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Abstract
Malignant Brenner tumor is a rare primary ovarian carcinoma subtype that may present diagnostic and therapeutic
conundrums. Here, we characterize the genomics of 11 malignant Brenner tumors, which represented 0.1% of 14,153
clinically advanced ovarian carcinomas submitted for genomic profiling during the course of clinical care. At the time of
molecular profiling, there was no evidence of a primary urothelial carcinoma of the urinary tract in any case. Cases with
transitional-like morphologic features in the setting of variant ovarian serous or endometrioid carcinoma morphology were
excluded from the final cohort. Malignant Brenner tumors exhibited CDKN2A/2B loss and oncogenic FGFR1/3 genomic
alterations in 55% of cases, respectively; including recurrent FGFR3 S249C or FGFR3-TACC3 fusion in 45% of cases.
FGFR3-mutated cases had an associated benign or borderline Brenner tumor pre-cursor components, further confirming the
diagnosis and the ovarian site of origin. Malignant Brenner tumors were microsatellite stable, had low tumor mutational
burden and exhibited no evidence of homologous recombination deficiency. PIK3CA mutations were enriched with FGFR3
alterations, while FGFR3 wild-type cases featuredMDM2 amplification or TP53 mutations. The FGFR3 S249C short variant
mutation was absent in 14,142 non-Brenner, ovarian carcinomas subtypes. In contrast to malignant Brenner tumors, FGFR1/
2/3 alterations were present in ~5% of non-Brenner, ovarian serous, clear cell and endometrioid carcinoma subtypes, most
often as FGFR1 amplification in serous carcinoma or FGFR2 short variant alterations in clear cell or endometrioid
carcinomas, respectively. Finally, malignant Brenner tumors had overall distinct genomic signatures compared to FGFR-
mutated ovarian serous, endometrioid, and clear cell carcinoma subtypes. This study provides insights into the molecular
pathogenesis of malignant Brenner tumors, contrasts the extent of FGFR1/2/3 alterations in ovarian serous, clear cell and
endometrioid carcinomas and emphasizes the potential value of novel and FDA-approved, anti-FGFR inhibitors, such as
erdafitinib and pemigatinib, in refractory, FGFR3-mutated malignant Brenner tumors.

Introduction

Malignant Brenner tumor is an exceedingly rare type of
primary ovarian carcinoma, which morphologically resem-
bles urothelial/transitional cell carcinoma from the bladder
and urinary tract [1]. In the past, malignant Brenner tumor
was distinguished from both primary transitional cell car-
cinoma of the ovary and metastatic urothelial carcinoma to
the ovary by the presence of benign or borderline Brenner
tumor pre-cursor components [2, 3]. However, in the most
recent version of the “WHO Classification of Tumors of the
Female Reproductive Organs”, primary ovarian transitional
cell carcinoma is no longer recognized as a unique entity
and is now considered to be a variant of serous or endo-
metrioid carcinoma with transitional-like features. In con-
trast, malignant Brenner tumor still stands as a distinctively
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recognized entity, but it may be difficult to diagnose with-
out the identification of the precursor benign or Borderline
Brenner tumor components [1].

Due to its rarity, no consensus exists for the optimal
treatment of malignant Brenner tumor. However, adjuvant
platinum-taxane based chemotherapy after surgical excision
according to current recommendations for other epithelial
ovarian cancers may yield favorable results [4]. Recurrences
of advanced-stage malignant Brenner tumors can be more
difficult to treat as recurrences may become refractory to
conventional chemotherapy [4]. Currently, opportunities for
targeted therapies against malignant Brenner tumor are not
known since the cause and molecular pathogenesis of this
rare ovarian epithelial malignancy are not well defined.

Specific genomic alterations in the FGFR (fibroblast
growth factor receptor) family are well-known to be char-
acteristic driver events of certain cancer types, such as
FGFR3 mutations in primary urothelial carcinoma of the
bladder and FGFR2 fusions in primary intrahepatic cho-
langiocarcinoma [5, 6]. Specific gain-of-function FGFR
alterations suggest that optimal therapeutic benefits of
FGFR inhibitors may be specific to certain cancer subtypes.
Recently, novel anti-FGFR targeted therapy was approved
by the FDA for metastatic bladder urothelial carcinoma (i.e.,
erdafitinib) [7] and for advanced primary intrahepatic cho-
langiocarcinoma (i.e., pemigatinib) [8]. However, the extent
of FGFR3 genomic alterations in specific ovarian carci-
noma subtypes is unknown.

In the current study, we mined a large genomic dataset of
14,153 clinically advanced ovarian carcinoma patients that
had undergone comprehensive genomic profiling via DNA-
based targeted next-generation sequencing during the
course of clinical care and retrospectively identified and
analyzed the genomic landscape of malignant Brenner
tumors of the ovary. We found that malignant Brenner
tumor mutational signatures were characterized by
CDKN2A/B loss and well as two alternative genetic path-
ways: (1) FGFR3-driven or (2) MDM2/TP53-dependent.
We further define the FGFR1/2/3 mutational landscape
across the most frequent ovarian carcinoma subtypes (i.e.,
serous, clear cell, and endometrioid), and we propose a
model for the pathogenesis of malignant Brenner tumors of
the ovary, which may have diagnostic and targeted ther-
apeutic implications.

Methods

Malignant Brenner tumor of the ovary cohort

Approval for this study, including a waiver of informed
consent and a HIPAA waiver of authorization, was obtained
from the Western Institutional Review Board (Protocol No.

20152817). A retrospective database search of Foundation
Medicine, Inc., a CLIA-cerfified and CAP-accredited
reference molecular pathology laboratory, was performed
for cases whose submitting diagnosis was malignant Bren-
ner tumors of the ovary in female patients. Clin-
icopathological data including patient age, tumor size and
tumor stage, and sites of metastasis were extracted from the
accompanying pathology report or associated clinical
records when available. The pathologic diagnosis of
malignant Brenner tumor and morphological features were
re-evaluated on routine H&E-stained slides of tissue sec-
tions submitted for DNA sequencing. Cases with
transitional-like features in the setting of variant serous or
endometrioid carcinoma morphology, as previously
described [9], were excluded from the final malignant
Brenner tumor cohort. Degree of atypia was scored as low-
grade if nuclei resembled low-grade bladder urothelial
carcinoma (nuclei uniformly enlarged with mild differences
in shape, contour, and chromatin distribution) and high-
grade if tumor cells met criteria for bladder high-grade
urothelial carcinoma (moderate to marked pleomorphism,
enlarged nuclei at least 4X the size of lymphocytes with
variation in size, irregular contour, clumped chromatin and
prominent nucleoli).

Internal 14,142 non-Brenner ovarian carcinoma
cohort, including 11,433 serous carcinomas, 903
clear cell carcinomas, and 570 endometrioid
carcinomas

Similarly to the malignant Brenner tumor cohort, we ret-
rospectively identified 14,142 non-Brenner ovarian carci-
noma cases from the archives of Foundation Medicine, Inc.
These cases were also previously submitted for compre-
hensive genomic profiling from different institutions during
the course clinical care between 2010 and 2020. This cohort
included 11,433 serous carcinomas of which 85.8% were
tubo-ovarian high-grade serous carcinomas, as well as 903
ovarian clear cell carcinomas and 570 ovarian endometrioid
carcinomas, and in which FGFR1/2/3 mutational analysis
was performed.

Genomic profiling

Comprehensive NGS-based genomic profiling was per-
formed on hybridization-captured, adapter ligation–based
libraries using DNA extracted from formalin-fixed paraffin-
embedded tumor in a CLIA-certified and CAP-accredited
laboratory (Foundation Medicine, Inc.). All samples for-
warded for DNA extraction contained a minimum of 20%
tumor cells. The samples were assayed via next-generation
sequencing for up to 324 cancer-related genes, plus select
introns from genes frequently rearranged in cancer, for all
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classes of genomic alterations [10–12]. To help visualize
the mutation sequencing data results, an oncoprint plot was
generated with online tools of the cbio portal as described
by Gao et al. [13] and Cerami et al. [14]. Tumor mutational
burden (TMB) was determined on 0.79–1.14Mb of
sequenced DNA using a mutation burden estimation algo-
rithm [15]. In this study, low TMB scores was defined as
<10 mut/Mb, since score of at least 10mut/Mb is a currently
FDA-approved companion diagnostic biomarker for
immunotherapy [16]. Assessment of microsatellite
instability was performed from DNA next-generation
sequencing across 114 loci [15].

Genomic ancestry analysis

Predominant ancestry was assessed using a SNP-based
approach [17]. Briefly, germline single nucleotide poly-
morphisms (SNPs) were characterized in the publicly
available 1000 Genomes data and used to train and validate
a classifier to bin individuals into one of five inferred
population groups, estimated to be of predominantly Afri-
can, European, Admixed American, South Asian, or East
Asian ethnic origin.

Homologous recombination deficiency status

We used validated methods for detecting genome-wide loss
of heterozygosity (gLOH) scores as surrogate marker for
homologous recombination deficiency (HRD) and PARP
inhibitor effectiveness in ovarian cancer [18, 19]. We
applied a genome-wide LOH score of at least 16% as the
cutoff for HRD; as this cutoff has been analytically vali-
dated, prospectively tested in the Rucaparib maintenance
setting as previously published in the ARIEL3 clinical trial
for ovarian cancer via the same assay used in this study
(NCT01968213) [19].

Statistical analysis

Fisher’s exact test was used in the statistical analysis
comparing the frequency of genomic alterations in the
cohort of ovarian FGFR3-mutated malignant Brenner tumor
versus FGFR3-rearranged ovarian non-Brenner carcinomas.
Statistical significance was defined as p < 0.05.

Analysis of FGFR3 mutations in publicly available
non-Brenner ovarian carcinoma genomic datasets

Publicly available molecular data from the ovarian carci-
noma TCGA study (n= 606) [20] and from the ovarian
cancer samples from the MSK IMPACT 2017 Nature
Medicine study (n= 224) [21] was analyzed with respect to
FGFR3 alterations via the cBio Cancer Genomics Portal

(http://cbioportal.org; Memorial Sloan Kettering Cancer
Center, New York, NY) [13, 14]. The cohorts were queried
for FGFR3 alterations in the cbio portal by using the
advanced onco query language with respect to FGFR3
[13, 14]. Online analysis was performed between January
1st, 2020 and July 31st, 2020.

Results

Clinical and histopathological characteristics of
malignant brenner tumor cohort

We performed a retrospective analysis of 14,153 con-
secutive ovarian carcinomas submitted for comprehensive
genomic profiling (CGP) during the course of routine
clinical care (2010–2020) and identified 11 unique malig-
nant Brenner tumors cases. The median patient age was 63
years, range 41–74 (Table 1). Primary ovarian tumor size
(retrieved from pathology reports) ranged from 5.1 to 30 cm
with a median size of 13 cm. In our malignant Brenner
tumor cohort, most tumors were aggressive, with either
reported recurrences or metastasis beyond pelvis, and
therefore clinically advanced, predominantly stage II or
higher (Table 1). At the time of genomic profiling, there
was no evidence of a primary urothelial carcinoma of the
urinary tract in any case.

All malignant Brenner tumors displayed morphological
features of urothelial carcinoma of the bladder and urinary
tract, often with squamous differentiation (Fig. 1). Mor-
phological features of the 11 malignant Brenner tumor cases
are depicted in Table 2. Six of seven cases from primary
tumor resections, exhibited either a benign or borderline
Brenner tumor pre-cursor component (Table 1). Four cases
were recurrences in which benign or borderline Brenner
tumor components could not be assessed, but the patient
had a reported history of malignant Brenner tumor
(Table 1). Case #8 (Table 1) showed a pre-cursor compo-
nent as well as a malignant Brenner tumor with areas
transitioning to small-cell neuroendocrine carcinoma
(Fig. 1). Cases exhibiting transitional-like features that were
deemed to be variants of high-grade serous or endometrioid
carcinomas were excluded from the final 11 malignant
Brenner tumor cohort.

Genomic landscape of malignant Brenner tumor

Genomic profiling revealed the most frequently altered
genes in malignant Brenner tumors were CDKN2A/B, which
were inactivated via homozygous deletion in 55% (6 of 11)
of cases (Fig. 2), followed by activating, oncogenic FGFR3
alterations in 45.5% (5 of 11) of cases (Fig. 2). Specifically,
36% (4 of 11) of cases had a FGFR3 S249C missense
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mutation and 9% (1 of 11) had a FGFR3-TACC3 fusion
(Fig. 2). The FGFR3 rearrangement identified in this tumor
is predicted to result in a fusion including the N-terminal
portion of FGFR3 (exons 1-17), which retains the full
kinase domain (Fig. 3). When evaluable, all FGFR3-

mutated malignant Brenner tumors had an associated
benign or borderline Brenner tumor pre-cursor component
(cases #1–4, Table 1, and Fig. 1), thus confirming the
diagnosis and the ovarian site of origin. A benign or bor-
derline precursor component could not be evaluated in one

Fig. 1 Histomorphology of
malignant Brenner tumors
and pre-cursor borderline
component. A Pre-cursor
borderline Brenner tumor in a
patient with FGFR3-mutated
malignant Brenner tumor,
exhibiting papillary architecture,
pink cytoplasm, low-grade
nuclear atypia and no invasion.
B Different area of the tumor
from (A) with stromal invasion
and squamous differentiation
consistent with malignant
Brenner tumor. C Lymph node
metastasis of a FGFR3-mutated
malignant Brenner tumor
resembling urothelial carcinoma.
D MDM2-amplified malignant
Brenner tumor. TP53 and RB1-
mutated malignant Brenner
tumor (E) and other areas with
transformation to small-cell
neuroendocrine carcinoma (F).

Table 1 Clinicopathological features of malignant Brenner tumor cohort.

n Age Associated pre-cursor lesion Size (cm) Initial FIGO stage Sites of metastasis or extension

1 60 Borderline Brenner 8 IIB Fallopian tube wall and serosa of sigmoid colon

2 64 Benign Brenner tumor 30 IIB Cul de sac and serosa of sigmoid colon; clinically suspicious for
stage IIIA

3 66 Borderline Brenner 5.1 IIIC Fallopian tubes, cervix, vagina, bladder peritoneum, pelvic lymph nodes

4 73 Borderline Brenner 20.1 IA N/A, incompletely staged with BSO only

5 74 N/A (metastasis/recurrence) N/A N/A Cervical lymph node; initial stage not available; stage IV based on
recurrence

6 51 N/A (metastasis/recurrence) N/A N/A Peritoneum; initial stage not available; stage IIIC based on recurrence

7 63 Not identified 13 IIIC N/A, initial stage based on submitting requisition sheet and clinical
information

8 63 Benign Brenner tumor 13 IIIA Para-aortic lymph nodes

9 44 N/A (metastasis) N/A N/A Bladder wall; initial stage not available, stage IV based on clinical
information

10 55 N/A (metastasis/recurrence) N/A N/A Rectum and vagina; initial stage not available, stage II based on
recurrence

11 41 Borderline Brenner 17.2 IC N/A; stage IV based on clinical information of subsequent metastasis
to breast
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FGFR3-mutated case since it was a metastatic recurrence
(Case #5, Table 1). One additional FGFR3 wild-type case
(9%, 1 of 11) harbored an activating FGFR1 alteration,
NM_023110:c.448+ 1 G > A_p.splice site 448+ 1 G >A
(Case #6, Table 1). Therefore, overall genomic alterations
leading to activation of the FGFR pathway occurred in 55%
(6 of 11) of malignant Brenner tumor cases.

Composite biomarker analysis revealed that malignant
Brenner tumors were microsatellite stable (11 of 11) and
exhibited low TMB (10 of 11), which are two well-
established biomarkers for immunotherapy. Mean and
median TMB were 3.6 and 2.5 mut/Mb, respectively. Case
#1 (Table 1) exhibited 10.5 mut/Mb, while all other cases
had scores of <10 mut/Mb. The FDA-approved CDx indi-
cation via same assay used in this study for recommending
pembrolizumab for the treatment of solid tumor patients is
TMB greater or equal to 10 mut/Mb [16].

Malignant Brenner tumors exhibited no evidence of
homologous recombination deficiency (HRD), which was
assessed by genome-wide loss of heterozygosity score
(gLOH), a biomarker for HRD and PARP inhibitor therapy.
gLOH scores >15% using same assay in this study are

associated with improved progression-free survival (PFS)
from Rubraca (rucaparib) maintenance therapy, based
on the ARIEL3 clinical trial for ovarian cancer [19], pre-
viously leading to the FDA approval of high gLOH scores
(>15%) in ovarian carcinomas for PARP inhibitor therapy.
In 5 cases in which gLOH could be evaluated, median
gLOH score was 1%, and no malignant Brenner tumor
harbored gLOH >15%. In addition, genomic alterations of
HRD genes were predominantly absent in our cohort,
including in BRCA1, BRCA2, BARD1, ATM, ATR, BRIP1,
CHEK1, CHEK2, CDK12, FANCA, FANCC, FANCG,
FANCL, MRE11A, PALB2, RAD51B/C/D, RAD52,
RAD54L. Two of five (40%) FGFR3-mutated malignant
Brenner tumors contained homozygous inactivating BAP1
alterations (Fig. 2); however, gLOH scores for both cases
were <15%, at 0% and 1%, respectively.

Activating PIK3CA mutations (E545K or C420R) co-
occurred with FGFR3 alterations in 3 of 5 (60%) malignant
Brenner tumors (Fig. 2), while FGFR3 wild-type cases
frequently exhibited alterations in MDM2 via amplification
or inactivating TP53 mutations (R213*, R110P, R273H) in
5 of 6 (83%) cases (Fig. 2). No case featured more than on

Table 2 Morphological features of malignant Brenner tumor cohort.

n FGFR3 alteration Morphology of invasive, malignant component Survival

1 FGFR3-TACC3 fusion and
FGFR3 amp

Both low and high-grade nuclear atypia components, small and
irregular nests with pleomorphic nuclei, eosinophilic and focally clear
cytoplasm

Alive at 17 months after
TLH-BSO

2 FGFR3 S249C Low and high-grade atypia, large expansile nests with focal central
necrosis, pleomorphic nuclei and eosinophilic cytoplasm

Not available

3 FGFR3 S249C Low grade to focal high-grade atypia, large nests and cords with
eosinophilic cytoplasm, enlarged but not pleomorphic nuclei, pale
eosinophilic cytoplasm and focal squamous differentiation within
fibromatous stroma

Dead at 15 months after
TLH-BSO

4 FGFR3 S249C Low-grade atypia, small infiltrative nests with focal squamous
differentiation in desmoplastic stroma (Fig. 1B)

Not available.

5 FGFR3 S249C Both low and high-grade components, large infiltrative nests with pale
eosinophilic to clear cytoplasm and focal keratinization (Fig. 1C)

Not available

6 Absent High-grade atypia, infiltrative nests with pleomorphic nuclei and
eosinophilic to clear cytoplasm

Alive at 7 months after
TLH-BSO

7 Absent High-grade atypia, large expansile nests with pleomorphic nuclei and
eosinophilic to clear cytoplasm

Dead at 52 months after
TLH-BSO

8 Absent High-grade atypia, infiltrative, expansile nests and cystic spaces lined
by pleomorphic cells with clear to eosinophilic cytoplasm and areas
transitioning to small-cell neuroendocrine carcinoma morphology
(Fig. 1E, F)

Not available

9 Absent Low-grade atypia, small to medium-sized infiltrative nests with
squamous differentiation in desmoplastic stroma

Alive at 18 months after
TLH-BSO

10 Absent High-grade atypia, sheets of malignant epithelioid to spindle cells with
vague nest formation, pleomorphic nuclei and eosinophilic to clear
cytoplasm (Fig. 1D)

Alive at 21 months after
TLH-BSO

11 Absent High-grade atypia, infiltrative nests, cords/trabecula and sheets of
epithelioid cells with eosinophilic cytoplasm, enlarged pleomorphic
nuclei with prominent nucleoli in desmoplastic stroma

Alive at 15 months after
TLH-BSO
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PIK3CA mutation. Patients with FGFR3-mutated malignant
Brenner tumors were older (mean age 67.4 years), com-
pared with patients with FGFR3 wild-type cases (mean age
52.8 years, p= 0.0148 via student t test). FGFR3-mutated
malignant Brenner tumors tended to have higher frequency
of lower-grade malignant components often with squamous
differentiation compared with FGFR3-wild-type tumors
(Table 2). Limited outcome and survival data are available
for the malignant Brenner tumor patient cohort (Table 2).

One FGFR3 wild-type malignant Brenner tumor (case
#8, Table 1), which also showed a de-differentiated small-
cell neuroendocrine carcinoma component, exhibited TP53
(R213*, R110P) and RB1 (132 fs*4) inactivating alterations
consistent with the diagnosis, reminiscent of urothelial
cancers with small-cell variant histology [22]. The presence
of a benign Brenner tumor pre-cursor component in this
case supports an ovarian origin. Overall distinct genomic

profiles and clinical features indicate that FGFR3 and
MDM2/TP53 are two different pathways for malignant
Brenner tumor pathogenesis, and, together, they molecu-
larly stratify 91% of cases, also reminiscent of bladder
urothelial carcinoma pathogenesis [23].

Ancestral analysis of malignant Brenner tumor
cohort

Genomic ancestry analysis revealed that 4 of 5 (80%)
FGRF3-mutated malignant Brenner tumor patients were
from European descent, while 1 of 5 (20%) FGFR3-mutated
patient was of admixed American descent. In contrast, 2 of
5 (40%) patients with FGFR3 wild-type malignant Brenner
tumors were of European descent, 2 of 5 (40%) were of
admixed American descent, while 1 of 5 (20%) was of
African descent.

Analysis of FGFR3 S249C and FGFR3-fusions in
14,142 non-Brenner ovarian carcinoma subtypes
and publicly available non-Brenner ovarian
carcinoma genomic datasets

Within our internal ovarian carcinoma genomic database of
cases that were previously molecularly profiled during the
course of clinical care at Foundation Medicine, FGFR3
S249C was not detected in 14,142 non-Brenner ovarian
carcinomas. We validated the specificity of these internal
results with publicly available genomic datasets of ovarian
carcinomas. Activating FGFR3 short variant alterations,
including FGFR3 S249C, was not identified in 606 samples
from 594 patients with ovarian serous carcinomas from the
ovarian carcinoma Cancer Genome Atlas (TCGA, Firehose
Legacy, accessed via the cbio portal) [20]. In contrast, a
FGFR3 fusion, FGFR3-MLLT10, was identified in 1 of 585
(0.02%) TGCA ovarian serous carcinoma samples (TCGA,
PanCancer Atlas). In another independent, publicly avail-
able cohort of non-Brenner ovarian carcinomas, FGFR3

Fig. 2 Oncoprint of our malignant Brenner tumor cohort
demonstrating genomic profiles with frequent activating mutations
of FGFR3 and CDKN2A/2B loss. PIK3CA alterations co-occurred
with FGFR3, while MDM2/TP53 alterations occurred in FGFR3 wild-
type cases. Purple rectangle: gene rearrangement. Blue rectangle:
homozygous deletion; red rectangle: amplification; black square:
truncating mutation; Green square: oncogenic missense mutation.

Fig. 3 Mutational landscape of FGFR3 in malignant Brenner
tumors. A Schematic diagram showing the protein domains of
FGFR3, and recurrent activating S249C short variant mutation iden-
tified in malignant Brenner tumors. B Schematic diagrams demon-
strating activating DNA fusions involving FGFR3 identified in a
malignant Brenner tumor.
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short variant alterations and fusions were not identified in
224 non-Brenner ovarian cancer samples from 216 patients
from the MSKCC Nature Medicine 2017 study [21]
(accessed via the cbio portal). The results from our cohort
and external validation cohorts suggest that FGFR3 S249C
may be specific to malignant Brenner tumors.

FGFR3 fusions in malignant Brenner tumor and
other ovarian carcinoma subtypes

To determine whether FGFR3 fusions were specific to
malignant Brenner tumors, we interrogated our 14,142
internal non-Brenner ovarian carcinomas for FGFR3
fusions and rearrangements. At a similar rate to the ovarian
carcinoma TCGA cohort, we identified FGFR3 fusions or
rearrangements in 0.01% (10 of 14,142) non-Brenner
ovarian carcinoma subtypes (5 high-grade serous, 3 clear
cell carcinoma, and 2 high-grade endometrioid adeno-
carcinomas). In this FGFR3-rearranged, non-Brenner
ovarian carcinoma cohort, mean and median patient age
were 62 and 61 years, respectively. We identified known
activating FGFR3 fusions such as FGFR3-TACC3 (n= 5),
internal FGFR3 rearrangements (n= 2) involving intron 17
or exon 18, as well as novel rearrangements (n= 3)
FGFR3-ING1, FGFR3-LETM1, and FGFR3-LARGE. In
contrast to FGFR3-mutated malignant Brenner tumor,
FGFR3-rearranged non-Brenner ovarian carcinomas
exhibited a high frequency of TP53 mutations (80%, p=
0.09), low frequency of CDKN2A/2B loss (10%, p= 0.08)
and lacked PIK3CA mutations (0%, p= 0.02, Fisher exact
test). Although FGFR3 fusions may occur in non-Brenner
ovarian carcinoma subtypes, our results suggest that
FGFR3-rearranged, non-Brenner ovarian carcinomas exhi-
bit different genomic profiles compared to FGFR3-mutated
ovarian malignant Brenner tumors.

FGFR1/2/3 landscape in non-Brenner ovarian
carcinoma (serous, endometrioid, and clear cell)
subtypes

Finally, we assessed the extent of activating FGFR1/2/3
genomic alterations in the most frequent non-Brenner
ovarian carcinoma subtypes (i.e. serous, clear cell, and
endometrioid types). There were 11,433 ovarian serous-type
carcinomas in the internal Foundation Medicine dataset, of
which 85.8% were tubo-ovarian high-grade serous carci-
nomas. 5% of ovarian serous carcinomas (593 of 11,433)
harbored any activating FGFR1/2/3 alteration, most of
which were FGFR1 amplification (2.7%) (Fig. 4). FGFR3
and FGFR2 amplification occurred less frequently, at 0.9%
and 0.7%, respectively. FGFR1/2/3 short variant (0.8%)
and fusions/rearrangements (0.3%) were also infrequent.
Most recurrent short variant alterations included FGFR2

S252W (0.3%), FGFR2 N549K (0.01%), FGFR1 S546K
(0.01%), FGFR1 T141R ( < 0.01%), FGFR3 A500T
(<0.01%), FGFR3 D785fs*31 (<0.01%). Rare recurrent
FGFR fusions/rearrangements occurring at <0.01% each
included FGFR2 internal rearrangement, FGFR2-ATE1
fusion, FGFR1-TACC1, and FGFR3-TACC3. Notably,
other gene alterations that co-occurred with activating
FGFR1/2/3 alterations in ovarian serous-type carcinomas
included inactivating TP53 mutations (94%), NSD3 ampli-
fication (48%), CCNE1 amplification (26%), MYC ampli-
fication (21%) and NOTCH3 amplification (9%)
(Supplementary Fig. 1), consistent with profiles of aggres-
sive tubo-ovarian high-grade serous carcinomas
[20, 24, 25].

Among 903 cases of ovarian clear cell carcinoma with
comprehensive genomic profiling data available at Foun-
dation Medicine, 4.5% (41 of 903) harbored activating
FGFR1/2/3 alterations, most of which occurred in FGFR2
(2.4%) (Fig. 4) via FGFR2 short variant alterations S252W
(1.3%) and P253 (0.5%). Other recurrent FGFR alterations
in ovarian clear cell carcinoma included FGFR1 amplifi-
cation (0.6%), FGFR3 amplification (0.5%), FGFR3-
TACC3 fusion (0.2%). FGFR-mutated ovarian clear cell
carcinoma was characterized by frequent co-alterations in

Fig. 4 Extent of FGFR1/2/3 genomic alterations in non-Brenner
ovarian carcinomas. Frequency of FGFR1/2/3 alterations in non-
Brenner ovarian carcinoma serous (A), clear cell (B), and endome-
trioid (C) subtypes with relative proportion of alterations of specific
FGFR gene (right). Some cases had more than one alteration, thus the
total of the right chart may be more than 100%.
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PIK3CA (59%), ARID1A (51%), TERT (33%), TP53 (22%),
PPP2RA1 (15%), and ARID1B (14%) (Supplementary
Fig. 1), compatible with other known drivers of ovarian
clear cell carcinoma tumorigenesis [26, 27].

In the internal Foundation Medicine dataset, there were
570 endometrioid-type ovarian carcinomas. Activating
FGFR1/2/3 alterations occurred in 6.6% (38 of 570), and
the majority were in FGFR2 (4.3%, 25 of 570) (Fig. 4), via
recurrent short variant alterations in FGFR2 S252W (1.9%),
FGFR2 N549K (1.2%), FGFR2 R664W (0.5%), FGFR2
amplification (0.3%) and internal FGFR2 rearrangement
(0.3%). FGFR1 alterations occurred in 1.5% of ovarian
endometrioid carcinomas with recurrent FGFR1 amplifica-
tion in 1% of cases. FGFR3 alterations occurred in 0.7% of
via recurrent FGFR3 amplification or FGFR3-TACC3
fusion. Frequently co-altered genes in FGFR-mutated
ovarian endometrioid carcinomas were PTEN (58%),
PIK3CA (58%), ARID1A (58%), TP53 (40%), PIK3R1
(18%), ATM (16%), CCND1 (16%), and CTNNB1 (16%)
(Supplementary Fig. 1). Taken together, our results
demonstrate an overall distinct FGFR1/2/3 mutational
landscape and genomic signatures of malignant Brenner
tumors compared to different FGFR-mutated ovarian ser-
ous, endometrioid, and clear cell carcinoma subtypes.

Discussion

We queried a unique database of 14,153 ovarian carcinomas
that had undergone comprehensive genomic profiling dur-
ing the course of routine clinical care to explore the geno-
mic landscape of malignant Brenner tumors of the ovary.
Malignant Brenner tumors were exceedingly rare and
represented 0.1% of 14,153 clinically advanced primary
ovarian carcinomas submitted for genomic profiling
between 2010 and 2020. The histogenesis of Brenner
tumors has classically been linked to Walthard cell rests
[28], which are benign clusters of epithelial cells that
resemble the urothelium of the urinary tract, and which can
be found at the serosa of fallopian tubes, mesovarium, and
ovarian hilum (Fig. 5). An alternative cell of origin for this
tumor has been the ovarian surface epithelium and the
underlying stroma through transitional/urothelial cell
metaplasia [29]. Brenner tumors may be classified as
benign, “atypical proliferative” of borderline malignancy or
frankly malignant (Fig. 5). Based on morphological criteria
and molecular data, benign and borderline Brenner tumors
may be considered pre-cursors to their malignant counter-
part in the stepwise progression of this ovarian carcinoma
subtype.

In this study, homozygous deletion of CDKN2A and
activating FGFR3 alterations were the most frequent
genomic alterations in malignant Brenner tumors. Prior

literature has demonstrated that one malignant Brenner
tumor case harboring CDKN2A loss and MDM2 amplifi-
cation has been previously shown to overexpress MDM2
and lose p16 (encoded by CDKN2A) proteins by immuno-
histochemistry, thus supporting the validity of our genomic
results [30]. In this prior case, p16 was also lost in the
borderline Brenner tumor component [30]. In addition,
another prior study has previously demonstrated CDKN2A
homozygous deletion in 7 borderline Brenner tumors but
not in 13 benign Brenner tumors [31]. These results suggest
that homozygous deletion of CDKN2A occurs early in the
pathogenesis of malignant Brenner tumors, likely in the
transformation of benign Brenner tumors to tumors of
borderline malignancy (Fig. 5).

Similarly, PIK3CA mutations may occur early in the
progression of benign Brenner tumor to borderline Brenner
tumors. Activating PIK3CA mutations have been detected
in the epithelial component of 2 of 7 (29%) of borderline
Brenner tumors but not in benign Brenner tumors [31].
These results have been corroborated by another study in
which PIK3CA mutations were not identified in 3 benign
Brenner tumors, but instead were present in 1 recurrent
borderline Brenner tumor and 1 malignant Brenner tumor
[32]. The results of these two prior studies suggest that
activation of the PI3K/AKT pathway occurs early in the
transformation of benign Brenner tumors (Fig. 5). In our
study, activating PIK3CA alterations were present in 27% of
malignant Brenner tumors and they co-occurred with
FGFR3 mutations.

Our results suggest two alternative genetic pathways in
the pathogenesis of malignant Brenner tumors of the ovary
via alterations in either 1) FGFR3 or 2) MDM2/TP53
(Fig. 5). From results of prior studies, these alternative

Fig. 5 Proposed model for malignant Brenner tumor pathogenesis
based on this study and prior review of literature. H&E images
were taken from our study cohort. Activating PIK3CA mutations and
CDKN2A loss may be early events based on prior studies. FGFR3 and
MDM2/TP53 alterations indicate two different pathways for malignant
Brenner tumor pathogenesis and are likely late events. Together,
alterations in either FGFR3 or MDM2/TP53 molecularly stratify 91%
of cases, reminiscent of molecular pathways in bladder urothelial
carcinoma development.

990 D. I. Lin et al.



pathways may occur late in the progression of borderline
Brenner tumors to frankly malignant Brenner tumors. For
instance, absence of FGFR3 mutations has been previously
reported in 21 Brenner tumors of borderline malignancy
[33]. In a malignant Brenner tumor case report harboring
MDM2 amplification, MDM2 protein was overexpressed by
immunohistochemistry in the malignant component, but it
was negative in the benign and borderline pre-cursor com-
ponents as well as in 5 additional benign Brenner tumors
[30]. In a different study, MDM2 amplification has also
been reported in 3 of the 4 malignant Brenner tumor cases,
but it was negative in 17 benign and 2 borderline Brenner
tumors, respectively [34]. Similarly, TP53 mutations have
not been previously identified in benign or borderline
Brenner tumors [34, 35]. MDM2 and TP53 are within the
same genomic and signaling axis, in which MDM2 targets
p53 for ubiquitin-mediated proteasomal degradation,
thereby resulting in p53 loss of function [36].

Our results together with previously published studies
suggest a genetic model of malignant Brenner tumor
pathogenesis in which CDKN2A loss and PIK3CA muta-
tions may occur early in the transformation of benign
Brenner tumors to atypical proliferative tumors of border-
line malignancy (Fig. 5). In the stepwise progression from
borderline to malignant Brenner tumors, we propose that,
similarly to bladder urothelial carcinoma [23], FGFR3 or
MDM2/TP53 may be two alternative genomic pathways in
the pathogenesis of malignant Brenner tumors (Fig. 5).
Overall, microsatellite instability, high TMB, or homo-
logous recombination deficiency do not appear to play a
role in the molecular pathogenesis of malignant Brenner
tumors of the ovary (Fig. 5).

Our proposed molecular model is reminiscent of bladder
urothelial carcinoma, in which FGFR3 and TP53 have been
reported to be the most frequently mutated genes in bladder
cancer, and urothelial carcinomas may develop through at
least two molecular pathways, one related to FGFR3,
typically in less invasive tumors, and one related to TP53,
characterized by higher grade, invasive tumors [23, 37].
One point in contrast with malignant Brenner tumors is the
well-known association of bladder urothelial carcinoma
with cigarette smoking, which is linked to significantly
higher TMB and corresponding responsiveness to immu-
notherapy and FDA-approved immune checkpoint inhibi-
tors for advanced bladder cancer patients.

Our data shed insights into the potential value of targeted
therapies in refractory, FGFR3-mutated malignant Brenner
tumors, a tumor that currently presents a therapeutic con-
undrum due to its rarity. FGFR3 (fibroblast growth factor
receptor 3) encodes a targetable receptor tyrosine kinase
that typically promotes cell cycle progression and angio-
genesis via activation of downstream signaling pathways,
including RAS-MAPK and AKT [38–40]. Anti-FGFR

inhibitors, such as erdafitinib, are currently approved by
the FDA for the treatment of metastatic urothelial carcinoma
with FGFR2 or FGFR3 alterations that have progressed
after chemotherapy, based on the clinical trial BLC2001
(NCT02365597) [7]. FGFR3 mutation and amplification
have been reported in 26–59% and 18% of bladder uro-
thelial carcinoma cases, respectively [5, 41, 42]. FGFR3
S249C has been reported to be the most frequent mutation
in urothelial tumors, with similar incidences of 62% and
58% in bladder tumors and upper urothelial tract tumors,
respectively [41]. Based on morphological and now mole-
cular resemblance of malignant Brenner tumors of the ovary
to bladder urothelial carcinoma, our data suggests that
FGFR3-mutated malignant Brenner tumors may also be
sensitive to FGFR inhibitors. Patients with FGFR3-mutated
malignant Brenner tumors may be eligible for clinical trials,
such as the MATCH Screening Trial (NCT02465060), in
which ovarian cancer patients with FGFR alterations may
be eligible for erdafitinib. In addition, anti-FGFR targeted
therapy with the drug pemigatinib has also been approved
by the FDA for intrahepatic cholangiocarcinomas that are
driven by FGFR2 fusions [8].

Other genomic alterations in malignant Brenner tumors
for which FDA-approved therapies are available include
CDKN2A and PIK3CA. Recently, a PIK3CA-specific inhi-
bitor, alpelisib, has been approved by the FDA for PIK3CA-
mutated, hormone receptor-positive, advanced breast can-
cers [43], suggesting that Alpelisib may be effective in
PIK3CA/FGFR3 co-mutated malignant Brenner tumors. In
this regard, our study suggests combination treatment with
both PIK3CA and FGFR inhibitors should be further
investigated in FGFR-mutated cases, as well as in FGFR-
altered ovarian clear cell and endometrioid carcinomas. In
addition, high frequency of homozygous deletion of
CDKN2A, which encodes p16 (a CDK4/6 inhibitor), sug-
gests that malignant Brenner tumors may be sensitive to
CDK4/6 inhibition. The CDK4/6 inhibitors palbociclib,
ribociclib, and abemaciclib are FDA-approved for the
treatment of hormone receptor-positive and Her2-negative
breast cancer [44, 45], and CDK4 inhibitors have previously
shown to be effective in case reports of tumors with
CDKN2A loss [46, 47]. Lastly, although in early phase,
emerging MDM2 inhibitors, such as Idasanutlin, may also
be investigated in MDM2-amplified malignant Brenner
tumor patients [36].

In conclusion, here we reveal insights into the genomic
landscape of malignant Brenner tumors of the ovary and
propose a model of molecular pathogenesis, in which FGFR
activation, in particular via FGFR3 S249C mutation, is a
driver in the tumorigenesis of at least 50% of malignant
Brenner tumors. A weakness of this study is lack of long-
term follow-up to assess survival differences in FGFR3-
mutated versus wild-type cases. In addition, we have not
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directly micro-dissected and sequenced pre-cursor compo-
nents to definitively assess early genomic events. However,
these potential weaknesses are also opportunities for future
studies. Our proposed model is based on data from our
study and analysis of previous literature in which a limited
number of gene mutations were assessed in benign and
borderline Brenner tumors. Given the overall morphological
and molecular similarities to urothelial carcinoma, including
recurrent FGFR3 S249C mutation and FGFR3-TACC3
fusion, our data emphasizes the potential value of FDA-
approved, anti-FGFR inhibitors such as erdafitinib and
pemigatinib, in refractory, FGFR3-mutated malignant
Brenner tumors. Our data demonstrate the usefulness of
comprehensive genomic profiling in characterizing this rare
subtype of ovarian carcinomas, as correct identification of
malignant Brenner tumors may have important therapeutic
implications. Finally, we provide a key resource to guide
future clinical investigations on the utility of anti-FGFR
inhibitors as single agents or in combination strategies for
the treatment of malignant Brenner tumors as well as of a
subset (~5%) of FGFR-mutated ovarian serous, clear cell
and endometrioid carcinomas.
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