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I. INTRODUCTION  
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Figure 1: The MAPKs (Mitogen-Activated Protein Kinases) are part of the 

phospo-relay system that translates a plethora of extracellular signals into 

diverse cellular responses. After the binding of the growth factors, the 

receptor tyrosine kinase (RTK) undergoes dimerization that triggers the 

intrinsic tyrosine-kinase activity. This is followed by autophosphorylation 

of the receptor that complex with other partners, such as SOS (Son of 

Sevenless) or GRB2. SOS binds to GDP-RAS that then changes its 

conformation to GTP-RAS, which is the activator of the signaling cascade. 

RAS phosphorylates a RAF MKKK (ARAF, BRAF or CRAF). RAF, in 

turn, phosphorylates the MEK MKKs (MEK1 and MEK2), which then 

phosphorylate the ERK MAPKs (extracellular signal-regulated kinases 

ERK1 and ERK2). Activated ERKs then translocate into the nucleus 

where they phosphorylate specific substrates that are involved in the 

regulation of various cellular responses (Adapted from Chin et al., 2003). 
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Figure 2: Types of Methylation on Arginine Residues. Types I, II, and III 

PRMTs generate monomethylarginine (MMAω) on one of the terminal 

(ω) guanidino nitrogen atoms. These two nitrogen atoms are equivalent. 

The subsequent generation of asymmetric dimethylarginine (ADMA) is 

catalyzed by type I enzymes, and the production of symmetric 

dimethylarginine (SDMA) is catalyzed by type II enzymes. Type III 

PRMTs only monomethylate. Type IV enzyme activity that catalyzes the 

monomethylation of the internal guanidino nitrogen atom has only been 

described in yeast. The type of methylation reactions catalyzed by PRMT7, 

FBXO11, and Hsl7 are still being established and are, thus, marked with 

an asterisk (Adapted from Bedford and Clarke, 2009). 
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Figure 3: The 9p21 locus presents an unusual degree of genomic 

organization. a) The CDKN2A gene contains two upstream exons, 1αα  and 

1β , driven by separate promoters, which result in alternative transcripts 

that share common downstream exons 2 and 3. The transcript initiated 

from the proximal promoter (1α) encodes INK4A. b) By inhibiting 

CDK4/6–cyclin-D-mediated hyperphosphorylation of RB, INK4A ensures 

that RB remains in complex with the E2F transcription factor. These RB–

E2F complexes recruit histone deacetylase to promote and repress 

transcription of target genes, leading to G1 arrest. In the absence INK4A, 

CDK4/6–cyclin-D phosphorylates RB, which results in the release of E2F 

that activates genes that are necessary for progression into S phase. c) The 

second transcript initiated from the upstream exon 1β , encodes ARF. ARF 

functions as a potent growth suppressor that stabilizes and enhances p53 

levels by blocking MDM2-mediated p53 ubiquitylation and degradation. 

(Adapted from Chin et al., 2003). 
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C E L L B I O L O G Y

Protein Arginine Methyltransferase 5
Regulates ERK1/2 Signal Transduction Amplitude
and Cell Fate Through CRAF
Pedro Andreu-Pérez,1 Rosaura Esteve-Puig,1 Carlos de Torre-Minguela,1*
Marta López-Fauqued,1 Joan Josep Bech-Serra,2 Stephan Tenbaum,3

Elena R. García-Trevijano,4† Francesc Canals,2 Glenn Merlino,5

Matías A. Ávila,4 Juan A. Recio1‡

The RAS to extracellular signal–regulated kinase (ERK) signal transduction cascade is crucial to cell pro-
liferation, differentiation, and survival. Although numerous growth factors activate the RAS-ERK pathway,
they can have different effects on the amplitude and duration of the ERK signal and, therefore, on the
biological consequences. For instance, nerve growth factor, which elicits a larger and more sustained
increase in ERK phosphorylation in PC12 cells than does epidermal growth factor (EGF), stimulates
PC12 cell differentiation, whereas EGF stimulates PC12 cell proliferation. Here, we show that protein ar-
ginine methylation limits the ERK1/2 signal elicited by particular growth factors in different cell types from
various species. We found that this restriction in ERK1/2 phosphorylation depended on methylation of
RAF proteins by protein arginine methyltransferase 5 (PRMT5). PRMT5-dependent methylation enhanced
the degradation of activated CRAF and BRAF, thereby reducing their catalytic activity. Inhibition of PRMT5
activity or expression of RAF mutants that could not be methylated not only affected the amplitude and
duration of ERK phosphorylation in response to growth factors but also redirected the response of PC12
cells to EGF from proliferation to differentiation. This additional level of regulation within the RAS pathway
may lead to the identification of new targets for therapeutic intervention.

INTRODUCTION

A major challenge in cell signaling is to understand how different external
cues and cell membrane receptors give rise to unique biological responses
despite their promiscuous activation of shared pathways. For instance,
although various growth factors initiate signaling through the same path-
ways (1), the biological consequences of the activation of a particular sig-
naling pathway by different growth factors may differ. Many growth factors
activate receptor tyrosine kinases (RTKs) to signal through the RAS (2) to
RAF to mitogen-activated protein kinase (MAPK) signaling pathway. The
extracellular signal–regulated protein kinase 1 and 2 (ERK1/2), MAPKs
activated by phosphorylation and inactivated by dephosphorylation, play a
prominent role in this pathway by phosphorylating transcription factors,
cytoskeletal proteins, and enzymes (including other protein kinases) (3).
Three different quantitative measures can be used to assess kinase signaling:
signal amplitude (the peak response to a stimulus), duration (is the response
transient or sustained?), and integral strength (integrated concentration of an
active molecule, derived from the other two measures) (4, 5). From an over-
simplified perspective, phosphorylation and dephosphorylation determine

whether kinases are active or inactive; however, their subcellular distribu-
tion and, presumably, posttranslational modifications other than phospho-
rylation (6, 7) will influence the final biological outcomes. Signaling
through the RAS-ERK1/2 pathway can be modulated at various levels;
however, the activation of specific RAF isoforms, their homo- or hetero-
dimerization with other isoforms, and their degradation are particularly
relevant not only to the activation of ERK1/2 but also to determining
the amplitude, duration, and integral strength of ERK1/2 phosphorylation
(4, 5, 8–10).

Protein arginine methylation is increasingly being recognized for its
role in regulating signal transduction, RNA processing, transcriptional
activation, and DNA repair (11–13). The existence of a wide range of
arginine-methylated substrates suggests that this eukaryotic modification
may play a role as complex as that of phosphorylation and raises the pos-
sibility that these two regulatory mechanisms are somehow coordinated.
Among the nine protein arginine (R) methyltransferases (PRMTs) in hu-
mans with a demonstrated physiological enzymatic activity (PRMT1 to 9)
(11), PRMT5 was the first determined to catalyze the formation of sym-
metric dimethylarginines (sDMAs) on a Gly-Arg-Gly (GRG) motif (14).
PRMT5 has been implicated in transcriptional regulation through histone
methylation (15, 16) and methylation of the RNA polymerase II CTD phos-
phatase (FCP1) (17). It has also been implicated in promoting spliceosome
assembly (18) and appears to be an HSP90 (heat shock protein 90 kD)
client (19). Given these roles, it is unexpected that most PRMT5 is in the
cytoplasm and not in the nucleus (20). However, PRMT5 was initially iden-
tified as a Janus kinase binding protein 1 (JBP1) (21), and it has also been
found to interact with the death receptor for TRAIL (tumor necrosis factor–
related apoptosis-inducing ligand) (22). Furthermore, PRMT5 is a component
of the branch of the RAS signaling cascade implicated in regulating mor-
phology in Schizosaccharomyces pombe and it positively modulates Shk1
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[Ste20/p21-activated kinase (PAK) homolog] function (23), suggesting that
PRMT5 may have unappreciated cytoplasmic functions.

Although the molecular machinery by which various growth factors
control signal transduction has been extensively studied (1), the mecha-
nism regulating signal amplitude in response to a given stimulus is largely
unknown. Here, we show that arginine methylation of RAF proteins limits
the ERK1/2 phosphorylation elicited by stimulation with certain growth
factors and identify PRMT5 as the protein methyltransferase responsible
for fine-tuning growth factor signals. PRMT5 forms a complex with RAF
proteins and methylates them, decreasing their kinase activity and stability,
thereby diminishing the amplitude of the ERK1/2 signal. Finally, we show
that inhibiting methylation can alter growth factor–dependent biological
responses, switching the response of PC12 cells to EGF from prolifera-
tion to differentiation by increasing the signal amplitude and prolonging
its duration.

RESULTS

5′-Methylthioadenosine increases ERK1/2 signal
amplitude in response to hepatocyte growth factor
We observed that, in mouse melanoma cells, the methylation inhibitor
5′-methylthioadenosine (MTA) increased the degree of ERK1/2 phospho-
rylation in response to hepatocyte growth factor (HGF) treatment (Fig.
1A). Signaling through the HGF RTK c-Met activates both the RAS-
ERK1/2 and the phosphatidylinositol 3-kinase (PI3K)–AKT pathways
(24); however, MTA did not appear to affect AKT phosphorylation (Fig.
1, A and B). We found that MTA specifically enhanced the amplitude of
HGF-mediated ERK1/2 phosphorylation in various mouse and human cell
lines (see below) and rat primary hepatocytes (fig. S1). MTA’s enhancement
of ERK1/2 phosphorylation was observed 2 min after HGF stimulation (fig.
S2A) and was still apparent 30 min after HGF stimulation (Fig. 1B). How-
ever, ERK1/2 phosphorylation began to decline 10 min after HGF treatment
with or without MTA, indicating that phosphatase activity was unaltered
(Fig. 1B). Indeed, activity of the nuclear phosphatase MKP1/2, which
controls the amount of nuclear p-ERK1/2, increased with MTA treatment
(fig. S2B). Consistent with this, we also observed that the translocation
of phosphorylated ERK1/2 (p-ERK1/2) to the nucleus was intact in MTA-
pretreated cells (Fig. 1, C and D).

Together, these data demonstrate that the methylation inhibitor MTA
increases ERK1/2 signal amplitude in response to HGF. Furthermore, this
seems to involve an increase in kinase activity upstream of ERK1/2, rather
than a downstream decrease in phosphatase activity.

MTA-dependent augmentation of ERK1/2
phosphorylation is ligand-dependent and mediated
by methylation inhibition
Next, we determined whether MTA enhanced the degree of ERK1/2 phos-
phorylation in response to other stimuli that activate the ERK1/2 signaling
pathway. We found that MTA enhanced ERK1/2 phosphorylation medi-
ated not only by treatment with HGF but also by exposure to the phorbol
ester tetradecanoylphorbol-13-acetate (TPA), which activates the pathway
in an RTK-independent manner, or epidermal growth factor (EGF) (show-
ing limited amounts of p-ERK1/2 in response to EGF because of the low
abundance of EGF receptors in the 37-31E melanoma cell line) (Fig. 1E).
However, the ability of MTA to enhance ERK1/2 phosphorylation in re-
sponse to either acidic or basic fibroblast growth factor (FGF1 and FGF2,
respectively) depended on cell line (Fig. 1E and fig. S3A) and did not oc-
cur with melanocyte-stimulating hormone (MSH-a), which did not stim-
ulate ERK1/2 phosphorylation (Fig. 1E). Similar results were obtained in

human embryonic kidney (HEK) 293 cells and rat neuroblastoma (PC12)
cells (fig. S3A).

This modulatory effect of MTA was also observed with MEK1/2
(mitogen-activated or extracellular signal–regulated protein kinase kinase
1 and 2), the kinases immediately upstream of ERK1/2 in the MAPK
pathway (figs. S2A and S3D). Moreover, the increase in ERK1/2 phos-
phorylation by MTA upon growth factor stimulation was blocked by in-
hibition of MEK1/2 activity (Fig. 1F), suggesting that it did not involve
crosstalk pathways that targeted ERK1/2 directly.

Next, we examined the effects of the protein methyltransferase inhibi-
tors 3-deaza-adenosine (Deaza) and cycloleucine (c-leucine) (25) to con-
firm that the increase in signal amplitude in response to MTA indeed
depended on inhibition of methylation (Fig. 1, F and G, and fig. S3, B
to D). As expected, we did not observe any alteration in the translocation
of p-ERK1/2 to the nucleus in either Deaza or c-leucine (fig. S3D).
Together, these data indicate that protein methylation modulates signaling
through the RAS pathway in response to specific growth factors upstream
of MEK1/2.

Protein arginine methyltransferase PRMT5 limits
ERK1/2 signal amplitude
Our data suggested that the machinery responsible for this modulation of
RAS pathway signaling was cytoplasmic. Whereas lysine methylation is
involved in a wide range of nuclear processes (26–28), protein arginine
methylation has been implicated in several cytoplasmic responses (13).
Among the members of the PRMT family found in humans, only PRMT1,
3, 5, and 8 are found in the cytoplasm (29). We used a combination of
genetic and functional analyses to eliminate Prmt1, Prmt3, and Prmt8 as
possible candidates (fig. S4). Depletion of Prmt5 with small interfering
RNA (siRNA) reproduced the MTA-dependent increase in growth factor–
dependent ERK1/2 phosphorylation in both tumor and normal cells, and
reduced or eliminated the effect of MTA, suggesting that MTA targeted
PRMT5 (Fig. 2A). Moreover, overexpression of a catalytically inactive
PRMT5mutant (PRMT5DGAGRG) increased the degree of ERK1/2 phos-
phorylation in response to EGF (Fig. 2B).

Because PRMT5’s ability to affect ERK1/2 phosphorylation depended
on the specific ligand used to activate MAPK signaling, we examined
whether PRMT5 activity was itself regulated by growth factors. We found
that PRMT5 activity was regulated by growth factors, increasing with
EGF, HGF, FGF1, and FGF2 treatment and slightly decreasing with nerve
growth factor (NGF) (Fig. 2C). Together, these data indicate that PRMT5
modulates ERK1/2 signal amplitude in response to specific growth factors.

PRMT5 colocalizes with RAF proteins and modulates
their catalytic activity
Our observations suggested that the putative PRMT5 target was within the
RAS pathway and upstream of MEK1/2. MTA did not affect phosphoryl-
ation of the c-Met receptor (indicative of its activation) upon exposure to
HGF (Fig. 3A), nor did it affect the amount of active RAS-GTP (guano-
sine triphosphate) observed after HGF treatment (Fig. 3B). We also observed
that MTA modulates the ERK1/2 signal amplitude in NRASQ61L mutant
cells (which signal mainly through CRAF) (30), whereas this effect was
not observed in BRAFV600E mutant cells, which signal independently of
RAS (30) (fig. S5), supporting the RAS-dependent regulation of PRMT5.
Moreover, HGF-dependent ERK1/2 phosphorylation was limited in cells in
which CRafwas knocked down (fourfold less amount of p-ERK1/2), and the
effect of MTAwas nearly abolished (Fig. 3C), suggesting that CRAF partic-
ipated in the methylation-mediated regulation of ERK1/2 activation. RAF
proteins and PRMT5 are HSP90 clients (19, 31), indicating that they may be
part of the same protein complexes. We found that PRMT5 was constitutively
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Fig. 1. MTA increases HGF-mediated ERK1/2 phosphorylation.
(A) 37-31E melanoma cells were treated with PHA-665752
(PHA), MTA, or both under conditions of serum starvation, and
then, after stimulation with HGF, total protein extracts were immunoblotted
for p-ERK/2, ERK1/2, p-MEK1/2, MEK1/2, p-AKT, and total AKT. (B) MTA
increases the HGF-dependent p-ERK1/2 signal amplitude. 37-31E and
B16F1 melanoma cells were treated with MTA as in (A) and exposed to
HGF for the indicated times. Graphs depict a schematic representation
of the quantitative measures governing signal transduction and the quan-
tification of the ERK1/2 and AKT activation profiles in response to HGF or
HGF plus MTA from three independent experiments. (C) Immunofluores-
cence micrograph of p-ERK1/2 in 37-31E cells treated with HGF or MTA as
indicated. (D) 37-31E cells were treated as in (A). Western blots show the
cytoplasmic and nuclear distribution and phosphorylation of MEK1/2 and
ERK1/2. Lamin A/C and GAPDH were used as markers of the fractions’
purity. (E) MTA-mediated effect on ERK1/2 and MEK1/2 phosphorylation is

growth factor–specific. 37-31E cells were treated as in (A) with the indicated
growth factors for 10 min. Total ERK1/2 is shown as a loading control.
One representative experiment of three is shown. (F) B16F1 cells were
serum-starved and treated for 14 hours with or without MTA or c-leucine
and then treated for 5 min with HGF. U0126 was applied where indicated.
p-MEK1/2, MEK1/2, p-ERK1/2, ERK1/2, and GAPDH were assessed by
Western blot (n = 3 experiments). (G) Methylation inhibitors increase
ERK1/2 signal amplitude in response to HGF. 37-31E melanoma cells
were starved and treated for 14 hours with PHA, MTA, Deaza, or c-leucine.
Then, cells were exposed to HGF for 10 min. p-MEK1/2, p-ERK1/2, and
total ERK1/2 are shown in one representative experiment of three. Graph
shows the quantification of p-MEK1/2 and p-ERK1/2. *P < 0.05 versus
HGF-treated samples; n = 3 different experiments.
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bound to CRAF and BRAF immunocomplexes (Fig. 3D and fig. S6A). The
association of PRMT5 with CRAF was confirmed by immunolocalization
experiments (fig. S6B). However, in vitro binding experiments using recom-
binant PRMT5 and recombinant full-length inactive glutathione S-transferase
(GST)–CRAF or active GST-CRAF (N-terminal GST-tagged, residues 306
to end) showed that PRMT5 binds only to active CRAF (Fig. 3E).

To determine whether the catalytic activity of RAF family proteins was
modulated by posttranslational methylation, we measured their in vitro ki-
nase activity after immunoprecipitation from cells treated with growth
factors, MTA, or both. The in vitro kinase activity of CRAF immunopre-
cipitated from HeLa cells transfected with Flag-CRAFWT and treated with
HGF or EGF was significantly increased by MTA (120%; P < 0.0001),
whereas MTA had no effect on CRAF activity in cells that had not been
treated with growth factor (Fig. 3F). MTA had the same effect on endog-
enous CRAF immunoprecipitated from mouse embryo fibroblasts (MEFs)
treated with EGF (Fig. 3G; or HeLa and HEK293 cells treated with EGF
or HGF, fig. S8C). The catalytic activity of CRAF immunoprecipitated
from cells treated with EGF was also increased significantly by Prmt5

knockdown with siRNA (P < 0.001) (Fig. 3H). Posttranslational methyla-
tion also enhanced the in vitro catalytic activity of BRAF (figs. S7 and S8B)
and ARAF (fig. S8A) immunoprecipitated from HeLa and HEK293 cells
treated with growth factors. Thus, these data indicate that MTA and PRMT5
modulate the kinase activity of RAF proteins induced by growth factors.

CRAFR563K and BRAFR671K mutants are more stable than
the corresponding wild-type proteins and show
increased kinase activity in response to growth factors
In vivo metabolic labeling of cells showed that growth factor treatment
stimulated the methylation of CRAF and BRAF and that this was pre-
vented by MTA treatment or Prmt5 knockdown (Fig. 4A and fig. S9A).
PRMT5 methylates arginine residues within GRG motifs (11), and, of all
components of the RAS pathway, only the RAF proteins contained a GRG
motif. The GRG motif was present in all RAF family members analyzed
and was conserved fromCaenorhabditis elegans to humans (Fig. 4B). More-
over, according to the BRAF three-dimensional (3D) structure, BRAFR671

should be available for modification by methylation (Fig. 4B).

Fig. 2. PRMT5 depletion increases
ERK1/2 phosphorylation in response
to growth factors. (A) Knockdown of
Prmt5 in 37-31E, PC12, or MEFs en-
hances the increase in ERK1/2 phos-
phorylation produced by growth factor
treatment. Cells transfected with either
scrambled siRNA (Scr.) or Prmt5 siRNA
were serum-starved and exposed to
MTA for 3 hours and then treated with
HGF for 10 min. p-ERK1/2, ERK1/2,
and PRMT5 abundance was assessed
by Western blot. (B) Overexpression
of the catalytically inactive PRMT5
mutant (PRMT5DGAGRG) in HEK293
cells reproduces the effects of MTA
on ERK1/2 phosphorylation. Forty-
eight hours after transfection with either
empty vector or pEF2-PRMT5DGAGRG
expression vector, cells were serum-
starved and pretreated with MTA for
2 hours and then stimulated with
HGF for 10 min. Cell lysates were as-
sessed for p-ERK1/2, ERK1/2, PRMT5,
and GAPDH by Western blotting. (C)
Growth factors regulate PRMT5 methyl-
transferase activity. Cos-7 cells stably
transfected with Flag-PRMT5 were
serum-starved for 3 hours and then
treated with the indicated growth
factors for 10 min. After PRMT5 immu-
noprecipitation, its methyltransferase
activity was measured in vitro. The
3H radioactive signal incorporated in
MBP was assessed autoradiographi-
cally after SDS-PAGE. Immunoprecipi-
tated PRMT5 and MBP are shown as
loading controls. Graph shows quan-
tification of methyltransferase activity normalized by the amount of PRMT5 immunoprecipitated. P value was calculated with Student’s t test (n = 3
independent replicates).
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To investigate the role of this residue in the activation of ERK1/2 upon
growth factor triggering, we generated the equivalent CRAFR563K mutant.
Transient transfection of the same DNA quantity of Flag-CRAFR563K or
Flag-CRAFwt in HEK293 cells resulted in higher amounts of Flag-CRAFR563K

protein, indicating that the CRAFR563K mutant was more stable than its
wild-type counterpart (Fig. 4C). Cells transfected with one-sixth of the
amount of Flag-CRAFR563K compared with Flag-CRAFwt to compen-
sate for protein expression abundance showed more p-ERK1/2 than did
Flag-CRAFwt–transfected cells in response to EGF (14.3-fold versus 4-fold
compared to Flag-CRAFwt–transfected and untreated cells) (Fig. 4C). In
agreement with this, the CRAFR563K mutant showed significantly increased

catalytic activity in response to the growth factor compared with that of the
wild-type variant (62.9 ± 1.2% more activity; P < 0.01) (Fig. 4D). These
results suggest that methylation of CRAFR563 could decrease the stability
of active CRAF molecules and consequently decrease their signal output.
To confirm that methylation reactions contributed to CRAF degradation
upon RAS pathway activation, we measured CRAF stability in NRASQ61L

mutant SKMel147 melanoma cells with or without PRMT5 depletion or in
the presence or absence of MTA (Fig. 4E and fig. S9B). Inhibition of pro-
tein methylation or PRMT5 knockdown stabilized CRAF [~50% more sta-
ble with a half-life (t1/2) of ~12 to 15 hours in PRMT5 siRNA–transfected
cells than in cells transfected with scrambled siRNA] (Fig. 4E). These data

Fig. 3. MTA and PRMT5 depletion in-
creases CRAF’s catalytic activity. (A)
37-31E cells were serum-starved, pre-
treated with MTA for 3 hours, and then
treated with HGF for 5 min. c-Met was
immunoprecipitated from total lysates.
Western blot shows the amount of
p-c-Met in the immunocomplexes.
p-ERK1/2 and ERK1/2 levels in the
samples used in the immunoprecip-
itation are shown (Input). (B) RAS ac-
tivation is not affected by MTA. 37-31E
cells were treated as in (A). RAS-GTP
was isolated by affinity chromatogra-
phy with GST-RBD (GST–RAS binding
domain of CRAF). Complexes were
separated by SDS-PAGE. Western
blot shows the amount of RAS-GTP.
p-ERK1/2 and ERK1/2 demonstrate
the activation of the pathway in the
samples used. (C) 37-31E cells trans-
fected with CRaf siRNA were serum-
starved and pretreated with MTA for
2 hours and then triggered with HGF
for 10 min. Western blot shows CRAF
and p-ERK1/2. P value was calculated
with Student’s t test (n = 3 different
experiments). (D) PRMT5 was immu-
noprecipitated from total lysates of
HEK293 cells transfected with either
scrambled (Scr.) or PRMT5 siRNA.
Western blots show PRMT5 and CRAF
in the immunocomplexes and PRMT5 in the initial total lysates (left panel).
Endogenous PRMT5 and CRAF were immunoprecipitated from lysates
of Cos-7 cells untreated or treated with EGF. Western blots assess the
presence of PRMT5 in the immunocomplexes. (E) PRMT5 binds to ac-
tive CRAF. Recombinant PRMT5 was incubated with either full-length in-
active GST-CRAF or active GST-RAF (N-terminal GST-tagged, residues
306 to end). Western blot shows CRAF after PRMT5 immunoprecip-
itation. Immunoprecipitated PRMT5 is shown as loading control. (F)
MTA increases growth factor–induced CRAF catalytic activity. HeLa cells
transiently transfected with Flag-CRAFWT were serum-starved, treated with
MTA for 3 hours, and then treated with either EGF or HGF for 10 min.
Immunoprecipitated Flag-CRAF was used to perform an in vitro kinase
assay. Graph shows CRAF catalytic activity (fold induction over untreated
cells) in a coupled RAF-MEK-ERK-MBP radioactive assay under the dif-
ferent conditions (left). Western blots were performed against p-MEK under

the same conditions (right). P value was calculated with Student’s t test
(n = 3 replicates). (G) MTA increases the endogenous CRAF catalytic
activity in response to growth factors. MEFs were starved and treated with
MTA for 3 hours, and cells were exposed to EGF for 10 min. Immunopre-
cipitated endogenous CRAF was used to perform an in vitro kinase assay
as in (F). Graphs show the CRAF catalytic activity fold induction over un-
treated cells. A radioactive assay and Western blots show the p-MEK
levels induced by immunoprecipitated CRAF. Bars indicate the SD. P value
was calculated with Student’s t test (n = 3 replicates). (H) 37-31E cells
transfected with either scrambled (Scr.) or Prmt5 siRNA were treated as
in (F). Graph shows the kinase activity of endogenous CRAF. Western blots
show the p-MEK levels induced by immunoprecipitated CRAF. PRMT5
protein levels in total lysates used in the immunoprecipitation are shown.
Bars indicate the SD. P value was calculated with Student’s t test (n = 3
replicates).
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correlated with the phosphorylation state of CRAF Ser621, a residue whose
phosphorylation prevents proteasomal degradation of CRAF (32) (Fig. 4E
and fig. S9B). The notion that a subset of RAF molecules from the small

fraction of the total pool mobilized to signal are subjected to this regula-
tion was indirectly supported by the phosphorylation code of RAF proteins
10 min after growth factor triggering. MTA-pretreated cells compared
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Fig. 4. Arginine-to-lysine mutation in the GRG motif of RAF proteins pro-
motes their stability and amplifies their increase in kinase activity in re-
sponse to growth factors. (A) In vivo methylation assay in PC12 cells.
Cells transiently transfected with either scrambled or Prmt5 siRNA and
metabolically labeled ([3H]methionine) were serum-starved and pretreated
with MTA, and then cells were exposed to EGF for 10 min. After immuno-
precipitation of endogenous CRAF, the 3H radioactive signal incorporated
in CRAF was assessed autoradiographically after SDS-PAGE. The same
membranes were assessed for CRAF (loading control). PRMT5 in total ly-
sates is shown in the lower panel. (B) Sequence alignment of RAF isoforms
from different species showing the conserved GRG motif (left). A 3D image
made with UCSF Chimera (http://www.cgl.ucsf.edu/chimera) and the
1UWH file from the Research Collaboratory for Structural Bioinformatics
Protein Data Bank (http://www.pdb.org) show the location of the Arg671

residue in the BRAF 3D structure (right). (C) HEK293 cells were transiently
transfected with Flag-CRAFWT or Flag-CRAFR563K as indicated. Western
blot shows p-ERK1/2 and abundance of transfected proteins. Quantifica-
tion of p-ERK1/2 normalized by Ponceau S staining is shown (fold induction
with respect to Flag-CRAFWT–transfected untreated cells). (D) Catalytic ac-

tivity of CRAFR563K mutant compared to that of the wild-type isoform. HeLa
cells were transfected with Flag-CRAFWT or one-sixth of the amount of the
Flag-CRAFR563K mutant. CRAF catalytic activity was assessed in immuno-
precipitates. Graph shows the CRAF catalytic activity (fold induction over
untreated cells) in a coupled RAF-MEK-ERK-MBP radioactive assay under
the different conditions (top). P value was calculated with Student’s t test
(n = 3 replicates). Western blots show p-MEK under the same conditions
(lower panel). (E) SKMel147 cells were transiently transfected with scram-
bled siRNA (Scr.) or PRMT5 siRNA (siPRMT5) for 24 hours. Cells were
pulse-labeled with [35S]Met and re-collected over a 24-hour time course
(upper left panels). Cell lysates were harvested and immunoprecipitated
with antibody directed against CRAF; after SDS-PAGE separation and
capture of the 35S signal, CRAF was quantitated by autoradiography. Left,
data presented as autoradiogram; right, data presented graphically. Cells
were treated with CHX (5 mg/ml) and collected at the indicated time points
(lower panel). Immunoprecipitation of CRAF was performed from 500 mg of
total protein. Western blots show CRAF and p-CRAFS621. Graph shows
CRAF quantifications. Dashed line represents 100%. Amounts of PRMT5
are shown in the input samples.
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with cells treated only with growth factor showed increased amounts of
p-CRAFS338, a residue related to its active conformation; decreased amounts
of p-CRAFS289,296,301, residues related to the inactivation of CRAF; and
increased amounts of p-CRAFS621 (fig. S9C). Similarly, the BRAFR671K

mutant had increased kinase activity and stability compared to wild-type
BRAF, and depletion of PRMT5 increased the stability of the wild-type
protein (fig. S10, A to C). PRMT5 knockdown did not affect ARAF sta-
bility in SKMel147 cells (fig. S10D), although ARAF’s catalytic activity
in response to EGF and HGF was increased by MTA in HEK293 and HeLa
cells (fig. S8A).

Together, these results indicate that the arginine residue within the GRG
motif regulates the kinase activity and stability of activated BRAF and
CRAF and consequently modulates ERK1/2 signal amplitude.

PRMT5 methylates CRAFR563 after growth
factor treatment
Our data suggested that CRAF was methylated on the arginine within the
GRGmotif. Only a small fraction of the total RAF proteins in a cell partic-
ipates in signaling response to a given stimulus (fig. S11A) (33). To iden-
tify methylated molecules and determine whether CRAF was methylated
on CRAFR563K, we enriched the population of activated CRAF proteins
by performing two consecutive immunoprecipitations. We transfected
HeLa cells with either Flag-CRAFWT or Flag-CRAFR563K and, after treat-
ing them with EGF in the presence or absence of MTA, immunoprecip-
itated CRAF with an anti-Flag antibody. The resulting immunocomplexes
were eluted with a Flag peptide, and a second immunoprecipitation was per-
formed with an antibody directed against anti–symmetric methylarginines
(SYM10). Then, Western blot and mass spectrometry analyses were used
to detect CRAF in the anti-methylarginine immunocomplexes.

EGF treatment increased the amount of CRAF detected by Western
blot analysis in the anti-methylarginine immunocomplexes, whereas treat-
ment with the combination of EGF and MTA decreased it (Fig. 5A). We
could not detect CRAF in anti-methylarginine immunocomplexes from
cells transfected with Flag-CRAFR563K. We scaled up the experiment to
identify CRAF by mass spectrometry. Analysis of the immunoprecipitated
proteins within the band showing an appropriate molecular size confirmed
the presence of CRAF and also identified PRMT5 (~70 kD) (Fig. 5A).
PRMT5 knockdown abolished the EGF-mediated increase in CRAF abun-
dance in the immunocomplexes (Fig. 5B). The identity of the methylated
residue was confirmed by in vivo methylation experiments performed on
HeLa and HEK293 cells and showed that the Flag-CRAFR563K mutant was
not methylated in response to growth factor treatment (Fig. 5C). Further-
more, in vitro methylation assays showed that PRMT5 methylated Arg563

of a CRAF-derived peptide containing the GRG (Fig. 5D), which differs
from the comparable regions of ARAF and BRAF by a single amino acid
(fig. S11B). Together, these data indicate that growth factors stimulate
methylation of CRAFR563 by PRMT5.

Inhibition of methylation switches the response to
growth factors from proliferation to differentiation
Both NGF and EGF stimulate the RAS-MAPK pathway in PC12 cells,
but they have different effects on ERK1/2 activation: EGF elicits a transient
phosphorylation of ERK1/2, whereas NGF elicits a sustained activation of
ERK1/2 (34). This differential activation of ERK1/2 by NGF or EGF trans-
lates into distinct biological responses: NGF promotes PC12 cell differ-
entiation, whereas EGF promotes their proliferation (35). We wondered
whether the restriction in ERK1/2 signal amplitude and integral strength
after PRMT-mediated methylation could affect cellular behavior in response
to a particular ligand. To test this, we attempted to mimic the differentiating
effect of NGF on PC12 cells with EGF in combination with a methyl-

transferase inhibitor. As previously noted, both MTA and Prmt5 deletion
enhanced EGF-mediated ERK1/2 phosphorylation in PC12 cells (Fig.
2A and fig. S3A). When we compared the effects of EGF, NGF, and
EGF plus MTA on ERK1/2 phosphorylation in PC12 cells over a 3-hour
time course, we observed that EGF induced a transient phosphorylation of
ERK1/2, whereas NGF elicited a sustained signal with a total signal strength
3.2 ± 0.1–fold higher than that induced by EGF (P < 0.0001). MTA pre-
treatment of EGF-treated cells induced an increase in ERK1/2 signal am-
plitude (2.1 ± 0.9–fold versus EGF) with an integrated signal strength 2.21 ±
0.95–fold higher than that induced by EGF alone (P < 0.0001) (Fig. 6A).
Furthermore, PC12 cells treated with EGF plus MTA differentiated in a man-
ner almost indistinguishable from that of cells treated with NGF [58.6 ±
10.3% versus 78.9 ± 6.9% neurite-bearing cells (P < 0.0001), with an av-
erage neurite length of 90.3 ± 16.4 mm versus 123.2 ± 20.2 mm (P < 0.0001),
respectively], whereas MTA alone or EGF treatment had almost no effect on
neurite outgrowth [2.3 ± 0.7 and 9.1 ± 0.1% of neurite-bearing cells (P <
0.0001), with an average neurite length of 5.5 ± 2.3 and 8.4 ± 2.9 mm,
respectively] (Fig. 6C and fig. S13). These morphological changes cor-
related with the abundance of the differentiation markers p21WAF1/CIP1

and GAP-43 (Fig. 6C). PC12 cells transfected with the catalytically inactive
PRMT5 mutant of (PRMT5DGAGRG) also differentiated in response to
EGF [30.5 ± 8.9% of neurite-bearing cells in PRMT5 mutant–transfected
cells versus 2 ± 1.3% in nontransfected cells (P < 0.001), with an average
length of 60.9 ± 1.7 mm] (Fig. 6D).

As noted, CRAFR563K increased ERK1/2 phosphorylation in HEK293
cells, thereby mimicking the response to growth factors in PRMT5-depleted
cells (Fig. 4C). We found that PC12 cells expressing the CRAFR563K mu-
tant underwent differentiation when treated with EGF [64.8 ± 14.7% versus
8.2 ± 2.8% neurite-bearing cells (P < 0.0001), with an average neurite
length of 87 ± 3 mm in EGF-treated CRAFR563K-expressing cells (P <
0,0001)] (Fig. 6E). We also observed this effect in PC12 cells transfected
with the BRAFR671K mutant, although this mutant, which has a higher ba-
sal kinase activity, increased the number of neurite-bearing cells even in the
absence of EGF [87.3 ± 13.4% EGF-treated BRAFR671K-expressing cells
versus 30.2 ± 9.2% EGF-treated BRAFWT-transfected cells (P < 0.0001),
with an average neurite length of 90.5 ± 21.7 mm and 51.1 ± 9.4 mm, re-
spectively] (fig. S12). Moreover, the degree of BRAF methylation induced
by NGF versus EGF (fig. S9A) correlated with the activation of PRMT5
activity in response to growth factors (Fig. 2C) and the sustained p-ERK1/2
signal promoted by NGF (Fig. 6A). Together, our data indicate that re-
striction of ERK1/2 signal amplitude through the methylation of RAF
proteins represents a central mechanism in determining the response to
growth factors.

DISCUSSION

Activation of the MAPKs ERK1/2 through the RAS signaling pathway
plays a crucial role in cell proliferation, differentiation, survival, and on-
cogenic transformation. Various growth factors that activate this pathway
elicit distinct biological responses, with the temporal pattern of ERK1/2
phosphorylation determining which response occurs (4, 5, 36–38). Here,
we identify methylation of RAF proteins as a mechanism for modulating
RAS-ERK1/2 pathway signaling in response to growth factors. We identify
PRMT5 as the arginine methyltransferase involved in limiting ERK1/2
phosphorylation and identify a specific PRMT5 methylation motif (GRG)
that is conserved in RAF proteins during evolution. The arginine residue
in this motif is involved in the limitation of the kinase activity and the sta-
bility of CRAF, thereby contributing to ERK1/2 signal output. We found
that inhibiting methylation could redirect growth factor–elicited responses
from proliferation to differentiation, indicating that methylation plays an

R E S E A R C H A R T I C L E

www.SCIENCESIGNALING.org 13 September 2011 Vol 4 Issue 190 ra58 7

 on January 11, 2012 
stke.sciencem

ag.org
D

ow
nloaded from

 



250

150
100

75

50

37

EGF

Coomassie blue

MS/MS 

Accession # Protein score M r (dalton) Sequence 

RAF_1 HUMAN (CRAF) 47 73803 R.ASDDGKLTDPSK.T 
R.GYASPDLSK.L 
R.VFLPNK.Q   
K.TPVPAQR.E   

73322 ANM5 HUMAN (PRMT5) 75 MAAMAVGGAGGSR.V 
R.EGQTICVR.F 

- +

B

Express: Flag-CRAF

1st IP: FLAG

Elute IP with 
(M2)Flag peptide

2nd IP: SYM10 

MS/MS

A

IP: SYM10

IP: Flag

(Ab: s.c, C-12)

(Ab: Cell Signaling)

Anti-Flag
Input

GAPDH

WB: CRAF

HeLa

IP: Flag

IP: SYM10

CRAF
HeLa

GAPDH

InputAnti-Flag

PRMT5Scr.
siPRMT5

EGF

+
-
-

+
-
+

-
+
+

C

Flag-CRAFWT

Flag-CRAFR563R

EGF

+
-
-

+
-
+

-
+
-

-
+
+

CRAF [CH3 
3H]

WB: anti-Flag

Fo
ld

 in
du

ct
io

n

0
0.5

1
1.5

2

2.5

EGF - + - +
WT R563KHeLa

HEK293

EGF - - +
WT R563K

+

HEK293

Fo
ld

 in
du

ct
io

n

HeLa

CRAF [CH3 
3H]

WB: anti-Flag

D

WT:  FMVGRGYAS
Mut: FMVGKGYAS

No peptide GRG GKG

[3 H
]M

et
hy

l i
n

co
rp

o
ra

ti
o

n
 (

cp
m

)
0 

4000 

8000 

12000 

16000 

F M V G R* G Y A S 
b2 b4

 

y1
 

b3 

y2
 

y3
 

y4
 

y5
(+

CH3)
 

y8
(+

CH3)
 

MS/MS: FMVGR*GYAS (m/z 1001.51, 1+) 

900

800

700

600

500

400

300

200
0

100

1000

b
b-18

y

a

m/z

986.39 (-CH3) 

**

Scr.
siPRMT5

Flag-CRAF
EGF

+
-
+
-

+
-
+
+

-
+
+
+

Flag-CRAFWT

Flag-CRAFR563K

EGF
MTA

+
-
-
-

+
-
+
-

+
-
+
+

-
+
+
-

0

0.5

1

1.5

2

Mr(kD)

P < 0.05

P < 0.001

3

Fig. 5. PRMT5 methylates CRAF on Arg563. (A) HeLa cells were transfected
with either Flag-CRAFWT or Flag-CRAFR563K for 48 hours. Cells were
starved and treated with MTA for 2 hours and then treated with EGF for
10 min. Subsequently, Flag-tagged CRAF proteins were immunoprecipi-
tated and the complexes were eluted with M2 peptide. A second immuno-
precipitation was performed on the eluates with the anti-sDMA antibody
SYM10. The immunocomplexes were analyzed for the presence of CRAF
byWestern blot andmass spectrometry (MS). Two different antibodies against
CRAF were used. Coomassie blue staining of the gel showing the band
corresponding to the size of CRAF (*) analyzed by liquid chromatography–
mass spectrometry is shown. Table shows the sequences of the identified
peptides corresponding to the indicated proteins (lower panel). (B) PRMT5
depletion inhibits CRAFmethylation. HeLa cells transfected with either scram-
bled or PRMT5 siRNA for 48 hours and Flag-CRAFWT for an extra 24 hours
were starved for 2 hours and treated with EGF. Lysates were processed
according to the protocol described in (A). Western blot shows the abun-

dance of CRAF. Right panel shows PRMT5 in the initial total lysates. (C)
CRAFR563K is not methylated after treatment with growth factors. HeLa or
HEK293 cells transfected with either Flag-CRAFWT or Flag-CRAFR563K were
metabolically labeled with [3H]methionine and treated with EGF for 10 min.
After immunoprecipitation with the a-Flag antibody, the 3H radioactive signal
incorporated in CRAF was assessed autoradiographically after SDS-PAGE.
Immunoprecipitated CRAF is shown as loading control. Graph shows quan-
tification of CRAF isoform methylation relative to untreated cells. P value
was calculated with Student’s t test (n = 3 replicates). (D) CRAF peptide
containing GRG motif is methylated in vitro. In vitro methylation assay with
immunoprecipitated PRMT5 from EGF-treated Cos-7 cells stably trans-
fected with PRMT5. Assay was performed adding either no peptide,
FMVGRGYAS peptide, or FMVGKGYAS mutant peptide as a control for
specificity of arginine methylation. The fragmentation spectrum of the
methylated peptide identified by MALDI-TOF/TOF mass spectrometry is
shown in the bottom panel. m/z, mass/charge ratio.
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important role in the response to growth factors. The deregulation of this
mechanism might be particularly relevant in a number of solid tumors and
hematologic malignancies deficient in the methylthioadenosine phospho-
rylase gene (MTAP) (39, 40). MTAP regulates the intracellular amounts of
naturally occurring MTA, which accumulates and is secreted from MTAP-
deficient cells (41, 42).

The ability of methylation to modify the response to growth factors
was RAS-ERK1/2 pathway–specific, because PI3K-AKT signaling was
not affected. Activation of PI3K by HGF occurs in a RAS-independent
manner (24), supporting the specificity of the pathway modulation. It is
well accepted that, in general, kinases control the amplitudes more than
the duration of signals, whereas phosphatases tend to control both (4, 5).
Three metrics describe the transient ERK1/2 phosphorylation profile: am-

plitude, duration, and integrated output (4, 5). Most reactions in the path-
way do not affect any of these. RAF proteins are involved in the molecular
processes that were identified as important to defining the final amplitude,
duration, and integrated response of the signaling output (4, 5). Our data
indicate that RAF methylation appears to be a critical posttranslational
modification controlling downstream activity, supporting the role of RAF
proteins in regulating ERK1/2 phosphorylation profiles. In some cases, the
ERK1/2 activation profile also might be determined by the preferential use
of a RAF isoform (that is, the preferential signaling of FGF through
ARAF) (fig. S8) or by the specific signaling protein complexes used by
a particular receptor in a particular cell type.

Whereas lysine methylation is mainly confined to the nucleus, meth-
ylation of arginine residues appears to occur throughout the cell (12, 13).
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Fig. 6. Modulation of signal amplitude affects the biological response to
growth factors. PC12 cells were used as a model for differentiation or
proliferation in response to NGF or EGF, respectively. (A) Time course
of ERK1/2 phosphorylation in response to EGF, EGF + MTA, or NGF.
Graph represents the averaged activation profiles of three replicates.
(B) Treatment of PC12 cells with the combination of EGF and MTA pro-
motes neuronal differentiation. PC12 cells were treated with either MTA,
EGF, MTA + EGF, NGF, or NGF + U0126. Representative images of
three different experiments after 96 hours of treatment are shown. Neu-
rite outgrowth and length were scored and plotted after 7 days. Data are
means ± SD from n = 3 experiments. (C) Overexpression of catalytically

inactive PRMT5DGAGRG promotes neuron-like differentiation of PC12
cells in response to EGF. Neurite outgrowth and length were scored and
plotted after 4 days. Data are means ± SD from n = 3 experiments. (D)
PC12 cells transiently transfected with Flag-CRAFR563K mutant differentiate
in response to EGF. Cells transfected with either Flag-CRAFWT (1.2 mg) or
Flag-CRAFR563K (0.2 mg) were treated with EGF or NGF for 96 hours. Rep-
resentative pictures are shown. Transfected cells were identified with an
anti-Flag antibody to detect Flag-CRAFR563K (red staining). DNA appears
stained in blue (DAPI). Neurite outgrowth and length in transfected cells
were scored and plotted after 4 days. Data are means ± SD from at least
100 transfected cells.
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Although PRMT1 is responsible for 85% of methylation reactions (43),
our results identify PRMT5 as the enzyme involved in restricting ERK1/2
phosphorylation. Thus, PRMT5 limits ERK1/2 signal amplitude in response
to growth factors, suggesting that methylation could facilitate the appro-
priate cellular response to a specific stimulus.

The Shk1 protein kinase, a homolog of Saccharomyces cerevisiae Ste20
and mammalian PAKs, is an essential component of a Ras- and Cdc42-
dependent signaling cascade required for cell viability, normal morphology,
and MAPK-mediated sexual responses in the fission yeast (23). Ternary
complexes between Skb1 (PRMT5 yeast homolog), Shk1 (PAKyeast homo-
log), and Cdc42 have been described (23), supporting the possible in-
volvement of PRMT5 in the RAS signaling pathway. Indeed, we found
that the activity of PRMT5 was regulated by growth factors. RAF activa-
tion by RAS is a highly complex process (10, 44). We found that either
inhibition of protein methylation or depletion of PRMT5 enhanced the in-
duction of CRAF’s catalytic activity by specific growth factors, identifying
a previously unknown level of regulation for RAF proteins. The basal ac-
tivity of CRAF proteins is not affected by either MTA or PRMT5 depletion,
indicating that modulation of CRAF kinase activity by PRMT5 depends
on RAS activation. Thus, we observed that MTA modulates the ERK1/2
signal amplitude in NRASQ61L mutant cells and not in BRAFV600E mutant
cells, which signal independently of RAS (30) (fig. S5). In vitro experi-
ments demonstrate that PRMT5 binds to active CRAF and not inactive
CRAF. These data confirm the requirement for RAS (a ligand-dependent
process) to engage and probably activate PRMT5 in the downstream sig-
naling machinery. The role of protein arginine methylation as posttransla-
tional modification controlling RAS-
ERK1/2 signaling pathway is supported
by the detection of PRMT5 and CRAF
in the same complexes. Indeed, PRMT5
has been described as an HSP90 client,
found in association with CRAF or
BRAF (19), fostering the notion that
these molecules can exist within the
same protein complex.

PRMT5, the most highly conserved
methyltransferase, methylates argi-
nines symmetrically within GRGmotifs
(11). Our results indicate that PRMT5
methylates CRAF at Arg563. In agree-
ment with a role for PRMT5 in limit-
ing ERK1/2 output in RAS pathway
signaling, CRAF methylation is in-
creased by exposure to growth factors,
and depletion of PRMT5 or mutation
of CRAFR563 abolishes this effect.
Conservative substitution of this argi-
nine with a lysine increased the stabil-
ity of CRAF and BRAF, suggesting
that methylation of this arginine de-
creases the stability of active RAFmole-
cules. Consistent with this mechanism,
the basal activity of CRAFR563K mutant
does not differ from that of wild-type
CRAF; however, ERK1/2 phospho-
rylation in response to a growth factor
is exaggerated. These data, and simi-
lar results obtained with BRAF, suggest
that methylation targets active RAFmol-
ecules for degradation and that lack of

methylation increases the stability of the RAF active molecules, thereby
increasing the RAF signal. Consistent with this, we found that CRAF
protein was stabilized in the presence of MTA and was highly phospho-
rylated at Ser621, a modification that has been related to CRAF stabili-
zation (32).

We tested the hypothesis that protein methylation is a critical posttransla-
tional modification in growth factor–elicited biological responses with the
PC12 model of cellular differentiation (45). A particular growth factor will
not only initiate the signals that lead to activation of a kinase (thereby
affecting signal amplitude) but also activate the mechanisms that de-
activate that signal (thereby affecting signal duration). When PRMT5 is
inhibited in PC12 cells, the increase in ERK1/2 phosphorylation in response
to EGF (signal amplitude) overrides the phosphatase activity triggered by
EGF, resulting in a long-lasting signal that reaches the threshold required
to elicit neuronal differentiation. Consistent with the proposed mechanism,
NGF induced less methylation of BRAF [the major RAF isoform partici-
pating in the PC12 differentiation process (34)] than did EGF in wild-type
cells, but similar to that induced by EGF in Prmt5-depleted cells (fig. S9A).
CRAFR563K and BRAFR671K mutants also promoted PC12 cell differenti-
ation in response to EGF, supporting the critical role of RAF proteins in
controlling the ERK1/2 phosphorylation profile and, consequently, the
biological outcome.

In summary, we show that protein arginine methylation limits signal
transduction in response to growth factors. We demonstrate that PRMT5
mediates the methylation of RAF, thereby limiting downstream activity in
the RAS-MAPK pathway (Fig. 7). This provides a mechanism whereby
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cells can modulate the temporal profile of ERK1/2 phosphorylation. Be-
cause cancer cells rely heavily on oncogenic signaling through the RAS-
ERK1/2 pathway (46), this additional level of regulation may provide
additional targets for therapeutic intervention.

MATERIALS AND METHODS

Reagents
c-Met inhibitor PHA-665752 (200 nM) was from Pfizer. MTA, Deaza,
c-leucine, cycloheximide (CHX), chloramphenicol, anti-Flag (M2), and
anti-Flag (M2) resin were purchased from Sigma-Aldrich. Anti-MKP1
(v-15), anti–lamin A/C (N-18), anti-PRMT5 (C-20), anti-PRMT1 (B-2),
c-Met, anti-CRAF (C-12), anti–GAP-43 (B-5), and anti-ERK2 (C-14) were
purchased from Santa Cruz Biotechnology. Anti-GAPDH (glyceraldehyde-
3-phosphate dehydrogenase), used to demonstrate equal loading in Western
blots, was from Trevigen. Anti–MAPK p-ERK1/2, anti–p-MEK1/2, anti–
p-AKT, anti-ERK1/2, anti-MEK1/2, anti-AKT, anti–p-c-Met (Tyr1234/1235),
and U0126 were from Cell Signaling. Anti-RAS anti-p21WAF1/CIP1 and anti-
Sam68 were from BD Biosciences, Pharmingen. L-[methyl-3H]Methionine
(70 to 85 Ci/mmol), S-adenosyl-L-[methyl-3H]methionine, and [35S]methionine
were obtained from GE Healthcare.

Constructs
pcDNA3.1-Flag-CRAF was provided by A. Shaw (Washington University,
St. Louis, Missouri). pEF2-Flag-PRMT5 and pEF2-PRMT5DGAGRG mu-
tant expression vectors were a gift from S. Petska (R. W. Johnson Medical
School, New Brunswick, New Jersey). pcDNA3.1-Flag-CRAFR563K and
pLNCX2-myc-BRAFR671K mutants were generated with a QuikChange
Site-Directed Mutagenesis kit from Stratagene.

Cell culture, transfection, and growth factor stimulation
The 37-31E and 37-31T mouse melanoma cell lines have been previously
described (47). B16F1, HEK293, PC12, U87, A375, and Cos-7 cells were
obtained from the American Type Culture Collection. B16F1, HEK293,
A375, and U87 cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) (Invitrogen) containing 10% fetal bovine serum (FBS)
(Invitrogen) and penicillin/streptomycin (P/S) [P (100 U/ml)/S (100 mg/ml)]
(Invitrogen). Cos-7 cells were grown in RPMI 1640 (Invitrogen) plus 10%
FBS and P/S. PC12 cells were maintained in F12K medium (Invitrogen)
containing 10% horse serum (Invitrogen), 5% FBS, and P/S. SKMel147
human melanoma cells were a gift from M. S. Soengas (Centro Nacional
de Investigaciones Oncológicas, Madrid, Spain). UACC903 human mela-
noma cells were a gift from P. Pollock (TGen). Wild-type MEFs were pro-
vided by M. Baccarini (Max F. Perutz Laboratories, Austria). For growth
factor treatments, cells were starved for 3 hours or overnight depending on
cell requirements. MTA (0.4 mM) and Deaza (20 mM) were added 3 hours
before addition of growth factors. c-Leucine (20 mM) was added overnight
before growth factor treatment. Cells were stimulated with HGF (40 ng/ml),
FGF1 (40 ng/ml), and FGF2 (40 ng/ml) (R&D Systems), EGF (50 ng/ml)
(Millipore), insulin (100 nM), MSH-a (100 nM), NGF, or TPA (200 nM)
(Sigma-Aldrich) and harvested at the times indicated. Constructs were trans-
fected into Cos-7, PC12, B16F1, or HEK293 cells with Lipofectamine
(Invitrogen), following the manufacturer’s recommended protocol.

Isolation of primary rat hepatocytes
Primary rat hepatocytes were isolated as previously described (48). Cells
were plated onto collagen-coated six-well dishes (type I collagen from rat
tail; Collaborative Biomedical) at 106 cells per dish. Cultures were main-
tained in minimal essential medium supplemented with 5% FBS, non-

essential amino acids, 2 mM glutamine, and antibiotics (Invitrogen).
After a 6-hour incubation, the culture medium was removed and replaced
with the same medium without FBS. Where indicated, cells were pre-
treated with MTA for 3 hours and then exposed to HGF for various pe-
riods of time.

Western blot and immunoprecipitation
Cells were lysed with M-PER (Pierce) in the presence of protease inhibitor
cocktail (Roche). Fifty micrograms of protein was separated by SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) using 4 to 20% or
12% gels (Invitrogen). Proteins were transferred to polyvinylidene di-
fluoride membranes and probed with primary antibodies. Proteins were
visualized with secondary antibodies coupled to horseradish peroxidase
enhanced chemiluminescence (GE Healthcare) or SuperSignal West Pico
Chemiluminescent Substrate (Pierce).

Immunoprecipitations were performed in M-PER lysis buffer (Pierce)
after the addition of Protein A/G Agarose PLUS (Santa Cruz Biotechnology)
or anti–Flag resin (Sigma-Aldrich). Samples were fractionated and visual-
ized as described above. After stripping with 5 mM tris-HCl (pH 2), mem-
branes were blocked and incubated with other antibodies as indicated.

Quantification of p-ERK1/2 (fold induction with respect to the un-
treated cells) in Fig. 4C and fig. S10Awas performed by dividing the den-
sitometric value obtained for p-ERK1/2 by the densitometric value obtained
from all the proteins (Ponceau S staining) from the same lane. Then, the
resulting number was divided by the number obtained in the untreated cells
transfected with the wild-type isoform.

Immunofluorescence
Cells were grown on glass coverslips. Briefly, after treatment, cells were
washed in cold phosphate-buffered saline (PBS), fixed in 4% para-
formaldehyde in PBS for 10 min, and permeabilized with 0.1% Triton
X-100 in PBS for 5 min. Cells were blocked with PBS containing 3% bo-
vine serum albumin (BSA) and then incubated with the primary antibody
overnight at 4°C. Proteins were visualized by confocal microscopy (Espectral
FV1000, Olympus) with fluorescein isothiocyanate– or phycoerythrin-
conjugated secondary antibodies. DAPI (4′,6-diamidino-2-phenylindole)
was used for nuclear staining.

RAF kinase assays
Coupled RAF kinase assays were performed with immunoprecipitated
ARAF, BRAF, or CRAF as previously described (49). Briefly, immuno-
precipitated CRAF was incubated with 20 ml of MKK buffer [30 mM tris
(pH 7.5), 0.1mMEDTA, 10mMMgCl2, 0.1% (v/v) TritonX-100, 5mMNaF,
0.2 mM Na3VO4, 0.3% (v/v) b-mercaptoethanol, GST-MKK (6.5 mg/ml),
GST-ERK (100 mg/ml), and 0.8 mM adenosine 5′-triphosphate (ATP)]
and incubated at 30°C for 10 to 30 min. Reactions were terminated by
the addition of 20 ml of KILL buffer [30 mM tris (pH 7.5), 6 mM EDTA,
0.1% (v/v) Triton X-100, 5 mM NaF, 0.2 mM Na3VO4, and 0.3% (v/v)
b-mercaptoethanol]. Five microliters of reaction supernatant was incubated
in triplicate with 25 ml of myelin basic protein (MBP) buffer [50 mM tris
(pH 7.5), 0.1 mMEDTA, 10mMMgCl2, 0.1% (v/v) Triton X-100, 5mMNaF,
0.2 mMNa3VO4, 0.1 mMATP, 0.3% b-mercaptoethanol, BSA (200 mg/ml),
MBP (1 mg/ml), 50 mCi [g-32P]ATP (5000 Ci/mmol)] for 10 min before blot-
ting onto P81 paper and placing in a 25 mM orthophosphate solution. P81
paper was washed extensively and the amount of [g-32P]ATP incorporated
into MBP was measured by Cherkenov counting. All experiments were per-
formed in triplicate. ERK kinase activity was measured with MBP as a sub-
strate.WhenMEKwas used as the unique CRAF substrate, the kinase assays
were resolved by SDS-PAGE and Western blots were performed against
p-MEK1/2 andMEK1/2.All experimentswere performed at least in triplicate.
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Nuclear extracts
Nuclear extracts were obtained with an N-PER kit (Pierce) following the
manufacturer’s instructions.

Pulse chase
Nontransfected and PRMT5 siRNA–transfected HeLa cells were incu-
bated for 30 min in a CO2 incubator in 5 ml of DMEM without Met and
Cys. Then, 2 ml of fresh DMEM without Met and Cys containing 10% dia-
lyzed FBS and [35S]methionine (250 mCi/ml) were added to each dish and
incubated for 30 min. Cells were washed once with warm PBS, incubated
with complete DMEM, and then chased for 24 hours. In experiments per-
formed with CHX, cells were treated with CHX (5 mg/ml) and chased at the
times indicated. Immunoprecipitation of the indicated proteins was per-
formed with 500 mg of total protein.

In vivo methylation assays
In vivo methylation assays were performed as described (50, 51). Briefly,
cells were incubated with CHX (100 mg/ml) and chloramphenicol (40 g/ml)
in complete medium for 30 min. The medium was then replaced with
DMEM without methionine, supplemented with penicillin, streptomycin,
and 10% fetal calf serum containing L-[methyl-3H]methionine (10 mCi/ml),
and the methyl donor and cells were incubated for an additional 3 hours in
the presence of the same protein synthesis inhibitors. The cells were lysed
in 10 mM tris-HCl–100 mM NaCl–2.5 mM MgCl2 (pH 7.4) containing
0.5% Triton X-100, 1% aprotinin, leupeptin (2 mg/ml), pepstatin A (2 mg/ml),
and 0.1 mM dithiothreitol (DTT), and proteins of interest were immunopre-
cipitated with the appropriate antibodies. For experiments with PC12 cells,
siRNA transfection was performed 50 to 60 hours before the experiment.
For experiments with HeLa or HEK293 cells, complementary DNA (cDNA)
constructs and siRNAs were transfected 24 hours before metabolic labeling.

In vitro methylation assays
Flag-PRMT5 was expressed in HeLa cells and immunopurified with
Flag resin (Sigma-Aldrich). Enzymes immobilized in the resin were then
incubated with either 4 mg of MBP (Sigma-Aldrich), 100 mg of un-
modified CRAF peptide (FMVGRGYAS), or 100 mg of modified CRAF
peptide (FMVGKGYAS) (GeneScript Inc.) in the presence of 10 mCi of
S-adenosyl-L-[methyl-3H]methionine for 1 hour at 30°C in a final volume
of 50 ml of methylation buffer [100mM tris-HCl (pH 8.0), 1mMEDTA, and
1mMDTT]. Peptideswere purifiedwith ZipTipC18 Pipette Tips (Millipore).
Fivemicrograms of peptidewas loaded onto P81 papers, washed, and counted
by liquid scintillation. Ten micrograms of peptide was analyzed by matrix-
assisted laser desorption/ionization–time-of-flight (MALDI-TOF)/TOF mass
spectrometry on anAutoflex instrument (Bruker).WhenMBPwas used as sub-
strate, thewhole reaction was resolved by SDS-PAGE. Then, the 3H signalwas
captured by exposing the gels to a film.

In vitro binding assays
Recombinant PRMT5 (2 mg; Novus Biologicals) and recombinant full-
length inactive GST-CRAF (2 mg; Sigma-Aldrich) or active GST-CRAF
(N-terminal GST-tagged, residues 306 to end) (2 mg; GeneScript Inc.) were
incubated for 1 hour at 30°C in a final volume of 50 ml of methylation buf-
fer [100mMtris-HCl (pH8.0), 1mMEDTA,and1mMDTT].Then,PRMT5
was immunoprecipitated and CRAF was detected by immunoblotting.

Phosphatase activity assays
The MAPK phosphatases 1 and 2 (MPK1/2) were immunoprecipitated
from nuclear extracts, and phosphatase activity was measured with Ser/Thr
Phosphatase Assay Kit 1 (K-R-pT-I-R-R) (Millipore) according to the man-
ufacturer’s protocol.

siRNA transfection
PRMT1 (52), PRMT5 (53), CRAF (30), and scrambled siRNA were pur-
chased from Dharmacon. Cells were transfected with siRNAs (100 nM final
concentration) using Lipofectamine 2000. The assays were performed 48
to 72 hours after transfection.

PC12 cell differentiation assay
The assay was performed as previously described (54). Briefly, PC12 cells
were treated with EGF, NGF, EGF plusMTA, or NGF plus U0126 for 7 days.
Cells with neurites >20 mm in length were considered neurite-bearing. At
least 30 fields measured at 20× magnification were counted per condition.
Average neurite length was calculated with ImageJ64 software where at
least 100 cells from each experimental condition were scored from ran-
domly chosen fields.

Liquid chromatography–mass spectrometry analysis
Samples of interest were separated on a 10% SDS-PAGE gel, and the gel
was stained with colloidal Coomassie blue. Protein bands of interest were
cut from the gel and digested with modified porcine trypsin (Trypsin
Gold, Promega). Digests were analyzed on an Esquire HCT IT mass spec-
trometer (Bruker) coupled to a nano-HPLC (high-performance liquid
chromatography) system (Ultimate, LC Packings) as described (55).

Statistics
All quantitative results are presented as the means ± SD of independent
experiments. Statistical differences between two groups of data were analyzed
by Student’s t test. After testing the nonparametric distribution of PC12
neurite-outgrowth quantification data, we performed a Mann-Whitney test
to analyze the statistical differences among the different groups.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/4/190/ra58/DC1
Fig. S1. MTA increasesERK1/2 phosphorylation in response toHGF inprimary rat hepatocytes.
Fig. S2. Modulation of HGF induced MEK1/2-ERK1/2 signaling by MTA in melanoma cells.
Fig. S3. MTA modulates ERK1/2 phosphorylation upon specific growth factor treatment in
human cells, and protein methylation inhibition modulates ERK1/2 signal amplitude in
response to HGF.
Fig. S4. PRMT1, PRMT3, and PRMT8 are not responsible for the MTA-mediated effect.
Fig. S5. MTA signal amplitude modulation of ERK1/2 is RAS activation–dependent.
Fig. S6. CRAF and BRAF immunoprecipitate and colocalize with PRMT5 in the cytoplasm.
Fig. S7. MTA regulates growth factor–induced BRAF kinase activity.
Fig. S8. Differential activation of RAF isoforms by growth factors.
Fig. S9 MTA treatment inhibits CRAF degradation in SKMel147 cells.
Fig. S10. BRAFR671K mutant shows the same response as CRAFR563K. ARAF stability is
not regulated by MTA in SKMel147 cells.
Fig. S11. A small fraction of total CRAF is recruited to the membrane in response to
growth factor signaling. Detection by MALDI of both the unmethylated and the methylated
CRAF peptides.
Fig. S12. BRAF is in vivo methylated. BRAFR671K mutant mimics the MTA-induced effects
on PC12 cells.
Fig. S13. PC12 differentiation assay.
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Methylthioadenosine (MTA) inhibits melanoma
cell proliferation and in vivo tumor growth
Pedro Andreu-Pérez1, Javier Hernandez-Losa2, Teresa Moliné2, Rosa Gil1, Judit Grueso1, Anna Pujol1, Javier Cortés3,
Matias A Avila4, Juan A Recio1*

Abstract

Background: Melanoma is the most deadly form of skin cancer without effective treatment. Methylthioadenosine
(MTA) is a naturally occurring nucleoside with differential effects on normal and transformed cells. MTA has been
widely demonstrated to promote anti-proliferative and pro-apoptotic responses in different cell types. In this study
we have assessed the therapeutic potential of MTA in melanoma treatment.

Methods: To investigate the therapeutic potential of MTA we performed in vitro proliferation and viability assays
using six different mouse and human melanoma cell lines wild type for RAS and BRAF or harboring different
mutations in RAS pathway. We also have tested its therapeutic capabilities in vivo in a xenograft mouse melanoma
model and using variety of molecular techniques and tissue culture we investigated its anti-proliferative and pro-
apoptotic properties.

Results: In vitro experiments showed that MTA treatment inhibited melanoma cell proliferation and viability in a
dose dependent manner, where BRAF mutant melanoma cell lines appear to be more sensitive. Importantly, MTA
was effective inhibiting in vivo tumor growth. The molecular analysis of tumor samples and in vitro experiments
indicated that MTA induces cytostatic rather than pro-apoptotic effects inhibiting the phosphorylation of Akt and
S6 ribosomal protein and inducing the down-regulation of cyclin D1.

Conclusions: MTA inhibits melanoma cell proliferation and in vivo tumor growth particularly in BRAF mutant
melanoma cells. These data reveal a naturally occurring drug potentially useful for melanoma treatment.

Background
Melanoma is a common skin cancer resulting in high
morbidity and mortality. The development of effective
therapeutics designed to target melanoma has become
the recent focus of research to improve the melanoma
patient’s prognosis.
In mammalian cells, 5’-Methylthio-5’deoxyadenosine

(MTA) is formed from decarboxylated S-adenosyl-
methionine in the biosynthesis of spermidine and sper-
mine, and is cleaved by MTA phosphorylase (MTAP)
into adenine and 5’-methylthio-5’deoxyribose-1-phos-
pate, which are used for the salvage of ATP and methio-
nine respectively [1].
The MTAP gene lies on 9p21, close to the gene

CDKN2A that encodes the tumor suppressor proteins

p16INK4A and p14ARF being widely expressed in normal
cells and tissues [2]. The INK4A-ARF locus on chromo-
some 9p21, (encoding p16INK4a and p14ARF), is often
deleted in human melanoma [3]. Interestingly, MTAP
and CDKN2A are frequently homozygously co-deleted
otherwise, inactivated in tumor cells including mela-
noma [4], resulting in higher intra and extracellular
MTA levels [5]. A wide variety of biological responses
to MTA have been reported both in vivo and in cell cul-
ture. While physiological intracellular concentrations of
MTA in the nM range might have a tumor-supporting
role in MTAP deficient-melanoma cells [5], the adminis-
tration of higher concentrations of MTA (μM) interfere
with cell proliferation, lymphocyte activation, tumor
development, invasiveness and the regulation of apopto-
sis [6-10]. Moreover, it has been shown that MTA has a
differential effect in normal and transformed cells.
While hepatocarcinoma cells undergo apoptosis when
treated with MTA, normal hepatocytes and normal
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human fibroblast remain viable and are protected from
okadaic acid-induced programmed cell death [5,10,11].
Importantly, MTA has been tested in mice and rats and
found to be non-toxic at high doses even when given
over extended periods [12,13].
Although the mechanisms of action of MTA are not

fully understood, it has been postulated that the inhibi-
tion of polyamine synthesis could be responsible for the
cytostatic effects of MTA. Moreover, MTA has been
shown to interfere with key cell signaling pathways,
being able to inhibit growth-factor induced protein tyro-
sine phosphorylation and to increase intracellular cAMP
levels through the inhibition of cAMP phos-phodiester-
ase [14,15]. Additionally, MTA inhibits protein methyla-
tion, modulating cell signaling and protein expression
[9,16,17].
A number of studies have demonstrated the effects of

MTA in tumoral cell lines. However, in vivo studies
have been restricted to gastroenterological tumor mod-
els or brain autoimmune disease. Besides the continuous
efforts from the scientific community, there are not
effective therapeutic approaches for melanoma treat-
ment. In this study we explored the therapeutic proper-
ties of MTA in melanoma treatment. We used several
human and mouse melanoma cell lines having different
mutational status respect RAS, and BRAF proteins, and
investigated the inhibition capabilities of MTA in vitro.
We also performed in vivo studies using a mouse mela-
noma xenograft model showing the effectiveness of
MTA in melanoma treatment.

Materials and methods
Cell lines
37-31E mouse melanoma cells were described previously
[18-20]. UACC903 cells were a gift from J. Trent (P.
Pollock, Tgen, Phoenix, AR, USA). SkMel147 and
SKMel103 cells were obtained from M. Soengas (CNIO
Madrid, Spain) and MeWo and SKMel28 cells were pur-
chased from the ATCC. 37-31E, SkMel147, SKMel103
and MeWo cells were maintained in DMEM with 10%
FBS, penicillin/streptomycin. 37-31E cells were supple-
mented with EGF (50 ng/ml) (Invitrogen, Carlsbad, CA,
USA) and Insulin (4 μg/ml) (Invitrogen, Carlsbad, CA,
USA) and grown at 37°C and 5% CO2 conditions.
UACC903 were maintained in RPMI medium with 10%
FBS, penicillin/streptomycin (Invitrogen, Carlsbad, CA,
USA).

Antibodies and Western Blot analysis
Cells were lysed in RIPA buffer containing phosphatase
and protease inhibitors (Sigma-Aldrich, Saint Louis,
MO, USA). Liquid nitrogen frozen tumor samples were
homogenized in RIPA buffer. 50 μg of total protein
lysates were separated by SDS-PAGE and transferred to

a membrane. After blocking, membranes were blotted
against different primary antibodies and developed using
horseradish peroxidase linked secondary antibodies and
ECL (GE Healthcare, Barcelona, Spain). Cyclin D1 anti-
body was from Santa Cruz; phospho-Erk1/2 (Thr202/
Tyr204), cleaved-caspase-3, p-S6 (Ser235/236), and
phospho-Akt (Thr308) antibodies were from Cell Signal-
ing (Danvers, MA USA); p-Bad was from Genscript, Pis-
cataway, NJ, USA, Ki67 was from Master diagnostica,
(Granada, Spain) and GAPDH was from Trevigen
(Gaitherburg, MD, USA). CD31 antibody was from
DAKO (Spremberg, Denmark). The anti-MTAP anti-
body was the generous gift of Dr. D.A. Carson (Univer-
sity of California San Diego, CA, USA), and was used at
a 1:1.000 dilution.

Proliferation assays
Cells were seeded one day before treatment (50,000 cells
per well (37-31E, MeWo, SkMel103, SkMel147,
UACC903,) or 75,000 cells per well (Colo829)). Time
point treatments were done in triplicates. Number of
viable cells at different time points was analyzed by
using Guava-Viacount reagent (Guava Technologies,
Hayward, CA, USA), in a cell counter (Viacount; Guava
Technologies, Hayward, CA, USA).

Cell cycle analysis
Cells were grown in complete media and treated for 48
h with 10 μM of MTA. Time point treatments were
done in triplicates. Then, medium and cells were recol-
lected and after centrifugation, cells were fixed and
stained with the Cell Cycle Analysis Guava-Viacount
reagent (Guava Technologies, Hayward, CA, USA). Sam-
ples were analyzed with the Guava cytometer PCA
(Guava Technologies Hayward, CA, USA).

In vivo studies
Five to six month old male FVB/N mice were injected
subcutaneously with one million cells in PBS. When
tumors reached between 50-100 mm3, mice were treated
with either DMSO or MTA (96 μmol/kg body weight), a
dose selected for its previously shown efficacy and lack
of toxicity in other in vivo models [13,21]. MTA was
prepared from S-adenosylmethionine (Europharma,
Madrid, Spain) as described elsewhere [22]. Treatments
were done by IP injection daily. Control mice were trea-
ted with the same volume of DMSO (100 μl). Tumor
size and mice weight was monitored every two days.
Tumor volume was calculated with the equation (d2*D)*
(π/6) (d = small-diameter; D = big-diameter). When
mice were sacrificed, tumors were dissected and pro-
cessed. All the animal procedures have been approved
and supervised by the animal care and ethical commit-
tee of the Vall d’Hebron Research Institute.
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Immunohistochemistry, Immunofluorescence, TUNEL
assay and microvessel density quantification
Paraffin-embedded tumor samples were subjected to
immunocytochemistry according to the manufacturer’s
antibody protocol. Samples were developed either by
using secondary antibodies linked to horseradish peroxi-
dase (HRP) and diaminobenzidine (DAB) as a substrate
or by immunofluorescence. Tumor samples were used
to perform a TUNEL assay as described previously [23].
Apoptosis and proliferating cells were quantified by cal-
culating the average of positive cells in ten fields (10×).
For microvessel quantification, tumor samples were
stained for CD31. Then, the integrated density of CD31
fluorescence per field (20× magnification = 587590 μm2)
was measured using ImageJ software (NIH). Ten fields
per sample were quantified for a total of 5 DMSO trea-
ted tumor samples and 5 MTA treated tumor samples.

Colony formation assays
Three hundred cells were seeded. Treatments were
added next day. Plates were incubated at 37°C and 5%
CO2 until differences between the treatment conditions
were noticeable. Media was changed every 2 days. Plates
were washed with PBS, fixed with 4% formaldehyde
(Sigma-Aldrich, Saint Louis, MO, USA) in PBS for 10
minutes, and stained with crystal violet. Finally, repre-
sentative pictures were taken and the number of clones
was quantified. At least two biological replicates with
three technical replicates each were performed for every
cell line.

Motility assays
For motility assays 5 × 104 cells were seeded in a 24
multi-well plate trans-wells (Corning). Following treat-
ment cells were washed with 1× PBS and fixed with 1%
glutaraldehyde in PBS. Cells were then stained with an
aqueous solution of 0.1% crystal violet. After destaining
in water, non-migrating cells in the top of the trans-well
were removed, and stained migrating cells in the bottom
of the trans-well were destaining with PBS containing
0.2% Triton X-100. The O.D. was then measured at
590 nm[24].

mRNA samples and qRT-PCR
Fresh tumor tissues were disrupted using a rotor-stator
homogenizer. mRNAs from tumors and cell lines were
purified using RNeasy Kit (Quiagen). Amount and qual-
ity of RNA was assessed by spectrometrical measure-
ments. Two hundred ng of RNA per sample were used
to obtain cDNA using SuperScript™ III First-Strand
Synthesis System for RT-PCR following the manufac-
turer’s recommendations (Invitrogen, Carlsbad, CA
USA). qRT-PCR was performed using validated Taqman
Probes (VEGF: Mm 01281447_m1, and 18 S RNA: Hs

03003631_g1); (Applied Biosystems, Foster City, CA
USA). qRT-PCR was performed according to manufac-
turers recommendations in a SDS 7900HT System. 18 S
RNA was used as an internal control. Results were cal-
culated using ΔΔCt method.

Statistics
Comparisons protein expression and tumor size among
cell lines or treatment groups were done by two-sided t
test (Microsoft Excel, Microsoft, Redmond, WA, USA).
Clonogenic assays were analyzed using Wilcoxon
Signed-Rank Test [25](Vassar Stats, Poughkeepsie, NY
USA).

Results
Methylthioadenosine (MTA) inhibits melanoma cell
proliferation
To investigate the inhibition capabilities of methylthioa-
denosine (MTA) on melanoma cells, we performed cell
proliferation assays. Melanoma cell lines harboring wild
type NRAS and BRAF (37-31E and MeWo), NRASQ61L

mutation (SKMel 103 and SKMel 147) or BRAFV600E

mutation (UACC903, Colo 829) were grown in complete
medium and in the presence of increasing concentra-
tions of MTA. Wild type NRAS and BRAF melanoma
cells (37-31E, MeWo) (Fig 1A), and melanoma cells har-
boring NRASQ61L (SKMel 147 and SKMel 103) (Fig 1B)
showed a 50% inhibition of cell proliferation at 9.8 ± 0.4
μM, 18.9 ± 1.2 μM, 10.01 ± 0.2 μM and 21.2 ± 0.2 μM
respectively, while the GI50 for BRAFV600E mutant cell
lines was 6.1 ± 0.4 for UACC903 cells and 8.2 ± 0.3 for
Colo 829 cells (Fig 1C). BRAFV600E mutant cells showed
a significant lower proliferation rate (p < 0.05) at 96 h
using 10 μM MTA compared with wild type or
NRASQ61L mutant cells (Fig 1D). All melanoma cell
lines were significantly (p < 0.01) more sensitive than
normal MEFs (GI50>600 μM) (additional file 1, panel
A), reaching the maximum inhibition of proliferation
between 10 μM and 600 μM concentration of MTA
depending on the cell line (Fig 1). Moreover, cells har-
boring deletions in p16INK4a showed lower levels of
MTAP, and 3 out of 4 of these cell lines appeared to be
more sensitive to MTA treatment (Fig 1E).
These results indicate that MTA is effective inhibiting in
vitro melanoma cells proliferation. Interestingly, the
results also suggest that BRAF mutant cells and prob-
ably cells showing low levels of MTAP would be more
sensitive to the MTA treatment.

MTA reduces melanoma cells survival
We next investigated whether MTA interferes with
melanoma cells survival capabilities. To that end, we
performed clonogenic assays in several melanoma cell
lines adding increasing concentrations of MTA (1 μM
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Figure 1 Methylthioadenosine inhibits melanoma cell growth. Proliferation assays of (A) 37-31E and MeWo (wild type RAS BRAF), (B)
SKMel147 and SKMel103 (NRASQ61L mutated) and (C) UACC903 and Colo829 (BRAFV600E mutated) melanoma cells in complete medium with
increasing concentrations of Methylthioadenosine (MTA). Medium was changed adding fresh MTA every 48 h. Proliferation assays were
performed by counting the number of viable cells using Guava-Viacount reagent (Guava Technologies) in a cell counter (Viacount) at the time
points indicated. Asterisk indicate p < 0.05. (D) Graph showing the percentage of cell proliferation inhibition at 96 h treated with 10 μM MTA.
p-values were calculated performing a t-student test. (E) Western-blot showing the levels of MTAP in the different cell lines. The mutational
status of CDK2NA for the different cell lines is showed in the table.
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to 1 mM). Interestingly, 1 μM concentration of MTA
promoted an increase in the number of colonies in 37-
31E cells, with no detectable effects in the other of cell
lines tested except for the BRAFV600E mutant cell line
Colo829 where 1 μM of MTA totally suppressed the
colony formation. At 10 μM of MTA BRAFV600E mutant
cell lines were significantly more sensitive (p < 0.02)
than RASQ61L mutant cell lines. The addition of 100 μM
of MTA, or higher concentrations, was very effective
inhibiting melanoma cell viability, independently of the
RAS pathway mutational status (Fig 2). Altogether, the
results showed that at 100 μM or higher concentrations
of MTA there was not any difference in viability in
response to MTA treatment among cell types harboring
wild type or mutant RAS pathway. However, at lower
concentrations (10 μM) BRAFV600E mutant cells were
slightly more sensitive than wild type or RASQ61L

mutant cell lines.

MTA treatment inhibits melanoma in vivo tumor growth
In view of to the inhibitory capabilities of MTA in vitro,
we tested whether or not MTA was effective inhibiting
in vivo tumor growth. To answer this question we per-
formed an in vivo experiment in a melanoma xenograft
mouse model. The FVB/N syngenic 37-31E melanoma
cell line was subcutaneously injected into FVB/N mice.
Then, mice were divided in two groups and treated with
DMSO (control) and MTA respectively. When tumors
reached between 50-100 mm3 the drug was admini-
strated daily via intraperitoneal letting the tumors grow
for a total of thirty days. Mice treated with MTA
showed a significant decrease (47%) in the tumor
volume (p < 0.001) compared with the controls (DMSO)
(Fig 3A) with no evident toxic effects according to the
mice weight (data not shown) and liver function tests
(ALT(iu/L): control: 19 ± 2; MTA: 18 ± 3; AST(iu/L): con-
trol: 45 ± 4; MTA: 54 ± 3).
We investigated the status of p-Erk1/2, p-Akt and p-

S6 by immunohistochemistry using paraffin-embedded
tumor samples. Tumor samples treated with MTA
showed a diminished activity of the PI3K and mTOR
pathways according to the p-Erk1/2, p-Akt and p-S6
levels (Fig 3B).
Altogether, these results indicate that MTA treatment

is effective blocking melanoma in vivo tumor growth
interfering with the activation of PI3K and mTOR
pathways.

MTA promotes cytostatic effects rather than pro-
apoptotic responses
Several publications have demonstrated both the cyto-
static and pro-apoptotic effects of MTA in mammalian
cells [10,26-28]. In our system, the proliferation curves
and in vivo results suggested that MTA might be

inhibiting cell proliferation and in vivo tumor growth
through cytostatic rather than pro-apoptotic mechan-
isms. To further confirm this hypothesis we analyzed
proliferation markers and the apoptosis levels of the
tumor samples and performed in vitro experiments to
investigate the effects of MTA in promoting apoptosis.
Immunostaining of the tumor tissues showed that

samples from MTA treated mice had lower levels of
cyclin D1 expression that closely correlated with a lower
tumor proliferation index according to the Ki67 immu-
nostaining (Fig 4A). Apoptosis within the tumor was
measured by TUNEL assay and quantification of
cleaved-caspase-3 positive tumor cells in paraffin sec-
tions. Our results showed that MTA-treated samples
had slightly higher levels of apoptotic cells compared
with control tumors (Fig 4B). In addition to this, it is
known that angiogenesis is directly related to tumor
growth. Interestingly, the intra-tumoral expression of
VEGF, as well as the basal expression of VEGF in 37-
31E cells was down regulated by MTA treatment (Fig
4C). Furthermore, these data correlated with a signifi-
cant lower vessel density of MTA-treated tumor samples
according to CD31 staining (Fig 4C).
We further analyzed the effect of MTA in vitro. 37-

31E cells were treated with 10 μM MTA for different
periods of time up to 48 h. At the molecular level the
results showed that p-Bad and cleaved-caspase-3 levels
did not change significantly over time, indicating the
low levels of apoptosis (Fig 4D). However, MTA treat-
ment promoted the de-phosphorylation of the mTOR
downstream target ribosomal protein S6 and the down-
regulation of the cyclin D1 protein levels, supporting the
cytostatic effects of MTA (Fig 4D). Additionally, motility
of 37-31E cells was also significantly reduced upon
MTA treatment (additional file 1, panel B). Importantly,
cell cycle analysis of melanoma cells harboring wild type
RAS and BRAF (37-31E), NRASQ61L mutation
(SKMel147) and BRAFV600E mutation (UACC903) trea-
ted with 10 μM MTA for 48 h, showed an increased
number of cells in G1 phase compared with untreated
cells (6.6% ± 0.8% (p < 0.05), 8.9% ± 0.5% (p < 0.05) and
16.4% ± 0.7% (p < 0.01) respectively) (Fig 4E). Interest-
ingly BRAFV600E mutant cells UACC903 showed the
highest proportion of cells in G1 phase, indicating a slo-
wed down cell cycle
Altogether, these results show evidences indicating

that cytostatic effects on tumor cells mediate the reduc-
tion in melanoma tumor growth upon MTA treatment.

Discussion
Melanoma is the most serious form of skin cancer. If it
is not recognized and treated early, the cancer can
advance and spread to other parts of the body, where it
becomes hard to treat and can be fatal. Recent studies
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Figure 2 Methylthioadenosine (MTA) decreases melanoma cell viability. Clonogenic assays of 37-31E, MeWo, SKMel147, SKMel103, UACC903
and Colo 829 melanoma cells in complete medium with increasing concentrations of Methylthioadenosine (MTA). Three hundred cells were
seeded clones were visualized by crystal violet staining and counted. Fresh media was changed every 48 h. Graphs represent the percentage
reduction in the number of clones upon different treatments. p-value was calculated performing a Wilcoxon-signed rank test (Vassar Stats).
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have provided a much-improved understanding of mela-
noma biology, however, this knowledge has yet to be
translated into effective treatment strategies. In this
study, we investigated the therapeutic capabilities of
MTA in melanoma treatment, a natural occurring
nucleoside that has been shown to be effective in other
tumor types [6,10,16,29,30]. Our results show that MTA
inhibits in vitro cell proliferation, and viability in a dose
dependent manner in a variety of human and mouse
melanoma cell lines. Importantly, MTA treatment was
also effective inhibiting in vivo tumor growth in a
mouse melanoma xenograft model. Furthermore, the
molecular analysis of the tumor samples and experi-
ments performed with the cell lines indicated that in
our model MTA has mostly cytostatic rather that pro-
apoptotic effects.
Besides the inhibitory effects on the polyamine bio-

synthesis, MTA has been shown to exert other potent
and specific pharmacological effects on cellular func-
tions such as proliferation, apoptosis and modulation of
the immune system [10,31,32]. Our current findings are

in agreement with previous publications showing the
inhibitory effects of MTA on proliferation and invasion
(Fig 1 and additional file 1) of different types of tumor
cells lines [33-35]. It is known that genetic mutations
within tumor cells condition the drug response and this
could be taken as an advantage in the design of more
effective therapeutic approaches. Interestingly, BRAF
mutant melanoma cell lines (UACC903 and Colo829)
showed the highest sensitivity to MTA treatment, where
concentrations of 10 μM of MTA reduced proliferation
up to 70% (Fig 1D). Why BRAF mutant cells are more
sensitive to MTA treatment is unknown and is an area
of our current investigation. Nevertheless, the inhibition
of cyclin D1 and proliferation by MTA might have a
more pronounced effect in cells addicted to oncogenes
with potent mitogenic effects. Additionally, the low
levels of MTAP protein expressed in both cell lines
might be contributing to the observed response.
In agreement with the in vitro results, MTA treatment

reduced in vivo tumor growth by 45%. The molecular
analysis of the tumors indicated that MTA treated

Figure 3 Methylthioadenosine (MTA) inhibits in vivo tumor growth and decreases the activation of RAS and PI3K tumor signaling
pathways. (A) 37-31E melanoma cell line was subcutaneously injected into immunocompetent FVB/N mice. The animal groups were treated
with DMSO (Control) (n = 7) or methylthioadenosine (MTA) (n = 7). Tumor size was calculated as described in materials and methods. p-values
were calculated performing a t-student test. Representative photographs of three paired untreated and MTA-treated excised melanoma tumors
are showed on the right. (B) Immunostaining of paraffin-embedded tumor sections showing the levels of p-Erk1/2, p-Akt and p-S6 (20×). Insets
show a 40× detail of the picture. Representative images from two different untreated and treated tumors are shown.
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Figure 4 Methylthioadenosine (MTA) promotes cytostatic effects rather than pro-apoptotic effects in melanoma tumors and cells.
(A) Tumor sections from mice treated either with DMSO or MTA were stained with cyclin D1 and Ki67 antibodies. Representative pictures are
shown. (B) Quantification of apoptotic cells within the tumors. Paraffin-embedded tumor samples were subjected to TUNEL assay or stained
against cleaved caspase-3. Graph shows the quantification of the TUNEL assay. Positive cells from ten fields (20×) per sample were quantified
and the average number of cells per field was calculated. (C) Upper graph, quantification by qRT-PCR of VEGF levels in tumor samples. Lower
graph, qRT-PCR of VEGF expression levels. 37-31E were untreated (Control) or treated for 48 h with 10 μM of MTA in complete medium.
Microvessel’s density quantification in xenografts. Graph shows CD31 fluorescence per μm2. Representative pictures are showed on the right.
p-values were calculated performing a t-student test. (D) 37-31E cells were treated with MTA (10 μM) for the time points indicated. Fifty
micrograms of total lysates were resolved by PAGE-SDS. p-Bad, cleaved-caspase3, p-S6 and cyclin D1 protein levels are showed. GAPDH is used
as a loading control. (E) MTA treatment induces a slowdown cell cycle G1 phase. Cells were grown in complete medium for 48 h in the
presence or absence of MTA (10 μM). Cell cycle analysis was measured in triplicates using Cell Cycle Analysis Guava-Viacount reagent (Guava
Technologies). Average of the three samples in each phase of the cell cycle are shown. p-values were calculated performing a t-student test
(* = p < 0.05; ** = p < 0.01).
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tumors had lower rates of proliferation according to the
Ki67 and cyclin D1 levels, that correlated with lower
levels in the PI3K and mTOR pathway activation and
VEGF expression. While several studies have shown
pro-apoptotic effects of MTA in tumor treatment
[10,31], we observed a small increase of apoptosis in our
tumor samples.
Recently, it has been described that MTA was able to

induce the expression of growth factors and matrix
metalloproteases in melanoma cells as well as enhance
invasion and vasculogenic mimicry [5]. It is widely
known that MTA inhibits methyltransferase enzymatic
reactions and interferes with cellular pathways modulat-
ing cell signaling and protein expression [5,14,16,17]. In
the mentioned study, the obtained data was generated at
early time points of MTA treatment. Furthermore, the
biological outcome in a long-term treatment, such as
melanoma cell proliferation and the in vivo melanoma
tumor growth, were not assessed. Our data show that
the inhibitory effects of MTA on melanoma cell prolif-
eration occur mostly after 48 h treatment. We believe
that the biological response to MTA is dose dependent
and cell type dependent. Indeed, several publications
have shown that fibroblasts and normal hepatocytes
have contrary responses to MTA compared to tumor
cells. Moreover, in our system low concentrations of
MTA (1 μM) promoted a slight increase in proliferation
and viability, supporting a possible cell-type specific dif-
ferential response to low concentrations of MTA. In
mice, after intraperitoneal administration at 75 mg/kg,
serum levels of MTA rapidly reached a peak of 28 μM
rapidly and, at 30 minutes MTA was still at 10 μM [12].
In our hands a preliminary study of the bioavailability of
MTA showed that plasma concentrations 20 min after i.
p administration of this compound at 96 μmol/kg
(equivalent to 30 mg/kg) were in the micromolar range
(20-30 μM) (unpublished observations). In view of the
efficacy of MTA reducing in vivo tumor growth, we
speculate that the concentration reached within the
tumor should be higher than 1 μM.
Previous studies have described a cytostatic effect of

MTA on Mewo-LC1, Raji and R1.1 H cells [26-28].
According to our current observations in the xenograft
model, MTA promoted cytostatic rather than pro-apop-
totic effects. This result was confirmed by the in vitro
experiments using the same cell line, where we found
that MTA treatment induced the dephosphorylation of
the downstream mTOR target S6 ribosomal protein, and
the decrease of cyclin D1 protein levels. Importantly, we
did not observe any molecular indication of apoptosis.
Supporting these results, treatment of melanoma cells
with MTA induced a cell cycle slow down in G1 phase.
Interestingly, in agreement with the proliferation and
viability results, UACC903 BRAF mutant melanoma

cells showed the higher accumulation of cells in G1
phase.
MTA is a well-tolerated drug, devoid of the unwanted

effects of other methyltransferase inhibitors. It has been
administered previously in both acute and chronic
experimental models of liver injury and systemic inflam-
mation, showing efficacy and a safe profile [32] with an
ID50 of 2.9-0.4 gm/kg (intramuscular) in rats [13]. In
humans, MTA is also well tolerated [34,35]. Thus, MTA
or any of its synthesized analogs would be good candi-
dates for melanoma treatment in patients

Conclusions
Altogether, here we show the therapeutic potential of
the naturally occurring nucleoside MTA in melanoma
treatment. Importantly, our results demonstrate that
MTA inhibits melanoma cell proliferation and in vivo
tumor growth, supporting the antitumoral potential of
MTA shown by others in other type of tumors. The
data also suggest that BRAFV600E mutant cells appeared
to be more sensitive to the cytostatic effects mediated
by MTA. This study outlines an efficacious and well-
tolerated therapeutic candidate for melanoma
intervention.

Additional material

Additional file 1: Figure S1. A) MTA does not inhibit proliferation
and viability of normal cells (MEFs). Cell proliferation of mouse
embryo fibroblasts (MEFs) in response to increasing concentration of
MTA. Medium was changed adding fresh MTA every 48 h. Proliferation
assays were performed by counting the number of viable cells using
Guava-Viacount reagent (Guava Technologies) in a cell counter (Viacount)
at the time points indicated. Clonogenic assays using MEFs in complete
medium with increasing concentrations of Methylthioadenosine (MTA).
Three hundred cells were seeded. Clones were visualized by crystal violet
staining and counted. Fresh media was changed every 48 h. Graphs
represent the percentage reduction in the number of clones upon
different treatments. p-value was calculated performing a Wilcoxon-
signed rank test (Vassar Stats). (B) MTA inhibits motility of 37-31E
melanoma cells: 37-31 melanoma cells were seeded in a 24 multi-well
plate trans-wells (Corning). Following treatment (either DMSO or MTA
100 μM for the times indicated) cells were washed with PBS and fixed
with 1% glutaraldehyde in PBS. Cells were then stained with an aqueous
solution of 0.1% crystal violet. After destaining in water, non-migrating
cells in the top of the trans-well were removed, and stained migrating
cells in the bottom of the trans-well were destaining with PBS
containing 0.2% Triton X-100. The O.D. was then measured at 590 nm
(Gillies et al., 1986). All the experiments were done in triplicates. p-values
were calculated performing a t-student test (*) = p < 0.01.
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