B,
middle panels); x40 (B, bottom panels).

website (http://www.ncbi.nlm.nih.gov/gds, last accessed were RMA normalized using the R package affy (htp:/
November 10, 2015). TCGA HG-U133A data set was from www.R-project.org, last accessed November 10, 2015).

the TCGA Data Portal (htp://cancergenome.nih.gov, last We analyzed 27 tumors from 25 Kyoto cases, including
accessed November 10, 2015). The Affymetrix array data two cases with both primary and metastatic tumors, using
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Figure 2  Correlation between morphological subtypes and gene expression subtypes. A: Unsupervised hierarchical clustering of the 27 Kyoto high-grade
serous ovarian cancer (HGSOC) cases. On the basis of the Affymetrix HG-U133 plus 2.0 microarray data, 117 genes with SD >1.9 were used. Morphological
subtypes of individual cases are shown as the black bars in the bottom panel. Each of the four tumor clusters highlighted by the horizontal bars in the top
panel are significantly enriched with the four morphological subtypes. B: Unsupervised hierarchical clustering of the 32 Niigata HGSOC cases. On the basis of
the Agilent Whole Human Genome Microarray 4 x 44K G4112F gene chip microarray data, 489 genes with SD >1.9 were used. Similar to the results in A, each
of the four tumor clusters were significantly enriched with the four morphological subtypes. C: Number of enriched pathways in the HGSOC subtypes. Gene set
enrichment analysis (GSEA) was performed comparing one subtype to the other three subtypes using C2 gene sets version 3.0. We first determined histo-
pathological subtype-specific pathways common to Kyoto and Niigata. Then, the pathways were compared with the pathways enriched in gene expression
subtypes in The Cancer Genome Atlas data. The Venn diagrams show significant overlap of the pathways (x2 test). D: CLOVAR_MES_UP, IMR_UP, PRO_UP, and
DIF_UP single-sample GSEA scores (y axis) were assigned for the 27 Kyoto HGSOC cases. CLOVAR_MES_UP scores were highest in the mesenchymal transition
(MT) subtype, whereas CLOVAR_IMR_UP scores were highest in the immune reactive (IR) type. ***P < 0.001, ****P < 0.0001. n = 2483 (C). PG, papil-
loglandular; SP, solid and proliferative.

the Affymetrix HG-U133 plus 2.0 gene chip, as previously
described.'® Of the 54,675 gene probes, we selected the
20,853 with annotated gene symbols, and of these, we retained
the top half with the highest average expression across the 27
samples. Unsupervised hierarchical clustering with euclidean
distance and complete linkage was performed using R with
136 of the gene probes having an SD >1.9.

We analyzed 32 Niigata cases with the Agilent Whole
Human Genome Microarray 4 x 44K G4112F gene chip, as
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previously described.'” The data were normalized with 75th
percentile normalization using GeneSpring GX [11.5]. We
used the 29,819 gene probes with annotated gene symbols.
For unsupervised hierarchical clustering, 546 gene probes
with an SD >1.9 were used.

These microarray data are deposited partially in Gene
Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo),
under accession numbers GSE39204 and GSES55512 for
Kyoto and GSE17260 for Niigata microarray data.
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Figure 3  Survival analysis of high-grade se-
rous ovarian cancer cases divided by histopatho-
logical subtypes. A and B: Total 132 Kyoto/Niigata
cases were classified into mesenchymal transition
(MT), immune reactive (IR), solid and proliferative
(SP), and papilloglandular (PG). C and D: Total 89
Jikei/Kindai cases were classified into MT, IR, SP,
and PG. A: Progression-free survival (PFS) of
Kyoto/Niigata cases. IR type PFS was better than
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50 1 50
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the other three types (P = 0.0008). B: Overall
survival (0S) of Kyoto/Niigata cases. IR type 0S
was better than the other three types
(P = 0.0002) and MT type OS was worse than the
other three types (P = 0.001). C: PFS of Jikei and
Kindai cases. IR type PFS was better than the other
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50 1

three types (P = 0.03). MT type PFS was worse
than the other three types (P = 0.01). D: 0S of
Jikei and Kindai cases. IR type 0S was better than
the other three types (P = 0.02) and MT type 0S
was worse than the other three types (P = 0.02).
n = 48 (A and B, MT type); n = 34 (A and B, IR
type); n = 32 (A and B, SP type); n = 18 (A and
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GSEA and ssGSEA

We downloaded the C2 curated gene sets version 3.0 (n =
2483) from the Molecular Signatures Database (http:/www.
broadinstitute.org/gsea/msigdb, last accessed November 10,
2015) and conducted gene set enrichment analysis (GSEA
version 2.1.0; Broad Institute, Cambridge, MA; hitp://sofiware.
broadinstitute.org/gsea) being applied to gene expression mic-
roarray data sets with all C2 gene sets, as described.'® The 27
Kyoto cases, the 32 Niigata cases, and the 483 TCGA HGSOC
cases were analyzed independently comparing one subtype with
the other subtypes. We used the gene expression subtype clas-
sifications of the TCGA samples, as previously defined.'’

Single-sample GSEA (ssGSEA) was performed by
gene level, as described (GenePattern version 3.5.0;
Broad institute; http.//www.broadinstitute.org/cancer/software/
genepattern, last accessed November 10, 2015).19 The Classi-
fication of Ovarian Cancer (CLOVAR) subtype signature
gene sets (CLOVAR_MES_UP, CLOVAR_IMR_UP,
CLOVAR_PRO_UP, and CLOVAR_DIF_UP), represen-
tative of the gene expression subtypes from the TCGA data
set, were used.!! For data analyses, the ssGSEA scores
were normalized from O to 1.

Statistical Analysis

GraphPad Prism version 6.0 (GraphPad Software Inc., San
Diego, CA) was used for ¢ analysis, unpaired ¢ tests, one-way
analysis of variance, and survival analysis. Kaplan-Meier and
the Gehan-Breslow-Wilcoxon test were used for survival
analysis. Rx64 version 3.0.2 was used for univariate and
multivariate Cox proportional-hazards regression analyses. A
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160 12_—,0 B, PG type); n = 28 (Cand D, MT type); n = 19 (C
and D, IR type); n = 20 (C type); n = 22 (C and
D, PG type).

P < 0.05 was considered significant. For GSEA, false dis-
covery rate q < 0.25 was considered significant. Interobserver
reproducibility of the histopathological classification was
evaluated with Cohen’s k coefficient using irr package in R.

Results
Definition of Four HGSOC Histopathological Subtypes

We defined an algorithm for HGSOC histopathological
classification. TCGA data indicated that genes relevant to
immune cells were up-regulated in both the immunoreactive
and mesenchymal gene expression subtypes.'' Therefore,
we selected tumors showing a prominent mesenchymal re-
action, followed by selection of tumors with a prominent
immune reaction to identify the mesenchymal tumors. A
mesenchymal transition (MT) feature was assigned on the
basis of the MT pattern or labyrinthine pattern with a
remarkable desmoplastic reaction in >10% of the tumor
area. In more detail, a feature of spindle and isolated cells
with destructive stromal reaction is referred to as the MT
pattern, and a feature of broadly compressed large papillae
infiltration with desmoplastic stroma is referred to as the
labyrinthine pattern. If the MT feature was positive, the
tumor was defined as being the MT subtype. In tumors other
than MT subtype, an immune reactive (IR) feature was
assigned when numerous lymphocytes surrounded cancer
nests (>100/x400 visual field) and infiltrating cancer nests
(>50/%400 visual fields) and when this was associated with
a smooth invasive front. If the IR feature was positive, the
tumor was defined as being the IR subtype. The remaining
tumors were classified into the solid and proliferative (SP)
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Table 1  Clinical Characteristics of the 132 HGSOC Cases
Subtype MT type IR type SP type PG type
No. (%) 48 (36) 34 (26) 32 (24) 18 (14)
Age, years

Mean (minimum-maximum) 59 (39—81) 56 (34—77) 62 (35—82) 61 (43—75)

P value 0.96 0.04 0.18 0.43
Stage

Torll 4 12 4 4

ITIT or IV 44 22 28 14

P value 0.03 0.003 0.34 0.63
Residual disease

Optimal 27 33 25 14

Suboptimal 21 1 7 4

P value 0.0002 0.0006 0.64 0.77
Chemotherapy

Nontaxane platinum 2 4 6 3

Taxane platinum 46 30 26 15
Survival

Median, months 43 NA 67 71

Statistical analyses were performed comparing one subtype with the other subtypes.
HGSOC, high-grade serous ovarian cancer; IR, immune reactive; MT, mesenchymal transition; NA, not available; PG, papilloglandular; SP, solid and

proliferative.

subtype or the papilloglandular (PG) subtype, according to
these features (Figure 1).

The number of intraepithelial and stromal lymphocytes
seemed to correlate with the number of intraepithelial and
stromal CD8" lymphocytes because the IR subtype had the
largest number of CD8™" cells (Supplemental Figure S1). The
number of mitoses did not differ among the subtypes (data not
shown).

To determine whether the histopathological subtype
changes after metastasis, we defined subtypes using H&E
slides from matched primary and metastatic HGSOC tu-
mors. The subtypes were unchanged between primary and
metastatic sites in 49 of 56 (88%) cases (Supplemental
Table S1). Notably, the MT subtype did not increase in
the metastatic tumors, consistent with a previous report
showing the degree of desmoplasia was unchanged in
extraovarian sites.'? Thus, for HGSOC cases for which the
primary sites were not resected at the initial surgery, we
defined histopathological subtypes using metastatic
tumors.

An interobserver validation study of diagnoses was
performed by six observers (Supplemental Table S2). The
overall consistency rates of diagnosed MT, IR, SP, and PG
had an average of 74% (range, 61% to 89%). The k co-
efficients ranged between 0.46 and 0.85, with an average of
0.64, and P values were <0.01 for all of the pairs. The
consistency rates for the diagnoses of MT and the others
had an average of 85% (range, 71% to 96%). The k co-
efficients ranged between 0.44 and 0.92, with an average of
0.70, and P values were <0.02 for all of the pairs. The
images of problematic cases of MT and other subtypes
that produced conflicting assessments can be seen in
Supplemental Figures S2, S3, S4, and S5.
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Correlation of the Histopathological Subtypes and
Gene Expression Profile

Unsupervised hierarchical clustering using Affymetrix
microarray data for the 27 Kyoto HGSOC tumors generated
four tumor clusters. These clusters were correlated with the
histopathological subtypes (P < 0.001) (Figure 2A). The
association between gene expression profiles and histo-
pathological subtype was reproducible in an analysis of
Agilent microarray data from 32 Niigata HGSOC tumors
(P < 0.001) (Figure 2B).

A total of 2483 pathway gene sets were analyzed for
enrichment in each subtype using GSEA. Because of the
small sample size of our microarray data set, we determined
commonly enriched gene sets using both the Kyoto and
Niigata data for the histopathological subtype analysis. As a
result, 315 gene sets were enriched in MT, 192 in IR, 222 in
SP, and 34 in PG. We also conducted GSEA using the TCGA
data set and found 1276 gene sets were enriched in the
mesenchymal gene expression subtype, 762 in immunore-
active, 764 in proliferative, and 161 in differentiated. There
was significant overlap of gene sets between MT and
mesenchymal, IR and immunoreactive, SP and proliferative,
and PG and differentiated (P < 0.0001 for each) (Figure 2C).
Commonly enriched gene sets among Kyoto, Niigata, and
TCGA are listed in Supplemental Tables S3, S4, S5, and S6.
In both the MT and the mesenchymal subtype, gene sets
related to transforming growth factor (TGF)-B and epithelial-
mesenchymal transition (EMT) were enriched, such as
KEGG_TGF_BETA_SIGNALING_PATHWAY, VER-
RECCHIA_RESPONSE_TO_TGFB1, and ALONSO_
METASTASIS_EMT_UP. In both the IR and the immu-
noreactive subtypes, gene sets related to the immune
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Table 2 Univariate and Multivariate Cox Proportional Hazards Regression Analysis for Clinical Variables and the Four Morphological
Subtypes
Clinical variables Sample size, no. (%) Univariate, HR (95% CI) P value Multivariate, HR (95% CI) P value
Age, years

<60 68 (52) 1 1

=60 64 (48) 1.4 (0.86—2.42) 0.16 1.5 (0.84—2.49)* 0.18
Stage

Torll 24 (18) 1 1

III or IV 108 (82) 3.7 (1.33—10.16) 0.01 2.8 (0.99—7.78)* 0.052
Residual tumor at operation

Optimal 99 (75) 1 1

Suboptimal 33 (25) 2.7 (1.55—4.53) 0.0004 1.8 (0.97—3.19)* 0.062
Chemotherapy

Nontaxane platinum 15 (11) 1 1

Taxane platinum 117 (89) 0.6 (0.33—1.24) 0.19 0.5 (0.23—0.98)* 0.043
Subtype

Non MT type 84 (64) 1 1

MT type 48 (36) 2.2 (1.29-3.62) 0.004 1.9 (1.02—3.40)" 0.042

Non IR type 98 (74) 1 1

IR type 34 (26) 0.2 (0.06—0.43) 0.0003 0.2 (0.07—0.59)" 0.003

Non SP type 100 (76) 1 1

SP type 32 (24) 1.5 (0.83—2.57) 0.19 1.2 (0.69—2.23)" 0.47

Non PG type 114 (86) 1 1

PG type 18 (14) 1 (0.50—2.08) 0.82 1.1 (0.50—2.21)" 0.89

*Multivariate Cox regression analysis of clinical variables with MT type.

fFor multivariate Cox regression, each subtype was independently analyzed with other clinical variables (age, stage, residual tumor at operation,

chemotherapy) from the remaining subtypes.

HR, hazard ratio; IR, immune reactive; MT, mesenchymal transition; PG, papilloglandular; SP, solid and proliferative.

response were enriched, including KEGG_T_CELL_
RECEPTOR_SIGNALING_PATHWAY, KEGG_ANTIGEN_
PROCESSING_AND_PRESENTATION, and REACTOME _
SIGNALING_IN_IMMUNE_SYSTEM. In both the SP and the
proliferative subtype, gene sets related to proliferation were
enriched, such as BENPORATH_PROLIFERATION and
KEGG_DNA_REPLICATION. In both the PG and the
differentiated subtype, gene sets representing estrogen recep-
tor effects were enriched, such as DOANE_BREAST
CANCER_ESRI1_UP and VANTVEER_BREAST_
CANCER_ESR1_UP.

We next performed CLOVAR ssGSEA scoring using the
previously reported gene signatures representative of gene
expression subtypes, although the scores did not exclusively
point to the subtypes reported in the original article.'’
CLOVAR_MES_UP scores were high in the MT type
(P = 0.001), whereas CLOVAR_IMR_UP scores were
high in the IR type (P = 0.001) in the Kyoto HGSOC
tumors (Figure 2D). Regarding the CLOVAR_PRO_UP
and CLOVAR_DIF_UP scores, the differences among the
four histopathological subtypes were not statistically sig-
nificant, although the former tended to be high in the SP
type and the latter in the PG type (Figure 2D). A similar
trend was observed for the MT and IR types in Niigata
tumors, but was not significant (Supplemental Figure S6),
probably because of the difference of the microarray
probes used.'' From these analyses, we concluded that the
MES_UP and the IMR_UP scores predict their relevant
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histopathological subtypes, at least from the analysis of the
Affymetrix data set.

Correlation of the Histopathological Subtypes with
Clinical Data

We next conducted survival analyses using the HGSOC
cases from Kyoto and Niigata (n = 132). These were
classified into MT (n = 48), IR (n = 34), SP (n = 32), and
PG (n = 18) types. Progression-free survival (PES) for
the IR type was much better than the other three types
(P = 0.0008) (Figure 3A). Similarly, overall survival (OS) for
the IR type was markedly better than the other three types
(P = 0.0002) (Figure 3B). In addition, OS for the MT type
was worse than the other three types (P = 0.001) (Figure 3B).
We next analyzed the Jikei and Kindai validation set (n = 89),
for which the histopathological classification was performed
without any clinical information. These were classified into
MT (n = 28), IR (n = 19), SP (n = 20), and PG (n = 22)
types. Consistent with the analysis of Kyoto/Niigata cases,
PES for the IR type was better than the other three types
(P = 0.03) (Figure 3C) and PFS for the MT type was worse
than the other three types (P = 0.01) (Figure 3C). Further-
more, OS for the IR type was better than for the other three
types (P = 0.02) (Figure 3D) and OS for the MT type was
worse than the other three (P = 0.02) (Figure 3D). Therefore,
the association between the histopathological classification
and survival was reproducible.
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Next, other clinical variables were analyzed in relation
to the histopathological classification using the 132
Kyoto/Niigata cases. We found that the MT type was
significantly associated with late stage (P = 0.03) and
suboptimal debulking (P < 0.001). Conversely, the IR
type was associated with younger age (P = 0.04), early
stage (P = 0.003), and optimal debulking (P < 0.001)
(Table 1).

A univariate Cox regression analysis showed that
advanced stage (stage III/IV) [hazard ratio (HR), 3.7; 95%
CI, 1.33—10.16; P = 0.01], suboptimal debulking (HR, 2.7;
95% CI, 1.55—4.53; P < 0.001), and MT type (HR, 2.2;
95% CI, 1.29-3.62; P = 0.004) were poor prognostic
factors. In contrast, IR subtype was a favorable prognostic
factor (HR, 0.15; 95% CI, 0.06—0.43; P < 0.001). In a
multivariate Cox regression, the MT subtype was an inde-
pendent poor prognostic factor (HR, 1.86; 95% CI,
1.02—3.40; P = 0.042) and IR subtype was an independent
favorable prognostic factor (HR, 0.21; 95% CI, 0.07—0.59;
P = 0.003) (Table 2).

Response to Chemotherapy

We next determined if gene expression subtypes are asso-
ciated with a particular pattern of response to chemotherapy.
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50

Time (months)

n = 9 (A and B, carboplatin sensitive); n = 6
(A and B, carboplatin resistant); n = 176 (C—F,
with taxane); n = 45 (C—F, without taxane).

100 150

GSE15622 is a gene expression microarray data set
composed of laparoscopic biopsy specimens from ovarian
cancers that were subsequently treated with paclitaxel
monotherapy (n = 20) or carboplatin monotherapy (n =
15).]5 In an ssGSEA analysis, CLOVAR_MES_UP scores
were higher in paclitaxel responders than in nonresponders
(P = 0.002) (Figure 4A), whereas the scores were lower in
carboplatin responders than nonresponders (P = 0.09)
(Figure 4B). The other gene expression subtype scores did
not significantly correlate with response to paclitaxel or
carboplatin (Supplemental Figure S7). GSE9891 is a gene
expression microarray data set containing HGSOC cases
that received chemotherapeutic regimens with taxane (n =
176) or without taxane (n = 45)."> In cases with high
CLOVAR_MES_UP scores (=0.5), taxane-containing
regimens improved both PES (Figure 4C) and OS
(Figure 4E) compared with nontaxane regimens (P = 0.045
and P < 0.001, respectively). In contrast, for cases with low
CLOVAR_MES_UP scores (<0.5), taxane-containing reg-
imens were associated with decreased PFS compared with
nontaxane regimens (P = 0.02) (Figure 4D). No differences
were observed for OS in the cases with low CLO-
VAR_MES_UP scores (Figure 4F). These analyses using
CLOVAR scores indicate that HGSOC of the mesenchymal
gene expression subtype are particularly sensitive to taxane.
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Discussion

For the first time, we have identified a histopathological
classification of HGSOC that correlates with the previ-
ously defined gene expression subtypes.'' To this end, we
developed an algorithm placing emphasis on the interac-
tion between tumor cells and the cellular composition of
the surrounding environment. Consistent with prior
reports,'’~'? unsupervised hierarchical clustering of our
HGSOC microarray data generated four tumor clusters.
These clusters strongly correlated with our four histo-
pathological subtypes (Figure 2, A and B). The pathways
common to the histopathological subtypes and their
relevant gene expression subtypes matched histopatho-
logical features (Supplemental Tables S3, S4, S5, and S6).
These results strongly suggest concordance of our histo-
pathological classification and the gene expression
subtypes.

Development of a novel histopathological classification
scheme that reflects patient prognosis has the potential to
enormously affect clinical practice. We found that IR
showed good and MT poor OS (Figure 3B and Table 2).
Furthermore, these results were reproducible in the Jikei
and Kindai validation set (Figure 3D). Our results are also
consistent with gene expression subtype analysis report-
ing good prognosis for immunoreactive and poor prog-
nosis for mesenchymal subtypes.'""'* In addition, we and
other groups previously reported that an increased
T-cell-mediated immune response is related to a favor-
able prognosis for ovarian cancer patients, by gene
expression microarray”’ and immunohistochemistry of
CDS8.'*?! On the other hand, numerous reports have
shown TGF-B signaling and EMT is associated with
ovarian cancer invasion and metastasis and also, there-
fore, with poor prognosis.”” **

Unlike the OS data, PFS of the MT subtype was similar to
SP and PG (Figure 3, A and C), although MT was signifi-
cantly associated with advanced stage (Table 1). This result
suggests that the MT type is sensitive to the platinum and
taxane chemotherapeutic regimen because 88% of Kyoto/
Niigata cases and 99% of Jikei and Kindai cases used this
combination. Interestingly, elevated CLOVAR_MES_UP
scores were associated with sensitivity to paclitaxel, but
relative resistance to carboplatin (Figure 4, A and B). Sur-
vival analysis also showed efficacy of taxane in tumors with
elevated CLOVAR_MES_UP scores (Figure 4, C—F).
Several reports have shown EMT causes platinum resistance
in ovarian cancer,”>>° pancreatic cancer,””?® and head and
neck squamous cell cancer,” whereas EMT was reported to
increase sensitivity to paclitaxel by down-regulating BIII
and BIVa tubulin in lung cancer.”” Our data suggest that
taxane is more effective against tumors with a MT pheno-
type in ovarian cancer, although the precise mechanisms
remain to be elucidated.

Although the platinum and taxane combination is an
effective regimen against ovarian cancer, few reports
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address individualization of chemotherapeutics by predicting
sensitivity to each drug. Our data suggest that the effective
agent in the paclitaxel and carboplatin regimen may be
different from patient to patient, and gene expression
microarray analysis of HGSOC would enable individuali-
zation of chemotherapeutics. Even if gene expression
microarray data were not available, our novel histopatho-
logical classification of HGSOC could, on its own, enable
such individualization. That is, a taxane-based regimen
would be effective against the mesenchymal or MT type.

There are several limitations in this study. First, the
reproducibility of the diagnoses of the four HGSOC
subtypes was statistically significant, but was considered
to be suboptimal for practical use (Supplemental Table
S2). We described in detail the causes of disagreement
(Supplemental Figures S2, S3, S4, and S5), and sum-
marized points to improve reproducibility. It should be
emphasized that the distinction between MT type and
non-MT type is vital, because identification of the
former prompts the individualization of treatment, as
described above. Therefore, the two-tier classification
might be practical. A refinement of the criteria estab-
lished for the current study appears to be essential for
better interobserver agreements for clinical use. Second,
high-grade serous carcinomas can be morphologically
heterogeneous, and thus it appears difficult to determine
the optimal number of H&E slides for classification,
although we reviewed all slides, mostly nine or more
per case for classification. Further studies should deter-
mine the number of slides for better interobserver
agreements. Third, the number of cases with both H&E
slides and microarray data available was limited.
Although the pathway analysis produced reasonable re-
sults (Figure 2C), a comparison between morphological
subtypes and scoring from molecular subtype signatures
(Figure 2D) should be performed in a larger cohort in
the future. The limited number may have caused sta-
tistically insignificant results of CLOVAR_PRO_UP
scores and CLOVAR_DIF_UP scores.

In conclusion, we generated a novel histopathological
classification of HGSOC that correlates with gene
expression subtypes and prognosis, and thus, that can
be recommended for clinical use. In addition, we found
that the poor prognostic mesenchymal gene expression
subtype, corresponding to the MT type, is sensitive to
taxane. This study serves as a milestone in the devel-
opment of individualized medicine against ovarian
cancer.
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