Journal of Cellular Biochemistry 96:751-759 (2005)

Cyclic AMP-Dependent Modification of Gonad-Selective
TAF;;105 in a Human Ovarian Granulosa Cell Line
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Abstract In response to gonadotropins, the elevated level of intracellular-cyclic AMP (CAMP) in ovarian granulosa
cells triggers an ordered activation of multiple ovarian genes, which in turn promotes various ovarian functions including
folliculogenesis and steroidogenesis. Identification and characterization of transcription factors that control ovarian gene
expression are pivotal to the understanding of the molecular basis of the tissue-specific gene regulation programs. The
recent discovery of the mouse TATA binding protein (TBP)-associated factor 105 (TAF;105) as a gonad-selective
transcriptional co-activator strongly suggests that general transcription factors such as TFIID may play a key role in
regulating tissue-specific gene expression. Here we show that the human TAF;105 protein is preferentially expressed in
ovarian granulosa cells. We also identified a novel TAF;105 mRNA isoform that results from alternative exon inclusion
and is predicted to encode a dominant negative mutant of TAF;105. Following stimulation by the adenylyl cyclase
activator forskolin, TAF;105 in granulosa cells undergoes rapid and transient phosphorylation that is dependent upon
protein kinase A (PKA). Thus, our work suggests that pre-mRNA processing and post-translational modification represent
two important regulatory steps for the gonad-specific functions of human TAF105. J. Cell. Biochem. 96: 751-759, 2005.
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The gonadotropin follicle-stimulating hor-
mone (FSH) and leuteinizing hormone (LH)
play pivotal role in dictating ovarian follicular
development and function [Richards et al.,
1998]. In response to the pituitary hormones, a
plethora of ovarian genes are activated in an
ordered fashion to promote follicular matura-
tion and other ovarian functions such as
steroidogenesis [Richards, 1994; Robker and
Richards, 1998]. For example, FSH binds to its
cognate membrane-associated receptor, which
in turn triggers activation of the receptor-
coupled adenylyl cyclase and elevation of the
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intracellular cAMP level. Increased cAMP level
leads to activation of protein kinase A (PKA)
and multiple downstream events in the signal
transduction pathway [Tayor, 1989; Richards,
2001]. Notably, PKA-mediated phosphorylation
of the site-specific transcription activator CREB
is a key step in activation of multiple cAMP-
responsive genes such as c-fos, serum glucocor-
ticoid kinase (SGK), aromatase (Cypl9), and
inhibin o [Woodruff et al., 1987; Delidow et al.,
1992; Montminy, 1997; Gonzalez-Robaynaetal.,
1999; Mayr and Montminy, 2001; Quinn, 2002].
Therefore, cAMP acts as a “molecular switch” to
turn on an entire program of pituitary hormone-
responsive gene expression in the ovary. Eluci-
dation of the underlying mechanism for the
cAMP-stimulated gene expression will advance
our understanding of the molecular events
during the ovarian cycle as well as the develop-
ment of hormone-related pathological condi-
tions.

Intense work on eukaryotic gene regulation
in the past several decades has provided a
comprehensive picture of the initiation of RNA
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polymerase II (RNAPII)-directed transcription
[Levine and Tjian, 2003; Boeger et al., 2005]. In
particular, the general transcription factor
TFIID serves as a nucleating factor in the
assembly of the pre-initiation complex (PIC) at
transcription promoters [Chen and Hampsey,
2002]. TFIID is composed of the TATA box-
binding protein (TBP) and multiple TBP-
associated factors (TAFs) [Verrijzer and Tjian,
1996; Albright and Tjian, 2000]. TAFIIs exert
their functions at multiple aspects of tran-
scriptional initiation including promoter re-
cognition, bridging between enhancer-bound
activators, and the basal transcription machin-
ery, as well as modification of histones and other
regulatory proteins [Berk, 1999; Pugh, 2000;
Sterner and Berger, 2000].

While TFIID was originally considered a
general transcription factor (GTF) with a ubi-
quitous expression pattern and functions in
RNAPII-mediated transcription initiation,
recent findings indicate the existence of tissue
and cell type-specific TFIID complexes that
are directly responsible for gene expression
of specialized developmental importance
[Hochheimer and Tjian, 2003; Taatjes et al.,
2004]. For example, the tissue-selective factor
TAF11105 was initially identified as a B-cell
enriched component of TFIID [Dikstein et al.,
1996] and subsequently shown to activate a
subset of NF-kB-regulated genes via its inter-
action with the p65/RelA homodimer [Yamit-
Hezi and Dikstein, 1998; Yamit-Hezi et al.,
2000; Matza et al., 2001]. Although dominant-
negative TAF;105 transgenic mice displayed
enhanced apoptosis of B- and T-lymphocytes
that was linked to NF-«xB [Silkov et al., 2002],
TAF1105 knockout mice showed no obvious
defects in the immune system, leading to the
notion that TAFil05 and another TAFy;
may play a redundant role in B-lymphocytes
[Freiman et al., 2002]. Interestingly, female
mice lacking TAF;105 were sterile due to
defects in folliculogenesis [Freiman et al.,
2001], and the male counterpart display
impaired functions in spermatogenic mainte-
nance [Falender et al.,, 2005]. Indeed, gene
expression profiling studies strongly suggest a
critical role of the mouse TAF1;105 in directing
transcriptional activation of multiple ovarian
genes that are involved in folliculogenesis and
steroidogenesis in granulosa cells [Freiman
et al., 2001]. Thus, murine TAF;105 represents
atissue and cell type-specific transcriptional co-

activator that may systematically control an
entire gene expression program during ovarian
follicular development. However, functions and
regulation of the human counterpart of the
mouse TAF;105 in ovarian granulosa cells re-
main to be explored, partly due to the difficulty
in obtaining the suitable materials required for
the characterization.

In the current study, we showed that human
TAF;1105 was preferentially expressed in an
ovarian granulosa cell line that maintains the
steroidogenic function. In addition, we identi-
fied a novel TAF{;1056 mRNA isoform that
resulted from alternative splicing. We also
found that TAF;105 was rapidly and transi-
ently phosphorylated in response to an eleva-
tion of the intracellular cAMP level, the central
driving force of follicular maturation. In con-
trast, TAF;130, a TAF1105-related but ubiqui-
tously expressed TAFy, did not display any
detectable post-translational modifications fol-
lowing cAMP activation. Thus, alternative
splicing and post-translational modification
may represent two mechanisms by which
TAF11105 is regulated during folliculogenesis.

MATERIALS AND METHODS
Cell Lines and Plasmids

The culture conditions for the human ovarian
granulosa-like tumor cell line KGN [Nishi et al.,
2001] and immortalized breast-epithelial cell
line MCF10A [Debnath et al., 2003] have been
previously described. HEK293T, HeLa, T47D
cells were cultured in DMEM, and ES-2 in
McCoy’s 5A medium, with 10% bovine fetal
serum. To construct the expression vectors for
human TAF;105, cDNA that encodes the full-
length protein was amplified by RT-PCR from
RNA of KGN cells and subsequently cloned into
the HindIIl and EcoRI sites of pcDNA3-FLAG
plasmid (Invitrogen). The expression vectors
for the truncated TAF;105 were derived from
the full-length construct by standard PCR
amplification and molecular cloning. The cDNA
sequences were verified by DNA sequencing.

Generation and Purification of Polyclonal
Antibodies Against Human TAF,;105

The ¢cDNA that encodes a central fragment
of TAF1;1105 (amino acids 275-535) was sub-
cloned into the Ndel and BamHI sites of pET19b
(Novagen). The His-tagged TAF;105 fragment
was over-expressed by isopropyl-B-D-thiogalac-
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topyranoside (IPTG) induction, purified using
BD TALON metal affinity resins (BD Bios-
ciences), and used to immunize New Zealand
white rabbits (Covance). The same TAF105
c¢DNA was inserted into the BamHI and EcoRI
sites of the pGEX-KG vector (Pharmacia).
The resulting GST-TAF105 (aa 275-535)
fusion protein was purified with glutathione-
Sepharose 4B beads (Amersham Biosciences),
coupled to the beads with 20 mM of dimethyl-
pimelimidate (Sigma), and used for the affi-
nity purification of the TAF;;105 polyclonal
antibody.

Real-Time RT-PCR

Total RNA from various cell lines was isolated
using TRIzol Reagent (Invitrogen) according
to the manufacturer’s instructions. RNA was
reverse-transcribed using the oligo dT method
of the ImPromplII kit (Promega). Real-time PCR
was carried out using the fluorescent dye SYBR
Green and an ABI 7300 Real-Time PCR System
(Applied Biosystems). The following real-time
primers were used for assessing the abundance
of the two alternatively spliced isoforms of
TAF;;105 mRNA.

TAF1105FL-forward: TCCAGAACAGCTGAG-
ATTAAAG;

TAF105FL-reverse: CCTTGGTCCAATAGC-
TGCAAG,;

TAF;105E9a-forward: AGAGAATGTAACAT-
CATGCTTCCGG;

TAF105E9a-reverse: GCAGATGAACTTCAT-
CCAACCAA.

B-actin was used as an internal control. (for-
ward: CCAGATCATGTTTGAGACCTTCAAC;
reverse: CCAGAGGCGTACAGGGATAGO).

Immunoprecipitation and Immunoblotting

HEK293T cells were transfected with various
expression vectors using Lipofectamine 2000
(Invitrogen). Cells were harvested 24 h after
transfection and resuspended in Lysis Buffer
(560 mM Tris-Hel pH7.9, 250 mM NaCl, 5 mM
EDTA, 0.5% NP-40, 1mM dithiothreitol (DTT),
0.2 mM phenylmethylsulfonylfluoride (PMSF),
1 pg/ml aprotinin, 1 pg/ml leupeptin, and 1 pg/
ml pepstatin A). The lysate was immunopreci-
pitated with different antibodies as indicated
in the figure legend and protein A-Sepharose
beads (Oncogene). After washing four times
with Lysis Buffer, samples were subjected to

SDS—-PAGE and subsequently immunoblot-
ting. Immunoprecipitation and immunoblot-
ting were performed using the following
antibodies: affinity-purified anti-TAFp105,
anti-TAF;;130 (BD PharMingen), anti-a-tubu-
lin (Calbiochem), anti-FLAG (Sigma), anti-
lamin A/C (Covance), anti-TBP (sc-421 and
sc-204, Santa Cruz), and anti-mouse or rabbit
IgG or IgM secondary antibodies (Pierce).

Subcellular Fractionation

Harvested KGN cell pellet (~3 x 107 cells)
was homogenized (30-40 strokes) using a
Dounce homogenizer with a B-type pestle in
2 ml of Buffer A (20 mM HEPES pH 7.9, 10 mM
KCl, 1.5 mM MgCl,, 0.5 mM DTT, 0.1 mM
EDTA, 0.1 mM EGTA, with a cocktail of pro-
tease inhibitors as indicated above for the Lysis
Buffer). The homogenate was centrifuged at
2,000 rpm for 10 min at 4°C. The pellet was
washed once with Buffer A, resuspended in
Laemmli buffer, and analyzed as the nuclear
fraction. The supernatant was centrifuged
again at 12,000 rpm for 10 min at 4°C, and the
final supernatant analyzed as the cytoplasmic
fraction. The total protein concentrations of
different fractions were quantified by the BCA
protein assay method (Pierce). An equal amount
of total proteins was resolved by SDS—PAGE.

Phosphorylation and
Dephosphorylation Treatment

KGN cells were treated with 25 uM of forsko-
lin (Sigma), 10 pM of the PKA inhibitor H89
(Upstate), and/or 25 pM of the ERK inhibitor
PD98059 (Calbiochem) as indicated. For the
assessment of in vivo phosphorylation, whole
cell lysates were prepared by directly lysing the
cellsin 1 x SDS Laemmli buffer, and resolved by
SDS—-PAGE. The in vitro dephosphorylation
assay was performed as previously described
[Zhuo et al., 1993]. Briefly, KGN cells grown to
90% confluence were treated with forskolin for
30 min, and washed with PBS. The harvested
KGN cell pellets were sonicated briefly in
the Lambda protein phosphatase buffer (New
England Biolab), and spun at 14,000 rpm for
1.5 min. The dephosphorylation reaction was
then carried out by the addition of 40 U/ml of
Lambda protein phosphatase at 28°C for 3 min
with or without 50 mM of EDTA. The reaction
was terminated by adding an equal volume of
2 x SDS Laemmli Buffer.
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RESULTS

Human TAF,;105 Is Preferentially Expressed
in Ovarian Granulosa Cells

To facilitate the characterization of human
TAF1;1105, we raised a rabbit polyclonal anti-
body against a central region of the protein that
shares the least sequence similarity with the
homologous TAFp130. The affinity-purified
antibody recognized ectopically expressed as
well as endogenous TAF1105 in both Western
blotting and immunoprecipitation (IP) (Figs. 1A
and 2). To further test the antibody specificity
and the authenticity of the polypeptide that it
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Fig. 1. Characterization of the interaction between TAF, 105
and TBP. A: Immunoprecipitation of ectopically expressed
FLAG-TAF;105. HEK293T cells were transfected with an ex-
pression vector for FLAG-tagged TAF; 105 or empty vector. Cell
lysates were immunoprecipitated with either pre-immune serum
(P.1.) or the polyclonal anti-TAF;105 antibody, followed by
immunoblotting with a monoclonal anti-FLAG antibody. B: Co-
immunoprecipitation of the endogenous TAF;105 and TBP.
HEK293T-cell lysate was immunoprecipitated with either pre-
immune serum or the anti-TAF;105 antibody; and subsequently
probed with a monoclonal anti-TBP antibody (sc-421). C: The
highly conserved C-terminal region of TAF,105 (solid box) is
required for the TBP binding. Various expression vectors for the
FLAG-tagged TAF; 105 proteins were transfected into HEK293T
cells. Cell lysates were immunoprecipitated with a polyclonal
anti-TBP antibody (sc-204), followed by immunoblotting with
the anti-FLAG antibody. The hatched box indicates the FLAG tag.
C-del1 and C-del2 lack the last 246 and 123 amino acids of
TAF; 105, respectively.
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Fig. 2. TAF;105 is preferentially expressed in an ovarian
granulose cell line (KGN). A: An equal amount of whole cell
lysates from various cell lines was analyzed by immunoblotting
for TAF;105 and TAF;130. a-Tubulin was used as the loading
control. The asterisk indicates the position of the full-length
TAF105, whereas the arrow shows the band of approximate 70
kD. B: The abundance of TAF;105 mRNA in various cell lines
was assessed by real-time RT-PCR. The relative levels of the
TAF; 105 mRNA were normalized against that of 8-actin mRNA.
The error bars stand for standard deviation.

recognizes, endogenous TAF;105 was immuno-
precipitated with the polyclonal anti-TAF;105
antibody, followed by immunoblotting with
an anti-TBP antibody (Fig. 1B). As expected,
TBP was co-immunoprecipitated by the anti-
TAF1;105 antibody, but not by the pre-immune
serum.

The TBP-TAF105 interaction was also
demonstrated by IP with the anti-TBP anti-
body, followed by the detection of the ectopically
expressed FLAG-TAF1105 in the immunopre-
cipitate (Fig. 1C). The carboxyl-terminal region
of TAF1105 (solid box in Fig. 1C) shares a high
degree of homology with the other two members
of the same TAFy; subfamily, namely, human
TAF1;130 and Drosophila TAF;110 termini of
these TAFps are involved in multi-subunit
interactions within the TFIID complex, where-
as the more divergent N-termini are important
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for the TAF;; interactions with various DNA-
binding transcriptional activators [Saluja et al.,
1998; Yamit-Hezi and Dikstein, 1998; Furu-
kawa and Tanese, 2000; Wolstein et al., 2000;
Silkov et al., 2002]. Indeed, a truncated FLAG-
TAF11105 that lacks either the entire or part of
the conserved C-terminal domain failed to
interact with the endogenous TBP in the co-IP
experiment (C-dell and C-del2 in Fig. 1C).

Next, expression of the endogenous TAF;105
protein in multiple human cell lines was
compared by Western analysis (Fig. 2). The cell
lines examined include HeLa (cervical cancer),
HEK293T (embryonic kidney), ES-2 (ovarian
clear cell carcinoma), T47D (ERa positive breast
cancer), KGN (ovarian granulosa cancer), and
MCF10A (immortalized breast epithelial cells).
The immunoblot contained a predominant band
at the expected molecular weight position
(asterisk in the top panel of Fig. 2A). Among
all the cell lines of different tissue origins
surveyed, the ovarian granulosa cell line KGN
expressed the highest amount of TAF;105 (lane
5, Fig. 2A). Interestingly, the same KGN cells
contained the lowest level of TAF;130 (middle
panel in Fig. 2A), a TAF105 homolog with a
broader cell type and tissue expression spec-
trum. The relative abundance of TAF;105 in
KGN cells is consistent with the previous find-
ing that knockout of TAF;105 in mice pro-
foundly affects ovarian granulosa cell functions
[Freiman et al., 2001]. The full-length TAF;105
bands in the HeLa and T47D cell lysates
migrated as doublets on the SDS—PAGE (lane
1 and 4 in the top panel of Fig. 2A), which might
represent post-translational modification of the
protein (see below). The same TAF;105 immu-
noblot also revealed a 70 kD band in some cell
lysates (arrow in the top panel of Fig. 2A), with
the most prominent signal in the ovarian
granulosa cells (lane 5).

To explore the possible basis for the cell type-
dependent regulation of the TAF;105 protein,
we compared the relative abundance of the
TAF1105 transcript in the various cell lines by
real-time RT-PCR (Fig. 2B). Intriguingly, the
protein and mRNA levels of TAF;;105 did not
correlate with each other. For example, the
ovarian granulosa cells contain the most abun-
dant TAF;105 protein, yet a relatively small
amount of the transcript (compare lane 5 in
Figs. 2A and 2B). On the other hand, ES-2 cells
express less TAF;105 protein but a larger
amount of the transcript than KGN cells. This

result supports the notion that the cell type-
selective expression of TAF;105 protein in
ovarian granulosa cells may be controlled pre-
dominantly at the post-transcriptional level.
For example, it is possible that the 5 untrans-
lated region (5'UTR) of the TAF1105 transcript
may confer high translation efficiency in a
cell type-specific manner. Alternatively, the
TAF1;105 protein in ovarian granulosa cells
may be stabilized via a post-translational
mechanism.

Identification of an Alternatively Spliced
Isoform of TAF, 105 Transcript

Inisolating the cDNA clones of TAF1;105 from
mRNA of KGN cells, we found that 3 out of 97
full-length TAF1;105 cDNA clones contained an
extra 120-bp sequence inserted between exon 9
and 10. The isoform appears to result from an
exon inclusion event of alternative splicing, as
the predicted extra exon (designated as exon 9a)
contains the consensus splicing acceptor and
donor sequences at the intron/exon junctions
(underlined in Fig. 3A). The predicted transla-
tion product of the TAF;105 mRNA isoform
(approximately 70 kD) lacks the entire TFIID-
associating domain at the C-terminus (Fig. 3B).
Instead, it contains 7 amino acids that are
encoded by the inserted exon 9a (Fig. 3B). Real-
time PCR analysis using an exon 9a-specific
primer set indicated that the exon 9a-contain-
ing transcript was present in multiple cell lines
examined (Fig. 3C). Furthermore, the relative
abundance of the E9a isoform mirrors that of
the major isoform of the TAF;;105 transcript
(compare Fig. 3C with 2B).

PKA-Dependent Phosphorylation of
TAF;105 in Ovarian Granulosa Cells

The finding that the human TAF;105 protein
is highly abundant in ovarian granulosa cells is
consistent with the previously reported func-
tion of mouse TAF;105 in ovarian folliculogen-
esis. In light of the paramount importance of
cyclic AMP (cAMP) to the functions of ovarian
granulosa cells, we examined the potential
impact of cAMP elevation on TAF;105 in KGN
cells. Previous characterization of this cell line
indicates that it maintains many of the physio-
logical functions of granulosa cells in vivo such
as steroidogenesis, cell growth, and apoptosis
[Nishi et al., 2001; Mukasa et al., 2003; Chu
et al., 2004; Morinaga et al., 2004]. When KGN
cells were treated with the adenylyl cyclase
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Fig. 3. ldentification of a novel isoform of TAF,105 transcript.
A: The nucleotide sequence of the inserted exon (in upper case)
and the flanking introns (in lower case). The splicing acceptor
and donor sequences are underlined. B: Diagram of the full-
length and isoform TAF,;105 as a result of alternative splicing. The
additional amino acid sequence encoded by the inserted exon
(E9a) is shown in the box. C: Real-time RT-PCR analysis of the
novel isoform in various human cell lines. The levels of TAF,; 105
mRNA are normalized with those of B-actin.

activator forskolin, the majority of TAF;105
was rapidly shifted to a higher position (indi-
cated by the bar in Fig. 4), whereas the total
amount of TAF;105 did not change signi-
ficantly. This presumed modified TAF;105
appeared within 15 min post the forskolin
treatment (lane 2), and slowly diminished over
a period of 60 h in the presence of forskolin
(lane 8). When forskolin was removed from the
culture medium after the initial treatment, the
presumed modified form of TAF;105 disap-
peared accordingly (lane 9 and 10). Of note,
the 70 kD band in the same blot did not show any
signs of post-translational modification (indi-
cated by the arrow in Fig. 4). Unlike forskolin,
neither 12-o-tetradecanoylphorbol-13-acetate
(TPA) nor tumor necrosis factor o (TNFa)
caused any detectable changes of TAF{;105 in
KGN cells (data not shown).
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Fig. 4. The effect of adenylyl cyclase activator forskolin on
TAF;105 in KGN cells. KGN cells were treated with 25-uM
forskolin and harvested at various time points as indicated. For
the samples shown in lane 9 and 10, cells were treated with
forskolin for 36 h, followed by the removal of forskolin from the
medium and incubation for additional 6 or 24 h before harvest.
The bar indicates the position of the shifted full-length TAF;; 105
(P-TAF,;105). The arrow points to the 70 kD protein species.

To determine whether the cAMP-induced
TAF11105 band shift was due to phosphoryla-
tion, lysate of the forskolin-treated KGN cells
was incubated with either buffer alone or
Lambda protein phosphatase (lane 4 and 2 of
Fig. 5A, respectively). The forskolin-induced
TAF1105 band was completely obliterated by
the phosphatase treatment (lane 2). Inclusion of
EDTA in the reaction mixture inhibited the
phosphatase effect (lane 3), indicating that the
disappearance of the shifted TAF1;105 band was
indeed due to dephosphorylation of the protein.

Given that protein kinase A (PKA) is the
primary kinase activated by the elevated levels
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Fig. 5. PKA-dependent phosphorylation of TAF;105. A: The
shifted protein band represents phosphorylated TAF;105. Lysate
from forskolin-treated KGN cells was incubated with either
buffer alone (lane 4) or Lambda protein phosphatase (lane 2). For
lane 3, EDTA was included in the in vitro reaction mixture to
inhibit the phosphatase activity. The lysates were then resolved
by SDS—PAGE and probed with the anti-TAF,105 antibody. B:
KGN cells were treated with forskolin in the presence or absence
of the kinase inhibitors (K.I.): PKA inhibitor H89 or ERK inhibitor
PD98059 (PD). The bars indicate the position of the phosphory-
lated TAF, 105 (P-TAF,105).
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of intracellular cAMP [Tayor, 1989; Montminy,
1997], we sought to ascertain that PKA activity
was required for the cAMP-triggered phosphor-
ylation of TAFp105. Addition of the PKA
inhibitor H89 to KGN cells along with forskolin
prevented phosphorylation of TAF;105 (com-
pare lane 3 and 5 in Fig. 5B). On the other hand,
treatment with an ERK inhibitor (PD98059) did
not affect the forskolin-induced phosphoryla-
tion of TAF;105 (compare lane 3 and 6). Neither
kinase inhibitors affected TAF[pl105 in the
absence of the forskolin treatment (lane 1 and 2).

It has been previously reported that sub-
cellular distribution of TAF;105 in B-lympho-
cytes is regulated in response to B-cell-specific
stimuli [Rashevsky-Finkel et al., 2001]. To test
whether TAFII105 in forskolin-treated ovarian
granulosa cells could be regulated in a similar
manner, lysates of forskolin-treated and un-
treated KGN cells were fractionated; the cyto-
plasmic and nuclear fractions were probed for
the presence of TAF1;105 and TAF;130 (Fig. 6).
Compared with TAF1130, which was predomi-
nantly nuclear, a significant proportion of
TAF;;105 was detected in the cytoplasmic
fraction of the forskolin-untreated cells (com-
pare lane 1 and 5 in Fig. 6). A significant level of
TAF11105 in the cytoplasm was also detected by
immunostaining (data not shown). Upon for-
skolin treatment, the cAMP-induced phos-
phorylated TAF1105 appeared in both nuclear
and cytoplasmic fractions (compare lane 2—4
with 6—8 in Fig. 6). Therefore, activation of the
cAMP-dependent pathway in ovarian granu-
losa cells does not appear to dramatically affect
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Fig. 6. Subcellular fractionation of TAF; 105 in KGN cells. Cells
were fractionated into cytoplasmic and nuclear fractions. The
lysates were then probed with either anti-TAF; 105 or TAF;130
antibodies. Lamin A/C and a-tubulin were used as the nuclear
and cytoplasmic marker, respectively.

the sub-cellular localization of the TAF105
protein.

DISCUSSION

The cAMP-responsive signal transduction
pathways are paramount to ordered gene ex-
pression during ovarian follicular development
[Richards, 2001]. Research in the past two
decades has uncovered multiple site-specific
transcription factors that play critical roles in
cell type- and developmental stage-specific
ovarian gene activation in response to pituitary
gonadotropins [Richards, 1994; Richards et al.,
1995, 1998]. For example, CREB binds to the
promoters of multiple steroidogenic genes and
stimulates gene expression in a cAMP-respon-
sive manner [Montminy, 1997; Mayr and Mon-
tminy, 2001; Quinn, 2002]. In addition, other
transcription activators with a more tissue-
restricted expression spectrum such as steroi-
dogenic factor 1 (SF-1) confer the tissue and cell
type-specificity of ovarian gene expression
[Hanley et al., 2000]. On the other hand, general
transcription factors including TFIID were
thought to act in a universal fashion to select
core promoter sequence and mediate the inter-
actions between upstream activators and the
basal transcription machinery. This classical
view of gene activation was challenged by the
finding that mouse TAF105, a subunit of
TFIID, directs cell type-selective gene activa-
tion in gonadal cells [Freiman et al., 2001;
Falender et al., 2005]. By using a steroidogenic
ovarian granulosa cell line, our study indicates
that human TAF;105 protein is preferentially
expressed in ovarian granulosa cells, thus
extending the previous observation of the
mouse counterpart. In addition, the current
work leads to the identification of a novel
isoform of TAF1;105 transcript that results from
alternative splicing. Furthermore, we show
that TAF;;105 in granulosa cells is rapidly
phosphorylated in response to an elevation of
the intracellular cAMP level, and that this post-
translational event occurs in a PKA-dependent
manner. Thus, regulation of TAF;105 at the
levels of both post-translational modification
and mRNA processing in ovarian granulosa
cells may contribute to the role of this cell type-
selective TAFy in follicular development.

The functional significance of the cAMP-
stimulated phosphorylation of TAF105 re-
mains to be explored. The fast kinetics of the
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modification upon the forskolin treatment is
reminiscent of that of CREB phosphorylation,
which is critical for the recruitment of the CREB
coactivator CBP to the cAMP-responsive pro-
moters [Lamph et al., 1990; Mayr and Mon-
tminy, 2001]. Thus, it is tempting to speculate
that phosphorylation of TAF;;105 may con-
tribute to the cAMP-responsive transcrip-
tion activation by enhancing the interactions
between the cell type-selective TFIID complex
with the upstream activators. Alternatively, the
phosphorylated TAF;105 may facilitate subse-
quent loading of other components of the pre-
initiation complex (PIC). Future functional
analysis in the human tissue culture system
should shed light on the functional relationship
between TAF1105 and multiple cAMP-respon-
sive genes in ovarian granulosa cells.

The identification of the alternatively spliced
isoform of the TAF;105 transcript raises an
intriguing question concerning its physiological
significance. The predicted translation product
from the novel mRNA isoform has the molecular
weight of 70 kD, which may correspond to the
prominent band of the same size in the TAF;105
immunoblot of the KGN cell lysate (Fig. 2A).
The predicted protein would also share almost
the same amino acid sequence with a labo-
ratory-generated, carboxy-terminal truncated
mutant (TAF;105AC), which can function as a
dominant negative mutant to interfere with the
activity of endogenous full-length TAF;105
[Yamit-Hezi and Dikstein, 1998; Yamit-Hezi
et al., 2000]. The existence of a TAF;1105 mRNA
isoform that encodes a dominant negative
mutant suggests that the biological activity of
TAF1;105 in ovarian granulosa cells may be
dictated by the relative abundance of the full-
length and the alternatively spliced transcripts.
In this regard, it would be interesting to
examine the expression levels of the two forms
at different stages of ovarian folliculogenesis.

ACKNOWLEDGMENTS

We thank Dr. Toshihiko Yanase for the KGN
cells and Dr. Asma Amleh for critical reading of
the manuscript.

REFERENCES

Albright SR, Tjian R. 2000. TAFs revisited: More data
reveal new twists and confirm old ideas. Gene 242:1-13.

Berk AdJ. 1999. Activation of RNA polymerase II transcrip-
tion. Curr Opin Cell Biol 11:330-335.

Boeger H, Bushnell DA, Davis R, Griesenbeck J, Lorch Y,
Strattan JS, Westover KD, Kornberg RD. 2005. Struc-
tural basis of eukaryotic gene transcription. FEBS Lett
579:899-903.

Chen BS, Hampsey M. 2002. Transcription activation:
Unveiling the essential nature of TFIID. Curr Biol 12:
R620-622.

Chu S, Nishi Y, Yanase T, Nawata H, Fuller PJ. 2004.
Transrepression of ER-beta by NF-kB in ovarian gran-
ulosa cells. Mol Endocrinol 18:1919-1928.

Debnath J, Muthuswamy SK, Brugge JS. 2003. Morpho-
genesis and oncogenesis of MCF-10A mammary epi-
thelial acini grown in three-dimensional basement
membrane cultures. Methods 30:256—268.

Delidow BC, Lynch JP, White BA, Peluso JJ. 1992. Regu-
lation of proto-oncogene expression and deoxyribonucleic
acid synthesis in granulosa cells of perifused immature
rat ovaries. Biol Reprod 47:428-435.

Dikstein R, Zhou S, Tjian R. 1996. Human TAFII 105 is a
cell type-specific TFIID subunit related to hTAFII130.
Cell 87:137-146.

Falender AE, Freiman RN, Geles KG, Lo KC, Hwang K,
Lamb DJ, Morris PL, Tjian R, Richards JS. 2005. Main-
tenance of spermatogenesis requires TAF4b, a gonad-
specific subunit of TFIID. Genes Dev 19:794-803.

Freiman RN, Albright SR, Zheng S, Sha WC, Hammer RE,
Tjian R. 2001. Requirement of tissue-selective TBP-
associated factor TAFII105 in ovarian development.
Science 293:2084—-2087.

Freiman RN, Albright SR, Chu LE, Zheng S, Liang HE, Sha
WC, Tjian R. 2002. Redundant role of tissue-selective
TAF(ID105 in B lymphocytes. Mol Cell Biol 22:6564—
6572.

Furukawa T, Tanese N. 2000. Assembly of partial TFIID
complexes in mammalian cells reveals distinct activities
associated with individual TATA box-binding protein-
associated factors. J Biol Chem 275:29847—29856.

Gonzalez-Robayna IJ, Alliston TN, Buse P, Flrestone GL,
Richards JS. 1999. Functional and subcellular changes
in the A-kinase-signaling pathway: Relation to aroma-
tase and Sgk expression during the transition of
granulosa cells to luteal cells. Mol Endocrinol 13:1318—
1337.

Hanley NA, Tkeda Y, Luo X, Parker KL. 2000. Steroidogenic
factor 1 (SF-1) is essential for ovarian development and
function. Mol Cell Endocrinol 163:27—32.

Hochheimer A, Tjian R. 2003. Diversified transcription
initiation complexes expand promoter selectivity and
tissue-specific gene expression. Genes Dev 17:1309—
1320.

Lamph WW, Dwarki VJ, Ofir R, Montminy M, Verma IM.
1990. Negative and positive regulation by transcription
factor cAMP response element-binding protein is modu-
lated by phosphorylation. Proc Natl Acad Sci 87:4320—
4324.

Levine M, Tjian R. 2003. Transcription regulation and
animal diversity. Nature 424:147-151.

Matza D, Wolstein O, Dikstein R, Shachar 1. 2001.
Invariant chain induces B cell maturation by activating
a TAF(II)105-NF-kappaB-dependent transcription pro-
gram. J Biol Chem 276:27203—-27206.

Mayr B, Montminy M. 2001. Transcriptional regulation by
the phosphorylation-dependent factor CREB. Nat Rev
Mol Cell Biol 2:599-609.



cAMP-Dependent TAF,;105 Phosphorylation 759

Montminy M. 1997. Transcriptional regulation by cyclic
AMP. Annu Rev Biochem 66:807—822.

Morinaga H, Yanase T, Nomura M, Okabe T, Goto K,
Harada N, Nawata H. 2004. A benzimidazole fungicide,
benomyl, and its metabolite, carbendazim, induce aro-
matase activity in a human ovarian granulose-like tumor
cell line (KGN). Endocrinol 145(4):1860—1869.

Mukasa C, Nomura M, Tanaka T, Tanaka K, Nishi Y,
Okabe T, Goto K, Yanase T, Nawata H. 2003. Activin
signaling through type IB activin receptor stimulates
aromatase activity in the ovarian granulosa cell-like
human granulosa (KGN) cells. Endocrinol 144(4):1603—
1611.

Nishi Y, Yanase T, Mu YM, Oba K, Ichino I, Saito M,
Nomura M, Mukasa C, Okabe T, Goto K, Takayanagi R,
Kashimura Y, Haji M, Nawata H. 2001. Establishment
and characterization of a steroidogenic human granu-
losa-like tumor cell line, KGN that expresses functional
follicle-stimulation hormone receptor. Endocrinol 142:
437-445.

Pugh BF. 2000. Control of gene expression through
regulation of the TATA-binding protein. Gene 255:
1-14.

Quinn PG. 2002. Mechanisms of basal and kinase-inducible
transcription activation by CREB. Prog Nucleic Acid Res
Mol Biol 72:269-305.

Rashevsky-Finkel A, Silkov A, Dikstein R. 2001. A com-
posite nuclear export signal in the TBP-associated factor
TAFII105. J Biol Chem 276:44963—44969.

Richards JS. 1994. Hormonal control of gene expression in
the ovary. Endo Reviews 15:725-751.

Richards JS. 2001. New signaling pathways for hormones
and cyclic adenosine 3/, 5-monophosphate action in
endocrine cells. Mol Endocrinol 15(2):209-218.

Richards JS, Fitzpatrick SL, Clemens JW, Morris JK,
Alliston T, Sirois J. 1995. Ovarian cell differentiation: A
cascade of multiple hormones, cellular signals, and
regulated genes. Recent Prog Horm Res 50:223-254.

Richards JS, Russell DL, Robker RL, Dajee M, Allison TN.
1998. Molecular mechanisms of ovulation and luteiniza-
tion. Mol Cell Endocrinol 145:47-54.

Robker RL, Richards JS. 1998. Hormonal control of the cell
cycle in ovarian cells: Proliferation versus differentia-
tion. Biol Reprod 59:476—482.

Saluja D, Vassallo MF, Tanese N. 1998. Distinct sub-
domains of human TAFII130 are required for interac-
tions with glutamine-rich transcriptional activators. Mol
Cell Biol 18:5734—-5743.

Silkov A, Wolstein O, Shachar I, Dikstein R. 2002. En-
hanced apoptosis of B and T lymphocytes in TAFII105
dominant-negative transgenic mice is linked to NF-kB.
J Biol Chem 277:17821-17829.

Sterner DE, Berger SL. 2000. Acetylation of histones and
transcription-related factors. Microbiol Mol Biol Rev
64:435—-459.

Taatjes DJ, Marr MT, Tjian R. 2004. Regulatory diversity
among metazoan co-activator complexes. Nat Rev Mol
Cell Biol 5:403—410.

Tayor SS. 1989. cAMP-dependent protein kinase. J Biol
Chem 264:8443—-8446.

Verrijzer CP, Tjian R. 1996. TAFs mediate transcriptional
activation and promoter selectivity. Trends Biochem Sci
21:338—-342.

Wolstein O, Silkov A, Revach M, Dikstein R. 2000. Specific
interaction of TAFII105 with OCA-B is involved in
activation of octamer-dependent transcription. J Biol
Chem 275:16459—-16465.

Woodruff TK, Meunier H, Jones PBC, Hsueh AJ, Mayo KE.
1987. Rat inhibin, molecular cloning of alpha- and beta-
subunit complementary deoxyribonucleic acids and
expression in the ovary. Mol Endo 1:561-568.

Yamit-Hezi A, Dikstein R. 1998. TAFII105 mediates activa-
tion of anti-apoptotic genes by NF-kB. EMBO 17:5161—
5169.

Yamit-Hezi A, Nir S, Wolstein O, Dikstein R. 2000. Inter-
action of TAFII105 with selected p65/RelA dimers is
associated with activation of subset of NF-kB genes.
J Biol Chem 275:18180-18187.

Zhuo S, Clemens JC, Hakes DJ, Barford D, Dixon JE. 1993.
Expression, purification, crystallization, and biochemical
characterization of a recombinant protein phosphatase.
J Biol Chem 268:17754—17761.



