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Coactivator-associated arginine methyltransferase 1 (CARM1)
is a dual functional coregulator that facilitates transcription initia-
tion by methylation of Arg'” and Arg®® of histone H3 and also
dictates the subsequent coactivator complex disassembly by
methylation of the steroid receptor coactivator family coactiva-
tors and p300/cAMP-response element-binding protein-bind-
ing protein. However, the regulation of CARM1 enzymatic
activity and substrate specificity remains largely unknown. In
this study, we report that CARM1 function is regulated by phos-
phorylation at Ser*!?, a residue completely conserved in the type
I protein arginine methyltransferase (PRMT) family of enzymes.
Comparative analysis of the published CARMI1 crystal struc-
tures reveals that the hydroxyl group of Ser*'” forms a strong
hydrogen bond with the carbonyl oxygen atom of Tyr'>* to lock
the cofactor S-adenosylmethionine inside the binding cavity.
Phosphorylation of Ser>'” disrupts this hydrogen bond and sub-
sequently abolishes S-adenosylmethionine binding and its
methyltransferase activity. Importantly, Tyr'>*is also conserved
in the type I PRMT family of enzymes, suggesting a general role
of this hydrogen bond in maintaining the holo structure of the
type I PRMT catalytic domain. Moreover, we found that phos-
phorylation at Ser*!” also promoted CARM1 cytoplasmic local-
ization and that this translocation occurred mainly during mito-
sis. We propose that phosphorylation at Ser’!” serves as a
molecular switch for controlling CARMI1 enzymatic activity
during the cell cycle.

Nuclear hormone receptors are ligand-activated transcrip-
tion factors that regulate gene expression through a series of
events triggered by high affinity ligand binding (1, 2). Most of
the nuclear receptors contain three functional domains: the
NH,-terminal activation domain (AF1), a DNA binding
domain that is highly conserved and located in the middle of the
receptor, and a flexible hinge region that links the DNA binding
domain to the carboxyl-terminal ligand binding domain that is
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responsible for hormone binding and initial recruitment of
coactivators. Over the past 15 years, many transcriptional coac-
tivators have been identified, including the steroid receptor
coactivator (SRC)? family of coactivators (3, 4). It has been well
established that agonist-bound steroid receptors directly
recruit the SRC/p160 family coactivators, which subsequently
recruit secondary coactivators, including the E1A binding pro-
tein p300 and its homolog, the cAMP-response element-binding
protein-binding protein (CBP), as well as the coactivator-associ-
ated arginine methyltransferase 1 (CARM1) (5-7). p300/CBP con-
tains potent histone acetyltransferase activity (8), whereas
CARM1 has more potent histone methyltransferase activity.

CARM1 was initially identified as a SRC-2/GRIP1 binding
protein in a yeast two-hybrid screening, and it belongs to the
protein arginine methyltransferase (PRMT) family (6). As a
type I PRMT enzyme, CARMLI catalyzes the transfer of methyl
groups from S-adenosyl-L-methionine to the guanidine nitro-
gens of arginine, producing asymmetric dimethylated arginine
as its final product. This is in contrast to the type II PRMT
enzyme, which produces symmetric dimethylated arginine
as its final product (9, 10). CARM1 can function as a secondary
coactivator for nuclear receptor-mediated transcription by
methylating arginine residues 17 and 26 of histone H3 (6,
11-13). The indispensable role of CARMI in the estrogen sig-
naling pathway has been established by loss of estrogen recep-
tor (ER) activity in CARM1-deficient mouse embryonic fibro-
blast cells (14).

In addition to modifying the core histones at promoters,
CARM1 can regulate the functions of transcriptional coactiva-
tors by methylation of their arginine residues. For instance,
CARMI1 can methylate various arginines in p300/CBP and
thereby modulate the interactions between p300/CBP, steroid
receptors, and cAMP-response element-binding protein (15).
CARM1 also can methylate arginines close to the KIX domain
of CBP and consequently modulate its coactivator function
(16). Moreover, methylation of the GRIP1 binding region of
p300 by CARM1 leads to an attenuated interaction between
GRIP1 and p300 (17). Studies from our laboratory provided in
vitro and in vivo evidence to show that SRC-3, as well as SRC-1
and SRC-2, is a natural substrate for CARM1 and that SRC-3
methylation is induced by estrogen signaling (18). Methylation

2 The abbreviations used are: SRC, steroid receptor coactivator; CBP, cAMP-
response element-binding protein-binding protein; CARM1, coactivator-
associated arginine methyltransferase 1; PRMT, protein arginine methyl-
transferase; ER, estrogen receptor; PTM, post-translational modification;
HPLC, high pressure liquid chromatography; HA, hemagglutinin.
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of SRC-3 by CARM1 induces dissociation between CARM1 and
SRC-3. The combined results indicate that CARM1 is a dual
functional coactivator that facilitates transcription initiation by
methylation of histone H3 and also dictates the subsequent
coactivator complex disassembly by methylation of SRC-3 and
p300/CBP (18).

Besides histones and transcriptional coregulators, CARM1
also can methylate RNA binding proteins such as PABP1, HuR,
HuD, and thymocyte cyclic AMP-regulated phosphoprotein
(19-22), as well as splicing factors such as CA150, SAP49, and
SmB (23). The broad range of CARM1 substrates correlates
with its functional diversity. It has been reported that CARM1
plays an important role in alternative splicing through methyl-
ation of the splicing factors (23). It also has been shown that
CARML1 plays a critical role in promoting differentiation of
early thymocyte progenitors, possibly through methylating thy-
mocyte cyclic AMP-regulated phosphoprotein (22). In addi-
tion, CARM1 has been shown to directly regulate expression of
cell growth genes such as E2F1 and cyclin E1 (24, 25). Consis-
tently, CARM1 has been implicated in tumorigenesis in several
studies. For instance, overexpression of CARM1 was involved
in the development of prostate carcinoma as well as androgen-
independent prostate carcinoma, and the mRNA level of
CARM1 was found to be elevated in grade 3 breast tumors (25,
26). It has been proposed that CARM1 may represent a novel
therapeutic target in cancers (26).

Although it has been established that CARM1 plays critical
roles in diverse biological processes, very little is known about
how CARM1 enzymatic functions are regulated by different
physiological signaling pathways. Based on the general impor-
tance of CARM1 and on the hypothesis that nuclear receptor
coregulators are usually regulated by a “post-translational mod-
ification (PTM) code,” we characterized the phosphorylation
sites of CARM1 by mass spectrometry. Here, we show that
CARM1 was indeed phosphorylated at Ser*!” both in vivo and
in vitro and that this phosphorylation inactivated CARM1
methyltransferase activity by disrupting a hydrogen bond with
Tyr'>* and caused cytoplasmic localization of CARM1 protein.
Interestingly, phosphorylation of CARM1 at Ser*'” appears to
occur mainly during cell mitosis, suggesting that phosphoryla-
tion at Ser*'” serves as a molecular switch for controlling
CARM1 enzymatic activity during the cell cycle.

EXPERIMENTAL PROCEDURES

Plasmids—A mammalian expression vector for mouse
CARM1 (pSG5-HA-CARM1) was provided by Michael R. Stall-
cup (University of Southern California). CARM1 mutants
S217E, S217A,Y154A, Y154F, and Y154R were created by PCR-
based site-directed mutagenesis (Stratagene, La Jolla, CA) and
confirmed by sequencing analysis. The pSG5-FLAG-SRC-3
and ERE-Luc reporter vectors have been described previously
(18).

Nano-HPLC-coupled Tandem Mass Spectrometry Analysis—
In-gel digestion and nano-HPLC-coupled tandem mass
spectrometry for peptide identification were carried out as
described before (27). The GelCode blue-stained bands of
one-dimensional SDS-polyacrylamide gels were excised and
destained with 50 mm ammonium bicarbonate solution in 50%
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methanol. Gel pieces were then washed in HPLC water over-
night. After the wash procedure, gel pieces were digested with
100 ng of trypsin in 50 mm NH,HCO, (pH 8.5) for 4 h in a
volume of 15 pl. After digestion, peptides were extracted by the
addition of 200 ul of acetonitrile. The supernatants were dried
in a SpeedVac dryer (Thermo Savant). Each dried sample was
dissolved in 20 ul of 5% methanol, 95% water, 0.01% formic acid
solution and loaded onto an Zorbax 300SB-C18 trap column
(0.3 X 5 mm; Agilent) equilibrated in 0.01% trifluoroacetic acid
in water at 10 pul/min and washed for 5 min at the same flow
rate, and then the trap column was switched in-line with a 50
mm X 75 um C18 column (BioBasic C18, 5 um, 300-A pore
diameter, PicoFrit™; New Objective) equilibrated in 0.01%
formic acid and water. The peptides were separated with a
35-min discontinuous gradient of methanol and 0.01% formic
acid (5-90% methanol for 20 min) at a flow rate of 200 nl/min.
Separated peptides were directly electrosprayed into a mass spec-
trometer (Finnigan LTQ™; ThermoFinnigan) using a nano-spray
source with a voltage of 2.0 kV applied to the liquid junction. The
mass spectrometer was operated in the data-dependant mode
acquiring fragmentation spectra of the top 20 strongest ions. The
resulted tandem mass spectra were analyzed against the modified
NCBI Reference Protein Sequence Database using the BioWorks
data base search engine (BioWorksBrowser version 3.2; Thermo
Electron). All peptide identification with stringent BioWorks-
Browser filtering criteria (peptide probability > 1 X 10~° and
Xcorr score > 2.0) was manually examined, and all peptides had to
be identified by consecutive b- or y- ions so that false identifica-
tions were eliminated.

Immunoprecipitation and Western Blot Analysis—Prepara-
tion of cell lysates, immunoprecipitation, and Western blot
analysis were performed as previously described (18). Anti-
CARM1 antibody was obtained form Bethyl Laboratories. Anti-
hemagglutinin (HA) rat monoclonal antibody was purchased
from Roche Applied Science. Anti-Myc mouse monoclonal
antibodywas purchased from NeoMarkers (Fremont, CA). Anti-
histone H3 phospho-Ser'® antibody was purchased from Cell
Signaling Technology (Beverly, MA). Anti-histone H3 antibody
was obtained from Abcam (Cambridge, MA). Anti-histone H3
methylated Arg'” antibody was purchased from Upstate Bio-
technology (Lake Placid, NY). HA peptide, anti-FLAG, and
anti-B-actin antibodies were purchased from Sigma. For gener-
ation of Ser*'” phosphorylation-specific antibody, peptide
N-“CIYAVEAS(P)TMAQHAE”-C with the phosphorylated ser-
ine was synthesized and used to immunize the rabbits. The anti-
body was affinity-purified from the sera with the immobilized
phosphopeptide. A-Phosphatase was purchased from New Eng-
land Biolabs (Beverly, MA). The precipitated samples were treated
by A-PPase according to the manufacturer’s instructions.

In Vitro Methylation Assay and S-Adenosylmethionine
(AdoMet) Binding Assay—The in vitro methylation assays were
performed as described previously (28). Briefly, ~100 ng of
CARM1 proteins were incubated with substrates in the pres-
ence of 20 mMm Tris-HCI (pH 8.0), 4 mm EDTA, 1 mMm phenyl-
methylsulfonyl fluoride, 0.5 mwm dithiothreitol, and 1 ul of
[*H]AdoMet (13.3 Ci/mm; PerkinElmer Life Sciences). The
reactions were incubated at 30 °C for 1 h before the proteins
were separated in a 4—15% SDS-polyacrylamide gel. After fixa-

VOLUME 284 -NUMBER 52+ DECEMBER 25, 2009



Regulation of CARM1 Enzymatic Activity by Phosphorylation

tion in a mixture containing 50% methanol and 10% acetic acid
for 30 min, the gels were treated with autoradiography Amplify
reagent (Amersham Biosciences) for 20 min, dried, and
exposed to x-ray films. The substrate proteins used included
core histones, SRC-3, and p300 recombinant proteins. Core
histones were a gift from Yi Zhang (University of North Caro-
lina at Chapel Hill), whereas SRC-3 and p300 proteins were
generated from the baculoviral system as previously described
(18).

AdoMet binding assay was performed using CARM1 pro-
teins purified from HEK293T cells. Specifically, HA-tagged
wild-type CARM1 and phospho-mutants were transfected into
HEK293T cells using FUGENE 6 (Roche Diagnostics) according
to the manufacturer’s instructions. Three days later, cells were
harvested and lysed, and CARM1 proteins were immunopre-
cipitated with anti-HA antibody followed by elution with HA
peptide. The eluted CARM1 proteins were quantified by West-
ern blot analysis. In the AdoMet binding assay, equal amounts
of CARMI1 proteins were incubated with 1 ul of [PH]AdoMet
(13.3 Ci/mm) in binding buffer (20 mm Tris-HCI (pH 8.0), 4 mm
EDTA, 1 mm phenylmethylsulfonyl fluoride, and 0.5 mm dithio-
threitol) for 30 min on ice. Then the samples were cross-linked
on ice using GS Gene Linker (Bio-Rad) at 200 m]J for 15 min.
AdoMet-bound CARM1 was separated by SDS-PAGE, fixed,
dried, and exposed to x-ray films for 2—4 weeks.

Cell Culture and Transfection—MCE-7, CV-1, and HEK293T
cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum. CARM1*/* and
CARM1 '~ mouse embryonic fibroblast cell lines were a gift
from Mark T. Bedford (University of Texas M. D. Anderson
Cancer Center). FUGENE 6 transfection reagent was used for all
transient transfections. For luciferase gene reporter assays, cells
were maintained in phenol red-free medium containing 5%
charcoal/dextran-stripped fetal calf serum until hormone addi-
tion. Transfected cells were treated with 10 nm estradiol and
harvested after a 24-h incubation. Luciferase activity was deter-
mined using the Promega luciferase assay kit according to the
manufacturer’s instructions (Promega Corp., Madison, WTI).

Cell Synchronization and Immunofluorescent Staining—To
enrich HeLa cells during mitosis, cells were incubated with 2
mM thymidine (Sigma) for 18 h, released for 3 h, and then incu-
bated with 100 ng/ml nocodazole for 12 h. To obtain cells syn-
chronized at the G,/S boundary, HeLa cells were treated with 2
mM thymidine for 18 h, followed by a 9-h release in thymidine-
free medium, and then treated again with 2 mm thymidine for
17 h to arrest cells at the G,/S boundary. After an extensive
washing, the synchronized cells were released in fresh medium
and harvested every 2 h. Immunofluorescent staining was per-
formed as previously described (29).

RNA Isolation and Quantitative Reverse Transcription-PCR
Analysis—Total RNA was extracted from MCEF-7 cells with
TriReagent (Molecular Research Center). To measure the rela-
tive mRNA levels, real-time reverse transcription-PCR was per-
formed in an ABI 7700 real-time PCR system (Applied Biosys-
tems, Foster City, CA). 18 S rRNA was used as an internal
control. The primers and probe for pS2 mRNA were as follows:
forward, 5'-GGTCGCCTTGGAGCAGA; reverse, 5'-GGGC-
GAAGATCACCTTGTT; and probe, 5'-(FAM)-TCCATGGT-
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GGCCATTGCCTCCT-6-(TAMRA). The primer and probe
set for 18 S rRNA was purchased from Applied Biosystems.

RESULTS

Identification of a Novel CARM1I Phosphorylation Site—To
identify in vivo functional CARMI1 phosphorylation sites,
human breast carcinoma MCEF-7 cells were used to purify
CARM1 protein for mass spectrometry analysis. Endogenous
CARM1 protein was immunoprecipitated from whole cell
lysate, separated by SDS-PAGE, and analyzed by mass spec-
trometry to identify potential phosphorylation sites on CARM1
(Fig. 1A). Surprisingly, only one phosphorylation site, Ser'®
(Ser®™” in mouse primary sequence; this designation will be
used thereafter) was identified in one out of the seven peptides
recovered. The specific peptide contained amino acid residues
201-227. In the CARM1 primary sequence, Ser*'” next to the
conserved region II, which is conserved in all PRMT family
proteins and is important for their methyltransferase activity
(Fig. 1B). Sequence alignment of PRMT family members reveals
that Ser®'” is completely preserved in all type | PRMT enzymes,
including PRMT1, PRMT?2, PRMT3, PRMT6, and PRMTS, but
notin type Il enzymes, including PRMT5, PRMT7, and PRMT9
(Fig. 1C). In addition, Ser*'” in CARML1 is evolutionarily con-
served from plant to human (Fig. 1D), indicating that Ser®” is
likely important for CARM1 function.

Ser*'” Phosphorylation Abrogates CARMI Methyltransferase
Activity—Because CARM1 is an arginine methyltransferase,
and Ser?'” localizes next to the conserved region that is essen-
tial for its methyltransferase activity, we asked whether Ser*'”
phosphorylation could affect CARM1 enzymatic activity. Mu-
tants mimicking constitutively phosphorylated (S217E) and
non-phosphorylated (S217A) proteins were analyzed in the in
vitro methyltransferase assay. Three known substrates of
CARM], including histone H3, SRC-3, and p300, were tested in
the methylation assay. Interestingly, neither mutant showed
any obvious activity against any of the three substrates (Fig. 24).
Mutation of Ser®*” to Thr or Cys also abolished CARM1 meth-
yltransferase activity (data not shown). Our results indicate that
Ser”'” is essential for CARM1 methyltransferase activity. Mod-
ification or substitution of this residue leads to broad and sig-
nificant loss of its enzymatic activity.

We next determined whether Ser®'” phosphorylation would
affect the methyltransferase activity of endogenous CARM1
protein. For this purpose, we generated a Ser>'” phosphoryla-
tion-specific rabbit polyclonal antibody. After affinity purifica-
tion of the sera with phosphorylated CARM1 peptide, the qual-
ity of antibody was tested by immunoprecipitation-Western
blot analysis. As shown in Fig. 2B, our antibody only recognized
wild-type CARM1 but not the S217A mutant protein immuno-
precipitated from cell lysate, indicating that the antibody spe-
cifically recognizes Ser*'”-phosphorylated CARM1. This anti-
body allowed us to immunoprecipitate Ser*'”-phosphorylated
CARM1 from HeLa cell lysate. When compared with a similar
amount of immunoprecipitated total CARM1 protein in an in
vitro methylation assay, we found that Ser>'”-phosphorylated
CARM1 displayed negligible methyltransferase activity (Fig.
2C). However, after we treated the Ser®'”-phosphorylated
CARM1 protein with A-phosphatase, the CARM1 protein
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FIGURE 1. Human CARM1 is phosphorylated at Ser?'” in MCF-7 cells. A, purification of CARM1 protein
from MCF-7 cells. Endogenous CARM1 protein was immunoprecipitated from MCF-7 whole cell lysate
using anti-CARM1 antibody. Following SDS-PAGE, the gel was stained with GelCode blue stain reagent to
illustrate the precipitated bands. B, schematic representation of mouse CARM1 functional domains con-
served in the PRMT family of enzymes. C, primary sequence alignment of the PRMT family of proteins. The
accession numbers for the PRMTs are as follows (where h is human and m is mouse): hPRMT1 (AAF62893),
hPRMT2 (AAH00727), hPRMT3 (AAC39837), hCARM1 (NP_954592), hPRMT5 (AAF04502), hPRMT6 (Q96LA8),
hPRMT7 (NP_061896), mPRMT8 (DAA01382), and hPRMT9 (AAH64403). D, primary sequence alignment of
CARM1 proteins from different species. The accession numbers for CARM1 sequences are as follows: Homo
sapiens CARM1 (NP_954592), Canis lupus CARM1 (XP_853774), Mus musculus CARM1 (NP_067506), Rattus nor-
vegicus CARM1 (NP_001029258), Danio rerio CARM1 (NP_001003645), Drosophila melanogaster CARM1
(NP_649963), Anopheles gambiae CARM1 (XP_318375), Arabidopsis thaliana CARM1 (NP_974913), and Oryza
sativa CARM1 (NP_001060600).
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FIGURE 2. Phosphorylation of Ser*'” abrogates CARM1 methyltransferase activity. A, Ser?'” mutants of

CARM1 lost methyltransferase activity. Wild-type (WT), S217E, and S217A CARM1 were exogenously expressed
in 293T cells. CARM1 proteins were purified by immunoprecipitation followed by elution with HA peptide.
Their methyltransferase activities were analyzed by in vitro methylation assay. Purified core histones, recom-
binant SRC-3, and p300 were used as substrates. Western blot analysis was used to determine the amount of
CARMT1 proteins used for the methylation assay. B, characterization of CARM1 Ser?'” phosphospecific antibody.
Exogenously expressed wild-type and S217A mutant CARM1 were purified from HEK293T cells as described in
A.The pSer’'” and CARM1 protein levels were determined by Western blot analysis. C, Ser?'” phosphorylation
abrogates CARM1 methyltransferase activity. Total CARM1 protein or CARM1 specifically phosphorylated at
Ser’'” was immunoprecipitated (/P) from Hela cell lysate with the indicated antibodies (Ab). Their activities
were analyzed by in vitro methylation assay using core histones as substrate. Western blot analysis showed the
amount of CARM1 protein used in the assay. IB,immunoblot. D, Ser?'” phosphorylation inhibits CARM1 meth-
yltransferase activity. Endogenous Ser?'’-phosphorylated CARM1 was immunoprecipitated from Hela cell
lysate and treated with or without A-phosphatase (A ppase). Following extensive washing, precipitated CARM1
was used for in vitro methylation assay. Total CARM1 protein was determined by Western blot analysis.
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regained a modest level of methyl-
transferase activity toward SRC-3
and histone H3 in the in vitro meth-
ylation assay (Fig. 2D). These results
established that Ser®'” phosphory-
lation negatively regulates CARM1
enzymatic activity toward histone
H3, p300, and SRC-3. It is interest-
ing to point out that endogenous
CARM1 immunoprecipitated from
HelLa cells exhibits double bands on
gels, but CARM1 proteins isolated
from MCEF-7 cells or exogenously
expressed CARM1 from HEK293T
cells migrate as a single band, sug-
gesting that CARM1 may contain
additional PTM sites in certain type
of cells (e.g. HeLa cells).

Ser?’” Is Critical for AdoMet
Binding Activity of CARMI—The
crystal structures of the CARMI1
catalytic core in the apo and holo
states (30, 31) suggest that Ser*!”
may directly participate in binding
of the methyl group donor, AdoMet
(Fig. 3A). In the apo structure,
Ser®!” is at its open position, and its
hydroxyl group is exposed in solu-
tion (Fig. 34, left panel). In contrast,
in its holo structure, the hydroxyl
group of Ser®'” is packed in, forms a
strong hydrogen bond with the car-
bonyl oxygen atom of Tyr'*% and
becomes an integral part of the
cofactor binding cavity (Fig. 3A4,
middle and right panels). Therefore,
we tested whether the Ser*'” muta-
tion would affect the AdoMet bind-
ing ability. The UV cross-linking
experiment revealed that indeed
the AdoMet binding ability of the
phosphorylation mutants was sig-
nificantly compromised (Fig. 3B).
These results indicate that the loss
of CARM1 methyltransferase activ-
ity by Ser®'” phosphorylation is
likely due to the loss of cofactor
AdoMet binding.

Sequence alignment of PRMT
family members reveals that Tyr'>*
also is preserved in all type I PRMT
enzymes (Fig. 3C). We tested whether
the Tyr'>* mutation would affect
CARM1 AdoMet binding and/or
catalytic activity. The in vitro meth-
yltransferase assay and AdoMet
binding assay results indicate that
mutations of Tyr'>* to Ala, Phe, and
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FIGURE 3. Phosphorylation of CARM1 at Ser?'” abolishes its AdoMet binding activity. A, the crystal structures of the CARM1 catalytic core in the apo (left

panel) and holo (middle and right panels) states. The right panel shows a close look at the hydrogen bond between Ser

217 and Tyr'*%. B, Ser?'” mutants lost

AdoMet binding ability. CARM1 proteins were prepared as described for Fig. 2A. Their AdoMet binding activities were visualized by autoradiography. C, con-
servation of Tyr'>* shown by the primary sequence alignment of the type | PRMT proteins. D, Tyr'>* mutants lost methyltransferase activity and AdoMet binding
activity. CARM1 proteins were prepared as described for Fig. 2A. Core histones were used as substrates for the methyltransferase assay. Purified CARM1

proteins were determined by Western blot analysis. WT, wild-type CARM1; h, human; m, mouse.

Argalllost AdoMet binding and methyltransferase activity (Fig.
3D). These results demonstrate that side chain of Tyr'>*is crit-
ical for CARM1 cofactor binding and its enzymatic activity, in
agreement with the observation that the phenyl ring of Tyr'>*
engages in hydrophobic interactions with the ribose and sulfur
atom of S-adenosylhomocysteine (30, 31). In addition, loss of
activity by mutation of Y154F demonstrates an essential role of
the hydroxyl group of Tyr'>*. Further examination of the pub-
lished structure reveals that the hydroxyl group of Tyr'>* forms
a hydrogen bond with the carboxyl of another conserved resi-
due, Glu**” (30, 31), which is to neutralize the positive charge of
the substrate guanidino group.

Ser®!” Phosphorylation Mutations Do Not Affect CARM1I
Dimerization and Coactivator Complex Formation—Previous
studies reported that phosphorylation of Ser®*® disrupts
CARM1 dimerization (32). Because Ser*!” is located in the
proximity of the CARM1 dimerization surface, we investigated
whether Ser*!” plays any role in CARM1 dimerization. We per-
formed a co-immunoprecipitation assay to determine whether
the S217E or S217A mutation affects interaction between wild-
type and mutant CARM1. As shown in Fig. 44, neither muta-
tion had any effect on CARM1 dimerization. As a control, the
S229E mutant lost dimerization in agreement with a previous
report (32). Our results indicate that mutation of the Ser*!”
phosphorylation site does not affect CARM1 dimerization.

Because CARM1 forms a coactivator complex with other
transcriptional coactivators in cells to facilitate transcription,
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FIGURE 4. Ser*'” phosphorylation does not affect CARM1 dimerization or
coactivator association. A, CARM1 dimerization is not affected by Ser*'”
phosphorylation. Myc-tagged wild-type CARM1 was coexpressed with HA-
tagged wild-type (WT) CARM1 or the S217E, S217A, or S229E mutant in
HEK293T cells. Following immunoprecipitation (/P) with antibody against the
Myctag, the precipitated proteins were separated on SDS-polyacrylamide gel
and analyzed by Western blot analysis with antibody against the HA
tag. B, CARM1 coactivator association is not affected by Ser?'” phosphoryla-
tion. HEK293T cells were transfected with the indicated plasmids. Following
immunoprecipitation with anti-FLAG or anti-Myc antibodies, the precipitated
proteins were separated on SDS-polyacrylamide gel, and associated coacti-
vators were determined by Western blot analysis. vec, vector.

we determined whether Ser*'” phosphorylation mutation

would affect its interaction with coactivators p300 and SRC-3.
Shown in Fig. 4B, neither S217E nor S217A had a significant
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FIGURE 5. Mutation of CARM1 Ser*'” phosphorylation site diminishes its coactivator function. A, CARM1
mutants showed little coactivator activity for ERa-mediated transcription. CV-1 cells were transiently
transfected with 200 ng of ERE-Luc reporter, 6 ng of pCR3.1-ERq, 50 ng of pSG5-FLAG-SRC-3, and 100 ng of
pSG5-HA-CARM1 wild type (WT) or indicated mutant in each well of a 12-well plate. 10 nm estradiol (E2) was
added 24 h after transfection, and luciferase activity was measured at 48 h post-transfection. Luciferase activity
phosphorylation mutants lost coactivator
activity on expression of an endogenous ER targeting gene. MCF-7 cells in 6-well plates were transiently
transfected with 2 pug of pSG5-HA-CARM1 wild type or indicated mutant. 48 h after transfection, cells were
treated with 10 nm estradiol for 18 h to induce endogenous ER target gene expression. The mRNA level of pS2
was determined by real-time reverse transcription-PCR, and the relative amount is shown. The 18 S rRNA was
used as an internal control. +, present; —, absent. The exogenously expressed CARM1 proteins were examined

Ser217

was normalized against total cell lysate protein. B, CARM1 Ser?'”

by Western blot analysis, as shown in the right panel. vec, vector.

effect on interactions with p300 or SRC-3, suggesting that
Ser”'” phosphorylation does not regulate CARM1 coactivator
complex formation.

Ser*'” Phosphorylation Mutations Abolish CARMI Tran-
scriptional Coactivator Activity—Because CARM1 enzymatic
activity is known to be required for its coactivator function (33),
we then asked whether Ser*'” phosphorylation would affect
CARML1 coactivator function in a cultured cell system. As
might be expected, we observed that both CARM1 S217A and
S217E mutants completely lost their coactivator activity in an
ER-dependent transcriptional assay, either in the absence or
presence of SRC-3 (Fig. 5A4). Moreover, overexpression of wild-
type but not S217E or S217A mutant CARM1 in MCEF-7 cells
increased the expression of an authentic endogenous ER target
gene pS2 (Fig. 5B, left panel). Equal expression of wild-type and
mutant CARM1 was confirmed by Western blot analysis (Fig.
5B, right panel). These results further substantiate that meth-
yltransferase activity is critical for in vivo CARM1 coactivator
function and that phosphorylation of Ser*'” negatively regu-
lates its activity.

Ser®'” Phosphorylation Promotes Cytoplasmic Localization
and Occurs Mainly during Mitosis—As a transcriptional coac-
tivator, CARM1 is mainly a nuclear protein. We next examined
whether Ser*'” phosphorylation could regulate CARM1 subcel-
lular localization. HA-tagged wild-type CARM1 and S217E and
S217A mutants were transiently expressed in HelLa cells, and
immunofluorescence staining was performed with anti-HA
antibody. As shown in Fig. 64, the S217E mutant was predom-
inantly located in the cytoplasm, whereas wild-type CARM1
and the S217A mutant localized mainly in the nucleus. Our
results suggest that Ser?!” phosphorylation may promote
CARM1 cytoplasmic localization.

Interestingly, a previous study of DART4 (Drosophila ho-
molog of CARM1) shows that DART4 accumulates strongly in
the cytoplasm during mitosis, when transcription is quiescent
for young embryos (34). Because the CARM1 phosphorylation
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chronized at the G,/S boundary by
double thymidine treatment and
then released to fresh medium to
continue the cell cycle, Ser*'” phos-
phorylation only peaked during
mitosis and quickly disappeared
after cells entered G; phase (Fig.
6C). Next, we asked where endoge-
nous Ser”'”-phosphorylated CARM1
localizes in cells. Unfortunately, the
pSer?!” antibody was not useful for
immunofluorescent staining. Consequently, we chose a
CARM1 antibody that specifically recognizes CARMI in
immunofluorescent staining (Fig. 6D). Consistent with the pre-
vious observation, immunofluorescent staining of endogenous
CARM1 protein revealed that it is mainly a nuclear protein
during G;, S, and G, phases. With the condensation of chroma-
tin and breakup of nuclear membrane during mitosis, CARM1
accumulated in the cytoplasm and remained there until two
daughter cells separated completely at early G, phase (Fig. 6E).
These results indicated that phosphorylation of CARMI at
Ser®'” is cell cycle-dependent and mainly occurs during mitosis.
Consequently, they suggest that the CARM1 methyltransferase
activity is turned off during mitosis when gene transcription is
silent and turned on in G, phase when gene transcription again
becomes active.

DISCUSSION

The PTM Code, a Key Determinant of Coregulator Function—
Nuclear receptor coregulators play diverse functions in regula-
tion of eukaryotic gene expression (35, 36). Recent studies have
demonstrated that post-translational modifications such as
phosphorylation, methylation, acetylation, sumoylation, and
ubiquitination are key determinants of coregulator activity and
stability (37). For instance, SRC-3 has been shown to be phos-
phorylated on multiple residues, and different combinations of
these phosphorylation sites constitute a PTM code, which is
able to regulate both activity and stability of SRC-3 protein (35,
38). Different signaling pathways such as those of steroid or
growth factors initiate separate kinase cascades, which result in
different patterns of phosphorylation of SRC-3 and subse-
quently lead to formation of specific coactivator complexes on
different target genes. As a result, signaling from specific envi-
ronmental stimuli leads to distinct subsets of gene expression
and diverse cellular responses.

Our current study on regulation of CARM1 function further
broadens the concept of the PTM code by identifying Ser*"”
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FIGURE 6. Ser?'” phosphorylation promotes CARM1 cytoplasmic localization and occurs at cell mitosis. A, Ser’'” phosphorylation of CARM1 changes its
subcellular localization. HA-tagged CARM1 Ser?'” mutants and wild-type (WT) protein were exogenously expressed in HeLa cells. HA staining shows the CARM1
protein, and 4',6-diamidino-2-phenylindole (DAPI) shows the DNA. 200 positively stained cells were counted for each sample, and the percentage of cells
showing stronger cytoplasmic signal is shown. B, CARM1 Ser®'” phosphorylation level greatly increases during cell mitosis. HeLa cells were cycle-synchronized
at M phase using thymidine/nocodazole treatment. Ser?'” phosphorylation level was determined by direct immunoprecipitation with pSer?'” antibody
followed by Western blot analysis against CARM1. CARM1 and B-actin levels shown by Western blot analysis. Histones were prepared by acid extraction
method, and the amount of Ser'® phosphorylation and Arg'” methylation of histone H3 in different samples was determined by Western blot analysis. IgG
heavy chain is labeled with an asterisk. C, Ser*'” phosphorylation of CARM1 is a mitotic event. HeLa cells were synchronized at the G,/S boundary by double
thymidine treatment. After being released into fresh medium, cells were collected every 2 h, and the level of Ser*'” phosphorylation (pSer217) of CARM1 was
determined by immunoprecipitation-Western blot analysis, as described for B. Direct Western blot analysis also shows the amount of CARM1, -actin, pSer'®,
and total histone H3 in different samples. IgG heavy chain is labeled with an asterisk. D, characterization of CARM1 antibody in immunofluorescent staining.
CARM1*/* and CARM1~/~ mouse embryonic fibroblast cells were used forimmunofluorescent staining by CARM1 antibody. CARM1 protein is shown in red,
whereas DNA is shown in blue (DAPI). E, CARM1 localizes in the cytoplasm during M and early G, phases. HeLa cells were synchronized at the G,/S boundary by
double thymidine block. After being released into regular medium, immunofluorescent staining was performed at 0, 3, 7, 10, and 12 h to show CARM1 cellular
localization at late G,, S, G,, M, and early G, phases, respectively. CARM1 is labeled in red, and DNA is shown in blue (DAPI). Typical cells at the designated cell

cycle stage are indicated out by white arrows.

phosphorylation as a regulatory switch for CARM1 enzymatic
function during the cell cycle. We found that phosphorylation
of Ser>'” does not affect CARM1 dimerization or its interaction
with other coactivators such as SRC-3 and p300/CBP. How-
ever, phosphorylation of Ser*'” specifically disrupts cofactor
AdoMet binding and subsequently abolishes its methyltrans-
ferase activity. Importantly, mutation of Ser*'” to Ala also dra-
matically reduces its AdoMet binding and enzymatic activity,
indicating that the hydroxyl group of Ser*'” is essential for
maintaining the intact structure and function of CARMI.
Indeed, based on the crystal structures of the CARM1 catalytic
core in the apo and holo states, binding of the methylation
intermediate S-adenosylhomocysteine causes reorientation of
the hydroxyl group of Ser*'” and forms a strong hydrogen bond
with a carbonyl oxygen atom of Tyr'>* (31). Our results dem-
onstrate that this hydrogen bond is critical for the cofactor
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AdoMet binding in CARM1. Moreover, both Ser*'” and Tyr">*
are completely conserved in the type I but not type II PRMT
family of enzymes, suggesting that this hydrogen bond plays a
general role in maintaining the functions of type I PRMT
enzymes. By examining the previously published structure of
the conserved core of PRMT3, another member of the type I
PRMT enzyme family (39), we found that a hydrogen bond is
formed between the corresponding Ser*®**and Tyr®*. It is likely
that similar hydrogen bonds may form in some or all of the type
I PRMT enzymes, and phosphorylation of a corresponding Ser
residue may be a general mechanism in functional regulation of
type I PRMT family members.

Another interesting observation is that CARM1 S217E
mutant protein is predominantly localized in the cytosol,
raising a question as to whether CARM1 plays an unknown
function in the cytoplasm. However, because Ser>'” phosphor-
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ylation inactivates CARMI1 methyltransferase activity, any
potential cytoplasmic function should be independent of its
enzymatic activity.

In addition to our current study, it was reported that
CARMI can be inactivated by phosphorylation at Ser**” (32).
However, Ser®?® is not conserved in other members of the
PRMT family, and phosphorylation of Ser**” disrupts dimeriza-
tion and thereby abolishes methyltransferase activity by a sep-
arate mechanism (32), indicating that Ser®!” and Ser**® play
different roles in regulation of CARM1 function. Thus, two
distinct mechanisms could exist for phospho-inhibition of
CARM1 function.

Regulation of CARM1 Activity by Phosphorylation—Partially
due to the highly condensed state of chromatin, gene tran-
scription is silenced globally during mitosis. As a transcrip-
tional coactivator that contains arginine methyltransferase
activity, it may be advantageous to attenuate the nuclear
function of CARM1 during mitosis to avoid off-target meth-
ylation. Importantly, in the current study, we found that
phosphorylation at Ser®'” mainly occurred at mitosis and
that this phosphorylation inactivated CARMI1 enzymatic
activity and coactivator function. Our results indicate that
phosphorylation at Ser>'” could be an important adjunct means
for controlling CARM1 function during cell cycle. However, it
remains unknown if CARMI1 Ser'” is quantitatively phosphor-
ylated due to technical limitations.

One immediate question raised by our finding is which
kinase is responsible for CARM1 Ser®*!” phosphorylation.
Because Ser*'” is mainly phosphorylated during mitosis, we
examined several kinases that are known to be active during
mitosis. However, by using relevant kinase inhibitors, we were
not able to specifically inhibit Ser*'” phosphorylation. Thus, the
specific kinase(s) that catalyzes the Ser*'” phosphorylation
remains to be determined. Additionally, because protein phos-
phorylation is a reversible process, once the cells exit mitosis,
CARML1 function could be restored by dephosphorylation at
Ser?’” and either reused as a transcriptional coactivator or
degraded. Another interesting question raised is where Ser'”
phosphorylation occurs. A small percentage of wild-type
CARML1 is found in the cytoplasm, whereas the majority of
CARML1 is localized in the nucleus, suggesting that CARM1
could be a protein that shuttles between the nucleus and cyto-
plasm. It is possible that CARM1 is phosphorylated at Ser*!” in
the nucleus and subsequently exported to the cytoplasm. It is
also possible that the nuclear localized CARM1 redistributes
throughout the whole cell at the time of mitotic nuclear enve-
lope breakdown and that exposure of CARM1 to cytoplasmic
kinase(s) leads to Ser>'” phosphorylation.
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