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Protein arginine methylation is a common posttranslational
modification catalyzed by a family of the protein arginine methyl-
transferases (PRMTs). We have previously reported that PRMT1
methylates Forkhead box O transcription factors at two arginine
residues within an Akt consensus phosphorylation motif
(RxRxxS/T), and that this methylation blocks Akt-mediated phos-
phorylation of the transcription factors. These findings led us to
hypothesize that the functional crosstalk between arginine
methylation and phosphorylation could be extended to other Akt
target proteins as well as Forkhead box O proteins. Here we iden-
tify BCL-2 antagonist of cell death (BAD) as an additional substrate
for PRMT1 among several Akt target proteins. We show that
PRMT1 specifically binds and methylates BAD at Arg-94 and
Arg-96, both of which comprise the Akt consensus phosphorylation
motif. Consistent with the hypothesis, PRMT1-mediated methyla-
tion of these two arginine residues inhibits Akt-mediated phos-
phorylation of BAD at Ser-99 in vitro and in vivo. We also
demonstrate that the complex formation of BAD with 14-3-3
proteins, which occurs subsequent to Akt-mediated phosphoryla-
tion, is negatively regulated by PRMT1. Furthermore, PRMT1
knockdown prevents mitochondrial localization of BAD and its
binding to the antiapoptotic BCL-XL protein. BAD overexpression
causes an increase in apoptosis with concomitant activation of
caspase-3, whereas PRMT1 knockdown significantly suppresses
these apoptotic processes. Taken together, our results add a new
dimension to the complexity of posttranslational BAD regulation
and provide evidence that arginine methylation within an Akt
consensus phosphorylation motif functions as an inhibitory mod-
ification against Akt-dependent survival signaling.

A complex interplay between pro- and antiapoptotic members
of the B-cell lymphoma 2 (BCL-2) family of proteins

regulates apoptosis by governing mitochondrial outer membrane
permeabilization and subsequent caspase activation (1). BCL-2
antagonist of cell death (BAD) is a BCL-2 homology domain 3
(BH3)-only proapoptotic BCL-2 family member inactivated by
phosphorylation through survival kinases, including Akt/protein
kinase B, protein kinase A (PKA), and p90 ribosomal S6 kinase
(RSK) (2). In the dephosphorylated state, BAD binds and inhi-
bits antiapoptotic BCL-XL∕BCL-2, thereby derepressing proa-
poptotic BCL-2 antagonist killer (BAK)/BCL-2-associated X
protein (BAX), which in turn triggers apoptosis by facilitating
the release of mitochondrial cytochrome c into the cytoplasm,
apoptosome assembly, and activation of caspases executing cell
apoptosis (2, 3). In contrast, Akt-mediated phosphorylation at
Ser-99 has been shown to repress BAD function by causing it
to dissociate from mitochondria and bind to 14-3-3 proteins in
the cytoplasm (4–6). Alternatively, PKA and RSK are known to
phosphorylate BAD at Ser-75 and Ser-118, promote the 14-3-3
binding, and disrupt the BCL-XL∕BCL-2 interaction (7–11).
Several phosphatases, including protein phosphatase 1α (PP1α),
PP2A, and calcineurin, have been shown to dephosphorylate
BAD and enhance its proapoptotic activity (12–14). Thus,
although phosphorylation has been established as a central reg-

ulatory mechanism of BAD function, whether BADmight under-
go other posttranslational modifications, which fine tune the
BAD-mediated apoptotic program, remains unclear.

Protein arginine methyltransferases (PRMTs) are enzymes
that catalyze the transfer of a methyl group from donor S-adeno-
sylmethionine (SAM) to the guanidino nitrogen atom in target
arginine residues (15). To date, 11 PRMTs have been reported
in mammals, and these PRMTs were classified into the following
two groups: type 1 consisting of PRMT1, 2, 3, 4, 6, and 8 that
catalyze asymmetric dimethylation, and type 2 consisting of
PRMT5, 7, and 9 that catalyze symmetric dimethylation (16).

Recently, accumulating evidence has revealed that arginine
methylation plays an important role in many aspects of biological
processes, such as signal transduction, transcriptional regulation,
RNA processing, and DNA damage response (17). In a previous
report, we demonstrated that Forkhead box O (FOXO) transcrip-
tion factors downstream of the PI3-kinase/Akt-signaling pathway
are substrates for PRMT1-mediated methylation (18). Impor-
tantly, this methylation occurs at arginine residues within an
Akt consensus phosphorylation motif (RxRxxS/T) of FOXO pro-
teins, thereby blocking their phosphorylation by Akt (18). Given
that an RxR motif often exists in substrates for PRMT1 (19, 20),
our finding led us to hypothesize that other Akt target proteins
containing the RxRxxS/T motif could be methylated by PRMT1,
and that this methylation also counteracts Akt-mediated phos-
phorylation of the target proteins.

In this study, we identify BAD as a unique substrate for
PRMT1. We show that PRMT1 specifically methylates BAD at
Arg-94 and Arg-96 within the Akt consensus phosphorylation
motif. As expected, this methylation inhibits Akt-mediated BAD
phosphorylation at Ser-99 in vitro and in vivo. We also demon-
strate that PRMT1 knockdown increases complex formation of
BAD with 14-3-3β, and conversely, represses mitochondrial
localization of BAD and its binding to BCL-XL. Furthermore,
BAD-mediated apoptosis observed in HEK293Tand C2C12 cells
is significantly suppressed by PRMT1 knockdown. Collectively,
our results suggest that PRMT1 functions as a proapoptotic
mediator that methylates BAD, and this methylation counteracts
Akt-dependent survival signaling.

Results
BAD is a Unique Substrate for PRMT1. We have previously demon-
strated that PRMT1 methylates the transcription factor FOXO1
at two arginine residues within an Akt consensus phosphorylation
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motif (RxRxxS/T), and this methylation directly blocks Akt-
mediated phosphorylation of FOXO1 (18). This finding
prompted us to hypothesize that functional crosstalk between
arginine methylation and phosphorylation could be extended
to other Akt target proteins that include the RxRxxS/T motif.
To assess this hypothesis, we screened for unique substrates
for PRMT1 from among a number of Akt target proteins, includ-
ing FOXO1, peroxisome proliferator-activated receptor γ coacti-
vator 1-α (PGC-1α), eNOS, BAD, glycogen synthase kinase 3β
(GSK3β), p27, and murine double minute 2 (MDM2), by in vitro
methylation assays (21, 22). These proteins were purified as GST-
fused fragments containing the Akt consensus phosphorylation
motif and were then incubated with GST-PRMT1 in the presence
of 3H-labeled SAM. Consistent with our previous study (18), both
FOXO1 and PGC-1α were methylated by PRMT1 (Fig. 1A, lanes
1 and 2). Notably, we found that PRMT1 also specifically methy-
lated the proapoptotic protein BAD from among other Akt target
proteins in vitro (Fig. 1A, lane 4).

To assess the possibility that BAD is indeed targeted by
PRMT1, we examined whether PRMT1 binds to BAD in vivo.
HEK293T cells were transfected with either or both of BAD
and PRMT1 expression vectors, and then whole cell lysates were
immunoprecipitated with anti-FLAG antibody. As shown in
Fig. 1B, a reciprocal interaction between two proteins was ob-
served. In addition, their interaction at endogenous levels was
also confirmed by coimmunoprecipitation assay with anti-BAD
and anti-PRMT1 antibodies (Fig. 1C). Together, these results
suggest that BAD appears to be a bona fide substrate for PRMT1.

PRMT1 Methylates BAD at Arg-94 and Arg-96 in Vitro and in Vivo. We
next determined whether PRMT1-dependent methylation occurs
at arginine residues within the Akt consensus phosphorylation
motif in the BAD protein. Because BAD has two RxRxxS/T mo-
tifs, of which one is targeted by both PKA and RSK (70-RSRHSS-
75) and the other is targeted by Akt (94-RGRSRS-99; Fig. 2A)
(5–8), we constructed GST-BAD mutants in which two arginines
in each RxRxxS/T motif were substituted with lysine (R70K/
R72K and R94K/R96K). In vitro methylation assays demon-
strated that PRMT1 methylated the R70K/R72K mutant to the
same extent as wild-type BAD, whereas the methylation was
markedly reduced in the R94K/R96K mutant (Fig. 2B). To
further determine whether either or both Arg-94 and Arg-96

are responsible for PRMT1-mediated methylation of BAD,
BAD mutants in which Arg-94 and Arg-96 were substituted with
lysine, individually or in combination, were subjected to in vitro
methylation assays. As shown in Fig. 2C, the R96K single mutant
showed significantly decreased BAD methylation, and the R94K
and R94K/R96K double mutants exhibited marked decrease in
overall methylation. These data indicate that PRMT1 methylates
BAD at Arg-94 and Arg-96 within the Akt consensus phosphor-
ylation motif in vitro.

To investigate whether the two arginine residues in BAD can
be methylated in vivo, we generated an anti-MeBAD antibody
that specifically recognized asymmetric dimethylation at both
Arg-94 and Arg-96 in BAD. The specificity of the antibody was
tested by dot blot analysis using BAD peptides unmodified or
methylated at Arg-94 and/or Arg-96 (Fig. S1A), and was further
validated by the finding that this antibody recognized wild-type
but not the RK mutant BAD after in vitro methylation reaction
with GST-PRMT1 (Fig. 2D). Then, by using the anti-MeBAD
antibody, we demonstrated that overexpression of PRMT1 in
cells led to a marked increase in BAD methylation at Arg-94 and
Arg-96, whereas the G98R catalytically inactive mutant PRMT1
failed to methylate BAD (Fig. 2E and Fig. S1B). Moreover, to
assess whether endogenous PRMT1 is responsible for basal
methylation of BAD, lysates from HEK293T cells transfected
with siRNAs againstGFP (control) or PRMT1 were immunopre-
cipitated with anti-BAD antibody and subsequently immuno-
blotted with the anti-MeBAD antibody. As shown in Fig. 2F,
the extent of endogenous BAD methylation was diminished by
PRMT1 knockdown. Collectively, these results suggest that BAD
methylation at Arg-94 and Arg-96 is almost entirely dependent
on PRMT1 in vivo.

Arginine Methylation of BAD Inhibits Its Phosphorylation by Akt. To
determine whether arginine methylation within the RxRxxS motif
of BAD inhibits Akt-mediated phosphorylation, we performed
in vitro Akt kinase assays using two BAD peptides (amino acids
87–103) that included an Akt phosphorylation site at Ser-99.
They were unmodified (control) or had asymmetric dimethylar-
ginines at Arg-94 and/or Arg-96 for the assays. Recombinant Akt
readily phosphorylated the unmodified peptides at Ser-99,
whereas phosphorylation was completely blocked when either
or both of the arginine residues were methylated (Fig. 3A). To

Fig. 1. BAD is a unique substrate for PRMT1. (A) Several Akt target proteins were prepared as GST-fusion proteins and incubated with GST-PRMT1 in the
presence of [3H]SAM. Reaction products were analyzed by autoradiography (Upper) and Coomassie brilliant blue staining (Lower). The arrowhead and asterisks
indicate total amounts of GST-PRMT1 and GST-fused Akt target proteins, respectively. (B) HEK293T cells were transfected with expression vectors as indicated.
Whole-cell lysates were immunoprecipitated (IP) with anti-FLAG antibody, followed by immunoblotting with anti-HA or anti-FLAG antibodies. (C) Whole
cell lysates from HEK293T cells were immunoprecipitated with normal IgG or anti-BAD antibody, followed by immunoblotting with anti-PRMT1 or anti-
BAD antibodies.
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further prove the inhibition of Akt-mediated phosphorylation of
BAD by arginine methylation, a sequential in vitro methylation/
phosphorylation assay was conducted using immunoprecipitated
FLAG-BAD proteins from HEK293Tcells transfected with wild-
type or mutant PRMT1. After immunoprecipitation, basal phos-
phorylation of FLAG-BAD was preliminary removed by treat-
ment with alkaline phosphatase and then they were incubated
with recombinant Akt. As shown in Fig. 3B, Akt-dependent phos-
phorylation of BAD at Ser-99 was observed in the presence of

ATP, whereas the extent of phosphorylation was substantially re-
duced by prior methylation of BAD (Fig. 3B, lanes 4–6).

We next investigated whether the mutual antagonism of argi-
nine methylation and phosphorylation occurs in BAD in vivo.
Overexpression of PRMT1 enhanced BAD methylation in an
enzyme activity-dependent manner, whereas the levels of BAD
phosphorylation at Ser-99 were inversely correlated with an in-
crease in methylation (Fig. 3C). In addition, silencing of PRMT1
resulted in a significant increase in BAD phosphorylation at

Fig. 2. PRMT1 methylates BAD at Arg-94 and Arg-96 in vitro and in vivo. (A) Alignment of the human BAD sequence with the Akt consensus phosphorylation
motif (RxRxxS). The corresponding arginine residues are shaded in gray. Two known phosphorylation sites of PKA/RSK and Akt are shown by the arrowhead
and asterisk, respectively. (B and C) A series of GST-BAD point mutants in which one or two arginine residues were substituted with lysine were incubated with
GST-PRMT1 in the presence of [3H]SAM. Reaction products were analyzed by autoradiography (Upper) and Coomassie brilliant blue staining (Lower). The
arrowhead and asterisk indicate total amounts of GST-PRMT1 and GST-BAD, respectively. (D) A series of GST-BAD point mutants in which one or two arginine
residues were substituted with lysine were incubated with GST-PRMT1 in the presence or absence of SAM. Reaction products were analyzed by immunoblotting
with anti-MeBAD, anti-BAD, or anti-PRMT1 antibodies. (E) HEK293T cells were transfected with FLAG-BAD with or without wild-type or G98R mutant of HA-
PRMT1. Whole-cell lysates were analyzed by immunoblotting with anti-MeBAD, anti-HA, or anti-FLAG antibodies. (F) Whole-cell lysates from HEK293T cells
transfected with control (Ctrl) or PRMT1-specific siRNA were immunoprecipitated with anti-BAD antibody, followed by immunoblotting with anti-MeBAD or
anti-BAD antibodies.

Fig. 3. Arginine methylation of BAD inhibits its phosphorylation by Akt. (A) BAD peptides (amino acids 87–103) that were unmodified control (Ctrl) or methy-
lated at Arg-94 and/or Arg-96 (meR94, meR96, andmeR94/meR96) were incubated with or without recombinant Akt1 in the presence of [32P]ATP. The extent of
BAD phosphorylation was measured using a scintillation counter. Values are means� SD of three independent experiments. (B) HEK293T cells were transfected
with FLAG-BAD together with or without wild-type or G98R mutant of HA-PRMT1. Whole-cell lysates were immunoprecipitated with anti-FLAG antibody, and
then the immunopurified FLAG-BAD was treated with bacterial alkaline phosphatase, followed by incubation with recombinant Akt1 in the presence or
absence of ATP. Reaction products were analyzed by immunoblotting as indicated. (C) HEK293T cells were transfected with FLAG-BAD with or without
the wild-type or G98R mutant of HA-PRMT1. Whole-cell lysates were analyzed by immunoblotting as indicated. (D and E) Whole-cell lysates from HEK293T
cells transfected with control (Ctrl) or PRMT1-specific siRNA were analyzed by immunoblotting as indicated.
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Ser-99 (Fig. 3D). To exclude the possibility that siRNA transfec-
tion could influence the insulin signaling pathway upstream of
Akt, we confirmed that levels of Akt phosphorylation at Ser-473
remained unchanged after PRMT1 knockdown (Fig. 3D).

PKA and RSK have been shown to phosphorylate BAD at both
Ser-75 and Ser-118, and notably, BAD phosphorylation at Ser-
118 is accompanied by a prior Akt-mediated phosphorylation
at Ser-99 (9). We thus examined the effect of arginine methyla-
tion on these two phosphorylation sites. As shown in Fig. 3E,
PRMT1 knockdown had no effect on BAD phosphorylation at
Ser-75, whereas a marked increase in phosphorylation was
observed at Ser-118, probably due to the up-regulation of this
phosphorylation at Ser-99. It is also possible that PRMT1 might
directly interfere with the activity of a kinase to phosphorylate
BAD at Ser-118. Next, we asked whether phosphorylation of
BAD could oppositely affect its methylation in vivo and in vitro.
Overexpression of a constitutively active form (Myr-p110α) or a
dominant negative form (Δp85) of PI3K, upstream of Akt, caused
no alteration in BAD methylation (Fig. S2). Moreover, in vitro
phosphorylation/methylation assays demonstrated that a prior
phosphorylation of BAD by Akt or PKA had insignificant effects
on the PRMT1-dependent methylation of BAD (Fig. S3 A
and B). Taken together, these data indicate that PRMT1 blocks
Akt-mediated phosphorylation of BAD by methylating arginine
residues within the Akt consensus phosphorylation motif, but not
vice versa.

PRMT1 Is Involved in Binding of BAD to 14-3-3 and BCL-XL.BAD phos-
phorylation at Ser-99 has been shown to result in binding of
BAD to 14-3-3 proteins, which in turn sequesters BAD as an inert
complex in the cytoplasm (4). We thus explored the role of
PRMT1 in regulating the BAD/14-3-3 interaction. As shown in
Fig. 4A, overexpression of wild-type but not mutant PRMT1
attenuated the endogenous BAD/14-3-3β interaction when com-
pared with vector control. We also found that PRMT1 knock-
down led to a significant increase in the endogenous BAD/
14-3-3 interaction (Fig. 4B). Because BAD phosphorylation and
subsequent 14-3-3 binding facilitate the dissociation of BAD
from mitochondria (4, 23), PRMT1 knockdown was predicted
to inhibit mitochondrial localization of BAD. To assess this
hypothesis, HEK293Tcells transfected with siRNAs and FLAG-
BAD were fractionated into cytoplasmic and mitochondrial
fractions, and then the abundance of BAD in each fraction
was analyzed by Western blotting. As shown in Fig. 4C, total and
methylated BAD were observed in both fractions, whereas
knockdown of PRMT1 substantially abrogated the mitochondrial
localization of BAD. In mitochondria, dephosphorylated BAD
is known to bind and inhibit antiapoptotic BCL-XL and to dere-
press proapoptotic BAK/BAX (2, 3). Thus, we next determined
whether PRMT1-mediated methylation of BAD is involved in
complex formation with BCL-XL. Coimmunoprecipitation assays
revealed that PRMT1 knockdown weakened the BAD∕BCL-XL
interaction (Fig. 4D). Taken together, these findings support our
hypothesis that PRMT1-mediated methylation of BAD inhibits
phosphorylation by Akt and thereby promotes a subsequent
series of processes, such as mitochondrial localization and bind-
ing to BCL-XL.

PRMT1 Knockdown Suppresses BAD-Mediated Apoptosis. Finally, to
examine the biological significance of BAD methylation, we
investigated the role of endogenous PRMT1 in BAD-mediated
apoptosis. As shown in Fig. 5A, FLAG-BAD overexpression
in HEK293T cells resulted in a 40% reduction in cell viability
(column 1 vs. 3), whereas PRMT1 knockdown prior to FLAG-
BAD transfection abrogated BAD-mediated cell death (column
3 vs. 4). Importantly, similar results were obtained in C2C12
myoblasts and MCF7 breast cancer cells (Fig. 5B and Fig. S4).
To further confirm that PRMT1 indeed affects an apoptotic pro-
gram cascade through BAD signaling, we measured the level of
activated caspase-3 by detecting the appearance of cleaved cas-
pase-3 fragments. Consistent with the cell viability data, caspase-3
activation triggered by BAD overexpression was abolished when
PRMT1 was simultaneously depleted by siRNA (Fig. 5C). Thus,
these results indicate that PRMT1 plays a critical role in BAD-
mediated apoptosis.

Discussion
In this study, we demonstrated an opposite interplay between
arginine methylation and phosphorylation of the proapoptotic
protein BAD (Fig. 5D). We show that PRMT1 binds and methy-
lates BAD at two arginine residues within the Akt consensus
phosphorylation motif. This methylation prevents Akt-mediated
phosphorylation of BAD, thereby precluding 14-3-3β binding.
Consequently, PRMT1-mediated methylation of BAD causes
its mitochondrial localization and complex formation with
BCL-XL, which in turn results in apoptosis. Thus, our findings
add another dimension to the complexity of BAD regulation
as per which PRMT1-mediated methylation of BAD at arginine
residues directs cell fate toward apoptosis by counteracting Akt-
dependent survival signaling. In addition, strong conservation of
the methylated arginine residues of BAD orthologs in vertebrates
suggests the biological significance of a negative crosstalk be-
tween arginine methylation and phosphorylation in BAD.

Our initial hypothesis was that PRMT1 could methylate Akt
target proteins, which have potential RxR methylation motifs

Fig. 4. PRMT1 regulates binding of BAD to 14-3-3 and BCL-XL. (A) HEK293T
cells were transfected with or without wild-type or G98R mutant of HA-
PRMT1. Whole-cell lysates were immunoprecipitated with normal IgG or
anti-BAD antibody, followed by immunoblotting with anti-14-3-3β or anti-
BAD antibodies. (B) Whole-cell lysates from HEK293T cells transfected with
control or PRMT1-specific siRNA were immunoprecipitated with anti-BAD
antibody, followed by immunoblotting with anti-14-3-3β or anti-BAD antibo-
dies. (C) HEK293T cells were transfected with control or PRMT1-specific siRNA
together with empty or FLAG-BAD expression vectors. Whole-cell lysates
were separated into cytoplasmic (C) and mitochondrial (M) fractions. Equal
loading and verification of fractionation was confirmed by immunoblotting
with anti-α-tubulin (cytoplasm) and anti-MnSOD (mitochondria) antibodies.
(D) HEK293T cells were transfected with control or PRMT1-specific siRNA to-
gether with the HA-BCL-XL expression vector. Whole-cell lysates were immu-
noprecipitated with anti-BAD antibody, followed by immunoblotting as
indicated.
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within the Akt consensus phosphorylation sequence. However,
we identified only one target protein during screening with five
known Akt target proteins, including eNOS, BAD, GSK3β,
p27, and MDM2. This result indicates that Akt target proteins
are not necessarily substrates for PRMT1-mediated methylation
and instead raises the question as to what determines the sub-
strate preference of PRMT1. At least, two plausible explanations
exist. First, the recognition properties depend on the binding
affinity of PRMT1 for substrates. Supporting this idea, FOXO1
and BAD tightly bind to PRMT1 in vitro (Fig. S5). Second, sub-
strate specificity is attributed to the surrounding sequence of the
RxR motif, in which some additional code may be embedded. An
extensive comparison of the BAD sequence with those of FOXO
transcription factors, however, revealed no common feature be-
tween them. Further identification of a unique PRMT1 substrate
whose methylation sites overlap an Akt consensus phosphoryla-
tion motif may provide more information on modes of substrate
recognition in both Akt-mediated phosphorylation and PRMT1-
mediated methylation.

Here we identified BAD as a second substrate for PRMT1
among several Akt target proteins. A common feature between
BAD and that previously identified FOXO1 is that both function
as proapoptotic genes downstream of the cell-survival signaling
cascade, and their inactivation confers a proliferative and survival
advantage to cancer cells. Indeed, bad-deficient mice exhibited
lymphoma (24), and conditional deletion of three principal foxo
genes, (foxo1, foxo3a, and foxo4) induces thymic lymphomas and
hemangiomas (25). Given that PRMT1-mediated methylation of
BAD and FOXO1 enhances their activity by inhibiting Akt signal
transduction, PRMT1 likely plays a critical role in the apoptotic
program and serves as a tumor suppressor. However, because
PRMT1 knockout embryos fail to develop beyond day E6.5
(26), the physiological significance of PRMT1 in tumorigenesis
remains unclear. Further studies using conditional knockout mice
will be necessary to address the potential role of PRMT1 in BAD-
and FOXO-mediated tumor suppression.

Although the presence of basal BAD methylation was ob-
served in cells under normal culture conditions, this methylation
level was insufficient to elicit apoptosis, indicating that a higher
proportion of methylated BAD is required to trigger apoptosis.
Thus, the situations in which BAD methylation levels increase
needs to be clarified. Unlike in FOXO1 (18), oxidative stress
by treatment with hydrogen peroxide did not influence the
BAD methylation in both cytoplasmic and mitochondrial frac-
tions (Fig. S6A). Alternatively, we also found that proapoptotic
stimulation with etoposide or thapsigargin, which are known to be
activators of BAD-mediated apoptosis (8, 24), resulted in no al-
teration in BAD methylation (Fig. S6 B and C). Meanwhile, the
mechanism underlying the regulation of PRMT1 activity is largely
unknown, and also the reversibility of arginine methylation re-
mains controversial (27, 28). Further studies are required to re-
veal the link between extracellular stimuli and BAD methylation.

Is the crosstalk between arginine methylation and phosphory-
lation restricted to Akt? Interestingly, because the consensus se-
quences for SGK and Pim kinase are known to contain an RxR
motif (29, 30), phosphorylation appears to be blocked if either or
both of two arginine residues are methylated. On the other hand,
several kinases such as PKA and AuroraB/C have consensus se-
quences harboring arginine residues, but not an overlapping gly-
cine and arginine-rich (GAR) motif that is the canonical target
for PRMTs (RRxS/T; PKA). However, given the recent evidence
that arginine methylation occurs frequently beyond a GAR motif
(31), PRMTs may counteract PKA- or AuroraB/C-mediated sig-
naling through arginine methylation. Importantly, this notion
may be further extended to the crosstalk with not only phosphor-
ylation but also other posttranslational modifications, such as
lysine methylation, acetylation, ubiquitination, and poly(ADP-
ribosyl)ation. Thus, our findings provide further insight into the
functional significance of arginine methylation in diverse biolo-
gical processes.

Fig. 5. PRMT1 knockdown suppresses BAD-mediated cell death. (A and B) HEK293T (A) and C2C12 (B) cells were transfected with control or PRMT1-specific
siRNA together with empty or FLAG-BAD expression vectors. Cell viability was measured using the WST-8 assay. Data are represented as relative cell viability
compared with cells with control siRNA. Values are means� SD of three independent experiments (P < �0.05; n.s, not significant). (C) Whole-cell lysates from
C2C12 cells transfected with control or PRMT1-specific siRNA together with empty or FLAG-BAD expression vectors were analyzed by immunoblotting as
indicated. (D) Proposed working model.
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Materials and Methods
Plasmids and Antibodies. Full-length cDNAs encoding human BAD, BCL-XL,
PRMT1, and PRMT1 (G98R) mutant (32) were inserted into pcDNA3-FLAG,
pcDNA3-HA, and pGEX-6P vectors. A series of BAD (Arg to Lys) mutations
were generated by site-directed mutagenesis. pGEX-FOXO1 (amino acids
208–409) and PGC-1α (amino acids 511–640) were described previously (18).
Deletion mutants of eNOS (amino acids 1151–1202), p27 (amino acids 101–
197), and MDM2 (amino acids 1–236) were inserted into pGEX-6P vectors.
Deletion mutant of GSK3β (amino acids 1–49) was generated from human
GSK3β cDNA (gift from A. Kikuchi, Osaka University, Osaka, Japan) and in-
serted into pGEX-6P vector. A rabbit polyclonal antibody against methylated
Arg-94 and Arg-96 of BAD was raised by using the methylated peptide
GEEPSPFRGRSRSAPPN (R, asymmetric dimethylarginine) and purified over a
peptide-affinity column. The following antibodies were purchased: anti-BAD
(#9239), anti-phospho-BAD (Ser112, #9296), (Ser136, #9295 and #5286),
(Ser155, #9297), anti-panAkt (#2920), anti-phospho-Akt (Ser473, #9271),
anticleaved caspase3 (#9664) from Cell Signaling Technology; anti-BAD (C-7)
and agarose-conjugated anti-BAD (C-7) from Santa Cruz Biotechnology;
anti-FLAG (M2), anti-αTubulin (B-5-1-2), anti-β-actin (AC-74) from Sigma-
Aldrich; anti-HA (3F10, Roche), anti-PRMT1 (#07-404, Millipore), and anti-
MnSOD (SOD-110, Stressgen).

Cell Culture and Transfection. Details are described in SI Materials and
Methods. siRNA against human PRMT1 (5′-GGACAUGACAUCCAAAGAUTT-
3′) (18) and mouse PRMT1 (5′-GACAUGACAUCCAAAGACUTT-3′) (33) were
synthesized by Nippon EGT. Control siRNA against GFP (5′-CUACAACAGCCA-
CAACGUC-3′) was purchased from B-Bridge.

Coimmunoprecipitation Assay. Coimmunoprecipitation assay was carried out
as described previously (34).

In Vitro Methylation Assay. GST-BAD or GST-fused Akt substrate proteins were
incubated with GST-PRMT1 in the presence or absence of S-adenosyl-L-
[methyl-3H]methionine (55 Ci∕μmol) at 37 °C for 6 h. After washing the
beads, the reaction products were analyzed by fluorography and Coomassie
brilliant blue staining.

In Vitro Phosphorylation Assay. One hundred micromolar of the indicated
peptides were incubated in phosphorylation buffer [20 mM MOPS (pH
7.2), 5 mM EGTA, 1 mM dithiothreitol, phosphatase inhibitor cocktail], fol-
lowed by the addition of recombinant Akt1 (Upstate) and [γ-32P]ATP solution
(100 μCi). After incubation for 10 min at 30 °C, the aliquot was transferred to
P81 phosphocellulose paper. The squares were washed three times with
0.75% phosphoric acid and once with acetone. Relative activities were
measured by a scintillation counter. The following peptides were synthesized
by Anygene: control, GEEPSPFRGRSRSAPPN; meR94, GEEPSPFRGRSRSAPPN;
meR96, GEEPSPFRGRSRSAPPN; meR94/meR96, GEEPSPFRGRSRSAPPN (R,
asymmetric dimethylarginine). The authenticity of the peptides was verified
using mass spectroscopy. In vitro sequential methylation and phosphoryla-
tion assay is described in SI Materials and Methods.

Subcellular Fractionation. Subcellular fractionation was performed as
described in ref. 35 with some modifications. Details are described in
SI Materials and Methods.

Cell Viability Assay. Relative cell viability was measured by 2-(2-methoxy-4-ni-
trophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monoso-
dium salt (WST-8) assay using Cell Counting kit-8 (Dojindo). Briefly, 36 h
after siRNA transfection, HEK293T and C2C12 cells were further transfected
with empty or FLAG-BAD expression vectors and cultured for 36 h. The cells
were collected and 1∕10 vol (100 μL) of the cell suspension was incubated
with 10 μL of WST-8 solution in a 96-well plate for 2 h at 37 °C. Absorbance
of the samples at 450-nm wavelength was measured by an ARVO SX1420
multilabel counter. An average of three independent counts for each sample
point was performed.
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