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Abstract

Forkhead L2 (FOXL2) is expressed in the ovary and acts as a transcriptional repressor of
the Steroidogenic Acute Regulatory (StAR) gene, a marker of granulosa cell differentiation.
Human FOXL 2 mutations that produce truncated proteins lacking the C-terminus result in
blepharophimosi s/ptosi/epi canthus inversus (BPES) syndrome type |, associated with premature
ovarian failure. In this study, we investigated whether FOXL 2’ s activity as a transcriptional
repressor is regulated by phosphorylation. We found that FOXL2 is phosphorylated at a serine
residue and, using yeast two-hybrid screening, identified LATS1 as a potential FOXL 2-
interacting protein. LATSL is a serine/threonine kinase whose deletion in mice resultsin an
ovarian phenotype similar to POF. Using co-immunoprecipitation and kinase assays, we
confirmed that LATSL1 binds to FOXL2, and demonstrated that LATS1 phosphorylates FOXL2
at aserineresidue. Moreover, we found that FOXL2 and LATS1 are co-expressed in
developing mouse gonads and in granulosa cells of small and medium follicles in the mouse
ovary. Lastly, we demonstrated that co-expression with LATS1 enhances FOXL2's activity asa
repressor of the StAR promoter, and this results from the kinase activity of LATS1. These
results provide novel evidence that FOXL 2 is phosphorylated by LATS1 and that this
phosphorylation enhances the transcriptional repression of the StAR gene, a marker of granulosa
cell differentiation. These data support our hypothesis that phosphorylation of FOXL2 may be a
control mechanism regulating the rate of granulosa cell differentiation and hence fallicle
maturation, and its dysregulation may contribute to accelerated follicular development and

premature ovarian failure in BPES type l.

Keywords. Phosphorylation, transcriptional regulation, Forkhead, granulosa cell, premature

ovarian failure
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I ntroduction

Premature ovarian failure (POF) is defined as a condition causing amenorrhea,
hypoestrogenism and elevated gonadotropins in women under 40 years of age (1), and can be
associated with failure to endow the follicle pool or an early loss of the fixed follicle pool
following excess follicle recruitment and/or atresia. A genetic basis for selective cases of POF
has been determined. Patients with Blepharophimosis-Ptosis-Epicanthus Inversus (BPES)
syndrome type | exhibit POF in association with characteristic eyelid dysplasia,
blepharophimosis, ptosis, and epicanthus inversus (60). Ovaries from BPES type | patients are
histologically variable, ranging from the presence of some primordial follicles with atretic
follicles to complete absence of follicles and scarring of the ovaries (23). The gene encoding the
transcription factor Forkhead L2 (FOXL2) (15) maps to the BPES locus on chromosome 3g22-
23. FOXL2 isamember of the forkhead/hepatocyte nuclear factor 3 (FKH/HNF3) family of
transcription factors (15), which is characterized by the presence of a conserved winged helix
domain that is essential for DNA binding, as well as more divergent transactivation or
transrepression domains (12, 29, 33). FOXL2 mutations in individuals with BPES type | create
premature stop codons which are predicted to generate truncated proteins lacking the carboxyl
(C)-terminus alanine/proline rich domain (15-17, 44). Consistent with the BPES phenotype,
FOXL2 is selectively expressed in the eyelids of developing mice (15) and in the mouse ovary
(41). Inaddition, FOXL2 shows a highly specific expression pattern in undifferentiated
granulosa cells of small and medium follicles in the mouse ovary, but is not expressed in the
other steroidogenic cells of the ovary, i.e. theca cells and luteal cells, nor isit expressed in non-
ovarian steroidogenic cells such as those of the testes or adrenal gland (15, 41).

We previoudly identified the C-terminal alanine/prolinerich region of FOXL2 asa
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transrepression domain (41). Further, we showed that a human mutation which is associated with
BPES type | produces atruncated FOXL 2 protein that lacks this entire transrepression domain,
and loses its activity as arepressor of the StAR gene (41). StAR is acholesterol transporter at the
mitochondrial membrane, and controls the rate-limiting step in steroidogenesis (14, 34, 49). Itis
present in the granulosa cell layer of large preovulatory and luteinized follicles and absent from
immature folliclesin several species (43, 46, 50). StAR activity is present in granulosa cells
during follicular differentiation, after FOXL 2 expression decreases, signaling early functional
maturation of ovarian antral follicles (41, 46, 50). Thus, FOXL2 may inhibit premature
differentiation of granulosa cells and control the number of primordial follicles that remain
dormant, and mutations in FOXL2 may result in accelerated differentiation of granulosa cells,
ultimately leading to POF.

A number of forkhead transcription factors have been shown to be regulated through
phosphorylation, including members of the FOXO subfamily, which includes FOXO1, FOXO3
and FOXO4 (51). Outside the FOX O class, little is known about the regulation of other forkhead
transcription factors via phosphorylation. As premature follicle depletion is central to POF, we
hypothesized that more refined regulatory processes may be involved in controlling FOXL2
activity. Inthis study, we tested whether FOXL 2 is regulated through phosphorylation, in order
to begin to define the mechanisms underlying granulosa cell differentiation, follicle maturation,

and premature ovarian failure.

Materialsand M ethods
Yeast two-hybrid screening

Y east-two hybrid screening was performed using human FOXL 2 as bait, and plasmids from
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positive colonies were isolated, purified and sequenced (31). The specific interaction between
wild-type FOXL2 and LATS1 was confirmed based on activation of the GAL1-HIS3 reporter
gene.
Plasmid construction

A FLAG-tagged FOXL2 cDNA was generated as described previously (31). A 3.4 kb human
LATS1 cDNA sequence was PCR-amplified from human ovary cDNA (Ambion, Austin, TX)
using the primers 5 -GTGGCGGCCGCATGAAGAGGAGTGAAAA-3 and 5'-
TCGCGATCTAGTATATGTTTAACTCGAGTGA-3', and subcloned into pcDNA3 and
pcDNAS.1/His/X press expression vectors using the Not | and Xho | restriction sites to generate
LATSI expression constructs. To generate the kinase-inactive LATS1 mutant D846A (13, 26), a
residue in the LATSLI kinase domain, Asp 846, was mutated to Ala, by performing site-directed
mutagenesis using this pcDNA3.1/Hisg/Xpress-LATSL1 construct and the primer 5’ -
GGTCATATTAAATTGACTGCCTTTGGCCTCTGCACTGG-3'. The results were confirmed
by sequencing.
Cell culture and DNA transfection

Chinese hamster ovary (CHO) cells and FOXL 2 stable CHO cells were grown in culture and
transfected as described previously (31). The cells were then lysed using RIPA buffer, Tris
buffer (50mM Tris-HCI, 150mM sodium chloride, pH 7.4), immunoprecipitation buffer, or
reporter lysis buffer (Promega, Madison, WI) for subsequent experiments.
Alkaline phosphatase and phosphatase inhibitor treatments

Cellswere lysed with Tris buffer, heated at 95°C for 5 minutes to denature the proteins, and
the cell lysates (60 ug) were resuspended in de-phosphorylation buffer (50mM Tris-HCI, 0.1mM

EDTA, pH 8.5). The cell lysates were then treated with either (i) Halt Phosphatase Inhibitor
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cocktail (Pierce, Rockford, IL); (i) Halt Phosphatase Inhibitor cocktail and 5U alkaline
phosphatase (Roche, Indianapolis, IN), or (iii) 5U alkaline phosphatase alone. The cell lysates
were then incubated at 37°C for 1 hour, heated at 95°C for 15 minutes to inactivate the alkaline
phosphatase, and either analyzed directly by Western blotting, or immunoprecipitated (see
below) and then analyzed by Western blotting.

I mmunoprecipitation

For FOXL2, CHO cells were transfected with the pFL A G-FOXL 2 expression construct for
24 hours in serum-free or normal culture media and then lysed and immunoprecipitated as
described previously (31). For negative controls, the cell lysates were immunoprecipitated with
Protein A (Millipore, Billerica, MA) coated with mouse IgG (Sigma, St. Louis, MO). The eluted
samples or cell lysates were added to 4x SDS sample buffer and heated at 95°C for 5 minutes to
denature the proteins. The proteins were then analyzed by Western blotting.

For LATSL, CHO cells were transfected with the pcDNA3.1-His-Xpress-LATSL expression
construct for 24 hours and then lysed in immunoprecipitation buffer containing 50 mM Tris-HCI,
pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA and 0.2 mM PMSF. The cell lysates
were incubated with Protein A (Millipore, Billerica, MA) coated with LATS1 antibody (Bethyl
Laboratories, Montgomery, TX) or Xpress antibody (Invitrogen, Carlsbad, CA) at 4°C overnight.
The gel was washed with TBS (50 mM Tris-HCI, pH 7.4 and 150 mM NaCl) to eliminate non-
specific binding. The bound LATS1 was then eluted by incubating with 0.1M glycine HCI at pH
3.5 for 5 minutes. The supernatants were neutralized by adding 10X TBS and then used in the
Kinase assays.

Kinase assays

The pFLAG-FOXL 2 expression construct was transfected into CHO cells. The lysates were
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treated with alkaline phosphatase and the resulting de-phosphorylated FL AG-tagged FOXL2
proteins were purified by immunoprecipitation as described above. The pcDNA3.1-His-Xpress-
LATSI expression construct was transfected into CHO cellsin normal culture media and
purified using Protein A coated with LATSL antibody or X press antibody, also as described
above. The purified FLAG-tagged FOXL 2 proteins were then combined with the
immunoprecipitates containing wild type or mutant His-Xpress-LATS1, and the mixtures were
adjusted to 50mM Tris-HCI, 150mM sodium chloride, 2mM ATP, 10mM magnesium chloride,
10mM manganese chloride and incubated at 30°C for 4 hours. The protein/gel mixtures were
then added to 4x SDS sample buffer and heated at 95°C for 5 minutes to denature the proteins.
The assay products were then analyzed by Western blotting.
Western blotting

Cellslysatesin RIPA buffer, immunoprecipitation products, or kinase assay products were
added to 4x SDS sample buffer and heated at 95°C for 5 minutes to denature the proteins. The
proteins were then separated on 7.5% or 12% SDS-PAGE gels and transferred to PVDF
membranes. The membranes were incubated with a custom-made FOXL 2 antibody (Zymed
Laboratories, San Francisco, CA), which was raised against amino acids 20-33 of FOXL2, or
with antibodiesto LATSL (Bethyl Laboratories, Montgomery, TX) or phosphoserine (Sigma),
washed, and then incubated with HRP-conjugated secondary antibodies. Chemiluminescent
detection was performed using ECL western bl otting detection reagents (Amersham Biosciences,
Piscataway, NJ).
RNA extraction and reverse transcriptase PCR

Mouse ovaries from fetal (17.5 days postconception), immature (day 13 and 23), and adult (7

weeks) mice were harvested from Swiss Webster outbred female mice under an approved
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IACUC protocol. Total RNA from whole ovaries were isolated using an RNeasy mini kit
(Qiagen, Vaencia, CA), and reverse transcribed to generate ovary cDNASs using an i Script
cDNA SynthesisKit (Bio-Rad, Hercules, CA). A LATS1 cDNA sequence was then PCR
amplified from these ovary cDNAs using the primers 5 -TGCAGGAAATTCGAAACTCTC
TGCTTC-3 and 5-GTGAGTTGGGACTCTCAGAATGATAGGCCA-3' . FOXL2 and GAPDH
primers were used as previously described (41). Human Ovary PCR-Ready cDNA (Ambion,
Austin, TX) was used as a positive control, and water was used as a negative control. After PCR,
the amplified products were subjected to electrophoresis on 1.5% agarose gels, which were then
stained with ethidium bromide to visualize the anticipated fragments. Bands of the expected
sizes were eluted, purified using a QIAquick gel extraction kit (Qiagen) and confirmed by
sequencing.
I mmunohistochemistry

Ovaries were dissected from immature Swiss Webster outbred female mice at 21 day of age
(under an approved IACUC protocol) and slides were prepared, pretreated and blocked as
described previoudly (31). The slides were then hybridized without primary antibody as a
control, or with a custom-made FOXL 2 antibody (Zymed Laboratories) or withaLATS1
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 hour, followed by incubation with a
biotinylated anti-rabbit secondary antibody (V ector) for another 30 minutes. The slides were
then incubated with ABC solution (Vector) for 30 minutes and stained by adding fresh DAB
solution for 2 minutes. They were then counterstained with haematoxylin (Sigma) and mounted
with Vectamount AQ (Vector).
Promoter activity assays

CHO cells or FOXL2 stable cells (31) were transfected with 100 ng of the human
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pPcDNAS3.1-His-Xpress-LATS1 expression construct (wild type or D846A mutant) or the
pcDNAS3.1/His vector backbone with 0.5 pg of the 95 bp human StAR promoter luciferase
construct (41) for 24 hours. Theindicator plasmid pCMV -B-gal actosidase was used to estimate
transfection efficiency. Thetotal DNA concentration was maintained at 1ug per well in 24 well
plate through the inclusion of empty pFLAG-CMV-2. Twenty-four hours after transfection, the
cellswere lysed using reporter lysis buffer and repeated freeze/thaw cycles. The luciferase
activitiesin the cell lysates were determined as described previously (31). Results are reported
as relative luminescence units and normalized with [3-gal actosidase activity.
Statistical Analysis

For promoter assay studies, experiments were performed in quadruplicate and the standard
error (£SE) was shown. Significant differences between groups were analyzed by ANOV A
followed by the Neuman-Keuls test using GraphPad Prism software (San Diego, CA). P values <

0.05 were considered significant.

Results
FOXL2 interacts with the serine/threonine kinase LATS1

To identify FOXL 2-interacting proteins, we performed a yeast two-hybrid screen using
human FOXL2. LATSL, a serine/threonine kinase, was found to strongly interact with FOXL?2,
which suggested that LATS1 might be involved in phosphorylating FOXL2.

To characterize the interaction between FOXL2 and LATS1 in mammalian cells, CHO cells
were transfected with FLAG-FOXL 2 expression construct or an empty FLAG-CMV-2
expression vector, and the cells were subsequently lysed and immunoprecipitated with an

antibody to FLAG, or with mouse IgG as a control. The cell lysates and immunopreci pitates
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10

were then analyzed by immunobl otting with antibodiesto FOXL2 and LATS1. LATS1is
expressed endogenously in CHO cells, whereas FOXL2 isnot. When the empty pFLAG-CMV -2
vector was used as atemplate for protein synthesis, no FOXL 2 was synthesized, but when the
pcDNA3-FOXL 2 construct was used as atemplate, FOXL 2 was synthesized in the CHO cells
(Lysates, Fig. 1). Some endogenous LATSL1 expression was a so detected in the CHO cell lysates
(Lysates, Fig. 1). When the lysates from these cells were immunoprecipitated with the control
mouse 1gG, afaint band was obtained for FLAG-FOXL 2 in the immunoprecipitates from cells
expressing FLAG-FOXL 2, but not in immunoprecipitates from cells expressing the empty
pFLAG-CMYV -2 vector, and no band was obtained for LATSL (IP: Mouse IgG, Fig.1). In
contrast when the same lysates were immunoprecipitated with an antibody to FLAG, both
FLAG-FOXL2 and LATS1 were identified in the immunoprecipitates from cells expressing
FLAG-FOXLZ2, but were not identified in immunoprecipitates from cells expressing the empty
pPFLAG-CMV-2 vector (IP: FLAG, Fig. 1). These results confirm that FOXL2 and LATS1
interact with each other, as suggested by the results of the yeast two-hybrid screening.
FOXL2 isphosphorylated in CHO cells

In order to test whether FOXL 2 is phosphorylated in mammalian cells, we transfected CHO
cells (which do not express endogenous FOXL 2) with the pcDNA3-FOXL 2 expression construct
or with an empty pcDNA3 expression vector, lysed the cells under various conditions and
analyzed the resulting proteins by immunaoblotting with the FOXL 2 antibody (Fig. 2A). When
FOXL 2-transfected cells were lysed in the presence of a phosphatase inhibitor to eliminate
phosphatase activity, two bands were detected (PI, Fig. 2A). The lower band was the same size
as the FOXL2 band previously detected (41), and the larger band was presumed to be

phosphorylated FOXL2. To confirm that this larger band was in fact phosphorylated FOXL 2,
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FOXL2-transfected cell lysates were treated with alkaline phosphatase to remove phospho-
groups. After phosphatase treatment, the larger FOXL 2 band was eliminated (AP, Fig. 2A).
When the cell lysates were treated with both alkaline phosphatase and phosphatase inhibitor, the
larger band was preserved (AP+PI, Fig. 2A).

In order to determine whether FOXL 2 is phosphorylated at a serine or athreonine residue,
CHO cellswere transiently transfected with the pFLAG-FOXL 2 expression construct or an
empty pFLAG-CMV -2 vector backbone, lysed, and cell lysates were immunoprecipitated using
an antibody to FLAG or mouse IgG. The immunoprecipitates were then analyzed by
immunobl otting with the FOXL 2 antibody and a phospho-serine antibody (Figure 2B). When
the immunopreci pitates were probed with the FOXL 2 antibody, the two bands we previously
identified corresponding to FOXL 2 and phosphorylated FOXL 2 respectively (Figure 2A) were
again seen in the FLAG immunoprecipitates, but not in the mouse 1gG precipitates (Figure 2B).
When this blot was stripped and reprobed with a phospho-serine antibody, the upper band was
again identified, suggesting that this band is phospho-serine FOXL2 (pSerine-FOXL2) (Figure
2B). To further confirm these results, immunoprecipitates from cell lysates treated with alkaline
phosphatase were also immunoblotted with the FOXL 2 and phospho-serine antibodies. When
the immunopreci pitates were probed with the FOXL 2 antibody, a single band corresponding to
FOXL 2 was seen in the FLAG immunoprecipitates, but not in the mouse IgG precipitates
(Figure 2C). When this blot was stripped and reprobed with the phospho-serine antibody, no
bands were observed (Figure 2C). No bands were detected when the immunopreci pitates were
probed with an anti-phospho-threonine antibody (data not shown). Taken together, these results

suggest that FOXL 2 is phosphorylated at a serine residue in mammalian cells.
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LATSI phosphorylates FOXL2 in vitro

To determine whether FOXL2 is phosphorylated by LATSL, we performed a kinase assay in
which we used de-phosphorylated FOXL2 as a substrate for LATS1. The immunoprecipitates
containing LATS1 were then incubated with the de-phosphorylated FOXL2 for 4 hours at 30°C.
The products of the kinase reactions were then analyzed by immunoblotting with antibodies to
phospho-serine, FOXL2 and LATS1. Asshownin Fig. 3A, in the absence of LATSL, FOXL2
was not phosphorylated at a serine residue, however, when de-phosphorylated FOXL2 was
incubated with increasing amounts of LATS1, a phospho-serine-FOXL 2 band was observed in
the presence of LATS1 at the highest concentration (Fig. 3A), indicating that incubation with
LATSLI results in phosphorylation of FOXL2. These results suggest that LATS1 can act asa
kinase for FOXL2 in vitro.

To confirm that phosphorylation of FOXL2 is due primarily to the kinase activity of LATSL,
and not another protein kinase that co-purifies with LATS1, we repeated the kinase assays with
the inclusion of akinase-inactive LATS1 mutant, D846A, which cannot bind ATP (13, 26).
CHO cells were transfected with pcDNA3.1-His-Xpress-LATS1 (wild type or mutant)
expression constructs, and lysates from these cells were purified using Protein A coated with
Xpress antibody. The immunoprecipitates containing wild type LATS1 or mutant LATS1
D846A were used to perform the kinase assays. A strong phospho-serine-FOXL 2 band was
observed when wild-type LATS1 was used as the kinase, but only avery faint band was
observed when the D846A mutant LATS1 was used (Fig. 3B). These results indicate that
FOXL2 is primarily phosphorylated by LATSL.

The LATS1 geneis expressed in devel oping mouse gonads

Our previous studies showed that FOXL2 is expressed in the mouse ovary from at least 17.5
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days postconception (dpc) to adulthood (41). Asour resultsindicated that LATS1 can act asa
kinase for FOXL2 in vitro, we hypothesized if LATSL also phosphorylates FOXL2 in vivo,
LATS1 and FOXL2 should have overlapping expression patterns in the mouse ovary. Therefore,
we used RT-PCR to determine LATS1 expression in fetal (17.5 dpc), immature (days 13 and 23)
and adult (7 weeks) mouse ovaries. Asshown in Fig. 4, both FOXL2 and LATSL are expressed
in the ovaries of fetal mice at 17.5 dpc, in the ovaries of immature mice at days 13 and 23 of life,
and in the ovaries of adult mice.
FOXL2 and LATS1 are co-expressed in granulosa cellsin the mouse ovary

The FOXL2 transcript has been shown to be specifically expressed in the granulosa cells of
small and medium follicles in the mouse ovary (41). To further investigate the respective
locations and expression levels of FOXL2 and LATS1 in the ovary, immunohistochemical
anaysis was performed using mouse ovarian tissue sections. Asthe FOXL2 transcript is known
to be expressed in the less differentiated granulosa cells of small and medium follicles, serial
sections of ovaries from immature (21-day old) mice, which do not contain mature
(steroidogenic) follicles, were used for these studies. Asshownin Fig. 5, FOXL2 and LATS1
were found to have overlapping patterns of expression in the granulosa cells of small (indicated
by arrows) and medium (indicated by arrowheads) follicles in the immature mouse ovary.
Co-expression with LATS1 enhances the repressive effect of FOXL2 on the StAR gene
promoter

FOXL 2 acts as a key transcriptional repressor during follicle development, and is known to
interact directly with the promoter of the StAR gene. In a previous study, we showed that
FOXL2 can repress the activity of a-95-bp human StAR promoter-luciferase construct in CHO

cells (41). Therefore, we used this construct to examine whether phosphorylation by LATS1 is
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involved in regulating the repression of the StAR gene promoter by FOXL2. Wild-type CHO
cellsand CHO cells expressing FOXL 2 (31) were transfected with 100ng of the pcDNA3.1-His-
Xpress-LATS1 expression construct, 100 ng of the kinase-inactive D846A mutant LATS1
expression construct, or 100 ng of the empty pcDNA3.1-His vector backbone for 24 hours,
followed by co-transfection with the -95-bp human StAR promoter-luciferase reporter plasmid.
Twenty-four hours after transfection, the activity of the StAR promoter was assessed by
measuring luciferase activity in the cell lysates. Asshown in Figure 6, in the absence of FOXL2,
luciferase activities in cells transfected with wild-type or mutant LATS1 were not significantly
different from cells transfected with the control vector (CHO cells, Fig. 6), indicating that
LATSL itself does not affect StAR promoter activity. In contrast, in cells expressing FOXL2
(empty vector, FOXL2 stable cells), the basal level of StAR promoter activity was significantly
decreased (p<0.05), indicating that FOXL 2 represses the activity of the StAR promoter, as
expected. When FOXL 2-expressing cells were transfected with wild-type LATS1 (Wt LATSI,
FOXL?2 stable cells), afurther significant reduction in luciferase activity was observed (p<0.05),
indicating that StAR promoter activity was further repressed in the presence of both FOXL2 and
LATSL. In contrast, when FOXL 2-expressing CHO cells were transfected with the kinase-
inactive LATS1 mutant, luciferase activity was restored to the levels seen in cells expressing
FOXL2 aone (Mt LATSL, FOXL2 stable cells). These results suggest that co-expression with
LATSL enhances the activity of FOXL2 as atranscriptional repressor of the StAR gene, and that

this effect is due to the kinase activity of LATSI.

Discussion

In this manuscript, we have shown that the serine-threonine kinase LATS1 phosphorylates
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FOXL2 in vitro, and that this phosphorylation occurs at a serine residue. Further, we have
demonstrated that LATSL is expressed in the mouse ovary from at least 17.5 dpc through to
adulthood, and have localized this expression to the less differentiated granulosa cells of small
and medium follicles in the immature mouse ovary, where LATSL is co-expressed with FOXL2.
Moreover, our data indicate that phosphorylation by LATS1 enhances, whereas a kinase-inactive
LATS1 mutant fails to enhance, FOXL2's activity as atranscriptiona repressor of the StAR
gene, which controls arate-limiting step in steroidogenesis and is a marker of granulosa cell
differentiation. Taken together, these data support our hypothesis that phosphorylation may be
one of the mechanisms controlling the activity of FOXL2 as atranscriptional repressor during
follicular development, and suggest that LATS1 may be involved in mediating this regul ation.

Regulation through phosphorylation has been shown to be an important mechanism for
controlling the activities of transcription factors (28, 37), including other Forkhead transcription
factors (38) expressed in both human and rodent granulosa cells (42, 45). Protein kinase B
(PKB)/Akt phosphorylates the FOX O subfamily leading to export from the nucleus and
inhibition of transcriptional activities (6, 9, 30), whereas activation of the Ras-Ral pathway |eads
to phosphorylation of FOXO members and induces transcriptional activity (18, 30). In rodent
granulosa cells, FOXO1 is phosphorylated through the PISK pathway in response to Follicle
Stimulating Hormone (FSH) and Insulin-like Growth Factor 1 (IGF-I), leading to nuclear
exclusion (45). Moreover, key genesin thelipid, sterol, and steroidogenic biosynthetic pathways
which are induced by FSH are suppressed by constitutively active FOXO1, indicating that
FOXO1 functions as a transcriptional repressor (35). Similar to FOXO1, we have found that
FOXL2 also plays akey rolein transcriptional repression of the rate limiting step of the

steroidogenic pathway (41). However, in contrast to the FOXO family, little has been identified
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regarding the regulation of FOXL 2 and other forkhead transcription factors via phosphorylation.
However, astudy by Benayoun et al. (2), which was performed using the granul osa-like KGN
cell line, suggested that FOXL 2 is highly modified post-trandationally and that multiple
phosphorylation events were likely involved in its modification. Our results demonstrate for the
first time that FOXL2 isindeed phosphorylated, and that LATSL is at |east one kinase that is
involved in its phosphorylation and subsequent functional activity, asindicated by the increase in
FOXLZ2 s activity as atranscriptional repressor of the StAR gene in the presence of wild-type,
but not mutant, LATS1.

We have previously demonstrated that FOXL2 is expressed in granulosa cells, where it may
be involved in regulating the early stages of folliculogenesis (41). We demonstrated that FOXL2
isexpressed in granulosa cells of small and medium folliclesin the immature mouse ovary, and
asoinafew type 6 follicles (41). Inlarger follicles, FOXL2 is expressed in the less
differentiated cumulus cells, but shows much lower expression in mural granulosa cells (41). In
contrast to FOXL 2, the StAR geneis not expressed in immature follicles (43, 46, 50), but is
present in granulosa cells of large preovulatory and luteinized follicles in humans, mural
granulosa cellsin the rodent ovary following treatment with PM SG, and granulosa cells of
periovulatory follicles (43, 46, 50). Therefore, FOXL2 appears to repress StAR expression
during follicle development, and it is only with loss of this transcriptional repression that StAR
begins to be expressed in granulosa cells, signaling early functional maturation of ovarian antral
follicles. Further, FOXL2 may also work globally as a transcriptional repressor of granulosa cell
proliferation and differentiation, as demonstrated by its effects on the aromatase, P450scc, cyclin
D2 promoters (4) and the CYP17 promoter (39). Interestingly, anti-mullerian hormone (AMH)

(20, 27, 54) and activin A (22, 55) are also expressed in granulosa cells of primary and growing
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follicles and may function as inhibitory factors for the primordial to primary follicle transition (8,
11, 53). AMH and activin A are specifically downregulated in the ovaries of FOXL2 knockout
mice (47), which exhibit early follicular depletion and undergo primary ovarian failure (47).
Taken together, these data suggest that FOXL 2 may function as a determinant of tissue
differentiation by inhibiting premature differentiation of granulosa cells, possibly acting through
AMH and/or activin A. With the inhibition of granulosa cell differentiation, FOXL2 may control
the number of primordial follicles that remain dormant and prevent the premature depl etion of
ovarian follicles.

FOXL2 in the ovary isone of the first sexually dimorphic genes expressed and a
determinant of tissue differentiation. Likewise, FOXL2 in the pituitary also precedes the
expression of gonadotrope-specific markers and has been suggested to be involved in the
differentiation of thislineage (7, 21, 52). In the gonadotrope, FOXL 2 functionsasa SMAD 3
partner and drives transcription in oT3-1 cells treated with activin (7). Lambaet al (32) also
recently demonstrated that FOXL2 isinvolved in mediating activin A-regulated murine FSHP
(Fshb) transcription in pituitary gonadotropes, likely in association with SMAD3. These
findings suggest that FOXL 2 functions as a transcriptional regulator and a coordinator of
SMAD3 targetsin pituitary gonadotropes (7) and differentiation may be regulated by interaction
of the forkhead and SMAD family of transcription factors under the control of activin.

Activin, in conjunction with FSH also plays a significant role in granulosa cell proliferation
and differentiation, through phosphorylation. Phosphorylation of FOXO1 and SMAD3 by FSH
and activin leads to stimulation of granulosa cell differentiation and proliferation (40). Similarly,
we have demonstrated that FOXL2 is also phosphorylated, through LATS1, which is present in

granulosa cells of immature follicles, and this phosphorylation may enhance the activity of
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FOXL2 as a transcriptiona repressor which may regulate differentiation, perhaps with the
SMAD family of transcription factors, as demonstrated in other cell types of the reproductive
pathway, such as the gonadotropes (7, 32) .

LATSL is part of the Hippo pathway, which was originally defined in Drosophila and is
conserved in mammals. LATSL is a serine/threonine kinase with demonstrated tumor suppressor
activity in Drosophila (57), and has been shown to inhibit cell proliferation in vitro viaits kinase
activity (56). Studies have shown that the Hippo pathway suppresses tumor growth by
regulating cell proliferation, growth and death (10, 19, 58, 59). The component proteinsin
Drosophila, Hippo, Sav, Wts, and Mats, are conserved in mammals as Mst1/2, WW45,
LATSL/2, and Mob1l respectively. In mammals, LATSL isregulated by the MOB superfamily
proteins - MOB1 associates with LATS1 and activatesit, and MST2 phosphorylates and
activates LATSL1 (5, 25). LATSL in turn binds to and phosphorylates the transcriptional activator
YAP (24). LATSL1 is highly expressed in the ovary (48) and we found LATS1 to be highly
expressed in the granulosa cells of small and medium follicles, cells that have the potential for
rapid proliferation. LATS1 knockout mice have severe fertility defects. their ovaries contain
fewer follicles than wild-types, with only primary or secondary follicles present. Although some
of the fertility defects are attributed to an isolated L H-hypogonadotropic hypogonadism, some
LATSI1-deficient females are able to give birth to 1-3 litters before becoming infertile, and those
females who areinitially fertile appear to undergo premature ovarian failure (48). These fertility
defects are reminiscent of those seen in women with BPES type 1 and heterozygous mutations of
FOXL 2, who exhibit a complete sequence of follicle development to the ovulatory stage with
early depletion of the follicle pool and premature ovarian failure (23). In contrast, FOXL2 null

femal e mice exhibit a more severe ovarian phenotype, with follicular arrest between the
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primordial and primary stages followed by follicle degeneration (47). They fail to undergo
sexua maturation, and undergo primary ovarian failure; thus, unlike the heterozygous mutation
in humans, the complete loss of FOXL2 in these mice may result in this more severe phenotype
and hence primary ovarian failure and not secondary failure as seen in BPES type 1.

Xiaet a. (56) demonstrated that a kinase-inactive LATS1 mutant protein fails to induce
apoptosis of MCF-7 cells, and loses its ability to inhibit cell growth, suggesting that the kinase
activity of LATS1 isrequired for the induction of apoptosis and inhibition of cell proliferation
(56). Therefore, we hypothesize that LATS1 and FOXL2 may function in a common pathway
inhibiting proliferation and differentiation until follicle development issignaled. Inthis
manuscript, we have shown that co-expression with LATS1 enhances the ability of FOXL2 to
repress transcription of the StAR promoter, whereas co-expression with the kinase-inactive
LATS1”®** mutant failed to enhance FOXL2' s activity as atranscriptional repressor. These
results suggest that the kinase activity of LATSL isinvolved in regulating FOXL2's functional
activity as atranscriptional repressor.

We found that LATSL1 and FOXL2 are co-expressed in less differentiated granul osa cells of
small and medium ovarian follicles in the mouse ovary, and that LATS1 phosphorylates FOXL2
and enhances its transcriptional repression of the StAR genein vitro. These data are consistent
with our hypothesis that LATS1 may phosphorylate FOXL2 during follicle development. We
propose that this phosphorylation may be one of the mechanisms by which FOXL2's activity as
atranscriptional repressor is regulated in vivo, and that release of repression may alow the StAR
gene to be expressed in granulosa cells, signaling granulosa cell differentiation and proliferation
and subsequent functional maturation of ovarian follicles. FOXL2 is also sumoylated (3, 36), and

sumoylation is also necessary for transcriptional regulation (31). Thus, it appears that there are
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multiple fine tuning mechanisms necessary for FOXL 2 as a transcriptional regulator, including
its potential role with the SMAD family of transcription factors as demonstrated in other cell
types (7). Whether there is a mechanism similar to FOXO1 cooperativity with the SMAD family
of transcription factorsin granulosa cells (40) that leads to granulosa cell proliferation and

differentiation remains to be determined.
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Figure Legends:
Figurel. LATS1isco-immunoprecipitated with FOXL2. Mammalian CHO cells were

transfected with an empty expression vector (-) or FLAG-FOXL 2 expression construct (+).
Twenty-four hours after transfection, the cells were lysed, and the lysates were
immunoprecipitated with a control mouse 1gG or an antibody to FLAG. The lysates (Lysate) and
immunoprecipitates (1P) were analyzed by immunaoblotting with FOXL2 and LATS1 antibodies.
When the empty pFLAG-CMV -2 vector was used as a template, FOXL 2 was not synthesized
(Lysate, -), but when the pFLAG-CMV -2 -FOXL 2 construct was used as atemplate, FOXL2
was synthesized (Lysate, +). Some endogenous LATSL1 expression was also detected in the
lysates prior to immunoprecipitation. When these lysates were immunopreci pitated with mouse
1gG, afaint band was obtained for FLAG-FOXL 2 in immunoprecipitates from cells expressing
FLAG-FOXL2, and no band was obtained for LATSL1 (IP: Mouse IgG). When the lysates were
immunoprecipitated with an antibody to FLAG, endogenous LATS1 was co-immunoprecipitated
in cells expressing FLAG-FOXL2 (IP: FLAG, +) but not in cells expressing the empty

expression vector (IP: FLAG, -).

Figure2. FOXL2 isphosphorylated in vitro. A. Mammalian CHO cells, which do not express
endogenous FOXL 2, were transfected with the pcDNA3-FOXL 2 expression construct (+) or
with an empty pcDNAS3 expression vector (-). Twenty-four hours after transfection, the cells
were lysed and treated with phosphatase inhibitor alone (Pl), alkaline phosphatase alone (AP), or
alkaline phosphatase and phosphatase inhibitor (AP+P1). The proteins were then analyzed by
immunoblotting (IB). Two FOXL2 bands are seen in lysates treated with phosphatase inhibitor
(P1), the lower of which correspondsin sizeto FOXL2 (41). The upper band was eliminated in

lysates treated with alkaline phosphatase (AP), but was preserved in lysates treated with both
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akaline phosphatase and phosphatase inhibitor (AP+Pl). B. CHO cells were transfected with
pFLAG-FOXL 2 expression construct (+) or an empty expression vector (-). Twenty-four hours
after transfection, the cells were lysed and the resulting proteins were immunoprecipitated with
FLAG or mouse 1gG (control) antibodies, and analyzed by immunoblotting with FOXL2 and
phospho-serine antibodies. Two FOXL 2 bands were visualized using the FOXL 2 antibody in the
FLAG immunoprecipitates, but not in the mouse 1gG precipitates, the larger of which was aso
detected by the phospho-serine antibody (pSerine-FOXL2). C. Lysates treated with alkaline
phosphatase in (A) were immunaoblotted with the FOXL 2 and phospho-serine antibodies.

A single FOXL2 band was seen in the FLAG immunoprecipitates, but not in the mouse IgG

precipitates. No bands were detected using the phospho-serine antibody.

Figure 3. FOXL2isphosphorylated by LATS1. A. CHO cells were transfected with the
pcDNA3-His-Xpress LATS1 construct, lysed, and Xpress-tagged LATS1 was purified using a
LATSLI antibody for use as the kinase. De-phosphorylated FLAG-tagged FOXL 2 proteins were
used as substrates in kinase assays. Different amounts of X press-tagged LATS1 were mixed with
FLAG-tagged FOXL2 for kinase phosphorylation, and the reaction products were analyzed by
immunobl otting with antibodies to FOXL2, LATS1 and phospho-serine. In the absence of
Xpress-LATS1, FOXL2 was not phosphorylated at a serine residue. In the presence of increasing
concentrations of Xpress-LATSL1, the amount of phospho-serine-FOXL 2 (pSerine-FOXL2)
increased. B. In order to determine whether LATSL isakinase for FOXL2, CHO cellswere
transfected with pcDNA3-His-Xpress LATSL1 constructs, either the wild type (Wt Xpress-
LATSL) or the kinase inactive D846A mutant (Mt Xpress-LATSL), lysed, and purified using the

Xpress antibody for use as kinases. Xpress-tagged wild type LATSL or X press-tagged mutant
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LATS1 D846A was mixed with de-phosphorylated FL A G-tagged FOXL2 for kinase
phosphorylation. A strong phosphoserine-FOXL 2 band was observed when wild-type LATS1
was used as the kinase, but only a very faint band was observed when the same concentration of

the D846A mutant LATS1 was used.

Figure4. LATS1 geneisexpressed in developing mouse ovary. A. Total RNA was extracted

from whole ovaries of fetal (17.5 dpc), immature (D13 and D23), and adult (adult) mice, reverse

transcribed, PCR amplified with LATSL primers, and analyzed by electrophoresis. Human Ovary
PCR-Ready cDNA (Ambion, Austin, TX) was used as a positive control (+), and water was used
as anegative control (-). Theidentities of the LATS1 PCR products were confirmed by

sequencing. B. FOXL2 expression in the same cDNAS (41) is shown for comparison.

Figure5. FOXL2and LATS1 are co-expressed in mouse granulosa cells.
Immunohistochemical staining was performed on serial sections of ovaries from immature (21
day-old) mice, which do not contain mature (steroidogenic) follicles, incubating without primary
antibody (as a control) or antibodiesto FOXL2 or LATSL, followed by counterstaining with
hematoxylin. Both FOXL2 and LATS1 were expressed in granulosa cells of small (arrow) and

medium (arrowhead) follicles.

Figure 6. LATS1 enhancestherepressive effect of FOXL2 on the StAR promoter. Wild-
type CHO cells and CHO cells expressing FOXL2 (FOXL2 stable cells) were transfected with
100ng of the pcDNA3.1-His-Xpress-LATSL expression construct (Wt LATSL1), 100 ng of the

kinase-inactive D846A mutant LATSL1 expression construct (Mt LATSL1), or 100ng of the empty



704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

28

pcDNA3.1-His vector backbone (empty vector) and the -95-bp StAR promoter-luciferase
plasmid. The resulting luciferase activities were determined 24 hours after co-transfection.
Luciferase activity values were normalized against activity levelsin FOXL2 stable cells
transfected with the StAR promoter plasmid in the presence of the empty vectors (value = 1).
One-way ANOVA reveded that CHO cells were transfected with wild-type or mutant LATS1 in
the absence of FOXL2, luciferase activities were similar to the control (a). In the presence of
FOXL2 (FOXL2 stable cells (b)) luciferase activity was significantly reduced compared to that
in CHO cellswithout FOXL2 (a) (p<0.05). When FOXL2 stable cells were transfected with
wild-type LATSL1 (c), the luciferase activity of the StAR promoter was significantly reduced
compared to control-transfected stable cells (b) (p<0.05). When FOXL 2 stable cells were
transfected with the kinase-inactive LATS1 mutant (MtLATSL), luciferase activity was restored

to levelsin control-transfected stable cells (b).
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