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SUMMARY

Cyclic AMP-induced phosphorylation of the transcription factor CREB elicits expression of genes
mediating diverse biological functions. In lymphoid organs, the neurotransmitter norepinephrine
stimulates Bo-adrenergic receptors on B lymphocytes to promote CREB-dependent expression of
genes like the B-cell Oct 2 coactivator (OCA-B). Although CREB phosphorylation recruits co-factors
such as CBP/p300 to stimulate transcription, bona fide endogenous inhibitors of CREB-coactivator
or CREB-DNA interactions have not emerged. Here, we identified RGS13, a member of the
Regulator of G protein Signaling (RGS) protein family, as a nuclear factor that suppresses CREB-
mediated gene expression. cCAMP or Ca2* signaling promoted RGS13 accumulation in the nucleus,
where it formed a complex with phosphorylated CREB and CBP/p300. RGS13 reduced the apparent
affinity of pCREB for both the CRE and CBP. B lymphocytes from Rgs13~~ mice had more p,-
agonist-induced OCA-B expression. Thus, RGS13 inhibits CREB-dependent transcription of target
genes through disruption of complexes formed at the promoter.

INTRODUCTION

The ubiquitously expressed transcription factor CREB functions in many biological processes
including metabolism, neuronal development, and cancer progression (Conkright and
Montminy, 2005; Dragunow, 2004). Over 10,000 CRE-containing promoter sequences and
more than 4,000 potential CREB target genes exist in the human genome, suggesting broad
involvement of CREB in gene expression (Zhang et al., 2005). Creb™~ mice die at birth due
to respiratory failure caused by insufficient lung maturation and defects in T cell development
(Rudolph et al., 1998). Transgenic expression of dominant negative forms of CREB showed
that CREB also mediates cell survival and growth in mature mice (Zhang et al., 2002).

Over 300 extracellular signals activate CREB including hormones, growth factors, and
neurotransmitters (Johannessen et al., 2004; Mayr and Montminy, 2001). G-protein-coupled
receptors (GPCR) such as the B,-adrenergic receptor induce CREB transactivation through the
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G,s-CAMP-PKA pathway. Phosphorylation of CREB on S133 by PKA recruits the co-activator
CREB binding protein (CBP) or its paralogue p300 to induce gene transcription. In B
lymphocytes, B,-adrenergic receptor-induced expression of OCA-B promotes expression of
genes involved in physiological B cell functions (Podojil and Sanders, 2005; Wolf et al.,
1998). OCA-B is essential for proper immune function as mice deficient in OCA-B do not
form adequate germinal centers in lymphoid organs after immunization (Qin et al., 1998).

The detailed mechanism of transcriptional activation by the CREB-CBP complex remains
incompletely understood. Although CREB phosphorylation is required for CBP recruitment
to promoters, this does not strictly correlate with induction of cAMP-responsive genes (Zhang
et al., 2005). Chromatin immunoprecipitation (ChIP) analysis of mammalian gene promoters
suggested that only a fraction of promoters occupied by phosphoCREB (pCREB) also contains
CBP (Zhang et al., 2005). Thus, additional factors may control CBP recruitment and
transcriptional activation (Geiger et al., 2007). It is also unclear whether CREB-CBP promoter
occupancy is subject to regulation (Mayr and Montminy, 2001). CREB binding to identical
target gene CRE sites in vivo may differ in distinct cell types (Cha-Molstad et al., 2004). Thus,
other nuclear factors may regulate CREB-CRE and CREB-coactivator interactions to specify
the subset of genes turned on by CREB phosphorylation.

Proteins of the RGS family (~30 members in mammalian cells) regulate GPCR signaling at
the plasma membrane through their GTPase activating protein (GAP) activity on G, subunits,
which may inhibit signal output by shortening the lifetime of activated G proteins (Willars,
2006). RGS13, one of the smallest RGS family members, regulates B cell chemotaxis in vitro,
presumably through its GAP activity on proteins of the G,i family, which are coupled to
chemokine receptors (Shi et al. 2002). We found that RGS13 expression also reduced cCAMP
production in human embryonic kidney (HEK)293T cells in response to Bp-adrenergic receptor
stimulation (Johnson and Druey, 2002). Since RGS13 lacks GAP activity toward G,s (Johnson
and Druey, 2002), it might affect cAMP signaling independently of the G protein. We
investigated how RGS13 regulates the Bo-adrenergic receptor-evoked signaling route and
found that PKA activation lead to RGS13 accumulation in the nucleus, where it interacted with
the pCREB-CBP/p300 complex. Further, RGS13 reduced both pCREB binding to the CRE
and its association with CBP/p300. The physiological relevance of these findings was
supported by the observation that B lymphocytes from Rgs13~~ mice had more OCA-B
expression. RGS13 provides an uncommon example of a cell surface receptor’s regulatory
protein that is also capable of influencing nuclear processes directly.

RGS13 inhibits Ggs-mediated signaling at the level of CREB

To investigate whether RGS13 regulated the Bo-adrenergic receptor signaling pathway
downstream of the G protein, we tested the effect of RGS13 expression on the activity of a
CRE reporter gene (CRE-Luciferase) in HEK293T cells stimulated with forskolin, a direct
activator of adenylyl cyclase, or with a membrane-permeable cAMP analogue [8-(4-
chlorophenylthio)-adenosine 3’ 5’-cyclic monophosphate, 8-pCPT cAMP]. Expression of
RGS13 fused to green fluorescent protein (GFP), but not GFP-RGS4, attenuated both forskolin-
and cAMP-evoked CRE-Luc activity compared to GFP alone (Figure 1A, 1B) although the
proteins exhibited comparable expression (Figure S1). Thus, RGS13 regulates CRE-Luc
activation independently of G,s. Since RGS13, but not RGS4, also impaired CRE-Luc
activation by constitutively active G,q (G,qQ%%°—L299), which stimulates the reporter in a
Ca%*-dependent manner that is independent of PKA (Shaywitz and Greenberg, 1999; Johnson
and Druey, 2002), it may inhibit CREB-mediated transcription downstream of kinase
activation. Consistent with this hypothesis, RGS13 reduced CRE-Luc activity induced by
constitutively active VP16-CREB, a chimeric transcription factor consisting of the herpes virus
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VP16 activation domain fused to full length CREB(aal-341) (Figure 1C). From these studies,
we concluded that RGS13 inhibits cAMP signaling at the level of CREB. The fact that RGS13
did not block activation of a serum response element (SRE)-dependent reporter gene induced
by constitutively active forms of G,12 and G, 13 indicated that this RGS protein is not a general
transcriptional repressor (Johnson and Druey, 2002).

RGS13 modulates expression of endogenous CREB target genes

We evaluated expression of widely studied CREB target genes (FosB and Nr4a2) (Holmes and
Zachary, 2004; Tullai et al., 2007) in HEK293T cells treated with a cAMP analog (8-bromo-
CcAMP) by RT-PCR. Compared to GFP alone, RGS13 overexpression attenuated the increase
in Nr4a2 and FosB mRNAs induced by cAMP treatment by ~50% (Figure 1D, upper left panel).
HEK?293T cells express endogenous RGS13 (Figure 1D, right panel; Figure S2). An RGS13-
specific short, hairpin RNA (shRNA) substantially reduced RGS13 protein content compared
to a control shRNA (Figure 1D, right panel). RGS13 knockdown resulted in an almost 2-fold
increase in FosB and Nr4a2 mRNAs following cAMP exposure relative to control (Figure 1D,
lower left panel).

RGS13 is expressed primarily in mast cells and B lymphocytes (Bansal et al., 2007). To
determine whether RGS13 also regulated CREB-mediated gene expression in untransformed
primary cells or tissues, we compared OCA-B expression in splenic B lymphocytes from wild-
type and Rgs13~/~ mice. The By-adrenergic receptor agonist terbutaline induced a modest
increase in OCA-B content in B cells from wild-type mice. In contrast, B cells from
Rgs13~~ mice had more OCA-B than wild-type at baseline and after terbutaline exposure
(Figure 1E).

CREB phosphorylation at S133 by kinases such as PKA, Akt, p90Rsk, or CaMKIV is required
for transcription at CRE sites (Johannessen et al., 2004; Mayr and Montminy, 2001). To
determine whether RGS13 affected CREB phosphorylation, we co-expressed RGS13 or RGS4
together with the active catalytic subunit of PKA in HEK293T cells. Neither RGS13 nor RGS4
expression attenuated CREB phosphorylation at S133 by PKA compared to GFP alone (Figure
1F). These data suggest that RGS13 inhibits the CREB transcriptional apparatus directly.

RGS13 binds phosphorylated CREB

Since RGS13 reduced cAMP-induced transcription but not CREB phosphorylation, we
investigated whether it regulates gene expression by interacting with CREB.
Immunoprecipitation studies revealed that RGS13 associated with CREB in the presence of
PKA while GFP did not interact with CREB in the presence or absence of PKA (Figure 2A).
Thus, CREB phosphorylation by PKA could be required for RGS13-CREB complex
formation. Accordingly, CREB containing a substitution at the PKA phosphorylation site
(S133— A133) did not co-immunoprecipitate RGS13 (Figure 2B). Recombinant protein
‘pulldown’ experiments demonstrated a direct interaction between RGS13 and CREB, which
required both p300 (Figure 2C) and CREB phosphorylation by PKA (Figure 2D). RGS13 did
not bind p300 or PKA alone (Figure S3 and data not shown). Thus, RGS13, pCREB, and
p300 may form a trimolecular complex.

Interaction of native RGS13 and CREB was also observed in Ramos B lymphocytes, a Burkitt
lymphoma cell line with endogenous RGS13 (Figure 2E). CREB co-immunoprecipitated
RGS13 from nuclear lysates of cells treated with anti-immunoglobulin M (IgM) or terbutaline,
which elicit CREB phosphorylation by protein kinase C (PKC) or PKA activation, respectively
(Parker et al., 1996; Zhang et al., 2002), but not in unstimulated cell lysates (Figure 2E). These
results demonstrate agonist-induced interaction of RGS13 with pCREB and support the
hypothesis that RGS13 regulates CREB-mediated gene expression in B cells.
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PKA-induced RGS13 nuclear translocation and co-localization with pCREB

We detected more RGS13 in the nuclear fraction of B cells stimulated with anti-IgM or
terbutaline than in unactivated cells (Figure 2E). Prior studies demonstrated translocation of
cytosolic RGS13-GFP to the nucleus of HelLa cells in the presence of G,s(Q?13—L213), a
constitutively active G protein that activates the PKA/CREB pathway (Shi et al., 2002).
Therefore, RGS13 might accumulate in the nucleus after PKA activation due to its interaction
with pCREB. We co-expressed GFP-RGS13 and PKA and examined GFP localization in living
HEK?293T cells. RGS13 was located diffusely throughout the cell in the absence of PKA
(Figure 3A). In contrast, RGS13 co-expressed with PKA localized predominantly in the
nucleus (Figure 3A, 3B). We also evaluated GFP-RGS13 localization by DNA staining of fixed
NIH3T3 cells with 4’-6-diamidino-2-phenylindole (DAPI) (Figure 3B). We observed two
patterns of GFP-RGS13 localization in cells expressing PKA: diffuse but incomplete nuclear
accumulation (Figure 3B, second row from top), or condensed/nearly complete nuclear
localization (Figure 3B, third row from top). The compact nuclear GFP-RGS13 in the latter
cells did not overlay with DAPI, and these cells had irregular or rounded morphology. Since
PKA did not affect the shape of cells expressing GFP alone (Figure 3A), these morphological
changes may be related to accumulation of GFP-RGS13 in the nucleus. Because RGS13 affects
the function of such a fundamental transcription factor, further studies will be needed to
determine the magnitude of downstream effects induced by RGS13 overexpression.

We also evaluated whether a kinase other than PKA promoted RGS13 nuclear localization.
CaMKIV phosphorylates CREB independently of PKA in a Ca2*-dependent manner
(Soderling, 1999). RGS13 expressed with CaMKIV in NIH3T3 cells accumulated in the
nucleus in a pattern similar to that induced by PKA (Figure 3B, bottom two panels). To
determine how cellular CREB content affected PKA-induced GFP-RGS13 nuclear
concentration, we used CREB-specific siRNA, which substantially reduced endogenous CREB
compared to a control sSiRNA (Figure 3C, lower panel). Cells expressing CREB-specific SIRNA
had less GFP-RGS13 in the nucleus in the presence of PKA than cells containing a control
SiRNA (Figure 3C). Thus, CREB phosphorylation may promote RGS13 accumulation in the
nucleus through the interaction of CREB and RGS13. Consistent with this hypothesis, GFP-
RGS13 co-localized with pCREB in NIH3T3 cells co-expressing PKA or stimulated with
cAMP (Figure 3D). Agonist-induced nuclear localization of endogenous RGS13 was also
observed in B lymphocytes stimulated with terbutaline (Figure 3E).

RGS13 interacts with CREB through diverged residues at its amino terminus

To elucidate the molecular mechanism whereby RGS13 inhibited CREB activity, we
determined the region in RGS13 necessary for CREB binding (Figure S4).
Immunoprecipitation of CREB revealed that two discontinuous regions of RGS13, aal-33 and
93-117, were responsible for its interaction with pCREB (Figure 4A) and its capacity to inhibit
PKA-evoked CRE-Luc activation (Figure 4B). In contrast, an RGS13 mutant containing the
carboxyl terminus (aa118-159) did not bind CREB (Figure S5) or suppress CRE-Luc activity
(Figure 4B).

These results also suggested that RGS13 GAP function was not necessary for its regulation of
CREB-mediated transcription as an intact RGS domain (aa31-150 in RGS13) is required for
GAP activity (Popov et al., 1997). To test this hypothesis, we utilized a nuclear factor of
activated T cells-luciferase (NFAT-Luc) reporter system evoked by constitutively active G,q
(R183,C183)[G,qRC]. This G protein mutant, which induces NFAT activity through a
phospholipase Cp-mediated increase in cytosolic Ca2*, has been utilized to assess GAP activity
of RGS proteins (Carman et al., 1999; Chidiac and Ross, 1999). Wild-type RGS13 inhibited
Gy gRC-evoked NFAT-Luc activation whereas neither RGS13(aal-33) nor RGS13(aa93-117)
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had a significant effect on reporter activity (Figure 4C). Thus, RGS13 does not utilize GAP
activity to inhibit CREB-mediated transcription.

The RGS13 amino terminus, which diverges considerably from other RGS proteins of the R4/
B subfamily such as RGS4 and RGS186, lacks a core amphipathic a-helix contained in the other
R4 family members (Gu et al., 2007) (Figure S6). We mutated individual residues in each of
the CREB-interacting regions of RGS13 that differed substantially from other R4 RGS
proteins. CREB did not immunoprecipitate GFP-RGS13 proteins containing

RIBE1LS 513K 15 or 5104, E104 gypstitutions (Figure 4D), and neither mutant effectively
reduced PKA-evoked CRE-Luc activation (Figure 4E). Recombinant GST-RGS13 proteins
containing either of these substitutions also failed to bind pCREB in a ‘pulldown’ assay (Figure
4F). By contrast, mutation of RGS13 residues in close proximity to these amino acids
(S21—R21 or 11091110, 7109110 ¢jd not affect RGS13-pCREB binding or reduce its ability
to inhibit reporter activity (Figures 4D-F). Thus, several residues in two separate regions in
RGS13 (aal-33 and 93-117) are critical for its impairment of CREB-dependent transcription.

RGS13 binds the kinase-inducible domain (KID) of CREB

We determined the region(s) in CREB necessary for interaction with RGS13. CREB contains
several domains with distinct functions (see Figure S7). Various CREB domains fused to the
DNA binding domain of yeast GAL4(aal-147) were used for co-immunoprecipitation studies.
While no RGS13 was present in anti-GAL4 immunoprecipitates of polypeptides containing
GAL4 alone, GAL4-CREB(aal-119, Q1), (aal65-280, Q2), or (aa281-341, B-ZIP) domains,
RGS13 was readily detected in GAL4-CREB(aal-165) immunoprecipitations (Figure 5A).
Thus, RGS13 may contact CREB through the KID domain, encompassing residues 119-165.
Since CREB phosphorylation promotes complex formation between CREB and RGS13
(Figure 2), RGS13 probably binds phosphorylated KID (pKID).

Free KID is largely unordered in solution, and binding of pKID to a specific domain in CBP/
p300 termed KIX induces formation of two a-helices [0A (aal119-129) and aB(aal34-144)] in
KID (Parker et al., 1998; Radhakrishnan et al., 1997; Turjanski et al., 2008; Zor et al., 2002).
Because p300 was required for RGS13-pCREB complex formation (Figure 2C), we
hypothesized that the ‘active’ helical conformation of CREB facilitates RGS13 binding. To
evaluate the importance of KID secondary structure and CBP/p300 interaction for RGS13
binding, we mutated individual residues in KID and expressed the CREB mutants together
with GFP-RGS13 and PKA in HEK293T cells. RGS13 co-immunoprecipitated V5-tagged
CREB proteins containing substitutions of two KIX contact residues (e.g. R124—A124 or
P132_, A132) that are not critical for helix formation or CBP binding (Parker et al., 1998; Zor
etal., 2002) (Figure 5B). In contrast, RGS13 did not associate with CREB proteins containing
helix-destabilizing glycine mutations in either of the oA or aB helices (R12—G125/
E126_,G126 or R135_,G135/K136_,G136), Sych mutations in KID have been shown previously
to reduce affinity for KIX (Zor et al., 2002). Similarly, recombinant CREB proteins containing
these mutations did not bind p300 or GST-RGS13 effectively (Figure 5C). These studies
suggest that a-helix formation or other secondary structures in pKID induced by p300 binding
play key roles in complex formation between pCREB and RGS13.

RGS13 reduces pCREB DNA and CBP binding

Although we could not detect endogenous CBP or p300 in CREB immunoprecipitations,
recombinant p300 bound pCREB equally well in the presence or absence of GST-RGS13
(Figure 4F). These results suggest that RGS13 does not impair pCREB-p300 interactions in
the absence of DNA. We hypothesized that RGS13 could attenuate transcription by reducing
pCREB binding to CRE sites. By using an enzyme-linked immunosorbent assay (ELISA), we
observed a 2.5-fold increase in the amount of pCREB bound to CRE olignonucleotides induced
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by PKA (Figure 6A). This result is similar to the increase in pCREB at CRE-containing
promoters in vivo after CAMP analog treatment determined by ChIP (Zhang et al., 2005).
Expression of GFP-RGS13 significantly attenuated PKA-induced pCREB-CRE interactions
compared to GFP alone (Figure 6A). To evaluate the impact of RGS13 deficiency on CREB-
DNA interactions, we analyzed pCREB binding to CRE oligonucleotides in nuclear extracts
of splenic B cells from wild-type or Rgs13~~ mice. The amount of CRE-bound pCREB was
significantly higher in control and terbutaline-treated B lymphocytes from Rgs13~/~ mice
compared to wild-type (Figure 6B).

To determine whether these results correlated with pCREB promoter occupancy in vivo, we
performed ChIP using an anti-pCREB antibody on chromatin preparations from HEK293T
cells expressing GFP or GFP-RGS13. 8-bromo-cAMP treatment increased the amount of
pCREB bound to the Nr4a2 promoter (Figure 6C). Expression of GFP-RGS13 reduced pCREB
association with Nr4a2 in cCAMP-treated cells compared to GFP alone, which paralleled the
reduced amounts of Nr4a2 mRNA in cells overexpressing RGS13 (Figure 6C, Figure 1D). In
contrast, knockdown of endogenous RGS13 in HEK293T cells by a specific ShRNA increased
Nr4a2 promoter occupancy by pCREB compared to a control ShRNA (Figure 6D).

Tovisualize pPCREB-DNA interactions directly, we used a DNA “pulldown’ assay with souble-
stranded CRE-containing oligonucleotides to precipitate recombinant proteins. As expected,
we observed RGS13 binding only to the pPCREB/DNA complex (not the CREB/DNA complex)
and only in the presence of CBP (Figure 6E). However, equimolar amounts of RGS13 and
pCREB reduced pCREB binding to the CRE 26.6 + 5.5% (n=7, P<0.001) (Figure 6E).
Surprisingly, the amount of CBP associated with pPCREB was decreased nearly five-fold by
RGS13 (Figure 6E), indicating that recruitment of RGS13 to the pCREB/CBP/CRE complex
not only reduces pCREB DNA binding affinity but also impairs its interaction with CBP.
Relative to a positive control (Tax and pCREB, data not shown), pCREB recruitment of
recombinant full length CBP to the CRE was quite weak, consistent with previously published
data (Geiger et al., 2008). Therefore, we did ‘pulldown’ assays using truncations of CBP that
strongly bind pCREB in the absence of co-factors. Although the KIX domain of CBP was not
sufficient to recruit RGS13 to the pPCREB-CRE complex (not shown), a protein containing an
extended domain encompassing C/H1 and KIX (C/H1-KIX, aa302-683) (Livengood et al.,
2002), behaved like full-length CBP to promote RGS13 binding to pCREB (Figure 6F).
Interestingly, although RGS13 reduced the amount of C/H1-KIX retained by pCREB/CRE
more than 4-fold, it did not significantly affect pPCREB binding to the CRE in the presence of
C/H1-KIX (90.2 £ 7.7% of control). Collectively, these studies support two possible
mechanisms by which RGS13 inhibits CREB function. RGS13 reduces the apparent affinity
of pCREB for the CRE in the presence of full-length CBP (Figures 6A—-E). pCREB undergoes
a conformational change upon binding the CRE (Sharma et al., 2007). Once pCREB is CRE-
bound, it may exist in a conformation unable to accommodate CBP and RGS13 simultaneously,
resulting in reduced CBP recruitment (Figure 7).

DISCUSSION

This study illuminates an unexpected function of an RGS protein, RGS13, as a direct repressor
of CREB-mediated gene expression. Although a large body of evidence supports a biological
role for RGS proteins as regulators of GPCR signaling through their GAP function, RGS13
inhibited CREB independently of its classical GAP activity. Rather, RGS13 impaired cCAMP-
evoked gene transcription by accumulating in the nucleus, binding pCREB in a complex with
CBP/p300 in the absence of DNA, and reducing the subsequent interaction of pCREB with
CRE promoter sites. In addition, RGS13, in complex with CRE-bound pCREB, attenuated
CBP recruitment. The biological relevance of these findings was supported by the enhanced
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CREB-dependent gene expression in HEK293T cells or primary B lymphocytes deficient in
RGS13.

An unresolved issue in gene regulation is how CREB binding to DNA is regulated. Although
CREB interaction with consensus CRES may be sensitive to Mg2* concentration (Craig et al.,
2001) and methylation of a central CpG within the CRE (Martinowich et al., 2003), the effect
of CREB phosphorylation at S133 on its binding to naked DNA templates in vitro or CRE-
containing promoters in vivo is controversial. Although it has been assumed that CREB binding
to gene promoters was constitutive, ChlP and footprinting studies have shown signal-
dependent recruitment of CREB to the CRE and cell-type-specific CREB promoter binding to
identical CREs (Hiroi etal., 2004; Cha-Molstad et al., 2004). Our results suggest that additional
nuclear factors such as RGS13 could contribute to the selective binding of CREB to target
CREs.

CREB-coactivator interactions may also be subject to acute regulation. Immunofluorescence
experiments with antiserum specific for the KID-KIX complex demonstrated that stimulation
of cells with cAMP and non-cAMP signals induced formation of the complex to differing
degrees (Wagner et al., 2000). Potentiation of CREB-CBP complex formation is mediated by
the mixed lineage leukemia protein (MLL), which binds to KIX (Ernst et al., 2001). Recently,
a small molecule antagonist of CREB-CBP binding was identified that also interacts with KIX
(Best et al., 2004). By contrast, no endogenous cellular inhibitors of CREB-CBP interactions
have been isolated. Our results suggest that RGS13 reduces the affinity of DNA-bound pCREB
for CBP. As CBP ChIP would not discriminate between reduced CBP promoter binding due
to diminished pCREB association with the CRE or impaired pPCREB-CBP interaction,
immunostaining of RGS13M cells with the KID-KIX antiserum may illuminate how RGS13
affects CREB-coactivator interactions in vivo.

The precise mechanism whereby RGS13 impairs pPCREB-DNA binding requires further study.
RGS13 did not co-immunoprecipitate with the DNA binding domain of CREB (B-ZIP) when
B-ZIP was expressed as a GAL4 fusion protein. It seems unlikely that RGS13’s association
with KID blocks CREB-DNA binding competitively as it was recovered in pPCREB-CBP-CRE
complexes by DNA “pulldown’. Rather, since we detected less pPCREB at the Nr4a2 promoter
in chromatin from RGS13" cells by ChIP, RGS13 may act allosterically to transmit a
conformational change to pCREB that a) reduces its apparent affinity for the CRE and/or b)
decreases its association with CBP/p300 at the CRE. Our in vitro analyses suggest that both
occur. Further biochemical studies such as crystallization of the pKID-CH/1-KIX-RGS13
complex may resolve the specific details of how RGS13 interferes with CREB induction of
the transcriptional machinery.

Most likely because unmodified CREB contains a largely disordered KID, RGS13 did not
interact with CREB in the absence of agonist or PKA-induced phosphorylation. Accordingly,
we found that KID residues that contribute to the CBP/p300-induced a-helical conformation
of pCREB are crucial for RGS13 binding. Regulation of CREB-mediated transcription by
RGS13 may also depend on the duration and intensity of agonist stimulation since RGS protein
expression is often low in unstimulated cells but is highly transcriptionally regulated (Bansal
et al., 2007). Further control of this process may be achieved by recruitment of RGS13 to the
nucleus by certain stimuli.

The physiological impact of increased CREB target gene transcription in B lymphocytes
deficient in RGS13 remains to be determined. RGS13 is also concentrated in neuroendocrine
cells in the gastrointestinal and respiratory tracts (data not shown), suggesting possible
regulation of CREB-dependent hormone secretion (Gevrey et al., 2004). Given the ubiquity
and importance of CREB as a transcription factor, direct repression of CREB-mediated gene
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transcription by RGS13 could have an impact on numerous cellular processes for which CREB
has an essential function.

EXPERIMENTAL PROCEDURES

Cells and reagents

HEK?293T and NIH3T3 cells were purchased from ATCC, and Ramos cells were obtained
from Dr. John Kehrl (NIAID/NIH). HsMBP-CREB and FLAG-p300 were from Invitrogen and
Active Motif, respectively. PKA (catalytic subunit) was from EMD Biosciences. pEGFP-
RGS13 and pEGFP-RGS4 were constructed as described (Johnson and Druey, 2002; Sullivan
etal., 2000). RGS13 and CREB truncation mutants were generated by PCR and subcloned into
pEGFP-C3 (BD Clontech) or pCMV-DBD (Stratagene) vectors, respectively. Point
mutagenesis of GST- and GFP-RGS13 or CREB-V5 plasmids was done using the QuikChange
mutagenesis kit (Stratagene). VP16-CREB(aal-341) was from Carter Bancroft (Mt. Sinai
School of Medicine) and Gag(R183—C183) was the gift of Ken Blumer (Washington University
St. Louis). pcDNA3.1-CaMKIV was the gift of J. Silvio Gutkind (NIDCR/NIH). pFc-PKA,
NFAT-Luc, and CRE-Luc plasmids were purchased from Stratagene. Antibodies sources:
OCA-B, GFP, GAL4 (Santa Cruz); CREB and pCREB (Cell Signaling Technology); V5
(Invitrogen). Polyclonal anti-RGS13 has been characterized previously (Shi et al., 2002).
Terbutaline, forskolin, 8-bromo cAMP, and 8-pCPT cAMP were purchased from Sigma, and
anti-lgM F(ab’), was from Jackson Immunoresearch.

Protein pulldown

Biotinylated GFP or GFP-RGS13, or CREB was synthesized from pCDNAS3.1 TOPO plasmids
using Transcend biotinylated lysine tRNA and TNT T7 quick-coupled in vitro transcription/
translation system (Promega) and purified on streptavidin-agarose (EMD Biosciences).
Recombinant CREB (25 nM) was phosphorylated by PKA in labeling buffer (25 mM Tris pH
7.4,2mM EDTA, 10 mM MgCl,, 100 pM ATP, 0.1 mg/ml BSA, 2 mM B-mercaptoethanol,
10 mM NaF) followed by incubation with p300 (2 nM) and biotinylated proteins (~10 nM) in
buffer containing 200 mM Tris pH 7.5, 200 mM NacCl, 5% glycerol, and 1% Triton X-100.

DNA pulldown

Recombinant GST-RGS13 (100 nM), unphosphorylated CREB (100 nM) (Lopez et al.,
2007) or S133-phosphorylated CREB (Geiger et al., 2007) and CBP (50 nM) (Kraus et al.,
1999), GST-KIX (Giebler et al., 1997) or GST-C/H1-KIX (200 nM) (Livengood et al., 2002)
were incubated in HM buffer (20 mM HEPES pH 7.9, 100 mM KClI, 6.25 mM MgCl,, 10%
glycerol, 0.1% NP-40, 2 mM DTT) plus 50 uM ATP, 40 ng/pl poly dA:dT and 80 pM acetyl
CoA for 15 min. at 30°C followed by addition of biotinylated CRE-containing oligonucleotides
(50 nM) coupled to streptavidin magnetic beads (Dynal) for 15 min. at 30°C. The top strand,
5'-biotinylated sequences of the complementary oligonucleotides were (CRE sequences
underlined): Nr4a2, 5'-Bio/
TCCCACCTTAAAATCGGCCCTGCTCGTGACGTCAGGTCGGAAATATACCAAAGC
G; somatostatin (Sst), 5'-Bio/
ATCAGGCTTCCTCCTCCTAGCCTGACGTCAGAGAGAGAGGTCGCC. Following
binding, beads were washed and analyzed by immunoblotting. Quantitation of pCREB levels
was done using Quantity One software (Bio-Rad).

RNA interference

CREB-specific (SMARTpool) or scrambled control siRNA (Millipore) was transfected into
HEK?293T cells using Lipofectamine 2000 (Invitrogen). For RGS13 knockdown, a double-
stranded oligonucleotide predicted to form a short, hairpin sSiRNA (ShRNA)
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(AAGGCGATTGGTCAGTCGATTGATATCCGTCGACTGACCAATCGCCTT) was
subcloned into pSIREN-RetroQ Zs-Green (Clontech). This plasmid or a similar control
plasmid containing a scrambled shRNA sequence was transfected into 293T cells using
Lipofectamine.

Reporter assays

RT-PCR

We analyzed activity of CRE-Luc and NFAT-Luc reporters as described (Johnson and Druey,
2002).

Total RNA was isolated and reverse transcribed into cDNA using the Superscript 111 RT kit
(Invitrogen). Primers for FosB and Nr4a2 have been described (Holmes and Zachary, 2004;
Tullai et al., 2007).

Immunoprecipitation and immunofluorescence

Inmunoprecipitation was performed essentially as described (Bansal et al., 2007). For
immunofluorescence, cells were seeded in chamber wells and transfected as indicated. We
obtained live cell images using a Leica SP2 laser scanning confocal microscope. For co-
localization studies, the slides were stained with rabbit anti-pCREB (87G3, Cell Signaling
Technology, 1:30) overnight followed by Alexa594-conjugated anti-rabbit 1gG.

pCREB DNA binding assay

We quantitated pCREB binding to consensus CRE oligonucleotide sequences using TransAM
ELISA (ActiveMotif) per the manufacturer’s protocol.

Chromatin immunoprecipitation (ChlP)

HEK?293T were fixed with 1% formaldehyde after stimulation. Enzymatically sheared
chromatin (ChIP Express kit, Active Motif) was immunoprecipitated with polyclonal rabbit
anti-pCREB (the gift of M. Montminy) or rabbit 1gG using the EZ ChlIP kit (Millipore). Purified
DNA was used for amplification of an Nr4a2 CRE-containing sequence previously described
(Conkright et al., 2003).

Splenic B cell isolation and stimulation

We isolated naive B lymphocytes from minced spleens by negative selection using anti-CD43
magnetic beads (Miltenyi Biotech). B cells (routinely 85-90% pure) were stimulated with 10
UM terbutaline for 3 days in the presence of IL-4 (1 ng/ml, Peprotech) and anti-CD40 antibody
(10 pg/ml, BD Biosciences) as described (Podojil et al., 2004) before lysis and assessment of
OCA-B expression by immunoblotting. For measurement of pPCREB DNA binding, cells were
incubated with IL-4 and anti-CD40 for 24 hrs. followed by 15 min. stimulation with 10 uM
terbutaline.

Rgs13™ mice

These mice were generated as described (Bansal et al., 2008). All animal experiments were
approved by and conducted in accordance with the Animal Care and Use Committee, NIAID,
NIH.

Statistical analysis

Sigma Plot software was used to determine statistical significance by Students t-test for two
groups or analysis of variance (ANOVA) for multiple groups. P values <0.05 were considered
to be significant.
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Figure 1. RGS13 attenuates Gas-coupled signaling at the level of CREB

(A-C) GFP, GFP-RGS13 or GFP-RGS4 was expressed with a CRE-luciferase reporter and
B-galactosidase in HEK293T cells. Cells were stimulated with 10 uM forskolin (A) or 2 mM
8-pCPT-cAMP (B) for 6 hrs. prior to measurement of luciferase activity. Luciferase values
were normalized to B-galactosidase activity. In (C), cells were co-transfected with a plasmid
encoding VP16 or VP16-CREB(aal-341). Values are the ‘fold” stimulation relative to control
(GFP), setas 1 (mean = S.E.M. of at least 3 experiments; *P=0.02 (A-B); *P=0.002 (C), one
way ANOVA). (D) RGS13 abundance affects CREB target gene expression. GFP or GFP-
RGS13 plasmids (upper panel) or a control or RGS13-specific ShRNA plasmid (lower panel)
was expressed in HEK293T cells. Cells were stimulated with 2 mM 8-bromo-cAMP for 1 hr.
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followed measurement of FosB, Nr4a2, or Actb by RT-PCR. RGS13 knockdown was assessed
by immunoblotting (right panel). Images show a single experiment representative of 3—-4
experiments with similar results. (E) Increased CREB target gene expression in Rgs13~/~ B
cells. Splenic B lymphocytes from wild-type or Rgs13~~ mice were stimulated with 10 uM
terbutaline for 72 hrs. OCA-B expression was analyzed by immunoblotting. Images are
representative of 3 independent experiments. (F) RGS13 does not affect PKA-mediated
phosphorylation of CREB. HEK?293T cells were co-transfected with GFP, GFP-RGS13, or
GFP-RGS4 plasmids together with empty vector or the catalytic subunit of PKA. Nuclear
extracts (NE) were prepared and immunoblotted as indicated. Blot represents 3 experiments
with nearly identical results.
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Figure 2. RGS13 interacts with phosphorylated CREB

(A-B) Co-immunoprecipitation of RGS13 with wild type (WT) CREB in the presence of PKA.
(A) HEK?293T cells were co-transfected with plasmids for CREB-V5 and GFP or GFP-RGS13
with or without the catalytic subunit of PKA. Cell lysates were immunoprecipitated with anti-
V5 antibody followed by immunodetection as indicated. Protein expression in total lysates was
assessed by immunoblotting (bottom panel). (B) Co-immunoprecipitation was done as in (A)
except that VV5-tagged WT and S133A CREB were analyzed in parallel. Expression of proteins
in total NE was determined by immunoblotting (bottom panel). (C) p300 is required for
pCREB-RGS13 interaction. Recombinant HMBP-CREB (Mr~97 kD) was phosphorylated by
PKA prior to incubation with streptadivin-coupled agarose beads containing biotinylated GFP
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or GFP-RGS13 in the presence or absence of p300. Beads were washed and analyzed by
immunoblotting. (D) CREB phosphorylation is required for interaction with RGS13.
Biotinylated GFP-RGS13 immobilized on streptavidin beads was incubated with unmodified
CREB or PKA-phosphorylated CREB in the presence of p300. Beads were washed and
analyzed by immunoblotting as in (C). 10% of the input CREB was run as an immunoblot
control. (E) Co-immunoprecipitation of RGS13 and CREB in B lymphocytes. Ramos B cells
were left untreated or stimulated with anti-IgM (10 pg/ml) or terbutaline (10 pM) for 15 min.
NE were immunoprecipitated with anti-CREB followed by detection of protein complexes by
immunoblotting (right panel). Expression of proteins in NE was determined by immunoblotting
(left panel). Images represent at least 3 experiments with similar results.
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Figure 3. Nuclear accumulation of RGS13 and co-localization with pCREB

(A-B) HEK293T (A) or NIH3T3 cells (B) were transfected on chamber slides with plasmids
encoding the indicated proteins. Fluorescence images of live cells (A) or DAPI-stained fixed
cells (B) were analyzed by confocal microscopy. (C) Control (CTLi) or CREB-specific
(CREBI) siRNAs (100 nM) were transfected into HEK293T cells with plasmids encoding GFP-
RGS13 and PKA. Fixed cells were analyzed by fluorescence microscopy (upper panel). The
frequency of RGS13 nuclear accumulation was determined by examining 200 or more cells in
random fields for each experiment. Bar graph represents the mean = S.E.M. of 3 independent
experiments (*, P=0.03, paired t-test). Representative immunoblots of lysates from cells
expressing either control or CREB siRNAs are shown on the right. (D) Co-localization of
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pCREB and RGS13. NIH3T3 cells were transfected with GFP-RGS13 and stimulated with
vehicle or cAMP for 30 min. (upper and middle panels as indicated) or co-transfected with
PKA (lower panel) followed by immunofluorescent staining with anti-pCREB antibody. (E)
Terbutaline-induced nuclear translocation of endogenous RGS13. Splenic B lymphocytes were
stimulated with terbutaline (10 pM) for 20 min., followed by plating on glass coverslips. Cells
were stained with anti-RGS13 and DAPI. All images represent at least 3 experiments with
similar results.
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Figure 4. Distinct regions of RGS13 attenuate CREB-mediated transcription independently of GAP
activity

(A) Plasmids encoding GFP-RGS13 truncation mutants were co-expressed with CREB-V5
and PKA in HEK293T cells. Total cell extracts (TCE) were immunoprecipitated with anti-V5
and blotted as indicated. Expression of the mutants in TCE was evaluated by immunoblotting.
Similar results were obtained in 3 independent experiments. (B—C) Plasmids encoding PKA
and CRE-Luc (B) or G,q(R183—C183) and NFAT-Luc (C) were transfected into 293T cells
together with B-galactosidase and either GFP, full length GFP-RGS13 or GFP-RGS13
truncation mutants. Luciferase activity was measured as in Fig. 1 (B—C values are mean *
S.E.M of 5-6 experiments; *, P<0.006, one way ANOVA. (D) Plasmids encoding CREB-V5,
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PKA, and GFP-RGS13 (wild-type or various point mutants) were transfected into 293T cells.
NE were immunoprecipitated with anti-V5 followed by immunoblotting with anti-V5 and anti-
GFP. Amounts of GFP-RGS13 in TNE were analyzed by immunoblotting (top panel). Blot is
representative of 3 experiments with similar results. (E) Same experiment as (B) except that
the activity of WT GFP-RGS13 was compared to RGS13 containing the indicated point
mutations (values are mean + S.E.M of 6 experiments; *, P<0.005, one way ANOVA). (F)
HgMBP-CREB (25 nM) was phosphorylated by PKA followed by incubation with GST or
GST-RGS13 (WT or mutants, 30 nM) and p300 (2 nM). Protein complexes were recovered
with Ni2*/NTA beads followed by immunoblot analysis. 10% of the input GST proteins were
run separately as immunoblot controls (bottom panel).
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Figure 5. RGS13 interacts with the kinase-inducible domain (KID) of CREB

(A) Plasmids encoding GFP-RGS13, PKA, and various CREB domains fused to the DNA
binding domain of GAL4(aal-147) were expressed in HEK293T cells. NE were
immunoprecipitated with anti-GAL4 followed by immunoblotting with anti-GFP and anti-
GALA4. (B) Plasmids encoding CREB-V5 (wild-type or point mutants) were transfected into
HEK293T cells together with PKA and wild-type GFP-RGS13 as in (A). RGS13 was
immunoprecipitated from TNE with anti-GFP followed by immunodetection of CREB proteins
with anti-V5. Expression of the various CREB-V5 proteins in TNE was assessed by
immunoblotting (upper panel). (C) Biotinylated CREB proteins (WT or various point mutants)
bound to streptavidin beads were incubated with p300 (2 nM) and GST-RGS13 (30 nM). Beads
were washed extensively and protein complexes evaluated by immunoblotting. Blots in (A-
C) represent at least 3 experiments with similar results.
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Figure 6. RGS13 reduces binding of pPCREB to DNA and CBP

(A) HEK293T cells were transfected with plasmids encoding CREB with or without the
catalytic subunit of PKA and either GFP or GFP-RGS13. NE were prepared and pCREB-DNA
binding measured by quantitative ELISA. Values are the mean + S.E.M. (“fold’ increase over
control [GFP], set as 1) of at least 3 independent experiments (*, P<0.05, one way ANOVA).
(B) Augmented pCREB-CRE binding in RGS13-deficient B lymphocytes. Splenic B cells from
WT or Rgs13~/~ mice were incubated with IL-4 and anti-CD40 followed by stimulation with
10 pM terbutaline for 15 min. Nuclei were extracted and pCREB-DNA binding was measured
asin (A) (mean £ S.E.M. from 6 mice in each group; *P=0.04, one-way ANOVA. (C-D) ChIP
using an anti-pCREB antibody and amplification of Nr4a2 was done on chromatin from
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HEK293T cells expressing GFP or GFP-RGS13 (C) or control or RGS13-specific ShRNAS
(D). Images represent 3 independent experiments with similar results (E-F). Recombinant
untagged pCREB (100 nM) and either full-length CBP (50 nM) (E) or C/H1-KIX (200 nM)
(F) were incubated in the presence or absence of GST-RGS13 (100 nM) followed by incubation
with biotinylated CRE oligonucleotides [either consensus CRE from the Sst gene (E) or
Nr4a2 CRE (F)] bound to streptavidin-coupled beads. DNA-bound proteins were analyzed by
immunoblotting as indicated. In (E), CREB amounts are not accurately represented in this
immunoblot because prior probing for pPCREB contributed to overall subsequent detection of
CREB.
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Figure 7. Proposed model for inhibition of CREB-dependent gene transcription by RGS13

PKA phosphorylates CREB on S133, which recruits the co-activator CREB binding protein
(CBP, or its paralogue p300) and promotes CRE-dependent transcription (A). RGS13 binds
pCREB in the presence of CBP in solution, reducing the affinity of pPCREB for promoter CRE
sites (B). pCREB bound to DNA in the presence of RGS13 may be unable to bind CBP
effectively (C). Either possibility would result in attenuated transcription of CREB target genes

in the presence of RGS13.
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