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Abstract
Adult granulosa cell tumor (aGCT), the most common
malignant ovarian sex cord-stromal tumor, is characterized
by the forkhead transcription factor FOXL2 p.C134W somatic
mutation. Late recurrences are relatively common but the
molecular mechanisms of relapse or aggressive behavior are
not known. The mutational landscape of FOXL2 p.C134W
mutation–positive tumors (n ¼ 22) was determined using
whole-exome sequencing (WES). An average of 64 coding and
essential splice-site variants were identiﬁed per tumor. As the
TERT promoter region is poorly covered by the WES, targeted
sequencing identiﬁed the TERT -124C>T promoter mutation
as the only recurrent mutation (40% of cases). Pathway
analysis suggested an association with DNA replication/repair
and the EGFR family canonical pathways. Copy number

Introduction
Granulosa cell tumors (GCT) are the most common type of
malignant ovarian sex-cord stromal tumor and represent approximately 3%–5% of all primary ovarian malignancies (1, 2); they
are subclassiﬁed as adult (95%) or juvenile (5%) types. The
somatic missense mutation in the FOXL2 gene (c.402 C>G;
p.C134W), which is found in approximately 97% of aGCT
(3, 4) argues strongly that this mutation has an etiologic role in
these tumors. Although the majority of aGCTs are stage 1 and are
cured by surgery, patients presenting with high-stage disease or
who later develop recurrence are likely to succumb to their disease
(2). Because virtually all aGCTs contain the FOXL2 mutation, it
would seem logical that recurrence and/or aggressive behavior
would reﬂect other subsequent somatic genetic changes in the
tumor. The identiﬁcation of mutations that predict recurrence
and/or aggressive behavior would inform the management of
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analysis conﬁrmed that gains of chromosomes 12 and 14
occur in approximately 30% of aGCT and loss of chromosome
22 occurs in approximately 40% of cases. In summary, exomewide analysis of the mutational landscape of aGCT revealed
that, except for the TERT promoter mutation, recurrence and/
or aggressive behavior is not deﬁned by activation or loss of
speciﬁc genes.
Implications: This study found that although aGCTs are
deﬁned by the presence of a common FOXL2 gene mutation,
recurrence and/or aggressive behavior cannot be attributed to
subsequent mutation of speciﬁc gene(s) or pathways; however, there is a high frequency of the TERT -124C>T promoter
mutation, which is associated with more aggressive disease.

women with aGCT and potentially also identify therapeutic
targets. Current treatment options, other than surgery, are in
general of limited efﬁcacy despite occasional responses in individual patients (2, 5).
Studies that have sought mutations in aGCT by analyzing
known oncogenes, tumor suppressor genes, and key signaling
pathways have largely been unrewarding (2). To our knowledge,
unbiased studies using large-scale sequencing to determine the
somatic landscape of aGCT have been limited to the original study
of Shah and colleagues (3), which identiﬁed the FOXL2 p.C134W
mutation from RNA-seq data, using only four aGCTs. This technology has therefore not previously been applied to an expanded,
well-curated panel of aGCTs to address the critical issue of which
mutation(s) are responsible for recurrence and/or aggressive
behavior. To gain insight into the somatic changes that may
determine pathogenesis in aGCT beyond the ubiquitous FOXL2
p.C134W mutation, we have applied whole-exome sequencing
(WES) to DNA extracted from 22 aGCTs. The data have been
analyzed for potentially oncogenic and/or novel single nucleotide
variants (SNV) and insertions or deletions (indels) as well as for
copy number variation. We used a targeted approach to examine
the promoter region of the TERT gene that encodes the catalytic
subunit of telomerase, for two hotspot mutations, -124C>T and
-146C>T (sometimes designated C228T and C250T, respectively),
which are commonly found in many cancer types (6, 7) one of
which, -124C>T, has recently been reported by Pilsworth and
colleagues (8) in aGCT.
We report a signiﬁcant and consistent rate of mutation across
the aGCTs including a small number of known oncogenic events
but without recurrent mutations in either genes or pathways. The
copy number changes observed are consistent with previous
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analyses using cytogenetics or comparative genomic hybridization. A high frequency of the TERT -124C>T mutation was found
in the recurrent aGCT.

Materials and Methods
Patient tissue samples
The GCT samples analyzed are summarized in Table 1. All
samples were collected with the patient's informed consent and
the study was approved by the Monash Health Human Research
and Ethics Committee (Project: 02119B). DNA for WES was
extracted from 22 fresh frozen aGCTs from 21 patients (14 stage
1 aGCTs and 8 recurrent aGCTs) collected sequentially and
predominantly at our institution (4, 9); two of the samples, a
stage 1 (sample 1) and a recurrent (sample 24) were from the same
patient, at initial diagnosis and then 3 years later. Five additional
previously described samples (10) were used for the TERT promoter analysis (Table 1) together with an additional cohort of
formalin-ﬁxed parafﬁn-embedded (FFPE) aGCT blocks from
Western Australia (Table 2). Stage is deﬁned according to the
FIGO (International Federation of Gynecology and Obstetrics)
criteria used for ovarian cancer (11). The aGCTs that were all
collected at a surgery subsequent to their initial surgery may be
interpreted as either a recurrence or progression of a known aGCT.
Two patients (samples 1 and 18) had matching peripheral
blood samples available; one (sample 1) was the patient with
two tumor samples (samples 24 and 26; Table 1). The tumor
DNA was extracted using the QIAamp DNA Mini Kit and
from peripheral blood samples, DNA was extracted using the
Table 1. Clinical information for the aGCT studied
Sample
Stage
Surgery
1
Primary
1a,b
2d
1
Primary
1
Primary
3d
1
Primary
4a
5d
1
Primary
b
2b
Primary
6
b
7
1a
Primary
1
Primary
8b
9b
1
Primary
1
Primary
10b
b
11
1
Primary
12b
1
Primary
1
Primary
13b
14b
1
Primary
15c
1a
Primary
1
Primary
16c
17c
1c
Primary
R
Secondary
18a,d
19d
R
Secondary
20d
R
Secondary
21d
R
Secondary
R
Secondary
22b
b
R
Secondary
23
24a,b
R
Secondary
25b
R
Secondary
26a,c
R
Secondary
c
R
Secondary
27

QIAamp DNA Blood Mini Kit (Qiagen), according to the manufacturer's protocol.
The DNA from the Western Australian cohort of FFPE samples
(Table 2) was extracted using the Invitrogen RecoverAll Total
Nucleic Acid Isolation Kit (Thermo Fisher Scientiﬁc) according to
the manufacturer's protocol. Extracted DNA concentration was
assessed by spectrophotometry (NanoDrop ND1000, Labtech)
and ﬂuorometry (Invitrogen Qubit, Thermo Fisher Scientiﬁc).
Exome capture, DNA sequencing, and bioinformatic analyses
Exome enrichment for all samples was performed using SureSelect XT2 Human All Exon V5 capture system (Agilent). Pairedend 100bp reads were sequenced using a HiSeq 1500 instrument
(Illumina) by the Monash Health Translational Precinct (MHTP)
Medical Genomics Facility. The Peter MacCallum Cancer Centre
Bioinformatics Core performed sequence alignment and variant
calling. Raw reads were ﬁrst quality checked using FastQC and
trimmed using cutadapt to ensure high read qualities. Filtered
reads were then aligned to the human reference genome
(GRCH37/hg19) using BWA-MEM (v.0.7.12-r1039) and duplicates were marked using Picard.
Two separate analyses were then performed. All 22 tumor
samples were run through an unmatched pipeline using GATK
UniﬁedGenotyper (3.6), VarScan (2.3.7), and Platypus (0.8.1).
The two germline exomes [from samples 1 (and 24) and 18] were
analyzed using GATK HaplotypeCaller (3.6).
Annotation of variants was performed using a local copy of the
Ensembl version R73 database and a customized version of
Ensembl Variant Effect Predictor. Variants that were predicted to

Menopausal status
Pre
Pre
Post
Post
Post
Post
Pre
Pre
Unknown
Pre
Pre
Unknown
Pre
Unknown
Pre
Pre
Post
Pre
Post
Post
Post
Post
Pre
Post
Post
Post
Post

Age at surgery
53
54
50
54
79
61
48
29
50
43
32
50
41
49
43
31
50
48
58
45
54
70
47
56
76
54
84

TERT Status
-124C>T
WT
-124C>T
WT
-124C>T
WT
-124C>T
WT
WT
WT
WT
WT
WT
-124C>T
WT
WT
WT
-124C>T
-124C>T
WT
-124C>T
WT
-124C>T
-124C>T
-124C>T
-124C>T
WT

NOTE: Samples 1, 24, and 26 are from the same patient; 24 and 26 are both recurrent samples but obtained at different surgeries.
Abbreviation: R, recurrent.
a
Matched blood.
b
WES only.
c
Microarray (11) only.
d
WES and Microarray (11).
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Table 2. TERT analysis on FFPE samples from
Patient #
Age
Tissue stage/status
1
55
1
2
43
1
3
71
1
4
76
1
5
37
1
6
63
1
7
50
1
8
51
1
9
64
1
10
35
1
11
54
1
12
43
1
13
44
1
14
84
1
15
52
1
16
76
Primary
17
65
Primary
18
78
Primary
19
67
Primary
20
62
Primary
21
55
Primary
22
49
Primary
23
42
Primary
24
47
Primary
25
55
Primary
26
40
Primary
27
54
Primary
28
45
Primary
29
50
Primary
30
46
Primary
31
68
Primary
32
58
Primary

a Western Australian
TERT Status -124
WT
HET
WT
HET
HET
HET
WT
HET
WT
WT
HET
WT
HET
Homozygous
HET
HET
WT
WT
WT
WT
HET
HET
WT
WT
WT
WT
HET
WT
HET
WT
WT
HET

aGCT cohort
Follow-up/Interval (yr. month)
8.05
17.06
11.03
19.06
16.03
18.11
14.04
16.11
5.05
6.02
12.10
10.07
10.10
5.01
9.05
12
10.06
6.03
9.09
5.03
2.10
2.01
7.04
12.02
4.07
11.04
13.08
5
18.07
6.10
4.02
9.10

affect transcripts (truncating, frameshift, nonsynonymous, and
essential splice-site variants) were considered for further analysis.
Variants identiﬁed in the two germline samples were ﬁltered for
read depth (10), variant allele frequency (0.15), and a minor
allele frequency (MAF) of 0.005 in the Exome Aggregation
Consortium (ExAC) database.
Variants identiﬁed in the 22 unmatched tumors were ﬁltered as
follows: common germline variants and exome sequencing artefacts were eliminated by requiring that the variant allele was not
observed in any of the 1000 Genome, Exome Variant Server [EVS
(ESP6500 SI-v2)] or ExAC databases, or in an in-house list of
variants found in 518 germline exomes. Variants present in genes
listed in the top 100 Frequently Mutated Genes (FLAGS)
described by Shyr and colleagues (12) were also excluded. Variants were required to be high quality (identiﬁed by all three
callers), with a total read depth 10 and a variant allele frequency
of 0.1 and 0.9. Genes that had more than 26 individual
variants identiﬁed in multiple samples were removed from the
analysis as they are likely to represent misalignments, which are
generally seen in large homologous gene families. Where a
complex mutation was identiﬁed and called as two or more
events in one sample, only the most deleterious event was
counted in the variant frequency, but all identiﬁed events are
included in the ﬁnal variant list in Supplementary Table S1.
The identiﬁcation ﬁlter was relaxed for variants in known cancer
driver genes, as we only required variants to be identiﬁed by two of
the three callers. A ﬁltered list of 1,404 variants in 22 tumors was
generated (Table 3). The complex events eliminated are shaded in
blue in Supplementary Table S1.

www.aacrjournals.org

Follow-up tissue stage/status
Disease free
Disease free
Disease free
Disease free
Disease free
Disease free
Disease free
Disease free
Disease free
Disease free
Disease free
Disease free
Disease free
Disease free
Disease free
Recurrent
Recurrent
Recurrent
Recurrent
Recurrent
Recurrent
Recurrent
Recurrent
Recurrent
Recurrent
Recurrent
Recurrent
Recurrent
Recurrent
Recurrent
—
—

TERT Status -124
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
Homozygous
WT
HET
HET
HET
HET
HET
WT
WT
HET
HET
HET
WT
HET
WT
—
—

The list of 1,404 variants was then ﬁltered against variants
identiﬁed in the two matching germline exomes. This reduced
the number of variants in those three tumors by approximately 80%, but had no effect on the remaining 19 tumors.
Variants eliminated are seen in gray in Supplementary
Table S1.
The two matched tumor/normal sets (sample 18 and
samples 1 and 24 with their respective germline DNA) were
also analyzed using a somatic pipeline in which SNVs and
indels were called using MuTect2 (GATK 3.6), VarDict
(1.4.6), and VarScan (2.3.7). For these samples, a 8 total
read depth was required and that the mutant allele was not
present in germline DNA. Variants were also required to be
identiﬁed by two or more callers and have a quality score of
50 (Table 4).
All somatic coding mutations in the three samples with
matched germline were manually reviewed by examination of
BAM ﬁles using the Integrative Genomics Viewer (13, 14).
Validation of candidate driver mutations
Two representative variants (XIAP K448Q and SMAD 3 S264C)
identiﬁed in tumor samples with germline DNA available were
validated and conﬁrmed as somatic using Sanger sequencing.
The two variants were chosen for their potential signiﬁcance as
discussed subsequently. Primers were designed with Primer3
software for XIAP (forward: 50 -ATATCTCCCGGCACTTGTTG-30 ;
reverse: 50 -TCCACAAGGAACA AAAACGA–30 ); and SMAD3
(forward: 50 – CACAGACCTGCAGCCAGTTA – 30 ; reverse: 50 –
CCTGTTGACATTGGAGAGCA–30 ).
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Table 3. Distribution of truncating, ESS, nonsynonymous, and stop loss variants
across each sample
Number of variants by
consequence rank
Sample
1
2
3
4
Total
1
2
1
34
37
2
4
2
46
52
3
2
2
45
49
4
8
38
46
5
7
2
43
52
6
7
3
72
82
7
6
46
52
8
7
1
56
64
9
11
1
81
93
10
7
151
158
11
4
37
41
12
10
2
91
103
13
9
60
69
14
7
2
62
1
72
18
3
26
29
19
7
35
42
20
4
1
37
42
21
9
1
56
66
22
5
3
57
65
23
6
3
96
105
24
2
1
34
37
25
4
44
48
Total
131
25
1,247
1
1,404
NOTE: Variants are listed according to their consequence: 1, truncating mutation
(stop gained or frameshift); 2, ESS (essential splice-site mutation); 3, nonsynonymous mutation; 4, stop/loss mutation.

Pathway analyses
The ontogeny of the genes identiﬁed as being mutated between
stage 1 and recurrent tumors was examined using the Ingenuity
Pathway Analysis (IPA) suite (www.ingenuity.com).
Copy number analysis
Copy number analysis from the exome data was performed
using the program ADTEx (Aberration Detection in Tumor
Exome; ref. 15) with the peripheral blood–derived germline DNA
(cases 1 and 18) used as the comparator.
TERT mutation status
The TERT promoter region is not well targeted in the Agilent
exome capture system so the TERT gene promoter region was
ampliﬁed from the tumor DNA and additional samples using
nested PCR (167 with ﬁrst round primers: forward 50 ACGAACGTGGCCAGCGGCAG-30 ; reverse 50 -CTGGCGTCCCTGCACCCTGG-30 with an annealing temperature of 62 C and
second round primers: forward 50 –CAGCGCTGCCTGAAACTC30 ; reverse 50 -GTCCTGCCCCTTCACCTT-30 with an annealing
temperature of 55 C (16). Sanger sequencing was used to identify
the known hotspot mutations in the TERT promoter, -124C>T
and -146C>T.

Results
Exome sequencing
Exomes were sequenced to an average read depth of 67
(range: 40.67–105.63), with an average of 96.5% of target bases
with > 10-fold coverage (range: 91.40%–98.82%). In all cases, the
FOXL2 p.C134W mutation was conﬁrmed, a de facto positive
control. The initial analysis of the 22 samples identiﬁed on
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Table 4. Mutated genes identiﬁed in samples with matched germline DNA: 1, 18,
and 24
Protein
Sample
Symbol
Chromosome variation
Consequence
1 & 24
ALPL
1
Trp270Ter
Stop gained
1 & 24
CNNM1
10
Val887Ile
Missense
1 & 24
COL3A1
2
Pro983Ser
Missense
1 & 24
DNAH11
7
Phe464Ile
Missense
1 & 24
FBXW10
17
Thr248Asn
Missense
1 & 24
RHOT2
16
Ala394Ser
Missense
1 & 24
SMAD3
15
Ser264Cys
Missense
1 & 24
SPRTN
1
Glu37Asp
Missense
1 & 24
TXNRD3
3
Met220Ile
Missense
1 & 24
USP7
16
Met499Val
Missense
1
CILP2
19
Ala491Thr
Missense
1
CLNK
4
Pro274Leu
Missense
1
CTB-186H2.3 17
Leu45Met
Missense
1
SHKBP1
19
Arg657Ser
Missense
1
SPTBN5
15
Ala3417Ser
Missense
24
TTLL11
9
Gly516Val
Missense
24
XIAP
X
Lys448Gln
Missense
18
ANKRD52
12
Pro128His
Missense
18
ATP8B2
1
Asp476Asn
Missense
18
DCDC2C
2
His100Tyr
Missense
18
GJA3
13
Ala290Ser
Missense
18
ITPR3
6
Asp2170Asn Missense
18
KCND1
X
Asp457Asn
Missense
18
LRP2
2
.
Splice donor
18
MEFV
16
His596Gln
Missense
18
PLA2G16
11
Ile14Phe
Missense
18
SLC4A4
4
Asp960Tyr
Missense
18
STX6
1
Gln148Arg
Missense
18
TMEM134
11
Arg122Gln
Missense
18
UROC1
3
Gly10Ala
Missense
18
ITPR3
6
Asp2170Asn Missense
18
KCND1
X
Asp457Asn
Missense
18
LRP2
2
.
Splice donor
18
MEFV
16
His596Gln
Missense
18
PLA2G16
11
Ile14Phe
Missense
18
SLC4A4
4
Asp960Tyr
Missense
18
STX6
1
Gln148Arg
Missense
18
TMEM134
11
Arg122Gln
Missense
18
UROC1
3
Gly10Ala
Missense
18
VPS11
11
Gly346Trp
Missense
1, 18, and 24 FOXL2
3
Cys134Trp
Missense

average 64 variants in each tumor (truncating, nonsynonymous,
inframe insertions/deletions,
and essential splice-site
variants; Table 3; Supplementary Table S1). The absolute numbers
of variants identiﬁed were on average 69 in stage 1 and 54 in
recurrent tumors. The matched germline data were used as reference for the 3 paired samples in a separate analysis and as a ﬁlter
for the initial analysis above. These analyses identiﬁed 16, 15, and
13 coding variants in samples 1, 18, and 24, respectively, noting
that samples 1 and 24 are from the same patient (Table 4;
Supplementary Table S2).
A limited number of recurrent mutations was identiﬁed in
individual genes. Fifty-four genes were recurrently mutated; 3
genes were mutated in 3 different patients, and 51 genes were
mutated in 2 different patients (Table 5). Only one of the recurrent
genes contained the same variant across 2 patients; all other
variants were unique (Table 5). When the variants identiﬁed in
samples 1, 18, and 24 post-germline ﬁltering are considered,
none of these variants occurred in both patients, that is, samples
1/24 and 18.
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Table 5. Genes identiﬁed as mutated across more than 1 sample in WES cohort

Table 6. Ingenuity pathway analysis of genes mutated in stage 1 and recurrent
aGCT
Ingenuity canonical pathways
Log (P)
Ratio
Cell cycle control of chromosomal replication
2.65
0.179
HER-2 signaling in breast cancer
2.5
0.148
Endometrial cancer signaling
2.21
0.156
DNA double-strand break repair by homologous
2.04
0.286
recombination
ErbB2-ErbB3 signaling
2.03
0.147
EGF signaling
2.03
0.147
NOTE: log (P value) ¼ log10 ¼ P value. Ratio (100) ¼ % of genes analyzed
that are present in pathway.

Copy number analysis
Copy number analysis achieved adequate resolution in 15 of
the 22 aGCTs (Fig. 1). Of these 15, four (27%) showed gains of
chromosome 12 and the same number showed gains at chromosome 14; one of these four aGCTs had both (Fig. 1C). This
conﬁrmed previous cytogenetic observations that gains of
chromosomes 12 and 14 occur in approximately 30% of aGCTs
(18–20). Loss of chromosome 22 has been reported in approximately 40% of aGCTs (18–20); in our cases, we found this loss in
8 of 15 (53%); other large-scale changes are more random and less
frequent (Fig. 1C).

NOTE: Blue squares represent the presence of a variant in a particular gene. A
purple square represents the presence of the same variant across genes.

The genes that contained the 970 variants identiﬁed in stage 1
and the 434 variants in the recurrent tumors that were identiﬁed to
contain truncating (stop gained or frameshift) mutations, essential splice-site mutations, nonsynonymous mutations, and
stop/loss mutations were subject to variant effect pathway analysis using the Ingenuity Pathway Analysis suite (www.ingenuity.
com). The signiﬁcant (P < 0.01) pathways are shown in Table 6.
The canonical pathways identiﬁed were linked to DNA replication
and/or repair as might be expected in malignancy; and to signaling through the EGFR family.
Potential driver mutations in genes of known oncogenic potential or those known to play a critical role in granulosa cell function
were veriﬁed in individual tumors. These included XIAP (X-linked
inhibitor of apoptosis), which is overexpressed in aGCT (17), and
represents a potential therapeutic target and SMAD3, which
mediates TGFb/activin signaling and therefore plays a central
role in granulosa cell biology (2).

www.aacrjournals.org

TERT promoter mutation status
Two hotspot mutations in the telomerase promoter, -124C>T
and -146C>T, are commonly found in many cancer types (6). This
region is not adequately covered in the WES so we used targeted
PCR on the samples in the whole-exome analysis as well as
additional overlapping samples from a previous transcriptomic
study (Table 1). Eleven of 26, that is, 42% of the aGCTs in our
analysis were heterozygous for the -124C>T TERT promoter
mutation; a frequency that is at least as high as that seen in those
cancers known to commonly contain TERT promoter mutations
(21). That only the -124C>T TERT promoter mutation was found
is unusual (6). Five of 17 (29%) of the aGCTs classiﬁed as stage 1
were heterozygous for the mutation, whereas 6 of 9 recurrent
aGCTs (67%) contained the mutation. The -124C>T TERT promoter mutation is also present in the human GCT–derived FOXL2
p.C134W mutation–positive KGN cell line (4). The initial analysis
included a GCT at ﬁrst presentation, which was stage 1 (sample 1),
which had then recurred at a later date (samples 24 and 26); both
the primary and metastatic tumors contained the -124C>T TERT
promoter mutation. This ﬁnding, together with an apparent
correlation of the presence of this mutation with tumor recurrence, suggested that TERT promoter mutation in a stage 1 GCT
may be of prognostic signiﬁcance.
To further explore the possibility that the TERT promoter
mutation may predict recurrence we used a separate cohort of
aGCT samples from Western Australia where patient follow-up
data were available. We performed a comparison of 15 stage 1
tumors with no recurrence over a mean follow-up period of 12
years and 17 stage 1 tumors with subsequent metastases with a
mean time interval from presentation to metastasis of 8 years and
5 months: in the latter group, 15 of the 17 samples had metastatic
tumor available for analysis. All tumors were conﬁrmed to be
FOXL2 mutation positive. The non-recurrent samples had a mean
follow-up period of 12 years (9 years for those that did not contain
a TERT promoter mutation and 14 years for those containing the
-124C > T TERT promoter mutation). The recurrent samples
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Figure 1.
Representative copy number proﬁles for 2
tumors (6 and 12) demonstrating the three
common changes: copy number gain of
chromosomes 12 (A) & 14 (B) and loss of
chromosome 22 (A and B). Other changes
are also seen. A schematic representation
of the changes observed in those
samples with adequate copy number
resolution is shown in C. In each box, the
short arm is at the top. Gray represents
loss and black gain.
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developed metastases at an average of 8 years and 5 months
(7.5 years for those that did not contain a TERT promoter
mutation and 9 years and 9 months for those that contained
the -124C > T TERT promoter mutation; Table 2). Of the nonrecurrent tumors, 9 of 15 (60%) contained the -124C > T TERT
promoter mutation compared with the recurrent group, where
at presentation, 11 of 17 (65%) contained the -124C > T TERT
promoter mutation. Analysis of the available metastases shows
that 10 of 15 (67%) contained the -124C > T TERT promoter
mutation. Five tumors that were initially wild-type had developed the mutation and one sample that was originally heterozygous had become homozygous.
In our previous transcriptomic study, we examined 12 FOXL2
p.C134W mutation positive aGCTs. We established the TERT
mutation status of the 12 aGCTs (Table 1) to enable reanalysis
of previous transcriptomic data (10) by -124C>T TERT promoter
mutation status. Six of 12 tumors contained the -124C>T TERT
point mutation (2 stage 1 and 4 recurrent). Of the approximately
9,000 expressed genes, the expression levels of 124 genes differed
by  2-fold at P value of  0.05 and passed a Westfall Young
Permutative multiple correction test (Supplementary Table S3).
Of these, 92 of 124 genes were upregulated in the aGCTs demonstrating a TERT promoter mutation. This contrasts with our
ﬁnding of only 24 genes that differed according to tumor stage
(10); evidence that TERT promoter status provides a more powerful discrimination between aGCT than stage. The 124 genes that
differed by TERT promoter mutation status were also subjected to
Ingenuity Pathway Analysis (Supplementary Table S4); a significant association was observed in three speciﬁc canonical pathways associated with protein kinase c-inositol phosphate
signaling.

Discussion
This ﬁrst comprehensive WES analysis of the mutational landscape of aGCT indicates a signiﬁcant rate of unique genetic
variants (SNPs and indels) per tumor. Although an average of
64 variants including the FOXL2 mutation were identiﬁed per
tumor, a limitation of this study is the lack of germline DNA for all
but two of the patients whose tumors were examined. These 2
cases are, however, informative in that where the somatic pipeline
is applied to the samples with matched germline DNA there are 16
(13 in the patient's recurrent sample number 24) and 15 somatic
mutations in samples 1 (and 24) and 18, respectively, suggesting
that approximately 15 mutations is the likely frequency for aGCT.
This frequency compares with 2 to 6 driver genes mutations per
tumor identiﬁed by Kandoth and colleagues (22) across 12 major
cancer types using data from the Cancer Genome Atlas (TCGA).
Lawrence and colleagues (23), who analyzed exome sequences
from 4,742 cancers of 21 types using paired tumor/normal DNA,
found between 1 and 58 mutations per tumor; 7 tumor types
having < 10 and two having > 30.
There was not a signiﬁcant difference in the rate of variant
identiﬁcation when the aGCTs were segregated by stage 1 versus
recurrent tumor (69 vs. 54 variants) nor was there a meaningful
difference between the stage 1 and recurrent tumor samples (1 and
24) that came from the same patient. The expanded variant
numbers resulting from the limited availability of germline ﬁltering does not however detract from the rather unexpected lack of
shared potential driver mutations across the cohort; this applies
whether the analysis is by mutation, gene affected, or pathway.
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Kandoth and colleagues (22) identiﬁed 127 signiﬁcantly
mutated putative driver genes, associated with 20 cellular processes. The most commonly mutated gene was TP53 (42% of
samples) as in many studies and tumor types, whereas we identiﬁed only one TP53 mutation (sample 22) as with previous
studies of TP53 status in aGCT (2, 21). PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha) was
the second most commonly mutated gene in the Kandoth and
colleagues (22) analysis, but there were no mutations in our
cohort. Of the other 125 putative driver genes (22), variants in 19
(15%) of these genes were also identiﬁed in one or more of our
samples (Supplementary Table S5; Supplementary Fig. S1). Lawrence and colleagues (23) identiﬁed 260 signiﬁcantly mutated
cancer genes across 21 types of cancer; 22 were signiﬁcant in 3 or
more tumor types. Twenty-eight genes of the 260 genes (11%)
were found to be mutated in at least one of our cases (Supplementary Table S5; Supplementary Fig. S1). Nik-Zainal and colleagues (24) identiﬁed 93 "cancer genes" in 560 breast cancers; we
found 20 (22%) of these genes to be mutated (Supplementary
Table S5; Supplementary Fig. S1). In combined comparative
genomic hybridization and transcriptomic analyses of 10 aGCTs,
Caburet and colleagues (20) identiﬁed 25 broken, ampliﬁed, and
deleted candidate driver genes; of these, only 5 (20%) have
mutations in 1 or more of our samples. Zehir and colleagues
(21) determined the mutational landscape in tumors from 10,000
patients using their targeted MSK-IMPACT panel of 341 cancerassociated genes; 46 (13%) of these genes were mutated in 19 of
the aGCT samples in our series and 27 of these overlap with the
genes demonstrating mutations in the studies of Lawrence and
colleagues (23), Kandoth and colleagues (22), Nik-Zainal and
colleagues (24), and Caburet and colleagues (20). Within the
Zehir and colleagues (21) study, there were 11 FOXL2 mutation–
positive aGCTs (2 primary tumors and 9 "metastasis"; Supplementary Table S6); they identiﬁed mutations in 17 (5%) of the
341 cancer-associated genes on the array in these aGCT samples
(Supplementary Table S6). In only 4 (24%) of these genes was a
mutation also found in this study. In a WES study of non-serous
ovarian cancers, Teer and colleagues (25) examined a single
FOXL2 p.C134W mutation–positive aGCT. They described 6
mutations, only 1 of which (ATM serine/threonine kinase) was
identiﬁed in our analyses. The lack of overlap in the mutational
variants identiﬁed in these various studies, is curious. Also somewhat surprising is the very limited number of recurrent mutations
in speciﬁc genes, given that, by many criteria (2, 10) including the
pathognomonic mutation in the FOXL2 gene, aGCTs are remarkably homogenous. Our initial premise was that there was likely to
be a small number of "second and third hit" driver mutations that
would deﬁne tumors presenting at high-stage or developing later
metastases but our exome-wide analysis does not, with the
exception of the TERT promoter mutation, demonstrate speciﬁc
mutations that deﬁne tumor recurrence and/or aggressive behavior. This suggests that "second-hit" mutations are totally random
events or that, as in other cancer types, translocation or other copy
number variant events including duplications and deletions, may
be relevant. In the study of Zehir and colleagues (21), which
involved 10,000 tumors of various types, putative gene fusions
were identiﬁed in 15% of patients and 35% of these involved
kinase genes. The associations of the mutated genes identiﬁed in
the pathway analysis (Table 6) may broadly suggest pathways that
may be targeted therapeutically. The association with EGFR
signaling genes is particularly intriguing given ﬁrst that the
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aGCT-derived KGN cell line exhibits constitutive activity of the
MAPK pathway (26, 27) through mechanisms that remain to be
deﬁned, and second that a high frequency of the TERT promoter
mutation has been associated with tumor types that exhibit
activation of MAPK signaling (6). The functional signiﬁcance of
the copy number changes requires further characterization,
although the observed changes have previously been reported
not to correlate with tumor stage or behavior (2, 18–20).
The high frequency of a heterozygous -124C>T TERT promoter
mutation, identiﬁed in 42% of the aGCTs in our cohort and 47%
at presentation in the Western Australian cohort, is similar to that
seen in thyroid carcinoma and melanoma with only bladder
carcinoma and glioma exhibiting higher rates of mutation
(21). Pilsworth and colleagues (8) recently published a similar
rate of TERT promoter mutation in aGCTs. The higher frequency
of mutation that we observed in recurrent tumors [5 of 17 of the
stage 1 (29%) versus 6 of 9 of recurrent aGCTs (67%)] raises the
possibility that TERT promoter mutation may be associated with
more aggressive clinical behaviour, as reported in papillary thyroid carcinoma (28, 29). This is supported by analysis of our gene
expression data (10) where segregation by TERT mutation status
results in greater separation of the transcriptomic proﬁles than
when the analysis is by stage. Analysis of the Western Australian
cohort samples (Table 2) supports an association of the TERT
promoter mutation with recurrent and/or aggressive disease as
also recently reported by Pilsworth and colleagues (8). The
prognostic value would, however, appear to be limited in that
a number of mutation-negative tumors (65%) recurred. Evidence
from Pilsworth and colleagues (8) and our cohorts does, however,
provide evidence of an association between TERT promoter
mutation and progression and/or recurrence in aGCT. In this
regard, it is noteworthy that Zehir and colleagues (21) found that
10 of the 11 FOXL2 mutation–positive aGCTs in their 10,000
patient study contained a TERT promoter mutation, and that the
majority of cases (9/11) were described as metastases.
More recently, it has been shown that TERT promoter mutations are subclonal in well differentiated papillary thyroid carcinoma but clonal in poorly differentiated and anaplastic thyroid
carcinomas (29). This analysis using Sanger sequencing although
at best semiquantitative, provided no suggestion of subclonality;
this suggests that, even in the stage 1 tumors examined, the
mutation was present early in the development of the tumor.
The TERT gene encodes the catalytic subunit of telomerase. It
has been noted that melanoma, glioma, and papillary thyroid and
bladder carcinomas, all of which have a high frequency of TERT
promoter mutations, are characterized by activation through
BRAF or EGFR mutation of the MAPK signaling pathway (6). The
association of a subset of mutations with this pathway, as noted
above, is intriguing given this high frequency of the TERT promoter mutation in aGCT.
Elongation and/or preservation of telomere length is regarded
as a hallmark of cancer. Two mutually exclusive, hotspot mutations in the telomerase promoter, -124C>T and -146C>T, are
common in many cancer types. Although the ratio of these two
mutations may vary, in only a few tumor types including another
endocrine tumor, adrenocorticol carcinoma (30), has the
-124C>T promoter mutation been identiﬁed exclusively (6). The
mutations are thought to create a binding motif for the GABP
(GA-binding proteins), members of the ETS family of transcription factors, which bind as a heterotetromeric complex of GABPA
and GABPB; this interaction is required for promoter activation
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(31). There are in vitro data that the two mutations are not
equivalent (32), suggesting that in GCT there is a tumorigenic
advantage only for the -124C>T promoter mutation given the
complete absence of the -146C>T mutation. Increased telomerase
activity appears also to be associated with cell proliferation
independent of telomere lengthening (7). TERT has been reported
to interact with major oncogenic signaling pathways including
c-MYC, NFkB, and Wnt/b-Catenin. Of these, activation of NFkB
signaling has been reported in the KGN cell line (9, 26) and p65
nuclear localization has been reported in GCT (33), although
previous studies (2) and the current studies have not identiﬁed
mutations in these pathways.
This ﬁrst comprehensive whole-exome analysis of the mutational landscape of aGCT suggests that recurrence and/or aggressive behavior is not deﬁned by activation or loss of speciﬁc genes
or pathways. Studies are however needed to exclude a role for
splice-variants or genomic rearrangements. The functional significance of the copy number changes also requires further characterization, although they appear not to correlate with stage and/or
tumor behavior. The high incidence of the TERT -124C>T promoter mutation is likely to be of signiﬁcance in the development
of more aggressive disease perhaps in concert with activation of
EGFR-associated signaling pathways that contribute to the risk of
recurrence.
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