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Abstract
Endometrial carcinoma (EC) is the most common gynecological malignancy and fibroblast growth factor receptor 2
(FGFR2) is a frequently dysregulated receptor tyrosine kinase. FGFR2b and FGFR2c are the two main splice isoforms of
FGFR2 and are normally localized in epithelial and mesenchymal cells, respectively. Previously, we demonstrated that
FGFR2cmRNA expression was associated with aggressive tumor characteristics, shorter progression-free survival (PFS), and
disease-specific survival (DSS) in endometrioid ECs (EECs). The objectives of this study were to investigate the spatial
expression of FGFR2b in normal and hyperplasia with and without atypia of human endometrium and to assess the
prognostic significance of FGFR2b expression in EC. FGFR2b and FGFR2c mRNA expression was evaluated in normal
(proliferative [n = 10], secretory [n = 15], and atrophic [n = 10] endometrium), hyperplasia with and without
atypia (n = 19) as well as two patient cohorts of EC samples (discovery [n = 78] and Vancouver [n = 460]) using
isoform-specific BaseScope RNA in situ hybridization assays. Tumors were categorized based on FGFR2 isoform expression
(one, both, or neither) and categories were correlated with clinicopathologic markers, molecular subtypes, and clinical
outcomes. The FGFR2b splice isoform was exclusively expressed in the epithelial compartment of normal endometrium and
hyperplasia without atypia. We observed FGFR2c expression at the basalis layer of glands in 33% (3/9) of hyperplasia with
atypia. In patients with EEC, FGFR2b+/FGFR2c� expression was found in 48% of the discovery cohort and 35% of the
validation Vancouver cohort. In univariate analyses, tumors with FGFR2b+/FGFR2c� expression had longer PFS (hazard
ratio [HR] 0.265; 95% CI 0.145–0.423; log-rank p < 0.019) and DSS (HR 0.31; 95% CI 0.149–0.622; log-rank
p < 0.001) compared to tumors with FGFR2b�/FGFR2c+ expression in the large EEC Vancouver cohort. In multivariable
Cox regression analyses, tumors with FGFR2b+/FGFR2c� expression were significantly associated with longer DSS
(HR 0.37; 95% CI 0.153–0.872; log-rank p < 0.023) compared to FGFR2b�/FGFR2c+ tumors. In conclusion, FGFR2b+/
FGFR2c� expression is associated with favorable clinicopathologic markers and clinical outcomes suggesting that FGFR2b
could play a role in tailoring the management of EEC patients in the clinic if these findings are confirmed in an
independent cohort.
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Introduction

Endometrial carcinoma (EC) is the most prevalent
female pelvic cancer in developed nations and its inci-
dence is increasing annually [1]. Traditionally, ECs

were classified broadly into type I and type II [2].
Type I ECs are the most frequently diagnosed
(�80%), endometrioid in histology [endometrioid EC
(EEC)], and generally considered to have a favorable
clinical course. Type II ECs are non-EECs (NEEC)
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including serous, clear cell, and carcinosarcomas and
they are associated with a poor survival outcome.
In 2013, the Cancer Genome Atlas (TCGA) network

identified four molecular subtypes with distinct genomic
profiles that have prognostic significance [3]. Subse-
quently, these molecular subtypes were validated using
surrogate immunohistochemistry (IHC) markers and lim-
ited mutation analyses by Dutch [4,5] and Canadian [6,7]
research groups with slight modifications in nomenclature
to align with the biomarker signatures. These molecular
subtypes are polymerase ε-exodomain mutated (POLE
EDM)/ultra-mutated (excellent prognosis), microsatellite
instability/mismatch repair-deficient (MMRd) (intermedi-
ate prognoses), copy-number low/wild-type p53 (p53wt)
(intermediate prognoses), and copy-number high/p53
mutant/abnormal (p53abn) (worst prognosis). Clinical
management and de-escalation of treatment based on
molecular risk stratification are currently being assessed
in prospective clinical trials including PORTEC-4a
(NCT03469674) [8] and TAPER (NCT04705649). How-
ever, most of the newly diagnosed EC patients (�80%)
fall into the MMRd and p53wt molecular subtypes with
‘intermediate prognosis’ highlighting the need for addi-
tional prognostic biomarkers within these groups, as well
as the identification of potential predictive markers for
more effective therapies in both the adjuvant and meta-
static settings.
Alternative splicing in exons 8 and 9 of fibroblast

growth factor receptor 2 (FGFR2) produces two
isoforms, FGFR2b and FGFR2c [9]. These are local-
ized in epithelial and mesenchymal cells, respectively
[9]. FGFR2 plays different physiologic and patho-
logic roles in various cellular process including
cell growth, migration, invasion, differentiation, and
angiogenesis [9]. FGFR2 is dysregulated via different
mechanisms (mutation, amplification, fusion, and iso-
form switching) and contributes to carcinogenesis
of several cancers [10]. FGFR inhibition with small-
molecule inhibitors is currently approved for the
treatment of cancers with FGFR fusions, including
infigratinib and pemigatinib in cholangiocarcinoma
and erdafitinib in locally advanced or metastatic
urothelial carcinoma, and these FGFR inhibitors are
being trialed in multiple additional cancer types.
Recently, we have developed a novel RNA in situ

hybridization (ISH) assay that detects FGFR2b and
FGFR2c in situ at single-cell resolution while preserving
the morphologic context of the tumor [11]. FGFR2c
mRNA was evaluated in 460 EC patients from the Van-
couver cohort and expression was documented in 40% of
the samples [11]. FGFR2c expression was associated with
poor clinicopathologic prognostic markers and shorter
progression-free survival (PFS) and disease-specific

survival (DSS). Integration of FGFR2c expression with
clinicopathologic parameters (International Federation of
Gynaecology and Obstetrics [FIGO] grade and FIGO
stage) and molecular subtypes was able to further refine
and improve the risk stratification and potentially avoid
under/over treatment in EEC patients [11].
It has been reported that the FGFR2b isoform has a

tumor suppressive role [12] and expression of the
FGFR2b isoform has been associated with good prognos-
tic markers in liver cancer [13] and clear cell renal cell
carcinoma [14]. In a transgenic mouse model, mice with
conditional deletion of Fgfr2b in epidermal keratinocytes
developed a spectrum of pathological abnormalities in the
skin including squamous carcinoma [15]. Conditional
knockout (KO) of Fgfr2b in the murine uterine epithe-
lium driven by Cre recombinase under the control of the
Wnt7a promoter showed that abnormal development and
proliferation and crowding of endometrial glands in mice
and consequently Fgfr2b KO mice are infertile [16].
While our previous report focused on FGFR2c and its
association with poor prognosis, the objective of this
investigation is to evaluate the spatial and temporal
expression of both FGFR2b and FGFR2c isoforms in
apparently normal human endometrium at different
phases of the menstrual cycle, as well as in hyperplasia
(with and without atypia) and clinically annotated ECs
using FGFR2 splice isoform-specific RNA ISH probes.
We also evaluated if the retained FGFR2b expression
played a role in identifying tumors with improved
prognosis in the molecularly profiled Vancouver cohort.

Materials and methods

Patients
Formalin-fixed paraffin-embedded (FFPE) clinical
patient samples, in the form of tissue microarrays
(TMAs; UT 242a, and UT 801), representing hyper-
plasia with and without atypia and ECs with different
stages and grades were obtained from US Biomax
(Rockville, MD, USA). Where applicable, clinicopath-
ologic data including age, clinical diagnosis, histologic
type, FIGO grade, and stage were also provided by
commercial suppliers.
Whole sections of hysterectomy samples were obtained

from the Mater Hospital after ethical approval (Mater
REF # HREC/15/MHS/127 and Queensland University
of Technology [QUT] HREC REF # 1500000169). FFPE
whole serial sections (4 μm thickness) were obtained
from samples representing atrophic endometrium
(n = 10), secretory endometrium (n = 15), proliferative
endometrium (n = 10), and ECs (n = 25). The
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apparently normal endometrium samples were obtained
from women who underwent a hysterectomy for benign
conditions including uterine myoma, adenomyosis, and
uterine prolapse, as part of surgical management for cervi-
cal or ovarian tumors that had not extended to the endo-
metrium and were not treated with radiotherapy and/or
chemotherapy or following a prophylactic hysterectomy
in patients with germline BRCA1/2 gene mutations.
These patients were operated on between January 2015
and March 2018 at the Mater Hospital, Brisbane,
Australia. None of the patients included in this study had
received preoperative neoadjuvant therapy. The histo-
logic type, myometrial invasion, lymphovascular space
invasion (LVSI), lymph node metastasis, and histologic
grade were assessed by an anatomic pathologist. The
staging was performed according to the FIGO (2009)
version [17]. Ethical clearance to analyze the Vancouver
cohort of EC patients’ samples (n = 460, TMAs) from
the McAlpine Laboratory in Canada was obtained (refer-
ence # UBC-H09-00939 and QUT HREC
#1800000670). This cohort of EC patient samples was
used for discovery and confirmation of Proactive Molec-
ular Risk Classifier for Endometrial Cancer (ProMisE)
[6,7] and all clinical and molecular parameters were
defined as reported previously [11]. The REporting rec-
ommendations for tumor MARKer (REMARK) criteria
[18] were followed as previously reported [11].

IHC staining and scoring
FGFR2 IHC staining was performed manually as previ-
ously published using a non-isoform-specific anti-FGFR2
antibody (Cat# Ab58201, Abcam, Cambridge, UK) [11].
IHC was scored using two parameters; intensity of stain
and percentage of positive tumor cells using a semi-
quantitative immune-reactivity histologic scoring method
(H-score) as previously published [11,19]. In brief, H-
score was calculated as follows: H-score =

P
(PI1�3),

where P is the percentage of positive tumor cells, I is the
intensity of staining (I1 – weak, I2 – moderate, and I3 –

strong intensity), and the maximum H-score is 300.

Determination of FGFR2 isoforms using BaseScope
RNA ISH
We employed the BaseScope RNA ISH assay that has
been previously developed, optimized, and validated by
our laboratory to detect the FGFR2b and FGFR2c
isoforms [11,20]. In brief, we utilized custom-designed
probes from Advanced Cell Diagnostic (ACD) (Newark,
CA, USA): (1) a human-specific probe (1ZZ) (BA-Hs-
FGFR2-tv2-E7E8) that targets an exon 7–8 junction
(NM_022970.3, 1,578–1,622 bp) to detect the ‘FGFR2b’

epithelial isoform and (2) a human-specific probe (BA-
Hs-FGFR2-tv1-E7E9) that targets an exon 7–9 junction
(NM_000141.4, 1,580–1,619 bp) to detect the ‘FGFR2c
mRNA’ mesenchymal isoform. Each batch run of the
assay included an FGFR2b-positive biological control
(cell pellets from Ishikawa cells transduced with
FGFR2b), an FGFR2c-positive biological control
(AN3CA cells with endogenous FGFR2c expression con-
firmed by RT-PCR), a positive control targeting the
peptidylprolyl isomerase B (PPIB) housekeeping gene to
assess RNA quality, and a negative technical control DaB
(a probe targeting a bacterial gene). All samples were
scored by two independent observers (ATS and PMP),
blinded to patient outcome data. Scoring was performed
as previously described [11]. In brief, score 0, no signal
dots or ≤1 dot signal per 10 tumor cells at �40 objective
magnification; score 1+, 1–3 signal dots per cell; score
2+, 4–10 signal dots per tumor cell; score 3+, >10 signal
dots per cell with <10 cluster dots; and score 4+, >10 sig-
nal dots per cell and ≥10 cluster dots at �20 objective
magnification. Finally, patient samples were grouped into
four groups based on the FGFR2 isoform status expres-
sion as follows: (1) FGFR2b+/FGFR2c� (tumor samples
with exclusive FGFR2b expression of any RNA ISH
score of 1–4); (2) FGFR2b+/FGFR2c+ (tumor samples
that express both FGFR2b and FGFR2c with any RNA
ISH score of 1–4); (3) FGFR2b�/FGFR2c+ (tumor
samples that exclusively express FGFR2c of any RNA
ISH score 1–4); and (4) FGFR2b�/FGFR2c� (tumor
samples negative for both FGFR2b and FGFR2c,
RNA ISH score 0 but positive for PPIB). Samples
negative for PPIB were excluded from further statisti-
cal analyses.

Computational analysis for the determination of
FGFR2 isoforms in the TCGA RNA-seq UCEC cohort
Computational determination of FGFR2 isoforms was
performed using exon–exon junction counts as previ-
ously published [11]. To determine the expression of
each isoform in each sample, we combined the number
of reads spanning the 7–8 junction (Chr10:123278344
to chr10:123279492) and the 8–10 junction (Chr10:
123274834 to chr10:123278195) for a total of FGFR2b
read counts. Similarly, we combined the number of
reads spanning the 7–9 junction (Chr10:123276978
to chr10:123279492) and the 9–10 junction (Chr10:
123274834 to chr10:123276832) to identify the total
FGFR2c read counts. To determine the expression ratio,
we computed the number of exon–exon junction reads
including exon 8 over the junction reads and exon
9, as described previously [14]. Given that TCGA
samples generally had >66% tumor cellularity and we
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saw low FGFR2c expression in the stroma with the
BaseScope assay, we defined a ratio of 1.5-fold of
[7–9 + 9–10]/[7–8 + 8–10] to identify tumors with
isoform switching from FGFR2b to FGFR2c.
Similarly, a ratio of 1.5-fold of [7–8 + 8–10]/[7–9 +
9–10] was considered FGFR2b expression. A ratio
>0.67 to <1.5 for either FGFR2c [7–9 + 9–10]/[7–
8 + 8–10] or FGFR2b [7–8 + 8–10]/[7–9 + 9–10]
was defined as expressing both FGFR2b and FGFR2c
isoforms. Any single exon junction read count of
<3 was considered ‘no callout’ (negative for both
FGFR2b and FGFR2c isoforms).
To evaluate gene expression patterns within the three

categories of FGFR2 isoforms (FGFR2c+, FGFR2b+,
and FGFR2b�/FGFR2c�), mRNA expression reads per
million kilobyte of selected genes including hormone
receptors (progesterone receptor and estrogen receptor
[PR and ER]), known epithelial cell markers, mesenchy-
mal cell markers that have been previously published in
EC [21,22] and other cancers [14,23], and cognate FGF
ligands to FGFR2b and FGFR2c as well as the major
FGFR2 splice regulatory protein (epithelial splice regula-
tory protein 1 [ESRP1]) were downloaded from the
cBioPortal of TCGA-uterine corpus endometrial carci-
noma (UCEC) and exported into excel. RNA-seq data of
these selected genes were log transformed and normal-
ized, and then clustered and visualized as heat maps using
the modified version of Gene Cluster 3.0 software [24].

Statistical analyses
All data analysis was performed using IBM, SPSS (ver-
sion 26) (Chicago, IL, USA). Chi-squared tests were
used for more than two categorical variables and Fish-
er’s exact test was used for dichotomized categorical
variables. Where applicable, pairwise analyses were
performed to compare the four categories of FGFR2
isoform status with each variable category and correc-
tion for multiple comparisons was performed using the
Bonferroni method. Time-to-event analyses were calcu-
lated as previously published [11]. Kaplan–Meier
method was used to sketch survival curves (overall sur-
vival [OS], DSS, and PFS) and P values were deter-
mined using the log-rank test (LRT). Cox regression
proportional hazard models were used to explore the
prognostic significance of each factor/variable as previ-
ously described [11]. In brief, factors with p < 0.10
were included in a multivariate Cox regression model
with a stepwise forward method for inclusion in the
final analysis. In the last step, significant factors from
the forward selection model (p < 0.05) were included in
the final Cox regression model together with
established clinicopathologic prognostic factors:

myometrial invasion (negative or <50% versus >50%),
LVSI (negative versus positive), FIGO grade (1–2 ver-
sus 3), FIGO stage (I/II versus III/IV), ProMisE molec-
ular subgroups (MMRd versus p53wt, POLE versus
p53wt, and p53abn versus p53wt), and FGFR2 isoform
status. A bootstrap method taking an arbitrary 1,000
samples was used to internally validate all models of
analysis. All reported P values were two tailed and
based on the likelihood ratio test, where p < 0.05 was
defined as statistically significant.

Results

Bright-field chromogenic BaseScope RNA ISH was
employed to determine FGFR2b and FGFR2c isoforms in
normal endometrium of different cyclic phases, precursor
hyperplasia, and a discovery cohort of ECs. Our in situ ana-
lyses of FGFR2b and FGFR2c isoforms in secretory phase
(n= 15), proliferative phase (n= 10), and atrophic inactive
endometrium (n = 10) showed FGFR2b expression exclu-
sively in the epithelial compartment of apparently normal
endometrium (Figure 1A–C). High FGFR2b expression
was observed in the epithelial cells of secretory phase endo-
metrium (Figure 1A) and very low expression in atrophic
inactive endometrium (Figure 1C) concordant with its pro-
tein expression (Figure 1D). A significant difference in
FGFR2 expression (p < 0.0001) (both mRNA and protein)
was observed among secretory, proliferative, and atrophic
endometrium (Figure 1E). We observed a similar pattern of
exclusive FGFR2b isoform expression within normal cer-
vical and colon epithelia samples (supplementary material,
Figure S1). FGFR2c signal was not evident in the normal
endometrial epithelial compartment; however, occasion-
ally, a few signal dots were observed in the stromal com-
partment of normal endometrium (Figure 2A).
FGFR2b was expressed in the epithelial compartment

in 9/10 (90%) hyperplasia without atypia and 8/9 (88.9%)
hyperplasia with atypia (Figure 2B,C). FGFR2c isoform
was not expressed in the epithelial compartment but a few
scattered signal dots were evident in the stroma of simple
hyperplasia (Figure 2B, right panel). In a subset of atypi-
cal hyperplasia specimens (3/9), several cells at the basal
layer of the tumor showed FGFR2c expression in addition
to high signal in the stroma (Figure 2C, right panel).
In the current study, we aimed to investigate the role of

FGFR2b in EEC prognosis and risk stratification. In order
to assess this, we categorized FGFR2 expression into four
categories: FGFR2b+/FGFR2c�, FGFR2b+/FGFR2c+,
FGFR2b�/FGFR2c+, and FGFR2b�/FGFR2c�.
In a discovery cohort of 78 cases from commercial

EC TMAs (n = 55) and whole section hysterectomy

524 AT Sengal et al

© 2022 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
of Great Britain and Ireland and John Wiley & Sons Ltd.

J Pathol Clin Res 2022; 8: 521–537



Figure 1. Representative images illustrating the temporal and spatial expression of FGFR2b mRNA and FGFR2 protein in apparently
normal human endometrium. FGFR2b mRNA and FGFR2 protein in (A) secretory phase and (B) proliferative phase. (C) FGFR2b mRNA in
atrophic inactive endometrium from a postmenopausal woman. (D) FGFR2 protein in atrophic inactive endometrium. Red boxes indicate
the area magnified in adjacent images. Red arrows indicate FGFR2b mRNA in epithelial cells. (E) Bar graph demonstrating the pattern of
FGFR2 protein expression (top) and FGFR2b mRNA (bottom) in normal endometrium at different phases of the cycle and in postmeno-
pausal women with atrophied endometrium. ****p < 0.0001, error bar indicates standard error of the mean (SEM). AIE, atrophied inactive
endometrium; PNE, proliferative phase of normal endometrium; SNE, secretory phase of normal endometrium. Scale bars, 500, 200,
and 20 μm.
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samples (n = 25) from the Mater Hospital, we observed
FGFR2b+/FGFR2c� expression in 33/78 (42.3%) EC
samples, expression of FGFR2b+/FGFR2c+ in 10/78

(12.8%) ECs, expression of FGFR2b�/FGFR2c+ in
27/78 (34.6%) samples, and 8/78 (10.3%) tumors had
no FGFR2 expression (FGFR2b�/FGFR2c�).

Figure 2. Pattern of FGFR2b and FGFR2c expression in representative normal secretory phase endometrium, hyperplasia without atypia,
and hyperplasia with atypia. (A) FGFR2c isoform expression in the stroma of secretory phase endometrium (lower magnification [left
panel] and higher magnification [right panel]). (B, C) FGFR2b isoform expression in the epithelial compartment of a hyperplasia without
atypia and hyperplasia with atypia respectively (left panels) and FGFR2c expression in the stroma in serial section (right panel). Red box
indicates the area in magnified view. Red arrows indicate FGFR2b RNA ISH signal dots in the epithelial compartment and black arrows
indicate FGFR2c RNA ISH signal in the stroma. Note that some epithelial cells at the base of the gland (black arrows) in atypical hyper-
plasia also express FGFR2c, which could represent transformed malignant cells. Scale bars, 500, 200, and 20 μm.
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Figure 3. Representative micrography images of the four classes of FGFR2 isoforms in endometrial cancer. Serial sections from endome-
trial cancer samples of four women representing the four patterns of FGFR2 isoform expression status. (A) Grade 1 (well-differentiated)
EEC expressing only the FGFR2b isoform. (B) Grade 3 EEC expressing both FGFR2b and FGFR2c isoforms. (C) Grade 3 EEC expressing only
the FGFR2c isoform. (D) Grade 2 EEC negative for both FGFR2b and FGFR2c isoforms.
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Representative images from EEC specimens showing
the four patterns of expression are presented in
Figure 3. The association of FGFR2 isoform status with
clinicopathologic characteristics from the discovery
cohort is provided in supplementary material, Table S1.
Notably, in this discovery cohort, FGFR2b+/FGFR2c�
expression was significantly associated with endometrioid
histology (p < 0.0001), well-differentiated EC (p < 0.008),
early stage (p < 0.001), low/intermediate European Soci-
ety of Medical Oncology (ESMO) risk group (p < 0.01),
and with superficial (<50%) myometrial invasion
(p < 0.054) (supplementary material, Table S1).
The confirmation cohort from Vancouver that was previ-

ously assessed for FGFR2c expression was then further

evaluated for FGFR2b expression. In this study, we
restricted our report to EEC as FGFR2 mutations primarily
occur in EEC rather than NEEC [3,25] and our previous
investigation indicated that FGFR2c has no prognostic sig-
nificance in NEEC [11]. FGFR2b+/FGFR2c� expression
was identified in 105/302 (35%) EECs (Table 1 and
Figure 4). The association of four categories of FGFR2 iso-
form status and clinicopathologic, ESMO risk factors, and
molecular subtypes in EEC from the Vancouver cohort is
summarized in Table 1. In the Vancouver cohort, corrected
pairwise multiple comparison analyses showed that
FGFR2b+/FGFR2c� isoform expression was significantly
higher in tumors with FIGO grade 1/2, superficial (<50%)
myometrial invasion, high ER and PR expression,

Table 1. Association between FGFR2 isoform status and clinicopathologic and molecular subtypes in EEC in the Vancouver cohort
FGFR2 isoform status in EEC

FGFR2b+/
FGFR2c� (a)

FGFR2b+/
FGFR2c+ (b)

FGFR2b�/
FGFR2c� (c)

FGFR2b�/
FGFR2c+ (d) Total

Clinicopathologic variables n = 105 (35%) n = 54 (18%) n = 48 (16%) n = 95 (31%) N = 302 P value*

Age (years) <60 45 (43%) 17 (31.5%) 24 (50%) 32 (34%) 117 (39%) 0.12
Age (years) ≥60 60 (57%) 37 (68.5%) 24 (50%) 60 (63%) 182 (60%)
Missing 0 0 0 3 (3%) 3 (1%)
BMI < 25 24 (25%) 20 (40%) 14 (29%) 24 (30%) 82 (30%) 0.561
BMI 25–30 23 (24%) 12 (24%) 8 (16.5%) 20 (25%) 63 (23%)
BMI ≥ 30 49 (51%) 18 (36%) 22 (46%) 36 (45%) 125 (46%)
Missing 9 (8.6%) 4 (8%) 4 (8%) 15 (16%) 32 (11%)
Grade 1/2 85 (80.2%)b c d 25 (46%) 27 (54%)d 28 (30%) 165 (55%) 0.0001
Grade 3 21 (19.8%) 29 (54%)a 20 (42%)a 64 (68%)a c 134 (44%)
Missing 0 0 1 (2%) 2 (2%) 2 (1)
MI neg or <50% 75 (71%)c d 38 (70%) 25 (51%) 48 (54%) 186 (63%) 0.023
MI > 50% 30 (29%) 16 (30%) 22 (47%) 41 (46%)a b 109 (37%)
Missing 0 0 1 (2%) 6 (6.3%) 7 (2%)
LVSI neg 71 (68%) 34 (63%) 25 (51%) 50 (52%) 180 (63%) 0.269
LVSI pos 30 (28%) 19 (35%) 19 (41%) 36 (39%)a 104 (37%)
Missing 3 (3%) 1 (2%) 4 (8%) 9 (9.5%) 17 (5.6%)
PR < 1% 14 (13%) 6 (11%) 16 (33%)a b 19 (20%)a b 55 (18% 0.0001
PR > 1–50% 72 (67%)d 30 (56%)d 24 (50%)d 27 (29%) 163 (54%)
PR > 50% 20 (19%) 16 (29.6%) 7 (15%) 21 (23% 64 (21%)
Unknown 1 (1%) 2 (4%) 1 (2%) 16 (17%) 20 (7%)
ER negative 3 (3%)b c d 11 (21%)a 9 (20%)a 16 (18%)a 39 (14%) 0.0001
ER low 67 (68%)b d 22 (42%) 31 (67%)d 36 (40%) 156 (54%)
ER high 29 (29%) 20 (38% 6 (13%) 38 (42%)a c 93 (32%)
Stage I/II 91 (86%) 49 (91%) 36 (77%) 70 (79%) 246 (83%) 0.139
Stage III/IV 15 (14%) 5 (9%) 11 (23%)a b 19 (21%)a b 50 (17%)
ESMO risk low 59 (56%)b d 17 (32%) 19 (40%) 19 (21%) 114 (38%) 0.0001
ESMO risk intermediate 23 (22%) 17 (32%) 11 (23%) 30 (32.6%) 81 (27%)
ESMO risk high 24 (23% 20 (37%) 17 (36%) 43 (47%) a 104 (35%)
POLE 11 (10%) 6 (11%) 4 (9%) 12 (13%) 33 (11%) 0.001
p53wt 66 (62%)b c d 24 (45%) 24 (51%) 38 (42%) 152 (51%)
MMRd 27 (25%) 21 (40%)a d 16 (34%) 23 (25%) 87 (29%)
p53abn 3 (3%) 2 (4%) 3 (6%) 18 (20%)a b c 26 (9%)

The significance level for two-sided test (a, b, c, and d) is p < 0.05. Tests are adjusted for all pairwise comparisons within a stratum of each innermost sub-table
using the Bonferroni correction.
BMI, body mass index; ESMO, ESMO endometrial cancer risk group; MI, myometrial invasion; neg, negative; p53, tumor protein 53; p53abn, null/missense p53
mutation; p53wt, wild-type p53; pos, positive.
*P value (pairwise over strata) was determined using Pearson’s chi-squared test or Fisher’s exact test for dichotomous variables. P values of <0.05 are indicated in
bold. Cases with missing values were removed from analysis.
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low/intermediate ESMO risk group, and p53wt molecular
subtypes compared to tumors with FGFR2b+/FGFR2c+
and FGFR2b�/FGFR2c+ expression (Table 1, variables
with significant P values are indicated by small letters a, b,
c, and d).
The 5-year DSSs of EEC patients in the Vancouver

cohort for FGFR2b+/FGFR2c�, FGFR2b�/FGFR2c�,
FGFR2b+/FGFR2c+, and FGFR2b+/FGFR2c were
89, 72, 67% and 56%, respectively. In univariable Cox
regression analyses, FGFR2b+/FGFR2c� tumors were
significantly associated with longer PFS (hazard ratio
[HR] 0.265; 95% CI 0.145–0.423; LRT P value [LRTP]
<0.019), DSS (HR 0.31; 95% CI 0.149–0.622; LRTP
<0.001), and OS (HR 0.48; 95% CI 0.298–0.781; LRTP
<0.003) compared to FGFR2b�/FGFR2c+ tumors in
EECs (Table 2 and Figure 5A). Further corrected
pairwise multiple comparison survival analyses among
the four patterns of FGFR2 isoform expression indi-
cated that women with FGFR2b+/FGFR2c� expres-
sion had longer DSS and PFS compared to women
with FGFR2b+/FGFR2c+ and FGFR2b�/FGFR2c+
(supplementary material, Table S2). In multivariable
Cox regression analyses adjusting for known
confounding prognostic factors (myometrial invasion,

FIGO grade, and stage and molecular subtype),
tumors with FGFR2b+/FGFR2c� expression remained
significantly associated with longer DSS (HR 0.37;
95% CI 0.153–0.872; LRTP <0.023) and OS (HR 0.71;
95% CI 0.409–0.921; LRTP <0.045) and showed a
trend toward significance for PFS compared to
FGFR2b�/FGFR2c+ (Table 3).
Kaplan–Meier curve analyses also demonstrated that

FGFR2b+/FGFR2c� tumors had better prognosis
than FGFR2b�/FGFR2c+ which can further discern
the outcome of low/intermediate and high-risk groups
within EECs (Figure 5B,C). Furthermore, when
Kaplan–Meier curve analyses were performed by strat-
ifying EECs by the molecular subtype, it was evident
that FGFR2b+/FGFR2c� tumors showed better out-
comes than FGFR2b�/FGFR2c+ tumors in particular
within the MMRd, p53wt, and p53 abnormal molecu-
lar subtypes (Figure 6A).
To validate the above results, the publicly available

TCGA RNA-seq data were explored by performing exon
junction reads using computational spliced transcripts align-
ment to a reference (STAR) method to determine FGFR2
isoform status in 387 EEC patients. There was inconsis-
tency in the proportion of the four FGFR2b/c groups in this

Figure 4. Distribution of FGFR2 isoform expression by ESMO risk group, FIGO grade, and molecular subtype in EEC in the Vancouver
cohort. The proportion of four groups of FGFR2 isoforms (pie chart) and distribution by FIGO grade, ESMO risk group, and molecular sub-
types (lower bar graph) in EEC.
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TCGA cohort compared to the Vancouver cohort.
FGFR2b+/FGFR2c� expression was documented in
291/387 (75%), FGFR2b�/FGFR2c� in 67/387 (17%),
FGFR2b+/FGFR2c+ in 6/387 (2%), and FGFR2b�/
FGFR2c+ in 23/387 (6%). FGFR2b+/FGFR2c� expres-
sion was associated with well-differentiated tumors, early
stage, and more common in copy-number low/p53wt
molecular subtype in EEC which is consistent with the

finding in the Vancouver cohort (supplementary material,
Table S3). Kaplan–Meier curve and Cox regression ana-
lyses also showed that FGFR2b+/FGFR2c� tumors had
longer PFS compared with FGFR2b�/FGFR2c+ tumors
in EEC patients in the TCGA cohort (supplementary mate-
rial, Table S4 and Figure 6B). Finally, we analyzed the
TCGA RNA-seq data to determine patterns of gene expres-
sion after supervised clustering by FGFR2 isoform status.

Figure 5. Kaplan–Meier curves of PFS and DSS in EEC of the Vancouver cohort. (A) Analyses in the EEC without stratifying by risk group.
Analyses performed stratifying by ESMO risk group: (B) low/intermediate- and (C) high-risk group.
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As expected, ECs with FGFR2b+/FGFR2c� expression
showed higher expression of multiple epithelial markers
including E-cadherin, hormone receptors (ER and PR), and
expression of FGFR2b-binding ligands (FGF3 and FGF7),
whereas those ECs with FGFR2b�/FGFR2c+ expression
showed characteristic expression of mesenchymal markers
(such as CDH2). FGFR2b�/FGFR2c+ expressing ECs
also showed high expression of FGFR2c cognate ligands
(FGF2, FGF9, and FGF18) (supplementary material,
Figure S2).
ESRP1 regulates FGFR2 splicing by binding to

upstream intronic sequences and repressing the inclusion
of the mesenchymal-specific exon, and loss of ESRP1 is
associated with epithelial-to-mesenchymal transition
(EMT) [26–28]. Lower ESRP1 expression was observed
in tumors expressing FGFR2c (supplementary material,

Figure S2). Therefore, we investigated the association of
ESRP1 expression with the four classes of FGFR2
isoform expression. Notably, ESRP1 expression was
significantly higher in those tumors expressing the
FGFR2b+/FGFR2c� than FGFR2b�/FGFR2c+
tumors (supplementary material, Figure S3).

Discussion

FGFR2 is one of the prototypic genes where alterna-
tive splicing is under tight cell/tissue-specific control
under normal physiologic conditions. FGFR2/FGF sig-
naling is context dependent and contributes to different
physiologic and pathologic roles in different tissues.

Table 3. Multivariate Cox regression survival analyses in EEC of the Vancouver cohort
Variables [reference] HR 95% CI LRTP

OS
Age ≥ 60 [age < 60] 1.85 1.08–2.58 0.045
LVSI [LVSI�] 1.742 1.087–2.792 0.021
Myo invasion >50% [Myo invasion ≤50%] 1.998 1.265–3.157 0.003
Molecular subtype 0.051
POLE [p53wt] 0.37 0.144–0.954 0.04
MMRd [p53wt] 1.378 0.843–2.252 0.201
p53abn [p53wt] 1.077 0.497–2.336 0.851

FGFR2 isoform status 0.02
FGFR2b+/FGFR2c� [FGFR2b�/FGFR2c+] 0.71 0.409–0.921 0.045
FGFR2b+/FGFR2c+ [FGFR2b�/FGFR2c+] 1.80 0.996–3.340 0.052
FGFR2b�/FGFR2c� [FGFR2b�/FGFR2c+] 1.23 0.648–2.349 0.523

DSS
LVSI [LVSI�] 2.932 1.492–5.762 0.002
Molecular subtype 0.036
MMRd [p53wt] 1.723 0.855–3.473 0.128
POLE [p53wt] 0.22 0.05–0.972 0.046
p53abn [p53wt] 1.565 0.504–4.86 0.438

ESMO risk group 0.0001
Intermediate [low] 1.192 0.379–3.746 0.764
High [low] 4.102 1.601–10.511 0.003

FGFR2 isoform status 0.036
FGFR2b+/FGFR2c� [FGFR2b�/FGFR2c+] 0.37 0.153–0.872 0.023
FGFR2b+/FGFR2c+ [FGFR2b�/FGFR2c+] 0.67 0.495–0.972 0.054
FGFR2b�/FGFR2c� [FGFR2b�/FGFR2c+] 0.95 0.398–1.366 0.794

PFS
Myo invasion >50% [no Myo invasion or ≤50%] 2.70 1.33–5.46 0.006
Grade 3 [grade 1–2] 2.89 1.40–5.97 0.004
Molecular subtype 0.057
POLE [p53wt] 0.21 0.051–1.672 0.068
MMRd [p53wt] 1.91 1.21–3.21 0.017
P53abn [p53wt] 3.20 2.12–4.65 0.052

FGFR2 isoform status 0.051
FGFR2b+/FGFR2c� [FGFR2b�/FGFR2c+] 0.592 0.263–1.087 0.075
FGFR2b+/FGFR2c+ [FGFR2b�/FGFR2c+] 0.76 0.463–2.09 0.147
FGFR2b�/FGFR2c� [FGFR2b�/FGFR2c+] 0.978 0.762–2.33 0.887

P values of <0.05 are indicated in bold. Cases with missing value are removed from analysis.
BMI, body mass index; ESMO, ESMO endometrial cancer risk group; Myo, myometrial; p53, tumor protein 53; p53abn, null/missense p53 mutation; p53wt,
wild-type p53; LRTP, log-rank test P value.
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To better understand the temporal and spatial expres-
sion of FGFR2b and FGFR2c isoforms in EC tumor
progression, we first evaluated the pattern of FGFR2b
and FGFR2c expression in apparently normal endome-
trium at different cyclic phases in reproductive-aged
women, in atrophic endometrium from postmeno-
pausal women, and in hyperplasia with and without

atypia. For the first time, we have clearly demonstrated
the correct context of morphologic localization of the
two FGFR2 isoforms in secretory phase, proliferative
phase, and atrophic normal endometrium. We observed
the FGFR2b+/FGFR2c� pattern of expression in the
epithelial cells of normal endometrium in women at dif-
ferent cyclic phases. Previously, Peng et al reported

Figure 6. Kaplan–Meier curve survival outcome analyses in the Vancouver and TCGA cohorts according to FGFR2 isoform status. (A) DSS
in the Vancouver cohort when analyses were performed stratifying by molecular subtypes. (B) PFS and OS in the TCGA cohort, EEC only.
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FGFR2c expression in the normal epithelial compartment
using IHC [29]. Our novel BaseScope RNA ISH assay,
which we have shown previously to be very specific and
sensitive [11], suggests that the antibody used in the pre-
vious report was not completely specific. Although Peng
et al showed the antibody used did not detect FGFR2b
using western blotting, they did not rule out the potential
cross-reactivity with FGFR1b/c [29]. We noted high
FGFR2b expression in the secretory endometrium in the
epithelial compartment but lower expression in prolifera-
tive endometrium and very low signals in atrophic endo-
metrium. Our findings are consistent with the previous
report by Gatius et al who found high FGFR2 protein
expression in secretory phase endometrium using a non-
isoform-specific pan-FGFR2 antibody [19]. The secretory
phase is characterized by increased vascularization and
epithelial differentiation and a surge in blood progesterone
supporting previous data indicating cross-talk between PR
and FGFR2b signaling [30].
We also observed FGFR2b+/FGFR2c� isoform

expression in women with hyperplasia without atypia
which has a low risk of progression to EEC (1–3%) if
left untreated [31]. FGFR2b expression was also
observed in the epithelial compartment of hyperplasia
with atypia. A unique pattern of FGFR2c isoform
expression was seen in a subset of hyperplasia with
atypia with some positive signals at the base of the
lesion, perhaps correlating with tumor-initiating stem
cells [32]. Patients with hyperplasia with atypia are at
higher risk of progression to EC (�30–40%) if left
untreated [31]. Development of EEC involves a series
of hyperplastic changes; however, it is not well under-
stood what drives transformation and progression of
hyperplasia to EEC. FGFR2c has been implicated in
several hallmarks of cancer including proliferation,
uncontrolled tumor growth, migration, invasion, EMT
[26], and stemness [33], but whether FGFR2b to
FGFR2c isoform switching drives early tumor transfor-
mation in EEC requires more mechanistic investigation.
Previously, we reported that the expression of FGFR2c

splice isoform was associated with aggressive tumor char-
acteristics and poor survival outcome [11] as well as pro-
gestin treatment failure in a separate cohort of women [20].
In this former study, tumors with expression of FGFR2c
were compared to all those not expressing FGFR2c (includ-
ing those that had lost both FGFR2b and FGFR2c expres-
sion) [11]. The current study used FGFR2b expression to
break down FGFR2 expression into four groups: those
with FGFR2b�/FGFR2c+ (mesenchymal phenotype);
those with FGFR2b+/FGFR2c� (epithelial phenotype);
those with FGFR2b+/FGFR2c+ (hybrid phenotype);
and those without expression (FGFR2b�/FGFR2c�)
and showed that these groups have differing prognoses.

Nearly 48% of the screening cohort and 35% of EEC
patients in the Vancouver cohort had the FGFR2b+/
FGFR2c� expression pattern indicating their tumors had
not undergone isoform switching. We found a much
higher proportion (�75%) of FGFR2b+/FGFR2c�
expression in the TCGA cohort. These differences are
likely due to the increased sensitivity of RNA ISH which
could detect subclonal FGFR2b/FGFR2c expression
compared to computational methods using RNA-seq data
on bulk tumors. In addition, it may also reflect that the
samples in the discovery and Vancouver cohorts were
collected from tertiary referral hospitals and thus included
a higher number of high-risk EC cases.
Notably, FGFR2b+/FGFR2c� expression was strongly

associated with favorable prognostic factors including
well-differentiated histology, superficial myometrial inva-
sion, higher PR/ER expression, and low/intermediate risk
group, and was more common in the p53wt molecular
subtype. On the other hand, EEC patients with either partial
(FGFR2b+/FGFR2c+) or complete isoform switching
(patients with FGFR2b�/FGFR2c+) had more aggressive
tumor characteristics. Loss of expression of both FGFR2
isoforms was more common in grade 3 tumors with deep
myometrial invasion, indicating loss of FGFR2 expression
or isoform switchingmay each act as potential mechanisms
of tumor progression in EEC.
Cox regression analyses also revealed that EEC patients

with FGFR2b+/FGFR2c� expression had a better prog-
nostic outcome compared to FGFR2b�/FGFR2c+
tumors. Both univariable and multivariable Cox regression
analyses showed that women with FGFR2b+/FGFR2c�
expression have longer DSS compared with those
expressing FGFR2b�/FGFR2c+. The low/intermediate-
risk group patients with FGFR2b+/FGFR2c� expression
were nearly all free of events and, even in the high-risk
group, EEC patients with FGFR2b+/FGFR2c� expres-
sion had longer PFS and DSS. Patients with tumors
expressing both isoforms (FGFR2b+/FGFR2c+) and
those patients without expression (FGFR2b�/FGFR2c�)
showed a mixed prognosis with a trend to poor prognosis
that overlapped with that of FGFR2b�/FGFR2c+
tumors. Our result is consistent with a previous report that
showed FGFR2b expression is associated with small
tumor size, grade 1/2, node negative, and early-stage
tumors in clear cell renal cell carcinoma [14]. Teles et al
also reported that FGFR2b and high ESRP1 (FGFR2b
main splice regulator protein) co-expression associated
with favorable tumor profiles and better survival outcome
in gastric cancer [34], consistent with our findings. ESRP1
suppresses EMT and potentially inhibits tumor metastasis
through maintaining the expression of FGFR2b (epithelial
isoform). Our study also supports the notion that FGFR2b
and FGFR2c have distinct signaling pathways to regulate
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tumor behavior and phenotype when stimulated by their
cognate FGF ligands [35].
In our initial report, we proposed that FGFR2c

expression could be used as a poor prognosis bio-
marker. Based on the current analysis showing poorer
prognosis in the �10% of EECs that do not express
either isoform, we propose that the FGFR2b+/
FGFR2c� pattern of expression could be used to iden-
tify those women with improved survival for de-
escalation of treatment, especially within the p53wt
and MMRd molecular subtypes. Although the num-
bers were small, FGFR2b+/FGFR2c� tumors were
also identified in six patients within the p53 mutant
subtype with no events, suggesting FGFR2b+/
FGFR2c� expression may also be able to identify
those patients whose tumors have not undergone EMT
and have a low risk of progression. Those patients
with FGFR2b+/FGFR2c� expression could poten-
tially be managed with less extensive surgical staging
that predisposes to further complications such as
lymphedema and potentially less aggressive adjuvant
treatment. The main limitation of the current study is
that it was performed in a retrospective cohort from a
single institution and thus this finding requires valida-
tion in additional retrospective or prospective patient
cohorts. There are two major clinical trials testing de-
escalation of treatment in specific molecular cohorts
including the PORTEC 4A phase III clinical trial
(NCT03469674) in Europe [8] and the TAPER phase
II trial (NCT04705649) in Canada [36]. The current
data suggest that additional patients showing
FGFR2b+/FGFR2c� expression may also be eligible
for de-escalation of treatment.
There are several clinical trials initiated or completed

to target FGFR-dysregulated solid cancers including
FGFR2 alterations (amplification/over expression, fusion,
or mutations) [37–40]. Pooled analyses from these clini-
cal trials showed that amplification or fusion alone could
not predict treatment response [41]. This indicates that
better predictive biomarkers are still needed for FGFR
precision targeted therapy. Indeed, FGFR2 isoform status
may play a role in predicting response to FGFR inhibi-
tors in several solid cancer types [42].
In conclusion, FGFR2b is expressed in the epithelial

compartment of normal endometrium and hyperplasia
without atypia and FGFR2c is occasionally expressed
in the peri-glandular stroma. Notably, FGFR2b+/
FGFR2c� expression is associated with favorable
clinicopathologic prognostic biomarkers and very good
survival outcomes. If FGFR inhibition were ever to be
tested or implemented in the adjuvant treatment set-
ting, then evaluation of both FGFR2 isoforms could
guide risk stratification (for the 80% of ECs that fall

within the MMRd and p53wt subtypes), with consider-
ation of precision adjuvant therapy for those patients
with FGFR2c-expressing tumors. We propose that,
even in the absence of anti-FGFR therapies,
FGFR2b+/FGFR2c� expression is a marker of an
‘epithelial like’ tumor with indolent tumor characteris-
tics that could be used to identify patients within the
ESMO intermediate/high-risk group for de-escalation
of treatment. This finding needs validation in addi-
tional retrospective cohorts and ultimately evaluation
in a prospective clinical trial before implementing in
clinical practice.
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