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SUMMARY

The coactivator-associated arginine methyl-
transferase CARM1 is recruited by many differ-
ent transcription factors as a positive regulator.
To understand the mechanism by which CARM1
functions, we sought to isolate its substrates.
We developed a small-pool screening approach
for this purpose and identified CA150, SAP49,
SmB, and U1C as splicing factors that are
specifically methylated by CARM1. We further
showed that CA150, a molecule that links tran-
scription to splicing, interacts with the Tudor
domain of the spinal muscular atrophy protein
SMN in a CARM1-dependent fashion. Experi-
ments with an exogenous splicing reporter
and the endogenous CD44 gene revealed that
CARM1 promotes exon skipping in an enzyme-
dependent manner. The identification of splic-
ing factors that are methylated by CARM1, and
protein-protein interactions that are regulated
by CARM1, strongly implicates this enzyme in
the regulation of alternative splicing and points
toward its involvement in spinal muscular atro-
phy pathogenesis.

INTRODUCTION

Arginine methylation has been implicated in the regulation

of transcription, translation and DNA repair (Bedford and

Richard, 2005). This posttranslational modification is cat-

alyzed by a family of protein arginine methyltransferases

(PRMTs), of which there are at least nine members.

CARM1 (also referred to as PRMT4) was identified in

the yeast two-hybrid assay to associate with GRIP1, the

p160 steroid receptor coactivator (Chen et al., 1999).

The recruitment of CARM1 to transcriptional promoters

results in the methylation of both histone H3 at arginine

17 (Chen et al., 1999) and the histone acetyltransferases

(HATs) p300/CBP (Lee et al., 2005). This methylation has

a positive effect on transcription, and therefore CARM1

is considered a coactivator. Gene targeting of CARM1 in
Mole
mice has been performed, and knockout mice, which

are smaller than their wild-type littermates, die just after

birth (Yadav et al., 2003). CARM1 knockout mouse embry-

onic fibroblasts (MEFs) were established and have been

used to confirm CARM1’s role as a coactivator for the

estrogen receptor (Yadav et al., 2003) and NF-kB (Covic

et al., 2005).

In order to gain a mechanistic understanding of

CARM1’s role as a transcriptional coactivator, we need

to know the repertoire of proteins it methylates and the

functional significance that methylation has on these sub-

strates. Apart from histone H3 and p300/CBP, additional

CARM1 substrates have been identified by performing

large-scale enzyme reactions on protein arrays (Lee and

Bedford, 2002), which include the poly(A)-binding protein

1 (PABP1) and the T cell-specific factor TARPP. Candidate

approaches have also been used to identify the RNA-bind-

ing proteins HuR and HuD as CARM1 substrates (Fujiwara

et al., 2006). Thus, CARM1 methylates two classes of pro-

teins—class 1 substrates include proteins that are involved

in chromatin remodeling (histone H3 and p300/CBP), and

class 2 substrates possess RNA-binding properties

(PABP1, TARPP, HuR, HuD, and splicing factors identified

in this study). The ability of CARM1 to methylate RNA-bind-

ing proteins points to its possible role in RNA possessing,

and indeed a recent study reported that CARM1 interacts

with the U1C splicing factor and regulates alternative splic-

ing (Ohkura et al., 2005). Importantly, we have identified

several splicing and transcription elongation factors

(SmB, SAP49, U1C, and CA150) as bona fide substrates

of CARM1. The methylation sites on these factors map to

a common protein interaction domain—the PGM motif

(Bedford et al., 1998). This motif has been shown previ-

ously to be the dominant protein-protein interaction mod-

ule in SmB that binds both SH3 and WW domains (Espejo

et al., 2002), and here we show that this same region inter-

acts with the Tudor domain of SMN. This interaction is sub-

ject to regulation by asymmetric, CARM1-mediated argi-

nine methylation. Thus, Tudor domains are emerging as

a major class of methyl-binding domain that interacts

with symmetrically methylated arginine motifs (Friesen

et al., 2001), methyllysine marks (Kim et al., 2006), and

asymmetrically methylated arginine motifs (this study).

We further show that the enzymatic activity of CARM1 al-

ters the patterns of exon choice in splicing. These results
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Figure 1. Developing a Small-Pool Screening Approach to Identify Methylated Protein

(A) GST fusions of known methylated proteins can be methylated when using reticulocyte lysate as an enzyme source.

(B) The unmethylated form of the P3 peptide is a methyl acceptor, whereas the methylated form (P3*) is not.

(C) Immunoprecipitation (IP) followed by western analysis demonstrates the presence of PRMT1, PRMT5, and CARM1 in reticulocyte lysate. IPs were

performed with the indicated antibodies, and western analysis was performed with a mixture of the same three antibodies that were used to perform

the IP. Three splice variants of PRMT1 are seen. Arrowhead, IgG heavy chain.

(D) An IVTT reaction of known arginine-methylated templates, in the presence of tritium-labeled AdoMet, results in labeled proteins. In certain lanes,

more than one band is seen due to premature termination of the IVTT product.

(E) An IVTT reaction of all the methylated hits identified in the screen was carried out in the presence of tritium-labeled AdoMet. An empty vector (�)

and vectors harboring cDNA from known arginine-methylated proteins (+) are included as controls.
72 Molecular Cell 25, 71–83, January 12, 2007 ª2007 Elsevier Inc.
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suggest that the methylation by CARM1 of PGM motifs lo-

cated on splicing and transcription elongation factors reg-

ulates protein-protein interactions that are involved in the

ordered assembly of the spliceosome. Thus, CARM1-me-

diated methylation couples transcription to splicing and

impacts alternative splicing.

RESULTS

Using Small-Pool Screening to Identify CARM1

Substrates

Small-pool screening is a systematic and broadly applica-

ble approach to cloning genes based solely on the biolog-

ical activities or biochemical properties of the gene prod-

uct (Lustig et al., 1997). We modified this method to

facilitate the identification of methylated proteins. A plas-

mid cDNA library of 14,000 cDNA clones was generated

and divided into pools containing ten clones. Using a cou-

pled transcription/translation system, we produce protein

pools. The reticulocyte lysate is an enzyme ‘‘soup’’ that al-

lows transcription/translation in vitro (IVTT). We predicted

that this soup also contains copious amounts of protein

methyltransferase activity—both lysine and arginine.

Thus, if IVTTs are performed in the presence of tritium-

labeled S-adenosyl-L-methionine (AdoMet), then the la-

beled proteins represent methyl acceptors. To identify

the methylated proteins, single plasmids from a deconvo-

luted plasmid pool are sequenced.

To show that rabbit reticulocyte lysate contained at

least active PRMT1 and CARM1, we carried out an in vitro

methylation reaction, in the presence of labeled AdoMet,

on GST, GST-GAR (a PRMT1, -3, -5, and -6 substrate),

and GST-PABP (a CARM1 substrate), using rabbit reticu-

locyte lysate as the sole enzyme source. GST-GAR and

GST-PABP were labeled in this reaction, while GST re-

mained unlabeled, indicating the presence of protein

methyltransferase activity (Figure 1A). To further establish

the presence of PRMT activity in the lysate, we incubated

a peptide (P3) from the methylated protein Sam68 with re-

ticulocyte lysate and hot AdoMet. The P3 peptide is an ac-

ceptor of methyl groups, but the methylated P3* peptide

remains unlabeled, as all the arginine residues are synthe-

sized asymmetrically dimethylated (Figure 1B), thus fur-

ther establishing that PRMT1-like activity is present in

reticulocyte lysate. In addition, immunoprecipitation (IP)

followed by western analysis demonstrated the presence

of PRMT1, PRMT4 (CARM1), and PRMT5 in the reticulo-

cyte lysate (Figure 1C).

We then performed an in vitro transcription/translation

pilot experiment using expression vectors harboring

known and predicted arginine-methylated proteins

(Sam68, GRP33, Mre11, hnRNP K, PABP1, and the induc-

ible poly(A)-binding protein, iPABP) (Bedford and Richard,
Mol
2005). IVTT reaction on these templates, in the presence

of labeled AdoMet, resulted in labeled proteins (Figure 1D),

thus demonstrating the feasibility of using a small-pool

approach to screen for methylated proteins.

Using this approach, we then screened the 1400 plas-

mid pools and identified a number of methylated proteins

(Figures 1E and 1F). Of the 11 identified substrates found,

only hnRNP K and hnRNP U were previously described

as being arginine-methylated proteins (Lee and Bedford,

2002; Ostareck-Lederer et al., 2006). In addition, eEF1A-

1 has been reported to contain internal amino-methylated

lysine residues (Dever et al., 1989) and to carry a C-termi-

nal carboxymethyl ester (Zobel-Thropp et al., 2000).

The majority of the identified methylated proteins con-

tained GAR motifs (glycine- and arginine-rich motifs) that

are indicative of PRMT1, -3, -6, and -8 substrates. We

were particularly interested in identifying substrates for

CARM1 because it does not methylate a GAR motif and

its substrates can only be identified empirically. We thus

generated GST-fused recombinant proteins for all non-

GAR motif-containing substrates (CA150, PTPA, iPABP,

SAP49, and eEF1A-1) and a few of the GAR motif-contain-

ing substrates (RDA288 and hnRNP D). The GST fusion

proteins were tested in in vitro methylation reactions with

recombinant PRMTs (PRMT1, PRMT6, and CARM1) and

recombinant lysine methyltransferases (SET 7/9, hDOT1L,

and Suv39h1). In this fashion, we established which en-

zymes could methylate each substrate in vitro (Figure 1F).

The type of methylation found on PTPA, and the putative

lysine methyltransferase that modifies eEF1A-1, remain

undetermined. Those substrates that harbor GAR motifs

were indeed methylated by PRMT1 and PRMT6. CARM1

was able to efficiently methylate CA150, iPABP, and

SAP49 (data not shown). CA150 is involved in transcrip-

tional elongation and splicing and has been proposed to

tether these two cellular processes (Goldstrohm et al.,

2001; Lin et al., 2004; Sanchez-Alvarez et al., 2006; Smith

et al., 2004). SAP49 is also a splicing factor (Das et al.,

1999). iPABP is closely related to PABP1, which we have

previously identified and characterized as a CARM1 sub-

strate (Lee and Bedford, 2002).

CARM1 Methylates a Cohort of Splicing Factors

We next characterized CA150 as a CARM1 substrate. To

establish the region of CA150 that is methylated by

CARM1, in vitro methylation assays were performed on

four GST-CA150 contigs that cover the coding region of

CA150 (Figure 2A). Methylation of the N-terminal-most fu-

sion, GST-CA150a, was observed (Figure 2B). This N-ter-

minal region is a proline-, glycine-, methionine-, and argi-

nine-rich zone, has been termed a PGM motif, and has

been previously noted in splicing factors (Bedford et al.,

1998). We also saw this motif in SAP49 and at least two
(F) List of the identified substrates. Some of the substrates were identified multiple times. An asterisk (*) denotes those substrates that were identified

as methylated proteins for the first time in this study. Substrates that contain a GAR motif are noted. The enzyme that can methylate the recombinant

form of each substrate in vitro is reported. NT refers to substrates that were not tested in in vitro reactions. ND refers to recombinant substrates that

were tested but for which a methylating enzyme was not determined.
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Figure 2. CA150 and Other PGM Motif-Containing Proteins Are Methylated by CARM1 In Vitro

(A) GST fusion proteins were generated from the indicated regions of CA150.

(B) CA150a fragment is methylated in vitro by recombinant CARM1. GST-PABP serves as a positive control for recombinant CARM1 activity.

(C) A number of PGM motif-containing splicing factors are methylated by CARM1 in vitro, including CA150, SmB, U1C, and SAP49. PRMT5 (myc-

tagged) that is expressed in CARM1 null cells also methylates PGM motif-containing splicing factors. The circles on the gels indicate the positions

of the full-length GST fusion proteins that are methylated by the respective PRMTs.
other splicing factors, U1C and SmB (see Figure S1 in the

Supplemental Data available with this article online). We

then tested the ability of CARM1 to specifically methylate

the PGM motifs of CA150, SAP49, SmB, and U1C and
74 Molecular Cell 25, 71–83, January 12, 2007 ª2007 Elsevier
found that all of these splicing factors are in vitro sub-

strates for CARM1 and not other type I PRMTs (Figure 2C).

Importantly, the PGM motif-containing proteins are also

in vitro substrates for PRMT5.
Inc.
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Figure 3. CA150 Is Methylated In Vivo

(A) HeLa cells transiently expressing GFP, GFP-PABP1, and GFP CA150 were incubated with cycloheximide and L-[methyl-3H]methionine for 3 hr.

GFP fusion proteins were immunoprecipitated (IP) with anti-GFP antibodies (aGFP). In vivo methylation was visualized by fluorography (left). Expres-

sion of GFP fusion proteins was analyzed by western blot (right).

(B) Methylated proteins were labeled in vivo, and endogenous CA150 was immunoprecipitated. Methylated CA150 was visualized by fluorography

(left), and the same membrane was immunoblotted with an aCA150 antibody (right). In the presence of 10 mM AdOx, a global methylation inhibitor,

methylation of endogenous CA150 is lost.
CA150 Is Methylated In Vivo

To determine whether endogenous CA150 is methylated

in cells, we used an in vivo methylation assay (Lee and

Bedford, 2002). HeLa cells were transiently transfected

with GFP, GFP-PABP1, and GFP-CA150, and the total

methylated protein pool was labeled by incubating cells

with [methyl-3H]-L-methionine in the presence of the pro-

tein synthesis inhibitor, cycloheximide. After IP with aGFP

antibodies, the proteins were separated by SDS-PAGE,

transferred to a PVDF membrane, and subjected to fluo-

rography (Figure 3A, left). GFP-PABP1 serves as a positive

control for in vivo methylation. GFP is a negative control to

confirm that translation was indeed inhibited. We found

that the GFP fusions of PABP1 and CA150 were methyl-

ated in HeLa cells, indicating that CA150 (fused to GFP)

is methylated in vivo. The same membrane was then sub-

jected to western analysis using an aGFP antibody to con-

firm roughly equal loading (Figure 3A, right). To establish

that endogenous CA150 is methylated, the same in vivo

methylation assay was performed on HeLa cells. Endoge-

nous CA150 was immunoprecipitated from these labeled

cell extracts. CA150 was methylated in HeLa cells, and

this methylation was inhibited in the presence of the global

methylation inhibitor AdOx (Figure 3B).

CA150 Is Methylated by CARM1 and PRMT5

We have demonstrated that both ectopically expressed

and endogenous CA150 are methylated in HeLa cells (Fig-

ure 3). To determine whether CA150 was methylated in the

absence of CARM1, we performed an in vivo methylation

reaction in Carm1+/+ and Carm1�/�MEFs. CA150 was im-

munoprecipitated from these labeled cell extracts. Equiv-
Mo
alent amounts of CA150 were present in both cell lines,

and CA150 from the wild-type and the knockout line was

methylated (Figure 4A), suggesting that CA150 is methyl-

ated by at least one other enzyme apart from CARM1,

likely PRMT5 (Figure 2C).

The first substrate to be identified for CARM1 was his-

tone H3 (Chen et al., 1999), which is methylated at argi-

nines 2, 17, and 26 on its N-terminal tail. Methyl-specific

antibodies have been raised against the methyl-arginine

17 mark (aH3R17me2a, Upstate 07-214), and we have

shown that this antibody crossreacts with a number of

proteins in a CARM1-dependent manner (Yadav et al.,

2003). Further studies using this antibody to perform west-

ern analysis on nuclear extracts from Carm1+/+ and

Carm1�/� MEFs reveal that there are at least 7 CARM1

substrates recognized by this antibody (Figure 4B, left).

Two of these proteins migrate at the same position as

SmB and CA150 (Figure 4B, middle and right), raising

the possibility that the aH3R17me2a antibody recognizes

these two CARM1 substrates. To investigate this likeli-

hood, we immunoprecipitated SmB from Carm1+/+ and

Carm1�/� MEFs that had been subjected to an in vivo

methylation reaction. Equivalent amounts of SmB were

immunoprecipitated from both cell lines (Figure 4C, bot-

tom), and SmB from the wild-type and the knockout line

was methylated (Figure 4C, top), but the aH3R17me2a

antibody only recognized SmB from wild-type cells. A

similar result was seen for CA150 when the membrane

depicted in Figure 4A was stripped and reprobed with

the aH3R17me2a antibody (Figure 4D).

Both CA150 and SmB remain methylated in CARM1

knockout cells but lose their immunoreactivity with the
lecular Cell 25, 71–83, January 12, 2007 ª2007 Elsevier Inc. 75
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Figure 4. An Antibody Raised against Methylated Histone H3 Also Recognizes SmB and CA150 in a CARM1-Dependent Manner

(A) CA150 is methylated in CARM1 null cells. After an in vivo methylation reaction, CA150 was immunoprecipitated from CARM1 wild-type (+/+) and

knockout (�/�) MEFs. Methylated CA150 was visualized by fluorography (left), and the same membrane was immunoblotted with an aCA150 anti-

body (right).

(B) Nuclear extracts from CARM1 wild-type (+/+) and knockout (�/�) MEFs were subjected to western analysis with aH3R17me2a (Upstate 07-214),

aSmB (Y12), and aCA150.

(C) After an in vivo methylation reaction, SmB was immunoprecipitated from CARM1 wild-type (+/+) and null (�/�) MEFs. Methylated SmB was vi-

sualized by fluorography (top), and the same membrane was immunoblotted with the aH3R17me2a antibody (middle), then stripped and immuno-

blotted again with the aSmB antibody (bottom).

(D) The membrane from (A) was stripped and immunoblotted again with the aH3R17me2a antibody.
aH3R17me2a antibody in the absence of CARM1. This

clearly demonstrates that these two substrates are being

methylated by at least one other enzyme and that this

methylation is likely not at the same site as the CARM1-

mediated modification because it is not recognized by

the aH3R17me2a antibody. It has been shown that SmB

is symmetrically dimethylated by PRMT5 (Brahms et al.,

2001). Importantly, amino acid analysis of SmB revealed

that it is also asymmetrically dimethylated (Miranda et al.,

2004). Here we show that this asymmetrical dimethylation

is carried out by CARM1. Because CA150 also remains

methylated in the absence of CARM1, we speculated

that it is a substrate for PRMT5 as well. Indeed, the re-

combinant CA150-PGM domain can be methylated just

as efficiently as GST-SmB, when we use myc-PRMT5 iso-

lated from CARM1 knockout cells as the enzyme source

(Figure 2C).

Thus, the aH3R17me2a antibody crossreacts with a

CARM1-generated epitope on CA150 and SmB, and ex-
76 Molecular Cell 25, 71–83, January 12, 2007 ª2007 Elsevier
periments in knockout cells provide genetic proof that

both CA150 and SmB are methylated by CARM1. Impor-

tantly, the aH3R17me2a antibody does not recognize all

CARM1-methylated proteins, as it displays no immunore-

activity with PABP1 (data not shown).

CA150 Interacts with the Tudor Domain of SMN

in a CARM1-Dependent Fashion

The methylation of SmB by PRMT5 facilitates an interac-

tion with the Tudor domain of the spinal muscular atrophy

gene product SMN (Brahms et al., 2001; Cote and Ri-

chard, 2005; Friesen et al., 2001). We speculated that

CA150 may also interact with SMN in a similar methyl-de-

pendent manner. To investigate this possibility, we tran-

siently transfected GFP and GFP-CA150a into Carm1+/+

and Carm1�/�MEFs and performed an in vivo methylation

reaction on these cells. After IP with aGFP antibodies, the

proteins were separated by SDS-PAGE and transferred to

a PVDF membrane. Copies of these blots were made and
Inc.
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Figure 5. The PGM Motif of CA150 Is Recognized by the

aH3R17me2a Antibody in a CARM1-Dependent Manner

CARM1 wild-type (+/+) and knockout (�/�) MEFs were transiently

transfected with GFP or GFP-CA150 (PGM) and subjected to an

in vivo methylation reaction. The expressed proteins were then immu-

noprecipitated. Methylation was visualized by fluorography, and the

same membrane was immunoblotted with the aH3R17me2a antibody,

then stripped and immunoblotted again with an aGFP antibody. A du-

plicate blot was subjected to far western analysis with a GST fusion of

the SMN Tudor domain. In the presence of 10 mM AdOx, almost all the

methylation of GFP-CA150 (PGM) in the CARM1 knockout line is lost

(�/�a).
Mole
subjected to western analysis with an aGFP antibody as a

loading control, to fluorography, to western analysis with

the aH3R17me2a antibody, and to far western analysis

using the GST-Tudor domain of SMN (Figure 5). These re-

sults demonstrate that the isolated PGM motif of CA150 is

methylated in wild-type MEFs and methylation is reduced

in CARM1 knockout MEFs. The residual methylation in

the knockout MEFs is likely due to PRMT5 activity. The

aH3R17me2a only reacts with GFP-CA150a isolated

from wild-type cells, as seen with the endogenous protein

in Figure 4D. The Tudor domain of SMN can interact with

GFP-CA150a only when it is synthesized in wild-type cells.

We have performed a deletion analysis of the CA150 PGM

motif and found that both the aH3R17me2a antibody and

the SMN Tudor domain interact with a region containing

five arginine residues within the first 34 amino acids of

CA150 (Figure S2). This region is necessary but not suffi-

cient for these interactions to take place, and indicates a

possible structural element to its recognition as a protein-

interacting surface.

To further demonstrate that SMN interacts with CA150

in a CARM1-dependent manner, we performed a far west-

ern analysis on endogenous CA150 that was immunopre-

cipitated from either CARM1 wild-type or knockout MEFs.

Equal amounts of CA150 are found in both cell lines, but

the Tudor domain of SMN is only able to interact with

CA150 derived from wild-type cells (Figure 6A). In pull-

down experiments, the Tudor domain of SMN is able to

interact with CA150 from CARM1 wild-type but not knock-

out MEFs (Figure 6B). Interestingly, the SmB-SMN inter-

action, which has been shown to be PRMT5 dependent,

is not directly regulated by CARM1. Finally, we are able

to coimmunoprecipitate CA150 and SMN (Figure 6C). In

this experiment, CA150 interacts strongly with SMN in

wild-type cells and much more weakly with CA150 from

CARM1 knockout cells. This weak interaction can be elim-

inated with prior AdOx treatment of the knockout cells.

These findings suggest that CA150 interacts directly

with SMN in a CARM1-dependent manner (Figures 6A

and 6B). The residual methylation of CA150 that is seen

in CARM1 knockout cells may play a role in stabilizing

this interaction, possibly through a linker protein or a pro-

tein complex (Figure 6C), as we only see this weak interac-

tion in the context of the coimmunoprecipitation (CoIP)

and not the pull-down.

CARM1 Regulates Splicing by Promoting

Exon Skipping

The ability of transcriptional coactivators to impact splic-

ing events has been previously reported by the O’Malley

laboratory (Auboeuf et al., 2002, 2005), who showed that

CoAA and CAPER coactivators can regulate alternative

splicing. In addition, the nuclear receptor coactivator

PGC-1 also has the ability to regulate mRNA processing

(Monsalve et al., 2000). All three of these coactivators

(PGC-1, CoAA, and CAPER) harbor RNA-recognition mo-

tifs (RRMs) and/or arginine-serine-rich domains charac-

teristic of SR splicing factors, which pointed toward their
cular Cell 25, 71–83, January 12, 2007 ª2007 Elsevier Inc. 77
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involvement in mRNA processing. CARM1 does not pos-

sess any structural elements that are indicative of coacti-

vators that also impact splicing. However, CARM1 does

specifically methylate a number of splicing factors (Fig-

ure 2C), a property that suggests it could also function

as a regulator of alternative splicing.

To investigate the ability of CARM1 to influence alterna-

tive pre-mRNA splicing, we used the CD44v5 minigene as

a reporter. This splicing reporter, which is driven by an

estrogen response element (ERE-CD44) (Auboeuf et al.,

2002), was cotransfected with ERa and either CARM1 or

CARM1dead expression vectors into CARM1 knockout

MEFs. Because CARM1 homodimerizes, the use of knock-

out MEFs eliminates any confounding consequence that

Figure 6. Endogenous CA150 Interacts with SMN in

a CARM1-Dependent Manner

(A) Endogenous CA150 was immunoprecipitated from CARM1 wild-

type (+/+) and null (�/�) cells and subjected to far western analysis

with a GST fusion of the SMN Tudor domain. A weak band is seen in

lysates from wild-type cells, but not knockout cells (*). Preimmune

sera was used as a negative control.

(B) A pull-down experiment was performed using GST-SMN Tudor do-

main. Lysates from CARM1 wild-type (+/+) and null (�/�) MEF lines

were subjected to this pull-down analysis and immunoblotted with

aCA150 and aSmB.

(C) The CoIP of CA150 and SMN requires CARM1. Endogenous CA150

was immunoprecipitated from CARM1 (+/+ and �/�), and AdOx-

treated MEFs (�/�a). aSMN was used to demonstrate the CoIP of

SMN with CA150 (left). There is equal SMN input (middle) and CA150

IP (right).
78 Molecular Cell 25, 71–83, January 12, 2007 ª2007 Elsevier I
may be due to the recruitment of the endogenous enzyme

by either the transiently transfected wild-type or enzyme-

dead CARM1 mutant (CARM1dead). The transfected mini-

gene gives rise to two major spliced RNA products, con-

taining either both variable exons (inclusion) or neither

variable exon (skipping), and a minor product harboring a

single exon. We observed a 2- to 3-fold increase in the

skipping/inclusion ratio of spliced mRNAs as compared

with the ratio obtained in the total absence of CARM1 or

in the presence of CARM1dead (Figure 7A). This effect is

not as pronounced in CARM1 wild-type cells, possibly

due to the buffering ability of the endogenous CARM1.

In addition, the base level of ERE-CD44 skipping is only

slightly higher in the CARM1 wild-type as compared to

the CARM1 knockout line (lanes 1 and 2), possibly be-

cause the levels of endogenous CARM1 are limiting, and

thus the overexpression of CARM1 stimulates significantly

more skipping.

Using the same reporter system in a different cell line,

we can also observe the capacity of CARM1 to facilitate

exon skipping. We generated a tetracycline (Tet)-inducible

HEK293 cell line for this purpose. With the induction of

CARM1, we see a 4-fold increase, at the 48 hr time point

(lane 5 versus lane 10), in the skipping/inclusion ratio

as compared with the ratio obtained in the presence of

endogenous CARM1 levels (Figure 7B). A portion of the

same samples that were used for the splicing analysis

was subjected to western analysis to confirm that

CARM1 levels are indeed induced at the time point where

we see the strongest effects on splicing (Figure 7B). Im-

portantly, as the CARM1 levels increase so does the meth-

ylation level of CARM1 substrates, as assayed using the

aH3R17me2a antibody. Thus, CARM1 substrates are

not fully methylated, and the recruitment of CARM1 to

sites of transcriptional activation clearly has the capacity

to increase the methylation of substrates and thereby

impact alternative splicing.

Again, using the same reporter system we have demon-

strated the importance of the PGM motif of CA150 in

mediating the CARM1-driven exon skipping (Figure 7C).

Tet-inducible HEK293 cells were transfected with the

ERE-CD44 reporter construct, together with a CA150 ex-

pression construct that either contains (WT) or does not

contain the PGM motif (D-PGM). Without the PGM motif,

CA150 does not interact with SMN (Figure S3) and the

skipping/inclusion ratio (Figure 7C, lanes 2–5) is similar to

that seen with endogenous levels of CA150 (Figure 7B,

lanes 7–10). The skipping/inclusion ratio is more than dou-

bled when full-length CA150 is overexpressed (Figure 7C,

lanes 7–10). Thus, the effects of CARM1 overexpression

on splicing are partially mediated through the PGM motif

of CA150.

We have gone on to show that not only the ERE-CD44

reporter but also the endogenous CD44 locus is subjected

to alternative splice regulation by CARM1. We analyzed

the expression of exon v5-containing endogenous CD44

mRNA in wild-type MEFs, two CARM1 knockout MEF

lines, and a knockout line that has been engineered to
nc.
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Figure 7. CARM1 Affects Splicing Deci-

sions

(A) CARM1 wild-type and knockout MEFs were

transfected with the CD44 minigene. Cotrans-

fections were performed with a CARM1 ex-

pression vector (lanes 3 and 4) and an en-

zyme-dead form of CARM1 (lanes 5 and 6).

Transfected cells were incubated for 24 and

48 hr in the presence of estradiol. A gel of the

RT-PCR products is depicted. A b-actin PCR

serves as a loading control. A mean (±SD, n =

3) quantification is graphically displayed; the

values shown are a ratio of skipped product

(lower band) and the two-exon-included prod-

uct (upper band).

(B) Overexpression of CARM1 promotes exon

skipping. HEK293 cells (lanes 1–5) and Tet-in-

duced HEK293 cells (lanes 6–10) were trans-

fected with the CD44 minigene. Western analy-

sis confirmed that CARM1 expression was

induced by Tet, and this correlated with an

increase in arginine methylation levels as ex-

amined with aH3R17me2a. Splicing was mon-

itored by RT-PCR after 2, 6, 24, and 48 hr. A

mean (±SD, n = 3) quantification is graphically

displayed.

(C) The PGM motif of CA150 is required to syn-

ergize with CARM1 to promote exon skipping.

Expression vectors harboring the D-PGM

(lanes 1–5) and wild-type forms (lanes 6–10)

of CA150 were transfected with the CD44 mini-

gene in Tet-inducible HEK293 cells. Western

analysis confirmed the expression of D-PGM

and wild-type CA150, and the induction of

CARM1. A mean (±SD, n = 4) quantification is

graphically displayed.

(D) CARM1 participates in regulating splicing of

endogenous CD44. RT-PCR analysis was per-

formed using exon-specific primers for CD44,

on cDNA from wild-type MEFs (13), two

CARM1 knockout MEF lines (3 and 20), and a

rescued knockout line. The lower band repre-

sents v5 (black spot), and the additional bands

represent v5/v6 and v5/v7 mRNA as deter-

mined by sequencing. A mean (±SD, n = 3)

quantification of the effect of CARM1 loss is

graphically displayed as a percentage of the

band in lane 2.
Molecular Cell 25, 71–83, January 12, 2007 ª2007 Elsevier Inc. 79



Molecular Cell

CARM1 Regulates the SMN-CA150 Interaction
re-express CARM1 (rescued) (Figure 7D). An increase in

CD44v5 inclusion is seen in the two knockout lines, which

indicates reduced exon skipping in the absence of

CARM1—consistent with the results that we observe

when using the splicing reporter (Figures 7A–7C).

DISCUSSION

CARM1 Is a Transcriptional Coactivator that

Impacts Alternative Splicing

Transcription and downstream RNA processing events are

highly coordinated, and specific transcription factors have

been shown to play a role in pre-mRNA processing (Mani-

atis and Reed, 2002). A subset of transcriptional coactiva-

tors is involved in transcription-coupled splicing, and it

contains either serine/arginine (SR) domains or RRMs, or

both, and physically links transcription to splicing. Exam-

ples of these SR/RRM proteins include the PPARg coacti-

vator PGC-1 (Monsalve et al., 2000) and the steroid recep-

tor coactivators p72, COAA, and CAPERa (Auboeuf et al.,

2002; Dowhan et al., 2005). To date, more than twenty tran-

scriptional coregulators have been structurally or function-

ally linked to splicing (Auboeuf et al., 2005), and recently

CARM1 joined these ranks (Ohkura et al., 2005).

The link between transcription and splicing has focused

on the C-terminal domain (CTD) of RNA polymerase II (Pol

II). The CTD serves as a scaffold for many factors involved

in nascent transcript maturation. CARM1 does not associ-

ate with the CTD directly and cannot be coimmunopreci-

pitated with Pol II (data not shown), but it does methylate

CA150, which is a CTD-binding protein (Goldstrohm et al.,

2001). The ability of CA150 to interact with the CTD is not

affected by its methylation status (Figure S4). In addition,

SMN is also associated with the CTD, and fractionation

experiment using sucrose gradient centrifugation re-

vealed that >30% of nuclear SMN cofractionates with

Pol II (Pellizzoni et al., 2001). The tethering of SMN to the

CTD of Pol II is mediated by RNA helicase A (Pellizzoni

et al., 2001), NSAP1/hnRNP Q (Carty and Greenleaf,

2002; Mourelatos et al., 2001), and CA150 (this study). Im-

portantly, all three of these SMN interaction nodes are

arginine methylated. We identified RNA helicase A as a

PRMT1 substrate (Lee and Bedford, 2002). NSAP1 also

contains a GAR motif (Mourelatos et al., 2001) and is

thus likely a PRMT1 substrate. Indeed, the small-pool

screen identified NSAP1 and CA150 as methylated pro-

teins (Figure 1).

The SMN Tudor domain binds CA150 in a CARM1-

dependent manner (Figures 5 and 6). To the best of our

knowledge, this is the first example of a protein-protein in-

teraction that is stimulated by a CARM1 methylation event.

Previously, CARM1 has been shown to play an inhibitory

role in protein-protein interactions, specifically with regard

to the GRIP1-p300 interaction (Lee et al., 2005). Impor-

tantly, CA150 needs to be methylated by CARM1 for it to

interact with the Tudor domain of SMN. Thus, SMN protein

interactions are regulated by both PRMT5 and CARM1,

and this clearly adds another level of complexity to the
80 Molecular Cell 25, 71–83, January 12, 2007 ª2007 Elsevier In
interpretation of SMA pathogenesis. Finally, the CARM1-

dependent interaction of CA150 with SMN could provide

a molecular mechanism for the proposed involvement of

SMN in pre-mRNA splicing (Pellizzoni et al., 1998).

CARM1 Methylates the PGM Motifs

of Splicing Factors

In vitro methylation assays confirm that the PGM motifs of

CA150, SmB, U1C, and SAP49 are methylated by CARM1

(Figure 2C). CA150 also harbors WW domains and FF do-

mains and is a key factor in linking transcription to the spli-

ceosome (Bedford and Leder, 1999). Its WW domains

bind the splicing factors SF1 and U2AF, the U2 snRNP,

and the SF3 complex (Goldstrohm et al., 2001; Lin et al.,

2004). The FF domains of CA150 tether it to the CTD of

Pol II in addition to other proteins that are involved with

the regulation of Pol II promoters (Carty et al., 2000; Smith

et al., 2004). Importantly, CA150 copurifies with spliceo-

some fractions and colocalizes with splicing factor-rich

nuclear speckles (Neubauer et al., 1998; Sanchez-Alvarez

et al., 2006). In the freshwater midge, the ortholog of

CA150 (hrp130) is concentrated in large chromosomal

puffs called Balbiani rings, which are sites of high tran-

scriptional activity and splicing (Sun et al., 2004). It has

been shown that CA150 has the capacity to repress tran-

scription elongation by Pol II in a promoter-selective fash-

ion (Goldstrohm et al., 2001; Sune and Garcia-Blanco,

1999). This effect of CA150 on transcription elongation

has been proposed to be through a mechanism that al-

lows adjustments to be made to the transcription rate,

thus ensuring the fidelity of splicing at highly transcribed

loci.

Apart from CA150, the other CARM1 substrates SmB,

U1C, and SAP49 also have discrete functions in pre-

mRNA splicing. SmB is a common Sm protein that is a

component of both the U1 snRNP and the U2 snRNP,

which recognize the 50 and 30 splice site, respectively.

U1C is part of the U1 snRNP, SAP49 is found in the

SF3b complex that contributes to the U2 snRNP, and

CA150 is associated with the U2 snRNP (Lin et al., 2004;

Stanek and Neugebauer, 2006). Although these factors

are components of the basic splicing machinery, modulat-

ing their activity could impact the use of specific splice

sites. Recently, it was found that Brm, a component of

the SWI/SNF chromatin-remodeling complex, regulates

alternative splicing. Interestingly, Brm has the opposite

effect on the CD44 splicing than CARM1 has—it induces

the inclusion of variant exons (Batsche et al., 2006).

Thus, factors that impact chromatin structure can clearly

alter splicing patterns.

CARM1 Enzymatic Activity Contributes

to Its Effects on Splicing

Four independent lines of evidence support the notion that

CARM1’s enzymatic activity is required for its effect on

splicing. First, the ability of CARM1 to methylate at least

four factors involved in splicing provides circumstantial

evidence that its enzymatic activity is a key part of its
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overall function in splicing (Figure 2C). Second, the SMN-

CA150 interaction requires CARM1 enzymatic activity

(Figure 6). Third, CARM1 promotes exon skipping in

Carm1�/� MEFs only when the enzyme-active form of

the molecule is expressed (Figure 7A). Finally, a synergistic

effect on exon skipping is observed between CA150 and

CARM1 only when the PGM motif of CA150 is a com-

ponent of the transiently expressed protein (Figures 7B

and 7C).

These findings are at odds with data recently published

by the Tsukada laboratory (Ohkura et al., 2005). Their data

support an enzyme-independent role of CARM1 in splic-

ing, and they propose that, in the context of splicing,

CARM1 functions as a scaffolding molecule and not an

enzyme. The CARM1-v3 splice form focused on in their

study has a unique 34 amino acid stretch at its C-terminal

end. This is due to the retention of intronic sequence and

not an active splicing event. Thus, the v3 form of CARM1

may be representative of a very rare form of unspliced pre-

mRNA. Indeed, when we perform a blast analysis using

the unique 34 amino acid stretch of CARM1-v3 to search

the translated EST database, we obtain only one hit. Thus,

we feel that the CARM1-v3 isoform represents unspliced

pre-mRNA and that it will play an insignificant role in the

overall biological function of CARM1.

In summary, CARM1 methylates multiple nodes, all of

which impact gene expression. At the level of transcription

initiation, CARM1 modifies histone H3 and p300/CBP

(Chen et al., 1999; Lee et al., 2005). With the identification

of CA150, SmB, U1C, and SAP49 in this study, we show

that pre-mRNA splicing is also a target for regulation by

this enzyme, and certain data from the Tsukada group

(Ohkura et al., 2005) support this link. Postsplicing, the

methylation of the RNA-binding proteins HuR and HuD

plays a role in regulating the stability of labile mRNAs car-

rying AU-rich elements (Fujiwara et al., 2006), and PABP1

is also a major CARM1 substrate (Lee and Bedford, 2002).

Thus, CARM1 lays an Ariadnean thread through the gene

expression pathway.

EXPERIMENTAL PROCEDURES

Antibodies, Plasmids, and Peptides

CA150 antibodies were a gift from Woan-Yuh Tarn (Institute of Bio-

medical Sciences, Taiwan) and were purchased from Bethyl Labora-

tory. The PRMT1, PRMT5, and CARM1 antibodies were a gift from Sté-

phane Richard (McGill University). Y12 was a gift from Robin Reed

(Harvard Medical School). The following antibodies were obtained

commercially: aGFP (Molecular Probes), aH3R17me2a (Upstate Bio-

technology), aSMN (BD Transduction Laboratories), H5 (Covance),

and b-actin (Sigma). For small-pool screening, a cDNA mouse B cell

hybridoma (LK35.2) library was constructed in the pZeoSV2 vector (In-

vitrogen) and was a gift from Yasumasa Ishida (Nara Institute of Sci-

ence and Technology). GST-PABP1, GST-GAR (Lee and Bedford,

2002), GST-U1C, and GST-SmB (Bedford et al., 1998) have been de-

scribed previously, as have GST-PRMT1, GST-PRMT3, GST-PRMT4,

GST-PRMT6 (Frankel et al., 2002), and GST-SMN Tudor (Kim et al.,

2006). SAP49 encoding amino acid residues 190–424 was amplified

and subcloned in frame into pET-28a(+) (Novagen) to generate a his-

tag PGM motif. pEFBOST7-CA150 missing the first 60 nucleotides of
Mol
the full-length CA150 was a gift from Mariano Garcia-Blanco (Duke

University). The missing 60 base pairs were added by PCR. PCR

was used to generate the following GST constructs: a, 1–136; b,

137–665; c, 660–845; and d, 894–1084 in Figure 2. For splicing assays,

human full-length CARM1 was cloned into pCEP4 vector (Invitrogen).

A QuikChange Site-Directed Mutagenesis Kit (Stratagene) was used

to generate CARM1(E266Q)-pCEP4. ERE-CD44 minigene was a gift

from Bert O’Malley (Baylor College of Medicine). Full-length CA150

was subcloned into p33Flag-CMV-7.1 vector (Sigma), and PCR was

used to generate the D-PGM version. P3 and P3* peptides have

been described previously (Bedford et al., 2000).

Small-Pool Screen

The pZeoSV2-B cell library was transformed into competent bacteria.

Pools of five colonies were cultured overnight, and the plasmids were

purified. Two pools (ten plasmids) were then combined and tran-

scribed and translated in vitro (IVTT) with the TNT system (Promega).

In addition, 1.0 mCi S-adenosyl-L-[methyl-3H]methionine (85 Ci/mmol

from a 0.5 mCi/ml stock solution; PerkinElmer) was added into this

system during the IVTT.

In Vitro and In Vivo Methylation Assay

In vitro methylation reactions (Frankel et al., 2002) and the in vivo meth-

ylation assay (Lee and Bedford, 2002) were performed as previously

described.

Cell Lines

The generation of wild-type and Carm1�/� MEFs has been described

(Yadav et al., 2003). A stable/inducible T-Rex-CARM1 cell line was es-

tablished by transfection with pcDNA/FRT/TO-CARM1 and pOG44

plasmids into Flp-in T-Rex HEK293 cells (Invitrogen). Transfected cells

were maintained in culture media supplemented with 15 mg/ml blasti-

cidin and 100 mg/ml hygromycin. The resistant colonies were pooled.

GST Pull-Down and CoIP Assays

MEFs were lysed in 0.5 ml of mild lysis buffer (150 mM NaCl, 5 mM

EDTA, 1% Triton X-100, and 10 mM Tris/HCl [pH 7.5]). Fifteen micro-

grams of fusion protein bound to beads was incubated with MEF cell

extracts (10 cm plate) for 2.5 hr at 4�C. After five washes with lysis

buffer, the beads were boiled in loading buffer, separated by SDS-

PAGE, and transferred onto PVDF membranes. For the CoIP assay,

cells (10 cm plate) were lysed in 0.5 ml of mild lysis buffer.

Far Western Blotting

CA150 was immunoprecipitated from MEFs, separated by SDS-

PAGE, and transferred onto PVDF membranes. Blots were blocked

in PBS-Tween 20 containing 5% nonfat dry milk and then incubated

with 5 mg/ml of GST-SMN Tudor protein in the blocking buffer over-

night at 4�C. The blots were then washed and probed with an anti-

GST antibody, incubated with an HRP-labeled secondary antibody,

and detected using enhanced chemiluminescence (Amersham).

Splicing Assays

Splicing experiments were done in triplicate. Carm1�/� MEFs were

grown on 10 cm dishes and transfected with either 15 mg of pCEP4-

CARM1 or pCEP4-CARM1(E266Q) and BlueScript as a control, 10 mg

of ERE-CD44 minigene plasmid, and 5 mg of ER plasmid using Fu-

gene 6 (Roche) as the transfection agent. After 5 hr of incubation, the

transfection media were replaced with media (without phenol red) con-

taining 10% of stripped fetal bovine serum and E2 (2 3 10�9 M).

The transfection of HEK293 and Flp-in T-Rex CARM1/HEK293 cells

was performed in 6-well plates using 2 mg of ERE-CD44 minigene plas-

mid and 1 mg ER plasmid. After 5 hr of incubation, E2 (2 3 10�9 M) and

1 ug/ml Tet were added in the replacement medium. At the indicated

time of incubation, cells were collected. Three-fifths of the cells were

used for RNA analysis, and two-fifths were lysed in 100 ml of RIPA

buffer for western blotting.
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Total RNA was extracted using the RNeasy kit (QIAGEN). RT-PCR

was performed using the SuperScript One-Step RT-PCR kit (Invitro-

gen). As loading controls, primers for b-actin were used (Ambion).

The spliced CD44 isoforms from ERE-CD44 minigene were identified

by PCR as described previously (Auboeuf et al., 2002). The primers

for constant region (c) and specific for variant exons of endogenous

CD44 have been described for the human gene (Konig et al., 1996).

Mouse primers were as follows: (C1) 50-ACCCCAGAAGGCTACATTT

TGCAC-30 and (V5) 50-TAGACAGAATCAGCACCAGTGCTC-30, and

the reverse (C2) is 50-TTCCGGGTCTCGTCAGCTGTCATA-30. PCR

products were separated on a 2% agarose gel and visualized with

ethidium bromide. The gels were scanned using an image analyzer

(Typhoon 9410, Amersham).

Supplemental Data

Supplemental Data include four figures and can be found with

this article online at http://www.molecule.org/cgi/content/full/25/1/

71/DC1/.
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