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Summary: There are 5 major histotypes of ovarian carcinomas. Diagnostic typing
criteria have evolved over time, and past cohorts may be misclassified by current
standards. Our objective was to reclassify the recently assembled Canadian Ovarian
Experimental Unified Resource and the Alberta Ovarian Tumor Type cohorts using
immunohistochemical (IHC) biomarkers and to develop an IHC algorithm for ovarian
carcinoma histotyping. A total of 1626 ovarian carcinoma samples from the Canadian
Ovarian Experimental Unified Resource and the Alberta Ovarian Tumor Type were
subjected to a reclassification by comparing the original with the predicted histotype.
Histotype prediction was derived from a nominal logistic regression modeling using a
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previously reclassified cohort (N = 784) with the binary input of 8 IHC markers. Cases
with discordant original or predicted histotypes were subjected to arbitration. After
reclassification, 1762 cases from all cohorts were subjected to prediction models (3°
Automatic Interaction Detection, recursive partitioning, and nominal logistic regres-
sion) with a variable IHC marker input. The histologic type was confirmed in 1521/1626
(93.5%) cases of the Canadian Ovarian Experimental Unified Resource and the Alberta
Ovarian Tumor Type cohorts. The highest misclassification occurred in the
endometrioid type, where most of the changes involved reclassification from
endometrioid to high-grade serous carcinoma, which was additionally supported by
mutational data and outcome. Using the reclassified histotype as the endpoint, a 4-
marker prediction model correctly classified 88%, a 6-marker 91%, and an 8-marker
93% of the 1762 cases. This study provides statistically validated, inexpensive IHC
algorithms, which have versatile applications in research, clinical practice, and clinical
trials. Key Words: Ovarian cancer—Histotype—Immunohistochemistry—Next-gener-
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ation sequencing.

Ovarian carcinomas are currently classified into 5
main histologic types: high-grade serous carcinoma
(HGSCQ), clear-cell carcinoma (CCC), endometrioid
carcinoma (EC), mucinous carcinoma (MC), and
low-grade serous carcinoma (LGSC), which differ
with respect to their biology, clinical presentation,
and response to chemotherapy (1,2). Although
women diagnosed with HGSC can achieve up to a
100-mo median overall survival (as shown in a recent
clinical trial achieving optimal surgical outcome and
administering a refined, dose-dense application of the
taxol portion of the standard platinum-taxol chemo-
therapy (3)), response rates of MC, CCC, and LGSC
to DNA-damaging chemotherapy are dismal (4-6).
Reproducible-type diagnosis is a sine qua non for
histotype-specific management. With only minimal
training in the use of contemporary typing criteria,
high agreement (85%-94%) can be achieved among
pathologists on the basis of conventional light
microscopy alone (7,8). Retrospective research co-
horts, however, may contain outdated histotype
information because of recent diagnostic shifts (9—11).
Because ancillary studies such as immunohistochem-
istry (IHC) increase reproducibility, IHC markers can
assist in retyping these cohorts (8,12—18). Previously,
we published 2 equations [termed the Calculator of
Ovarian Subtype Probability (COSP)] that calculate
probabilities for the 5 histotypes by nominal logistic
regression models based on the categorical inputs of 9
or 10 IHC markers, respectively (15,16). Although
the performance of these COSP versions (COSPvl
and COSPv2) was good, the requirement of a
complex THC panel hindered their implementation
into clinical practice. Our objective was to create a
practical algorithm that could be incorporated more

easily into routine diagnostics and research. In 2011,
Canada’s Terry Fox Research Institute funded the
Canadian Ovarian Experimental Unified Resource
(COEUR), which, to date, has collected tissue
samples from >2000 women diagnosed with ovarian
carcinoma from across Canada. We reclassified the
COEUR cohort and a population-based cohort from
Alberta, Canada [Alberta Ovarian Types (AOVT)],
enriched for women diagnosed with MC, EC, and
CCC, using COSP, and developed practical THC
algorithms for ovarian carcinoma histotyping.

MATERIALS AND METHODS

Study Cohorts and Tissue Microarray (TMA)
Construction

The Conjoint Health Research Ethics Board of the
University of Calgary approved this study (E-23527).
For the COEUR cohort, formalin-fixed, paraffin-
embedded (FFPE) tumor donor blocks were obtained
from 10 tumor banks across Canada (19). All patients
gave informed consent according to Ethics-approved
protocols. A gynecologic pathologist (K.R.) reviewed a
single available hematoxylin and eosin slide for the
histotype. Nine TMA blocks were constructed, con-
taining HGSC (813), EC (121), CCC (96), MC (61),
and LGSC (8), resulting in a total of 1099 cases. Each
tumor was represented by duplicate 0.6-mm cores. The
year of diagnosis ranged from 1992 to 2013. For the
AOVT cohort, eligible women diagnosed with CCC,
EC, or MC were identified from the Alberta cancer
registry between 1978 and 2009, supplemented by
eligible patients diagnosed with CCC, EC, MC, or
HGSC in 2010 (20). A gynecologic pathologist (M.K.
or C.A.E.) reviewed the full slide set for the histotype.
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Seven TMA blocks were constructed with each tumor
represented by triplicate 0.6-mm cores containing EC
(182), CCC (167), MC (99), HGSC (79), and mucinous
borderline tumor (78). Mucinous borderline tumors
were excluded, resulting in a total of 527 cases. As
COEUR sourced cases from the same geographical
area in overlapping time periods through the Alberta
Cancer Research Biobank in Calgary and Edmonton,
18 duplicates between COEUR and AOVT were
identified. However, due to specimen deidentification,
this linkage could not be carried out for the Edmonton
portion of the Alberta Cancer Research Biobank,
which contributed 99 cases to COEUR. The 99 cases
include a potential overlap between COUER and
AOVT. Therefore, in the first part of the study, the
reclassification of COEUR and AOVT was performed
separately, and 18 duplicates and 99 potential dupli-
cates were excluded from the second part of the study
(the development of an IHC algorithm) to assure that
no duplicate cases were used. For the purpose of this
study, rare mixed carcinomas (21) were classified
according to the predominant component represented
on the TMA core.

A third cohort was assembled from previously
reclassified cohorts represented on TMAs with
0.6-mm  duplicate cores using COSPvl or
COSPv2 (15,16). This cohort encompasses the train-
ing set (N =253) and a subset from the testing
set (16) (N = 372 cases with agreement of original
histotype with COSPv2 prediction) to which cases
from the Calgary HGSC and LGSC cohort (14)
(N = 95) and the Nordic Network of Gynecopathol-
ogists cohort (8) (N = 54) were added. The purpose
of this third cohort was to generate a refined COSP
model: COSPv2a, and the cohort was therefore
named the COSPv2a-generating cohort.

IHC and Refinement to COSPv2

For the current study, the most useful and stable
IHC markers were selected. As opposed to the
previous 10-marker COSPv2,(16) 2 markers (DKK1
and MDM2) were removed for reasons of antibody
discontinuation (DKKI1, an EC marker) and low
expression level (MDM?2, a CCC marker). This left
an 8-marker THC panel for COSPv2a generation:
WTI1, TP53 (p53), CDKN2A (pl16), HNF1B, PGR
(PR), TFF3, ARIDI1A, and VIM (Vimentin). Central
standardized and automated IHC stains were per-
formed for the COEUR and AOVT cohort and for
348 (253+95)/784 (44%) cases from the COSPv2a-
generating cohort that were restained under the same
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conditions (Table, Supplemental Digital Content 1,
http://links.lww.com/IJGP/A32). A total of 426
(372+ 54) cases from the COSPv2a-generating cohort
were not available for central restaining, and
previously published data were used. Hence, data
for 56% of the COSPv2a-generating cohort pertain-
ing to 5 IHC markers (WT1, TP53, CDKN2A, PGR,
VIM) were derived from a different IHC platform
than for the COEUR and AOVT cohort. New and
restains were scored by a single pathologist (M.K. or
P.R.)) on TMA glass slides at 20 x according to
criteria listed in Supplemental Digital Content 1
(http://links.lww.com/IJGP/A32). NAPSA (Napsin
A) was added during the study period for available
TMAs and replaced HNF1B in the second part of the
study.

Arbitration: a Biomarker-assisted Review

Cases with discordant original and predicted
histotypes from the COEUR and AOVT cohort were
subjected to a biomarker-assisted review. Arbitration
by a gynecological pathologist (M.K.) involved a
morphologic review of at least 1 representative full
hematoxylin and eosin section of the tumor with a
knowledge of COSPv2a prediction and an individual
biomarker profile.

Arbitration: Targeted Gene Panel Sequencing Analysis

To support arbitration by the molecular reference,
a subset of reclassified cases was subjected to targeted
sequencing. For each case, tissue cores (0.6 mm)
containing histologically viable tumor were obtained
from FFPE blocks. DNA was extracted from the
tissue cores using the Qiagen FFPE DNA extraction
kit on the basis of the manufacturer’s protocols. We
performed targeting sequencing analysis using the
Illumina custom TruSeq amplicon panel to detect
mutations in 28 genes previously implicated in
ovarian neoplasms. These included the full coding
regions of AKTI, ARIDIA, BRCAI, BRCA2,
FBXW7, FGFR2, JAKI, KRAS, MLHI, MSH?2,
MSH6, NRAS, PIK3CA, PIK3RI, PIK3R2, PMS2,
POLE, PPP2RIA, PTEN, RNF43, RPL22, SMAR-
CA4, STKI11, SPOP, TP53, and in selected exons in
FOXL2 (exon 1), CTNNBI (exon 3), and BRAF
(exon 15). The Illumina custom TruSeq amplicon
panel was designed using Illumina’s DesignStudio
and included 1173 amplicons (175 bp) that cover 98%
of the targeted exons. Custom amplicon libraries
were prepared starting with 250 ng of the FFPE DNA
as per Ilumina’s Custom TruSeq Library Preparation
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protocol. Before pooling, normalization was per-
formed by quantifying individual libraries using the
Qubit fluorometer, and then pooled on the basis of
equal concentrations. Library pools were then
quantitated for amplifiable libraries using the Kapa
Biosystems FAST qPCR SYBR quantification kit on
the basis of the manufacturer’s protocols. Pooled
TruSeq libraries were sequenced using the Illumina
MiSeq wusing 300 cycle V2 kits. Analysis was
performed using the Miseq Reporter and somatic
variant caller 3.2.3.0. Known single-nucleotide poly-
morphisms were excluded and only nonsynonymous
mutations passing the quality filter with at least a
10% variant allele frequency were further evaluated.
These mutations were checked manually in bam files
using an Integrated Genome Viewer, and validated
orthogonally by direct Sanger sequencing using
primer sets that target the regions containing the
mutations.

Statistical Analysis

A nominal logistic regression model was used to
generate prediction equations, as described previously
(15), with an 8-marker THC input on the COSPv2a-
generating cohort using JMP version 11.0 (SAS
Institute, Cary, NC). For model predictions, a receiver
operator characteristic area under the curve was
calculated for each histologic type category. The model
predictions were then applied to the COEUR and
AOVT cohort. To evaluate histologic-type assessments
with the overall survival, survival curves were generated
using the Kaplan—-Meier method and compared with
the log-rank test. Two IHC algorithms were con-
structed using the %*> Automatic Interaction Detection
(CHAID) method using SPSS, version 20, and recursive
partitioning using JMP version 12.0 (SAS Institute).
CHAID allowed a random split into equal training and
testing sets. IHC results served as the independent
variables, and the reclassified histotype served as the
dependent variable. A P-value of <0.05 was required
to split each node. A two-sided Fisher exact test or the
Pearson x> test was used, where appropriate, to
compare contingency tables. Significance values were
considered <0.05 and adjusted using the Bonferroni
method where appropriate.

RESULTS

Biomarker-assisted Reclassification
Clinicopathologic parameters of the cohorts are
depicted in Table 1. The AOVT cohort was enriched

TABLE 1. Characteristics of the study cohorts

COSPv2a COEUR AOVT

N 784 1099 527
Age (yr)

Mean (range) 61.2 (25-99) 59.5 (19-91) 56.8 (24-95)
Year of diagnosis

Range 1995-2013 1992-2013 1978-2011
Original histotype [n (%)]

HGSC 549 (70) 813 (74) 79 (15)

EC 87 (11) 121 (11) 182 (35)

CCC 76 (10) 96 (9) 167 (32)

MC 22 (3) 61 (6) 99 (19)

LGSC 50 (6) 8 (0.01) 0
Stage [n (%)]

I/11 190 (27) 232 (30) 350 (66)

11V 531 (73) 737 (70) 139 (34)

Missing 63 39 37

AOVT indicates Alberta Ovarian Types cohort; CCC, clear cell
carcinoma; COEUR, Canadian Ovarian Experimental Unified
Resource Cohort; COSPv2, Calculator for Ovarian Carcinoma
Subtype Probability version 2a generating cohort; EC, endome-
trioid carcinoma; HGSC, high-grade serous carcinoma; LGSC,
low-grade serous carcinoma based on histology; MC, mucinous
carcinoma.

for EC, CCC, and MC. Therefore, the patients are
significantly younger and more likely diagnosed at
Stages I/II. The COEUR and AOVT cohort was
subjected to COSPv2a, a histotype prediction model
based on an 8§ THC marker input derived from the
COSPv2a-generating cohort. Figure 1 shows the
reclassification for COEUR. The results for AOVT
were similar (Supplemental Digital Content 2, http://
links.lww.com/IJGP/A33). For COEUR, the CO-
SPv2a prediction agreed with the original type in
81% of the cases. In 7%, no prediction could be
generated due to incomplete data because the model
requires data on all 8§ markers. There was no
agreement in 12% of the cases. Cases with no
agreement or no prediction were subjected to
arbitration.

Arbitration

For COEUR, 22 cases (1%) were excluded because
these could not be assigned to one of the 5 major
histotypes. The initial arbitration (biomarker-assisted
review) reclassified the histotype in 72 cases. The
most common revisions were original EC to HGSC
and vice versa (N = 29 and 8, respectively), original
HGSC to LGSC and vice versa (N = 13 and 3), and
original HGSC to CCC and vice versa (N = 7 and 1).

Cases in the 2 largest reclassified groups EC to
HGSC (N =29) and HGSC to EC (N = 8) were
subjected to targeted sequencing of genes that are
known to be recurrently mutated in HGSC and
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v
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FIG. 1. The study flow chart. (A): the first reclassification part of
the study was performed on the Canadian Ovarian Experimental
Unified Resource (COEUR) cohort and the Alberta Ovarian
Tumor Type cohort (AOVT, not shown). The previously reclassi-
fied Calculator of Ovarian Subtype Probability (COSP) prediction
version 2a-generating (COSPv2a-generating) cohort was used to
generate a histotype prediction using the categorical input from 8
immunohistochemistry (IHC) markers. (B) cohorts used and
exclusion criteria for the second part of the study (IHC algorithm
development). NAPSA indicates Napsin A.

EC (22,23). Three cases were excluded from our
analysis because of a poor DNA read quality. Of the
34 tumor samples with DNA of sufficient quality,
there was an average of 980-fold coverage per
amplicon, and 92.3% of the amplicons had a median
coverage of at least 50-fold. In 6 cases, no mutations
were detected, including 2 HGSC with abnormal
TP53 THC. In a previous study, we were able to
detect TP53 mutations in all HGSC that showed
abnormal TP53 THC either by reanalysis or rese-
quencing. Therefore, the absence of TP53 mutations
with an abnormal TP53 THC was not used as
evidence against HGSC. In 3 cases of reclassified
HGSC with either TP53 mutation or BRCAI
mutation, additional mutations were found that are
rare in HGSC, but common in other types (RNF43,
MSH?2, RPL22). Taken together, in these 12 cases,
sequencing did not provide sufficient evidence to
change the IHC-supported review. The mutational
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profile in the remaining 25 cases suggested either an
HGSC or an EC-like profile. An HGSC-like profile
was defined as showing 7P53 mutation with or
without BRCAI or 2 mutation in the absence of EC-
like mutations. EC-like mutations were defined as
one or more mutations of CTNNBI, PIK3CA,
ARIDIA, KRAS, or PTEN with or without a
concurrent 7P53 mutation (22,24). Sequencing con-
firmed reclassification in 20 instances (16 EC to
HGSC and 4 EC to HGSC), but refuted the
reclassification from EC to HGSC in 5 instances,
thus decreasing the number of reclassified diagnoses
from original EC to HGSC to N = 24 (Fig. 2).

The disease-specific survival of reclassified EC to
HGSC was compared with the reference group of EC
and HGSC. Although there was a significant differ-
ence for disease-specific survival between HGSC and
reclassified EC to HGSC (hazard ratio = 1.81; 95%
confidence interval, 1.10-3.25, P = 0.017), the differ-
ence was larger between EC and reclassified EC to
HGSC (hazard ratio = 3.57, 95% confidence inter-
val, 1.89-6.34, P = 0.0002) (Fig. 3). The frequency of
biomarker expression in reclassified EC to HGSC
was similar to HGSC, with the exception of PGR,
which with 73% is higher than expected for HGSC.
Sixteen of the 24 (66%) reclassified EC to HGSC
were Grade 3, 7 cases Grade 2, and 1 case Grade 1.
The reclassification decreased the proportion of
Grade 3 EC from 29% in the original diagnosis to
20% after reclassification. The 8 cases reclassified
from HGSC to EC were either Grade 2 or Grade 3.

After arbitration using a combination of bio-
marker-assisted review and next-generation sequenc-
ing, the histotype was reclassified in 67 (6%)
cases (Table 2). Confirmation rates were the highest
for CCC (96.9%), followed by MC (96.3%), and
HGSC (94.2%), but lower for EC (76.7%) and LGSC
(50%); however, there were only N = 8 original
diagnosed LGSC in the COEUR cohort. Results
for AOVT were highly similar [the histotype was
reclassified in 18 cases (3%, 2 excluded)]. Although
the confirmations rate for EC was higher at 95.6%,
reclassification between HGSC and EC remained the
highest (12/20, Supplemental Digital Content 2,
http://links.lww.com/IJGP/A33).

Development of IHC Algorithms

With the new reclassified histotype as the endpoint,
we developed several THC-based prediction models
using different numbers of marker as the input,
applying 3 statistical methods. Data from all cohorts
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were combined. Only cases with complete data for 8
IHC markers (WT1, TP53, CDKN2A, PGR, TFF3,
NAPSA, ARIDI1A, and VIM) were included. Further,
cases with missing NAPSA data or duplicates across
the cohorts were excluded (Fig. 1). During the study
period, available TMA were stained with NAPSA, a
CCC marker previously shown to have a high
sensitivity and specificity for CCC (25). Compared with
HNF1B, NAPSA had a similar sensitivity for CCC
(91.9%-90.8%, respectively), but a better specificity,
particularly with respect to MC (97.0%-59.7%).
Therefore, we replaced HNF1B with NAPSA.

First we used a nominal logistic regression model,
which required the 8-marker panel described above. A
total of 1641 out of 1762 cases were classified correctly
(confusion matrix in Figure, Supplemental Digital
Content 3, http://links.lww.com/IJGP/A34). The over-
all accuracy was 93.1%. This logistic regression model
represents a further refinement of COSP: COSPv3.
Receiver operator characteristic values by the histotype
of COSPv3 are shown in Supplemental Digital Content
5 (http://links.Iww.com/IJGP/A36). In comparison, a
recursive partitioning model with 8 splits classified
1601/1762 (90.9%) cases correctly, similar to a recursive
partitioning model with 6 splits that classified 1600/
1762 cases correctly (90.8%, Figure, Supplemental
Digital Content 3, http://links.lww.com/IJGP/A34).
This model requires a 6-marker panel consisting of
WTI, TP53, NAPSA, CDKN2A, PGR, and TFF3. A
recursive partitioning model with only 4 splits classified
1559/1762 cases correctly (88.5%). It requires a 4-
marker panel consisting of WTI1, TP53, NAPSA/
Napsin A, and PGR/PR. To minimize cohort selection
bias and prevent model overfitting, we also used split-
sample validation, which assigned roughly half of the
cases to a new training set randomly and the other half
of the cases to a new test set using an alternative
statistical approach (the CHAID method). CHAID
yielded exactly the same decision tree on the basis of the
4-marker panel consisting of WT1, TP53, NAPSA, and
PGR (Fig. 4), with an overall accuracy of 88.5%. The
overall accuracy for the new test set was 87.2%
(Supplemental  Digital Content 6, http://links.
Iww.com/IJGP/A37). Using this 4-marker panel,
Figure 4 shows that THC has a high specificity or
sensitivity in certain scenarios. For example, a combi-
nation of WT1 expression with abnormal p53 staining
is highly specific for HGSC, with only 6 cases with
other histotype diagnoses showing this profile, as seen
in Node 6 in Figure 4. A combination of WTI
expression with wild-type p53 staining is sensitive for
LGSC with only 1 LGSC showing an IHC profile

outside Node 5 in Figure 4. However, LGSC barely
represents the majority of the cases in Node 5, and is
therefore not very specific.

Because of the difference in histotypes in the stage
distribution, the pretest likelihood of a certain histotype
differs if the stage is known. We performed additional
recursive partitioning stratified by Stages I/II against
III/TV using a 6-marker input. The result for Stages I11/
IV is identical with that for all stages. In Stage I/II,
NAPSA becomes the first split, followed by WTT1 in the
NAPSA-negative arm and PR in the NAPSA-positive
arm (Figure, Supplemental Digital Content 3, http://
links.lww.com/IJGP/A34).

The Biomarker Expression Frequency

The frequency of biomarker expression by the
reclassified histotype is shown in Table 3. Because of
analytic and cohort selection differences between
COSPv2a-generating and COEUR and AOVT cohorts,
we show the marker expression comparing both as well
as for all cases combined. After adjusting for multiple
testing, TP53, PGR, and VIM show significantly
different frequencies within HGSC and VIM within
EC, comparing the COSPv2a-generating and the
COEUR and AOVT cohorts. As HGSC represents
the group with the largest case numbers, smaller P-
values can be expected and absolute differences are
more important. The PGR expression for HGSC was
higher by 9% in the COEUR and AOVT cohort
compared with the COSPv2a-generating cohort, as was
5% for TP53. For 2 of the 4 markers, which were
stained on different platforms, we performed a head-to-
head platform comparison in a subset of cases. Both
platforms performed similarly for PGR and TP53
(Table, Supplemental Digital Content 7, http://links.
lww.com/IJGP/A38), suggesting that the difference for
PGR and TP53 staining between the COSPv2a-
generating and the COEUR and AOVT cohorts is a
reflection of preanalytic factors intrinsic to the cohorts
rather than analytic factors related to the IHC
platform. The most problematic biomarker is VIM,
showing a variation of 8% in HGSC to 22% in EC
across cohorts, which compares unfavorably with
CDKN2A, which shows a 1% and 3% difference in
HGSC and EC, respectively.

DISCUSSION

In previous studies, we identified the most useful IHC
markers (COSP, COSPv2) for histologic typing (15,16);
however, the requirement for up to 10 IHC markers,

Int J Gynecol Pathol Vol. 35, No. 5, September 2016


http://links.lww.com/IJGP/A34
http://links.lww.com/IJGP/A36
http://links.lww.com/IJGP/A34
http://links.lww.com/IJGP/A37
http://links.lww.com/IJGP/A37
http://links.lww.com/IJGP/A34
http://links.lww.com/IJGP/A34
http://links.lww.com/IJGP/A38
http://links.lww.com/IJGP/A38

436 M. KOBEL ET AL.

AT o ' e . R
A ¥ N LR AN AT e 0 2 Rl T L e e 3 L T L )

FIG. 2. Challenging cases between endometrioid (EC) and high-grade serous carcinoma (HGSC). The smaller insets beside the hematoxylin
and eosin staining indicate corresponding WT1 (upper) and TP53 (lower) staining. All cases, except (A), showed the presence of WT1 and
abnormal TP53 expression. (A) EC (Grade 3) reclassified from HGSC on the basis of a biomarker-assisted review (the absence of WT1) and
the morphology showing a solid neoplasm (upper right) with squamoid features (lower left). (B) HGSC reclassified from the EC-based
biomarker-assisted review (the presence of WT1 and abnormal TP53 expression without specific features for EC, i.e. the absence of low-grade
nuclear atypia and squamous or mucinous differentiation). (C) EC (Grade 1) with weak WT1 and abnormal TP53 expression that was not
reclassified by a biomarker-assisted review due to the presence of low-grade nuclear atypia and mucinous differentiation. (D) EC (Grade 2,
ATiM693 in Tab. S3) with WT1 and an abnormal TP53 expression and a similar morphology compared with (C), which was reclassified to
HGSC by a biomarker-assisted review, but sequencing refuted the reclassification. Concurrent 7P53/PIK3CA mutations favor EC. (E) EC
(Grade 3) with WT1 and abnormal TP53 expression that was not reclassified by the biomarker-assisted review due to the presence of low-
grade nuclear atypia and squamous differentiation. (F) EC (Grade 3, ATiM322 in Tab. S3) with WT1 and abnormal TP53 expression and a
similar morphology compared with (E), which was reclassified to HGSC by the biomarker-assisted review, but sequencing refuted the
reclassification. Concurrent TP53/PIK3CA mutations favor EC.

some of which used antibodies that were not widely
available, precluded their implementation in daily
pathology practice. Here, we present statistically
robustly validated IHC algorithms for typing of ovarian
carcinomas in the form of a hierarchical decision tree,
which is more relevant to human decision making.
Most pathology laboratories have the minimal 4-
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marker IHC marker panel (WT1, TP53, NAPSA, and
PGR) available. Alternatively, we also provide a new
COSP prediction formula, which is a refined version 3
(COSPv3), and is now based on 8§ IHC markers (WT1,
TP53, CDKN2A, NAPSA, PGR, TFF3, ARIDIA,
VIM), which is also more feasible for cohort reclassi-
fication for research purposes.
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FIG. 3. The Kaplan-Meier survival analysis for reclassified
endometrioid carcinoma to high-grade serous carcinoma (EC to
HGSC, N = 31) from the Canadian Ovarian Experimental Unified
Resource and the Alberta Ovarian Tumor Type cohort in
comparison with reference EC (N = 262) and HGSC (N = 802)
with available outcome data. EC indicates endometrioid carcino-
ma; HGSC, high-grade serous carcinoma.

The overall accuracy of the IHC-based classifica-
tion ranges from 87% to 93% depending on the
number of input markers (4-8, respectively) and the
statistical model. A minimal panel of 4 markers
already achieves 87% accuracy. A 6-marker panel
increased the accuracy to 91% due to deeper splits,
including CDKN2A and TFF3 to increase the
identification of LGSC and MC, respectively. With
an 8-marker panel and the nominal logistic regression
model, there is only a slight increase by another 2%.
Although the morphology and the expected THC
profile are concordant in the majority of the ovarian
carcinomas, there is a subset of 7% to 13% cases
where this is not the case. This discrepancy can be
caused by an THC assay error, a morphology error,
or a true aberrant IHC phenotype. IHC assay error
can occur due to the use of TMAs, limiting the
sensitivity when the antigen is expressed only focally.

Although the use of a full section may increase the
sensitivity, this may or may not come at a cost of
reduced specificity. For example, the sensitivity of
NAPSA for CCC in our TMA study was 92%
compared with 100% in the study using full sections.
However, the specificity for CC against EC was
slightly better on TMAs (92%) compared with that
reported from full section (90%), perhaps due to the
larger number of cases in this study (25). The 3 most
important IHC markers (WT1, TP53, NAPSA) were
recently a part of the Canadian Interlaboratory
Immunohistochemistry Quality Control run 42 (26).
Whereas WT1 and NAPSA performed very well with
error rates of <1% and 4%, respectively, TP53
showed an error rate of 9%, indicating the need for
further optimization across pathology laboratories.
Discrepancy can also result from errors in mor-
phologic assessment, which is subjective. In the first
part of the study, we reclassified the histotype using
IHC information and then we compared the THC-
reclassified histotype with the IHC profile. There is a
danger of circular reasoning. To address this, we
subjected the largest reclassified group (EC to HGSC
and vice versa) to targeted sequencing. However, in
32% of the cases, sequencing was not used in the final
typing due to reasons including poor DNA quality,
no mutation detected, or mutation detected but
difficult to interpret. This shows the limitations of
current targeted sequencing panels for classification
purposes if a significant subset remains uninforma-
tive. Although the mutational profile supported the
reclassification in 80% of the informative cases, it
refuted it in 20%, which suggests additional value of
the mutational status in cases with a discordant
morphology and IHC profile. As additional support
for the validity of reclassifying a large group of EC to
HGSC, we noticed that the outcome of reclassified
EC to HGSC is very different from the reference EC.

TABLE 2. Pair-wise agreement of the original histotype and the revised histotype after arbitration for COEUR

Revised histotype

HGSC EC CCC MC LGSC Other Original histotype total Concordance rate (%)

K (95% CI)

Original histotype

HGSC 766 12 7 1 12 19
EC 24 92 0 4 0 1
CCC 1 0 93 0 0 2
MC 2 0 0 59 0 0
LGSC 3 1 0 0 4 0
Revised histotype total 796 101 100 64 16 22

813 94.2 0.864 (0.832-897)
120 76.7
96 96.9
61 96.3
8 50.0
1099 91.9

CCC indicates clear-cell carcinoma; CI, confidence interval; COEUR, Canadian Ovarian Experimental Unified Resource Cohort; EC,
endometrioid carcinoma; HGSC, high-grade serous carcinoma; K, k agreement; LGSC, low-grade serous carcinoma; MC, mucinous

carcinoma.
Boldface indicates cases with agreement.
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FIG. 4. The four-marker x> Automatic Interaction Detection (CHAID)-based immunohistochemistry (IHC) algorithm. Examples of images
of IHC marker expression are included. TP53 abnormal is characterized by 2 patterns: diffuse overexpression and complete absence (note
internal control in the latter). NAPSA expression shows granular cytoplasmic staining. CCC indicates clear cell carcinoma; EC, endometrioid
carcinoma; HGSC, high-grade serous carcinoma; LGSC, low-grade serous carcinoma; MC, mucinous carcinoma; NAPSA, Napsin A.

Although their outcome is worse than the reference
EC, the reclassified cases also do not overlap with the
reference HGSC. One explanation is that these
represent HGSC with a higher PGR expression,
which occur in a subset of HGSC associated with a
favorable outcome, (27) and this subset could be
particularly prone to misclassification as EC. The
overall confirmation rate of 92% for COEUR and
96% for AOVT compares favorably with prior
reports (16,17). The difference is that the current
cases were already contemporarily reviewed with the
full slide set available for AOVT and 1 representative
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slide for COEUR. However, results show that even in
reviewed series, IHC algorithms can refine the
histotype in 4% to 8% of the cases and that the
most challenging scenario remains HGSC against
EC, particularly involving Grade 2/3 cases.

There are several considerations for practical
purposes. The presence of WT1 and abnormal TP53
expression was detected in 906 out of 987 (91.7%)
HGSC. Only 8 of out 912 cases (1%) showing this
combination were histotypes other than HGSC,
including 5 EC. A diagnosis of a carcinoma other
than HGSC in the presence of WTI positivity and
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TABLE 3. The frequency of the marker expression % across revised histotypes

HGSC EC CCC MC LGSC
COEUR/ COEUR/ COEUR/ COEUR/ COEUR/
COSPv2  AOVT All COSPv2 AOVT All COSPv2 AOVT All COSPv2 AOVT All COSPv2 AOVT All
Markers (N =549) (N=2818) (N=1367) (N=287) (N=269) (N=35) (N=76) (N=246) (N=1322) (N=22) (N=141) (N=162) (N=50) (N=17) (N=67)
WTI1, 95.6 97.5 96.7 6.9 11.2 10.1 1.3 0.8 0.9 0 0.7 0.6 98.0 100 98.4
positive P =0.063 P =10.30 P =0.53 P=1.00 P =1.00
P=10.50 P=1.00 P =1.00 P =1.00 P =1.00
TP53, 90.9 96.0 93.9 17.2 14.2 14.9 13.2 114 11.8 50.0 62.3 61.3 0 0 0
aberrant P =0.0002 P =049 P =0.68 P =025 NA
P =0.0016 P=1.00 P =1.00 P =1.00
CDKN2A, 64.3 65.6 65.1 10.3 7.5 8.2 7.9 20.1 17.2 4.6 11.0 10.0 4.1 0 3.1
block P=0.64 P=0.738 P=0.014 P=0.70 P=1.00
P=1.00 P=1.00 P=0.11 P =1.00 P=1.00
Napsin A 1.3 2.0 1.5 5.4 8.6 8.2 91.5 91.8 91.8 7.7 3.0 34 0 0 0
P=0.55 P=0.75 P=1.00 P =037 NA
P =1.00 P =1.00 P =1.00 P =1.00
TFF3, 0.7 2.0 1.5 36.8 37.3 37.2 0 0 0 81.8 84.7 84.3 6.0 0 4.6
diffuse P =10.070 P=1.00 NA P=0.75 P =1.00
P =0.56 P =1.00 P =1.00 P =1.00
PR, 31.0 40.5 36.6 77.0 87.2 84.7 3.9 8.2 7.2 0 44 3.8 57.1 59.2 58.7
positive P =0.0004 P =0.026 P =10.30 P =1.00 P =1.00
P =0.0032 P =021 P =1.00 P=1.00 P =1.00
ARIDIA, 1.5 1.2 1.3 26.4 214 22.7 51.3 38.3 41.4 4.6 3.0 3.2 8.2 0 6.2
absent P =0.81 P=0.38 P = 0.046 P =1.00 P =1.00
P =1.00 P =1.00 P=0.37 P =1.00 P =1.00
Vimentin, 11.7 19.8 16.5 36.8 59.0 53.5 10.5 22.6 19.7 13.6 1.4 3.2 51.0 66.7 54.7
diffuse P <0.0001 P =0.0003 P =0.020 P =10.020 P=0.38
P<0.0001 P =0.0024 P=0.16 P=0.16 P=1.00

P-value Fisher exact test, 2-tailed comparing the COSPv2-generating cohort (COSPV2) and the COEUR and AOVT cohort (COEUR/AOVT) (raw P-value first line, P-value after
correction for multiple testing 8 tests per type using the Bonferroni method). Duplicate and potentially duplicate cases across cohorts were excluded.

AOVT indicates Alberta Ovarian Types cohort; CCC, clear cell carcinoma; COEUR, Canadian Ovarian Experimental Unified Resource Cohort; COSPv2, Calculator for Ovarian
Carcinoma Subtype Probability version 2a generating cohort; EC, endometrioid carcinoma; HGSC, high-grade serous carcinoma; LGSC, low-grade serous carcinoma based on
histology; MC, mucinous carcinoma.

Boldface indicates cases with agreement.
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abnormal TP53 expression seems unwise and has to
stand on sound morphologic grounds (low-grade
nuclear atypia in glandular or villoglandular architec-
ture with squamous or mucinous differentiation) or be
supported by other molecular evidence such as EC-like
mutations. The WT1 negativity rate in HGSC (3%)
has decreased remarkably from 20% before 2008 (1),
mostly due to the increased sensitivity of ITHC.
Although almost all CCC and MC remain WTI
negative, WT1 expression in EC has also increased
slightly from 4% (1) to 10% currently, which is similar
to another study (28). Notably, WT1-positive EC are
TP53 wild type and should therefore not be confused
with HGSC. Only 5% of the HGSC are TP53 wild
type by IHC. However, we have previously shown that
5% of the HGSC with the TP53 wild-type THC
pattern still contain the 7P53 mutation in a different
series because not all 7P53 mutations alter the
expression of the protein (29). These tumors are
particularly challenging with respect to the differential
diagnosis of LGSC, which share the same WTI-
positive/TP53 wild-type IHC profile. A diagnosis of
LGSC should be rethought if the tumor is WTI
negative or TP53 abnormal. Ninety-two percent of the
CCC express NAPSA. Expression can be focal and
there may be a small subset of NAPSA-negative CCC.
The diagnosis of a NAPSA-negative CCC seems
acceptable if the morphology is typical, and other
evidence for HGSC (WT1 and TP53) or EC (PR) are
lacking. MC wusually do not cause problems on
morphologic grounds when abundantly sampled and
the associated precursor is present. However, there can
be architectural and cytologic overlap with EC. PR
(similarly, also ER, personal observations, M. K&bel,
2016) and TFF3, if available, discriminate most cases.
Notably, MC show abnormal TP53 expression in 50%
of the cases and higher-grade, “mucin-poor” MC may
be confused with HGSC; however, WT1 (and rarely
ER, personal observations) will not be expressed in MC.
In summary, cases with unusual THC profiles are
interesting groups to study for classification purposes,
and perhaps additional molecular markers will help in
these situations.

THC is a robust adjunct tool for the subclassifica-
tion of ovarian carcinomas. We observed a relatively
narrow expression range across cohorts with some
exceptions. These can be attributed to preanalytical
issues with a variable tissue quality because the range
in tissue age was 32yr (oldest specimen from 1978)
and/or to postanalytical factors (intraobserver repro-
ducibility for VIM). Analytical factors do not play a
major role in the differences observed.

Int J Gynecol Pathol Vol. 35, No. 5, September 2016

The presented IHC algorithms may be of use to
practicing pathologists and researchers. An error rate
of approximately 10% does not allow the use of IHC
as a stand-alone, but supports its continued use as an
adjunct in daily practice. In conjunction with
morphology, the IHC algorithm developed has the
power to improve interobserver reproducibility of
histotype diagnosis. It can also be used to reclassify
retrospective cohorts. For example, studies on CCC
may be required to show that they are WT1 negative
and NAPSA positive. This tool could also be
considered to help select patients for histotype-
specific clinical trials.
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