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• Recurrence cases showed frequent mu-
tations in PTEN, PIK3CA, ARID1 A, and
PIK3R1,with FGFR2 as a notable finding.

• FGFR2 mutations were found in 47.4 %
of recurrence cases and absent in non-
recurrent cases.

• FGFR2 mutations were significantly
enriched in recurrence cases compared
to TCGA (p = 0.0039).

• A rare POLE-mutated tumor, typically
with favorable prognosis, recurred un-
expectedly and resulted in a fatal out-
come.

• FGFR2 mutations may drive oncogene-
sis via MAPK and PI3K/AKT pathways
and are a potential therapeutic target.
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Objective. Endometrial cancer is the most common gynecological malignancy in high-income countries.
While early-stage endometrial cancer generally has a favorable prognosis, a small proportion of low-risk patients
experience unexpected recurrence. This study aimed to identify molecular factors contributing to recurrence in
stage 1 A grade 1–2 low-risk endometrioid endometrial cancer.

Methods.We performed next-generation sequencing (NGS) on tumor samples from 19 patients who experi-
enced recurrence despite favorable clinicopathological features and compared them with six control patients
without recurrence. Results were also compared to a matched cohort of low-risk endometrial cancers from
The Cancer Genome Atlas (TCGA) database.

Results. Mutations in PTEN, PIK3CA, ARID1A, and FGFR2 were the most frequent in the recurrence group.
FGFR2 mutations were exclusive to the recurrence group (9/19, 47.4 %) and absent in the non-recurrent group
(0/6), a difference approaching statistical significance (p = 0.0571). FGFR2 mutations were also significantly
more prevalent in the recurrence cohort compared to the TCGA low-risk cohort (p = 0.0039). Prominent
FGFR2 missense mutations included S252W, K659E, and N549K, which may drive oncogenesis and tumor pro-
gression. Among the recurrence group, a rare POLE-mutated tumor recurred unexpectedly and proved fatal,
highlighting the potential for poor outcomes even in typically favorable molecular subtypes.
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Conclusion. FGFR2mutationsmay play a role in tumor recurrence in a subset of low-risk endometrial cancers,
underscoring the importance of molecular profiling in identifying patients at risk. FGFR2 represents a potential
therapeutic target, warranting further validation in larger cohorts to establish its clinical utility.

© 2025 Published by Elsevier Inc. This is an open access article under the CC BY-NC license (http://
creativecommons.org/licenses/by-nc/4.0/).
Endometrial cancer is the most common gynecological cancer in
high-income countries and endometrioid cancer being the most com-
mon type. Most cases are diagnosed at an early stage, where adjuvant
therapy is often not indicated, and the prognosis is highly favorable,
with a 5-year overall survival exceeding 95 % [1]. However, a small sub-
set of low-risk endometrial cancer patients experience unexpected re-
currence, often with poor outcomes [2]. These cases challenge the
existing paradigms of risk assessment and underscore the need for bet-
ter predictive markers.

1. Introduction

Endometrial cancer patients with early-stage disease, the risk of re-
currence is associated with tumor histological grade, depth of
myometrial invasion and lymphovascular space invasion (LVSI) [3,4].
Additionally, primary tumor diameter seemed to be significant risk factor
for recurrence in women with low-risk endometrial cancer [5]. Despite
these established clinicopathological features, current risk assessment
models often fail to identify low-risk carcinomas that recurunexpectedly.
The prognosis of recurrent endometrial cancer is poor [3]. The treatment
of recurrent disease is based on histopathological and clinical features
and involves most often radiation, chemotherapy, or hormonal therapy
and lately immunological therapy has become to clinical use. Patients
with local or distant metastasis have relative 5 year-survival decreased
to 67.5 % and 16.9 %, respectively [1]. Current risk assessments have lim-
itations identifying low risk carcinomas, which re-occur unexpectedly.

The Cancer Genome Atlas (TCGA) Research Network has provided a
comprehensive genomic classification of endometrial cancer, stratifying
tumors into four intrinsic molecular subtypes: POLE ultramutated
(POLEmut), mismatch repair deficient (MMRd), mismatch repair profi-
cient/no specific molecular profile (MMRp/NSMP), and p53 abnormal
(p53abn) [6]. This classification, now integrated into the World Health
Organization's framework [7] and clinical guidelines [8,9], has revolu-
tionized the understanding of endometrial cancer's molecular land-
scape. It has also paved the way for more precise risk stratification and
targeted therapeutic approaches.

Many genetic alterations including PIK3CA, FGFR2 and KRAS are as-
sociated with endometrial cancer [6]. The Catenin beta-1 (CTNNB1)
gene plays also a role in tumorigenesis and recurrence in endometrial
cancer and has been linked as a poor prognostic factor [6,10]. In addi-
tion, there have been reported specific molecular factors for the poten-
tial role for early stage metastatic endometrial cancer as well [10–13].

Low-risk endometrial cancer patients with recurrence have poten-
tially biological tumor factors that contribute to an adverse prognosis
and cause recurrence. Identifying these factors and molecular markers
is essential to determine patientswith a higher risk of recurrencewithin
stage I endometrial cancer. In this study, we analyzed a cohort of endo-
metrial cancer patients with purportedly ultra-low risk for recurrence,
based on pathologic-anatomic findings, who unexpectedly relapsed.
Next generation sequencing (NGS) was employed to uncover any com-
mon genetic factor that could explain the unusual outcome.

2. Materials and methods

A cohort of 759 endometrial cancer patients were operated in Turku
University Hospital during the years 2008–2021. Patients were charac-
terized by cancer histology, tumor grade, myometrial invasion,
lymphovascular invasion and FIGO staging. From 759 patients we
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selected 74 patient representatives of four TCGA classes and their tissue
blockwith adequate tumor percentagewas sent to FoundationOne gene
panel analysis. Seventy samples had enough tissuematerial for analysis.
All the samples from 70 endometrial cancer, which consisted of 55
endometrioid, 10 serous and 5 clear cell carcinomas. They were classi-
fied according to TCGA to known subtypes [6]. The same samples
were also analyzed using Proactive Molecular Risk Classifier for Endo-
metrial Cancer (ProMisE) with identical subtyping results [14].

From the larger cohort, we selected 25 patients whomet the follow-
ing criteria: endometrioid-type histology, histological grade 1 or 2,
myometrial invasion <50 %, LVI negative and no adjuvant treatment.
These included six control patients without recurrence and 19 patients
with recurrence. This study was designed to investigate the molecular
characteristics of ultra-low-risk endometrioid endometrial cancers
that experienced unexpected recurrence. The recurrence rate in this co-
hort is therefore artificially high due to intentional selection of recurrent
cases, and it does not reflect the recurrence rate of low-risk endometrial
cancer in the general population. The primary aim was to characterize
the molecular features associated with these rare events, rather than
to estimate recurrence rates.

The samples were collected from formalin-fixed paraffin-embedded
(FFPE) tissue blocks after pathologist's confirmation that the tumor tis-
sue contentwas over 20 %.When the sample tumor cell percentagewas
<20 % the sections were trimmed to meet the test criteria. Next-
generation sequencing (NGS) was performed using adapter-ligation
and hybrid capturemethods (FoundationOne CDxTM, FoundationMed-
icine, Cambridge, MA, US). This platform covers all exomes from 324
cancer-related genes and intron sequences of 28 genes frequently
rearranged in cancer. The sequencing was conducted in Penzberg,
Germany. The reported genomic alterations were analyzed in Cancer
Genome Interpreter, CGI [15], Uniprot [16] and ClinVar [17] to stratify
all putative driver and passenger mutations.

The identified alterations were finally divided into three categories.
First, mutationswhich demonstrated to be oncogenic and known in en-
dometrial or other cancer types. Second, mutations predicted as drivers
(according to OncodriveMUT)whichwere categorized into Tier 1 and 2.
According to COSMIC Cancer Gene Census (CGC) [18], Tier 1 alterations
possess documented activity relevant to cancer and promotes onco-
genic transformation. Tier 2 consists indications to have oncogenic po-
tential but lack extensive evidence. Third category consisted of
predicted passenger mutations. After analyzing 2962 mutations with
CGI, a total of 2845 alterations were identified. Of those, we included
only oncogenic and predicted driver mutations (1367/2845; 48, 0 %)
and excluded passenger mutations.

As a validation cohort we used a database form The Cancer Genome
Atlas (TCGA) in CBioPortal (https://www.cbioportal.org). The TCGA
PanCanAtlas database consists of 209 endometrial cancers of which
146 are classified as low risk endometrioid endometrial cancer (Stage
1A G 1–2).

The study was approved by Auria Biobank's Scientific Steering Com-
mittee and the Institutional Review Board of Turku University Hospital
(Auria Biobank permission number: 20151221).

2.1. Statistical analysis

IBM SPSS 27 statistics (IBM Corp. Released 2020. IBM SPSS Statistics
for Windows, Version 27.0. Armonk, NY: IBM Corp) was used to
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Table 2
First recurrence sites in low-grade endometrioid cancer patients.

Recurrence Site Number of Patients (n = 19) Percentage

Vagina 8 42 %
Vaginal cuff 6 32 %
Para-iliac lymph nodes 7 37 %
Carcinosis 1 5 %
Ovary 1 5 %

Table 3
Recurrence treatments administered in the recurrence cohort.

Treatment Modality Number
of
Patients
(n = 19)

Percentage

Single treatment modality (para-aortic radiotherapy,
external pelvic radiotherapy, or brachytherapy)

2

Radiotherapy and hormone therapy 5 26 %
Surgery 4 21 %
External radiotherapy and brachytherapy 2 11 %
Chemotherapy and external radiotherapy 2 11 %
Chemotherapy and hormone therapy 1 5 %
>3 different modalities (surgery, radiotherapy,
chemotherapy, hormone therapy, and immunotherapy)

2

calculate Fisher's exact test where association between two categorical
variableswere studied. Resultswere considered to be statistically signif-
icant at p < 0.05 (two-tailed). Kaplan-Meier curve was drawn to sur-
vival data and log-rank test was used to compare the groups.

3. Results

All 25 low-grade endometrioid patients had hysterectomy, and 24
patients had salpingo-oophorectomy, with one patient's ovaries pre-
served due to young age. Five patients also underwent lymphadenec-
tomy due to an initial suspicion of high-grade carcinoma for
endometrial cancer. Final histological samples confirmed stage 1A
endometrioid endometrial adenocarcinoma grade 1–2, with no
lymphovascular space invasion (LVSI). All patients underwent mini-
mally invasive surgery, and none of the patients received adjuvant ther-
apy following surgery. Only one patient (1/25) was operated in the
central regional hospital, the rest in Turku University Hospital. The me-
dian follow up time was 5,2 years (range 2,1-13,7). Patients' demo-
graphics are presented in Table 1.

The median time to recurrence after operation was 21,9 months
(range 4,4-132,5). The most common site was the vagina (8/19; 42 %),
followed by vaginal cuff extensions (6/19; 32 %) and pelvic lymph
node recurrence (7/19; 37 %) (Table 2). Some of these patients experi-
enced a second recurrence after treatment, including para-aortic
lymph node metastasis (2/19; 11 %), and liver metastasis (1/19; 5 %),
and brain metastasis (1/19; 5 %). Pelvic lymphadenectomy was done
for five (26 %) patients who later recurred, with recurrence sites includ-
ing vaginal cuff (2/5), pelvic metastasis (1/5), para-aortic lymph node
metastasis (1/5), and carcinosis with liver metastasis (1/5). One patient
who had hysterectomy with ovary preservation due to young age
(42 years at operation time) developed ovarian metastasis after
4.4 months postoperatively.

For recurrence treatment, four (21 %) patients received a single
treatmentmodality (e.g. para-aortic radiotherapy, external pelvic radio-
therapy or brachytherapy). Themajority underwent combination treat-
ments, with radiotherapy and hormone therapy being the most
common (26 %). Of the 19 recurrent cases, four (21 %) underwent sur-
gery, including vaginal cuff/pelvic tumor removal (11 %), adnexal/
omental/pelvic/para-aortic lymph node removal (5 %), and brain
tumor removal (5 %). Treatments for recurrences are detailed in
Table 3. There were nine deaths in our cohort (9/25; 36 %), of which
six (24 %) were related to endometrioid cancer.
Table 1
Comparison of clinicopathological characteristics of low-grade (Stage 1 A, Grade 1–2)
endometrial cancer between study cohort and the TCGA PanCanAtlas cohort.

Characteristic Study Cohort
(n = 25)

TCGA PanCanAtlas
(n = 146)

Age (years, median, range) 69 (42–82) 61 (31–87)
Age ≥ 60 years (%) 23 (92 %) 79 (54 %)
FIGO Stage 1 A (%) 25 (100 %) 146 (100 %)
Grade
Grade 1 14 (56 %) 77 (53 %)
Grade 2 11 (44 %) 69 (47 %)
LVSI
Positive 0 N/A
Negative 25 (100 %) N/A
Lymphadenectomy N/A
No 19 (76 %) N/A
Pelvic 5 (20 %) N/A
Pelvic + para-aortic 1 (4 %) N/A
Primary tumor size (cm, median) 3.0 N/A
Adjuvant radiotherapy (%) 0 18 % (27/146)
Mean follow-up (months, range) 72 (24–167) 33 (0.4–188)
Status
Alive 16 (64 %) 139 (95 %)
Deceased 9 (36 %) 7 (5 %)
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3.1. Genetic alterations in the recurrence group

Among 19 low-grade endometrioid recurrences, 509 alterations
were identified using Foundation Medicine analysis (FMI). The most
frequent alterations were in order of magnitude PTEN, PIK3CA,
ARID1A, FGFR2 PIK3R1, NF1 andMSH3. The data was uploaded as “Pro-
tein Change Format: Gene Symbol” (e.g., NOTCH1:R1940C) into Cancer
Genome Interpreter (CGI). A total of 271 protein-level alterations were
identified, all of which were short variants, no copy number alterations
detected. The most common mutations are shown in Fig. 1. A complete
list of meaningfulmutation and its protein change among 19 recurrence
patients are listed in Supplementary Table 1.

ProMisE classification for the cohort is visualized in the accompany-
ing heatmap (Fig. 2). Among the recurrence group, 11 patients (58 %)
wereMMRd, 7 (37 %)wereMMRp, and 1was POLE-mutated. FMI's mo-
lecular classification largely aligned with ProMisE results. One sample
had a subclonal TP53-mutation by FMI but was classified as NSMP by
ProMisE due to p53 immunohistochemistry (IHC). Two cases with
POLE mutations were identified in the recurrence group. The first one
Fig. 1. Themost frequent mutations identified in low-risk recurrent endometrioid cancers
(n = 19), as determined by CGI analysis.
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Fig. 2. Heatmap of mutations identified in 19 recurrent low-risk endometrioid uterine cancer patients.
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(POLE: G1720S) was classified as an ambiguous, non-pathological vari-
ant, with the classification remaining MSI. The second case, discussed
further below, involved a pathogenic POLE mutation along with an
FGFR2 mutation.

A heatmap listing genetic alterations (excluding likely passengers) is
displayed in Fig. 2. While no statistically significant pointmutations dif-
ferentiated the recurrence and non-recurrence groups, FGFR2 muta-
tions were exclusively present in the recurrence group (9/19; 47.4 %),
compared to none in the non-recurrence group (0/6; Fisher's Exact
Test, p = 0.0571). Specific FGFR2 missense mutations, such as S252W,
K659E, and N549K, were associated with gain-of-function alterations
that potentially drive oncogenesis and tumor progression. Other gene
alterations were distributed equally across both groups. No gene alter-
ations were found to be protective.

Thirteen FGFR actionable mutations were identified, including eight
unique driver mutations (one FGFR1 and seven FGFR2). Patients with
FGFR2 mutations experienced recurrence earlier (median: 405 days;
range 133–1818) compared to those without FGFR2 mutations (me-
dian: 774 days; range 195–3974), approaching statistical significance
(p = 0.057). Progression-free survival (PFS) associated with FGFR2
mutations is shown in Fig. 3.

The FGFR2 mutation frequency in endometrioid endometrial cancer
has previously been reported to range between 12 and 16 %, depending
on patient age, with a tendency toward higher frequencies in higher-
risk patients [19]. Due to the limitation that this study was a cohort
study with a small non-recurrent control group, rather than a case-
control study,we aimed to further evaluate FGFR2mutation frequencies
across all endometrioid endometrial cancer histologies in our larger
cohort.

In addition to the 25 low-risk cases, we analyzed 30 patients with
higher-risk endometrioid endometrial cancers, all of whom were
treated with adjuvant therapy. FGFR2 driver mutations were identified
in six of these higher-risk cases, including two cases that also harbored
POLE mutations. The FGFR2 mutations were detected in patients with
the following stages and grades: one patient with stage IA, grade 3 dis-
ease (13 %; 1/8 cases), two patients with stage IB, grade 1–2 disease
(18 %; 2/11 cases), two patients with stage IIIA disease (33 %; 2/6
cases), one patient with stage IIIC1, grade 2 disease (100 %; 1/1 case),
and one patient with stage IIIC2, grade 2 disease (50 %; 1/2 cases). No
Fig. 3. Recurrence times for patients with FGFR2 mutations vers
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FGFR2 mutations were found in the single cases of stage IA disease
with lymphovascular invasion (LVI+) or stage II, grade 3 disease.

The FGFR2 mutation frequency in this higher-risk group was 20 %,
which is consistentwith previous reports and clearly lower than the ob-
served frequency in the recurrent low-risk group, where 9 out of 19 re-
current cases (47 %) harbored FGFR2 mutations. These findings suggest
that even if a significantly larger non-recurrent control group were
available, it would be unlikely to exhibit FGFR2 mutation frequencies
exceeding 50 %. This supports the observation that FGFR2 mutations
are specifically enriched in low-risk endometrial cancers that experi-
ence unexpected recurrence.

Loss of heterozygosity (LOH) testing to reveal potential defects in
homologous DNA repair was successful in six recurrent and three
non-recurrent cases. None of the tested cases was HRD-positive.

3.2. Validation

In the TCGA PanCanAtlas (created 3/2020; https://www.cbioportal.
org) validation cohort of low-risk endometrioid endometrial cancer
(n = 146), the most frequent alterations were PTEN (88 %), PIK3CA
(56 %), ARID1A (52 %), CTNNB1 (44 %), and PIK3R1 (34 %). FGFR2muta-
tions were present in 24/146 cases (16.4 %), significantly less frequent
than in our recurrence group (9/19; 47.4 %; Fisher's Exact Test, p =
0.0039). While limited follow-up data exists for some TCGA cases, dif-
ferences in patient selection, diagnostic criteria, and follow-up practices
between institutions limit the feasibility of directly comparing recur-
rence rates or progression-free survival between the two cohorts.
Therefore, the primary comparison between the cohorts focuses on
FGFR2 mutation frequency, which provides a more reliable cross-
cohort measure of genomic differences.

3.3. Exceptional POLE mutation case

POLEmutated endometrial cancer is typically associated with an ex-
cellent prognosis, with rare disease-related deaths reported [20]. How-
ever, in our cohort, one patientwith pathogenic POLEmutation (A456P)
experienced a fatal outcome. At diagnosis, the 42-year-old had systemic
lupus erythematosus (SLE) andwas under immunosuppressive therapy
for a kidney transplant. Following abnormal bleeding, a Grade 1
us FGFR2 wild type among low-risk endometrioid cancers.
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Table 4
Recurrence cohort: FGFR2 mutations and recurrence sites in 19 low-risk endometrioid cancer patients.

Patient Stage Grade Molecular
Class

Recurrence
Time (days)

FGFR2 Mutations Recurrence Site

1 1 A 2 MMRd 434 FGFR2:S252W Vaginal cuff and para-iliac lymph node
2 1 A 2 MMRd 628 FGFR2:K659E Inside vagina
3 1 A 1 NSMP 228 FGFR2:N549K Inside vagina and para-iliac lymph node
4 1 A 1 MMRd 263 FGFR2:C382R, FGFR2:G301D, FGFR2:

E360D
Inside vagina progressing to vaginal cuff and para-iliac lymph node

5 1 A 1 NSMP 774 FGFR2:A333G Para-iliac lymph node
6 1 A 2 MMRd 375 FGFR2:N549K, FGFR2:R664W Vaginal cuff
7 1 A 2 MMRd 1263 FGFR2:S252W Inside vagina
8 1 A 1 NSMP 1818 FGFR2:N549K, FGFR2:R664W Vaginal cuff; second recurrence to vaginal cuff and lung metastasis
9 1 A 1 NSMP 133 FGFR2:S702L Ovarian metastasis; second recurrence to vaginal cuff and para-iliac lymph

nodes
10 1 A 1 MMRd 4588 – Inside vagina
11 1 A 1 NSMP 2647 – Para-iliac lymph nodes
12 1 A 1 MMRd 1882 – Inside vagina
13 1 A 1 NSMP 1825 – Inside vagina
14 1 A 1 MMRd 750 – Inside vagina
15 1 A 2 MMRd 4571 – Vaginal cuff
16 1 A 1 NSMP 1528 – Para-iliac lymph nodes
17 1 A 2 MMRd 4998 – Carcinosis in abdomen, pleural area, intrahepatic metastasis
18 1 A 2 POLE 1448 – Para-iliac lymph nodes
19 1 A 1 MMRd 1715 – Vaginal cuff and pelvic side wall tumor
endometrioid adenocarcinoma with minimal myometrial invasion (1/
17 mm) was diagnosed. The tumor size was 80 mm, and no LVSI was
present. She had ovarian preservation due to young age, but later devel-
oped ovarian metastasis 4,4 months postoperatively. After reoperation
and adjuvant treatment, she experienced bowel perforation twice and
sepsis. The disease recurred in the pelvic lymph nodes, and the patient
died of the disease 1,5 years after the second surgery.

3.4. Functional analysis of FGFR2 missense mutations and clinical outcome

It has previously been reported that FGFR 1–4 aberrations were
found in 7.1 % of diverse 4853 diverse cancers, with 61 % being amplifi-
cations, most notably locating in FGFR1. In 80 cases of endometrial can-
cer, 11 % harbored FGFR abnormalities, predominantly FGFR2 [21]. In
our present study, all genomic alterations in the FGFR2 were point mu-
tations and no fusions were identified.

Two patients in our cohort harbored the S252Wmutation, located in
the extracellular domain of FGFR2. This alteration presents conflicting
reports on its effects, with some studies suggesting loss of ligand speci-
ficity and increased activation, while others indicate a growth advan-
tage and enhanced transformation activity compared to wild-type
FGFR2 [22,23]. The first patient had recurrence in vaginal cuff and the
other vaginal cuff and pelvic lymph nodes.

Another patient had the K659E mutation, a gain-of-function alter-
ation positioned in the protein kinase domain. This mutation is associ-
ated growth advantage, transformation activity, and downstream
signaling [23]. This tumor relapsed in the vagina.

Three patients had N549K mutation, also located in the protein ki-
nase domain. This gain-of-function alteration is known to enhance
growth advantage, transformation, and MAPK pathway signaling
[22,24,25]. Two of these patients harbored also R664W mutation,
which has uncertain function. While positioned in the protein kinase
domain, R664W presents conflicting reports regarding its effects on
growth advantage and autophosphorylation [23]. Among these three
patients, one experienced recurrence in the vaginal cuff and obturator
lymph nodes, another had an extension of a vaginal cuff tumor, and
the third experienced recurrence in the vaginal cuff.

One patient with S702L mutation in exon 16 also harbored POLE
mutation. The clinical significance of S702L remains unclear due to
insufficient evidence. This patient's tumor recurred in the pelvic
lymph nodes.
134
Only one patient had FGFR1 mutation (G301D) alongside an FGFR2
mutation (C382R). The recurrence in this case occurred in vaginal cuff
and para-iliac lymph node.

The specific FGFR mutations and their recurrence sites are listed in
Table 4.

4. Discussion

The outcome for endometrial adenocarcinoma is usually favorable,
but the mortality rate for uterine cancer has increased more rapidly
than the rate of incidence [26]. Treatment options for recurrent disease
remain limited, and the prognosis of these patients continues to be poor
despite recent advancements in targeted therapies.

In our cohort, MMRd recurrence cases accounted for 58 %, whereas
the incidence of MMRd in endometrial cancer reported in the literature
ranges between 17 % and 33 % [27]. The mutational landscape in endo-
metrial cancer is broad and diverse. The reasons behind recurrences in
low-risk cases remain poorly understood, but genomic profiling offers
hope for identifying new insights. In endometrial cancer, multiple mu-
tations can be identified, but the critical challenge lies in distinguishing
actionable mutations from ambiguous ones. This distinction is particu-
larly significant in p53abn and MMRp groups. While p53abn tumors
are strong precursors for high-risk tumors with higher recurrence po-
tential, MMRp is more heterogeneous and actionable mutations may
play a crucial role in future recurrences. Conversely, in POLE groups, ad-
ditional actionable mutations are unlikely to worsen outcomes. For ex-
ample, multiple classifier groups such as POLEmut-p53abn are
classified as POLEmut rather than p53abn, and MMRd-p53abn combi-
nations are categorized as MMRd, with secondary mutations not
impacting prognosis [28].

Following our comprehensive analysis, we identified 19 low-risk en-
dometrial cancers with unexpected recurrence and examined their mu-
tational profiles. The most common mutations among the recurrence
cohort, according to CGI, were PTEN, PIK3CA, ARID1A, PIK3R1, and
FGFR2 (Fig. 1). Our findings for driver mutations in low-stage recur-
rence versus non-recurrence groups align with previous studies [13,
29], with a few notable exceptions.

One exceptional recurrence case in our cohort involved a patient
with a pathogenic POLE mutation who experienced a fatal outcome.
While POLE-mutated endometrial cancers are widely considered to
have an excellent prognosis, with extremely low recurrence rates
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reported in large prospective cohorts such as PORTEC-3 [30], rare
exceptions may occur, particularly in the setting of additional clinical
risk factors. In this case, the patient had systemic lupus erythematosus
and was receiving immunosuppressive therapy for a prior kidney
transplant, which may have contributed to the recurrence. Although
this represents a single case, it highlights the need for individualized
risk assessment, even in tumors typically associated with favorable
outcomes.

Among our long list of genetic alterations, only FGFR2 mutations
stood out as significantly enriched in relapsed cases compared to the
low-risk TCGA control cohort and the non-recurrent cases in this
study To address the small non-recurrent control group size, we further
evaluated FGFR2 mutation frequencies separately in higher-risk
endometrioid endometrial cancers treated with adjuvant therapy. In
this higher-risk group, FGFR2 mutations were identified in 20 % of
cases, consistent with previously published rates and substantially
lower than the 47 % observed in the recurrent low-risk cohort. This ad-
ditional analysis supports the notion that FGFR2mutations are not uni-
formly associated with endometrial cancer risk but rather may
contribute specifically to recurrence risk in low-risk cases where recur-
rence is unexpected.

Although recurrence in low-risk cases is rare and our sample size is
small, FGFR2 alterations may play a role in tumorigenesis and progres-
sion in a subset of these cancers. Research has shown that FGFR2 muta-
tions contribute to endometrial cancer development and progression
[31]. Mutations such as C382R andN549K confer gain-of-function prop-
erties to FGFR2, enhancing cell proliferation, transformation, and onco-
genic potential. These mutations disrupt normal regulatory
mechanisms of cell growth, facilitating uncontrolled cell division and
cancer progression. FGFR mutations often activate MAPK and PI3K/
AKT signaling pathways, driving cancer cell proliferation and survival.

The FGFR2 (Fibroblast Growth Factor Receptor 2) gene plays a piv-
otal role in cell growth, differentiation, and repair. Alterations in this
gene, including missense mutations and variations, have been exten-
sively studied in various cancers, particularly endometrial cancer [19].
FGFR2 mutations occur in approximately 10 % to 16 % of endometrial
carcinomas, particularly in the serous and endometrioid subtypes.
These mutations are associated with aggressive disease and shorter
progression-free survival (PFS) [19]. In previous studies, early-stage dis-
ease was categorized as stage I-II, without separate analysis of low-risk
stage IA cases, as conducted in our study.

FGFR2 mutation has been linked to reduced disease-free survival
(DFS) and cancer specific survival [29]. In the cohort of 386 patients
having early-stage disease (stage I or II), FGFR mutation were signifi-
cantly associated with shorted DSF (HR = 3.24, p = 0.008) and OS
(HR = 2.00, p = 0.025). FGFR mutation also were more prevalent in
well- and moderately-differentiated endometrioid tumors (grade
1:12 %, grade 2: 11 %, grade 3: 3 %) [32].

The GOG210 clinical trial included late-stage cases (stage III and IV)
as well as early stage (I and II) recurrent cases and random samples
from early-stage non-recurrent cases. In this study, FGFR2 mutation
were more common in older patients and those with advanced-stage
endometrial cancer, although this was not statistically significant
(p = 0.07). However, progression was significantly more common in
patients with FGFR mutation (P< 0.001). FGFR2mutation was an inde-
pendent prognostic factor for shorter PFS (HR1.9, p = 0.02) and endo-
metrial cancer specific survival (HR2.1, p = 0.002) [19]. In our study,
patients with FGFR2 mutations experienced earlier recurrence than
those without, although the difference did not reach statistical signifi-
cance (p = 0.057; Fig. 2).

FGFR2 alterations, particularly tumor driver mutations, are particu-
larly intriguing, because some FGFR2 inhibitors have already received
approval for treating other cancers or are under development (Commit-
tee for medicinal products for human use, European medicine agency)
[33]. Preclinical studies suggest that endometrial cancer cells with
FGFR2 alterations are sensitive to FGFR2 inhibition [31].
135
The heterogeneity of FGFR2mutations, including R664W and S702L,
highlights the complexity of targeting FGFR2 in cancer therapy. While
somemutations confer a growth advantage or transformation potential,
others exhibit ambiguous effects, complicating therapeutic strategies.
Nonetheless, the identification of these mutations provides valuable
biomarkers for the diagnosis, prognosis, and potential therapeutic
targeting in endometrial cancer.

We acknowledge limitations of our study. First, the small size of the
non-recurrent control group limits the statistical power to detect differ-
ences between recurrent and non-recurrent low-risk cases. However,
the observed FGFR2 enrichment in recurrent cases, in combination
with the lower FGFR2 frequency in both higher-risk cases and the
TCGA low-risk cohort, suggests a biologically relevant association. Sec-
ond, no formal sample size calculation was performed, as the study
was inherently limited by the rarity of the target population. Despite
these limitations, the findings point to FGFR2 mutations as a potential
predictor of unexpected recurrence, warranting further validation in
larger, prospectively collected cohorts.

In conclusion, our study highlights that while low-risk endometrial
cancer generally has a favorable prognosis, unexpected recurrences re-
main a significant challenge. Genomic profiling revealed a spectrum of
genetic alterations, with FGFR2 mutations prominently associated
with recurrence. These mutations, characterized by gain-of-function al-
terations, may play a pivotal role in tumor progression and recurrence
in a subset of low-risk cases. The potential for targeted therapies, such
as FGFR2 inhibitors, offers a promising avenue for improving outcomes
in patients with actionable FGFR2mutations. These findings underscore
the importance of integrating molecular profiling into clinical practice
to enhance risk stratification and guide personalized treatment strate-
gies for endometrial cancer.
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