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of SIRT1 has improved health and survival of mice on a
high-calorie diet by ameliorating insulin resistance [9].
Here we demonstrated the expression of SIRT1 in
human GCs by immunohistochemical and Western blot
analysis, and the expression of its mRNA in rat GCs by
RT-PCR. To our knowledge, this is the first report that
SIRT1 is expressed in the ovarian follicular cells. It is
also interesting that resveratrol treatment caused an
increase in SIRT1 mRNA levels as well as the stimula-
tion of the deacetylating function of SIRT1. Similar to
this result, the mouse experimental model of dextran
sodium sulfate-induced colitis was associated with a
decrease in SIRT1 gene expression and resveratrol treat-
ment significantly reversed the expression of SIRT1 [26].
However, it should be noted that all actions of resvera-
trol are not related to the activation of SIRT1 because
resveratrol is an indirect activator of SIRT1 and has
been shown to activate the expression and activity of
nicotinamide phosphoribosyltransferase and AMP-acti-
vated protein kinase (AMPK) [27-30].

In our study, resveratrol increased the expression of
P450arom and luteinization-related molecules, such as
LH-R and StAR, in rat GCs, suggesting a possibility that
resveratrol may promote steroidogenesis and luteiniza-
tion, a process of terminal differentiation of GCs, in the
ovary. In fact, P4 secretion was increased after resvera-
trol treatment. These findings are consistent with the
previous study using HL60 promyelocytic cell line [31].
Since mRNA levels of LH-R in the human corpus
luteum were reported to be about 7 times higher than
those in preovulatory follicles [32], LH-R has been
thought to be a key factor in the ability of GC to
undergo luteinization. In the human and other primates,
StAR is also essential for the development and mainte-
nance of the corpus luteum. StAR is known to govern
the rate-limiting step in steroidogenesis, which is the
translocation of cholesterol from the outer to the inner
mitochondrial membrane [33]. The process of luteiniza-
tion is associated with up-regulation of StAR in lutei-
nized granulosa cells. Considering the fact that StAR is
not highly expressed in GCs of preovulatory follicles
[34], our data may implicate a role of SIRT1 and its
activator in promoting luteinization of the ovary. Fol-
lowing ovulation, GCs undergo luteinization and form
the corpus luteum which secretes P4. Secretion of P4 is
indispensable to cause secretory transformation of the
endometrium so that implantation can occur. Before the
placenta takes over P4 production, P4 produced by the
corpus luteum provides the necessary support to early
pregnancy. A defect in the corpus luteum function is
associated with implantation failure and miscarriage
[35]. Here we showed a new insight that the resveratrol
treatment may serve, at least in part, as luteal support.
Physiological roles of resveratrol in the ovary should be
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further determined because another possible beneficial
effect on ovarian physiology is reported. Resveratrol is
known as a pure aryl hydrocarbon receptor antagonist
with no agonistic activity. Polycyclic aromatic hydrocar-
bons are environmental toxicants found in cigarette
smoke, and stimulate aryl hydrocarbon receptor. Poly-
cyclic aromatic hydrocarbons have detrimental effect on
ovarian reserve via inducing Harakiri, and resveratrol
may exert its rescuing effect by inhibiting Harakiri
expression [36]. However, in view of the significant dif-
ference in the ovarian physiology between humans and
rodents, our data should be interpreted with caution
and the present observations should be verified using
human GCs.

Conclusions

We have demonstrated that resveratrol plays a key role
in the activation of luteinization, the terminal differen-
tiation of GCs, and exerts its effects by stimulating the
expression of SIRT1, StAR, LH-R, and P450arom in
GCs. As a result of these effects, we found that resvera-

‘trol promoted P4 secretion. These results suggest that

the stimulation of SIRT1 by resveratrol would be poten-
tially beneficial in the treatment of luteal phase defi-
ciency. Several chemical compounds are known to affect
the SIRT1 activities, and SIRT1 stimulators are currently
extensively investigated for the treatment of diabetes.
We hypothesize that these drugs might have a role in
ovarian physiology by affecting SIRT1, but further stu-
dies are necessary to confirm the physiological implica-
tion of SIRT1 in the ovary.
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Multifunctional transcription factor TFIl-l is an activator of BRCA|
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BACKGROUND: The TFII-l is a multifunctional transcriptional factor known to bind specifically to several DNA sequence elements and
to mediate growth factor signalling. A microdeletion at the chromosomal location 7q1 1.23 encoding TFI-| and the related family of
transcription factors may result in the onset of Williams—Beuren syndrome, an autosomal dominant genetic disorder characterised by
a unique cognitive profile, diabetes, hypertension, anxiety, and craniofacial defects. Hereditary breast and ovarian cancer susceptibility
gene product BRCAT has been shown to serve as a positive regulator of SIRT! expression by binding to the promoter region of
SIRTI, but cross talk between BRCA! and TFIl-l has not been investigated to date.

METHODS: A physical interaction between TFIl-l and BRCAI was explored, To determine pathophysiological function of TFIl-l, its role
as a transcriptional cofactor for BRCAI was investigated.

RESULTS: We found a physical interaction between the carboxyl terminus of TFil-l and the carboxyl terminus of BRCA, also known as
the BRCT domain. Endogenous TFIl-l and BRCAI form a complex in nuclei of intact cells and formation of irradiation-induced nuclear
foci was observed. We also showed that the expression of TFIl-l stimulates the transcriptional activation function of BRCT by a
transient expression assay. The expression of TFIl-| also enhanced the transcriptional activation of the SIRT1 promoter mediated by
full-length BRCA.

CONCLUSION: These results revealed the intrinsic mechanism that TFIi-l may modulate the cellular functions of BRCAI, and provide
important implications to understand the development of breast cancer.
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The TFII-I was identified originally as a factor that could bind to
two distinct promoter elements, the pyrimidine-rich initiator and
the recognition site (E-box) for upstream factor 1. The TFII-I
stimulates transcription from the potent TATA- and initiator-
containing adenovirus major late promoter (AdMLP) synergisti-
cally with upstream factor 1 (Roy et al, 1997). The TFII-I is a
unique multifunctional factor that selectively regulates gene
expressions when activated by a variety of extracellular signals
and can function both as a basal transcriptional factor and as an
activator (Roy, 2007). An autosomal dominant genetic disorder
Williams - Beuren syndrome is a multisystem disorder charac-
terised by distinctive facial features, mental disability, diabetes
mellitus, and supravalvular aortic stenosis. The haploinsufficiency
for TFII-1 is causative to the craniofacial phenotype in humans
(Pober, 2010). The primary structure of TFII-1 is compatible with
its multifunctional properties, consisting of six direct reiterated
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I-repeats, R1-R6, each containing a putative helix-loop-helix
motif (Roy, 2007). The I-repeats are postulated to be protein
interaction surfaces. Given those multifunctional features and
structural characteristics, it is important to investigate the role of
the I-repeats in mediating protein interactions and to search for
proteins that make complex with TFII-1 through this domain.
The breast cancer susceptibility gene BRCAI encodes a
phosphoprotein that is involved in ubiquitination, DNA damage
response, regulation of cell cycle checkpoints, and transcriptional
regulation. Binding to the transcriptional machinery by the
carboxyl terminal BRCAI, referred to as BRCT domain, was
the first biochemical activity ascribed to the BRCA1 protein
(Anderson et al, 1998). In addition, BRCT has been shown to be
involved in double-stranded DNA repair and homologous
recombination (Callebaut and Mornon, 1997; Moynahan et al,
1999; Zhong et al, 1999). On the basis of the data that targeted
deletion of the BRCT domain results in embryonic lethality
(Hohenstein et al, 2001), BRCT is postulated to be indispensable for
the normal cellular growth, and it would be intriguing to investigate
physiological functions of BRCT. BRCA1 carboxyl-terminal domain
(BRCT) possesses the autonomous transcriptional activation
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function when the BRCT domain is fused to a GAL4 DNA-binding
domain (Monteiro ef al, 1996). The point mutations in the BRCT
domain derived from patients with inherited breast cancer result in
loss of transcriptional activity (Chapman and Verma, 1996). The
BRCT domain has been shown to be an interaction surface with a
number of transcription factors and co-regulators (Saka et al, 1997;
Wada et al, 2004; Oishi et al, 2006; Hiraike et al, 2010).

To better understand the functional significance and the
transcriptional regulation of BRCT, we previously have searched
for putative transcription coactivator complexes that interact with
the BRCT domain using a biochemical approach (Wada et al,
2004; Oishi et al, 2006). During these studies, we preliminary
found that TFII-1 interacted with the BRCT domain. Here, we
confirmed that the carboxyl terminus of TFII-I and BRCA1 form a
complex in vivo. We further studied the effect on transcriptional
regulation of BRCA1 driven by TFII-I. These findings establish a
principal biological function of TFII-I as an activator of BRCA1
function, and identify TFII-I as a possible determinant of breast
cancer.

MATERIALS AND METHODS

Cell culture

Human cervical adenocarcinoma HeLa (CCL-2), HCC1937 (CRL-
2336) breast cancer cells that express a carboxyl-terminally
truncated BRCA1 protein (Scully et al, 1999), and African green
monkey kidney fibroblast-like COS7 (CRL-1651) cell lines were
purchased from the American Type Culture Collection (Manassas,
VA, USA). HeLa and COS7 cells were maintained in Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine
serum. HCC1937 cells were maintained in RPMI medium
supplemented with 10% fetal bovine serum.

Plasmid construction

BRCA1 expression vectors, BRCT vectors and reporter constructs
(17M8-AdMLP-luc and SIRTI-luc) were described previously
(Wada et al, 2004; Hiraike et al, 2010). TFII-I expression vectors
were described previously (Cheriyath and Roy, 2001).

Chemicals and antibodies

Rabbit antibodies were anti-TFII-I, anti-BRCAl, and anti-GST
(Cell Signaling Technology Inc., Temecula, CA, USA, catalogue no.
#4562, #9010, and #2622, respectively). Mouse monoclonal
antibodies were anti-BRCA1 (Calbiochem, EMD Biosciences Inc.,
La Jolla, CA, USA, catalogue no. OP107), anti-SIRT1 (Abcam Ltd.,
Cambridge, UK, catalogue no. ab32441), and HRP-conjugated anti-
Flag (Abcam Ltd., catalogue no. ab49763). Anti-BRCA1 (catalogue
no. sc-642), anti-p53 (catalogue no. sc-126), and anti-Actin
(catalogue no. sc-47778) were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA). Alexa Fluor 488
conjugated donkey anti-mouse IgG (catalogue no. A-21202) and
Alexa Fluor 568 conjugated goat anti-rabbit IgG (catalogue no. A-
11011) were purchased from Invitrogen (Carlsbad, CA, USA).

Immunoprecipitation and western blot

The formation of a TF1I-I-BRCA1 complex in Hela, HCC1937, and
COS7 cells was analysed by immunoprecipitation. The whole-cell
extracts of Hela and HCC1937 cells were applied for immuno-
precipitation with anti-BRCA1 antibodies or preimmune IgG. The
immunoprecipitates were subjected to 30 ul of protein G sepharose
4 Fast Flow (GE healthcare UK Ltd., Buckinghamshire, UK) and
subsequently immunoblotted by anti-TFII-I antibodies. Reciprocal
immunoprecipitation was also performed. COS7 cells transfected
with indicated plasmids were lysed, fractionated, and subjected to
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anti-FLAG M2 agarose (Sigma-Aldrich, St Louis, MO, USA).

Immunoprecipitated materials were blotted with anti-GST anti-
bodies to identify TFII-I-containing complexes.

RNAi

The ablation of TF1I-1 and BRCA1 was performed by transfection
of Hela cells with siRNA duplex oligos synthesised by Qiagen
(Hilden, Germany). Cells were transfected with control siRNA
(AllStars Negative Control siRNA, 1027281), TFlI-I-specific siRNA
(TFII-I-RNAi: 5-AAACGGAGCCUACUGAACA-3’, which covered
mRNA regions of nucleotides 956-974 (amino acids 195-201) of
TFII-I), DBCl-specific siRNA (DBC1-RNAi: 5-AAACGGAGCCUA
CUGAACA-3, which covered mRNA regions of nucleotides
1379-1397 (amino acids 460-466) of DBC1), and BRCA1-specific
siRNA (S102664361) using HiperFect reagent (Qiagen).

GST-pull down assay

Glutathione-S-transferase fusion proteins or GST alone were
expressed in Escherichia coli and immobilised on glutathione-
sepharose 4B beads (GE healthcare UK Ltd.). The GST proteins
were incubated with nuclear extracts of Hela cells. Unbound
proteins were removed and specifically bound proteins were eluted
and analysed by SDS-PAGE.

Luciferase assay

Transfection was performed with Effectene reagent (Qiagen) or
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
recommendation. For luciferase assay, cells were transfected with
indicated expression vectors and/or GAL4 vectors. Reporter
plasmids (17M8-AdMLP-luc or SIRT1-luc) were also cotransfected.
As an internal control to equalise transfection efficiency, phRL
CMV-Renilla vector (Promega Co., Madison, W1, USA) was also
transfected in all the experiments. Individual transfections, each
consisting of triplicate wells, were repeated at least three times as
described previously (Wada et al, 2004).

Fluorescence microscopy

HelLa cells were grown on 12mm BD BioCoat glass coverslips (BD
Biosciences, San Jose, CA, USA, 354085) in 6-well plates. The cells
were exposed to 8-gray (Gy) of y-irradiation, fixed with PBS
containing 4% paraformaldehyde and permeabilised in PBS with
0.2% (v/v) Triton X-100. After blocking, the cells were incubated
sequentially with anti-BRCA1 and anti-TFlI-1 antibodies.
Secondary antibodies were Alexa Fluor 488 conjugated donkey
anti-mouse IgG, or Alexa Fluor 568 conjugated goat anti-rabbit
IgG. The slides were briefly counter-stained and analysed under
the confocal fluorescence microscope (Carl-Zeiss Microlmaging
Inc., Oberkochen, Germany). Quantification of colocalisation was
analysed using LSM7 series-ZEN200x software (Carl-Zeiss Micro-
Imaging Inc.), and the ratio of colocalisation pixels vs total pixels
in the target area was measured.

Chromatin immunoprecipitation assay

Preparation of soluble Hela chromatin for PCR amplification was
performed essentially as described (Oishi et al, 2006; Hiraike et al,
2010). Subconfluent Hela cells were cross-linked with 1.5%
formaldehyde at room temperature for 15 min, and washed twice
with ice-cold PBS. The cell pellet was then resuspended in 0.2 ml
lysis buffer and sonicated by Bioruptor UCD-250 (Cosmo Bio Co.
Ltd., Tokyo, Japan). The sheared soluble chromatin was then
subjected to immunoprecipitation with specific antibodies and
protein G-sepharose equilibrated with salmon sperm DNA
(Millipore, Upstate, Billerica, MA, USA). After extensive wash,
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the beads were eluted. The eluate was incubated for 6h at 65°C to
reverse the formaldehyde cross-linking. The extracted DNA was
purified with the use of QlAquick PCR purification kit (Qiagen).
Polymerase chain reaction was performed using specific primers
for the SIRT1 promoter (Wang et al, 2008; Hiraike et al, 2010) and
the p21 promoter (Oishi et al, 2006).

RESULTS
TFII-1 and BRCA1 interact in vivo

The pull-down products of nuclear extracts from Hela cells
through GST-BRCT column were separated by SDS-PAGE. In
consistent with our preliminary result, we confirmed that TFII-I
proteins interact with GST-BRCT by western blot (Figure 1A). To
determine the interaction between the endogenous TFII-I and
BRCAI in cultured human cells, whole-cell lysates of Hela cells
were immunoprecipitated with anti-BRCA1 antibodies (epitope
mapping at the carboxyl-terminus of BRCA1). The immunoblot-
ting analysis using anti-TFII-I antibodies revealed the existence of
TFII-1 in cell lysate immunoprecipitates (Figure 1B, 1), which
indicates that TFII-I physically associates with BRCA1 in living
cells. The whole-cell extracts of HCC1937 cells known to lack last
BRCT domain were also immunoprecipitated with anti-BRCA1
antibodies (epitope mapping at the amino-terminus of BRCAI).
The immunoblotting analysis revealed the absence of TFII-I in cell
lysate immunoprecipitates, which reinforced the importance of
BRCT domain as the interaction surfacé with TFII-1 (Figure 1B, 2).
These data indicated that TFII-I interacted with BRCAI through
the BRCT domain. Reciprocal immunoprecipitation —analysis
confirmed this association (Figure 1B, 3). '

To identify the regions of TFII-I that are responsible for the
interaction with BRCT, deletion mutants of TFII-I were used for
the assay. COS7 cells were transfected with Flag-tagged BRCA1 and
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GST-tagged TFII-1 and nuclear extracts of transfected cells were
immunoprecipitated with the anti-FLAG M2 agarose beads.
Western blotting analysis with anti-GST antibodies revealed the
existence of GST-tagged TFII-1 in the protein extract of
immunoprecipitates (Figure 1C), confirming that BRCA1 forms a
complex with TFII-1. Flag-tagged BRCA1 and deletion mutants of
GST-tagged TFII-1 were also subjected to immunoprecipitation.
TFII-1 lacking the amino terminal region (TFII-I AN90) also
interacted with BRCA1, while TFII-1 lacking carboxyl terminus
(TFII-1 p70 and p46) showed no interaction with BRCAIL
Immunoprecipitation using cytoplasmic fraction of the COS7 cells
was also performed and TFII-I was not co-immunoprecipitated
with BRCAIL. These findings indicate that the carboxyl terminus
(R3-R6) of TFII-1 and the BRCT domain are both necessary and
sufficient for the interaction between TFII-I and BRCAIl in
cultured cells.

TFII-I and BRCA1 form endogenous complex in intact cells
and nuclear foci in DNA-damaged cells

As BRCA1 and TFII-I interact in vivo, it was of interest to examine
the subcellular distribution of these two proteins. To this end,
immunofluorescence analysis was performed on HeLa cells. More
than 80% substantial colocalisation signal (Merge) of BRCA1
(Alexa Fluor 488-conjugated anti-mouse IgG, green) and TFII-I
(Alexa Fluor 568-conjugated anti-rabbit IgG, red) was observed in
nuclei in control cells. Therefore, protein complexes containing
both BRCA1 and TFII-I are likely to be distributed throughout
nuclei. This result also implied the importance of nuclear
localisation signal for the colocalisation of BRCA1 and TFII-I in
nuclei. The previous study demonstrated that BRCA1 has been
shown to display discrete nuclear foci after treatment of cells with
irradiation (Zhong et al, 1999). Hela cells irradiated with 8-Gy
y radiation demonstrated the punctate pattern of immunostaining
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Figure |

In vivo and in vitro association between TFii-l and BRCAI, and mapping of the BRCT-interacting region of TFIl-l. (A) Identification of the

interaction between BRCT and TFIl-l using GST-BRCT. Bacterially expressed GST fusion proteins immobilised on beads were used in in vitro pull-down
assays. Nuclear extracts of Hela cells were incubated with GST-BRCT. The beads were extensively washed, and followed by immunoblotting (IB) using anti-
TFI-l antibodies. (B) The complex formation of TFIl-l and BRCAI in Hela cells was analysed by co-immunoprecipitation (IP) with the antibodies to BRCA
(epitope mapping at the carboxyl-terminus of BRCAL). The immunoblotting analysis using anti-TFIl-l antibodies revealed the existence of TFIl-l in cell lysate
immunoprecipitates (Figure |B, 1), which indicates that TFIl-I physically associates with BRCALI in living cells. Reciprocal immunoprecipitation analysis
confirmed the association of TFII-l and BRCAI (Figure IB, 3). The whole-cell extracts of HCC1937 cells known to lack last BRCT domain were also
immunoprecipitated with anti-BRCA | antibodies (epitope mapping at the amino-terminus of BRCAI). The immunoblotting analysis revealed the absence of
TFI- in cell lysate immunoprecipitates (Figure 1B, 2), indicating the importance of BRCT as a binding surface of TFII-l. (C) Mapping of the BRCT-interaction
region of TFil-l. COS7 cells were transfected with GST-tagged TFIl-l (wild type, AN90, p70, and p46) and Flag-tagged BRCA expression vectors. Nuclear
extracts of transfected COS7 cells were prepared and the complex formation of TFil-l and BRCA| was analysed by IP with the anti-Flag M?2 agarose beads,
followed by IB using anti-GST antibodies. (D) A schematic diagram of the structure of TFIl-| (wild type, AN9O, p70, p46, and f3 isoform) is shown.
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for BRCA1 and this pattern overlap TFIl-I-containing foci in Hela
cells (Figure 2B, 1-3). These data indicated that double strand
DNA damage lead to the nuclear accumulation of the BRCAI-TFII-1
complex, possibly at the site of double strand DNA-damage.

TFII-1 enhances the transcriptional activation of BRCT

The result that the BRCT domain interacts with TFII-I led us to
examine role of TFII-I in the transactivation function of GAL4-
fused BRCT. Transient transfection assays were performed using a
17M8-AdMLP-luc luciferase reporter plasmid, carrying eight
tandem repeat GAL4 DNA-binding sites (17M x 8) upstream of
AdMLP driving expression of the firefly luciferase gene. The TFII-1
alone had no effect on this luciferase reporter construct (Figure 3,
lanes 2-6). Although GAL4-BRCT fusion protein (GAL-BRCT)

activated the promoter activity of the reporter plasmid in COS7
cells, the transcriptional activity of BRCT was significantly
stimulated by the expression of TFII-I at best two-fold on the
artificial promoter in luciferase assays (Figure 3, lanes 7-8).
Although TFII-I AN90 possessing the BRCT binding domain
stimulated the transcriptional activation of GAL-BRCT, TFII-I
lacking an interaction domain with BRCA1 (TFII-1 p70 and p46)
lost its ability to stimulate the BRCT-mediated transcriptional
activation (Figure 3, lanes 9-11). The mammalian TFII-I has four
spliced isoforms: o, f3, 7, and A (wild type). Upon serum starvation,
the f§ and A isoforms exhibits subcellular distribution changes in
murine NIH3T3 cells (Hakre et al, 2006). The experimental data
showed that TFII-I f§ also stimulated the transcriptional activation
of BRCT (Figure 3, lane 12). These results suggest that carboxyl
terminus of TFII-1 has a significant role in the stimulation of
BRCT-dependent transactivation.

Figure 2 Colocalisation of BRCAI and TFli-l in Hela cells, (A-D) Hela cells were either treated by 8-Gy of gamma-iradiation or none, fixed, and
permeabilised. The cells were incubated with primary antibodies and subsequently with secondary antibodies. The expression of BRCA! (green) and TFIl-I
(red) was investigated under the confocal fluorescence microscopy (Carl-Zeiss). Representative immunofluorescence studies are shown (A, control cells;
B, imadiated cells; |, TFlI-I; 2, BRCAI; 3, merge; 4, 4/, 6-diamino-2-phenylindole staining). Arrows in B3 indicate a cell showing nuclear foci formation of TFII-I

and BRCAI. Bars indicate 10 um.
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of BRCT. The phRL Renilla CMV-luc vector was transfected as a control of
transfection efficiency. Each experiment was repeated at least three times
in triplicate. Error bars represent s.d.

TFII-I enhances BRCAl-mediated SIRT1 expression

The previous chromatin immunoprecipitation assay showed that
BRCAL1 interacted with the SIRT1 promoter region between 1354
and 1902 and this binding resulted in elevated expression of SIRT1
(Wang et al, 2008; Hiraike et al, 2010). We explored whether
TFII-I has an effect on the BRCAl-mediated stimulation of the
SIRT1 promoter and demonstrated that the BRCAl-mediated
stimulation of the SIRT1 promoter was specifically upregulated by
exogenous expression of TFIl-I although the impact of TFII-I was
rather less on SIRT1 promoter compared with AAMLP (Figure 44,
lane 8). The TFII-I p70 and p46 showed no influence to enhance
the BRCAl-mediated transactivation of SIRT1-luciferase reporter
constructs, but TFII-I AN90 showed enhancement on the SIRT1-
luciferase transactivation function mediated by BRCA1 (Figure 4,
lanes 9-11). The TFII-I § was also able to stimulate the SIRT1-
luciferase transcriptional activation function mediated by BRCA1
(Figure 4, lane 12). Interaction of BRCA1 with the SIRT1 promoter
region was postulated to be important for the activation function
of TFII-1 because SIRTI1-luciferase (1-202) reporter constructs
lacking the BRCAl-interaction site showed no enhancement of
luciferase activity.

We next examined the effect of siRNA-mediated depletion of
TFII-I or BRCAl on their downstream genes. Knockdown of
BRCA1 expression by BRCAl-specific siRNA abrogated the
expression of SIRT1 (Figure 4B, lane 3), validating the previous
report that the expression of SIRT1 is indeed dependent on BRCAI
(Wang et al, 2008). As shown in Figure 4B, lane 2, depletion of the
endogenous TFII-I also decreased the expression of SIRT1. Thus,
our data demonstrate that TFII-I has a critical role in regulating
downstream gene expressions dependent on BRCAI1 in vivo.
Depletion of TFII-I resulted in downregulation of p53 and BRCA1,
suggesting a role of TFII-1 in DNA damage response (Figure 4B,
lane 2).

To test whether TFII-I and BRCA1 were indeed recruited to the
SIRT1 promoter, we performed a chromatin immunoprecipitation
assay using the SIRT1 gene promoter 1354 -1902, a region known
to recruit BRCA1 (Wang et al, 2008; Hiraike et al, 2010) and the

© 2011 Cancer Research UK

Figure 4 TFIl- stimulates transcription by BRCAI through its carboxyl-
terminal domain. (A) Transient transfection assays were performed to
examine the influence of TFII-l using an artificial luciferase reporter
constructs. COS7 cells were transfected with the indicated combinations of
mammalian expression plasmids. At 24h after transfection, cells were
harvested, and transfected whole-cell lysates were assayed for luciferase
activity produced from the reporter plasmids. Full-length TFll-l and TFil-l
ANO90 showed specific upregulation of SIRTI (1-2852)-luciferase activity
mediated by BRCAI, while TFll4 p70 and TFll-| p4é, lacking BRCT-
interaction region, had no effect on SIRT I-luciferase activity. TFll-l showed
no effect on SIRT1 (1-202)-luciferase activity that lack the binding domain
of BRCAI. (B) The siRNA-mediated knockdown of BRCA | decreased the
expression of SIRT1. Knockdown of TFIl-l also resulted in downregulation
of SIRTI. Expression of BRCAI and p53 was decreased by depletion of
TFI-I. Hela cells were transfected with indicated siRNA. At 48h after
transfection, cells were harvested and analysed by westemn blotting.
(C) Chromatin immunoprecipitation assay was performed to confirm the
recruitment of BRCA| and TFl-l at the SIRT| gene promoter and the p21
gene promoter. Both promoter regions are known to recruit BRCAL.

p2l gene promoter (Oishi et al, 2006). As expected, clear
recruitment of endogenous TFII-I and BRCA1l to the target
sequence (1354-1902) in the SIRT1 and the p21 promoter was
observed in HeLa cells (Figure 4C).

DISCUSSION

The TFII-1 is considered to have important roles in regulating the
expression of genes as a signal-induced multifunctional transcrip-
tion factor (Hakre et al, 2006; Roy, 2007). Here, we demonstrated
that endogenous TFII-I associated with BRCA1, which suggests the
possibility that TFII-I has a functional relationship with BRCA1-
related phenotypical changes. This interaction between BRCA1 and
TFII-1 was physiologically functional because our results demon-
strated that the TFlI-I-containing complex stimulated the auton-
omous transcriptional activity of BRCT.

The transcriptional activation function of BRCT is considered to
be a key to its tumour suppressor activity (Chapman and Verma,
1996; Monteiro et al, 1996) because a point mutation within the
BRCT domain (A1708E), lacking transactivation function, was
shown to be critical for a DNA damage response by the treatment
with methylmethane sulfonate (Zhong et al, 1999). The importance
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of BRCT for transcriptional control and growth suppression is also
highlighted by the fact that cancer associated mutations attenuated
both, but neutral polymorphism did not (Humphrey et al, 1997).
The BRCT domain is found in a diverse group of proteins
implicated in DNA repair and cell cycle check-point control (Bork
et al, 1997; Callebaut and Mornon, 1997). BRCA1 carboxyl-
terminal domain possesses an autonomous folding unit defined by
conserved clusters of hydrophobic amino acids, and BRCT is likely
to represent a protein interaction surface (Saka et al, 1997). Thus,
activation of BRCT has implications both in anti-tumorigenic and
in DNA repair processes. Anti-tumorigenic role of TFII-I is also
supported by the finding that TFII-I inhibits the growth of MCF-7
(Ogura et al, 2006). The study had shown that TFII-1 down-
regulates a subset of oestrogen-responsive genes, only those
containing initiator elements, by recruiting oestrogen receptor o
and co-repressors to these promoters. Therefore, TFII-I is not
thought to be a general activator of transcription and the
transcriptional control by TFII-I would be promoter-dependent
manner. The transcriptional regulation played by TFII-I may be
complicated because TFII-I was shown to co-immunoprecipitates
with transcriptional repressor, histone deacetylase 3 (Wen et al,
2003).

We also have shown that TFII-I and BRCA1 colocalise in nuclei
of irradiated cells. Previous studies indicated that BRCA1 responds
to the repair of DNA by homologous recombination. The BRCA1
associates with RAD51 in subnuclear clusters (Zhong et al, 1999).
The RADS51 is postulated to be a key component of the mechanism
in which DNA damage is repaired by homologous recombination.
When cells are exposed to ionising radiation, both BRCA1 and
RADS51 localise to the damaged region, and both BRCAl and
RADS5!1 initiate homologous recombination and the repair of
double-strand breaks. Our data that TFII-I and BRCA1 formed
nuclear foci after irradiation treatment may suggest that both
BRCA1 and TFII-] participates in the DNA damage repair pathway.
These data are consistent with the previous observation that TFII-I
influences persistence of y-H2AX foci and thus affects double
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 strand break repair, suggesting a role for TFll-1 in DNA repair

(Desgranges and Roy, 2006). Our results also indicated that TFII-1
promoted BRCAl-dependent transcriptional regulation because
SIRT1-luciferase activity was potentiated by the ectopic expression
of TFII-1. The TFII-I would serve as a transcriptional activation
factor to manipulate transcriptions, thereby influencing transcrip-
tional products such as SIRTI1. These results also suggest the
possible mechanism how TFII-1 regulates DNA damage machinery
because SIRT1 possesses DNA repair activity (Jeong et al, 2007). In
consistent with these data, depletion of endogenous TFII-I resulted
in a decreased expression of p53 and BRCAl. We have to further
confirm the effect of DNA damage response when TFII-I is
abrogated to show its involvement in this mechanism. Our results
showed a new insight that TFII-I may serve, at least in part, as
DNA damage response machinery.

In conclusion, our data indicate that TFII-I have an important
role in regulating BRCA1-mediated functions through binding to
the BRCT domain and it may be probable that TF1I-I is involved in
anti-tumorigenic processes. The meaning of TFII-l functions
would be apparent by evaluating its expression in tumour tissues
such as breast cancer. The expression of TFII-I would be
therapeutically beneficial by affecting different TFII-I-mediated
regulatory pathways together with BRCAl and the failure of
binding between BRCA1 and TFII-1 may be a key event in cancer
predisposition.
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p-catenin (CTNNB1) S33C Mutation in Ovarian
Microcystic Stromal Tumors
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Abstract: Microcystic stromal tumor (MCST) is a recently
described subtype of ovarian tumor characterized by prominent
microcystic histologic pattern and diffuse immunoreactivity for
CD10 and vimentin. However, its pathobiology, particularly its
histogenesis, remains largely unclear. Here, we report 2 cases of
ovarian MCST, in which we have performed extensive
histologic, immunohistochemical, and genetic investigations to
determine its distinct nature among ovarian neoplasms. The
patients were 32 and 41 years of age. Both tumors were solid and
cystic masses involving the right ovary. Microscopically, tumor
cells with generally bland, round-to-ovoid nuclei grew in
microcystic, macrocystic, and solid patterns. Intervening thick
fibrous stroma was observed. Immunohistochemically, tumor
cells were diffusely and strongly positive for CD10, vimentin,
and Wilms tumor 1. Furthermore, we detected aberrant nuclear
expression of P-catenin protein in both cases. Of interest,
mutation analyses revealed the presence of an identical point
mutation, ¢.98C > G, in exon 3 of B-catenin (CTNNBI) in both
tumors. This is an oncogenic mutation that causes replacement
of serine with cysteine at codon 33, leading to the loss of a
phosphorylation site in the B-catenin protein. The results of this
study strongly suggest that dysregulation of the Wnt/B-catenin
pathway plays a fundamental role in the pathogenesis of ovarian
MCST. Finally, by comparing the immunophenotype of MCST
with its histologic mimics and other ovarian sex cord-stromal
tumors, we were able to identify unique features of MCST and a
panel of markers useful in differential diagnosis.
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(Am J Surg Pathol 2011;35:1429-1440)

I n 2009, Irving and Young’ reported a series of ovarian
neoplasms that they described as “superficially reminis-
cent of thecoma in some regions, but with a microcystic
pattern often so conspicuous that it dwarfed the thecoma-
like regions.” On the basis of the distinctive histologic and
immunohistochemical features of these tumors, the
researchers designated the tumors as a “microcystic
stromal tumor” (MCST), which is a novel entity. In their
report of 16 cases, the tumors were characterized by the
principal microscopic appearance of microcysts, with
variably prominent solid cellular areas and fibrous
stroma. Diffuse and strong expressions of vimentin and
CDI10 were also noted. Their precise origin and back-
ground genetic alterations remain unclear. However, a
stromal nature was favored in the article because of the
morphologic resemblance to thecoma and by exclusion of
other possibilities. '

We recently encountered 2 cases of ovarian MCSTs
that exhibited features similar to those reported. In this
study, we attempted to further clarify the histologic,
immunohistochemical, and genetic features of this unique
ovarian neoplasm. We found a previously undescribed
“macrocystic pattern” of tumor growth in both MCSTs,
along with microcystic and solid patterns. In addition, we

~ recognized a certain degree of morphologic resemblance,
~ particularly in the cellular features, between ovarian

MCSTs and pancreatic solid pseudopapillary neoplasms
(SPNs). The finding that CD10 and vimentin are both
commonly expressed in ovarian MCSTs’ and pancreatic
SPNs'* was also of interest. These notions have led us to
investigate B-catenin alteration in ovarian MCSTs, as
pancreatic SPN is well known for harboring a B-catenin
mutation."?* Using immunohistochemical analyses, we
found that aberrant nuclear accumulation of B-catenin
protein occurs in MCSTs. By direct sequencing, we then
showed that both tumors harbored an oncogenic somatic
mutation in exon 3 of the B-catenin (CTNNBI) gene.
Further, we compared the morphology and im-
munohistochemical profiles of ovarian MCSTs and other
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ovarian tumors that can be differentially diagnosed, such

as sex cord-stromal tumors, struma ovarii (SO), and yolk

sac tumors (YSTs). Among the ovarian tumors, granu-
losa cell tumor (GCT), along with thecoma, is one of the
top differential diagnoses of MCST. By immunohisto-
chemistry we showed that MCSTs do not express sex
cord-stromal markers o-inhibin and calretinin, which are
frequently positive in GCTs and thecomas. To strictly
rule out the possibility that ovarian MCST was a variant
of GCT, we also sequenced FOXL2, a gene mutated in
nearly all ovarian GCTs.>%!92021 Ag neither of the
MCSTs harbored the FOXL2 mutation, we concluded
that MCST is a tumor that can be clearly distinguished
from the GCT lineage. The ovarian counterpart of pan-
creatic SPN (ovarian SPN), which was recently reported,5
is another important entity that requires distinction from
MCSTs. As we were unable to identify a case of ovarian
SPN, we included pancreatic SPNs in the series of cases
assessed for immunophenotypes and attempted to show
the difference between MCSTs and SPNE.

To our knowledge, this is the first report describing
genetic alterations in MCST. Distinct histologic and
immunohistochemical properties of MCST, along with its
differential diagnosis, are presented in detail.

MATERIALS AND METHODS

Tissue Samples

We retrieved and reviewed hematoxylin and eosin-
stained sections of 2 cases of ovarian MCST. The ovarian
tumor in case 1 was surgically removed at the University
of Tokyo Hospital, and its pathologic diagnosis was made
by 2 of the authors (D.M. and J.S.) on the basis of 17
sections taken from the tumor. Case 2 was from Osaka
Rosai Hospital and was retrieved from the consultation
files of 1 of the authors (D.M.). Twenty-two slide sections
were reviewed for the ovarian tumor in case 2. Neither of
the cases was reported previously. The diagnosis of
MCST was made on the basis of the criteria proposed by
Irving and Young.” The tumors were required to exhibit
the following features: (1) a microcystic pattern and
regions with lobulated cellular masses with intervening,
sometimes hyalinized, fibrous stroma, (2) absence of
morphologic features enabling any other specific diag-
nosis in the sex cord-stromal category, (3) absence of
epithelial elements, and (4) absence of teratomatous or
other germ cell elements. Clinical information was obtai-
ned from the clinicians and hospital charts for each case.

In addition, we studied a broad range of ovarian
neoplasms that may be included in the differential
diagnosis of MCST. The following tumors were retrieved

from the archives of the Departments of Pathology of the

University of Tokyo and Mitsui Memorial Hospital: 11
adult granulosa cell tumors (AGCTs), 2 juvenile granu-
losa cell tumors (JGCTs), 11 fibromas, 4 thecomas, 4
fibrothecomas, 2 Sertoli-Leydig cell tumors, 2 stromal
tumors with minor sex cord elements, 1 steroid cell tumor,
1 gonadoblastoma, 7 SO, and 8 YSTs. We also retrieved 3
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pancreatic SPNs to examine the similarities and differ-
ences between ovarian MCSTs and pancreatic SPNs.

Immunohistochemistry

All the tissue samples were fixed in formalin and
embedded in paraffin. Full tissue sections (4-um thick) were
used for immunohistochemistry in all cases. Immunohisto-
chemical staining was performed according to standard
techniques on a Ventana Benchmark XT autostainer
(Ventana Medical Systems Inc., Tucson, AZ). Appropriate
positive and negative controls were included. A list of
antibodies used in this study and criteria for positive
immunoreactivity for each antibody are shown in Table 1.

DNA Extraction and Gene Sequencing of
CTNNB1 and FOXL2

We analyzed cases of ovarian MCST for CTNNBI
and FOXL2 mutations. Sections (8-ym to 10-pm thick)
were cut from paraffin-embedded blocks containing
MCSTs and those containing background tubal tissues
from the same patients. Representative areas of the
sections were macrodissected. Extraction of genomic
DNA was performed using a PicoPure DNA Extraction
Kit (Life Technologies Corp., Carlsbad, CA). Exon 3 of
CTNNBI, the gene encoding B-catenin, contains the
region involved in glycogen synthase kinase 3B phosphor-
ylation. This exon was amplified using the following
primer pairs: F: 5-GATTTGATGGAGTTGGACATG
G-3’ and R: 5¥-GCTACTTGTTCTTGAGTGAAGG-3'.
A somatic mutation in the FOXL2 gene was reported to
be present in almost all (86 of 89, 97%) morphologically
defined AGCTs. 2810112021 This FOXL2 ¢.402C>G
mutation changes a highly conserved cysteine residue to
a tryptophan (p.C134W). We amplified exon 1 of FOXL2,
which contains the above mutation, using the following
set of primers: F: 5-CCGCCACAACCTCAGCCTC-¥
and R: 5¥-CGCCGGTAGTTGCCCTTCTC-3. An Ap-
plied Biosystems 3730x] DNA Analyzer and 3130x]
Genetic Analyzer were used for sequence analysis.

This study was approved by the institutional review
boards of the facilities involved.

RESULTS

Clinical Features of Ovarian MCSTs

Case 1

A 33-year-old woman, gravida 0, para 0, with no
particular relevant past history was found to have a right
ovarian mass and multiple uterine masses. The ovarian
mass showed a predominantly solid and partially cystic
appearance on a computed tomographic scan, which
raised the possibility of a sex cord-stromal tumor. The
uterine masses were diagnosed clinically as leiomyomas.
The patient initially received a gonadotropin-releasing
hormone analog. After treatment, the uterine tumors
decreased in size. However, the right ovarian tumor grew
larger. Serum lactose dehydrogenase was elevated at
381IU/L (normal range, 125 to 2371U/L). Tumor
markers, such as carcinoembryonic antigen, CA19-9,
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TABLE 1. Antibodies Used for Immunohistochemistry and Criteria for Positive Immunoreactivity

Antibody Dilution Clone Manufacturer Criteria for Positive Immunoreactivity

CD10 1:200 NCL-CD10-270 Novocastra Cytoplasmic or membranous staining in > 5% of tumor cells
Vimentin 1:1000 Vo Dako Cytoplasmic or membranous staining in > 5% of tumor cells
WT-1 1:25 6F-H2 Dako Nuclear staining in > 50% of tumor cells

B-Catenin 1:2000 14/Beta-Catenin ~ BD Biosciences  Nuclear staining in > 50% of tumor cells

o-Inhibin 1:50 R1 Dako Cytoplasmic staining in > 5% of tumor cells

Calretinin 1:25 NCL-Calretinin Novocastra Cytoplasmic or membranous staining in > 5% of tumor cells
ER Prediluted SP1 Ventana Nuclear staining in > 50% of tumor cells

PgR Prediluted 1E2 Ventana Nuclear staining in > 50% of tumor cells

EMA 1:100 E29 Dako Membranous staining in > 5% of tumor cells

Cytokeratin (AE1/AE3) 1:100 AE1/AE3 Dako Cytoplasmic or membranous staining in. > 5% of tumor cells
Cytokeratin (Cam 5.2)  Prediluted Cam 5.2 BD Biosciences ~ Cytoplasmic or membranous staining in > 5% of tumor cells
Cytokeratin 7 1:100 OV-TL 12/30 Dako Cytoplasmic or membranous staining in' > 5% of tumor cells
CD56 1:50 NCL-CD56-1B6 Novocastra Membranous staining in > 5% of tumor cells

Synaptophysin 1:100 Poly Dako Cytoplasmic staining in. > 5% of tumor cells

Chromogranin A 1:200 Poly Dako Cytoplasmic staining in > 5% of tumor cells

Desmin 1:100 D33 Dako Cytoplasmic staining in > 5% of tumor cells

Smooth muscle actin 1:400 1A4 Dako Cytoplasmic staining in > 5% of tumor cells

CD34 1:20 Myl0 Becton Dickinson Cytoplasmic or membranous staining in > 5% of tumor cells
CD31 1:40 JC70A Dako Cytoplasmic or membranous staining in > 5% of tumor cells
D2-40 1:60 D2-40 Covance Cytoplasmic or membranous staining in. > 5% of tumor cells
CD99 1:100 12E7 Dako Membranous stainingin . > 5% of tumor cells

TTF-1 1:200 8G7G3/1 Dako Nuclear staining in > 5% of tumor cells

AFP 1:1000 Poly Dako Cytoplasmic or membranous staining in. > 5% of tumor cells
Ki-67 1:100 MIB-1 Dako Percentage of tumor cells showing positive nuclear immunoreactivity

was calculated as MIB-1 index.

AFP indicates a-fetoprotein; EMA, epithelial membrane antigen; ER, estrogen receptor; PgR, progesterone receptor; TTF-“], thyroid transcription factor 1.

and CA125, were within the respective normal ranges. To
make definitive diagnoses of ovarian and uterine tumors,
the patient underwent right adnexectomy, enucleation of
the uterine masses, and partial omentectomy. The patient
is currently free of disease 14 months after surgery.

Case 2

A 41-year-old woman presented with lower abdom-
inal pain. Ultrasonography revealed an ovarian mass. On
a computed tomographic scan, the mass was a multi-
locular cystic lesion that showed mild contrast enhance-
ment. Radiographically, an ~ ovarian mucinous
adenocarcinoma was suspected. The patient underwent
a right adnexectomy and enucleation of a uterine
leiomyoma. The patient is currently free of disease 4
months after surgery.

Gross Features of Ovarian MCSTs

Case 1

The right ovarian tumor measured 11.5x 6.5 x 5.0-
cm. It was confined in the ovary, and the surface of the
ovary was smooth. Cut surfaces of the tumor revealed a
mixed solid and cystic appearance (Fig. 1A). Solid areas
were predominantly whitish. Areas with hemorrhagic
change were also observed. ‘

Case 2

The right ovarian tumor weighed 340g and
measured 9.5¢m in maximum diameter. The ovarian
surface of the ovary was smooth. Cut surfaces of the
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tumor revealed a prominent spongy appearance with
numerous cystic cavities filled with blood (Fig. 1B). Solid
and white areas were also found.

Histologic Features of Ovarian MCSTs

The histologic features of the tumor in case 1
(Fig. 2) and case 2 (Fig. 3) were quite similar. Both
tumors were surrounded by fibrous capsules and were
well demarcated from the background ovarian parench-
yma. A thin layer of ovarian medulla with vascular
networks was present on the outer rim of the tumor, and
the ovarian cortex was observed circumferentially toward
the surface of the ovary. The ovarian cortex was
particularly well preserved in the tumor of case 2. Many
follicles were observed around the tumor. The principal
structural patterns that tumor cells of MCSTs exhibited
included a microcystic pattern, a solid pattern, and a
macrocystic pattern. The presence of intervening thick
fibrous stroma was another feature that characterized
MCSTs. The fibrous stroma frequently showed hyaliniza-
tion. Occasional myxoid change was also seen in the
stroma. Areas of hemorrhage with hemosiderin deposi-
tion were present within both tumors.

In case 1, solid and microcystic areas predominated,
and the macrocystic pattern was seen in a scattered
manner. Macrocystic structures were predominant in case
2, and they were easily identifiable- on low-power
examination. A gradual transition between solid areas,
microcystic areas, and macrocystic areas was frequently
seen. The tumor occasionally showed a reticular appear-
ance in the areas where irregularly shaped cysts of
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FIGURE 1. Gross pictures of ovarian MCST. A, Case 1. Cut
section of the tumor showed solid and white areas admixed
with numerous cystic lumens. Marked hemorrhagic changes
were seen. B, Case 2. The cut surface of the tumor revealed a
characteristic sponge-like appearance. Many of the cystic
cavities were filled with bloody content. Whitish solid
components were also present in the tumor.

variable sizes anastomosed with each other. The lumens
of microcysts or macrocysts were filled with eosinophilic
exudative content, myxoid content, or blood. Marked
congestive changes were found in the tumor of case 2, and
many of the cystic spaces lined by the tumor cells were
filled with blood. These congestive areas gave a
“hemangiomatous” or “hemangiopericytomatous” im-
pression. Although many of the microcysts and macro-
cysts were lined by tumor cells, epithelial glandular
differentiation was not evident in either of the tumors.
Pseudopapillary architecture was absent in both tumors.

Individual tumor cells had round-to-ovoid and
sometimes short-spindled nuclei with very fine chromatin.
Nucleoli were inconspicuous or very small when present.
Most of the neoplastic cells had a faintly eosinophilic
cytoplasm. In general, tumor cell nuclei were monotonous
and bland. However, in case 2, neoplastic cells with
enlarged nuclei and abundant eosinophilic cytoplasm
were observed focally in <1% of the tumor. Some of
these cells mimicked luteinized cells. Mitoses were hardly
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detected in either tumor (average: 0 mitoses/10 high-
power field).

Immunophenotypes of Ovarian MCSTs, Other
Ovarian Tumors, and Pancreatic SPNs

The 2 ovarian MCSTs examined in this study
showed quite similar immunophenotypes. Diffuse and
strong immunoreactivity for vimentin (Fig. 4A) and
CDI10 (Fig. 4B) was observed in both cases. In addition,
we found that these tumors commonly showed diffuse
and strong nuclear immunoreactivity for B-catenin
(Fig. 5A) and Wilms tumor 1 (WT-1) (Fig. 4C). MCSTs
were completely negative for sex cord markers (a-inhibin
and calretinin), hormone receptors (estrogen receptor and
progesterone receptor), neuroendocrine markers (CD56,
synaptophysin, and chromogranin A), vascular markers
(CD31, CD34, and D2-40), and mesenchymal markers
including desmin and smooth muscle actin. Other
negative markers included CD99, thyroid transcription
factor-1, o-fetoprotein, SALL4, epithelial membrane
antigen, cytokeratin (Cam 5.2), and cytokeratin 7. MCST
in case 1 was completely negative for cytokeratin (AEl/
AE3). However, approximately 20% of the tumor cells in
case 2 showed positive immunoreactivity for cytokeratin
(AE1/AE3) (Fig. 4D). Ki-67-labeling index (MIB-1 index)
was 7% and 10% in case 1 and case 2, respectively.

Immunophenotypes of ovarian MCSTs, other
ovarian tumors that can exhibit similar morphologic
features, such as sex cord-stromal tumors, SOs, and
YSTs, and pancreatic SPNs, are summarized in Table 2.
Among the ovarian tumors examined, aberrant nuclear
accumulation of B-catenin was specifically observed in
MCSTs (Figs. 6B-E). Two of 3 pancreatic SPNs showed
nuclear immunoreactivity for B-catenin (Fig. 6F). Vimen-
tin was expressed in most ovarian sex cord-stromal
tumors. In contrast, CD10 positivity was rarely observed
in ovarian sex cord-stromal tumors, YSTs, or SOs.
Although WT-1 expression was commonly observed in
various kinds of ovarian sex cord-stromal tumors,
including GCTs, fibromas, thecomas, and Sertoli-Leydig
cell tumors, their immunoreactivity was usually neither as
strong nor as diffuse in comparison with WT-1 expression
in MCSTs. ao-Inhibin, which is frequently expressed in
ovarian sex cord-stromal tumors, was not expressed in
MCSTs. The pancreatic SPNs were positive for CD10
and vimentin. However, we observed a significant
difference in the immunophenotypes of MCSTs and
SPNs, with MCSTs showing a WT-1"/PgR™/CD56~
pattern and SPNs showing a WT-17/PgR™/CD56"
pattern.

Mutation Analyses of g-catenin (CTNNB1) and
FOXL2 in MCSTs

Both cases of ovarian MCST had the same
oncogenic missense mutations of CTNNBI, which is the
gene encoding B-catenin (Fig. 4). The mutations detected
were both ¢.98C > G mutations that cause replacement of
serine with cysteine at codon 33. Mutations in exon 1 of
FOXL2 were not detected in MCSTs.
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A

FIGURE 2. Histology of ovarian MCST in case 1. A, Low-power view of the tumor. The tumor was a well-demarcated lesion with a
fibrous capsule. Marked hemorrhage was observed in its center. B, Thick fibrous stroma was seen between areas of tumor cell
growth. C, Tumor cells formed cysts of various sizes. A mixture of microcystic and macrocystic structures was observed. D,
Representative high-power view of the tumor. Monotonous and bland tumor cells with round-to-ovoid nuclei grew in a
microcystic pattern. E, A solid pattern of growth was seen in parts. F, Some tumor cells had abundant eosinophilic cytoplasm.

DISCUSSION number of cases we studied was not large, their unique
In this study, we describe the histopathologic and impressive histology and homologous immunophe-
features of ovarian MCSTs in detail. Although the notype convinced us of their distinct nature among
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FIGURE 3. Histology of ovarian MCST in case 2. A, Low-power view of the tumor border (dotted line). A thin layer of ovarian
medulla was seen surrounding the tumor. The ovarian cortex was well preserved, and numerous follicles could be seen. B, Tumor
cell nests and intersecting fibrous stroma. C, The tumor cells grew in macrocystic and microcystic patterns. Marked congestion
was observed. D, The wall of the macrocystic space was lined with irregularly shaped nests of tumor cells. E, Representative high-
power view of the tumor. Cells with minimum cytologic atypia grew in microcystic and solid patterns. F, Hemangiomatous
component of the tumor. The cystic lumens were filled with blood.
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1434 | www.ajsp.com © 2011 Lippincott Williams & Wilkins



Am | Surg Pathol ¢ Volume 35, Number 10, October 2011

f-catenin (CTNNB1) $33C Mutation in Ovarian MCSTs

2 2
- _y *
B d 8 e o e o2
PRI VA e b T Tol S 2
rb,:‘ s # ’ ‘ » 4 m & AT ‘ i o
b’ % ‘ .a'. ..” ’:« ». l‘ ".\‘& E "

. ”§ r "y Al v P W

# “":-,'-\ﬁ'#w{: o ,‘-%/

- @ —~ P - & - ¢ -,
R Ty : @ :
Rk - P R T O A B

5

FIGURE 4. Immunohistochemical features of ovarian MCSTs. Both cases of ovarian MCSTs showed diffuse and strong positivity
for (A) vimentin, (B) CD10, and (C) WT-1. D. In case 2, the tumor showed focal staining for cytokeratin (AE1/AE3).

ovarian neoplasms and prompted us to further investigate

their pathogenesis.

Macroscopically, ovarian MCSTs in our series
commonly showed a “solid and cystic” or “sponge-like”
appearance. In a previously reported series,” 11 of 16
MCSTs showed a solid and cystic gross appearance, and 2
cases were predominantly cystic. Thus, we believe that a
“solid and cystic” gross appearance is one of the key
features of MCSTs.

Histologically, the following features appear to be
characteristic of MCSTs:

1. Mixture of microcystic, macrocystic, and solid struc-
tures.

2. Presence of intervening thick fibrous stroma.

3. Growth of monotonous tumor cells with round-to-
ovoid and generally bland nuclei with very fine
chromatin.

4. Well-demarcated tumor borders.

5. Focal areas of congestive and hemorrhagic change that
can give a hemangiomatous impression.

In a previous report,” the researchers primarily
focused on the microcystic pattern as the characteristic

© 2011 Lippincott Williams & Wilkins

structural pattern of MCSTs. The microcystic feature was
observed in all of their cases and was regarded as the most
striking morphologic characteristic. This was the main
reason why they included “microcystic” in the nomen-
clature when proposing this new and unique ovarian
tumor entity. Along with the microcystic pattern, a solid
pattern of tumor cell growth was described in their report.
Notably, microcystic components were relatively minor in
some of their cases. In our cases, the tumors were
composed mainly of 3 major structural patterns:
“microcystic,” “macrocystic,” and “solid.” Although the
macrocystic structure was not described in the previous
series, it was commonly observed in our cases and was
predominant in 1 case. Therefore, we believe that it
should be listed as one of the major structural patterns
that MCSTs exhibit. At this point, it is unclear how
microcysts and macrocysts are formed in MCSTs.
Whether it is the nature of tumor cells to form cysts, or
cystic spaces are the consequence of degenerative changes,
is unknown. Many of the cystic spaces are, in fact, lined
by tumor cells. However, epithelial glandular differentia-
tion (glands formed by cuboidal cells or columnar cells)

www.ajsp.com | 1435



Maeda et al

Am | Surg Pathol ¢ Volume 35, Number 10, October 2011

b“;...x‘;,':"':; *
B R

e X T PR L
LT bs =

4

o

FIGURE 5. Immunohistochemical detection of B-catenin protein in ovarian (A) MCST, (B) AGCT, (C) thecoma, (D) YST, (E) SO,
and (F) pancreatic solid pseudopapillary tumor. Among the ovarian tumors examined in this series, diffuse nuclear accumulation
of B-catenin protein was observed only in MCST. Pancreatic SPN showed a similar expression pattern.

was not observed in any areas of the tumor. A gradual
transition between solid, microcystic, and macrocystic areas
was observed, and contents of the cystic lumen differed
significantly from exudative, myxoid, to bloody. On the
basis of these findings, we speculate that stromal alteration
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caused by tumor cell secretion or degenerative changes due
to processes such as edema and congestion play a role in the
formation of variably sized cystic lumens in MCSTs.

In addition to the above described structural
patterns, the nuclear features of MCSTs are also
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TABLE 2. Results of Immunohistochemistry in Ovarian
MCSTs, Other Ovarian Tumors, and Pancreatic SPNs

Ovary Pancreas
F/T/ Other
MCST GCT FT SCST YST SO SPN
p-Catenin  2/2 0/13  0/19 0/6 0/8 0/7 2/3
CD10 2/2 0/13  1/19 2/6 1/8 2/7 3/3
Vimentin 2/2  13/13 19/19 6/6 6/8 7/7 3/3
WT-1 2/2 8/13  15/19 2/6 0/8 0/7 0/3
%-Inhibin 02 12/13  7/19 6/6
TTF-1 0/2 717
SALL4 0/2 8/8
AFP 0/2 8/8
PgR 0/2 3/3
CD56 0/2 3/3

AFP indicates o-fetoprotein; F. fibroma: FT. fibrothecoma; PgR, progesterone
receptor; SCST, sex cord-stromal tumor: T, thecoma: TTF-1. thyroid transcription
factor 1.

characteristic. The nuclei are round to ovoid and, for the
most part, “monotonous.” The chromatin pattern is very
fine. Nucleoli are not prominent, and nuclear grooves are
rarely observed. In general, nuclear pleomorphism is
minimal. Despite the fact that foci of bizarre nuclei were
reported in more than half of the cases in previous series,
they were distributed in a patchy/random manner and
comprised <5% to 10% of overall tumor volume.”
Tumor cells with hyperchromatic and enlarged nuclei
were present in case 1 of our series; however, it only made
up < 1% of the whole tumor volume.

Histologic features of MCST such as well-demar-
cated tumor border, generally bland and monotonous
nuclear feature, and low mitotic activity are suggestive of
the benign or nonaggressive nature of MCSTs. Clinical
behavior of the previous reported MCST cases was
favorable.” All patients with follow-up information were
alive and without evidence of disease. In our series, both
tumors were confined in the ovaries at the time of surgery.
No distant metastases or peritoneal spread was detected
during the follow-up period. However, the number of
reported MCSTs is still small, and their follow-up periods
are mostly short. Therefore, further studies in larger
numbers of cases are necessary to reach definitive
conclusions with regard to the behavior and prognosis
of MCST.

Immunohistochemical analysis of ovarian MCSTs
revealed a characteristic pattern. In addition to diffuse
and strong positivity for vimentin and CDI10 as repor-
ted previously,” we found that MCSTs commonly show
diffuse nuclear immunoreactivity for B-catenin and WT-1.
In general, vimentin and CDI10 are of limited use in
diagnosing ovarian tumors when each is used as a single
marker. Vimentin is positive in various kinds of sex cord-
stromal tumors,'®!>*° endometrioid tumors,“’(’ and me-
senchymal tumors.”!?> CDI10 positivity has also been
reported in many pure stromal and sex cord-stromal
tumors of the ovary.'® In fact, occasional CD10 positivity
was seen in various sex cord-stromal tumors, YSTs, and
SOs in our series. However, an ovarian neoplasm that
expresses nuclear B-catenin and WT-1, in combination
with CD10 and vimentin, is unique. Therefore, we regard
this vimentin " /CD10* /WT-1"/B-catenin* immunophe-
notype as another key feature that characterizes ovarian
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FIGURE 6. In these sequencing chromatograms, the top panel is from MCST, and the bottom panel is the corresponding control
sequence. Both cases of ovarian MCST had an oncogenic missense j-catenin (CTNNBT) mutation, c.98C>G (A: case 1; B: case 2).
This mutation causes replacement of serine with cysteine at codon 33, thereby leading to loss of a GSK3B phosphorylation site in
the p-catenin protein. C indicates cysteine; D, aspartic acid; G, glycine; H, histidine; |, isoleucine; L, leucine; S, serine; Y, tyrosine.
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MCSTs. Consistent with previous reports,” the MCSTs in
our series were negative for sex cord-stromal markers
such as a-inhibin and calretinin. With regard to epithelial
markers, focal cytokeratin (Cam 5.2) positivity was
reported in 4 of 16 cases in the previous series.’ In our
series, neither of the tumors expressed cytokeratin (Cam
5.2). However, 1 of the cases showed focal positivity for
cytokeratin (AE1 /AE3)

Much remains unclear regardmg the origin of
ovarian MCST. Irving and Young’ suggested a possible
stromal origin by excluding other possibilities. We agree
that MCST does not fit into the category of surface
epithelial stromal tumors or germ cell tumors. Morpho-
logically, these tumors give the impression of stromal or
mesenchymal origin, and positive immunoreactivity for
vimentin may support the stromal/mesenchymal origin.
However, cytokeratin immunoreactivity observed in
approximately half of the MCSTs in the previous report
and in this study leaves room for a pluripotent nature of
the tumor cells. Therefore, on the basis of current
evidence, we believe that it is more appropriate to regard
MCSTs as “unclassifiable” or as “tumors of uncertain
origin” than to classify them as conventional sex cord-
stromal tumors.

In this study, we examined B-catenin alterations to
understand the pathogenesis of MCSTs. Initially, one of
the authors (J.S.) who is a specialist in hepatopancreati-
cobiliary pathology found morphologic and immunohis-
tochemical similarities between the tumor in case 1 and
pancreatic SPN. Monotonous growth of tumor cells with
round-to-ovoid, sometimes spindled, nuclei is commonly
found in ovarian MCSTs and pancreatic SPNs. Solid
areas of ovarian MCST closely resemble those of
pancreatic SPN, despite the fact that microcystic changes
are usually not present in SPN, and pseudopapillary
structures were absent in our MCSTs. Further, diffuse
lmmunoredctlvxty for CD10 and vimentin is observed both
in ovarian MCSTs’ and pancreatic SPNs.'* Pancreatic
SPN is generally recognized as an epithelial tumor of the
pancreas that arises almost exclusively in young women. It
is well known for showing aberrant nuclear B-catenin
expressmn that can be detected by immunohistochemis-

24 In addition, mutations in exon 3 of the ‘B -catenin gene
are frequently detected in pancreatic SPNs.”" Therefore,
we sought to determine whether ovarian MCST shows
aberrant nuclear B-catenin expression.

The significance of nuclear B-catenin accumulation
in ovarian MCSTs cannot be overemphasized, because it
directly suggests that dysregulation of the Wnt/B-catenin
pathway is involved in the tumorigenesis. B-catenin-
mediated transcription is activated by the Wnt signaling
pathway, which plays a crucial role in tumorigenesis. In
the absence of Wnt signal, in the normal postembryogen-
esis period, the levels of B-catenin in cells are controlled
by a multiprotein complex that includes adenomatous
polyposis coli (APC) and glycogen synthase kinase-3f.
Mutations in these components and mutations in f-
catenin itself lead to excessive accumulation of B-catenin
in the nucleus and aberrant stimulation of its target genes,
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which subsequently results in neoplasia.'” This abnormal
accumulatxon of B-catenin can be detected immunohisto-
chemically."* Therefore, immunohistochemical staining
for B-catenin has been used as a surrogate marker for the
integrity of canonical Wnt signaling and B-catenin
degradation.

In this study, we further performed mutational
analyses of exon 3 of the f-catenin gene in ovarian
MCSTs, because B-catenin-mediated signaling can be
constitutively activated by truncation or mutation of
serine and threonine residues in exon 3. As a result, we
detected the same point mutation, ¢.98C > G, in exon 3 of
p-catenin in both tumors. This mutation causes replace-
ment of serine with cysteine at codon 33, leading to the
loss of a phosphorylation site in the B-catenin protein.
This Ser33 mutation is one of the major oncogenic [3
catenin mutations that is more commonly detected in
benign entities than in malignant tumors.'® Therefore, we
suggest that dysregulation of the Wnt/B-catenin pathway
plays an important role in tumorigenesis of ovarian
MCSTs. It is not yet clear whether all MCSTs harbor a
specific $33C mutation in exon 3 of f-catenin. Some other
cases may harbor mutations in different regions of this
gene. It is also possible that alterations in the 4PC gene
or in other genes involved in the Wnt/B-catenin pathway
are involved in its tumorigenesis.

A discussion regarding the possible histologic
differential diagnoses of ovarian MCSTs is necessary.
First, the histology of MCSTs is so unique (ie, dissimilar
to any other ovarian tumor) that after encountering a
case or being aware of this disease entity there are hardly
any other differential diagnoses. However, without
knowledge of this entity, ovarian MCST can be confused
morphologically with thecoma, AGCT/JGCT, YST, or
SO. B-Catenin immunohistochemistry is useful for
discriminating MCST from these tumors, because none
of these tumors show nuclear B-catenin immunoreactiv-
ity. Other ovarian tumors such as sclerosing stromal
tumors and steroid cell tumors may also be listed in the
differential diagnoses, but not much is known regarding
their B-catenin status.

The presence of thick fibrous stroma and growth of
monotonous cells are common features observed in
ovarian MCSTs and thecomas. However, significant
differences are apparent between these 2 entities. Chm-
cally, most thecomas occur in postmenopausal women
and they frequently present with estrogenic symptoms
In contrast, the majority of MCSTs are found in women
aged 25 to 45 years. An estrogenic manifestation seems to
be extremely rare in reported cases of MCSTs.” Macro-
scopically, thecomas are almost always solid and yellow-
ish. Cystic changes or hemorrhagic changes that are
frequently found in MCSTs are rarely observed in
thecomas. There are differences in cellular features as
well, particularly in the nuclear morphology. Cells with
polygonal or spindle-shaped nuclei are far more promi-
nent in thecomas than in MCSTs. Immunohistochemi-
cally, o-inhibin and calretinin, which are positive in most
thecomas,?® are negative in MCSTs. A variant of
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thecoma, luteinized thecoma, often shows a microcystic
growth pattern and may mimic MCST. However,
luteinized thecomas are almost always bilateral and
usually associated with sclerosing peritonitis. Immuno-
histochemically, luteinized thecomas do not show nuclear
B-catenin accumulation. Luteinized cells in luteinized
thecomas are positive for o-inhibin and calretinin.*
Therefore, these markers should be useful for distinguish-
ing an ovarian MCST from a luteinized thecoma.

There are certain similarities between MCSTs and
AGCTs. AGCTs frequently exhibit a solid-cystic gross
appearance, and hemorrhagic changes are occasionally
seen. Monotonous growth of tumor cells is also common
in MCSTs and AGCTs. However, significant differences
are apparent in the histology between MCSTs and
AGSTs. Tumor cells of MCSTs are predominantly round
and lack nuclear grooves. In contrast, AGCT cells are
short spindled, and they have characteristic nuclear
grooves. In addition, microcystic/macrocystic structures
of MCSTs differ from microfollicular/macrofollicular
structures of AGCTs. In MCSTs, the tumor cells do not
line up toward the cystic lumen. Structures such as Call-
Exner bodies are absent in MCSTs. Recent studies have
shown that a somatic mutation in the FOXL2 gene
(c.402C > G) is present in almost all (86 of 89, 97%)
morphologically defined AGCTs.>%'%2?! In this study,
we demonstrated the absence of this mutation in ovarian
MCSTs. Hence, we expect that ovarian AGCTs and
MCSTs also differ significantly in their genetic back-
ground. JGSTs tend to have cells with larger and more
pleomorphic nuclei compared with MCSTs. Furthermore,
mitotic figures are much more frequently found in JGSTs
(median, 9.8/10 high-power fields)."” In problematic
cases, immunohistochemistry for a-inhibin and calretinin
should be applied, because most AGCTs and JGCTs are
positive for these markers.’>?® Distinguishing an MCST
" from a sclerosing stromal tumor should not be too
difficult, as microcysts are not a feature of sclerosing
stromal tumors. Steroid cell tumors frequently have a
hormonal presentation, and they typically show diffuse
proliferation of tumor cells with an inconspicuous
stroma. An intervening thick fibrous stroma, which is
commonly seen in MCSTs, is usually absent in ovarian
steroid cell tumors. As rare Sertoli-Leydig cell tumors
have microcysts somewhat similar to those of MCSTs,
thorough sampling of the tumor is recomrhended. Well-
sampled Sertoli-Leydig cell tumors almost always reveal
foci of typical Sertloi cell and Leydig cell growth. At low
magnification, MCSTs can resemble YSTs, because both
tumors show microcystic and/or reticular structures and
frequent hemorrhagic changes. However, MCSTs do not
show strong nuclear atypia that can be seen in YSTs.
Immunohistochemistry for o-fetoprotein or SALL4 can
help to distinguish between these tumors, because these
markers are expressed by YSTs but not by MCSTs. SOs
have a broad range of histology, and some may mimic
MCSTs. In our experience, typical colloid that fills the
follicles of SO is not observed in the cystic lumen of
MCSTs. In difficult cases, we recommend performing
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immunohistochemistry for thyroid transcription factor-1,
a known marker for thyroid tumors not expressed
in MCSTs.

Finally, we mention ovarian SPN as a potential
differential diagnosis for MCSTs. Deshpande et al’
recently reported 3 cases of ovarian tumors that revealed
similar morphologic and immunohistochemical features
to pancreatic SPN and proposed the entity “solid
pseudopapillary tumor of the ovary.” In our observa-
tions, morphologic features of MCST and SPN were
similar in some aspects. Growth of round-to-spindled
monotonous cells was common in both tumors, and solid
areas of growth in MCSTs and SPNs closely resembled
each other. However, certain differences were also
apparent. Pseudopapillary structure, which is character-
istic of SPNs, was absent in MCSTs. Immunoreactivity
for markers such as WT-1, CD56, and progesterone
receptor also differed between SPNs and MCSTs.
Interestingly, in the report by Deshpande et al,? B-catenin
nuclear immunoreactivity was observed in all 3 ovarian
SPN cases. Although a mutation analysis was not
performed in their study, dysregulation of Wnt/B-catenin
signaling could theoretically be involved in the develop-
ment of ovarian SPNs. Their results and our results
suggest a possible link between ovarian SPNs and
MCSTs. We hope to further examine similarities and
differences between ovarian MCSTs and SPNs in the
future on the basis of a larger number of cases.

In conclusion, we presented the distinct features of
ovarian MCST from morphologic, immunohistochem-
ical, and genetic viewpoints. Dysregulation of Wnt/B-
catenin signaling is involved in the pathogenesis of
ovarian MCST. The findings presented here provide
insight into this unique entity and will facilitate future
studies.
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