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Activation of peroxisome proliferator-activated receptor y
(PPARY) down-regulates the expression of follistatin mRNA in
intestinal epithelial cells in vivo. The mechanism of PPARYy-
mediated down-regulation of follistatin was investigated using
non-transformed, rat intestinal epithelial cells (RIE-1). RIE cells
expressed activin A, the activin receptors ActRI and ActRII, and
the follistatin-315 mRNA. RIE-1 cells responded to endogenous
activin A, and this response was antagonized by follistatin, as
evidenced by changes in cell growth and regulation of an activin-
responsive reporter. Using RIE-1 cells, we show that activation
of PPARY by rosiglitazone reduced follistatin mRNA levels in a
dose- and concentration-dependent manner. Down-regulation
of follistatin by rosiglitazone required the DNA binding domain
of PPARY and was dependent upon dimerization with the reti-
noid X receptor. Inhibition of follistatin expression by rosiglita-
zone was not associated with decreased follistatin mRNA stabil-
ity, suggesting that regulation may be at the promoter level.
Analysis of the follistatin promoter revealed consensus binding
sites for AP-1, AP-2, and Sp1. Targeting the AP-1 pathway with
SP600125, an inhibitor of JNK, and TAM67, a dominant nega-
tive c-Jun, had no effect on PPARy-mediated down-regulation
of follistatin. However, the follistatin promoter was dramati-
cally regulated by Spl, and this regulation was inhibited by
PPARy expression. Knockdown of Spl expression relieved
repression of follistatin levels by rosiglitazone. Moreover,
PPARy was found to interact with Sp1 and repress its transcrip-
tional activation function. Collectively, our data indicate that
repression of Spl transcriptional activity by PPARY is the
underlying mechanism responsible for PPARy-mediated regu-
lation of follistatin expression.

Peroxisome proliferator-activated receptor y (PPARYy)? is a
member of the nuclear receptor superfamily of transcription
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factors, which includes glucocorticoid, estrogen, and thyroid
receptors (1, 2). Two major forms of PPARYy, y1 and 2, arise
from alternative promoter utilization (3, 4) and are expressed in
a tissue-specific fashion (4—6). PPAR+y2 is abundant in adipose
tissue, where it controls glucose homeostasis and adipocyte dif-
ferentiation (7, 8). PPARy1 is expressed within diverse cell
types and tissues, including liver, lung, kidney, and immune
cells (5, 6,9). The highest levels of PPARy are found within the
intestinal epithelium. Within the gut, PPARYy displays distinct
expression and functional patterns along the intestinal tract.
Levels of PPARYy are highest in the proximal colon, with
decreasing abundance in the distal colon and small intestine (9).
PPARYy expression activity in the colonic epithelium has been
implicated in suppression of colon carcinogenesis and inflam-
mation. Thiazolidinediones, a class of PPARYy agonists, inhibit
aspects of differentiation in some colon cancer cell lines (10—
16) and inhibit colon tumor formation in the azoxymethane
mouse model of sporadic colon carcinogenesis (17-19). Knock-
out of PPARY in the colonic epithelium and macrophages of
mice results in increased susceptibility to experimental colitis
(20, 21). Likewise, thiazolidinediones provide protection in
experimental models of colitis when given preventatively, prior
to disease initiation, but provide little or no value when admin-
istered therapeutically after onset of inflammation (22-29).

Our laboratory has performed genomic profiling of normal
colonic intestinal epithelial cells and early stage colon cancer
cells to identify changes in gene expression that will provide
insight into the mechanism of suppression by PPARYy ligands
(9, 30, 31). In normal intestinal epithelial cells and early stage
cancer cells, the majority of PPARy target genes were involved
in metabolism and cellular adhesion/motility. However, in can-
cer cells, a major cohort of PPARy-regulated genes also
involved proliferation and DNA replication. Our laboratory
previously characterized one of these genes, DSCRI, and
showed its regulation by PPARvy plays a direct role in transfor-
mation of epithelial cells (31).

Among the target genes identified in this screen was follista-
tin (30), a monomeric glycoprotein expressed as two forms,
FST-288 and FST-315, each with distinct properties (32). FST-
288 is primarily bound to cell surface proteoglycans. FST-315 is
secreted and represents the major form of follistatin. All biolog-
ical effects of follistatins are due to their high affinity, irrevers-

dehydrogenase; JNK, c-Jun NH,-terminal kinase; SAPK, stress-activated
protein kinase; HRP, horseradish peroxidase; ANGPTL4, angiopoietin-like
protein 4; RXR, retinoid X receptor; shRNA, short hairpin RNA; CREB, cCAMP-
response element-binding protein.
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ible binding to activins, which sequesters activins thereby pre-
venting signaling (32-34). Activins are members of the
transforming growth factor-B superfamily and are composed of
two 8 subunits (Ba and BB) arranged to form three isoforms:
activin A (BA/BA), activin B (BB/BB), and activin (BA/B).
Activin A is considered the most prevalent. Activins bind to a
transmembrane serine/threonine kinase cell surface receptor
termed ActRIL Thereafter, ActRII recruits and phosphorylates
the type I receptor kinase (ActRI). The formation of the dimeric
complex leads to the phosphorylation of Smad2 and -3, subse-
quent complex formation with Smad4, and regulation of activin
responsive genes (35, 36). Activin-responsive genes have been
implicated in the control of homeostasis, development, prolif-
eration, apoptosis, differentiation, and inflammation in diverse
cellular systems (37—42). The action of activins in these physi-
ological processes is tightly controlled by a balance of expres-
sion of activins and its antagonists such as inhibin, betaglycan,
follistatin, FLRP, BAMBI, and CRIPTO (43-45). Deregulation
of this balance can lead to aberrant signaling and development
of disease. Altered activin signaling has been implicated in a
pathogenesis of diseases such as cancer (37, 41, 46 —48), poly-
cystic ovarian syndrome (49, 50), fibrosis (40, 51), and multiple
inflammatory conditions (38, 52—54). Particularly, overexpres-
sion of follistatin has been observed in cancers such as of the
skin (55), colon (56), prostrate (57-59), and liver (46, 60, 61).
However, the role of activin-follistatin signaling in the physiol-
ogy and disease of the intestinal epithelium is less clear. Activin
A has been implicated in the inhibition of cell proliferation and
promotion of cell migration (62, 63). Likewise, follistatin pro-
motes cell proliferation and has been reported to ameliorate
established experimental colitis (64).

In this study, we investigate regulation of follistatin expres-
sion in the intestinal epithelium by PPARvy activation in vivo
and in vitro using a non-transformed, rat intestinal cell line
(RIE-1) that expresses functional components of the activin-
follistatin system. We demonstrate that activation of PPARvy by
thiazolidinediones down-regulates FST-315 mRNA in a dose-
and concentration-dependent manner at the level of mRNA
synthesis. Specifically, we illustrate that PPARy activation
reduces follistatin levels by interacting with the Sp1 transcrip-
tion factor required for activity of the follistatin promoter.
Together, our data indicate PPARYy activation would have a
beneficial effect on activin A signaling by suppressing the levels
of its antagonist follistatin. Furthermore, our data suggest that
growth inhibition observed with thiazolidinediones in intesti-
nal cell lines, in part, may be due to an increase in activin
signaling.

EXPERIMENTAL PROCEDURES

Reagents—Recombinant follistatin and activin A were pur-
chased from R&D Systems. Rosiglitazone maleate was pur-
chased from ChemPacific. Troglitazone and 9-cis-retinoic acid
were obtained from Sigma-Aldrich. RS5444 was obtained from
Sankyo Co., Ltd. SP600125 was purchased from Calbiochem.
Hygromycin B and Geneticin (G418) were purchased from
Invitrogen.

Plasmids—Mouse PPAR<yl expression vector pSG5-
mPPARvy1 (65) and the PPARvy reporter PPRE;-TK-Luc (66)
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were provided by Dr. Steven A. Kliewer. The AP-1 reporter
gene, (AP1); p54 IL8 Luc (67), was provided by Dr. Allan
Brasier. The plasmid pLNCX-PPARYy was generated by ampli-
fying PPARYy from pSG5-mPPAR+y1 and subcloning the prod-
uct into Hpal-Clal sites of pLNCX (Stratagene). The PPARvy
mutant plasmid pLNCX-PPARyC129S was generated with the
QuikChange mutagenesis kit (Stratagene). pLNCX-TAM67
was generated by amplifying the full-length TAM67 sequence
from pSG-TAM67 and cloning the digested a product into
Hpal-Clal sites of pLNCX (Stratagene). The follistatin pro-
moter construct, p(—2864)rFS-Luc, was donated by Dr. Louise
Bilezikjian (68). pGL3-FST(—944...+135) and pGL3-
FST(—35... +135) were generated by amplifying the corre-
sponding fragments by PCR from (—2864)rFST-Luc and clon-
ing them into pGL3-basic (Promega, Madison, WI). Mutation
of the +17... +12 Sp1 site in pGL3-FST(—35... +135) was
accomplished with the QuikChange mutagenesis kit (Stratagene)
using primers 5'-tga atc gcg cga tct gcg ggt gge gag ¢-3’ and 5'-gct
cgc cac cgg cag atc geg cga ttc aat g-3'. The underlined sequence
represents the mutated Sp1 site. The Gal4-Sp1 plasmid was con-
structed by amplifying nucleotides corresponding to amino acids
83-262 of human Sp1 from pBS-Sp1 (Addgene) and ligating into
the Gal4 expression vector pSG424 (69).

Cell Lines—The non-transformed intestinal cell line, RIE-1,
was maintained in Dulbecco’s modified Eagle’s medium con-
taining 5% charcoal-stripped fetal bovine serum. RIE-PPARvy
were generated as previously described (30) and cultured in 5%
charcoal-stripped fetal bovine serum Dulbecco’s modified
Eagle’s medium supplemented with 100 pg/ml hygromycin.
HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum. RIE-
PPARYy-TAMS67 cells were generated by infecting RIE-PPARvy
with the retrovirus pPLNCX-TAM67. Cells were selected as a
population and maintained in 1000 pg/ml G418.

Animal Studies—Six-week-old female C57BL/6] mice (Jack-
son Labs, Bar Harbor, ME) were fed an AIN-76A rodent diet
containing 150 ppm rosiglitazone (Research Diets) for 3 days.
Mice were euthanized by CO, asphyxiation and cervical dislo-
cation. All mice were maintained as part of an American Asso-
ciation for Accreditation of Laboratory Animal Care facility.
Animal experimentation was conducted in accordance with
accepted standards of humane animal care according to proto-
cols approved by the Mayo Clinic College of Medicine Institu-
tional Animal Care and Use Committee Animal.

Intestinal crypt cells were isolated by the EDTA-chelation
method as described previously (9). Briefly, the small and large
intestines were dissected and flushed with phosphate-buffered
saline (4 °C). The colon and/or small intestine were cut into
equal length segments in a proximal to distal orientation. Each
segment was opened longitudinally to expose the luminal sur-
face and then washed three times for 5 min at room tempera-
ture with Hanks’ balanced salt solution containing 25 mm
HEPES, 1% fetal bovine serum, and 1 mwm dithiothreitol. Each
segment was then shaken vigorously in Hanks” balanced salt
solution-20 mm EDTA for 15 m at 37 °C. Supernatants contain-
ing the individual crypts were centrifuged at 1000 X g for 5 min
at 4 °C. RNA was extracted from the pellets (pure crypt frac-
tion) using RNAqueous™ (Ambion).
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RT-PCR Analysis—Unless otherwise indicated, two-step
quantitative reverse transcriptase-mediated real-time PCR
(qPCR) was used to measure the abundance of individual
mRNAs. RNA was extracted from cells with the RNAqueous™
kit as detailed by the manufacturer (Ambion). Equal aliquots of
total RNA from samples were converted to cDNA with the
High-Capacity cDNA Archive kit (Applied Biosystems), and
qPCR reactions were performed in triplicate with 10 ng of
¢DNA and the TagMan® Universal PCR master mix (Applied
Biosystems). All primer/probe sets were purchased from
Applied Biosystems. All amplification data were collected with
an Applied Biosystems Prism 7900 sequence detector and ana-
lyzed with Sequence Detection System software (Applied Bio-
systems). Data were normalized to GAPDH, and mRNA abun-
dance was calculated using the AAC method (70).

ActRI, ActRII, follistatin, and activin A (BA subunit) mRNA
expression was detected in the RIE-1 cell line by two-step RT-
PCR. 250 ug of cDNA from RIE-1 cells was analyzed by stand-
ard PCR using AmpliTaq Gold on a Gene Amp 2700 system.
PCR primers used were as follows: ActRI (5'-ctatgagcaggggaa-
gatgac-3' and 5'-tcgtggtaatgtgtaatgage-3'), ActRII (5'-tcaca-
cagcccacatcaaate-3’ and 5'-ccacaggtccacatcaacact-3'), follista-
tin (5'-cctactgtgtgacctgtaate-3' and 5’'-ctcctcttectecgtttette-3'),
activin-Ba (5'-agaggacgacattggcaggag-3' and 5’'-gagtggaagga-
gagtgaggac-3'), and GAPDH (5'-gccatcaacgaccccttcatt-3" and
5'-cgcctgcttcaccaccttett-3').

RNA Interference—shRNA MISSION™ RNA interference
lentiviral transduction plasmids for SP1 were obtained through
the Mayo Clinic RNA Interference Technology Resource. Len-
tivirus stock was produced with Virapower ™ lentivirus pack-
aging mix and the 293FT cell line according to the manufactur-
er’s protocol (Invitrogen). RIE-PPARvy cells grown to 70%
confluence were infected with a 1:10 dilution of virus to target
cell media and 6 ug/ml Polybrene. After a 24-h recovery, cells
were washed and re-fed with complete media. At 48 h post-
infection, cells were harvested, and knockdown efficiency was
assessed by qPCR and/or Western blot.

Western Blot Analysis—Total cell lysates were prepared by
briefly sonicating cell pellets in 1X lysis buffer (Roche Applied
Science) supplemented with a protease inhibitor mixture
(Sigma). Protein samples were resolved on 8% pre-cast Tris-
glycine gels (Invitrogen) and were electrophoretically trans-
ferred to a polyvinylidene difluoride membrane. Blots were
stained with antibodies against PPARy (1:300, Santa Cruz Bio-
technology, Santa Cruz, CA), Sp1 (0.5 ug/ml, Millipore), c-Jun
(1:300, Santa Cruz Biotechnology), phospho-SAPK/JNK (1:100,
Cell Signaling), or B-actin (1:1000, Sigma) in TTBS (50 mm Tris,
150 mm NaCl, 0.15% Tween, pH 7.5) supplemented with 5% dry
milk for 1 h at 22 °C. Blots were washed with three changes of
TTBS for a total of 45 min. Blots were then incubated in TTBS
buffer with 5% dry milk containing GAR-HRP (1:5000, Jackson
ImmunoResearch) or GAM-HRP (1:5000, Santa Cruz Biotech-
nology) for 1 h at room temperature. After three washes with
TTBS, antigen-antibody complexes were detected with the
ECL Plus chemiluminescent system (Amersham Biosciences)
and visualized with film.

Immunoprecipitation—Nuclear extracts were prepared from
RIE-1 and RIE-PPARY cells using the NE-PER extraction kit
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(Pierce). 500 ug of nuclear extract was pre-cleared with 50 ul of
magnetic Protein G-Dynabeads in immunoprecipitation buffer
(150 mm NaCl, 50 mm Tris, pH 7.4, 1 mm EDTA, 0.5% Triton)
for 15 m at 4 °C. The pre-cleared extract was rotated for 4 h at
4 °Cwith 50 ul of Protein G-Dynabeads covalently linked with 5
pg of Spl antibody according to the manufacturer’s instruc-
tions (Invitrogen). Beads were collected by magnetic separation
and washed five times X 2 min with 1 ml of immunoprecipita-
tion buffer. Beads were resuspended in 50 ul of 2X Laemmli
sample buffer, boiled for 5 min at 95°C, and resolved by
SDS-PAGE.

Reporter Gene Assays—Cells were plated onto 12-well plates
at 1 X 10° cells/well and allowed to recover 16 h before trans-
fection. Cells were transfected with 0.5—1 ug of DNA (depend-
ing on experiment) and a 1:50 dilution of pRL-SV40 with
Fugene according to manufacturer’s instructions (Roche
Applied Science). After a 24-h recovery, the appropriate ligand
was added to each well and incubated for the desired time (see
figure legends). Cells were then scraped in 1X reporter gene
assay buffer (Roche Applied Science), vortexed, and incubated
at room temperature for 15 min. Luciferase activity was deter-
mined using a Promega Dual Luciferase Reporter Assay on a
Veritas Microplate Luminometer (Turner Biosystems). Firefly
luciferase activity was normalized by dividing by readings for
Renilla. All samples were performed in triplicate and expressed
as mean * S.D.

RESULTS

Follistatin Is Down-regulated by Rosiglitazone in Colonic Epi-
thelial Cells in Vivo—Our genomic analyses suggested that fol-
listatin is expressed in intestinal epithelial cells and is a poten-
tial target of the PPARYy agonists (30). To confirm these
findings, we initially measured the expression of follistatin and
activin A, the physiological target of follistatin, in purified intes-
tinal epithelial cells from the distal small intestine and four
segments of colon of equal length extending proximal to distal
from the caecum to the rectum. RNA was isolated, and the
expression of total follistatin (including both FST-315 and FST-
288) and activin A (BA subunit) was measured by qPCR. We
observed an inverse relationship between follistatin and activin
A along the colonic tract (Fig. 14), with the highest levels of
follistatin detected in the distal small intestine and proximal
colon. Conversely, activin A mRNA was most abundant in the
distal colonic epithelium. These data are consistent with previ-
ous findings and support the hypothesis that the activin/fol-
listatin signaling axis plays a significant role in controlling pro-
liferation of intestinal epithelial cells in vivo.

Our genomic analysis of PPARy targets in non-transformed
intestinal epithelial cells suggested that follistatin expression
was regulated by PPARyin such cells. To determine if follistatin
expression was regulated by PPARY in vivo, C57BL/6] mice
were fed a control diet or a diet containing 150 ppm rosiglita-
zone for 3 days. Epithelial cells crypts were isolated from colons
of mice, and RNA was extracted. qPCR was used to measure the
abundance of individual mRNAs. Rosiglitazone induced angio-
poietin-like protein 4 (ANGPTL4), a known PPARy target gene
(Fig. 1B) in colonic epithelial cells. Follistatin mRNA expression
was repressed in colonic epithelial cells in response to rosigli-
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FIGURE 1. Activation of PPARY by rosiglitazone down-regulates follista-
tin mRNA in colon epithelial cells in vivo. A, gPCR was used to measure total
follistatin and activin BA mRNA in intestinal epithelial cells isolated from distal
smallintestine and 4 equal length colonic segments extending from proximal
to distal. MRNA was normalized to GAPDH. For each probe, normalized mRNA
of small intestine was set to 1. Abundance of mRNA from colonic segments is
expressed as -fold change relative to the small intestine. Each bar represents
mean * S.D., n = 3. B, C57BL6/J mice were fed either a control diet or diet
supplemented with 150 ppm rosiglitazone for 3 days. RNA was extracted
from intestinal epithelial cells isolated from the entire colon, and gPCR was
used to measure total follistatin and ANGPTL4 mRNA expression. Relative
mRNA levels were normalized to GAPDH and expressed as -fold change rela-
tive to the control. Each bar represents mean = S.D., n = 4. p values were
calculated by unpaired t test.

tazone, consistent with our genomic data. Collectively, our data
indicate that follistatin is expressed throughout the gastrointes-
tinal track, and its expression is negatively regulated by the
PPARYy agonist rosiglitazone.

RIE-1 Cells as a Model System to Study Follistatin Regulation—
To study the regulation of follistatin expression by rosiglitazone
in intestinal cells, a model cell system was required that reca-
pitulates the properties of non-transformed intestinal epithelial
cells and expresses functional activin/follistatin and PPARysig-
naling pathways. Normal, non-transformed colon cell lines do
not exist, and primary cultures of colonic epithelium have not
been successfully maintained for more than a few hours. How-
ever, RIE-1 cells are a well characterized non-transformed rat
intestinal epithelial cell line that was derived from embryonic
small intestine. RIE-1 cells were evaluated for expression and
functional activity of the components of the activin-follistatin
signaling pathway, as shown in Fig. 24. Follistatin and activin A
mRNA were detected by RT-PCR, as well as mRNA for the
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FIGURE 2. Activin/follistatin signaling is intact in intestinal epithelial
cells. A, RT-PCR was used to amplify expression of follistatin, ACTRI, ACTRII,
activin A (BA), and GAPDH from 250 ng of cDNA prepared from RIE-1 cells. The
arrow indicates that follistatin-315 is the major form of follistatin expressed in
RIE-1 cells. B, activation of the activin responsive reporter gene, 3TP-luc, in
RIE-1 cells exposed to recombinant activin A (50 ng/ml), follistatin (250
ng/ml), or both for 16 h. C, cell growth of RIE-1 cells exposed to recombinant
activin or follistatin for 5 days. Data are expressed as the relative number of
cells compared with control at day 5. Each bar represents mean = S.D.,n = 12.

activin receptor subunits ActRI and ActRIl. There are two
major follistatin species of 315 and 288 amino acids. FST-315
was the major form expressed in RIE-1 cells, whereas FST-288
was undetectable by RT-PCR. Expression of activin A and fol-
listatin mRNA in RIE-1 cells was confirmed by qPCR (data not
shown).

To assess the functional activity of activin/follistatin signal-
ing in RIE-1 cells, we initially determined the activity of a tran-
siently transfected activin-responsive reporter gene, 3TP-Luc,
in RIE-1 cells treated with recombinant activin A and/or fol-
listatin. Activin A activated the 3TP-luc reporter in RIE-1 cells
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FIGURE 3. Characterization of PPARy-mediated down-regulation of follistatin expression in intestinal
epithelial cells. A, Western blot analysis of 20 u.g of total cell lysate of RIE-1 and RIE-PPARYy cells stained for
PPARyand B-actin expression. Band C, the mRNA abundance of the PPARy target gene ANGPTL4 and follista-
tin was measured by gqPCR in RIE-1 and RIE/PPARYy cells treated with 1 um rosiglitazone for 6 h. D, follistatin
mRNA abundance was quantified by qPCR in RIE-PPARy cells exposed to RS$5444 (10 nwm), rosiglitazone (1 um),
or troglitazone (10 um) for 6 h. E, RIE-PPARy cells were exposed to rosiglitazone for the indicated times. At each
time point, RNA was harvested, and follistatin expression was determined by qPCR. F, RIE-PPARy cells were
treated with increasing concentrations of rosiglitazone for 6 h, and follistatin mRNA was measured by gPCR. In
all experiments, the abundance of mRNA was normalized to GAPDH expression and presented as -fold change

effects that are independent of
PPARYy activation (74-76). How-
ever, rosiglitazone had no effect on
follistatin expression in RIE-1 cells
(Fig. 3C), which lack PPARvy. This
result indicates that inhibition of
follistatin expression by rosiglita-
zone requires PPARy. This conclu-
sion is consistent with the observa-
tion that other thiazolidinedione
PPARYy agonists such as troglita-
zone and RS5444 inhibited follista-
tin expression in RIE-PPAR'y cells
(Fig. 3D).

Our studies focused on the
response to rosiglitazone, which is
currently used clinically for manage-
ment of type Il diabetes. Rosiglitazone
decreased follistatin expression in a
time-dependent manner, with maxi-
mal repression observed 8 —16 h after
addition of the drug (Fig. 3E). Rosigli-
tazone inhibited follistatin expression

relative to the control. Each bar represents mean *= S.D., n = 3.

(Fig. 2B). Follistatin caused a slight but consistent inhibition of
basal 3TP-luc activity, and activin-mediated transactivation of
the 3TP-luc reporter was antagonized by recombinant follista-
tin. These data indicate that RIE-1 cells manifest a functional
activin-follistatin signaling axis.

Activin is a potent inhibitor of cell proliferation, and recom-
binant activin A suppressed RIE-1 culture growth (Fig. 2C).
Conversely, recombinant follistatin stimulated RIE-1 culture
growth (Fig. 2C). These data are consistent with the known
growth-modulating effects of activin and follistatin and indi-
cate that RIE-1 cells express a functional activin-follistatin sig-
naling pathway and that growth of RIE-1 cultures is restrained
by endogenous activin under basal culture conditions.

Characterization of PPARy-mediated Down-regulation of
Follistatin Expression in RIE-1 Cells—RIE-1 cells are non-
transformed, rat intestinal epithelial cells derived from prolif-
erative, transit crypt cells of embryonic rat intestine (71). Like
the transit-amplifying cells from which they are derived (72),
RIE cells express low levels of PPARYy (Fig. 3A). PPARY is
induced at the crypt/villus junction (30), where transit-am-
plifying cells differentiate into mature villus epithelial cells.
To recapitulate this transition and model mature villus epi-
thelial cells, we have engineered RIE-1 cells to express
PPARYy (Fig. 3A). The RIE-PPARY cell line has been previ-
ously studied in detail, mimics the physiological functions of
PPARY in intestinal epithelial cells in vivo (30, 73), and were
used to study the effects of PPARYy activation on follistatin
expression in culture.

Treatment of RIE-PPARY cells with rosiglitazone induced
ANGPTL4 (Fig. 3B) and repressed follistatin mRNA expression
(Fig. 3C), thereby demonstrating that RIE-PPARy cells recapit-
ulate the regulatory response that we observed in vivo. Thiazo-
lidinedione drugs such as rosiglitazone are known to have
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in a concentration-dependent man-
ner, and maximum inhibition was
observed in the range of 1 um agonist (Fig. 3F).

Requirements of PPARvy for Down-regulation of Follistatin
Expression—The PPARy/RXRa heterodimer is activated by
ligands that bind to PPARY, such as thiazolidinediones, as well
as ligands that bind to RXRe, such as 9-cis-retinoic acid. To
evaluate whether the effects of PPARvy required dimerization
with RXRa, RIE-1 and RIE-PPAR'y cells were treated with 9-cis-
retinoic acid, which induced ANGPTL4 mRNA (Fig. 44) and
repressed follistatin mRNA (Fig. 4B) in RIE-PPARYy cells, but
had no effect on ANGPTL4 or follistatin expression in RIE-1
cells, which express RXRa but lack PPARYy. These data suggest
that dimerization of PPARy with RXRa is required for repres-
sion of follistatin levels.

To confirm that a PPARY/RXRa heterodimer was required
for repression of follistatin levels, an RIE-1 cell line was gener-
ated that stably expresses the PPARy C129S mutant at levels
comparable to those observed for wild-type PPARy in RIE-
PPARY cells (Fig. 4C). PPARyC129S contains a cysteine to ala-
nine mutation in residue 129 of the first zinc finger of the DNA
binding domain. This mutation severely inhibits the dimeriza-
tion, DNA binding, and transactivation potential of PPARY.
Fig. 4D illustrates that an RXRa antibody effectively co-precip-
itated wild-type PPARYy from RIE-PPARYy cells, whereas co-
precipitation of PPARyC129S from RIE-PPARyC129S cells
was significantly reduced. Likewise, the reduction in PPARYy/
RXRa heterodimer formation led to a loss of rosiglitazone-me-
diated regulation of ANGPTL4 (Fig. 4E) and follistatin (Fig. 4F)
in RIE-PPARyC129S cells. These data indicate that rosiglita-
zone-mediated repression of follistatin expression is mediated
by the PPARyY/RXRa heterodimer.

Mechanism of PPARy Inhibition of Follistatin Expression—In
principle, inhibition of follistatin expression could be due to
PPARY/RXRa-mediated inhibition of follistatin mRNA syn-
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in the rate of mRNA degradation
indicates that PPARYy regulates the
rate of synthesis of the follistatin
transcript and suggests that PPARy
regulates follistatin promoter activ-
ity. The follistatin promoter con-
tains binding sites for AP-1, AP-2,
CREB, and Spl clustered in the
proximal region (Fig. 6). A previous
study of the rat follistatin promoter indicated that full promoter
activity in granulosa cells required only 115 bp of 5'-flanking
sequence. This region contains binding sites for AP-1 and Sp1,
transcription factors known to be repressed by interactions
with PPARYy (77— 84). Inhibitors of JNK and AP-1 were used to
determine whether the AP-1 pathway mediates the negative
effects of PPARy activation on follistatin levels (data shown in
supplemental Fig. S1). The results of these experiments indicate
that PPARvy inhibition of follistatin expression is not mediated
by cross-talk with AP-1 signaling.

We next asked whether Sp1 has a role in rosiglitazone-medi-
ated down-regulation of follistatin expression. Studies with the
highly similar promoter of the follistatin-related gene (FLRG)
have shown that a fragment between positions —130 and +6
contains multiple consensus Spl-binding sites which control
the basal expression of the FLRG gene (85). The proximal fol-
listatin promoter also contains several Sp1 sites (Fig. 6), sug-
gesting a potential role of Sp1 in regulating follistatin expres-
sion. To determine the importance of Spl in regulating basal
follistatin promoter activity, Spl was co-transfected in increas-
ing concentrations with a luciferase reporter gene containing a
region encompassing —2864 to + 135 bases of the follistatin
promoter (Fig. 6). These studies were carried out in HEK293
cells instead of RIE-PPARYy cells, because the latter has
extremely poor transfection efficiencies. Fig. 7A illustrates that
co-transfected Spl dramatically up-regulated the follistatin
promoter in a concentration-dependent manner. Truncations
of the follistatin promoter were generated to produce reporter
constructs containing regions —944/+135 and —35/+135 (Fig.
6). Fig. 7B shows the basal transcriptional activity of the follista-
tin promoter constructs in HEK293 cells. At least 50% of the
basal activity of full-length follistatin promoter (—2864/+135)

JOURNAL OF BIOLOGICAL CHEMISTRY 29789


http://www.jbc.org/cgi/content/full/M804481200/DC1

Regulation of Follistatin by PPAR~y

A. _ 0.8

0.16 4
0.14 4
0.12 4
0.10 4
0.08 4
0.06 4
0.04 4
0.02 4

0

0 l 1
351
.30 1
251
159
101
054 _E H
0 . ;

pGL3-FST pGL3-FST pGL3-FST
(-2864.+135) (-944.+135) (-35..+135)

mpcDNA
2.5 ,‘I[ apcDNA-Spl

mpGL3 T
opGL3-FST(-2864..+135)

Normalized Luciferase Activity

25 250 500 1000

pcDNA-Spl (ng)

mpcDNA
opcDNA-Spl
opcDNA-PPARy
8pcDNA-PPARy+Spl

Normalized Luciferase Activity
(]
=1
R

pGL3

opecDNA-PPARY
8 pcDNA-PPARy+Spl

Normalized Luciferase Activity
i

0.5
0 - ; v
pGL3 pGL3-FST pGL3-FST
(-35.4135) (-35..4135:SpImut)
D. 1.2
g NT
% 10 KD
g Sp1 (N &=
b
o 0.5 4 .
< B-actin  e——
b
e 0.6
£
& 04
2
g N .
2
-4
0 .
NT Control Spl KD
. 1.2
E £ M Control
% 1.0 7 O 1 uM Ro
)
o 0.8 1
-
=
e 0.6 1
E
7
2041
2
B 021
k¥
o
0 4
NT Control Spl KD

FIGURE 7. PPARY inhibits follistatin expression through Sp1. A, 100 ng of
control (pGL3) or the follistatin promoter pGL3(—2864...+135) was
transiently transfected with increasing concentrations of pcDNA-Sp1 or
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could be attributed to a region of the promoter from
—35/+135, which contains a single Spl site. Likewise, the
—944/+135 region that contains three additional Sp1 sites, for
a total of 4 Sp1 sites, exhibited ~75% of the basal activity of the
full-length promoter. Overexpression of Sp1 led to induction of
each follistatin promoter construct, with the highest activation
observed with the —2864/+135 and —944/+135 promoter
constructs (Fig. 7B). To further delineate the importance of Sp1
in controlling promoter activity, we mutated the Spl site at
+17/+12 within the pGL3-FST(—35/+135) reporter con-
struct. Fig. 7C shows that mutation of the Spl site reduced
promoter activity to the level of pGL3 and destroyed the ability
of a high level expression of Sp1 expression to induce promoter
activity. Collectively, these data indicate that Sp1 regulates fol-
listatin promoter activity, and in a manner that is largely
dependent on a proximal Sp1 site at +17 bp.

Because Spl appears to be a major regulator of follistatin
expression, we asked whether rosiglitazone-mediated down-
regulation of follistatin was due to inhibition of Sp1 signaling.
Co-expression of PPARywith Sp1 inhibited Sp1-mediated acti-
vation of each follistatin promoter truncation constructs but
had no effect on the pGL3-control reporter gene (Fig. 7B). Sig-
nificantly, PPARy was capable of inhibiting Spl-mediated
induction of the —35/+135 promoter construct, which is
dependent upon a single Sp1 site for activity. These findings
suggested that PPARy regulates follistatin expression through
inhibition of Sp1 signaling. To further demonstrate this, lenti-
virus-mediated shRNA was used to transiently knock down Sp1
expression in RIE-PPARYy cells. Transient knockdown of Spl
mRNA and protein with an efficiency of >60% was achieved in
RIE-PPARYy cells 2 days after infection (Fig. 7D). Knockdown of
Sp1 reduced basal expression of follistatin, consistent with find-
ings that Sp1 is a major factor controlling follistatin expression
(Fig. 7E). More importantly, Spl knockdown completely
blocked rosiglitazone-mediated inhibition of follistatin mRNA
expression (Fig. 7E). Together, our data provide compelling evi-
dence that PPARYy reduces follistatin through inhibition of Sp1
signaling required for its expression.

The mechanism of rosiglitazone-mediated inhibition of fol-
listatin expression may occur by inhibiting Sp1 via complex
formation with PPARvy or by regulating a factor upstream of

pcDNA3.1, and luciferase activity was determined 48 h later. B, basal tran-
scriptional activity of truncated follistatin promoter constructs 48 h after
transfection into 293 cells. HEK293 cells were transiently transfected with 100
ng of pGL3(—2864...+135), pGL3(—944...+135), pGL3(—35...+135),
and pGL3-luc with or without pcDNA-Sp1(500 ng) and with or without
pcDNA-PPARYy (500 ng). Firefly luciferase activity was determined 48 h after
transfection. C, HEK293 cells were transfected with 100 ng of pGL3,
pGL3(—35...+135), and pGL3(—35...+135:SpTmut) reporter construct
containing a mutated Sp1 site at +17...+12 along with or without
pcDNA-Sp1 (1000 ng) and with or without pcDNA-PPARYy (500 ng). The total
amount of DNA in each transfection was kept constant with pcDNA3.1.48 h
later, luciferase activity was determined. For all luciferase assays, pRL-SV40
(1:50 total DNA) was included in the transfection reaction to monitor trans-
fection efficiency. All data were normalized for transfection efficiency by
dividing by Renilla pRL-SV40 activity. All data represent a representative
experiment with a mean = S.D., n = 6. D, RIE-PPARYy cells were infected with
Sp1 shRNA knockdown or nontarget control lentivirus. Sp1 abundance was
measured by qPCR and Western blot analysis (inset). E, controland Sp1 knock-
down RIE-PPARYy cells were treated with rosiglitazone for 6 h. The relative
abundance of follistatin mRNA abundance was determined by gPCR. AllgPCR
data were normalized to GAPDH and represent mean = S.D., n = 3.
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luciferase vector, pG5-Luc, along with 250 ng of constructs expressing Gal4
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fection reaction to monitor transfection efficiency. The total amount of DNA
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with rosiglitazone (1 um) for 24 h, and luciferase activity was determined. All
data were normalized for transfection efficiency by dividing by Renilla activ-
ity. All data represent a representative experiment with a mean = S.D.,n = 3.

Sp1 required for its activity. To assess whether PPARYy inter-
acted with Sp1, immunoprecipitation studies were performed
with nuclear extracts from RIE-PPARYy cells treated with or
without rosiglitazone. Fig. 8 (A and B) shows that PPARYy co-
precipitated with Sp1 and the interaction was enhanced in the
presence of rosiglitazone. These data indicate that PPARvy
interacts with Sp1, but raises the question of how this interac-
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tion results in inhibition of Sp1 activity. In principle, complex
formation of PPARYy with Sp1 could result in loss of Sp1 DNA
binding or interference of Spl transcriptional activity. How-
ever, no difference in Spl binding activity was observed in
nuclear extracts from RIE-PPARYy cells treated with or without
rosiglitazone (data not shown). To determine the importance of
PPARYy in directly regulating the transactivation function of
Spl, a fusion construct (Gal4-Sp1) was generated that contains
a transactivation domain of Sp1 (amino acids 83-263) fused to
the Gal4 DNA binding domain (GAL4). HEK293 cells were co-
transfected with GAL4 or GAL4-Spl with or without the
PPARYy expression plasmid. Cells were treated with rosiglita-
zone for 24 h and analyzed for their transactivation potential by
measurement of activation of pG5-Luc, a Gal4-responsive
luciferase reporter gene. Consistent with the known transacti-
vation function of amino acids 83-262 of Sp1, Gal4-Sp1 acti-
vated pG5-Luc 18-fold over Gal4 alone (Fig. 8C). Importantly,
co-expression of PPARYy repressed the transcriptional activity
of GAL4-Spl, and this repression was further enhanced by
treatment with rosiglitazone. Expression of PPARy had no
effect on the DNA binding activity of GAL4-Spl (data not
shown), indicating PPAR"y directly inhibits the transcriptional
activation function of Sp1 dictated by amino acids 83-262. Col-
lectively, these data indicate that PPARy interacts with Sp1 and
suppresses its transcriptional activation function, leading to
loss of promoter control of follistatin and down-regulation of
follistatin expression.

DISCUSSION

Activins control many physiological processes that include
cell proliferation, differentiation, apoptosis, homeostasis,
immune response, wound repair, and endocrine signaling (36,
37, 39, 40). The action of activins in these physiological pro-
cesses is tightly controlled by a balance of expression of activins
and its antagonists such as follistatin. Deregulation of this bal-
ance can lead to aberrant signaling and development of disease.
However, little is known about the control of follistatin expres-
sion in diverse cell types and its importance in disease progres-
sion. Follistatin expression has been reported to be controlled
at the promoter level by CREB in granulose cells (86), by
SMADS in hepatoma (87) and pituitary cells (68), and by
B-catenin in embryonic carcinoma cells (88). Transforming
growth factor-f and 3-catenin are well known players in carci-
nogenesis, and regulation by these factors may provide a possi-
ble link between and follistatin expression and carcinogenesis.
However, their roles and the regulation of follistatin by other
factors in specific cell types and disease remain largely unex-
plored. Specifically, the regulation of follistatin expression in
the gastrointestinal tract remains unclear.

Herein, we report that follistatin is differentially expressed in
epithelial crypts of the small and large intestine and through the
use of a non-transformed, rat intestinal cell line (RIE-1) we
illustrate that intestinal cells express a functional activin-fol-
listatin system. Importantly, we show that expression of fol-
listatin in vivo and in vitro is down-regulated by PPARy activa-
tion with synthetic thiazolidinediones. Suppression of
follistatin levels by PPARYy activation required RXRa and did
not involve changes in follistatin mRNA stability but rather
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transcriptional suppression of the follistatin promoter. Our
data indicate that PPARy down-regulates follistatin expression
by directly interacting with Spl and repressing its transcrip-
tional activity, which is required for activity of the follistatin
promoter in intestinal epithelial cells. In particular, while
PPARY can inhibit promoter constructs that contain all four
Sp1 sites (—944), much of PPARY’s inhibitory action is medi-
ated through a proximal Sp1 site +17... +12 that regulates
>50 of the activity of the follistatin promoter. Mutation of this
SplsiteinapGL3-FST(—35... +135) reporter construct abol-
ished the transcriptional response to Spl and PPARvy and
reduced promoter activity to the level of pGL3. The significance
of the +17 ... +12 Sp1 site is supported by the finding that a
region encompassing —35 to +139 also drives >50% of the rat
follistatin promoter basal activity in granulose cells (86). Col-
lectively, our data indicate that PPARYy activation reduces fol-
listatin levels by interacting with the Sp1 transcription factor
required for activity of the follistatin promoter.

Our observations are consistent with other studies. For
example, activation of PPAR+y by 15d-PG]J, and troglitazone
suppresses both thromboxane receptor and type angiotensin II
receptor gene expression in vascular smooth muscle cells by
direct interaction of PPARy with Sp1 ata Spl DNA binding site
(80, 81). Likewise, PPARy represses resistin gene expression by
modulating Sp1 activity at a proximal Sp1 promoter site and by
reducing the O-glycosylation status of Sp1 (84). In human lung
carcinoma cells, 15d-PGJ,, rosiglitazone, and troglitazone
inhibit fibronectin (Fn) gene expression in part by reducing Sp1
expression and preventing Spl binding to its respective sites
within the Fn promoter (83). Lastly, PPAR« represses vascular
endothelial growth factor-2 expression by directly interacting
with Spl and decreasing its binding to the VEGFR2 promoter
(82). Collectively, these studies illustrate a common theme that
PPARvy can repress promoter-specific gene expression by direct
interaction with Spl at DNA binding sites. Our data indicate
repression of follistatin expression by rosiglitazone requires a
direct interaction of PPARYy with Spl and Spl binding sites
within the follistatin promoter.

A limited number of studies has addressed the physiological
role of activin-follistatin signaling in intestinal epithelial cells.
As with transforming growth factor-$, activin A has been
reported to inhibit cell proliferation and promote differentia-
tion and migration of the intestinal epithelial cell line IEC-6 (62,
63). In contrast, follistatin promoted division of colonic epithe-
lial cells in vivo (64). We have shown that activin A and follista-
tin, respectively, suppress and promote proliferation of RIE-1
cells. These studies suggest a role for activin-follistatin signal-
ing in the proliferation, differentiation, and migration of epithe-
lial cells in the intestine. Moreover, these studies implicate
activin-follistatin signaling in the control of epithelial renewal,
wound repair, and inflammation as well as cancer progression,
which is regulated by an interplay of proliferation, differentia-
tion, and migration.

Our data suggests that PPARy activation would have a ben-
eficial effect on activin A signaling by suppressing the levels of
its antagonist follistatin. We propose that this action may, at
least in part, mediate the effects of thiazolidinediones on
growth and migration in intestinal epithelial cells. Similar to the
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effects of activin A, activation of PPARYy promotes the migra-
tion and inhibits cell proliferation of intestinal cells (9-11, 13,
15, 16, 30). The simplest interpretation of these data is that
PPARy-mediated down-regulation of follistatin levels leads to
an increase in available activin A, thereby suppressing cell pro-
liferation and/or promoting migration. However, the impact
that follistatin down-regulation will have on activin signaling
may be more complex and depend on the relative levels of
activin A to follistatin and its other antagonists (FLRP, inhibin,
and others). In intestinal epithelial cells in vitro (IEC-6 and RIE-
1), the balance of activin to its antagonists can be shifted by
addition of recombinant activin A or follistatin. However, the
ratio of activin to antagonist expression iz vivo remains unde-
fined. It therefore remains unclear what size of change in fol-
listatin or antagonist expression would shift activin signaling in
a negative direction. Our data indicate that activin A and fol-
listatin show distinct patterns of expression along the gastroin-
testinal tract, indicating the balance of these proteins is tightly
regulated. Further research is needed to understand how the
balance of activin and its antagonists controls physiological
processes in the gastrointestinal tract. With such information,
it will be possible to define regions within the gut in which
PPAR<y-mediated down-regulation of follistatin is expected to
have the biggest impact on activin signaling and the physiolog-
ical processes of intestinal epithelial cells.
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