
p53 Negatively Regulates RGS13 Protein Expression in
Immune Cells*□S

Received for publication, February 7, 2011, and in revised form, April 21, 2011 Published, JBC Papers in Press, April 29, 2011, DOI 10.1074/jbc.M111.228924

Shoko Iwaki1, Yunbiao Lu1, Zhihui Xie, and Kirk M. Druey2

From the Molecular Signal Transduction Section, Laboratory of Allergic Diseases, NIAID, National Institutes of Health,
Bethesda, Maryland 20892

RGS13, a member of the regulator of G protein signaling
(RGS) family, inhibits G protein-coupled receptor signaling in B
cells and mast cells (MCs) and suppresses IgE-antigen-induced
MC degranulation and anaphylaxis. Although RGS13 expres-
sion is induced by immune receptor and chemokine receptor
stimulation, the molecular regulation of RGS13 transcription is
unknown. Here, we investigated the role of two p53 response
elements (REs) in the regulation ofRGS13promoter activity and
expression. We found that a 1000-bp DNA fragment upstream
of the ATG translation start site (TSS) had promoter activity in
reporter gene assays, and deletion or mutation of a p53-binding
motif nearest the TSS abolished promoter activity. Notably, p53
bound to both REs in the RGS13 promoter in vivo as assessed by
chromatin immunoprecipitation, suggesting that the p53 RE
most distal to the TSS is physiologically inactive. We detected
reduced RGS13 expression in MCs exogenously expressing p53
or treatedwith doxorubicin, which induces genotoxic stress and
leads to p53 accumulation. RNA silencing of p53 up-regulated
RGS13 expression in B lymphocytes, and bone marrow-derived
MCs from p53�/� mice had increased RGS13 expression.
Finally, p53-depleted B cells with increased RGS13 expression
had reduced Ca2� mobilization in response to sphingosine
1-phosphate. These studies indicate that p53 may modulate
immune responses through suppression ofRGS13 transcription
in MCs and B cells.

G protein-coupled receptor (GPCR)3 signaling pathways are
initiated by exchange of GDP for GTP on the �-subunit of the
heterotrimeric G protein, whereas signal termination is medi-
ated by GTP hydrolysis by the G� subunit (1). Regulator of G
protein signaling (RGS) proteins negatively regulate GPCR sig-
nal transmission by catalyzing GTP hydrolysis by G� and pro-
moting its reassociation with G�� to form an inactive hetero-
trimer (2). Unlike severalmembers of the RGS family, which are

widely expressed, RGS13 is found predominantly in B lympho-
cytes andmast cells (MCs) (3–6). RGS13 inhibits B cell andMC
chemotaxis by blunting chemokine receptor-evoked signaling
(4, 6). Recently, we demonstrated that RGS13 also suppresses
allergic responses in mice by inhibiting IgE receptor-mediated
MC degranulation (5). RGS13 reduces IgE-antigen-dependent
PI3K activation, a critical downstream event in the degranula-
tion pathway, by binding the PI3K p85� regulatory subunit and
blocking its interaction with an Fc� receptor I-associated sig-
naling complex.
Within the hematopoietic compartment, RGS13 expression

is highly restricted and subject to transcriptional regulation.
RGS13 is specifically expressed in germinal center (GC) B lym-
phocytes and Burkitt lymphoma cell lines (which resemble GC
B cells) (4, 7). Cross-linking of CD40 on tonsillar human B lym-
phocytes or IL-17 stimulation ofmouseGCB cells up-regulates
RGS13 expression (4, 8). We found previously that IgE-antigen
stimulation induces RGS13 expression in bone marrow-de-
rived MCs (5). GPCR activation of the human MC line HMC1
by either C5a or CXCL12, but not adenosine, also increases
RGS13 protein levels (6). In contrast, treatment of the human
MC line LAD2with a permeable cAMP analog, which activates
the cAMP response element-binding protein pathway, reduces
RGS13 mRNA expression (9). Although these studies suggest
involvement of various transcription factors activated by these
stimuli (e.g. and NF�B) in the regulation of RGS13 transcrip-
tion, the molecular determinants of RGS13 expression under
homeostatic conditions or in activated MCs or B cells have not
been characterized.
Analysis of the RGS13 locus upstream of the published

mRNA sequence revealed potential binding sites for several
transcription factors, including two motifs with considerable
homology to a consensus p53-binding site. p53 is a master reg-
ulator of genes involved in DNA repair, cell cycle arrest, and
apoptosis, which together actively suppress oncogenesis in
response to stress signals (10, 11). In this study, we characterize
theRGS13 promoter and demonstrate the presence of an active
p53-binding site, which suppresses RGS13 transcription in
MCs and B lymphocytes.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—HMC1.1 orHS-Sultan cells were
cultured in complete RPMI 1640medium (Invitrogen) contain-
ing 10% (v/v) fetal bovine serum, 1% penicillin, and streptomy-
cin, and HeLa or HEK293T cells were grown in complete
DMEM at 37 °C and 5% CO2. LAD2 MCs (6) were grown in
STEMPROmedium containing STEMPRO supplement (Invit-
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rogen) and human stem cell factor (100 ng/ml; R&D Systems).
The anti-RGS13 polyclonal antibody was described previously
(6). The other antibodies usedweremouse anti-�-actin (Sigma)
and mouse anti-p53 (DO-1, Santa Cruz Biotechnology). Doxo-
rubicin was purchased from Sigma. Lipofectamine 2000 was
purchased from Invitrogen.
Mice—Wild-type C57BL/6 and p53�/� mice were obtained

from Jackson ImmunoResearch Laboratories. MCs were
obtained frommouse femurs and cultured as described (5). All
mouse experiments were performed in accordance with Ani-
mal Study Protocol LAD-3E, approved by the NIAID Animal
Care and Use Committee.
DNA Constructs—Lentiviral constructs expressing either

scrambled shRNA (catalog no. SCH002, control shRNA 2) or
human p53-specific shRNA (catalog nos. TRCN0000003753
(CCGGCGGCGCACAGAGGAAGAGAATCTCGAGATTC-
TCTTCCTCTGTGCGCCGTTTTT) and TRCN0000003755
(CCGGGTCCAGATGAAGCTCCCAGAACTCGAGTTCT-
GGGAGCTTCATCTGGACTTTTT)) were purchased from
Sigma. An additional p53-specific lentivirus (catalog no.
VGH5523-98486236) was obtained from Thermo Scientific.
Luciferase reporter constructs were generated by PCR amplifi-
cation of appropriate regions of RGS13, followed by subcloning
into the pGL3-Basic vector (Promega). Site-directed mutagen-
esis was performed using the QuikChange II site-directed
mutagenesis kit (Stratagene) following the manufacturer’s
instructions.
Transfection and Immunoblotting—For p53 overexpression

and luciferase assays, LAD2 cells were transfected using Amaxa
Nucleofection (Solution V, Program T-30) as described previ-
ously (6). For generation of lentiviruses, shRNA constructs
were transfected into HEK293T cells together with a lentiviral
packaging mixture (Invitrogen) using Lipofectamine 2000.
After 72 h, virus was harvested in the supernatant and concen-
trated 10-fold by centrifugation. Concentrated virus was added
directly to HS-Sultan cells, followed by selection with puromy-
cin (0.5 �g/ml) after 72 h. Gene expression was assessed after 2
weeks of puromycin selection. Cell lysates were prepared using
radioimmunoprecipitation lysis buffer containing 50 mM Tris
(pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5%
sodium deoxycholate, and 0.1% SDS supplemented with prote-
ase inhibitor mixture (Complete, Roche Applied Science) and a
phosphatase inhibitormixture (PhosSTOP, RocheApplied Sci-
ence) for 15min at 4 °C. Proteins were separated by SDS-PAGE
and blotted with primary antibodies as indicated in the figure
legends, followed by incubation with infrared IRDye-labeled
secondary antibodies (LI-COR Biosciences). Signals were
detected and quantified using the LI-COR Odyssey imaging
system.
5�-Rapid Amplification of cDNA Ends (5�-RACE)—We iso-

lated RNA from LAD2 and HMC1.1 cells using the RNeasy kit
(Qiagen). We generated cDNA and performed 5�-RACE with
linker primers and gene-specific primers as outlined in supple-
mental Fig. S1 using the 5� SMART RACE kit (BD Biosciences)
according to the manufacturer’s instructions. PCR products
were cloned into pCRII-TOPO (Invitrogen), followed by se-
quencing plasmid inserts using vector-specific primers.

DNA Pulldown Assay—We isolated nuclear extracts from
LAD2 cells using standard procedures (12). Nuclear extracts
(20 �g of protein) were incubated in buffer A (20 mM HEPES
(pH 8), 100 mMKCl, 5 mMMgCl2, 10% glycerol, and 0.1% Non-
idet P-40) containing poly(dI:dC) (1 �g) and biotinylated dou-
ble-stranded oligonucleotides (100 pmol) for 30 min on ice in
the presence or absence of a 100-foldmolar excess of unlabeled
(non-biotinylated) competitor probe. Sequences of specific
primers are shown in supplemental Table 1. DNA-protein
complexes were collected by addition of streptavidin-agarose
beads (Thermo Scientific) for 1 h at 4 °C. Reactions were
washed twice with buffer A prior to addition of SDS sample
buffer and immunoblot analysis.
ChIP—We prepared sheared chromatin using the ChIP-It

express enzymatic shearing Kit (Active Motif). ChIP assays
were done using the EZ-ChIP kit (Millipore) according to the
manufacturer’s guidelines. Briefly, LAD2 cells were fixed in 1%
formaldehyde solution for 10 min, followed by addition of gly-
cine solution to stop the reaction. Cells were then lysed,
homogenized 10 times with a Dounce homogenizer, and cen-
trifuged at 2400 � g for 10 min to pellet chromatin. Enzymatic
shearing of chromatin was done at 37 °C for 10 min. Sheared
chromatin was precleared with protein G-agarose beads (GE
Healthcare) for 1 h at 4 °C. Precleared chromatin in the super-
natant was then immunoprecipitated with mouse anti-p53
antibody or control mouse IgG and protein G beads overnight
at 4 °C. Immunoprecipitated complexes were washed, reverse-
cross-linked, and treated with proteinase K. DNA was purified
and used for PCR amplification of RGS13 promoter regions
using the following primer pairs: p53-distal, 5�-CAGAAGGA-
CAGCCTTTCAAT-3� (forward) and 5�-GTTCAGTTTATG-
AAATCATAGC-3� (reverse); and p53-proximal, 5�-CACAA-
TCTTACCATATTCTG-3� (forward) and 5�-TACCTCTCT-
AGTTCCTTCAAC-3� (reverse).
Luciferase Assays—We transfected LAD2 cells with pGL3

constructs together with a plasmid encoding Renilla luciferase
(pCMV-PRL, Promega) by Nucleofection. 24 h later, firefly and
Renilla luciferase activities in cell lysates were measured in
duplicate using the Stop & Glo Dual-Luciferase assay system
(Promega) following the manufacturer’s instructions. Firefly
luciferase values were normalized to Renilla values.
Real-time TaqMan PCR Analysis—Total RNA was isolated

using the RNeasy kit (Qiagen), and 1 �g of RNA was reverse-
transcribed into cDNA using SuperScript III reverse transcrip-
tase (Invitrogen) following the manufacturer’s instructions.
RNA incubated without reverse transcriptase was used as a
negative control for PCR. 1 �l of synthesized cDNA was
then used for amplification of RGS13 or p53 using the
real-time TaqMan gene expression assay kit (catalog nos.
Hs01034249_m1 (human p53), Hs00243182_m1 (human
RGS13), Mm01731287_m1 (mouse p53), and Mm00462629_m1
(mouse Rgs13)) from Applied Biosystems. GAPDH was used as
an endogenous housekeeping gene for normalization, and rel-
ative quantifications were based on the amount of p53 or
RGS13 divided by the GAPDH result.
Measurement of Intracellular Ca2� Mobilization—HS-Sul-

tan cells (1 � 105 cells/well) were seeded in BioCoat polylysine
96-well plates (BD Biosciences) and pelleted by centrifugation
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prior to measurement of the intracellular Ca2� concentration.
Ca2� indicator dye (FLIPR calcium 3 assay component A,Molec-
ular Devices) was added to each well, followed by incubation for
1 h at 37 °C with 5%CO2. Sphingosine 1-phosphate (Avanti Polar
Lipids) or ionomycin (Sigma) was prepared in a separate plate at
a 5-fold concentration for robotic addition to cells by the
FlexStation II fluorometer (Molecular Devices). Relative fluo-
rescence units were measured every 10 s for a period of 600 s
after agonist addition. Results are plotted as the maximum �
minimum signal over this time period.
Statistical Analysis—Datawere analyzed using theGraphPad

Prism 5 software package. Student’s t test was used for pairwise
comparisons, and analysis of variance (ANOVA) was used
for multiple comparisons. p values �0.05 were considered
significant.

RESULTS
Structure of Human RGS13—According to the human

genome contig assembly by the National Center for Biotech-
nology Information, human RGS13 is tandemly duplicated in
a cluster with RGS18, RGS1, and RGS2 on chromosome 1
(1q31.2) (13). The RGS13 gene locus (NC.000001.10) is com-
posed of 24,106 bp (chromosome positions 192605282–

192629390) and has seven exons, with the translation initia-
tion codon found in exon 4 (Fig. 1A). There are two
transcript variants (NM_002797 and NM_144766), which
encode the same RGS13 protein isoform. The transcripts
differ by 60 bp in the 5�-UTR, with the shorter transcript
missing exon 3. To map the translation start site (TSS)
experimentally in MCs, we performed 5�-RACE on RNA
from the humanMC lines LAD2 andHMC1.1, which express
RGS13 constitutively (6). We isolated RNA from these cells
and generated cDNA using a gene-specific primer down-
stream of the translation initiation codon as outlined in sup-
plemental Fig. S1. We obtained a single 400-bp 5�-RACE
product using a nested gene-specific primer 33 bp upstream
of the cDNA primer. This result is consistent with previous
studies showing the presence of a single transcript species
(�1.6 kb) in all cells and tissues tested (4). We cloned the
PCR product and analyzed sequences from 16 independent
clones. The experimentally derived TSS was located 10 bp
upstream of exon 1 of the published RGS13 sequence, tran-
script variant 1 (NM_002927) (Fig. 1B).
Characterization of the RGS13 Promoter—To identify the

RGS13 promoter region, we cloned an �2-kb fragment of the

FIGURE 1. Structure of the human RGS13 gene. A, exon (boxes)-intron structure of RGS13. The published transcription start site in exon 1 is denoted by the
bent arrow, and the TSS in exon 4 by the straight arrow. B, 5�-sequence flanking the TSS of RGS13 (�1880 to �218). The sequence of the previously published
TSS is denoted in brown, and the experimentally mapped TSS is boxed. Two p53 REs (�1417 and �442) are highlighted in red, and the core binding motif in each
is underlined.
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5�-flanking region of RGS13 (�1573 to �493, with numbering
based on the experimentally derived TSS) (Fig. 1B). To deter-
minewhich regions upstream of the TSS had promoter activity,
if any, we cloned the entire 2000-bp fragment and deletions
thereof into a promoterless luciferase reporter vector as shown
in Fig. 2A. We transfected reporter plasmids containing these
sequences (RGS13 2000, 1000, and 500) into LAD2 MCs and
measured luciferase activity in cell extracts after 24 h. Com-
pared with cells expressing empty vector, cells transfected with
the RGS13 500 or RGS13 2000 construct had no additional
luciferase activity (Fig. 2B). By contrast, cells transfected with
RGS13 1000 had, on average, 3.5-fold more luciferase activity
than control cells. These results suggest that an �1.1-kilobase
pair DNA fragment upstream of the TSS (�691 to �493) con-
tains the minimal RGS13 promoter.
To identify specific regulatory elements in the RGS13 pro-

moter, we examined sequence upstream of the TSS using Mat-
Inspector software (Genomatix Software, Inc.). This analysis
demonstrated several regions with high homology to binding
sites for a number of transcription factors, including PU.1,
GATA1–3, and octamer-binding proteins, which are known to
regulate several genes involved in the differentiation and func-
tion of hematopoietic cells (14–16). Notably, we found two
elements with significantly homology to p53-binding motifs,
beginning at positions �442 (relative to the TSS, named “prox-
imal”) and �1417 (named “distal”) (Fig. 1B). Given the rela-
tively unknown function of p53 in the regulation of gene tran-
scription inMCs as well as the previous identification ofRGS16

as a p53 target gene (17), we focused on the role of p53 inRGS13
transcription in the remainder of this study.
As neither RGS13 500, which contained no p53 response

elements (REs), nor RGS13 2000, which contained both distal
and proximal REs, had promoter activity, we hypothesized that
the activity of RGS13 1000 was regulated by p53 through the
proximal RE. To test this directly, we transfected LAD2 cells
with RGS13 1000 and a plasmid encoding p53. Overexpression
of p53 significantly reduced the activity of RGS13 1000 in a con-
centration-dependentmanner (Fig. 2C). To determinewhether
the p53 RE was required for the promoter activity of RGS13
1000, we eliminated the core p53-bindingmotif by site-directed
mutagenesis and measured the luciferase activity of this con-
struct in LAD2 cells. Surprisingly, a mutant lacking the p53-
binding site had increased promoter activity relative to theWT
construct (Fig. 2D). In contrast, mutation of core p53-binding
sequences in the distal RE located in RGS13 2000 had no effect
on luciferase activity. Taken together, these results suggest that
p53 inhibits the activity of the RGS13 promoter by interacting
with a p53-binding motif �450 bp upstream of the TSS.
p53 Binds to the RGS13 Promoter—To determine whether

any or all of the p53 REs contained bona fide p53-binding sites,
we assessed the interactions of native p53 fromLAD2 cells with
DNA templates in vitro.We incubated nuclear extracts of these
cells with biotinylated double-stranded oligonucleotides con-
taining either of the p53-binding motifs derived from the
RGS13 promoter. An oligonucleotide containing a consensus
p53-binding sequence (18) was used as a positive control, and a

FIGURE 2. Characterization of the RGS13 promoter. A, the locations of two p53 REs in the 5�-flanking region of RGS13 and a schematic representation of
luciferase reporter constructs are shown. PCR products encompassing the denoted regions were amplified from genomic DNA and subcloned into a promot-
erless luciferase reporter vector (pGL3-Basic). Numbers are relative to the experimentally derived TSS (bent arrow). B and C, RGS13 promoter activity. Luciferase
reporter constructs were transfected into LAD2 cells together with a plasmid encoding Renilla luciferase. Luciferase (Luc) activity in cell extracts was measured
after 24 h. Data are means � S.E. of activity relative to cells expressing empty control vector (or RGS13 1000 in C) in three or more independent experiments.
*, p � 0.02; ***, p � 0.0001 (one-way ANOVA). D, relative luciferase activity of WT or mutant (mp53) constructs lacking core p53-binding motifs. The mutated
sequence is denoted in red. *, p � 0.05 (one-way ANOVA).
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randomly generated oligonucleotide served as a negative con-
trol. We collected DNA-protein complexes with streptavidin-
coated beads and washed the beads to eliminate nonspecific
interactions. We assessed p53-oligonucleotide binding by
immunoblotting with a p53-specific antibody.
Endogenous p53 fromLAD2 cells strongly bound to oligonu-

cleotides containing the consensus p53 sequence but not to
the random oligonucleotide or to beads alone (Fig. 3A). We
detected p53 readily in complexes containing the proximal p53-
binding sequence but minimally in oligonucleotide complexes
containing the distal p53-bindingmotif. Specific binding of p53
to the proximal RE-containing oligonucleotide was abolished
by preincubation of nuclear extracts with a 100-fold molar
excess of unlabeled oligonucleotide. We also failed to detect
p53 in complexes of biotinylated oligonucleotides containing
mutations in the core p53-binding sequence (Fig. 3B).

To determine whether p53 bound to endogenous chromatin
containing the RGS13 promoter region in vivo, we performed
ChIP. We treated LAD2 cells with formaldehyde to cross-link
DNA-protein complexes and sheared chromatin to obtain
�200-bp amplicons. We immunoprecipitated sheared chro-
matin with p53-specific or isotype control antibodies, followed
by reverse cross-linking and amplification of sequences in the
RGS13 promoter using specific primers. Surprisingly, we could
amplify PCR products containing both proximal and distal p53
REs sites from the RGS13 promoter in anti-p53 immunopre-
cipitates but not in immunoprecipitations using IgG alone (Fig.
3C). These results indicate that p53 binds to both REs located in
the RGS13 promoter in vivo.
Genotoxic Stress Reduces RGS13 Expression in MCs—To

evaluate the role of p53 in the regulation of RGS13 mRNA

quantities, we treated LAD2 cells with the chemotherapeutic
agent doxorubicin (Fig. 4, B and C), which intercalates DNA
(19), resulting in genotoxic stress and accumulation of p53 pro-
tein (20). Overnight treatment with doxorubicin led to a nearly
60% reduction in RGS13 mRNA quantities in LAD2 cells (Fig.
4A). RGS13 protein levels also decreased in response to doxo-
rubicin treatment in a concentration-dependent manner (Fig.
4B). We detected reduced RGS13 expression as early as 4 h
following addition of doxorubicin, and RGS13 levels remained
low for up to 48 h (Fig. 4C). These results are consistentwith the
inhibition of RGS13 promoter activity in LAD2 cells by p53,
suggesting an inverse correlation between p53 levels and
RGS13 expression.
Reciprocal Relationship between p53 and RGS13 Expression—

Todeterminewhether the reducedRGS13 transcription in cells
exposed to doxorubicin was due to increased p53 expression,
we transfected LAD2 cells with a plasmid encoding p53 and
evaluated RGS13 amounts by quantitative PCR and immuno-
blotting. Cells expressing the p53-encoding plasmid had much
higher levels of p53 than cells expressing empty vector (Fig. 5A).
RGS13 mRNA and protein expression was significantly
reduced by transfection of exogenous p53 in a dose-dependent
manner (Fig. 5, A and B).
To further evaluate the suppression of RGS13 transcription

by p53, we extinguished p53 expression using RNA interfer-
ence. Unfortunately, we were unsuccessful in evaluating p53
shRNA/siRNA in LAD2 cells using a variety of methods,
including lentiviral shRNA expression, possibly due to poor
transfection efficiency and/or viral cytotoxicity. Instead, we
infectedHS-Sultan cells, a humanGCB cell lymphoma cell line
that expresses RGS13 constitutively (7), with two distinct len-
tiviruses encoding p53-targeted shRNAs. This led to substan-
tially reduced p53mRNA and protein amounts compared with

FIGURE 3. p53 binds to the RGS13 promoter. A and B, nuclear extracts were
isolated from LAD2 MCs (20 �g of protein) and aliquoted into reaction tubes
containing biotinylated double-stranded oligonucleotides in the presence or
absence of unlabeled competitor oligonucleotides as indicated. DNA-protein
complexes were collected using streptavidin-coated beads, followed by
assessment of protein binding by immunoblotting. WB, Western blot; mut,
mutant. C, p53 binds to two p53 REs in the RGS13 promoter in vivo. Sheared
chromatin from LAD2 cells was immunoprecipitated (IP) with the indicated
antibodies, followed by amplification of RGS13 promoter sequences. Images
represent two to three similar experiments.

FIGURE 4. Doxorubicin-induced genotoxic stress reduces RGS13 expres-
sion in MCs. A, LAD2 cells were treated with doxorubicin (0.5 �M) for 12 h,
followed by extraction of RNA and assessment of RGS13 quantities by real-
time PCR. Expression is shown relative to untreated cells, set as 1 (mean � S.E.
of three independent experiments). **, p � 0.004 (paired t test). B and C, LAD2
cells were stimulated with the indicated concentrations of doxorubicin for
various time periods. RGS13 quantities in cell lysates were determined by
immunoblotting. Images represent two to three similar experiments. WB,
Western blot.
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cells expressing a control shRNA (Fig. 6, A and B). Cells with
reduced p53 expression had significantly more RGS13 mRNA
and protein than cells expressing a scrambled non-targeting
shRNA (Fig. 6, A and B). To determine whether reduced p53
levels affected RGS13 expression in MCs, we analyzed bone
marrow-derived cultured MCs from p53�/� mice. We identi-
fied putative p53 REs in the sequence upstream of the initiation
codon of mouse Rgs13, suggesting that p53 also regulates
RGS13 expression inmouseMCs. Consistent with this, p53�/�

bone marrow-derived MCs had significantly more Rgs13
mRNA and protein than the WT counterparts did. Taken
together, our results indicate that p53 suppresses RGS13
expression in B cells and MCs in an evolutionarily conserved
manner.
Functional Consequences of p53-induced Alterations in

RGS13 Expression—We showed previously that RGS13 reg-
ulates sphingosine 1-phosphate-induced signaling (6). To
address the functional ramifications of increased RGS13
expression associated with reduced p53 quantities, we treated
HS-Sultan B cells stably expressing control or p53 shRNAs
(three distinct siRNA sequences targeting p53) with sphingo-
sine 1-phosphate and measured Ca2� mobilization. We ob-

FIGURE 5. p53 overexpression reduces RGS13 expression in MCs. A and B,
LAD2 cells were transfected with empty vector (vec) or plasmid encoding p53
(1–2 or 5 �g), followed by assessment of RGS13 quantities by real-time PCR (A)
or immunoblotting (B). The bar graph in A shows expression relative to control
cells, set as 1 (mean � S.E. of four independent experiments). ***, p � 0.0001
(one-way ANOVA). The blot in B represents three similar experiments. WB,
Western blot.

FIGURE 6. Inverse relationship between RGS13 expression and p53 amounts in B cells and MCs. A, HS-Sultan B cells were infected with lentiviruses
encoding scrambled (control (CTL)) or p53-targeted shRNAs. After 2 weeks of puromycin selection, p53 and RGS13 mRNA expression was determined by
real-time PCR (mean � S.E. of expression relative to the control, measured in two to three experiments from two independent transfections). *, p � 0.01; ***,
p � 0.0001 (one-way ANOVA). B, lysates of HS-Sultan cells transfected with the indicated lentiviral shRNAs were prepared and analyzed by immunoblotting
with the indicated antibodies. C, p53 and RGS13 expression in bone marrow-derived MCs from WT or p53�/� mice was measured by real-time PCR and
immunoblotting. The graph shows the quantities of p53 and Rgs13 relative to the wild type (mean � S.E. of five mice in each group). **, p � 0.004 (one-way
ANOVA). KO, knock-out; WB, Western blot.
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served reduced sphingosine 1-phosphate-induced intracellular
Ca2� concentrations in p53 knockdown cells compared with
control cells (Fig. 7). Receptor-independent Ca2� flux evoked
by ionomycin was equivalent in control and p53-depleted cells.
Thus, the increased expression of RGS13 induced by p53
knockdown exerts a negative regulatory effect on sphingosine
1-phosphate-evoked signaling pathways in B cells.

DISCUSSION

This study is the first to identify and characterize molecular
determinants ofRGS13 expression.RGS13meets the definition
of a p53 response gene according to published criteria (10): 1) it
contains putative p53 REs in its upstream promoter region; 2)
manipulation of p53 expression or elimination of the p53-bind-
ingmotif modifiesRGS13 promoter activity; 3) p53 binds to the
identifiedRE in vivo as assessed byChIP; and 4)manipulation of
p53 levels leads to changes in the expression of both RGS13
mRNA and protein.
Prior work demonstrated that another member of the RGS

family (RGS16) is a p53 response gene. Treatment with doxo-
rubicin or exogenous p53 expression induces rapid and robust
up-regulation of RGS16 mRNA expression in colon or breast
cancer cell lines (17). Although purified p53 was reported to
bind elements resembling p53-binding motifs located in
intronic/3�-UTR regions of RGS16, it was unclear whether p53
regulated RGS16 transcription directly. In contrast to these
studies, we showed that p53 quantities correlated inverselywith
RGS13 expression in MCs. Cells with increased p53 levels as a
result of cell stress (doxorubicin treatment) or plasmid-based
p53 transfection had reduced RGS13 expression due to direct
inhibition of the RGS13 promoter by p53.

We characterized the RGS13 promoter in total and found
that its regulation is likely to be complex. We characterized an
�1000-bp DNA fragment flanking the experimentally deter-
mined TSS (RGS13 1000) that had promoter activity inMCs. A
reporter containing the RGS13 promoter had minimal activity

in cells that do not express RGS13 (supplemental Fig. S2),
which is consistent with the limited expression of RGS13 in a
limited number of cell types. Although we did not find putative
binding motifs for transcription factors unique to MCs and/or
B lymphocytes in the RGS13 promoter region by bioinformatic
analysis, we did identify elements resembling binding sites for
PU.1 (�1263), GATA1 (�487), and microphthalmia-associ-
ated transcription factor (�273). These transcription factors,
which are expressed highly in MC progenitors, are all required
to some extent for MC differentiation and could thus contrib-
ute to the high expression of RGS13 in MCs (16).
In contrast to the promoter activity of RGS13 1000, a frag-

ment containing this sequence plus an additional �900-bp
upstream flanking sequence (RGS13 2000) had no promoter
activity in reporter assays. This result suggests that elements in
the sequence between �691 and �1564 inhibit responsiveness
of RGS13 1000. However, the distal p53 RE located in this
region is not likely to be involved in the negative regulation of
the RGS13 promoter, as mutation of its p53-binding motif did
not affect promoter activity. The RGS13 gene locus may also
have as yet uncharacterized enhancers and/or repressors in its
first three introns or exons because the coding sequence is con-
tained entirely in exons 4–6.We included exon 1 and a portion
of intron 1 in our reporter constructs, and these sequences
could impose negative or positive modulation of the upstream
regulatory regions studied here. Further work will be needed to
determine whether selective use of such elements could also
contribute to the highly cell type-specific expression of RGS13
in MCs and GC B cells. Such a mechanism has been demon-
strated for a conserved 3�-noncoding region of Il4, which acts as
an essential enhancer for Il4 gene transcription inMCs but not
in basophils (21).
The detailed mechanism(s) whereby p53 suppresses RGS13

transcription will also require further study. Repression of
gene transcription by p53 may be either direct or indirect. p53
has the capacity to “squelch” the activity of nearby activating
transcription factors, primarily of the CCAAT/enhancer-bind-
ing protein (C/EBP) family, by steric hindrance (10). We iden-
tified several potential C/EBP�-binding sites in the RGS13 pro-
moter, the closest located 321 bp from the active p53-binding
site. Alternatively, p53may inactivate certain transcription fac-
tors by direct binding, namely Sp1, C/EBP�, and AP1. In addi-
tion to the aforementioned C/EBP motif, we identified a puta-
tive Sp1-binding site located 95 bp from the proximal p53 RE.
Finally, p53 may also repress gene transcription indirectly
through activation of histone deacetylases (10).
The expression of RGS proteins is often low in unstimulated

cells (22). Because of their strong catalytic activity, which pro-
motes termination of GPCR pathways, such tight control of the
basal transcription of RGS genes may permit a certain level of
homeostatic GPCR signaling. Abnormal expression of RGS
genes may occur in neoplastic or inflammatory conditions.
RGS13 is difficult to detect in normal T cells but is overex-
pressed in adult T cell leukemia/lymphoma cells (3, 23). In con-
trast, RGS13 is strongly expressed in GC B cells and Burkitt
lymphomas (which resemble GC B cells) (4) but is absent in B
cell lymphomas with a mantle cell phenotype (24). The rela-
tionship of these variations in RGS13 expression to p53, if any,

FIGURE 7. Increased RGS13 levels in p53 knockdown cells result in
reduced GPCR signaling. HS-Sultan cells expressing control (CTL) or p53-
specific shRNAs were labeled with a Ca2�-sensing fluorophore and left
untreated or stimulated with sphingosine 1-phosphate (S-1P; 15 �M) or iono-
mycin (5 �M). Intracellular Ca2� levels were measured over a period of 600 s
by fluorometry. The graph represents means � S.E. of maximum � minimum
relative fluorescence units (RFU) measured in three independent experi-
ments. ***, p � 0.0001 (t test).
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is unknown.Although several SNPs inRGS13were identified in
mantle cell phenotype lymphnodes,whichwere located in non-
coding regions downstream of the TSS, the functional signifi-
cance of these SNPs was not explored. Recently, another SNP
was identified in the 5�-region of the RGS13 gene locus in
patients with head and neck squamous cell carcinoma
(rs3795617), which correlated significantly with clinical risk of
recurrence or the development of a second primary tumor (25).
Given the ability of RGS proteins to regulate cell growth (26),
these or other genetic variations could predispose to neoplasia
by modulating RGS13 promoter activity.

IL-17-induced up-regulation of RGS13 in lymph node B cells
has also been implicated in spontaneous GC formation and
autoimmunity in BXD2 mice (8). We showed here that
increased RGS13 expression induced by p53 depletion blunts
responses to a GPCR ligand (sphingosine 1-phosphate). Recent
studies have shown the importance of sphingosine 1-phosphate
in lymphocyte migration and GC formation and maintenance
in secondary lymphoid organs (27, 28). It will be of considerable
interest to fully characterize RGS13 sequence and expression
and their relationship to p53 in immune diseases associated
with dysregulatedMC and/or B lymphocyte migration or other
functions.
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