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RSK2 is a widely expressed serine/threonine kinase, and its
activation enhances cell proliferation. Here, we report that
ATF1 is a novel substrate of RSK2 and that RSK2-ATF1 signal-
ing plays an important role in EGF-induced neoplastic cell
transformation. RSK2 phosphorylated ATF1 at Ser-63 and en-
hanced ATF1 transcriptional activity. Docking experiments
using the crystal structure of the RSK2 N-terminal kinase do-
main combined with in vitro pulldown assays demonstrated
that eriodictyol, a flavanone found in fruits, bound with the
N-terminal kinase domain of RSK2 to inhibit RSK2 N-terminal
kinase activity. In cells, eriodictyol inhibited phosphorylation
of ATF1 but had no effect on the phosphorylation of RSK,
MEK1/2, ERK1/2, p38 or JNKs, indicating that eriodictyol spe-
cifically suppresses RSK2 signaling. Furthermore, eriodictyol
inhibited RSK2-mediated ATF1 transactivation and tumor
promoter-induced transformation of JB6 Cl41 cells. Eriodic-
tyol or knockdown of RSK2 or ATF1 also suppressed Ras-me-
diated focus formation. Overall, these results indicate that
RSK2-ATF1 signaling plays an important role in neoplastic
cell transformation and that eriodictyol is a novel natural com-
pound for suppressing RSK2 kinase activity.

RSK2 (ribosomal S6 kinase 2) is a member of the p90RSK
protein family that is activated by ERK1/2 and PDK1 (phos-
phoinositide-dependent kinase 1) (1, 2). RSK2 translocates to
the nucleus when activated by growth factors, peptide hor-
mones, or neurotransmitters (3, 4). Numerous proteins, such
as the cAMP response element (CRE)3-binding protein
(CREB), Elk-1, histones (5–9), ATF4 (activating transcription
factor 4) (10), p53 (11), and NFAT3 (12), are phosphorylated
by active RSK2. Based on its broad substrate specificity, the
RSK2 protein mediates many cellular processes, including
proliferation and transformation, as well as the cell cycle. Our

recent study provided evidence indicating that RSK2 plays an
important role in cell transformation induced by tumor pro-
moters such as EGF and 12-O-tetradecanoylphorbol-13-ace-
tate (13). Furthermore, RSK2 knock-out mice display reduced
c-Fos-dependent osteosarcoma formation through the regula-
tion of c-Fos protein stability (14). Thus, RSK2 likely plays a
key role in cell proliferation and transformation.
ATF1 is a member of the CREB family, which includes

ATF1, CREB1, and the CRE modulator (15). In response to
growth factors, stress signals, neurotransmitters, or other
agents that elevate intracellular cAMP or Ca2� levels, CREB
family members are activated and promote the expression of
numerous cellular target genes that contain CREs in their
promoters (16), including proto-oncogenes such as c-fos and
c-jun (17, 18) and cell cycle genes such as cyclins D and A and
other genes related to cell growth, proliferation, and neuronal
activities (19, 20). Phosphorylation of ATF1 at Ser-63 in its
kinase-inducible domain by serine/threonine kinases en-
hances its transactivation activity by promoting recruitment
of the coactivator CREB-binding protein/p300 (21). ATF1 is
overexpressed in lymphomas and transformed lymphocytes
(22), suggesting that ATF1 may contribute to the growth of
these tumor cells. ATF1 is up-regulated in metastatic mela-
noma cells, and inhibition of ATF1 suppresses their tumorige-
nicity and metastatic potential in nude mice (23). Constitutive
activation of ATF1 mediates EWS-ATF1 (Ewing sarcoma pro-
tein), transforming phenotypes and unique features of clear
cell sarcoma (24). However, the upstream kinases and the role
of ATF1 in proliferation and cell transformation have not
been completely elucidated.
Flavonoids are ubiquitously found in fruits and vegetables

as well as popular beverages, including wine, tea, and coffee
(25). Flavonoids also exhibit antioxidant, antitumor, and anti-
inflammatory effects (25). In particular, their antitumor activ-
ity has attracted much attention as a possible dietary preven-
tion strategy against carcinogenesis (26, 27). Our recent study
demonstrated that kaempferol is a natural compound that
specifically inhibits RSK2 N-terminal kinase activity (28). Eri-
odictyol is a major flavonoid extracted from Yerba Santa (Eri-
odictyon californicum) and has a similar structure to
kaempferol. Eriodictyol is found in lemon, lime, sour orange,
and peppermint. Research data have shown that eriodictyol
also exerts antioxidant, antitumor, and anti-inflammatory
effects (29), suggesting that eriodictyol might also inhibit cell
proliferation and transformation. However, the underlying
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mechanism and target protein(s) of eriodictyol have not yet
been clarified.
In this study, we show that ATF1 is a novel substrate of

RSK2. The phosphorylation of ATF1 at Ser-63 by RSK2 in-
duces ATF1 transactivation and transcriptional activity. Inhi-
bition of RSK2 activity by eriodictyol suppressed ATF1 activi-
ties and RSK2-ATF1-mediated cell transformation. These
results demonstrate that the inhibition of RSK2 activity by
eriodictyol modulates RSK2-ATF1 signaling in cell prolifera-
tion and transformation. Therefore, we suggest that eriodic-
tyol is a potential natural compound for chemoprevention.

EXPERIMENTAL PROCEDURES

Materials—Eriodictyol (�95% purity), Tris, NaCl, and SDS
were from Sigma. CNBr-Sepharose 4B, glutathione-Sepharose
4B, and the chemiluminescence detection kit were from Am-
ersham Biosciences. The protein assay kit was from Bio-Rad.
[�-32P]ATP was purchased from New England Biolabs. G418
and the luciferase assay substrate were from Promega. Eagle’s
minimal essential medium was from Invitrogen. Antibodies
for Western blot analysis were from Cell Signaling Technol-
ogy, Santa Cruz Biotechnology, Abcam, and Millipore.
Cell Culture, Transfection, and Treatment with Eriodictyol—

Culture of JB6 Cl41 cells and RSK2�/� and RSK2�/� mouse
embryonic fibroblasts (MEFs) was described previously (13).
Transfection of the various expression vectors and luciferase
reporter plasmids was conducted using jetPEI (Polyplus
Transfection, New York, NY) according to the manufacturer’s
instructions. Eriodictyol was dissolved in dimethyl sulfoxide
(DMSO; 50 mM stock solution), aliquoted, and stored at
�20 °C. Eriodictyol was mixed with complete cell culture me-
dium at various doses, and the final DMSO concentration was
not �0.1% of the total media volume.
MTS Assay—Proliferation of JB6 Cl41 cells and viability of

RSK2�/� and RSK2�/� MEFs were measured using the MTS
assay kit (Promega) according to the manufacturer’s
instructions.
In Vitro Kinase Assay—The plasmids for GST-tagged or

His-tagged fusion proteins including ATF1 and ATF1-S63A
were purified from BL21 bacteria using glutathione-Sepha-
rose 4B or nickel-nitrilotriacetic acid-agarose beads. The puri-
fied fusion proteins (1 �g; �90% purity) were used for in vitro
kinase assays with 20 ng of active RSK2 (Millipore) and visual-
ized by autoradiography or Western blotting as described
(28).
Cell Cycle Analysis—The cell cycle was analyzed by pro-

pidium iodide staining using the FACSCalibur flow cytometer
(BD Biosciences) as described by Ahmad et al. (30).
Mammalian Two-hybrid Assay—To screen for protein-

binding partners, we used the mammalian two-hybrid assay
following the Promega CheckMateTM mammalian two-hybrid
system protocol as described previously (11). The relative lu-
ciferase activity was calculated using the pG5-luciferase basal
control by transfection of pG5-luciferase/pACT-mock/
pBIND-RSK2 and normalized against Renilla luciferase activ-
ity, which included the pBIND vector.
ATF1 Transactivation Assay—JB6 C141 cells (6 � 104)

were cultured in 12-well plates for 24 h before transfection.

The p5�Gal4-luciferase reporter plasmid was transfected
with pcDNA4-RSK2 and the expression vector for Gal4-ATF1
or Gal4-ATF1-S63A. Cells were cultured for 36 h and then
disrupted for firefly luciferase activity analysis. The reporter
gene vector phRL-SV40 (Promega) was cotransfected into
each cell line, and the transfection efficiencies were normal-
ized to the Renilla luciferase activity generated by this vector.
Anchorage-independent Cell Transformation Assay—The

effects of eriodictyol on EGF-induced transformation were
investigated in JB6 C141 cells as described by Colburn et al.
(31). Colonies were counted under a microscope with the Im-
age-Pro Plus software program (Version 6, Media Cybernet-
ics, Silver Spring, MD).
Preparation of Sepharose 4B Beads—Sepharose 4B beads

(0.3 g) were washed with 30 ml of 1 mM HCl three times for 5
min each by gentle inversion and then incubated with 3 mg of
eriodictyol or DMSO in coupling buffer (0.1 M NaHCO3 and
0.5 M NaCl (pH 8.3)) at 4 °C overnight. The samples were
washed five times with coupling buffer and incubated with
blocking buffer (0.1 M Tris-HCl (pH 8.0)) at 4 °C overnight.
The samples were alternatively washed with 0.1 M acetic acid
buffer (pH 4.0) and with 0.1 M Tris-HCl and 0.5 M NaCl (pH
8.0) three times and then resuspended in 1 ml of PBS for use.
Pulldown Assays—For pulldown assays, eriodictyol-Sepha-

rose 4B beads (100 �l, 50% slurry) were combined with puri-
fied RSK2 or a cellular supernatant fraction of JB6 C141 cells
(500 �g) overnight. Bound RSK2 proteins were visualized by
Western blotting as described (28).
Focus Formation Assay—A focus formation assay using

NIH3T3 cells was conducted according to standard protocols
(24). Foci were fixed and stained with 0.5% crystal violet
and counted using the Image-Pro Plus software program
(Version 6).
HomologyModel of the RSK2 N-terminal Kinase Domain—

To build a model of the active form of the RSK2 N-terminal
kinase domain, we conducted homology modeling based on
the active conformation of the RSK1 N-terminal kinase do-
main, which was crystallized with the inhibitor staurosporine at
a resolution of 2.00 Å (Protein Data Bank code 2z7r). ClustalW
was used to align the RSK2 and RSK1 sequences, wherein they
were shown to possess an identity of 85% and a similarity of
90% (32). Using Modeller 9v4 (33), we created a template
structure of RSK2 based on the active structure of RSK1. To
ensure an adequate bound protein form, waters and stauros-
porine were added from the crystal structure of RSK1 using
MAESTRO 9.0 and were allowed to relax with OPLS_2005
force field. This was performed using MacroModel 9.7 follow-
ing standard minimization procedures (34).
Molecular Docking to a Homology Model of the RSK2 N-

terminal Kinase Domain—Kaempferol and eriodictyol were
both built and minimized and underwent extensive confor-
mational searches followed by subsequent minimization using
MacroModel to determine the lowest energy conformations
for docking. Staurosporine as the reference compound was
subjected to similar strategies except starting from its crystal-
lized bound orientation. The Induced Fit module was used for
docking because both ligand and binding site residue flexibil-
ity are provided for, thereby mimicking reality (34). The rec-
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ommended parameters for induced fit docking were used
where the receptor and ligand van der Waals scaling was kept
at 0.50 with a total number of poses as 20. Only residues
within 5.0 Å were refined. Glide redocked the ligands, using
standard precision, into the structures within 30.0 kcal/mol of
the best active-site orientation and only within the top 20
structures.

RESULTS
RSK2 Phosphorylates ATF1 at Ser-63 in Vitro—To identify

novel substrate(s) of RSK2, we conducted a mammalian two-
hybrid assay with 32 transcription factors (11). We found that
the luciferase activity representing the binding of RSK2 and
ATF1, a member of the CREB/ATF transcription factor fam-
ily, was �7-fold higher than that of the mock control. This

binding was slightly higher than RSK2 binding with known
protein partners such as ATF4 (�5-fold) and E2F6 (�5.5-
fold) (Fig. 1A). To confirm the binding of RSK2 and ATF1,
pACT-ATF1 and pcDNA4-RSK2 were introduced into 293T
cells and immunoprecipitated with anti-VP16 antibody. Co-
immunoprecipitated RSK2 was detected with anti-His anti-
body by Western blotting (Fig. 1B, upper panel). Furthermore,
endogenous ATF1 co-precipitated with endogenous RSK2
(Fig. 1B, lower panel), indicating that RSK2 and ATF1 are
binding partners. To determine whether RSK2 phosphor-
ylates ATF1, we conducted an in vitro kinase assay with a
commercially available active RSK2 protein and purified
GST-ATF1 (35) and [32P]ATP. The results indicated that
RSK2 phosphorylated ATF1 (Fig. 1C). To identify the

FIGURE 1. RSK2 phosphorylates ATF1 at Ser-63. A, mammalian two-hybrid screening of RSK2. The mammalian two-hybrid assay was conducted in 293T
cells to screen for binding partners of RSK2. Activity is expressed as relative luminescence units normalized to a negative control (value for cells transfected
with pG5-luciferase (Luc)/pACT-mock/pBIND-RSK2 � 1.0). Firefly luciferase activity was normalized against Renilla luciferase activity. Data are shown as
means � S.D. from triplicate experiments. *, significant (p � 0.05) increase in activity compared with the negative control. B, upper panel, confirmation of
RSK2 and ATF1 binding. pACT-ATF1 and pcDNA4-His-RSK2 were introduced into 293T cells, and ATF1 was immunoprecipitated (IP) with anti-VP16 antibody.
Co-immunoprecipitated RSK2 was confirmed by Western blotting (WB) with anti-His antibody. H. C., heavy chain. Lower panel, endogenous ATF1 was immu-
noprecipitated with a specific antibody, and co-immunoprecipitated RSK2 was visualized by Western blotting using an RSK2-specific antibody. C, RSK2
phosphorylates ATF1 in vitro. To determine whether RSK2 can phosphorylate ATF1, purified GST-ATF1 and active RSK2 were combined with [�-32P]ATP.
Phosphorylated ATF1 was visualized by autoradiography. GST-p53 was the positive control. C. B., Coomassie Blue. D, RSK2 phosphorylates ATF1 at Ser-63.
Table, putative phosphoamino acid(s) of ATF1 that could be phosphorylated by RSK were identified using the Group-based Prediction System (Version 2.1).
Lower left panel, to confirm that ATF1 (Ser-63) is a target of RSK2, samples from an in vitro kinase assay were visualized by Western blotting with anti-ATF1
(Ser-63) antibody. Lower right panel, to confirm that ATF1 (Ser-63) is a target of RSK2, purified His-ATF1-WT or His-ATF1-S63A was used for an in vitro kinase
assay with active RSK2 and [�-32P]ATP and visualized by autoradiography. aa, amino acid.
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FIGURE 2. Eriodictyol binds with RSK2 and inhibits phosphorylation of ATF1 by RSK2 in vitro. A, left panel, surface representation of the N-terminal ki-
nase domain of RSK2 with eriodictyol bound to the ATP-binding site. Red, oxygen; blue, nitrogen; yellow, sulfur. Right panel, N-terminal kinase domain of
RSK2 with eriodictyol bound to the ATP-binding site. Hydrogen bonds are formed between eriodictyol and the hinge region (backbone of Asp-148 and Leu-
150), with the aspartic acid of the DFG motif in the back cleft of the active site (Asp-211), and finally with the important lysine residue known to anchor the
phosphates of ATP. B, eriodictyol binds with RSK2 in vitro. Upper panel, active RSK2 (200 ng) was subjected to a pulldown assay with eriodictyol conjugated
with CNBr-Sepharose 4B beads. Eriodictyol binding of RSK2 was visualized by Western blotting (WB) with anti-RSK2 antibody. Lower panel, to identify the
domain of RSK2 that binds with eriodictyol, truncated RSK2 proteins were used in the CNBr-eriodictyol pulldown assay, and RSK2 was visualized by Western
blotting with anti-His antibody. NTD, N-terminal domain; CTD, C-terminal domain. C, eriodictyol binds with RSK2 ex vivo. The cellular protein fraction (500
�g) of JB6 Cl41 cells was used for the pulldown assay with CNBr-DMSO or CNBr-eriodictyol beads. The RSK2 proteins pulled down were visualized by West-
ern blotting with anti-RSK2 antibody. D, eriodictyol inhibits RSK2 activity. The inhibitory effect of eriodictyol on RSK2 activity was assessed by an in vitro ki-
nase assay using a GST-ATF1 protein and [�-32P]ATP (upper panel). 32P-Labeled GST-ATF1 was visualized by autoradiography. Band density was measured
using the NIH ImageJ computer program (Version 1.41), and the band intensities of active RSK2 and GST-ATF1 (100%) were compared (lower panel). Data
are shown as means � S.D. of values obtained from three independent experiments. *, significant (p � 0.05) decrease in kinase activity.
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amino acid(s) phosphorylated by RSK2, we searched the
RSK2 phosphorylation consensus sequence of ATF1 using
the Group-based Prediction System (Version 2.1) (Fig. 1D).
The data indicated that Ser-63 of ATF1 had a 3.182 score/
cutoff value for RSK2 compared with a 1.756 score/cutoff
value for MSK1 (mitogen- and stress-activated protein ki-
nase 1), which is a known kinase of ATF1 (Ser-63) (Fig. 1D,
table). To confirm this prediction, we conducted an in
vitro kinase assay with GST-ATF1 and active RSK2. The
results indicated that RSK2 phosphorylated ATF1 at Ser-63
(Fig. 1D, lower left panel). We confirmed that RSK2 phos-
phorylated ATF1 at Ser-63 using an in vitro kinase assay
and a point mutant of ATF1 with Ser-63 replaced with ala-
nine (His-ATF1-S63A) (35) and active RSK2 and
[�-32P]ATP (Fig. 1D, lower right panel). Overall, these re-
sults demonstrate that ATF1 is phosphorylated at Ser-63
by RSK2.

Eriodictyol Specifically Binds with RSK2—We have demon-
strated that RSK2 plays an important role in proliferation and
transformation and that RSK2 protein abundance is higher in
human skin cancer tissues compared with normal skin (28).
Furthermore, we found that kaempferol inhibits RSK2 N-ter-
minal kinase activity (13, 28). Eriodictyol is a flavanone ex-
tracted from Yerba Santa, a plant native to North America,
and has a structure similar to that of kaempferol (supplemen-
tal Fig. 1). We hypothesized that eriodictyol might also inhibit
RSK2 N-terminal kinase activity. We built a model of the
RSK2 N-terminal kinase domain based on the crystal struc-
ture of the active form of RSK1 complexed with staurosporine
at a resolution of 2.00 Å (Protein Data Bank code 2z7r). We
found that the preference of binding was staurosporine �
kaempferol � eriodictyol, with binding affinities of �11.514,
�9.216, and �8.816 kcal/mol, respectively. We observed that
eriodictyol docked nicely into the ATP-binding active site of

FIGURE 3. RSK2 regulates ATF1 activity. A, phosphorylation of ATF1 at Ser-63 plays an important role in ATF1 transactivation. The pGal4-ATF1-WT or
pGal4-ATF1-S63A plasmid was cotransfected into JB6 Cl41 cells with the p5�Gal4-luciferase (luc) reporter plasmid. B, RSK2 deficiency attenuates ATF1
transactivation. The pGal4-ATF1-WT and p5�Gal4-luciferase reporter plasmids were transfected into RSK2�/�, RSK2�/�, and RSK2�/�/RSK2-overexpressing
MEFs. WB, Western blot. C, EGF-induced ATF1 transactivation is inhibited by eriodictyol treatment. The pGal4-ATF1-WT and p5�Gal4-luciferase reporter
plasmids were transfected into JB6 cell, and cells were treated with eriodictyol for 2 h prior to EGF stimulation. D, eriodictyol inhibits ATF1 transcriptional
activity. The inhibitory effect of eriodictyol on ATF1 transcriptional activity was measured by introduction of CRE reporter plasmids (pGL4.29-luciferase/CRE)
into JB6 cells followed by the indicated dose of eriodictyol. Luciferase activities in A–D were measured, and data are shown as means � S.D. of values from
triplicate experiments. *, significant (p � 0.05) difference in luciferase activity as indicated.
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RSK2 (Fig. 2A, left panel). Furthermore, we discovered that
important hydrogen bonds are formed between the inhibitor
and hinge region (i.e. backbone of Asp-148 and Leu-150) and
with the aspartic acid of the DFG motif in the back cleft of the
active site (Asp-211) (Fig. 2A, right panel). By comparing the
docking of kaempferol and eriodictyol, we found that the aro-
matic substituent group of eriodictyol was rotated out of
plane (supplemental Fig. 2). This rotation might be due to the
lack of the double bond and hydroxyl group in eriodictyol
(supplemental Fig. 1). To verify binding of eriodictyol with
RSK2, we conducted a pulldown assay with eriodictyol-conju-
gated beads and commercially available active RSK2. The re-
sults indicated that eriodictyol bound with RSK2 (Fig. 2B, up-
per panel). To identify the specific binding domain, we used
purified truncated and full-length RSK2 proteins (28) and eri-
odictyol-conjugated beads. The results demonstrated that
eriodictyol bound strongly with the N-terminal kinase do-
main of RSK2 (Fig. 2B, lower panel). Notably, we confirmed in
cell lysates that eriodictyol bound with endogenous RSK2
(Fig. 2C). These results demonstrated that eriodictyol is a nat-
ural compound that binds with the RSK2 N-terminal kinase
domain. To verify the effect of eriodictyol on RSK2 activity,
we conducted an in vitro kinase assay with GST-ATF1, active
RSK2, [�-32P]ATP, and different doses of eriodictyol. The
autoradiography results demonstrated that eriodictyol inhib-
ited RSK2-mediated ATF1 phosphorylation dose-dependently
(Fig. 2D).
RSK2 Regulates ATF1 Activity—To determine the signifi-

cance of ATF1 phosphorylation at Ser-63, we analyzed the
transactivation activity of WT and mutant (S63A) ATF1. As
expected, ATF1-S63A suppressed transactivation activity (Fig.
3A), indicating that Ser-63 is important in regulating ATF1
activity. To examine the effect of RSK2 on ATF1 transactiva-
tion, we rescued RSK2 expression in RSK2�/� MEFs by trans-
duction of pBabe-puro-RSK2-WT and found that phosphor-
ylated and total ATF1 and RSK2 expression was restored (Fig.
3B). We further found that the suppressed ATF1 transactiva-
tion in RSK2�/� MEFs was restored in rescued RSK2�/�/RSK2
cells to almost the same level as in RSK2�/� MEFs (Fig. 3B,
lower panel). Furthermore, when we treated JB6 cells with
nontoxic doses of eriodictyol (supplemental Fig. 3), EGF-in-
duced transactivation was suppressed (Fig. 3C), and ATF1
transcriptional activity was inhibited (Fig. 3D). Overall, these
results indicate that RSK2 plays an important role in the regu-
lation of ATF1 activity by phosphorylating ATF1 at Ser-63.
RSK2-ATF1 Signaling Plays an Important Role in EGF-in-

duced Cell Transformation—To examine the role of RSK2-
ATF1 signaling in cell proliferation and transformation, we
analyzed the level of EGF-induced phosphorylation of ATF1
when treated with different doses of eriodictyol. EGF-induced
RSK phosphorylation was not affected by eriodictyol (Fig. 4A).
However, EGF-induced phosphorylation of ATF1 at Ser-63
and total c-Fos protein abundance were decreased dose-de-
pendently by eriodictyol (Fig. 4A). In addition, eriodictyol had
no effect on phosphorylation of MEK-ERK signaling, includ-
ing MEK1/2 and ERK1/2 (Fig. 4B). Eriodictyol did not affect
phosphorylation of p38, JNKs, or Akt (Fig. 4C). The prolifera-
tion of JB6 Cl41 cells was decreased dose-dependently by eri-

odictyol (Fig. 5A, left panel), an effect that is probably associ-
ated with its inhibition of the G1/S cell cycle transition (right
panel). We compared the effect of eriodictyol on proliferation
of RSK2�/�, RSK2�/�, and rescued RSK2�/�/RSK2 MEFs.
We found that eriodictyol inhibited proliferation in RSK2�/�

MEFs (Fig. 5B, left panel). However, eriodictyol had no effect
on proliferation of RSK2�/� MEFs (Fig. 5B,middle panel).
Importantly, rescued RSK2�/�/RSK2 cells regained sensitivity
to the inhibitory effect of eriodictyol on proliferation to the
same degree as RSK2�/� MEFs (Fig. 5B, right panel). We con-
firmed that eriodictyol was not cytotoxic in MEFs up to 25 �M

(supplemental Fig. 3B). Furthermore, additional results indi-
cated that eriodictyol inhibited EGF-induced cell transforma-
tion dose-dependently (Fig. 5C). Taken together, these results
demonstrate that eriodictyol suppresses RSK2 N-terminal
kinase activity, resulting in the suppression of EGF-induced
cell proliferation and transformation.
RSK2-ATF1 Signaling Plays an Important Role in Ras-medi-

ated Cell Transformation—To explore the role of ATF1 in
EGF-induced transformation, we established JB6 Cl41 mouse
epidermal skin cells stably expressing ATF1 or ATF1 shRNA
and conducted an anchorage-independent cell transformation

FIGURE 4. Inhibitory effect of eriodictyol on MAPK signaling. A–C, erio-
dictyol inhibits RSK2-mediated downstream signaling. JB6 C141 cells were
treated with the indicated doses of eriodictyol for 1 h and then stimulated
with EGF (10 ng/ml) for 15 min. Individual levels of phosphorylated and to-
tal proteins were visualized by Western blotting with specific antibodies.
�-Actin was used as an internal control for equal protein loading.
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assay in soft agar (Fig. 6A). EGF induced more colony forma-
tion in ATF1-overexpressing JB6 Cl41 cells compared with
mock-transfected cells (Fig. 6A and supplemental Fig. 4A). In
contrast, knockdown of ATF1 inhibited EGF-induced colony
formation in soft agar (Fig. 6A and supplemental Fig. 4A), in-
dicating that ATF1 plays an important role in EGF-induced
transformation of JB6 Cl41 cells. We confirmed the relation-
ship of colony formation with ATF1 protein level by Western
blotting (Fig. 6A). To further examine the role of endogenous
RSK2-ATF1 signaling in cell transformation, we conducted a
RasG12V-mediated focus formation assay in NIH3T3 cells (13).

We introduced various combinations of RasG12V, RSK2,
ATF1, ATF1 shRNA, RSK2 siRNA, and eriodictyol into
NIH3T3 cells, and focus formation was measured. The results
indicated that RasG12V induced focus formation and that
RasG12V/RSK2 substantially enhanced focus formation (Fig.
6B and supplemental Fig. 4B). RasG12V/RSK2-induced focus
number was increased more by co-introduction of RasG12V/
RSK2/ATF1, and knockdown of RSK2 or ATF1 by siRNA or
shRNA suppressed focus formation (Fig. 6B and supplemental
Fig. 4B). Furthermore, eriodictyol suppressed focus formation
in a manner similar to knockdown of RSK2 (Fig. 6B and

FIGURE 5. Eriodictyol inhibits proliferation and transformation of JB6 Cl41 cells. A, eriodictyol inhibits cell proliferation by causing arrest at the G0/G1
cell cycle. Left panel, eriodictyol inhibits proliferation. JB6 Cl41 cells (1 � 103 cells/well) were treated with the indicated doses of eriodictyol, and prolifera-
tion was measured at the indicated time points using the MTS assay. Data are shown as means � S.D. from triplicate independent experiments. *, signifi-
cant (p � 0.05) difference in proliferation compared with the DMSO-treated control. Right panel, JB6 Cl41 cells were treated with EGF and eriodictyol for
18 h, and cell cycle distribution was measured by flow cytometry with propidium iodide. Data are expressed as the percentage of cells in G1/G0, S, or G2/M
and are shown as means � S.D. of values from triplicate experiments. *, significant (p � 0.05) change in G0/G1 and S phase cell cycle distribution compared
with the EGF-stimulated group. B, eriodictyol-mediated inhibition of proliferation is attenuated in RSK2 deficiency. RSK2�/� (left panel), RSK2�/� (middle
panel), and WT RSK2-transfected RSK2�/� (right panel) MEFS were treated with the indicated doses of eriodictyol, and viability was assessed at the indicated
time points by the MTS assay. Data are shown as means � S.D. of values from triplicate experiments. *, significant (p � 0.05) change in viability compared
with untreated control. C, eriodictyol suppresses EGF-induced anchorage-independent colony formation in soft agar. Cells (8 � 103) were exposed to EGF
(10 ng/ml) with various doses of eriodictyol in 1 ml of 0.3% Eagle’s basal medium-agar containing 10% FBS. Cells were cultured, and colonies were counted
using a microscope and the Image-Pro Plus computer software program (Version 6). Data are shown as means � S.D. of values from triplicate experiments.
*, significant (p � 0.05) decrease in colony number compared with the untreated control.
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supplemental Fig. 4B). To examine the role of ATF1 mutation
at Ser-63 in cell transformation, we introduced combinations
of RasG12V, ATF1, ATF1-S63A, and ATF1 shRNA into
NIH3T3 cells, and focus formation was measured. The results
indicated that RasG12V/ATF1 enhanced focus formation com-
pared with RasG12V alone, whereas ATF1-S63A or ATF1
shRNA attenuated RasG12V induced focus formation (Fig. 6C).
To confirm ATF1 phosphorylation by combinational coex-
pression of RasG12V, RSK2, and ATF1, we conducted Western
blotting using NIH3T3 cells. We confirmed that the trans-
fected expression vectors were well expressed, and the ATF1-
S63A mutation inhibited phosphorylation of ATF1 at Ser-63,

which was enhanced by RasG12V or RasG12V/RSK2 (supple-
mental Fig. 4C). Taken together, these results indicate that
ATF1 mutated at Ser-63 might act as a dominant-negative
mutant. Overall, these results indicate that RSK2-ATF1 sig-
naling plays an important role in neoplastic cell
transformation.

DISCUSSION

When cells are stimulated with tumor promoters, EGF or
12-O-tetradecanoylphorbol-13-acetate, phosphorylation of
RSK is increased within 5 min, and stable expression of RSK2
in JB6 C141 cells significantly enhances colony formation in

FIGURE 6. RSK2-ATF1 signaling plays an important role in Ras-mediated cell transformation. A, ectopic expression of ATF1 enhances EGF-induced an-
chorage-independent cell transformation. JB6 Cl41 cells (8 � 103) stabling expressing mock, ATF1 (pBabe-ATF1), and knockdown ATF1 (ATF1 shRNA (sh-
ATF1)), were exposed to EGF (10 ng/ml) in 1 ml of 0.3% Eagle’s basal medium-agar containing 10% FBS, and colonies were counted using a microscope and
the Image-Pro Plus computer software program (Version 6). Data are shown as means � S.D. of values obtained from two independent triplicate experi-
ments. *, significant (p � 0.05) change as indicated. WB, Western blot. B, RSK2-ATF1 signaling plays an important role in Ras-mediated focus formation. A
focus formation assay was performed by introducing combinations of vectors as indicated. Foci were stained with 0.5% crystal violet and counted under a
microscope using the Image-Pro Plus software program (Version 6). Data are shown as means � S.D. of values obtained from two independent triplicate
experiments. *, significant (p � 0.05) change in the number of foci as indicated. si-RSK2, RSK2 siRNA. C, ATF1 plays an important role in Ras-mediated focus
formation. A focus formation assay was performed by introducing RasG12V combined with ATF1, ATF1-S63A, or ATF1 shRNA vectors as indicated. Foci were
stained with 0.5% crystal violet and counted under a microscope using the Image-Pro Plus software program (Version 6). Data are shown as the means �
S.D. of values obtained from triplicate experiments. *, significant (p � 0.05) change in the number of foci as indicated.
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either the presence or absence of tumor promoters (13).
Moreover, RSK2 is overexpressed in skin tumor tissues and
many cancer cell lines compared with normal skin and cells
(28). RSK2 plays a critical role in FGFR3-induced hematopoi-
etic transformation (36). Furthermore, proliferation is sup-
pressed in RSK2�/� MEFs compared with RSK2�/� MEFs,
and the effect is associated with an impairment of the G1/S
cell cycle transition (13). Our previous study indicated that
RSK2 might have multiple substrates involved in cell prolifer-
ation and carcinogenesis (11). ATF1 is a transcription factor
of the CREB family (15), and tumors highly express the ATF1
protein. Expression of ATF1 is up-regulated in lymphomas
(22) and melanomas (23) and contributes to the growth of
these cancers. Constitutive activation of ATF1 mediates
EWS-ATF1, transforming the phenotype’s unique features of
clear cell carcinoma (24, 37). In this study, we found that
ATF1 is a novel substrate of RSK2 (Fig. 1) and that RSK2
phosphorylated ATF1 at Ser-63, which is a key amino acid for
regulation of ATF1 transcriptional and transactivation activi-
ties (Figs. 1D and 3). We found that knockdown of RSK2 in-
hibited RSK2-mediated ATF1 cell transformation (Fig. 6B)
and that eriodictyol-mediated proliferation was suppressed in
RSK2�/� MEFs but not in RSK2�/� MEFs (Fig. 5B), indicat-
ing that RSK2-ATF1 signaling plays an important role in cell
proliferation and transformation.
Recently, we found that kaempferol binds and inhibits

RSK2 N-terminal kinase activity by occupying the ATP-bind-
ing pocket (28). Eriodictyol is a natural chemical compound
found in many plants, and its structure is very similar to that
of kaempferol (supplemental Fig. 1). We found that eriodic-
tyol also strongly bound with the N-terminal kinase domain
of RSK2 (Fig. 2B). Furthermore, ATF1 is involved in skin can-
cer and melanoma development (23), suggesting that RSK2-
ATF1 signaling is involved in skin carcinogenesis. We demon-
strated that RSK2 regulated ATF1 activity (Fig. 3B) and that
eriodictyol inhibited EGF-induced cell transformation in soft
agar (Fig. 5C). These results paralleled the knockdown effect
of RSK2 in cell transformation induced by constitutively ac-
tive RasG12V (Fig. 6B). Furthermore, RasG12V/RSK2/ATF1-
mediated focus formation was inhibited by eriodictyol (Fig.
6B), indicating that eriodictyol is a potential chemopreventive
agent that can modulate RSK2 kinase activity by binding to
the RSK2 N-terminal kinase domain.
Activation of CREB family members is induced by various

stimuli, including growth factors, stress signals, neurotrans-
mitters, and other agents (15). The transactivation domain of
ATF1 consists of a kinase-inducible domain and a glutamine-
rich constitutive activation domain (Q2). Because ATF1 phos-
phorylation promotes recruitment of CREB-binding protein/
p300, a core protein in the transcriptional machinery, leading
to enhancement of transactivation and transcriptional activity
(21), our finding that RSK2 phosphorylates ATF1 at Ser-63 in
the kinase-inducible domain is important. Furthermore,
ATF1 can be phosphorylated at Ser-63 by PKA (16) and cal-
modulin-dependent protein kinase I/II (16, 38). In response to
EGF or 12-O-tetradecanoylphorbol-13-acetate stimulation,
ATF1 can also be phosphorylated by MSK1/2 (18, 39, 40), but
in MSK1/MSK2 double knock-out embryonic fibroblasts, mi-

togen-induced phosphorylation of ATF1 at Ser-63 is reduced
but not totally abolished (40), suggesting phosphorylation by
additional kinases. We found that ectopic expression of ATF1
in JB6 Cl41 cells stimulated EGF-induced transformation and
ATF1 activation (Figs. 3C and 6A) and that knockdown of
ATF1 inhibited cell transformation (Fig. 6A). We also found
that ectopic expression of RasG12V/RSK2 enhanced focus for-
mation (Fig. 6B) and that knockdown of ATF1 in RasG12V/
RSK2-overexpressing cells suppressed focus formation (Fig.
6B). Furthermore, eriodictyol treatment showed an effect that
was similar to knockdown of RSK2 and ATF1 in focus forma-
tion (Fig. 6B). Importantly, rescue of RSK2 in RSK2�/� MEFs
recovered ATF1 phosphorylation at Ser-63 and ATF1 trans-
activation activity (Fig. 3B), indicating that the RSK2-ATF1
signaling pathway plays an important role in cell transforma-
tion and that eriodictyol is a potential natural chemopreven-
tive compound for targeting RSK2.
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