MOLECULAR AND CELLULAR BIOLOGY, Sept. 2008, p. 5785-5794
0270-7306/08/$08.00+0  doi:10.1128/MCB.00245-08

Vol. 28, No. 18

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Retinoic Acid Utilizes CREB and USF1 in a Transcriptional
Feed-Forward Loop in Order To Stimulate MKP1
Expression in Human Immunodeficiency
Virus-Infected Podocytes”

Ting-Chi Lu,' Zhaohui Wang,> Xiaobei Feng,”> Peter Chuang,' Wei Fang,' Yibang Chen,’
Susana Neves,” Avi Maayan,” Huabao Xiong,* Yusen Liu,” Ravi Iyengar,’
Paul E. Klotman,' and John Cijiang He'~®*

Department of Medicine," Department of Pharmacology and Systems Therapeutics,® and Immunobiology Center,*
Mount Sinai School of Medicine, New York, New York; James J. Peters VA Medical Center, Bronx, New York®;
Department of Nephrology, Rui Jin Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai, China®; and Children’s Research Institute, The Ohio State University, Columbus, Ohio®

Received 13 February 2008/Returned for modification 25 March 2008/Accepted 16 June 2008

Nef-induced podocyte proliferation and dedifferentiation via mitogen-activated protein kinase 1,2
(MAPK1,2) activation plays a role in human immunodeficiency virus (HIV) nephropathy pathogenesis. All-
trans retinoic acid (atRA) reverses the HIV-induced podocyte phenotype by activating cyclic AMP (cAMP)/
protein kinase A (PKA) and inhibiting MAPK1,2. Here we show that atRA, through cAMP and PKA, triggers
a feed-forward loop involving CREB and USF1 to induce biphasic stimulation of MKP1. atRA stimulated
CREB and USF1 binding to the MKP1 gene promoter, as shown by gel shifting and chromatin immunopre-
cipitation assays. CREB directly mediated the early phase of atRA-induced MKP1 stimulation; whereas the
later phase was mediated by CREB indirectly through induction of USF1. These findings were confirmed by a
reporter gene assay using the MKP1 promoter with mutation of CRE or Ebox binding sites. Consistent with
these findings, the biological effects of atRA on podocytes were inhibited by silencing either MKP1, CREB, or
USF1 with small interfering RNA. atRA also induced CREB phosphorylation and MKP1 expression and
reduced MAPK1,2 phosphorylation in kidneys of HIV type 1-infected transgenic mice. We conclude that atRA
induces sustained activation of MKP1 to suppress Nef-induced activation of the Src-MAPK1,2 pathway, thus
returning the podocyte to a more differentiated state. The mechanism involves a feed-forward loop where

activation of one transcription factor (TF) (CREB) leads to induction of a second TF (USF1).

Human immunodeficiency virus (HIV)-associated nephrop-
athy (HIVAN) is an important cause of end stage renal disease
in patients infected with HIV (40). Unlike most other glomeru-
lopathies, HIVAN is characterized by proliferation and de-
differentiation of podocytes, which are glomerular visceral ep-
ithelial cells (3, 4, 17). Recently, we showed that the HIV-1 nef
gene is the primary determinant of this unusual podocyte phe-
notype (17, 36) and that Nef stimulates podocyte proliferation
and dedifferentiation through the Src-dependent mitogen-
activated protein kinase 1,2 (MAPKI,2) pathways (15). In-
creased MAPK1,2 phosphorylation is also observed in mouse
and human kidney sections of HIVAN (15).

Retinoids are derivatives of vitamin A that have multiple
cellular functions including inhibition of proliferation, induc-
tion of differentiation, regulation of apoptosis, and inhibition
of inflammation (11). In addition to their established benefits
in treating a variety of cancers, retinoids reduce proteinuria
and glomerulosclerosis in several experimental models of kid-
ney disease (14, 23, 28, 39). Retinoids exert their effects by

* Corresponding author. Mailing address: Box 1243, Division of
Nephrology, Mount Sinai School of Medicine, One Gustave L. Levy
Place, New York, NY 10029. Phone: (212) 241-8004. Fax: (212) 987-
0389. E-mail: Cijiang.he@mssm.edu.

¥ Published ahead of print on 14 July 2008.

5785

binding to two families of nuclear receptors, the retinoic acid
receptors and the retinoid X receptors, which in turn bind to
the retinoic acid response elements of gene promoters (2, 13).
The activation of cytoplasmic signaling molecules by retinoids
has also been reported as an important pathway for induction
of leukemia cell differentiation (25). A recent study reported
that all-trans retinoic acid (atRA) induces rapid cyclic AMP
(cAMP) production and increased protein kinase A (PKA)
activity in acute promyeloblastic leukemia cells, leading to cell
differentiation (42). The antiproliferative and prodifferentia-
tion effects of atRA suggested a rationale for studying its effect
on podocytes infected with HIV type 1 (HIV-1). We found that
atRA inhibits HIV-induced proliferation and dedifferentiation
in podocytes (14). The mechanism involves activation of the
cAMP/PKA pathway through retinoic acid receptor a, result-
ing in Nef-induced MAPK1,2 activation in podocytes (14).
The MAPK and PKA pathways are known to interact at the
level of MAPK phosphatase (MKP). Expression of MKP1 is
induced by activation of PKA, protein kinase C, or MAPKs
(MAPKI1,2, p38, and Jun N-terminal protein kinase [JNK]) in
response to different stimulants (5, 16, 38). atRA has also been
shown to increase MKP1 expression (30). While transcrip-
tional induction of MKP1 by atRA has been proposed (41), the
mechanism by which atRA regulates MKP1 and the identity of
the involved transcription factors remain unknown. MKP1 has
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been shown to act as an anti-inflammatory and antiapoptotic
agent, mostly through inhibition of p38 phosphorylation (1,
34). A recent study suggests that MKP1 mediates the anti-
inflammatory effects of dexamethasone in vitro and in vivo (1).
The role of MKP1 in kidney disease, but not specifically in
podocytes, has been studied. One report suggests that MKP1 is
suppressed in kidneys with diabetic nephropathy, leading to
increased MAPK phosphorylation (19).

Here, we have studied the mechanisms by which atRA stimu-
lates MKP1 expression. We found that atRA induced a biphasic
stimulation of MKP1 in HIV-infected podocytes through cAMP-
PKA pathways. CREB (cAMP response element binding pro-
tein) mediates the early phase of MKP1 transcription, whereas
USF1 (upstream stimulatory factor 1) mediates the later phase.
CREB activation is required for atRA-induced USF1 activation.
Thus, we describe a novel feed-forward mechanism for temporal
regulation of the MKP1 gene through sequential activation of one
transcription factor by a second. We also examined the biological
relevance of this feed-forward activation of the MKP1 gene for
HIV-induced podocyte proliferation and dedifferentiation.

MATERIALS AND METHODS

Infection of conditionally immortalized murine podocytes with HIV-1 or con-
trol vector. Conditionally immortalized murine podocytes were isolated as previ-
ously described (33). These cells proliferate under permissive conditions (gamma
interferon at 33°C) but differentiate under nonpermissive conditions (37°C). The
HIV-1 constructs have been described previously (17). Expression of HIV-1 genes
was confirmed by immunoblot analysis. The HIV-1 gag/pol genes and vesicular
stomatitis virus G envelope glycoprotein were provided in trans using pCMV R8.91
and pMD.G plasmids, respectively (gifts from Didier Trono, Salk Institute, La Jolla,
CA). For this study, podocytes were infected or transfected at passage 15 and then
multiple vials of cells were frozen. Prior to experiments, cells were grown at 37°C on
type 1 collagen-coated dishes for 10 days to inactivate the temperature-sensitive T
antigen and to allow for differentiation. Immunoblotting was used to confirm that T
antigen was absent in these cells.

Transfection of podocytes. Podocytes were transfected with a K-CREB (a gift
from R. H. Goodman, Portland, OR) or MKP1 (6) vector or a control vector using
a nucleofection kit according to manufacturer’s protocols (Amaxa Biosystems,
Gaithersburg, MD). We were able to achieve 80 to 90% efficiency based on green
fluorescent protein expression. We use a technique combining Dharmacon On
TargetPlus SMARTpool small interfering RNA (siRNA) reagents and an Amaxa
RNA interference (RNAI) nucleofection kit to introduce siRNA into podocytes. We
were able to achieve 60 to 70% knockdown of specific genes (MKP1, USF1, and
CREBI genes). miRIDIAN microRNA mimic negative control sequences are based
on Caenorhabditis elegans microRNA for use as negative experimental controls in
mammalian cells. Efficiency of siRNA was confirmed by real-time PCR for mnRNA
levels and by Western blotting for protein levels.

Real-time PCR. Real-time PCR was performed with a Roche Lightcycler and
the QuantiTect one-step real-time PCR Sybr green kit (Qiagen) according to the
manufacturer’s instructions. Primers were designed using OMIGA design soft-
ware and selected for having the same melting temperatures. Sequences were as
follows: MKP1, 5’AGATCCTGTCCTTCCTGTACC3' and 5’AGTCAATAGC
CTCGTTGAACC3'; synaptopodin, 5'GCCAGGGACCAGCCAGATA 3’ and
5'AGGAGCCCAGGCCTTCTCT3'; luciferase, 5’GTCTGAATTCCAGTCGA
TGTACACGTTCG3'" and 5'CACGAAGCTTGCATGCGAGAACTCCACGC
3’; tubulin, 5’TGCCTTTGTGCACTGGTATG3' and 5'CTGGAGCAGTTTG
ACGACACS3'. Lightcycler analysis software was used for determining crossing
points using the second derivative method. Data were normalized to those for
housekeeping genes and presented as increases compared to control using the
27AACT method (26).

Immunoblot analysis. Podocytes were lysed with buffer containing 1% NP-40,
a protease inhibitor cocktail, and tyrosine and serine-threonine phosphorylation
inhibitors. Cell lysates were subjected to immunoblot analysis using the following
antibodies: anti-phospho-MAPK1,2, anti-MAPKI,2, anti-phospho-CREB, and
anti-CREB (all Cell Signaling Laboratory, Beverly, MA) and anti-MKP1, anti-
MKP2, anti-USF1, and anti-USF2 (Santa Cruz Biotechnology, Santa Cruz, CA).
For immunoprecipitation, total cell lysates were first incubated with anti-CBP
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(Santa Cruz) and, after precipitation, immunoblotted with anti-CREB1 (Santa
Cruz).

Panomics TranSignal protein/DNA arrays. For Panomics TranSignal protein/
DNA arrays, the protocol provided by the manufacturer was followed. In con-
trast to gel shift assays, which characterize the activation of one transcription
factor at a time, the TranSignal transcription factor arrays profile multiple
transcription factor-DNA interactions simultaneously. Use of the Panomics array
entails incubating transcription factor-specific biotinylated DNA oligonucleo-
tides with nuclear extracts. The protein-DNA complexes are purified and sepa-
rated from free probes by spin column separation. After hybridization of the
purified oligonucleotides to the array, positive spots are visualized by enhanced
chemiluminescence. This allows simultaneous examination of over 350 transcrip-
tion factors. Experiments were performed in triplicate with podocytes incubated
with or without atRA for 60 min.

Electromobility shift assay (EMSA). The following DNA fragments containing
the binding sequences of specific transcription factors were obtained from pub-
lished information and synthesized: USF1, 5'-CACCCGGTCACGTGGCCTAC
ACC-3' and 5'-GGTGTAGGCCACGTGACCGGGTG-3"; CREB, 5'-TCAAA
TTGACGTCATGGTAA-3" and 5'-TTACCATGACGTCAATTTGA-3"). DNA
probes were prepared by annealing complementary single-stranded oligonucleo-
tides with 5'-GATC overhangs (Genosys Biotechnologies, Inc.) and were labeled
by filling in with [a-**P]dGTP and [a-*?P]dCTP using Klenow enzyme. DNA
binding complexes were separated by electrophoresis on a 5% polyacrylamide—
Tris-glycine—-EDTA gel, which was dried and exposed to X-ray film. The speci-
ficity of DNA-protein binding was verified by incubation with a 100-fold excess
of cold probe and by supershifting with specific antibodies for CREB (Cell
Signaling Technology) and USF1 (Santa Cruz). All experiments were repeated at
least three times, and representative experiments are shown.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed
as described previously (22). Briefly, 3 X 107 cultured murine podocytes per
experimental condition were serum starved for 16 h and then treated with either
atRA (1 pM) or control vehicle for 30 min for CREB and 90 min for USF1. Cells
were crossed-linked with formaldehyde for 10 min, followed by the addition of
1/20 volume of 2.5 M glycine to quench unreacted formaldehyde. Cells were
lysed using a series of non-sodium dodecyl sulfate-containing buffers as described
previously (22). Chromatin extracted from the lysed cells was sonicated using a
Misonix 3000 sonicator with microtip to generate chromatin fragments of be-
tween 300 and 1,000 bp. Immunoprecipitation of USF1- or CREB-cross-linked
chromatin was carried out using M-280 Dynabeads (Invitrogen) with sheep
anti-rabbit immunoglobulin G (IgG) preincubated with either rabbit anti-USF1
(sc-229; Santa Cruz Biotechnology) antibody or a rabbit anti-CREB (sc-186;
Santa Cruz Biotechnology) antibody, respectively. To control for nonspecific IgG
binding, rabbit IgG (Sigma) was used. After overnight incubation of chromatin
with antibody-coupled Dynabeads, the beads were washed several times and
immunoprecipitated chromatin complexes were eluted from the beads. DNA-
protein cross-links were reversed by incubation at 65°C for 6 h, and then RNase
A and proteinase K were added sequentially to remove RNA and proteins. DNA
was purified using the QIAquick PCR purification kit (Qiagen) by following the
manufacturer’s instructions. Purified DNA was used for the analysis of the
MKP1 proximal promoter by semiquantitative PCR with the following primer
set: 5'-GTCTTTGCTTTTGGCTTTGG-3' and 5'-CGCGGTTTTATGTAGCC
TCT-3'. PCR products were electrophoresed on 8% agarose gel using a Tris-
borate-EDTA buffer. Electrophoresed gel was stained with ethidium bromide,
and bands were visualized under UV light.

Mutagenesis and reporter gene assay for MKP1. For construction of mutant
constructs, the MKP1 luciferase expression vector (CL100) (21) containing a 5’
regulatory element of the MKP1 gene (2,900 bp) was obtained from Yusen Liu.
Mutations of CRE1, CRE2 (CREB binding sites), and Ebox (USF1 binding site)
were created by using the QuikChange II-E site-directed mutagenesis kit (Strat-
agene Agilent Technology) according to the manufacturer’s instructions. The
following primers contained mutation sites: sense Cre mutl (GGA CCC AGC
TCC GAG GCT GAT GGA TCC TCC CCC TCT GGC TCG GCG GCG CC),
antisense Cre mutl (CGC CGA GCC AGA GGG GGA GAC GTC ATC AGC
CTC GGA GCT GGG TCC GCT), sense Cre mut2 (CTG GCC TGG CAG
GGC GGG TGG ATC CAC CGC CCC GTC ACG TGA TCA CCA), antisense
Cre mut2 (GTG ATC ACG TGA CGG GGC GGT GGA TCC ACC CGC CCT
GCC AGG CCA GGC GC), sense Ebox mut (GGT GAC GTC ACC GCC CCG
TCA ATC GAT CAC CAT TCA AAC AAA CAC CC), and antisense Ebox mut
(TGT TTG TTT GAA TGG TGA TCG ATT GAC GGG GCG GTG ACG
TCA CC).

Reporter gene assay. Podocytes were transfected with either wild-type (WT) or
mutant reporter genes using Amaxa nucleofection. At day 3, cells were stimu-
lated with atRA as indicated in Fig. 3D and cells were harvested for total RNA
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FIG. 1. atRA-induced MKP1 gene expression is biphasic and requires cAMP/PKA activation. (A) Podocytes were stimulated with 1 M atRA
for the indicated time intervals. Total RNA was isolated for real-time PCR of MKP1. The ratios of MKP1/tubulin mRNA levels were compared
with those for control (untreated) cells. *, P < 0.01 compared to unstimulated cells (n = 3). (B) HIV-infected podocytes were pretreated with
Rp-cAMP (100 M) for 2 h and then stimulated with atRA (1 wM) for the time intervals indicated. Total RNA was isolated for real-time PCR
of MKP1 as described above (n = 3). (C) Podocytes were stimulated with 1 wM atRA for the indicated time intervals. Cell lysates were prepared
for immunoblot analysis using anti-phospho-MAPK1,2 (pMAPK1,2), total MAPK1,2 (T-MAPK1,2), MKP1, and B-actin antibodies. (D) HIV-
infected podocytes were pretreated with Rp-cAMP at 100 uM for 2 h and then stimulated with atRA (1 pM) at the indicated time points.
Immunoblotting was performed for phosphor-MAPK1,2, total MAPK1,2, MKP1, and B-actin. (E) HIV-infected podocytes were transfected with
siRNA for MKP1 and then stimulated with atRA (1 uM) at the indicated time points. Immunoblotting was performed for phosphor- and total
MAPK1,2, MKP1, and B-actin. All experiments were repeated at least three times, and representative blots are shown.

isolation. Real-time PCR was performed using primers described previously
(35). Cells were also cotransfected with both the firefly luciferase reporter gene
and Renilla luciferase gene as an internal control. Cells were then treated with
atRA or the control for 6 h. The luciferase activity was determined using a
dual-luciferase assay system (Promega). The firefly luciferase activity of the
MKP1 reporter gene was normalized with the Renilla luciferase activity of the
control construct.

Cell proliferation assays. Podocytes were plated on collagen-coated 24-well
plates at a density of 20,000 cells/well. At day 1, cells were further cultured for 3
to 5 days with atRA (1 pM) (Sigma, St. Louis, MO) or dimethyl sulfoxide as the
control in RPMI medium containing 10% fetal bovine serum. At days 3 and 5,
cells were trypsinized and counted in triplicate.

Animal studies. HIV-1-infected transgenic mice were injected with atRA (16
mg/kg body weight) or vehicle alone (corn oil) (three mice in each group), as
described previously (14). Mice were sacrificed 2 h after injection. Glomeruli
were isolated from cortices of kidneys for immunoblotting after homogenization
and lysed in a buffer containing protease and phosphatase inhibitors.

Data analysis. For cell proliferation assays and real-time PCRs, the data were
provided as means * standard deviations of the means. For real-time PCR, all
data were expressed as changes compared to control cells. Immunoblot experi-
ments were repeated at least three times, and representative experiments are
shown. Statistically significant differences between the means were determined
by unpaired ¢ test. Significance was defined as a P of <0.05.

RESULTS

atRA through cAMP/PKA induces a biphasic stimulation of
MKPI1. Previous reports have shown that atRA can increase
expression of MKP1 at the transcriptional level in neuronal cells
(30, 41). By real-time PCR, we found that atRA induced biphasic

stimulation of MKP1 mRNA in podocytes (Fig. 1A). Significant
increases in mRNA were observed between 10 min and 30 min.
This was followed by a second peak, which occurred between 2
and 3 h (Fig. 1A). We found that the expression of MKP2 and
MKP3 was not affected by atRA (data not shown). To determine
the role of the cAMP/PKA pathway in regulation of MKP1 ex-
pression, we treated cells with Rp-cAMP, an antagonist of PKA.
We found that Rp-cAMP significantly blocked atRA-induced
MKP1 expression, as shown by real-time PCR (Fig. 1B). Elevated
MKP1 expression was observed from 1 h to 4 h after stimulation
by atRA (Fig. 1C). atRA induced a slight increase in MAPK1,2
phosphorylation at 30 min, followed by significant inhibition at 1 h
and complete suppression at 2 h (Fig. 1C). Rp-cAMP also
blocked the atRA-induced increase in MKP protein levels, which
resulted in more-sustained MAPK1,2 phosphorylation (Fig. 1D).
To further confirm that MKP1 plays a major role in the regulation
of HIV-induced MAPK1,2 phosphorylation, we silenced MKP1
in podocytes using siRNA and then treated these cells with atRA.
We found that suppression of MKP1 caused more-sustained
MAPK1,2 phosphorylation in podocytes treated by atRA
(Fig. 1E).

CREB and USF1 mediate the temporal regulation of MKP1
expression by atRA. To identify transcription factors that me-
diate the effects of atRA on podocytes, we used Panomics
TranSignal protein/DNA arrays for podocytes stimulated with
atRA or the control for 1 h. Of the transcription factors iden-
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(E2) were performed to confirm suppression of USF1 expression, *, P < 0.001 (n = 3). (F) Podocytes were transfected with K-CREB, siRNA for
USF1, or control siRNA for 3 days. Cells were stimulated with atRA (1 uM) for different time intervals as indicated. Total RNA was isolated for
real-time PCR for MKP1 as described in Materials and Methods. The ratios of MKP1/tubulin mRNA levels in atRA-stimulated cells were
compared with those for control cells. The means of three independent experiments are shown. The stimulation by atRA relative to that for the
control is shown, *, P < 0.01 for K-CREB-transfected cells compared to mock-transfected cells; **, P < 0.01 for siRNA for USF1 siRNA-
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Cells were stimulated with atRA (1 uM) for different time intervals as indicated. Cell lysates were prepared for immunoblot analysis with MKP1
antibody. All experiments were repeated at least three times, and the representative blots are shown.
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tified, CREB and USF1 were found to have binding motifs
within the MKP1 gene promoter.

Since atRA induces cAMP production (14), we examined
whether treatment with atRA leads to CREB phosphorylation
through activation of PKA. We found that atRA induced
CREB phosphorylation, which was inhibited at least partially
by Rp-cAMP (Fig. 2A). We also confirmed that atRA induced
CREB activation by EMSA and by coimmunoprecipitation of
CREB with CBP/p300 (Fig. 2B1 and B2). USF1 activation was
also confirmed by EMSA (Fig. 2C). Furthermore, atRA-in-
duced USF1 activation was inhibited by Rp-cAMP (Fig. 2C).

We examined the role of CREB and USF1 in regulation of
MKP1 expression. Podocytes were transfected with a dominant
negative mutant of CREB (K-CREB) that competitively inhib-

its endogenous CREB activity (Fig. 2D) or with siRNA against
USF1 that suppressed 70% of USF1 expression (Fig. 2E1 and
E2). K-CREB inhibited both the early and late peaks of atRA-
induced MKP1 gene expression at the mRNA and protein
levels (Fig. 2F and G). In contrast, siRNA against USF1 abol-
ished only the late phase (2 to 3 h) of MKP1 expression in-
duced by atRA at both the mRNA and protein levels (Fig. 2F
and G). These data demonstrate for the first time that both
CREB and USF1 can regulate the MKP1 gene in a sequential
manner.

To confirm that the inhibitory effects of K-CREB (dominant
negative mutant) are specific, we performed additional exper-
iments using siRNA to silence CREB. As shown in Fig. 3A, we
were able to knock down CREB expression at both the mRNA
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FIG. 3. The role of CREB and USF1 in mediating the stimulatory effects of atRA on MKP1 was further confirmed. (A) Podocytes were
transfected with either control (CL) siRNA or siRNA specific for CREB for 3 days. CREB expression was determined in these cells by
immunoblotting (A1) and real-time PCR (A2) (n = 3; *, P < 0.01). (B) Podocytes were transfected with either K-CREB or siRNA for CREB or
control vector for 3 days and then stimulated with atRA for the indicated times. Real-time PCR was performed in these cells to determine the ratio
of MKP1/tubulin mRNA levels (n = 3; %, P < 0.01). (C) ChIP analysis. Podocytes were stimulated with atRA or control vehicle for 30 min for
CREB and 90 min for USF1. The MKP1 promoter-specific sequence was immunoprecipitated by anti-CREB and anti-USF1 antibodies but not
by control IgG. The representative blots of three independent experiments are shown. (D) Podocytes were transfected with WT or mutant MKP1
reporter genes for 3 days. Cells were then stimulated with atRA (1 wM) for the indicated times. Cells were harvested for total RNA isolation and
real-time PCR for luciferase mRNA levels (n = 3; %, P < 0.01). (E) Podocytes were transfected with WT or mutant MKP1 reporter genes for 3
days. Cells were stimulated by atRA for 6 h, and then luciferase activity was determined as described in Materials and Methods (n = 3; *, P <

0.05). C, control.

and protein levels. We found that siRNA for CREB exhibited
inhibitory effects on atRA-induced MKP1 expression similar to
that for K-CREB (Fig. 3B). To further confirm the interaction
of CREB and USF1 with the MKP1 promoter, we performed
a ChIP assay. We found that both CREB and USF1 are im-
munoprecipitated with specific MKP1 gene promoter se-
quences in resting cells and more prominently in atRA-treated
cells (Fig. 3C). To further confirm that CREB and USF1 are
key trans-regulators for MKP1 gene expression, we performed
a reporter gene assay using mutant constructs with deletion of
either CREB (CRE) or USF1 binding sites (Ebox). Consistent
with our findings in Fig. 2F, we found that deletion of CRE
abolished both early and late phases of MKP1 reporter expres-
sion, as determined by real-time PCR of luciferase mRNA,
whereas deletion of Ebox suppressed only the late phase of
activation (Fig. 3D). Overall luciferase expression was lower
than that of MKP1 (Fig. 3B and D); however, this phenome-
non has been previously described (32). When we determined
the luciferase activity after 6 h of stimulation by atRA, we
found that deletion of CRE abolished the luciferase activity
whereas deletion of EBox only partially reduced luciferase
activity in podocytes (Fig. 3E).

New protein synthesis is required for USF1-mediated MKP1
expression. We hypothesized that protein synthesis is required

for the USF1-mediated late phase of MKP1 gene transcription
but not for the early phase of CREB-mediated stimulation. To
address this question, we pretreated cells with cycloheximide
(CHX) to block protein synthesis prior to stimulation by atRA.
We found that CHX inhibited late USF1-mediated increases in
MKP1 mRNA levels whereas it did not affect CREB-mediated
effects (Fig. 4A). Furthermore, we found that CHX inhibited
DNA-protein interactions for USF1 by EMSA (Fig. 4B).
Next, we determined whether the reduced DNA-protein in-
teraction was due to reduced USF1 phosphorylation or to a fall
in total USF1 protein levels. By immunoblotting, we found that
atRA stimulated both USF1 phosphorylation (represented by
the top band) and total protein levels in podocytes after 1 to
3 h of stimulation (Fig. 4C). The higher-molecular-weight band
was confirmed to be phosphorylated USF1 because treatment
of the samples with a phosphatase caused these bands to dis-
appear (Fig. 4C). CHX significantly inhibited atRA-induced
USF1 protein levels, but it did not affect the ratio of phosphor-
USF1 to total USF1 (Fig. 4D). Dominant negative K-CREB
also blocked atRA-induced USF1 protein levels, indicating
that CREB mediates the effects of atRA on USF1 expression
(Fig. 4E). Furthermore, Rp-cAMP inhibited both the phos-
phorylation and expression of USF1 protein stimulated by
atRA (Fig. 4F), suggesting that USF1 is phosphorylated by
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FIG. 4. atRA activates CREB, which in turn activates USF1 through stimulation of its expression. (A) HIV-infected podocytes were pretreated
with CHX (5 mM) for 30 min and then stimulated with atRA (1 pM) or dimethyl sulfoxide (DMSO) for the indicated time intervals. Total RNA
was isolated for real-time PCR for MKP1 (P < 0.01; n = 3). (B) HIV-infected podocytes were treated with CHX or atRA as for panel A. Nuclear
proteins were isolated for EMSA. (C) Podocytes were treated with atRA (1 wM) for the indicated time intervals. Cell lysates with or without
treatment with calf intestine alkaline phosphatase (Invitrogen) were used for immunoblotting for USF1 after running on a gradient gel. Total
CREB was used as loading control for nuclear proteins. (D) Podocytes were pretreated with CHX (5 mM) for 30 min and then treated with atRA
as for panel A. Immunoblotting was performed for USF1 and CREB as for panel C. (E) Podocytes were transfected with K-CREB for 3 days and
then treated with atRA as for panel A. Immunoblotting was performed for USF1 and CREB as for panel C. (F) Podocytes were treated with
Rp-cAMP (100 pM) for 1 h and then treated with atRA as for panel A. Immunoblotting were performed for USF1 and CREB as for panel C.
The representative blots of at least three independent experiments are shown here.

PKA. Treatment of cells with MG132, an inhibitor for protea-
somal degradation, did not affect the levels of USF1 in atRA-
treated cells (data not shown), suggesting that the increased
levels of USF1 are not due to an alteration of the degradation
process. These studies suggest a new mechanism involving a
feed-forward loop of gene regulation for MKP1 whereby acti-
vation of one transcription factor leads to induction of MKP1
as well as a second transcription factor, which further induces
MKP1.

MKP1 plays a key role in HIV-infected podocytes. Next, we
determined the biological relevance of this signaling network.
First, we examined whether MKP1 mediates the effects of
atRA on podocytes. As we have shown previously, atRA can
restore the normal phenotype of HIV-infected podocytes by
inhibition of proliferation and stimulation of differentiation
markers including synaptopodin (14). Here, we examined the
effects of MKP1 overexpression alone on podocyte prolifera-
tion and synaptopodin expression. Overexpression of MKP1
was confirmed by real-time PCR as shown in Fig. 5A. MKP1
expression was highest in cells both transfected with MKP1 and
treated with atRA due to an additive effect. Overexpression of

MKP1 in HIV-infected podocytes significantly reduced prolif-
eration and increased synaptopodin mRNA levels, similar to
treatment with atRA (Fig. 5B and C). Next, we used siRNA to
knock down MKP1 expression in HIV-1 podocytes. As shown
in Fig. 5D, siRNA against MKP1 reduced MKP1 expression at
both basal and atRA-stimulated conditions. The antiprolifera-
tive effect of atRA was inhibited in podocytes treated with
siRNA for MKP1 (Fig. SE). The effect of atRA on synaptopo-
din expression was also partially inhibited (Fig. 5F). These data
indicate that MKP1 at least partially mediates the effects of
atRA on podocytes.

Activation of both CREB and USF1 is required for atRA to
switch the podocyte from proliferation to a differentiated state.
We next investigated whether activation of CREB and USF1 is
required for atRA-induced MKP1 expression and therefore me-
diation of atRA’s effects on the podocyte phenotype. Transfection
with K-CREB or siRNA for CREB with or without siRNA for
USF1 inhibited completely the antiproliferative effects of atRA
on HIV-infected podocytes (Fig. 6A). Transfection with siRNA
for USF1 alone inhibited partially the antiproliferative effects of
atRA (Fig. 6A). Furthermore, transfection of podocytes with ei-
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ther K-CREB or siRNA for CREB with or without siRNA for
USF1 inhibited completely the stimulatory effects of atRA on
synaptopodin expression, whereas transfection with siRNA
against USF1 alone had partial effects (Fig. 6B). These data
indicate a role for CREB and USF1 in mediating atRA-induced
MKP1 expression and changes in cell phenotype. Inhibition of
CREB completely abolished the effects of atRA, whereas inhibi-
tion of USF1 partially abolished the effects of atRA.

atRA increases CREB phosphorylation and MKP1 expres-
sion in vivo. To verify our findings in vivo, HIV-infected trans-
genic mice were injected with atRA and the control vehicle as
described previously (14). Glomeruli were isolated from kid-
ney cortex for immunoblot analysis with phosphor-CREB,
USF1, MKP1, and phosphor-MAPK1,2. As shown in Fig. 7,
injection of atRA in mice induced CREB phosphorylation and
USF1 and MKP1 expression in kidneys while MAPK1,2 phos-
phorylation was reduced. These data suggest that CREB phos-
phorylation and MKP1 stimulation also mediate the effects of
atRA in vivo.

DISCUSSION

HIVAN is the most common kidney disease in HIV-sero-
positive patients, and specific treatment for this disease is un-
available. While antiretroviral therapy ameliorates the disease,
adjunctive treatment targeted to specific pathogenic pathways
induced by HIV-1 awaits further development. Recently, we
found that atRA induces HIV-infected podocytes to differen-
tiate and inhibits HIV-induced podocyte proliferation in vitro
(14). atRA also reduces proteinuria and glomerulosclerosis in
vivo in HIV-1 transgenic mice (14). Inhibition of MAPKI,2
phosphorylation is a critical part of the mechanism (14). In the
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FIG. 7. atRA induces CREB phosphorylation and MKP1 expres-
sion in vivo. HIV-1-infected transgenic mice were injected with atRA
or vehicle alone (three mice in each group) as described in Materials
and Methods. After perfusion with phosphate-buffered saline contain-
ing phosphatase inhibitors, the cortex of the kidney was removed and
isolated glomeruli were used for immunoblotting using specific anti-
bodies for phosphor (p)- and total (T) CREB, MKP1, USF1, phos-
phor- and total MAPKI1,2, and B-actin.

current study, we have explored the molecular and cellular
mechanisms responsible for MAPK1,2 inhibition as well as the
impact of this pathway on disease phenotype. We conclude
that atRA inhibits MAPK1,2 phosphorylation through stimu-
lation of MKP1 based on the following findings: (i) the time
course of MKP1 stimulation by atRA at protein levels corre-
lates with the time course of MAPK1,2 phosphorylation levels,
(ii) silencing MKP1 expression by siRNA causes sustained
MAPK1,2 phosphorylation, and (iii) atRA did not induce
MKP2 expression.

atRA has been shown to cause increased MKP1 expression
in other cell types (30). The mechanism, however, has re-
mained unclear. Expression of MKP1 can be induced by acti-
vation of PKA, protein kinase C, or MAPKs (MAPKI,2, p38,
and JNK) in response to multiple stimuli (8, 24). While up-
stream events are fairly well known, the identity of down-
stream, target transcription factors has been largely unknown.
We show that atRA induces MKP1 gene expression in podo-
cytes through PKA-mediated CREB and USF1 activation. The
early phase of MKP1 stimulation is regulated by CREB di-
rectly; the late phase of stimulation is controlled by CREB
indirectly through induction of USF1 expression and activa-
tion. These findings were confirmed by our reporter gene assay
using a mutant MKP1 promoter with deletion of either CRE or
Ebox. Furthermore, both CREB and USF1 can bind to cis
elements of the MKP1 gene promoter, as shown by our ChIP
experiments as well as by others (32).

Our findings suggest that a feed-forward motif is required
for sustained MKP induction. Since CREB acts upstream of
this feed-forward loop, inhibition of CREB by K-CREB or
siRNA completely inhibited MKP1 stimulation and cell pro-
liferation. USF1 mediated only the late phase of MKP1 stim-
ulation and produced less-sustained stimulation of MKP1 ex-
pression. Therefore, inhibition of USF1 only partially reduced
the antiproliferative effects of atRA. Our data suggest that this
feed-forward loop (CREB-USF1) is required for sustained
MKP1 expression and for the full effects of atRA on podocytes.

MoL. CELL. BIOL.

Of note, while atRA induced a clear biphasic stimulation of
MKP1 at the mRNA level, immunoblotting demonstrated
monophasic and sustained expression of MKP1 at the protein
level. Inhibition of USF1 reduced the time frame of MKP1
activation by atRA.

CREB is phosphorylated by several protein kinases, includ-
ing PKA and MAPK1,2 (27). We have already demonstrated
the beneficial effects of atRA in HIV-1-infected transgenic
mice (14). We found here that atRA induced CREB phosphor-
ylation through activation of PKA. It was recently reported
that atRA induces neurite outgrowth in PC12 cells through
CREB phosphorylation and that this is independent of the
retinoic acid response elements (9). While the importance of
CREB in neuronal differentiation is well documented, the role
of CREB in podocytes and in kidney disease has never been
studied. We found here that inhibition of CREB activity di-
minished the effects of atRA on podocytes, indicating that
CREB acts downstream of atRA in maintaining the podocyte
in a differentiated state. Our data indicate a new pathway in
which CREB stimulates the expression of the MKP1 gene,
leading to podocyte differentiation. atRA also induced CREB
phosphorylation in vivo, which is associated with increased
MKP1 expression and reduced MAKP1,2 phosphorylation.
This is the first study to show that atRA induces a CREB
signaling pathway in vivo.

USF1 is a ubiquitously expressed transcription factor con-
trolling several critical genes in lipid and glucose metabolism
(20). Of some 40 genes regulated by USFI, several are in-
volved in the molecular pathogenesis of cardiovascular disease.
Polymorphisms of this gene are associated with kidney disease
as well (10, 29). The USF1 gene promoter in the podocin
(NPHS2) gene promoter has been shown to affect gene expres-
sion. Podocin (NPHS2) expression in podocytes is associated
with variable degrees of proteinuria and progression to renal
failure in different glomerular diseases (7). We found here that
USF1 mediates the protective effects of atRA on podocytes by
stimulation of the MKP1 gene along with CREB. Dual regu-
lation of genes with USF1 and other transcription factors is
well known. It has been reported that USF1 and AP-2b coop-
eratively regulate the human lipocalin-type prostaglandin D
synthase gene in TE671 cells (12). USF1/2 and CREB together
mediate Helicobacter pylori-dependent COX-2 gene transcrip-
tion via a MEK/extracellular signal-regulated kinase-depen-
dent pathway (18). Furthermore, both CREB and USF1 con-
tribute to Ca®" signal-mediated activation of brain-derived
neurotrophic factor gene promoter 1 expression in rat cortical
neurons in culture (37). However the role of network topology
in these other cases is not known. Furthermore, the temporal
regulation of genes by different transcription factors is not well
studied. Only one study has reported that UTP stimulates
osteopontin expression via coordinated regulation of the NF-
kB, USF, and AP-1 signaling pathways (31). While NF-xB
mediates early activation (15 min), USF1/2 and AP-1 mediate
late-phase activation (1 h). The authors speculate that NF-xB
mediates the early phase because phosphorylation is sufficient
for its activation whereas activation of USF1 and AP1 requires
de novo synthesis of cofactors. In contrast, our study provides
a mechanistic understanding of the relationship between
CREB and USFI. atRA-induced CREB activation mediated
increases in USF1 protein levels that were required for en-
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FIG. 8. Schematic of cross talk between cAMP/PKA and MAPK1,2
downstream of atRA signaling in HIV-infected podocytes. Nef, an
HIV accessory protein, interacts with Src, leading to Ras/C-Raf/
MAPKI,2 phosphorylation in podocytes. This sustained MAPK1,2
phosphorylation contributes to podocyte proliferation and dedifferen-
tiation. atRA stimulates intracellular cAMP production, which acti-
vates PKA, leading to CREB phosphorylation. CREB directly medi-
ated the early phase of atRA-induced MKP1 stimulation, whereas the
later phase was mediated indirectly by CREB through induction of
USF1 expression. Through this feed-forward gene-regulatory motif,
atRA induced sustained upregulation of MKP1 to suppress HIV-in-
duced activation of the MAPK1,2 pathway, leading to podocyte dif-
ferentiation and growth arrest.

hancement of USF1 activity in podocytes. Therefore, the effect
of USF1 is delayed compared to that of CREB, which is acti-
vated by direct phosphorylation. Thus our data provide evi-
dence that a feed-forward loop is required for sustained in-
creases in MKP levels.

Our data also support a role for this increase in MKP1 in
mediating the protective effects of atRA on podocytes. MKP1
has been shown to be important in the innate immune re-
sponses and plays a critical role in suppressing endotoxin-
induced shock (43). A recent study suggests that MKP1 con-
tributes to the anti-inflammatory effects of dexamethasone
both in vitro and in vivo (1). MKP1 has been reported to
mediate the inhibitory effects of atRA on the hypertrophic
growth of cardiomyocytes (30). The role of MKP1 in kidney
disease has also been determined. It has been shown that
connective tissue growth factor promoters activate mesangial
cell survival via upregulation of MKP1 (39a). In kidneys of
diabetic rats, MKP1 expression increases in parallel with p38 at
the early phase (19, 19a). However, other studies suggest that
MKP1 is suppressed in kidneys with diabetic nephropathy,
leading to increased MAPK phosphorylation (2a). These con-
troversial findings require further studies to clarify. MKP1
expression may change at different stages of kidney disease. It
is very interesting that MAPK (extracellular signal-regulated
kinase, p38, and JNK) and MKP1 are highly expressed in
proliferative cells in renal development (2b, 29a). An increase
of MKP1, possibly induced by MAPK, may not be strong
enough to suppress MAPK activation. The temporal relation-
ship between MAPK activation and MKP1 activation in vivo
remains to be determined. Our study indicates that MKP1
plays a key role in mediating the effects of atRA to inhibit
proliferation and induce differentiation of podocytes infected
by HIV. We also show that these effects are mediated through
the inhibition of MAPK activation.

In conclusion, the current study shows that atRA, by trig-
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gering a feed-forward gene regulatory motif between CREB
and UFS1, induced sustained upregulation of MKP1 to sup-
press HIV Nef-induced activation of the Src-MAPK1,2 path-
way and returned the podocyte to a more differentiation state

(Fig. 8).
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