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Abstract

Protein arginine methylation is important for a variety
of cellular processes including transcriptional regu-
lation, mRNA splicing, DNA repair, nuclear/cytoplas-
mic shuttling and various signal transduction
pathways. However, the role of arginine methylation in
protein biosynthesis and the extracellular signals that
control arginine methylation are not fully understood.
Basic fibroblast growth factor (bFGF) has been identi-
fied as a potent stimulator of myofibroblast dediffer-
entiation into fibroblasts. We demonstrated that sym-
metric arginine dimethylation of eukaryotic elongation
factor 2 (eEF2) is induced by bFGF without the change
in the expression level of eEF2 in mouse embryo fibro-

blast NIH3T3 cells. The eEF2 methylation is preceded
by ras-raf-mitogen-activated protein kinase kinase
(MEK)-extracellular signal-regulated kinase (ERK1/2)-
p21°PWAF! activation, and suppressed by the mitogen-
activated protein kinase (MAPK) inhibitor PD98059 and
p21°P"AF! short interfering RNA (siRNA). We de-
termined that protein arginine methyltransferase 7
(PRMT?) is responsible for the methylation, and that
PRMTS5 acts as a coordinator. Collectively, we demon-
strated that eEF2, a key factor involved in protein trans-
lational elongation is symmetrically arginine-methy-
lated in a reversible manner, being regulated by bFGF
through MAPK signaling pathway.

Keywords: cyclin-dependent kinase inhibitor p21; fi-
broblast growth factor 2; mitogen-activated protein kin-
ases; N,N-dimethylarginine; peptide elongation factor
2; protein-arginine N-methyltransferases

Introduction

Protein arginine methylation is important in a varie-
ty of cellular processes including transcriptional
regulation, mRNA splicing, DNA repair, nuclear/cy-
toplasmic shuttling, signal transduction, and pro-
tein-protein interactions (Bedford and Clarke, 2009;
Boisvert et al., 2003). However, the arginine meth-
ylation of proteins involved in protein biosynthesis
and the regulatory mechanisms controlling this are
still unknown. The covalent marking of proteins by
the addition of a methyl group to arginine residues
can promote recognition by binding partners or can
modulate biological activity. Protein arginine meth-
yltransferases (PRMTs) catalyze such methylation
reactions in eukaryotes. Enzymes that form asym-
metric dimethylarginine (aDMA) are designated
“type I”, and those that form symmetric dimethy-
larginine (sDMA) are designated “type II” (Gary
and Clarke, 1998). PRMT5 appears to be the ma-
jor type Il mammalian enzyme, while the role of
PRMT7 is still being established. The reactions of
these enzymes display many of the attributes of re-
versible covalent modifications such as protein
phosphorylation and protein lysine methylation.
Arginine methylation by PRMTs is regulated by
posttranslational modifications of PRMTs or their
substrates, interactions of PRMTs with PRMT-bind-
ing proteins, and enzymes that counteract PRMT



activity (Bedford and Clarke, 2009; Chang et al.,
2007; Lee et al., 2005). However, the upstream
signal transduction pathways and extracellular sig-
nals controlling the regulatory mechanisms de-
scribed above have not yet been fully elucidated.

Protein elongation occurs through the stepwise
lengthening of the polypeptide chain. At each step,
ribosomal peptidyl transferase transfers the grow-
ing peptide from its carrier tRNA to the a-amino
group of the amino acid residue of the amino-
acyl-tRNA specified by the following codon. During
the elongation cycle on the ribosome, eukaryotic
elongation factor 2 (eEF2), a GTPase, facilitates
the translocation of the A- and P-site tRNAs to the
P and E sites, respectively, with the concomitant
advance of the mRNA by one codon (Chinali and
Parmeggiani 1982; Nishizuka and Lipmann, 1966).
The rate-limiting step in MRNA translation is the in-
itiation step (Hershey and Merrick, 2000). To coor-
dinate overall protein synthesis, the elongation rate
needs to increase/decrease according to changes
in the initiation rate (Merrick and Nyborg, 2000).
However, far less is known about translational reg-
ulation of the elongation step of protein biosyn-
thesis compared to that known about the more ex-
tensively studied initiation step. Elongation of pep-
tide chains can be regulated independently of
translation initiation to avoid missense errors or
premature termination due to high levels of
elongation. The process of peptide-chain elonga-
tion is, at least partially, regulated via eEF2 phos-
phorylation/dephosphorylation events in response
to different stimuli. Signaling events dependent
upon activation of mTOR, the mitogen-activated
protein kinase kinase (MEK)/extracellular signal-
regulated kinase (ERK) pathway, and SAPK/p38
MAP kinases result in the phosphorylation of eEF2
and modulation of its activity (Wang et al., 2000;
Knebel et al., 2001, 2002; Browne and Proud,
2002). ADP-ribosylation of eEF2 by bacterial toxins
on a histidine modified to a diphthamide can affect
its translocation activity (Jargensen et al., 2005).
However, the exact mechanisms that initiate and
eventually terminate these highly regulated bio-
chemical events are not completely understood.
Furthermore, changes in post-translational mod-
ifications of eEF2 in diverse cellular processes
have not yet been thoroughly elucidated; in partic-
ular, little is known about the role of arginine meth-
ylation and its regulation.

Basic fibroblast growth factor (bFGF) is ex-
pressed in many tissues including brain, kidney,
adrenal cortex, and corpus luteum (Slavin, 1995).
An immunohistochemical study of skin wounds
during healing revealed that bFGF is expressed in
the regenerative epidermis, inflammatory cells,
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newly formed blood vessels, and macrophages
(Kibe et al., 2000). bFGF has a wide range of bio-
logical effects on cell growth, differentiation, and
survival (Akasaka et al., 2004; Chiba et al., 2005;
Doniach, 1995). Recently, bFGF was shown to
function as a potent stimulator of the reversion of
myofibroblasts to fibroblasts in vivo, presumably
because of its effects on the down-regulation of
a-smooth muscle actin (a-SMA) expression.

In the present study, we investigated the role of
bFGF in the regulation of eEF2 arginine methyl-
ation, which may affect the characteristics of pro-
tein synthesis, thereby providing a mechanistic
clue regarding the diverse functions of bFGF. We
demonstrate that the symmetric arginine dimethy-
lation of eEF2 is reversibly induced by bFGF
through the ras-raf-MEK-ERK1/2-p21%P"AF! path-
way in mouse embryo fibroblast NIH3T3 cells, with
PRMT7 and PRMT5 acting as the responsible
methyltransferases.

Results

The effect of bFGF on arginine methylation of cellular
proteins

We tested the effects of the growth factors bFGF,
epidermal growth factor (EGF), and hepatocyte
growth factor (HGH) on the arginine methylation
statuses of cellular proteins in NIH3T3 and HCT116
cells (human, colorectal carcinoma). Protein arginine
methylation was observed at 30 min, 8 h, and 24 h
after the administration of the growth factors via
Western blot analysis using anti-symmetric (SYM10
and SYM11) and asymmetric (ASYM24) dimethy-
larginine antibodies. Many proteins were found to
be arginine-methylated, but a significant change (P
< 0.001) in arginine methylation was detected by
SYM10 for a protein with a molecular weight of
about 95 kDa in bFGF-treated NIH3T3 cells, clear-
ly indicating the presence of sDMA. The methyl-
ation status of this protein was unchanged until 8
h, but increased at 24 h and was reduced to basal
levels within 24 h after the administration of bFGF
(Figure 1). Symmetric arginine dimethylation of the
95 kDa protein occurred in NIH3T3 cells but not in
HCT116 cells and only when the NIH3T3 cells
were stimulated with bFGF, not EGF or HGF, in-
dicating that the methylation of the 95 kDa protein
was ligand- and species- or tissue-specific. No
change in arginine methylation status in proteins in
NIH3T3 and HCT116 cells was detected by SYM11
and ASYM24 following the administration of bFGF,
indicating that bFGF did not affect the levels of
asymmetric dimethylarginines or symmetric dime-
thylarginines existing in a different sequence con-
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Figure 1. Symmetric dimethylation of arginine on a 95-kDa protein is induced by bFGF in NIH3T3 cells. Protein arginine methylation profiles of NIH3T3
and HCT116 cells produced at (A) 30 min, (B) 8 h, and (C) 24 h after the administration of EGF, bFGF, or HGF with concurrent changes in the levels of
p-ERK and p-Akt activation. Symmetric dimethylation of arginine on a 95-kDa protein is induced by bFGF 24 h after administration into NIH3T3 cells.
ERK1/2 was activated 30 min after bFGF administration, which decreased gradually thereafter, while the level of Akt activation remained unchanged dur-
ing the period. Cells were cultured in the absence or presence of EGF, bFGF, or HGF, and cell lysates were prepared at 30 min, 8 h, and 24 h. Western
blot analysis was performed with anti-symmetric dimethylarginine antibody SYM10 and anti-p-ERK1/2 or anti-p-Akt antibodies. GAPDH was used as a
loading control. Protein bands were visualized using enhanced chemiluminescence. (D) Bar graph showing the change in levels of symmetric arginine di-
methylation of a 95-kDa protein after the administration of growth factors. Mean and standard deviations were obtained from three independent
experiments. Statistically significant differences as determined by the Wilcoxon test were set at *P < 0.001. (E) The change in the levels of symmetric ar-
ginine dimethylation of a 95-kDa protein and eEF2 expression in NIH3T3 cells during the three-day period after the administration of bFGF. Cell lysates
were obtained at the indicated time points of 1, 2 and 3 days, and Western blots were conducted using SYM10 and anti-eEF2 antibody as in (A). Arrows

indicate the symmetrically arginine-dimethylated 95-kDa protein.

text to that recognized by SYM10 (Supplementary
Data Figure S1). ASYM24 also reacted strongly
with a protein in the 95-kDa region, but the level of
methylation did not change due to treatment with
bFGF. Concomitantly, ERK1/2 was significantly ac-
tivated at 30 min after bFGF administration, and
then levels of activated ERK1/2 decreased gradu-
ally in bFGF-treated NIH3T3 cells. However, Akt
was not activated by bFGF administration when
compared to the levels in untreated control NIH3T3
cells.

Identification of eEF2 as the symmetrically
arginine-dimethylated protein induced by bFGF

We performed mass spectrometry (MS) to identify
the sDMA-containing 95 kDa proteins in both
bFGF-treated and untreated NIH3T3 cell extracts
separated on SDS-PAGE; this protein was identi-
fied as eEF2 with high confidence in both cases by
searching the generated peak list files against
NCBI-nonredundant (version 08_06_2010, mam-
malian entries) database (Supplementary Data

Table S1). eEF2 in the untreated cells, which was
far less methylated than that in the bFGF-treated
cells, had a molecular weight of 95.24 kDa and a pl
of 6.5, while the more methylated eEF2 in the
bFGF-treated cells had a molecular weight of
95.30 and a pl of 6.4. The molecular weight of the
more methylated eEF2 increased by 60 Da com-
pared to the unmethylated eEF2; this corresponds
to the molecular weight of four methyl groups, sug-
gesting dimethylation of two arginines per eEF2
molecule. The methylation decreased the pl by 0.1,
most likely due to masking of the basic groups of
the arginines by methyl groups.

The proteomic data for eEF2 arginine methyl-
ation were confirmed through immunoprecipitation
experiments. First, we immunoprecipitated NIH3T3
cell lysates with an anti-eEF2 antibody and per-
formed Western blot analysis using anti-eEF2 anti-
body, SYM10 and ASYM24. Almost the same
amount of eEF2 was present in the anti-eEF2 anti-
body immunoprecipitates and cell lysates from
bFGF-treated and untreated cells as in the an-
ti-eEF2 Western blots (Figure 2A). However, the
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Figure 2. eEF2 contains symmetrically dimethylated arginines induced
by bFGF. (A) bFGF induced the level of symmetric arginine dimethylation
but neither asymmetric arginine dimethylation nor expression of eEF2.
NIH3T3 cell lysates were immunoprecipitated with anti-eEF2 antibody,
and immunoprecipitation with normal goat anti-rabbit IgG was performed
as a negative control. Western blotting was performed with anti-eEF2 an-
tibody, SYM10 and ASYM24, and protein bands were visualized using
enhanced chemiluminescence. GAPDH was used as a loading control.
In put, whole cell lysates; IP, inmunoprecipitation; WB, western blot. (B)
The symmetrically dimethylated arginine-containing 95-kDa protein is
eEF2. bFGF induced symmetric arginine dimethylation of eEF2 but did
not affect the level of eEF2 expression. NIH3T3 cell lysates were pre-
pared, immunoprecipitated with SYM10, and analyzed using anti-eEF2
antibody and SYM10 Western blots, respectively as in (A).

amount of sDMA in the protein in the region corre-
sponding to eEF2 was more abundant in the
bFGF-treated cells than in the untreated cells ac-
cording to a SYM10 Western blot, clearly showing
that bFGF does not affect the expression level of
eEF2 but induces the synthesis of sDMA in eEF2.
These results confirm that eEF2 contains sDMA,
and that the level of sDMA is modulated by bFGF.
eEF2 also contained aDMA because immunopreci-
pitated eEF2 strongly reacted with ASYM24 anti-
body as in the Western blot. However, bFGF did
not induce asymmetric arginine dimethylation of
eEF2 because the amounts of aDMA in lysates as
well as eEF2 immunoprecipitates did not change
by bFGF. Next, NIH3T3 cell lysates were im-

Table 1. List of eEF2 peptides® with dimethylarginines
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munoprecipitated with SYM10 to isolate sDMA-
containing proteins, and immunoprecipitates were
analyzed by probing Western blots with anti-eEF2
antibody or SYM10 (Figure 2B). Western blotting
using anti-eEF2 antibody clearly showed that eEF2
was present in equal amounts in the whole lysates
of bFGF-treated and untreated NIH3T3 cells; how-
ever, symmetrically arginine-dimethylated eEF2,
which was immunoprecipitated by SYM10, existed
exclusively in bFGF-treated cells. When SYM10
was used for Western blot analysis, a much higher
level of sDMA-containing protein was observed in
the 95-kDa region corresponding to eEF2 in the
SYM10 immunoprecipitates as well as in the cell
lysates of bFGF-treated cells compared to those in
bFGF-untreated cells. Collectively, these results
supported the finding that bFGF induces the syn-
thesis of sSDMA in eEF2 but does not affect the ex-
pression level of eEF2.

Next, arginine-methylated eEF2 from bFGF-
treated NIH3T3 cells was subjected to MS, and ar-
ginine methylation sites were identified by search-
ing the generated peak list files against EF-2 pro-
tein database. Sequence coverage was 81%
(Supplemental Data Table S2). This approach led
to the high-confidence identification of several
DMA sites with the dimethylated Arg739 (number re-
fers to amino acid position) being most significantly
repeatedly observed (Table 1). The identified argi-
nine sites could be either symmetrically or asym-
metrically dimethylated. Thus, we compared the
DMA sites between eEF2s from bFGF-untreated
and treated cells, revealing that dimethylation of ar-
ginines including Arg®', Arg*? Arg®®® Arg*®
Ar9625, Arge31, Arg647 and Arg % was induced by
bFGF (indicated by superscript b in Table 1).
Consequently, we hypothesized that the arginine

Sequence Amino acid number Dimethyl (R) lons score
VSGVCVQTETVLRQAIAERIKPVLMMNKMDR® 132-162 R31 16
ALLELQLEPEELYQTFQRIVENVNVIIS 163-190 R18 34
GKPLLKAVMR R°WLPAGDALLQMITIHLPSPVTAQK 332-366 R10, R11 37
SPVTAQKYRCELLYEGPPDDEAAMGIK 360-386 R9 30
PIQRTILMMGRYVEPIEDVPCGNIVGLVGVDQFLVK 446-481 R4, R11 41
FEHAHNMR®VMK 488-498 R8 25
EDIDKGEVSAR’QELK 615-629 R11 20
ARQELKAR® 624-631 R8 27
EWDVAEAR’KIWCFGPDGTGPNILTDITK 640-667 R8 30
KEGALCEENMRGVRFDVHDVTLHADAIHR® 688-716 R11, R14, R29 16
RCLYASVLTAQPRLMEPIYLVEIQCPEQVVGGIYGVLNR 727-765 R1,R13 46
VLTAQPRLMEPIYLVEIQCPEQVVGGIYGVLNRK 733-766 R7, R33 21

®eEF2 peptides were obtained by proteolysis of eEF2 from bFGF-treated NIH3T3 cells, and analyzed by mass spectrometry for the presence of
dimethylarginine. Thus, the arginine (s) on these peptides can be either symmetrically or asymmetrically dimethylated. bArginines, the dimethylation of
which was induced by bFGF. “Dimethylarginines, the demethylation of which was induced by bFGF
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Figure 3. The ras-raf-MEK-ERK1/2-p21°""**' pathway mediates the ef-
fect of bFGF on symmetric arginine dimethylation of eEF2. (A) The
ras-raf-MEK-ERK1/2-p21°""*" pathway was activated in the process of
bFGF-induced symmetric dimethylation of arginine on eEF2, while the
levels of p-Akt and eEF2 expression were not changed. NIH3T3 cells
were treated with bFGF, and cell lysates were prepared after 24 h
incubation. Western blot analysis was conducted with anti-pan-ras, p-raf,
anti-MEK, anti-p-ERK1/2, anti-p21%*™**"  or anti-p-Akt antibodies for sig-
nal transduction analysis; SYM10 and anti-eEF2 antibodies were used
for eEF2 symmetric arginine dimethylation or expression analysis.
Anti-GAPDH antibody was used as a loading control. (B) The inhibition of
ERK1/2 by the MAPK inhibitor PD98059 almost completely blocked sym-
metric arginine dimethylation of eEF2 induced by bFGF with a concurrent
decrease in the level of p21“"™! NIH3T3 cells were treated with bFGF
in the presence or absence of PD98059, and cell lysates were prepared
after 24 h incubation. Western blot analysis was conducted with an-
ti-p-ERK, anti-g_21°"”w*‘“ and SYM10 antibodies as in (A). (C) The in-
hibition of p21“P™*F" by siRNA almost completely blocked the bFGF-in-
duced symmetric arginine dimethylation of eEF2 but did not affect
bFGF-induced down-regulation of the fibroblast differentiation marker,
a-SMA. NIH3T3 cells were transfected with p21“”""" siRNA and treat-
ed with bFGF. Cell lysates were prepared after 24 h incubation, and
Western blot analysis was conducted with anti-p21°*"*"' 'SYM10 and
anti-o-SMA antibodies as in (A).

sites showing bFGF-inducible dimethylation likely
contain bFGF-inducible sDMA.

Mouse (Mus musculus) eEF2 contains one of
putative sDMA (GRG and ARG/GRAg or aDMA
(RGG) motifs, Arg”"®. Intriguingly, Arg""® and Arg'®
existed as dimethylated form in bFGF-untreated
cells, and demethylation of the two dimethylated
arginines occurred after the administration of bFGF
(indicated by superscript ¢ in Table 1). It was not
determined whether the two arginines were sym-
metrically or asymmetrically dimethylated in the
present experiment. Collectively, it appeared that
bFGF induces symmetrical dimethylation of some
arginines in eEF2 and simultaneous demethylation
of part of pre-existing dimethylarginines, generat-
ing a diverse combination of dimethylated
arginines. There are a total of 45 arginines in eEF2
of mouse (Mus musculus). We found 8 putative ar-

ginine sites symmetrically dimethylated and two di-
methylarginines demethylated after bFGF treat-
ment of cells in the condition of 81% sequence
coverage. Our former proteomic data indicated that
bFGF caused the increase of two dimethylargi-
nines in bFGF-treated cells compared to untreated
cells. This number appears to be the sum of in-
creased or decreased dimethylations in a diverse
combination of dimethylated arginines generated
by bFGF.

The ras-raf-MEK-ERK1/2-p21"VAF! pathway
mediates the induction of symmetric arginine
dimethylation of eEF2 by bFGF

We investigated the components of the bFGF sig-
naling pathway involved in symmetric arginine di-
methylation of eEF2. bFGF increases the level of
Erk at 30 min after administration but does not af-
fect the level of serine/threonine-protein kinase
(Akt), while the amount of sDMA in eEF2 increases
significantly during the 24 h period of bFGF admin-
istration in NIH3T3 cells (Figure 1). Therefore, we
determined the levels of the components upstream
and downstream of the Erk pathway in NIH3T3
cells after bFGF administration (Figure 3A). The
levels of ras, raf, MEK, Erk1/2, p21C"’/WAF1, and the
amount of sDMA in eEF2 increased 24 h after
bFGF administration, while the level of eEF2 ex-
pression remained unchanged. To confirm the reg-
ulatory role of the Erk pathway in symmetric argi-
nine dimethylation of eEF2, we administered the
mitogen-activated protein kinase (MAPK) inhibitor,
PD98059, to bFGF-treated NIH3T3 cells and in-
vestigated whether the stimulatory effects of
ERK1/2 on eEF2 arginine methylation were blocked.
Indeed, PD98059 almost completely inhibited
bFGF-induced symmetric arginine dimethylation of
eEF2. In addition, PD98059 suw)ressed the
bFGF-induced up-regulation of p21“?"" ‘indicating
that p21“P"A"! yp-regulation is dependent on MAPK
pathway (Figure 3B). Next, we investigated wheth-
er p21°""A"" was indeed involved in the regulation
of symmetric arginine dimethylation of eEF2. As
expected, treatment of cells with p21°""F" short
interfering RNA (siRNA) caused the down-regu-
lation of bFGF-induced eEF2 arginine methylation
to basal levels (Figure 3C). Collectively, these data
clearly demonstrate that the effects of bFGF on
symmetric arginine dimethylation of eEF2 are
mediated by the ras-raf-MEK-ERK1/2-p21°PWAF!
pathway.

We investigated the involvement of p2 in
bFGF-induced a-SMA suppression because bFGF
regulates the level of eEF2 arginine methylation via
ERK1/2, and p21°""A"" is downstream of ERK1/2

1Cip/WAF1
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Figure 4. PRMTY7 is responsible for symmetric dimethylation of arginine
on eEF2 induced by bFGF, while PRMT5 appears to play a coordinating
role. (A) The inhibition of PRMT7 by siRNA resulted in the complete loss
of the bFGF-induced symmetric arginine dimethylation of eEF2. The lev-
els of symmetric dimethylation of arginine on eEF2 and a-SMA ex-
pressions were not correlated to each other. NIH3T3 cells were trans-
fected with PRMT7 siRNA for 4 days and treated with bFGF for 24 h. Cell
lysates were prepared, and the RNA level of PRMT7 was analyzed using
real-time quantitative PCR. Western blot analysis was conducted with
SYM10 and anti-a-SMA antibodies. Anti-o-SMA Western blot was used
to determine the interrelationship between the levels of symmetric dime-
thylation of arginine on eEF2 and the expression of the fibroblast differ-
entiation marker, a-SMA. Anti-GAPDH antibody was used as a loading
control. (B) PRMT5 inhibition remarkably increases the amount of SDMA
on eEF2 and negates the regulatory effect of bFGF on the symmetric ar-
ginine dimethylation of eEF2. NIH3T3 cells were transfected with PRMT5
siRNA for 4 days and treated with bFGF for 24 h. Cell lysates were pre-
pared, and Western blot analysis was conducted as in (A). (C) The simul-
taneous inhibition of PRMT7 and PRMT5 suppressed the bFGF-induced
symmetric arginine dimethylation of eEF2. NIH3T3 cells were co-trans-
fected with PRMT7 and PRMT5 siRNAs for 4 days and treated with
bFGF for 24 h. Cell lysates were prepared, and Western blot analysis
was conducted as in (A).

in the signal transduction pathway in the present
experimental setting. In addition, it is known that
bFGF regulates o-SMA expression via ERK1/2
(Ishiguro et al., 2009). Levels of p21“*""A"! were not
related to a-SMA expression; p21°""AF" inhibition
by siRNA did not have a significant effect on
o-SMA expression, indicating that bFGF/ERK1/2
does not regulate o-SMA expression through
p21°PWAFT in contrast to eEF2 arginine methylation
(Figure 3C).

PRMT7 and PRMTS5 are responsible for the
bFGF-directed regulation of SDMA synthesis in eEF2

The production of sDMA is catalyzed by type Il en-
zymes, and PRMT5 appears to be the major mam-
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malian type Il enzyme. The characteristics of
PRMT?7 are still being established (Bedford and
Clarke, 2009). PRMTS5 likely interacts with multiple
binding partners. It has been suggested that a
PRMT5/PRMT7 heterodimer could be the active
core of the enzyme complex involved in the Sm
protein methylation reaction (Gonsalvez et al., 2007).
PRMTS5 can also act as a corepressor or coactivator
of transcription in the nucleus (Dacwag et al.,
2007; Lacroix et al., 2008; Liu et al., 2007).

Thus, we investigated whether PRMT5 and
PRMT7 play roles in eEF2 methylation by observ-
ing the effects of siRNA inhibition of PRMTS5,
PRMT7 or both on symmetric arginine dimethyla-
tion of eEF2. The efficiency of siRNA inhibition of
PRMT5 and PRMT7 mRNA levels was validated
using RTqPCR (Supplementary Data Table S3).
PRMT7 and PRMT5 were responsible for bFGF-in-
duced symmetric arginine dimethylation of eEF2;
inhibition of PRMT7 alone or simultaneous in-
hibition of PRMT7 and PRMT5 by corresponding
siRNAs suppressed the eEF2 methylation (Figures
4A and 4B). Intriguingly, the specific inhibition of
PRMTS by siRNA resulted in a remarkable in-
crease in symmetric arginine dimethylation of eEF2
in untreated as well as bFGF-treated NIH3T3 cells
to almost the same extent, notably negating the
regulatory effect of bFGF on the eEF2 methylation
(Figure 4C). This finding led us to speculate that
PRMTS5, a major enzyme in symmetric dimethyla-
tion of arginine, might function to coordinate bFGF-
induced symmetric arginine dimethylation of eEF2
rather than directly methylating eEF2. Thus, we hy-
pothesized that PRMT7 and PRMT5 are clearly re-
quired for the bFGF-directed regulation of sym-
metric arginine dimethylation of eEF2; the putative
PRMT7 complex is responsible for the methylation,
and PRMT5 may act as a corepressor or coactivator.
The mechanism through which PRMTs are regu-
lated by p21“""*"" from the ras-raf-MEK-ERK1/
2-p21°PWAFT hathway remains to be established.

bFGF has been shown to down-regulate a-SMA
expression through ERK1/2 activation, and this
process is closely associated with the differ-
entiation of fibroblasts into myofibroblasts (Ishiguro
et al., 2009; Kawai-Kowase et al., 2004; Maltseva
et al., 2001). Because bFGF also has an impact on
eEF2 methylation through ERK1/2 activation, which
is a key component of the protein translation elon-
gation process, we tested if there was a direct cor-
relation between the levels of sDMA in eEF2 and
a-SMA expressions. The bFGF treatment did de-
crease the levels of o-SMA expression and in-
creased the levels of sDMA in eEF2 in NIH3T3
cells (Figure 4). However, neither decreased levels
of sDMA in eEF2 caused by siRNA inhibition of
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PRMTY nor increased levels of sDMA in eEF2 gen-
erated by the siRNA inhibition of PRMT5 affected a
bFGF-induced change in the level of expression of
a-SMA. Thus, it does not appear that there is a di-
rect connection between the levels of sDMA in
eEF2 and a-SMA expressions.

Discussion

In recent years, it has become clear that methyl
groups are as important as phosphate groups in
controlling protein function. Protein arginine meth-
ylation is involved in diverse biological activities in-
cluding transcriptional control, DNA repair, mRNA
splicing, signal transduction, and protein trans-
location (Bedford and Clarke, 2009; Boisvert et al.,
2003), but it is not associated with protein
biosynthesis. In this paper, we demonstrate for the
first time that eEF2, a key component in protein
translational elongation, is arginine methylated,
and that the level of sDMA in eEF2 is modulated
by bFGF in a reversible manner through MAPK
signaling pathway with PRMT7/PRMT5 as the
methyltransferase complex responsible for the
methylation.

Boisvert and colleagues generated four arginine
methyl-specific antibodies: ASYM24 and ASYM25
(specific for aDMA) and SYM10 and SYM11
(specific for sDMA). Through proteomic analysis
using these antibodies, more than 200 proteins
that are putatively arginine-methylated were identi-
fied from the human HelLa-S3 cell line (Biovest
International Inc./National Cell Culture Center,
Minneapolis, MN). The major purified protein com-
plexes included components required for pre-
MRNA splicing, polyadenylation, transcription, sig-
nal transduction, and cytoskeleton and DNA repair,
but no factors involved in protein biosynthesis were
discovered (Boisvert et al., 2003). In our study, we
found that eEF2 is arginine methylated in mouse
embryo fibroblast NIH3T3 cells but not in human
colorectal carcinoma HCT116 cells, and that sym-
metric arginine dimethylation of eEF2 is induced by
bFGF (Figure 1). It is possible that the ligand-de-
pendent and species- or tissue-specific nature of
eEF2 methylation may have delayed the detection
of eEF2 arginine methylation; the difference in
methylation of eEF2 between human colorectal
carcinoma cells and mouse embryo fibroblast cells
suggests that eEF2 arginine methylation is a spe-
cies-specific or even a tissue-specific phenomenon.
In addition, eEF2 arginine methylation may be
barely detectable without stimulation of cells by
signals such as growth factors.

The major regulatory mechanism of eEF2 activ-

ity has previously been proposed to be dependent
on phosphorylation by eEF2 kinase, a cal-
cium/calmodulin (CaM)-dependent enzyme (Mitsui
et al., 1993) that has eEF2 as its only known sub-
strate (Proud, 2000). Phosphorylation of Thr-56 of
eEF2 was discovered to regulate the activity of this
protein and its ability to bind to ribosomes (Browne
and Proud, 2002). Mitogenic and hormonal stimuli
that increase elongation rates can induce eEF2 de-
phosphorylation through activation of mTOR, p38
and MEK pathways, and associated phosphatases
like PP2A (Proud, 2000; Sans et al., 2004). eEF2
phosphorylation has been shown to be increased
by different stimuli, usually associated with cellular
stress, including increases in cytoplasmic calcium
level (Nairn et al., 2001), nutrient and amino acid
withdrawal (Wang et al., 1998), depletion of cellular
ATP (McLeod and Proud, 2002), and increases in
cAMP (Gutzkow et al., 2003) and AMP levels
(Horman et al., 2002). ADP-ribosylation of eEF2 by
bacterial toxins on a histidine modified to a diph-
thamide inhibits its translocation activity (J@rgensen
et al., 2005). No conclusive evidence has yet been
provided that bFGF is involved in the phosphor-
ylation or ADP-ribosylation of eEF2, but bFGF
turned out to regulate eEF2 methylation in our
study. The bFGF-regulated symmetric arginine di-
methylation of eEF2 is a novel mechanism for
post-translational modification of eEF2. bFGF also
appears to cause demethylation of some pre-exist-
ing dimethyarginines. However, the functional con-
sequence of this methylation remains unknown in
our study, whether it is global protein synthesis or
the expression of specific proteins. We propose
that the intensity or kind of stimulation might de-
termine how many and which arginines among
those in eEF2 are methylated, generating diverse
patterns of combination of dimethylarginines with
specific functional consequences that need to be
determined.

We found that the level of arginine methylation
of a specific protein was regulated by a specific ex-
tracellular signal, bFGF. PRMTs are known to
methylate the arginine residues of certain proteins.
In turn, PRMTs are regulated in several ways. First,
PRMTs are regulated by posttranslational mod-
ifications or through interactions with PRMT-bind-
ing proteins and protein complexes. PRMT activity
can also be regulated by subcellular compart-
mentalization. In addition, adjacent posttransla-
tional modifications can mask arginine methylation
motifs in PRMT substrates. Finally, enzymes that
counteract PRMT activity can reverse or block sub-
strate methylation (Bedford and Clarke, 2009).
However, the upstream signaling pathways that
control the regulatory mechanisms described



above remain to be established. Our data suggest
that the bFGF-ras-MAPK pathway extending to
p21°P"AF in the context of symmetric arginine di-
methylation of eEF2 is an example of an upstream
signaling pathway that ultimately regulates the ac-
tivities of PRMTs through an as yet unidentified
mechanism.

We also suggest that bFGF-regulated eEF2
methylation may allow the identification of addi-
tional demethylases because, by 48 h after bFGF
treatment, the increased level of sDMA in eEF2
had returned to baseline, while the expression lev-
els of eEF2 remained unchanged throughout the
period, suggesting the presence of a demethyla-
tion mechanism. Intriguingly, bFGF caused deme-
thylation of some arginines which existed in dime-
thylated form in the bFGF-untreated cells. This
finding indicates the presence of the demethylation
mechanism triggered by bFGF. The only known ar-
ginine demethylase is the Jumonji domain-contain-
ing enzyme, JMJD6, which demethylates H3R2me2
and H4R3me2 (Chang et al., 2007). Further research
is required in this field, especially in terms of char-
acterizing additional proteins in the Jumoniji-only family
of enzymes or other types of arginine demethylases.

Our results show that p21Cip’WAF1 is downstream
of ERK1/2 in the context of symmetric arginine
methylation of eEF2 but not for a-SMA expression.
In fibroblasts, bFGF causes ERK1/2 activation, which
is implicated in the suppression of a-SMA ex-
pression through inhibition of Smad nuclear trans-
location, contributing to increased fibrosis (Ishiguro
et al., 2009; Leivonen et al., 2005). The interme-
diary signaling pathway connecting ERK1/2 and
p21°P™A"! in the process of eEF2 arginine methyl-
ation has yet to be elucidated.

PRMT7 has been shown to have type Il activity
toward peptide and protein substrates (Lee et al.,
2005) or type Il activity that monomethylates only
arginine-containing peptides (Miranda et al., 2004).
Neither of these activities is particularly robust.
Even though PRMT?7 is involved in the methylation
of the C-terminal tails of Sm proteins in conjunction
with PRMT5 and is required for normal snRNP bio-
genesis in human cells (Gonsalvez et al., 2007),
more work is needed to characterize the enzymatic
activities of PRMT7 and to establish its interaction
partners. In our study, we found that PRMT7
siRNA clearly suppresses sDMA synthesis in eEF2
induced by bFGF in NIH3T3 cells, strongly indicat-
ing that PRMTY7 is likely the core enzyme in the pu-
tative complex catalyzing eEF2 methylation. PRMT5
is an enzyme that appears to function in several
types of complexes in both the cytoplasm and the
nucleus, acting as a coordinator of specific bio-
logical functions as well as a major enzyme in the
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arginine methyltransferase complex. In the cyto-
plasm, PRMT5 is involved in snRNP biogenesis
through its ability to methylate a number of Sm pro-
teins (Neuenkirchen et al., 2008). In the nucleus,
similar to CARM1, PRMT5 can complex with
hSWI/SNF ATP-dependent chromatin remodeling
proteins to function as a transcriptional coactivator
(Dacwag et al., 2007). PRMT5 also associates with
regulators of transcriptional elongation (Liu et al.,
2007). Binding of PRMT5 to COPRS5 (cooperator of
PRMT5) can result in the preferential methylation
of H4R3 over H3R8 (Lacroix et al., 2008). Moreover,
COPR5 binding appears to be responsible for
PRMTS transcriptional corepressor activity. In our
study, PRMT7 and PRMT5 appear to play critical
roles in the putative enzyme complex involved in
the bFGF-induced sDMA synthesis in eEF2.
Intriguingly, our results based on siRNA trans-
fection experiments indicate that PRMT5 likely acts
as a corepressor of this process, with PRMT7 re-
sponsible for methylation, even though PRMT5 or-
dinarily acts as a major enzyme in the complex in-
volved in the production of sDMA; siRNA inhibition
of PRMT5 markedly increased eEF2 methylation,
negating the regulatory role of bFGF in the
methylation. There is also a possibility that there are
other factors associated with the PRMT7/PRMT5
complex, e.g., FBXO11, the characteristics of
which are still being established in the context of
sDMA synthesis (Cook et al., 2006).

In conclusion, we have demonstrated bFGF-in-
duced symmetric arginine dimethylation of mouse
embryo fibroblast eEF2 with its signaling pathway
and responsible enzymes. This opens new inves-
tigative directions regarding the role and regulatory
mechanism of arginine methylation in the elonga-
tion process of protein biosynthesis.

Methods

Antibodies

Anti-sDMA antibodies, namely SYM10, SYM11, and the
anti-aDMA antibody, ASYM24 (antibodies that bind to
sDMA or aDMA within sequences KR*GR*GR*GR*G,
KAAILLAQVAAR*GR*GR*GMGR*G and KGR*GR*GR*GR
*GPPPPPR*GR*GR*GR*G, respectively; R* designates di-
methylarginine), were purchased from Upstate Biotechnology
(Lake Placid, NY). Anti-eEF2 antibody was purchased from
Abcam (Cambridge, MA). Anti-p-ras, p-raf and PRMT7 an-
tibodies were obtained from Millipore (Billerica, MA).
Anti-MEK, p-ERK1/2, and p-Akt antibodies were purchased
from Cell Signaling Biotechnology (Beverly, MA).
Anti-p21cip/waf and GAPDH antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-a-
SMA antibody was purchased from Sigma (St. Louis, MO).
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siRNA sequences

siRNAs were purchased from Genolution Pharmaceuticals,
Inc. (Seoul, Korea). The mouse p21°""F! (GenBank ac-
cession number NM_007669) target sequences were
5-CCAGCCUGACAGAUUUCUAUU-3' (sense) and 5-UA
GAAAUCUGUCAGGCUGGUU-3' (antisense). The PRMT
5 (GenBank accession number NM_013768.3) target se-
quences were CCCTTAATCAGGAAGATAA (sense) and
UUAUCUUCCUGAUUAAGGG (antisense). The PRMT7
(GenBank accession number NM_145404.1) target se-
quences were CGGAGCAGGUGUUUACAGU (sense) and
ACUGUAAACACCUGCUCCG (antisense). Scrambled
siRNAs with sequences 5'-CACUUACGCUGAGUACUUC
UU-3' (sense) and 5-GAAGUACUCAGCGUAAGUGUU-3'
(antisense) were used as negative controls.

Cell culture and transfection

NIH3T3 and HCT116 cells were obtained from ATCC and
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS), 100
IU/ml penicillin, and 100 pg/ml streptomycin (Invitrogen,
Carlsbad, CA) at 37°C under 5% CO tension in the pres-
ence or absence of 10 ng/ml bFGF (Invitrogen), 20 ng/ml
EGF (Sigma, St. Louis, MO), or 20 ng/ml HGF (Sigma).
For signal transduction assays, NIH3T3 cells were treated
with 20 uM PD98059 (2'-amino-3'-methoxyflavone) (Merck
KGaA, Darmstadt, Germany). For transfection exgeriments,
NIH3T3 cells were plated at a density of 5 X 10” cells per
60 mm culture dish and transfected with p21%P"WAF!
PRMT7, or PRMT5 siRNAs using Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s instructions.

RTqPCR

NIH3T3 cells were transfected with 20 nM PRMT5 or
PRMT7 siRNAs for five days, and then the RNA level of
each PRMT was analyzed using real-time quantitative
PCR (Cepheid, CA) with CYBRgreen method (TAKARA,
Kyoto, Japan) according to the manufacturer’s instructions
with actin as control. The PRMT5 primers were 5-TCA
CCTCAGTGGAGTGCTTG-3' (forward) and 5-TCACCT
CAGTGGAGTGCTTG-3' (reverse). The PRMT7 primers
were 5-TACTGCAGGGGCTGACTTCT-3' (forward) and
5'-TCACCTCAGTGGAGTGCTTG-3' (reverse).

Western blot analysis and immunoprecipitation
assays

For Western blot analysis, NIH3T3 and HCT116 cells were
lysed with 1 X Laemmli buffer (0.14 M Tris, pH 6.8, con-
taining 2.4 M glycerol, 0.21 M sodium dodecyl sulfate, and
0.3 mM bromophenol blue). Cell lysates were heated at
100°C for 5-10 min and separated via electrophoresis in
8-12% SDS-polyacrylamide gels. After electrophoretic
transfer of proteins onto nitrocellulose membrane, mem-
branes were blocked with 5% nonfat dry milk in PBS con-
taining 0.1% (v/v) Tween 20 for 30 min at 25°C and then in-
cubated with SYM10, SYM11, or ASYM24 for arginine
methylation analysis. Anti-pan-ras, anti-p-raf, anti-MEK,
anti-p-ERK1/2, anti-p21°®""A"" or anti-p-Akt antibodies were

used for signal transduction experiments; and anti-a-SMA
antibody was used for fibroblast differentiation analysis.
Anti-GAPDH antibody was used as a loading control.
Protein bands were visualized using enhanced chem-
iluminescence (ECL; Amersham Inc., Buckinghamshire,
UK). Statistically significant differences as determined by
the Wilcoxon test were noted at P < 0.001 (*). For im-
munoprecipitation experiments, NIH3T3 cells were lysed
with RadiolmmunoPrecipitation Assay (RIPA) buffer
(Upstate Biotechnology, Lake Placid, NY). Four hundred
micrograms of cell lysate was immunoprecipitated with
SYM 10 or anti-eEF2 (1:25 vol/vol) (clone number EP880Y)
antibody, and 50 ul protein A sepharose CL-4B (GE
Healthcare, Fairfield, CT) in the presence of 0.05% BSA
overnight at 4°C. As a negative control, we performed im-
munoprecipitation with normal goat anti-rabbit IgG (Upstate
Biotechnology).

MS analysis

Analysis of arginine methylation was performed as pre-
viously described (Kirino et al., 2010). A 95-kDa argi-
nine-methylated protein gel band was excised from
SDS-PAGE gel. The protein band was subjected to reduc-
tion in 10 mM dithiothreitol for 45 min at 37°C and alkyla-
tion in 55 mM iodoacetamide for 15 min at room temper-
ature in the dark and was digested overnight at 37°C with
12.5 ng/ul trypsin (Promega, Madison, WI). The digested
peptides were acidified to 0.1% trifluoroacetic acid and de-
salted onto C18 Ziptips (Millipore, Billerica, MA) according
to the manufacturer’s instruction. The desalted peptides
were analyzed in an LCQ Deca mass spectrometer
(Thermo Fisher Scientific, Waltham, MA) coupled online to
an Agilent 1100 HPLC system. An in-house pulled 0.075 X
130 mm emitter column was prepared by packing with
Zorbax 300SB-C18, 5 um (Agilent, Santa Clara, CA) using
a slurry packer (Alltech, Lexington, KY). Peptides were
separated with a linear acetonitrile gradient: 0 % solvent A
(5% acetonitrile, 0.1% formic acid) to 40% solvent B (95%
acetonitrile, 0.1% formic) over 80 min and then 90% sol-
vent B in 15 min at a flow rate of 0.2 pl/min. For tandem
mass spectrometry, MS and MS/MS data were obtained in
a data-dependent mode. The full mass scan range mode
was m/z=250-2000 Da for the selection of a precursor
ion. An exclusion dynamic mode was applied to exclude
the most intense ion from further selection over a 2-min
period. The subsequent MS/MS data were acquired using
a 2 m/z unit ion isolation window in the automated gain
control (AGC) mode where AGC values of 5.00e + 05 and
1.00e + 04 were set for full MS and MS/MS, respectively.
The normalized CID was set at 35.0.

Database searches

The individual spectra from MS/MS were processed using
SEQUEST software (Thermo Fisher Scientific, Waltham,
MA). The generated peak list files were searched against
NCBI-nonredundant (version 08_06_2010, mammalian en-
tries) or EF-2 protein databases using the MASCOT 2.1
program with the following parameters; oxidation on me-
thionine, carbamidomethylation or propionamidylation of
cysteine, arginine dimethylation as variable modifications,



semi-tryptic specificity, peptide mass tolerance at 2 Da,
MS/MS ion mass tolerance at 1 Da, allowance of missed
cleavage at 3, and charge states of +1, +2, and +3.
Peptides with ions scores of 20 and higher were initially
considered, and individual dimethylated peptides were
manually validated.

Supplemental data

Supplemental data include a figure and three tables and can
be found with this article online at http://e-emm.or.kr/article/
article_files/SP-43-10-02.pdf.
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