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Adult-type granulosa cell tumors (AGCTs) are sex-cord derived neoplasms with a propensity for late re-
lapse. Hormonal modulators have been used empirically in the treatment of recurrent AGCT, albeit with 
limited success. To provide a more rigorous foundation for hormonal therapy in AGCT, we used a multi-
modal approach to characterize the expressions of key hormone biomarkers in 175 tumor specimens and 
51 serum samples using RNA sequencing, immunohistochemistry, RNA in situ hybridization, quantitative 
PCR, and circulating biomarker analysis, and correlated these results with clinical data. We show that 
FSH receptor and estrogen receptor beta (ER�) are highly expressed in the majority of AGCTs, whereas 
the expressions of estrogen receptor alpha (ER�) and G-protein coupled estrogen receptor 1 are less prom-
inent. ER� protein expression is further increased in recurrent tumors. Aromatase expression levels show 
high variability between tumors. None of the markers examined served as prognostic biomarkers for 
progression-free or overall survival. In functional experiments, we assessed the effects of FSH, estradiol 
(E2), and the aromatase inhibitor letrozole on AGCT cell viability using 2 in vitro models: KGN cells and 
primary cultures of AGCT cells. FSH increased cell viability in a subset of primary AGCT cells, whereas 
E2 had no effect on cell viability at physiological concentrations. Letrozole suppressed E2 production in 
AGCTs; however, it did not impact cell viability. We did not �nd preclinical evidence to support the clinical 
use of aromatase inhibitors in AGCT treatment, and thus randomized, prospective clinical studies are 
needed to clarify the role of hormonal treatments in AGCTs.

' Endocrine Society 2020.
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Adult-type granulosa cell tumors (AGCTs) are sex cord stromal tumors representing 3% to 
5% of ovarian malignancies. A�defining feature of AGCTs is a somatic mutation (c0.402C > G; 
p.C134W) in the FOXL2 gene, which is thought to play a pivotal role in oncogenesis [1]. 
These tumors are characterized by slow growth and a generally favorable prognosis, with 
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a 10-year survival of 84% [2]. Up to 30% of patients diagnosed with AGCT experience a 
late relapse. The mainstay of treatment for AGCT is surgical resection, but improved med-
ical therapies are needed for advanced and relapsed disease. Current chemotherapeutic 
regimens show limited efficacy [3], and no prospectively validated targeted therapies exist 
for this unique tumor�type.

AGCTs secrete estradiol (E2), inhibin B, and anti-Müllerian hormone, and tumor hor-
mone production accounts for many of the signs and symptoms of the disease [4�6]. AGCTs 
are known to express certain hormone receptors [7�9], but the importance of hormonal 
signaling in AGCT progression remains uncertain. Hormonal therapies, such as GnRH-
analogues and aromatase inhibitors, have been used empirically in AGCT with limited ef-
�cacy [10, 11]; however, the biological foundation for these treatments has not been clearly 
established.

Clinically, AGCTs are often diagnosed at perimenopause when gonadotropin levels rap-
idly increase, and FSH signaling has been proposed to be 1 of the main drivers of AGCT 
growth [12]. In normal granulosa cells, FSH promotes cell proliferation by cAMP-mediated 
signaling cascades, leading to increased aromatase (CYP19A1) expression and elevated 
serum E2 levels, essential for normal ovarian function [13, 14]. The gene expression pro�le 
of AGCTs has been shown to mimic that of FSH-stimulated granulosa cells [15], suggesting 
that this gonadotropin signaling pathway is active in these neoplasms. Regarding CYP19A1, 
FSH is known to increase its mRNA levels via speci�c transcription factors, and FOXL2 has 
been shown to act as a direct regulator of this gene [16]. Data concerning the expression and 
functionality of CYP19A1 in AGCTs are scarce, although the ability of AGCTs to secrete E2 
implies its increased activity in tumor tissue.

Estrogens are known to exert strong mitogenic effects in breast and endometrial cancers 
[17, 18] and to inhibit apoptosis in normal granulosa cells [19], but their impact on AGCT pro-
liferation is less clear. The effects of E2 are mediated through two distinct nuclear receptors 
estrogen receptor-� (ER�) and -� (ER�), both expressed in AGCTs [20, 21]. Additionally, E2 
can act through a membrane-bound G-protein linked estrogen receptor (GPER1) that has 
been observed in AGCTs [22]. The expression levels, prognostic implications, and functional 
roles of FSH, CYP19A1, and E2 in AGCTs have not been reported.

Here, using a multimodal approach that combines next-generation sequencing, quan-
titative real-time PCR (qPCR), RNA in situ hybridization, and immunohistochemistry 
(IHC), we pro�le the expression of the FSH receptor (FSHR), estrogen receptors (ER�, 
ER�, GPER1), and CYP19A1 in a large cohort of FOXL2 mutation-positive AGCTs with 
rich clinical and follow-up data. We augment this expression pro�ling with measurements 
of hormone levels in 51 preoperative serum samples. In functional analyses, we show that 
FSH increases CYP19A1 expression and E2 production in an established AGCT cell line 
(KGN) and in primary cultures of AGCT cells. We demonstrate that stimulation with FSH 
increased cell viability in a subset of primary AGCT cells, whereas E2 had a similar effect 
only at high concentrations. Our results thus indicate a speci�c pattern of hormonal de-
pendency in AGCTs and support the further clinical exploration of hormonal modulators in 
the treatment of�AGCT.

1.� Materials and Methods

A.� Patients and Samples

Patient and sample data are shown in Tables�1 and 2. All of the AGCTs tested positive 
for the FOXL2 (c0.402C > G; p.C134W) mutation, and histological diagnoses were verified 
by an expert pathologist (R.B.). We performed RNA sequencing of freshly frozen tissue 
from 6 primary and 4 recurrent tumors. We constructed a tumor tissue microarray (TMA) 
containing quadruple cores from 121 primary and 54 recurrent AGCTs from representative 
formalin-fixed, paraffin embedded samples (Table�1). Nine tumor samples were available 
both as freshly frozen tissue and formalin-fixed, paraffin embedded. For controls, normal 
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ovaries (n = 4) were obtained from women undergoing ovariectomy for benign indications. 
Serum samples from 47 AGCT patients were collected before surgery for either primary or 
recurrent AGCT (Table�2). Short-term primary tumor cell cultures were established from 
fresh AGCT samples from 6 patients (Table�3). Three samples of pooled human granulosa-
luteal (hGL) cells were obtained from women undergoing in vitro fertilization treatment 
at the Department of Obstetrics and Gynecology, Helsinki University Hospital. Informed 
consent was obtained from patients who donated blood or fresh AGCT tumor samples for 
the study. The ethics committee of Helsinki University Central Hospital and the National 
Supervisory Authority for Welfare and Health in Finland approved this�study.

B.� Serum Analyses

Preoperative samples were obtained from 47 AGCT patients (Table�2) within a month before 
surgery and prepared and stored at -80°C until the analysis. All the studied serum markers 
(FSH, E2, and inhibin B) were measured in the HUSLAB hospital clinical laboratory: 

Table 1. Clinicopathologic Data of the (A) Patients and (B) Samples in the Tumor Tissue 
Microarray�(TMA)

A Patients n = 138 n (%�of Total)

Age at diagnosis, yearsa 53 (26�81)
Tumor stage at diagnosis
 I 126 (91)
 II 8 (6)
 III 1 (1)
 n/a 3 (2)
Follow-up time, yearsa 15.0 (0.7�42.3)
Recurrence
 Yes 51 (37)
 No 87 (63)
Survival
 Alive 91 (66)
 Dead of AGCT 24 (17)
 Dead of other 23 (17)
B Tumor characteristics n = 175 n (%�of total)
 Primary 121 (69)
 Recurrent 54 (31)
Microscopic pattern
 Better-differentiated 72 (41)
 Less-differentiated 98 (56)
 n/a 5 (3)
Tumor size
 <10�cm 103 (59)
 �10�cm 70 (40)
 n/a 2 (1)
Nuclear atypia
 High 50 (29)
 Low 121 (69)
 n/a 4 (2)
Mitotic index
 High 48 (27)
 Low 123 (70)
 n/a 4 (2)
MP status at sample retrieval
 Premenopausal 50 (29)
 Postmenopausal 124 (71)
 n/a 1 (0.5)

aMedian (range)
MP = menopause; n/a = not available.
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