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HER2 is an established therapeutic biomarker in advanced or recurrent endometrial serous carcinoma. Current clinical guidelines
recommend HER2 testing exclusively in this endometrial carcinoma (EC) subtype; however, the full spectrum of ECs harboring HER2
amplification remains ill-defined. The present study characterizes the clinicopathologic and molecular features of HER2-amplified
ECs across all histologic subtypes. Retrospective analysis of our institutional cohort of 2,042 ECs subjected to targeted clinical
massively parallel sequencing identified 77 (3.8%) cases with HER2 amplification, a group comprised of serous (n= 29),
endometrioid (low-grade, n= 2, high-grade, n= 1) and clear cell (n= 4) carcinomas, carcinosarcomas (n= 18) and high-grade ECs
with ambiguous features (HGEC, n= 23). A co-existing TP53 mutation was identified in 94% (72/77) of HER2-amplified ECs. Other
recurrent genetic alterations included amplification of CCNE1 (22%) and ERBB3 (10%), FBXW7 mutations or deletions (13%), and
mutations in PIK3CA (40%) and PPP2R1A (13%). The HER2 immunohistochemistry score was 2+ or 3+ for all evaluable cases (n=
61). Apart from carcinosarcomas, which often showed lower HER2 expression, particularly in the sarcomatous component, HER2
immunohistochemical staining pattern and intensity were similar across EC subtypes. Intratumor heterogeneity in HER2 expression
was common and correlated with genetic heterogeneity as detected by fluorescence in-situ hybridization. These results
demonstrate the frequent co-occurrence of HER2 amplification with TP53 mutation and high-grade histology, rather than being
specific to serous carcinoma, per se. Overall, these findings suggest that HER2 targeted therapy may be more broadly applicable to
all high-grade EC histotypes and consideration should be given to expanding therapeutic eligibility.

Modern Pathology (2022) 35:962–971; https://doi.org/10.1038/s41379-021-00997-2

INTRODUCTION
Endometrial carcinoma (EC) is the most common gynecologic
malignancy and is traditionally subclassified based on histomor-
phology. Endometrioid, serous, and clear cell carcinomas con-
stitute the major epithelial subtypes. Carcinosarcoma is also
considered a form of EC that has undergone sarcomatous
transformation. It is not uncommon, particularly in high-grade
tumors, to encounter overlapping histologic features between
various subtypes, and considerable interobserver variability in
subtype classification of high-grade ECs is well-documented1.
Nevertheless, genetic analyses have identified associations
between tumor histology and underlying somatic genetic altera-
tions. Early studies, later confirmed by The Cancer Genome Atlas,
have established endometrial serous carcinomas to be character-
ized by TP53 mutation and high frequency of HER2 amplification,
in contrast to endometrioid carcinomas, which are often driven by
PTEN loss2–6.
Human epidermal growth factor receptor 2 (HER2), a trans-

membrane tyrosine kinase receptor, is encoded by ERBB2 (HER2),
located on 17q127. HER2 amplification leads to overexpression of
the gene and is correlated with poor prognosis in several tumor
types, including breast8, gastroesophageal9, and ECs10. HER2

targeted therapies, including the monoclonal antibody trastuzu-
mab, have become the mainstay in the treatment of patients with
HER2-positive breast and gastroesophageal tumors11. A rando-
mized phase II study demonstrated progression-free and overall
survival benefit in patients with advanced stage or recurrent
HER2-overexpressing serous EC treated with carboplatin
paclitaxel-trastuzumab compared to patients treated with che-
motherapy alone, with the greatest benefit seen in stage III/IV
disease12. Based on this pivotal work, trastuzumab has been
incorporated into recent National Comprehensive Cancer Network
(NCCN) guidelines for treatment of advanced or recurrent serous
EC with HER2 overexpression/amplification13.
Given the clinical efficacy of anti-HER2 targeted therapy in

HER2-positive serous carcinoma, and the paucity of effective
treatment options currently available for high-grade EC, the
potential of extending this therapy to other types of EC is of great
interest. At our institution, the vast majority of ECs are subjected
to clinical next-generation sequencing (NGS) using the MSK-
Integrated Mutation Profiling of Actionable Cancer Targets (MSK-
IMPACT) assay14, presenting an unprecedented opportunity to
interrogate specific genetic alterations in a large cohort of ECs
encompassing all histologic subtypes. In this study, we conducted
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a retrospective analysis of ECs subjected to MSK-IMPACT to
characterize the clinicopathologic and molecular features asso-
ciated with HER2 amplification. Intratumor heterogeneity in HER2
expression and amplification were assessed by immunohisto-
chemistry (IHC) and fluorescence in-situ hybridization (FISH),
respectively.

MATERIALS AND METHODS
Case selection
This study was approved by the Institutional Review Board at Memorial
Sloan Kettering Cancer Center and written informed consent was obtained
from all patients. All ECs that underwent clinical FDA-authorized tumor-
normal targeted massively parallel sequencing analysis of up to 468
cancer-related genes by MSK-IMPACT14, from 2014 to 2019 were evaluated
(n= 2,042).
In addition to mutations, the MSK-IMPACT assay also provides an

assessment of genome-wide copy number14. All ECs with HER2 amplifica-
tion, defined by tumor/normal fold change (FC) ≥ 2.0 with P < 0.05, were
identified (n= 77), based on a prior study establishing optimal amplifica-
tion threshold criteria using MSK-IMPACT data from breast and gastro-
esophageal carcinomas15.

Morphologic review
Review of the original pathology reports and histomorphologic re-review
of representative slides were performed on all cases with HER2
amplification identified from the MSK-IMPACT database to confirm the
diagnosis. Slide review was performed by a subspecialty-trained gyneco-
logic pathologist (MHC) and discrepancies with the original rendered
diagnosis were confirmed with a second gynecologic pathologist (LHE).
Classification of tumor subtype was rendered using WHO 2020 criteria16,
and based primarily on histomorphology, and if applicable, immunohis-
tochemical stains performed at the time of original diagnosis. For high-
grade ECs, tumors with variable morphologic features overlapping
between the major subtypes (namely, endometrioid, serous and/or clear
cell carcinoma) were classified as high-grade EC with ambiguous features
(HGEC). The designation of “mixed carcinoma” was reserved for ECs with
spatially distinct components of different histotypes.
From pathology re-review, the tumor subtype was revised from original

reported diagnosis for 6 cases: carcinosarcoma to serous (n= 1, due to lack
of convincingsarcomatous component), endometrioid grade 2 to HGEC
(n= 2; both cases showing overlapping features between serous and
endometrioid carcinoma, and moderate-to-high grade nuclear atypia), and
mixed serous/endometrioid carcinoma to HGEC (n= 3, due to lack of
distinct spatial separation between morphologic components).

Ancillary testing for HER2 status
Of 77 ECs with HER2 amplification by MSK-IMPACT, HER2 IHC was
performed for 61, FISH results were available for 47 (n= 23 performed
specifically for this study; n= 24 previously reported for clinical manage-
ment) and 43 were analyzed by both IHC and FISH. Where possible, the
same tissue block used for NGS was used for IHC and/or FISH (see
Supplementary Table S1 for details).

Immunohistochemistry
HER2 immunohistochemical stains were performed (4B5, Ventana, Tucson,
AZ, USA) and HER2 IHC scores were assigned based on the percentage of
positive cells, staining intensity and membranous staining pattern (i.e.
incomplete, complete, basolateral/lateral), according to modified American
Society of Clinical Oncology (ASCO)/College of American Pathologists
(CAP) 2007 HER2 testing guidelines for breast cancer17,18. In brief, tumors
with intense complete or lateral/basolateral membranous HER2 immunos-
taining in more than 30% of tumor cells were assigned a 3+ score, and 2+
score was assigned when intense complete or lateral/basolateral
membrane staining was seen in ≤ 30%, or weak to moderate staining
in ≥ 10%, of tumor cells. These guidelines have been previously validated
for the assessment of HER2 IHC in EC, with high interobserver
reproducibility and demonstrated higher IHC-FISH concordance in EC
compared to the 2018 ASCO/CAP breast and 2016 ASCO/CAP gastric
criteria18–20. HER2 heterogeneity by IHC was defined by the presence of at
least two-degree difference in staining intensity (0 vs 2+, 1+ vs 3+, or 0 vs
3+) involving at least 5% of tumor cells.

Immunohistochemical staining for p53 (DO-7, Ventana, AZ) was
performed on tumors lacking somatic TP53 genetic alterations by MSK-
IMPACT and the expression pattern was interpreted as wildtype or
aberrant (diffuse overexpression or complete absence of expression), as
previously described21.

HER2 FISH
HER2 FISH was performed on 23 tumors with available archival tissue using
an FDA-approved HER2 dual-probe FISH assay [HER2 IQFISH pharmDx
(Dako, Glostrup, Denmark) or PathVysion HER2 DNA Probe Kit (Vysis,
Abbott Molecular, Des Plaines, IL, USA)]. HER2 (red) and chromosome
enumeration probe 17 (CEP17; green) signals were enumerated in at least
20 tumor cell nuclei by two independent observers (KAD, DSR). HER2
amplification by FISH was defined as HER2/CEP17 ratio of ≥ 2.0. The entire
section was assessed for heterogeneity both independently of and in
conjunction with HER2 immunohistochemical staining pattern. Areas with
low/absent HER2 immunohistochemical staining (0/1+) were scored
separately from areas with moderate/high intensity staining (2+ /3+) for
tumors in which these areas are spatially distinct. For cases in which spatial
separation of cells with variable HER2 expression was not feasible, an
overall FISH score was assigned.

RESULTS
Histologic subtypes of HER2-amplified ECs
Interrogation of 2,042 ECs identified 77 with HER2 amplification by
NGS using the MSK-IMPACT assay. For this subgroup, the median
age was 68 at time of pathologic diagnosis (range 54–86) and stage
distribution was as follows: I (n= 17, 22%), II (n= 4, 5%), III (n= 16,
21%), IV (n= 38, 49%), information not available (n= 2, 3%). Almost
all HER2-amplified ECs were high-grade (75/77, 97%, Fig. 1A–H),
comprised of serous (n= 29, 38%), clear cell (n= 4, 5%), endome-
trioid FIGO grade 3 (n= 1, 1%), HGEC (n= 20, 26%), carcinosarco-
mas (n= 18, 23%), and mixed carcinomas (n= 3, 4%, including
2 serous/endometrioid and 1 endometrioid/clear cell). The remain-
ing 2 (3%) cases were low-grade endometrioid carcinomas (grade 1,
n= 1; grade 2, n= 1). A serous or HGEC component was present in
most of the HER2-amplified carcinosarcomas (16/18, 89%); the
remaining 2 carcinosarcomas had yolk sac and clear cell carcinoma
components, respectively.
HER2 amplification was observed across serous, HGEC, carcino-

sarcoma and clear cell carcinomas at similar frequencies, ranging
from 6–14% (Table 1), but was rare in endometrioid carcinomas
(0.2%, all grades included) and absent in rare EC subtypes (0/13
undifferentiated/de-differentiated, mesonephric-like, and neu-
roendocrine carcinomas).

Molecular genetic landscape of HER2-amplified ECs
Somatic genetic alterations involving 468 cancer-related genes of
the MSK-IMPACT assay were interrogated in the 77 HER2-amplified
ECs (Fig. 2). The most striking finding was the high frequency of
TP53 mutation in this cohort (n= 72, 94%), irrespective of
histologic subtype. All of these were somatic mutations, except
for one case, in which the TP53 truncating mutation was germline
with loss-of-heterozygosity in tumor cells (HER2-27) and correlated
with complete absence of p53 expression by IHC. Of the 5 tumors
lacking TP53 genetic alterations, 2 harbored MDM2 amplification
(HER-28 and HER-77), and 1 had low tumor purity and low
sequencing reads (HER-29); only 2 of these (1 endometrioid and 1
clear cell carcinoma, out of 4 tumors with available tissue for IHC)
showed a definitive wildtype p53 expression pattern (Supplemen-
tary Table S2). After accounting for these cases, there is evidence
to support p53 dysfunction (TP53 mutation, aberrant p53
immunohistochemical staining pattern, and/or MDM2 amplifica-
tion) in a total of 75 of 77 (97%) cases.
Genetic alterations previously implicated in serous EC4,6,22,

including amplification of CCNE1 (n= 17, 22%), FBXW7 mutations
or deletions (n= 10, 13%), and PPP2R1A mutations (n= 10, 13%),
were also frequent, and not restricted to serous subtype.
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Interestingly, RB1 truncating mutations (n= 3, 4%) were only
present in carcinosarcomas. Mutations of genes associated
with endometrioid carcinoma5,6, namely, PTEN (n= 2, 3%), ARID1A
(n= 2, 3%) and CTNNB1 (0%), were rare in HER2-amplified ECs. Co-
amplification of other 17q genes, CDK12 (located at 17q12, same
band as HER2) and RARA (17q21.2), was present in 41 (53%) and 8
(10%) of cases, respectively. Other notable recurrent genetic
alterations included PIK3CA activating mutations (n= 31, 40%)
and ERBB3 amplification (n= 8, 10%), both of which have been
reported to impact the efficacy of anti-HER2 therapy in other
cancer types23,24.

HER2 IHC
Immunohistochemical analysis for HER2 expression was per-
formed on 61 of 77 (79%) ECs with HER2 amplification detected
by NGS (Table 2). Uniform, strong, diffuse membranous staining
throughout the tumor section was only observed in 16 (26%)
cases, whilst the majority exhibited heterogeneous HER2 expres-
sion (n= 45, 74%), with varying proportions of tumor cells
showing negative/weak, moderate, or strong intensity staining
(Fig. 3A-G). Applying the modified 2007 ASCO/CAP breast criteria
to our cohort, 28 (46%) ECs had a HER2 IHC score of 2+ and 33
(54%) had a score of 3+. There was a highly significant association
between the HER2 IHC score and the magnitude of gene
amplification quantified by NGS (HER2 IHC 2+, mean FC= 3.6
versus HER2 IHC 3+, mean FC= 8.6; p= 0.0005, Welch’s t-test,
two-tailed). Of note, applying a 10% threshold for assigning a
score of 3+ (per 2018 ASCO/CAP breast criteria and 2016 ASCO/
CAP gastric criteria), results in re-classification of 10 cases from 2+
to 3+ (Fig. 3G), and less separation in the degree of amplification
between 2+ and 3+ cases (HER2 IHC 2+, mean FC= 4.2 versus
HER2 IHC 3+, mean FC= 7.2; p= 0.04, Welch’s t-test, two-tailed).

Comparing the distribution of HER2 IHC scores across histologic
subtypes, there were significantly more cases with 2+ staining in
carcinosarcomas (carcinosarcomas: 13/17, 76% vs. other EC
subtypes: 15/44, 34%, p= 0.004, Fisher exact test). This was due
to both lower proportion of positive cells and intensity of staining
(in both carcinoma and sarcoma components). HER2 expression
tended to be restricted to the carcinoma component (Fig. 3E); of
12 cases with HER2 IHC evaluable on the sarcoma component, 6
were completely negative, and 6 showed weak to moderate
expression, which was typically focal (Table 3). HER2 IHC was
available on a few pure endometrioid (n= 1) and clear cell
carcinomas (n= 4), and while statistical comparisons are not
meaningful with such low numbers, there did not appear to be
any differences in the HER2 expression in these tumor types
compared to serous carcinomas (Fig. 3D). Furthermore, in
morphologically heterogeneous tumors containing a combination
of serous, endometrioid and/or clear cell carcinoma features
(including HGEC, epithelial components of carcinosarcomas, and
mixed ECs), there was no clear relationship between tumor
morphology and the extent or intensity of HER2 expression
(Fig. 3F).

HER2 FISH
To determine whether intratumor heterogeneity in HER2 expres-
sion was reflective of heterogeneity at the genetic level, HER2 FISH
was performed on a subset of 23 tumors (Table 4). From this
analysis, several common patterns of intratumor heterogeneity in
HER2 amplification were observed (Fig. 4A): 1. Homogenous, 2.
Near-homogenous (scattered non-amplified tumor cells present),
3. Heterogeneous—spatially distinct (previously termed “cluster”
amplification25), 4. Heterogeneous—admixture of tumor cells with
different degrees of amplification and non-amplified cells, 5.

Fig. 1 Histologic spectrum of endometrial carcinomas with HER2 amplification. Representative photomicrographs illustrating: (A, B) serous
carcinoma, (A) with papillary and (B) solid architecture; (C) carcinosarcoma, with serous carcinoma component; (D) clear cell carcinoma; (E)
low-grade endometrioid carcinoma; (F-H) high-grade endometrial carcinomas with ambiguous features (HGEC), (F) with serous and
endometrioid features (note areas of squamous differentiation); (G) with serous and clear cell features; and (H) HGEC as a component of
carcinosarcoma.
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Heterogeneous—scattered amplified tumor cells in a background
of non-amplified tumor cells (previously termed “mosaic”
pattern25).
Diffuse, strong 3+ HER2 expression by IHC correlated with

homogeneous HER2 amplification by FISH. However, subpopula-
tions of non-amplified cells were observed in tumors with
heterogeneous HER2 expression. For tumors with spatially distinct
areas that showed high HER2 expression (HER2high: 2+ /3+
staining) and low HER2 expression (HER2low: 0/1+ staining), FISH

demonstrated HER2 amplification, defined by HER2/CEP17 ratio
of ≥ 2.0, to be restricted to the HER2high areas (Fig. 4B–I).
Interestingly, in one case (HER2-61) of a Stage IA serous carcinoma
with an adjacent “intraepithelial carcinoma” component, HER2
amplification and overexpression was restricted to the more florid
papillary area, suggesting that HER2 may function as a driver of
tumor progression, but not necessary for the initiation of early
lesions (Fig. 4B–D).
Of 47 cases that underwent both NGS and FISH (n= 23

performed specifically for this study; n= 24 previously reported
for clinical management), 44 were positive for HER2 amplification
by both assays (Table 2). In 2 of the 3 discordant cases (HER2-30
and HER2-46), FISH demonstrated focal HER2-amplified cells, as
single cells or small clusters (i.e., “mosaic” amplification, Fig. 4E-F),
corresponding with overall HER2/CEP17 ratios of 1.4 and 1.8 (HER2
copy numbers of 3.4 and 4.3, respectively). The remaining case
(HER2-36) had an HER2/CEP17 ratio of 1.7 and HER2 copy number
of 3.8, as documented in the original diagnostic report. All 3 cases
had HER2 IHC scores of 2+, with tumor cells showing weak to
moderate staining only.

DISCUSSION
The advent of clinical NGS has enabled a cost-effective means to
evaluate multiple genetic biomarkers simultaneously and has
generated a wealth of tumor profiling data in large patient
cohorts. Detection of HER2 amplification by NGS has been shown
to be highly concordant with IHC and FISH in several tumor types,
including most recently, serous EC15,26. We identified HER2
amplification in 77 (3.8%) of 2,042 unselected ECs subjected to
tumor genetic profiling by MSK-IMPACT.
Most of the studies on HER2 in EC were restricted to serous

carcinomas, in which frequency of amplification ranged widely
(less than 5% to over 40%), possibly owing, at least in part, to
differences in composition of study cohorts and differences in

Fig. 2 Landscape of genetic alterations in HER2-amplified endometrial carcinomas. For clarity of presentation, only genes with pathogenic
or likely pathogenic alterations occuring in at least 3 cases or previously reported to be recurrently altered in endometrial carcinoma are
shown. CSRC carcinosarcoma, HGEC high-grade endometrial carcinoma with ambiguous features, IHC immunohistochemistry, FISH
fluorescence in-situ hybridization.

Table 1. Frequency of HER2 amplification across histologic subtypes
of endometrial carcinoma.

Tumor histologic
subtype

HER2
amplification (n)

Total
number
of
cases (n)

Frequency (%)

Serous 29 361 8.0

Endometrioid 3 1177 0.2

Clear cell 4 72 6

Carcinosarcoma 18 255 7.1

HGEC/Mixed 23 164 14

Other
(undifferentiated,
de-differentiated,
mesonephric-like,
neuroendocrine)

0 13 0

Only HER2-amplified cases (as detected by next-generation sequencing)
were subjected to secondary pathology review for confirmation of the
diagnosis. The total number of cases for each subtype was extracted from
our institutional database of all tumors subjected to next-generation
sequencing by MSK-IMPACT. HGEC – high-grade endometrial carcinoma
with ambiguous features.
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Table 2. HER2 status, by immunohistochemistry and FISH, stratified by histologic subtype.

Serous CSRC EM CCC HGEC Mixed Entire cohort

IHC n= 21 n= 17 n= 1 n= 4 n= 15 n= 3 n= 61

0/1+ 0 0 0 0 0 0 0 (0%)

2+ 8 13 1 2 3 1 28 (46%)

3+ 13 4 0 2 12 2 33 (54%)

FISHa n= 17 n= 13 n= 1 n= 3 n= 11 n= 2 n= 47

Positive 17 10 1 3 11 2 44 (94%)

Negative 0 3 0 0 0 0 3 (6%)
aIncludes results extracted from the pathology report (n= 24) in addition to FISH performed/reviewed specifically for this study (n= 23).
IHC immunohistochemistry, FISH fluorescence in situ hybridization, CSRC carcinosarcoma, EM endometrioid carcinoma, CCC clear cell carcinoma, HGEC high-
grade endometrial carcinoma with ambiguous features.

Fig. 3 HER2 immunohistochemical analysis of endometrial carcinomas with HER2 amplification. Representative areas with (A) weak,
incomplete membranous staining (1+); (B) moderate intensity basolateral/complete membranous staining (2+), juxtaposed with an area
showing 1+ staining; (C) diffuse, strong complete membranous staining (3+). HER2 expression is seen in non-serous endometrial carcinoma
subtypes, including (D) clear cell carcinoma, (E) carcinosarcoma, with loss of expression in the sarcomatous component, and (F) HGEC,
including areas showing endometrioid/squamoid differentiation. (G) Bar graph showing semi-quantitative estimates of the proportion of
tumor cells at different HER2 staining intensities for each evaluated case. Red asterisks mark cases with strong staining between 10–30% of
tumor cells, which would be given a HER2 IHC score of 2+ if using a 30% cutoff (2007 ASCO/CAP breast criteria), and 3+ if using a 10% cut-off
(2018 ASCO/CAP criteria). CSRC carcinosarcoma, HGEC high-grade endometrial carcinoma with ambiguous features.
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testing methods10,18,26–30. Studies using IHC as the primary testing
method followed by FISH testing of 2+ cases generally observed
HER2 positivity in the range of 20–40% of serous carcino-
mas10,18,28,29. It is notable that the HER2 amplification frequency
of 8% in serous carcinomas in our study is similar to the 9%
reported by Robinson et al. who also used a targeted NGS
approach26. Based on a prior study validating several cutoffs for
defining HER2 amplification using the MSK-IMPACT assay, we
chose a stringent FC ≥ 2.0 threshold in the present study to avoid
capturing false positives. Samples with low tumor purity may have
been missed, as high normal cell content would obscure signal
from the tumor cell fraction. Another potential contributing factor
to the relatively low frequency of HER2 amplification observed in
NGS studies relates to intratumor heterogeneity. While IHC and
FISH allow visualization of gene amplification at the single cell
level, NGS provides an aggregate measurement over a larger
tumor area and hence may not detect amplification when present
only within a minor subpopulation.
The retrospective analysis of a large cohort of ECs in the present

study enabled an unbiased interrogation of the frequency of HER2
amplification across tumor subtypes. While serous carcinomas
made up the single largest group of HER2-amplified ECs (38.5%),
our results are consistent with previous studies showing that this
genetic alteration can also be found in other EC subtypes10,28,31–33.
Importantly, almost all HER2-amplified ECs were of high-grade
histology. It is not uncommon for high-grade ECs to exhibit
ambiguous morphologic features overlapping between serous
and endometrioid or clear cell carcinomas. Close to 30% of HER2-
amplified cases were within this HGEC category, whereas only a
handful were pure endometrioid or clear cell carcinomas. In HGEC
tumors (and carcinosarcomas with a HGEC epithelial component),
areas with endometrioid or clear cell features exhibited similar

HER2 expression patterns as areas with more classic serous-like
morphology, suggesting that cell type is the not primary
determinant of HER2 status.
Regardless of histologic subtype classification, somatic genetic

alterations were similar across HER2-amplified ECs and resembled
the typical molecular profile of serous EC. Most striking was the
co-existing TP53 mutation in nearly all cases. In a previous study
from our institution, 17% of TP53-mutated ECs harbored HER2
amplification across histologic types31. Hence, while only a subset
of TP53-mutated ECs acquire HER2 amplification, it appears that
HER2 amplification generally only occurs in the setting of p53
dysregulation and is presumably a later event in tumor progres-
sion. Amplification of MDM2, a negative regulator of p53, in 2 of
the rare HER2-amplified ECs that lacked TP53 mutation further
support this contention.
From a treatment perspective, our molecular profiling analyses

uncovered a high frequency of genetic alterations, which may
potentially impact response to anti-HER2 targeted therapy. PIK3CA
activating mutations were frequent (40% of HER2-amplified ECs)
and are correlated with lower response rates to anti-HER2 therapy
in breast cancer23 and trastuzumab resistance in serous EC cell
lines34. Co-amplification of ERBB3, encoding HER3, was observed
in 10% of cases. The formation of HER2/HER3 heterodimers have
been implicated in trastuzumab resistance, and inhibitors of
heterodimerization, such as pertuzumab, may represent an
attractive therapeutic strategy in this setting24. The impact of
concurrent PIK3CA mutation or ERBB3 amplification on treatment
response to anti-HER2 therapy in HER2-amplified EC warrants
further investigation.
As histotyping of high-grade EC is hampered by suboptimal

interobserver reproducibility, our results are consistent with the
notion that current clinical guidelines recommending HER2

Table 3. HER2 immunohistochemical analysis in carcinosarcomas and mixed endometrial carcinomas by histologic component.

Case Histologic subtype HER2 IHC score by component Overall HER2 IHC Score

Carcinoma Sarcoma

HER2-30 CRSC 2+ 1+ 2+

HER2-31 CRSC 2+ 1+ 2+

HER2-33 CRSC 3+ NA 3+

HER2-34 CRSC NA 2+ 2+

HER2-35 CRSC 2+ 0 2+

HER2-36 CRSC 2+ NA 2+

HER2-37 CRSC 3+ NA 3+

HER2-38 CRSC 2+ 2+ 2+

HER2-39 CRSC 2+ 0 2+

HER2-40 CRSC 3+ 1+ 3+

HER2-41 CRSC 2+ 0 2+

HER2-42 CRSC 2+ NA 2+

HER2-43 CRSC 2+ 0 2+

HER2-44 CRSC NA 2+ 2+

HER2-45 CRSC 3+ 0 3+

HER2-46 CRSC 2+ NA 2+

HER2-47 CRSC 2+ /3+ 0 2+

Carcinoma #1 Carcinoma #2

HER2-68 Mixed Serous: 3+ EM: 3+ 3+

HER2-69 Mixed Serous: 3+ EM: 3+ 3+

HER2-70 Mixed CCC: 2+ EM: NA 2+

HER2 IHC was scored separately in each component and an overall score based on the cumulative assessment across the entire slide was also assigned.
CRSC carcinosarcoma, EM endometrioid carcinoma, CCC clear cell carcinoma, IHC immunohistochemistry, NA not applicable (i.e. not present on IHC-stained
slide).
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testing limited to serous carcinomas may be too restrictive. To
address the inherent shortcomings of histomorphology-based
subtyping, a molecular subclassification of EC has been proposed.
The Cancer Genome Atlas (TCGA) study of EC identified 4 distinct
molecular subgroups: (1) POLE, ultramutated; (2) microsatellite
instability-high (MSI), hypermutated; (3) copy number-high
(serous-like); and (4) copy number-low (endometrioid)6. To
implement this classification scheme into clinical practice, an
algorithm for assigning ECs to each subgroup has been proposed,
based on immunohistochemical analysis of p53 and MMR proteins
and DNA sequencing of the POLE exonuclease domain35. This
algorithm has demonstrated prognostic value in stratification of
ECs36, and using this algorithm, Vermij et al showed that HER2-
positive ECs were highly enriched in the p53-aberrant (corre-
sponding to the copy number-high) subgroup28. Our MSK-IMPACT
data showing HER2 amplification to be almost exclusive to

TP53-mutated ECs provide additional support for the proposal to
triage p53-aberrant ECs, identified by IHC, for HER2 testing.
All HER2-amplified ECs detected by MSK-IMPACT had complete

or basolateral membranous HER2 staining at moderate inten-
sity in ≥ 10% of cells, which corresponded to HER2 scores of 2+ or
3+. Consistent with prior studies, intratumor heterogeneity in
HER2 expression was common in EC and HER2 staining correlated
with genetic heterogeneity by FISH25.
There is some controversy over the appropriate proportion of

cells with strong staining needed for separating a HER2 IHC score
of 2+ from 3+ in EC. Compared to the 10% cut-off, our data
demonstrate that using a 30% cut-off results in a stronger
correlation between HER2 IHC score and the magnitude of HER2
amplification, in line with prior studies showing higher con-
cordance between IHC and FISH using the more stringent
cutoff18–20. Intuitively, the 30% cut-off restricts the 3+ category

Table 4. Analysis of intratumor heterogeneity in HER2 status by IHC and FISH.

Case ID HER2
IHC Score

HER2 staining
distribution

FISHa

HER2low area (by IHC) HER2high area (by IHC)

HER2 CN CEP17 CN HER2/
CEP17 ratio

HER2 CN CEP17 CN HER2/
CEP17 ratio

HER2-02 3+ Heterogeneous/spatially
distinct

1.9 2.3 0.9 8.7 2.3 3.8

HER2-06 3+ Heterogeneous/spatially
distinct

3.2 2.1 1.5b 9.8 2.0 5.0

HER2-09 3+ Heterogeneous/spatially
distinct

2.6 2.1 1.2 11.8 2.1 5.6

HER2-14 2+ Heterogeneous/spatially
distinct

2.8 2.1 1.3 8.7 2.3 3.8

HER2-17 3+ Heterogeneous/spatially
distinct

2.7 2.3 1.2 7.6 2.0 3.9

HER2-40 3+ Heterogeneous/spatially
distinct

3.6 2.8 1.7 16.4 2.3 7.1

HER2-59 2+ Heterogeneous/spatially
distinct

1.9 0.98 1.9b 5.1 2.0 2.6

HER2-61 3+ Heterogeneous/spatially
distinct

3.6 2.1 1.7b 9.2 2.0 4.7

HER2-64 2+ Heterogeneous/spatially
distinct

2.4 1.6 1.5 7.9 2.0 3.9

HER2-66 3+ Heterogeneous/spatially
distinct

3.6 2.6 1.4b 8.0 2.5 3.2

HER2-05 3+ Diffuse – – - 14.2 2.1 6.8

HER2-08 3+ Near-diffuse (focal 0/1+ ) – – - 10.9 2.2 5.0

HER2-22 2+ Near-diffuse (focal 0/1+ ) – – - 10.8 2.0 5.4

HER2-25 3+ Diffuse – – – 12.0 2.2 5.5

HER2-30 2+ Heterogeneous/admixed – – – 4.3 2.4 1.8b

HER2-42 2+ Diffuse – – – 4.7 2.0 2.3

HER2-46 2+ Heterogeneous/admixed – – – 3.4 2.4 1.4b

HER2-47 2+ Diffuse – – – 4.9 2.0 2.4

HER2-53 3+ Diffuse – – – 8.6 2.8 3.1

HER2-52 3+ Diffuse – – – 11.2 1.7 6.0

HER2-62 2+ Heterogeneous/admixed – – – 5.5 2.4 2.3

HER2-69 3+ Near-diffuse (focal 0/1+ ) – – – 8.8 2.1 4.2

HER2-74 3+ Heterogeneous/admixed – – – 6.5 2.3 2.8
aFor tumors with spatially distinct areas showing high HER2 expression (HER2high: 2+ /3+ IHC score) and low HER2 expression (HER2low: 0/1+ IHC score), HER2
FISH was scored separately for each region.
bFocal HER2-amplified tumor cells present as single cells or small clusters.
CN copy number, IHC immunohistochemistry, FISH fluorescence in situ hybridization.
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to tumors with relatively homogenous, high levels of amplifica-
tion/overexpression, whereas a 10% cutoff allows cases with more
intratumor heterogeneity (i.e. overall lower level of amplification)
to be classified as 3+. Given the frequent intratumor hetero-
geneity in EC, we advocate applying a low threshold for
performing FISH to confirm HER2 amplification, and therefore a
higher cut-off for a score of 3+ (which bypasses the requirement
for FISH) is recommended in the clinical setting.
Intratumor heterogeneity in HER2 expression/amplification was

particularly marked in carcinosarcomas. Amongst HER2-amplified
ECs identified by MSK-IMPACT, the proportion of cases with a
HER2 score of 2+ was highest in carcinosarcomas and all 3 cases
that were negative for amplification by FISH were carcinosarco-
mas. Consistent with previous reports37,38, we observed that HER2
expression was often less in sarcoma compared to carcinoma
components. However, further work on a larger series of
carcinosarcomas would be necessary to fully delineate the
relationships between morphology, HER2 expression and ampli-
fication status in this tumor type.

The present study has several limitations. First, we did not
evaluate different thresholds for calling HER2 amplification by
MSK-IMPACT to establish optimal concordance with FISH. Some
ECs with tumor/normal FC between 1.5 and 2.0 may potentially be
amplified by FISH and would have been missed. As previously
mentioned, detection of gene amplification is particularly proble-
matic for samples with low tumor purity. Our reported frequency
of HER2 amplification in EC should therefore be considered a
conservative estimate. We were also unable to perform ancillary
IHC and FISH testing on cases with inaccessible archival tissues,
which were usually from patients whose surgeries were performed
at other institutions. Of 46 cases with FISH results, there were 3
discordances (i.e. met criteria for HER2 amplification by MSK-
IMPACT, but considered non-amplified by FISH, despite showing
foci of HER2-amplified cells). Further optimization and standardi-
zation of criteria for NGS-based detection of HER2 amplification
will be needed to improve concordance with FISH. Nevertheless,
from a clinical standpoint, IHC remains the preferred primary HER2
testing modality, as it enables visual assessment of intratumor

Fig. 4 Intratumor heterogeneity of HER2 amplification in endometrial carcinoma. A Schematic depiction of common patterns of intratumor
distribution of HER2-amplified tumor cells. B–I Representative images of cases with heterogeneous HER2 expression by immunohistochem-
istry and corresponding FISH of selected areas indicated by boxes (HER2—red signal; CEP17—green signal). B–D HER2-amplified/
overexpressing serous carcinoma (HER2-61) with adjacent intraepithelial carcinoma component lacking amplification and exhibiting weak
expression. E, F Small clusters of HER2-amplified/overexpressing tumor cells within a background of non-amplified/HER2-negative cells (HER2-
30). G–I Spatially distinct HER2-amplified/HER2-positive areas and non-amplified/HER2-negative areas (HER2-06).
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heterogeneity and if needed, can be performed on multiple tissue
blocks at relatively low cost.
In conclusion, through an unbiased interrogation of a large

cohort of ECs subjected to clinical sequencing, this study provides
frequency estimates of HER2 amplification across EC subtypes,
confirming prior observations that this genetic alteration is not
restricted to serous carcinoma, but includes other TP53-mutated
high-grade ECs. These findings support a co-operative pathogenic
role between p53 dysregulation and HER2 amplification in driving
high-grade EC progression. Frequent intratumor heterogeneity of
HER2 expression/amplification and concurrent genetic alterations
in PIK3CA and ERBB3 were found, and future work will correlate
these molecular features with clinical response to anti-HER2
therapy.
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