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Activated by the RAS-MAPK signaling pathway, MSK1 is
recruited to immediate-early gene (IEG) regulatory regions,
where it phosphorylates histone H3 at Ser-10 or Ser-28. Chro-
matin remodelers and modifiers are then recruited by 14-3-3
proteins, readers of phosphoserine marks, leading to the occu-
pancy of IEG promoters by the initiation-engaged form of
RNA polymerase II and the onset of transcription. In this
study, we show that this mechanism of IEG induction, initially
elucidated in parental 10T1/2 murine fibroblast cells, applies
to metastaticHras1-transformed Ciras-3 cells. As the RAS-
MAPK pathway is constitutively activated in Ciras-3 cells,
MSK1 activity and phosphorylated H3 steady-state levels are
elevated. We found that steady-state levels of the IEG products
AP-1 and COX-2 were also elevated in Ciras-3 cells. When
MSK1 activity was inhibited or MSK1 expression was knocked
down in Ciras-3 cells, the induction of IEG expression and the
steady-state levels of COX-2, FRA-1, and JUN were greatly re-
duced. Furthermore, MSK1 knockdown Ciras-3 cells lost their
malignant phenotype, as reflected by the absence of anchor-
age-independent growth.

MSK1 (mitogen- and stress-activated protein kinase 1) is
activated by the RAS-MAPK (RAS-RAF-MEK-ERK) and p38
MAPK pathways and mediates the primary response by con-
necting mitogenic and stress extracellular stimuli with imme-
diate-early gene (IEG)4 expression (1, 2). IEGs are identified
by their rapid and transient transcriptional induction, requir-
ing no new protein synthesis. MSK1 substrates include his-
tone H3, the nucleosome-binding protein HMGN1, and tran-
scription factors such as the p65 subunit of NF-�B, ATF1
(activating transcription factor 1), ER81, and CREB (cAMP-

responsive element-binding protein) (3). Stimulation of
mouse fibroblasts with phorbol esters such as the tumor pro-
moter 12-O-tetradecanoylphorbol-13-acetate (TPA) and EGF
results in the phosphorylation of H3 at Ser-10 and Ser-28 and
of HMGN1 at Ser-6, events termed the “nucleosomal re-
sponse” (2). In a recent study (4), we showed that MSK1 is a
component of a multiprotein complex including BRG1, the
ATPase subunit of the SWI/SNF remodeler, and phospho-
serine adaptor 14-3-3 proteins. This complex is recruited to
the upstream promoter elements of target genes by transcrip-
tion factors, resulting in MSK1-mediated H3 phosphorylation
at Ser-10 or Ser-28. We proposed a model in which 14-3-3
proteins bind to H3 phosphorylated at Ser-10 (H3S10ph) or
Ser-28 (H3S28ph) and, acting as scaffolds, stabilize the SWI/
SNF complex at the IEG upstream promoter elements, possi-
bly increasing the residence time of the chromatin remodelers
and transcription factors. The recruited SWI/SNF remodels
nucleosomes around the promoter, enabling the binding of
transcription factors and the onset of transcription (4).
The RAS-MAPK pathway is abnormally active in �30% of

human cancers (e.g. colon, pancreatic, thyroid, lung, and ag-
gressive breast cancers) (5–7). Hence, we aimed to elucidate
the physiological role of MSK1 and to explore the relevance of
MSK1 activity to the malignant potential of cells with an over-
active RAS-MAPK signaling pathway. As a model system, we
used Ciras-3, an Hras1-transformed 10T1/2 mouse fibroblast
cell line that is tumorigenic and metastatic and has a constitu-
tively activated RAS-MAPK pathway (8). Ciras-3 cells also
exhibit a less condensed chromatin structure and a higher
incidence of chromosomal instability than the non-tumori-
genic parental 10T1/2 cells (9). It was demonstrated that
Ciras-3 cells have elevated levels of phosphorylated ERK1/2
(the hallmark of an activated RAS-MAPK pathway), increased
MSK1 activity (but not MSK1 protein), and elevated steady-
state levels of H3S10ph, H3S28ph, and HMGN1S6ph com-
pared with the parental 10T1/2 cell line (9, 10). The histone
H3 phosphatase PP1 activity is similar in both cell lines. As is
the case for parental 10T1/2 cells, TPA stimulation of serum-
starved Ciras-3 cells results in the phosphorylation of H3
Ser-10 or Ser-28 and HMGN1 Ser-6, as well as IEG induction
(9, 11). However, it is unknown whether the mechanism by
which MSK1-induced chromatin remodeling of IEG regula-
tory regions is altered in Ciras-3 cells as a consequence of a
deregulated RAS-MAPK pathway.
In this study, we provide evidence that the mechanism of

MSK1-induced chromatin remodeling at IEG regulatory ele-
ments in Ciras-3 cells is similar to that in parental 10T1/2
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cells. Furthermore, we demonstrate that the increased activity
of MSK1 in Hras1-transformed cells results in higher steady-
state levels of IEG products than in parental cells and confers
to the cells their malignant properties.

EXPERIMENTAL PROCEDURES

Cell Culture—Ciras-3 mouse fibroblast cells were grown at
37 °C in a humidified atmosphere containing 5% CO2 in
�-minimal essential medium (�-MEM) supplemented with
10% (v/v) FBS, 100 units/ml penicillin G, 100 �g/ml strepto-
mycin sulfate, and 250 ng/ml amphotericin B. To specifically
induce the RAS-MAPK signaling pathway, Ciras-3 cells were
grown to 90–100% confluence and serum-starved for 72 h in
�-MEM supplemented with 0.5% FBS. Cells were treated with
100 nM TPA (Sigma) from 30–240 min for protein level anal-
yses and for 15 and 30 min for gene expression and chromatin
immunoprecipitation experiments. Pretreatment with 10 �M

H-89 (EMD Chemicals, Gibbstown, NJ) for 30 min prior to
TPA treatment was included when necessary.
Soft Agar Colony Assay—Anchorage-independent growth

of cells was assayed by estimating cell growth on soft agar (8).
1 � 104 cells were seeded into 1.5 ml of 10% FBS/�-MEM
containing 0.35% agarose in triplicate. For chemical MSK
blockage, 10 �M H-89 was added to the medium. The cell sus-
pension in semisolid medium was placed directly onto a layer
of solid base 0.5% agarose-containing 10% FBS/�-MEM in a
6-well plate. The plates were allowed to set, and 1 ml of 10%
FBS/�-MEM and penicillin G (100 units/ml), streptomycin
sulfate (100 �g/ml), amphotericin B (250 ng/ml), and 10 �M

H-89 when required were added and exchanged every 24 h.
The plates were incubated at 37 °C in a 5% CO2 incubator for
14 or 21 days prior to scoring and documentation. After incu-
bation, the colonies were stained with 0.5 ml of 0.005% crystal
violet for at least 1 h for visualization and imaged using Olym-
pus SZX12 dissecting microscope 8� SPOT advanced camera
version 4.0.9 software. Colonies were scored using Bio-Rad
VersaDoc Model 1000 Quantity One Version 4.6.0 software.
Cell Proliferation Assay—Ciras-3 monolayer cell growth on

plastic was evaluated using the CellTiter 96� AQueous One
Solution cell proliferation assay (Promega, Madison, WI), a
colorimetric method for determining the number of viable
cells. Cells were counted using a hemocytometer with trypan
blue exclusion. 1 � 103 cells were seeded in triplicate, using
96-well plates, in 100 �l of medium. Cells, placed at 37 °C in a
humidified atmosphere containing 5% CO2, were allowed to
adhere for 4 h and incubated for up to 96 h. At 4 h and every
24 h thereafter, 20 �l/well CellTiter 96� AQueous One Solu-
tion was added. The MTS tetrazolium compound (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium, inner salt) in the reagent is
bioreduced by cells into a colored formazan product. Follow-
ing addition of the reagent, the plate was incubated for 2 h at
37 °C in 5% CO2, and absorbance was measured at 490 nm in
a 96-well plate reader. To correct for background absorbance
of the medium, wells containing medium alone at each time
point were incubated with the solution reagent alongside
the cells. The measured values of the time points in each sam-

ple were corrected by subtracting the absorbance in medium
alone and plotted.
Generation and Maintenance of MSK1 Stable Knockdown

Mouse Fibroblasts—Empty GIPZ lentiviral vector and the
GIPZ lentiviral shRNAmir clones for mouse MSK1 (clone
V2LMM_54318 SENSE 2240 (mm1), clone V2LMM_46372
SENSE 1059 (mm2), and clone V2LMM_57259 SENSE 523
(mm3); Open Biosystems, Huntsville, AL) were obtained from
the Biomedical Functionality Resource at the University of
Manitoba. MSK1 stable knockdown Ciras-3 cell lines were
obtained as described previously (4).
ChIP and Sequential ChIP (Re-ChIP) Assays—ChIP and

re-CHIP assays were performed as described (4).
Preparation of Total Cell Protein Extracts—Cells were har-

vested and lysed in 400 �l of ice-cold Nonidet P-40 buffer
(150 mM NaCl, 50 mM Tris-HCl (pH 8.0), 0.5% Nonidet P-40,
1 mM phenylmethylsulfonyl fluoride, 1 mM sodium or-
thovanadate, 1 mM NaF, 1.0 �g/ml leupeptin, 1.0 �g/ml apro-
tinin, and 25 mM �-glycerophosphate) and centrifuged at
11,950 � g for 10 min at 4 °C. The protein concentration of
the supernatant was measured using Coomassie Plus (Brad-
ford) assay reagent (Thermo Scientific, Rockford, IL). Total
cell protein extracts (20 �g) were resolved by 10% SDS-PAGE
and transferred to nitrocellulose membrane. Immunochemi-
cal staining with anti-JUN (sc-1694, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), anti-FRA-1 (sc-183, Santa Cruz Bio-
technology), anti-COX-2 (AB5118, Millipore, Billerica, MA),
anti-�-actin (A5441, Sigma), anti-ERK1 (sc-93-G, Santa Cruz
Biotechnology), and anti-phospho-p44/42 MAPK (ERK1/2)
Thr-202/Tyr-204 (4370L, Cell Signaling Technology, Inc.,
Danvers, MA) antibodies was performed at dilutions of
1:2000, 1:2000, 1:3000, 1:5000, 1:500, and 1:1000, respectively.
Enhanced chemiluminescence kits were purchased from
PerkinElmer Life Sciences.
RNA Isolation and Real-time RT-PCR Analysis—RNA isola-

tion and real-time RT-PCR analysis were done as described
previously (4).

RESULTS

Hras1-transformed Cells Have Increased Steady-state levels
of COX-2, FRA-1, and JUN Proteins Compared with Parental
Cells—We have previously reported that, in cell cycle-
matched 10T1/2 and Ciras-3 cells, the levels of phosphory-
lated ERK1/2 isoforms, MSK1 activity, and levels of phosphor-
ylated histone H3 and HMGN1 were elevated in Ciras-3 cells
compared with 10T1/2 cells (9–11). It was proposed that
these circumstances may contribute to the aberrant gene ex-
pression observed in the oncogene-transformed cells (11).
Thus, we analyzed the steady-state levels of some IEG-en-
coded proteins, specifically FRA-1 (FOS-related antigen 1
encoded by Fosl1, the FOS-like antigen 1 gene) and JUN,
which are components of the activator protein AP-1, a ho-
modimer or heterodimer consisting of proteins of the JUN,
FOS, and ATF families, and COX-2 (cyclooxygenase-2). In
comparing the steady-state levels of these three proteins, we
studied parental 10T1/2 and Ciras-3 cells with equal propor-
tions of cells in each phase of the cell cycle (Fig. 1a). 10T1/2
and Ciras-3 cell extracts were resolved by SDS-PAGE and
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transferred to nitrocellulose for immunoblot analysis. Fig. 1b
shows that IEG product levels were higher in Ciras-3 cells
than in 10T1/2 cells: six times higher for COX-2, four times
for FRA-1, and eight times for JUN. The levels of the �-actin
control were equivalent in both cell lines. Thus, elevated ERK1/2
andMSK1 activities in cycling Ciras-3 cells are correlated with
elevated steady-state levels of IEG-encoded proteins.
TPA Stimulation of Hras1-transformed Cells Promotes

MSK1-mediated Histone H3 Phosphorylation, Followed by
Recruitment of 14-3-3 Proteins and Chromatin Remodelers/
Modifiers to IEG Regulatory Regions—We previously reported
that MSK1 activity was required for the establishment of the
chromatin environment observed at IEG regulatory regions
upon TPA stimulation of 10T1/2 parental cells (4). However,
it is possible that the chain of events initiated by MSK1 could
be altered in a background of chromatin decondensation and
increased levels of AP-1 transcription factors. First, we ana-
lyzed the effects of TPA stimulation following serum starva-
tion on the RAS-MAPK pathway in Ciras-3 cells by examin-
ing the levels of phosphorylated ERK1/2. Fig. 2a shows that
phosphorylated ERK1/2 levels were very low in serum-starved
10T1/2 and Ciras-3 cells, with Ciras-3 cells having slightly
higher levels of phosphorylated ERK1/2 compared with
10T1/2 cells. When TPA was added, ERK1/2 became phos-
phorylated to comparable levels in both cell lines, with the
phosphorylation plateau being reached within 15 min of TPA
induction (Fig. 2a). To identify the onset of transcription of
the Fosl1, Jun, and Cox-2 genes upon TPA induction, we de-
termined the state of occupancy at their promoter region of
the initiation-engaged form of RNA polymerase II (RNAPII)
phosphorylated at Ser-5 (RNAPIIS5ph) by ChIP assays on
serum-starved 10T1/2 and Ciras-3 cells treated with TPA for
0, 15, or 30 min. Fig. 2b shows that the presence of RNAPIIS5ph
at the promoter region of each of the three genes increased simi-
larly in both cell lines upon TPA stimulation.
To compare the mechanism of TPA induction in Ciras-3

cells with that in 10T1/2 cells, we then performed a series of
ChIP assays on serum-starved Ciras-3 cells treated with TPA
for 0, 15, or 30 min. The genomic structure and regulatory
sites of the murine Fosl1, Jun, and Cox-2 genes and the re-
gions chosen for analysis are displayed in Fig. 3a (Fosl1) and
supplemental Figs. 1a (Jun) and 2a (Cox-2). The distribution

of MSK1, H3S10ph, and H3S28ph along the regulatory and
coding regions of these genes was determined using high res-
olution ChIP assays in which nuclei isolated from formalde-
hyde-treated cells were digested with micrococcal nuclease
such that the chromatin was processed down to mononucleo-
somes. Upon TPA induction, MSK1 associated with the three
regulatory regions of the Fosl1 gene, the 5�-distal region
(�1113) containing a putative binding site for C/EBP�
(CCAAT/enhancer-binding protein �), the 5�-proximal re-
gion (�187) with multiple responsive elements, and the en-
hancer region (�989) located in intron 1 with an AP-1 site
(12). There was no TPA-induced association of MSK1 with
the Fosl1 coding region (�2249 and �7676) (Fig. 3, a and b).
MSK1 also associated with both upstream regions of the Jun
gene, the 5�-distal region (�711) containing a putative bind-
ing site for the ELK-1 transcription factor and the 5�-proximal
region (�146) with binding sites for several transcription fac-
tors, including JUN (supplemental Fig. 1, a and b), and with
the 5�-distal (�493) and 5�-proximal (�111) upstream re-
gions of the Cox-2 gene (supplemental Fig. 2, a and b), but not
with the coding region of either gene (supplemental Fig. 1, a
and b, and Fig. 2, a and b). The distribution of H3S10ph and
H3S28ph mirrored that of MSK1 along all three genes (Fig. 3b
and supplemental Figs. 1b and 2b). TPA-induced occupancy
of all three gene regulatory regions by 14-3-3� and 14-3-3�
was observed in Ciras-3 cells (Fig. 3c and supplemental Figs.
1c and 2c), indicating that the phospho-marks were “read” by
14-3-3 proteins, as in parental 10T1/2 cells (4). Likewise, the
H3 K acetyltransferase PCAF (p300/CBP-associated factor)

FIGURE 1. Protein levels of COX-2, FRA-1, and JUN in parental and
Hras1-transformed mouse fibroblasts. a, the cell cycle distribution of
10T1/2 and Ciras-3 cells was determined by FACS analysis. b, 20 �g of cell
cycle-matched 10T1/2 and Ciras-3 cell lysates were resolved by 10% SDS-
PAGE. Membranes were immunochemically stained with anti-COX-2, anti-
FRA-1, anti-JUN, and anti-�-actin antibodies.

FIGURE 2. TPA-induced ERK1/2 phosphorylation and transcription initi-
ation of Fosl1, Jun, and Cox-2 genes in parental and Hras1-transformed
mouse fibroblasts. Serum-starved 10T1/2 and Ciras-3 cells were treated
with TPA for 0, 15, or 30 min. a, cell lysates were resolved by 10% SDS-PAGE.
Membranes were immunochemically stained with anti-ERK1 or anti-phos-
phorylated ERK1/2 antibody. b, ChIP experiments were performed using
antibodies against RNAPIIS5ph on formaldehyde-cross-linked mononucleo-
somes. Equal amounts of input and immunoprecipitated DNA were quanti-
fied by real-time quantitative PCR. Enrichment values are the mean of three
independent experiments, and error bars represent S.D.

MSK1 and Malignant Phenotype

44 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 1 • JANUARY 7, 2011

http://www.jbc.org/cgi/content/full/M110.156687/DC1
http://www.jbc.org/cgi/content/full/M110.156687/DC1
http://www.jbc.org/cgi/content/full/M110.156687/DC1
http://www.jbc.org/cgi/content/full/M110.156687/DC1
http://www.jbc.org/cgi/content/full/M110.156687/DC1
http://www.jbc.org/cgi/content/full/M110.156687/DC1
http://www.jbc.org/cgi/content/full/M110.156687/DC1
http://www.jbc.org/cgi/content/full/M110.156687/DC1


and BRG1, the ATPase subunit of the chromatin remodeler
SWI/SNF, were recruited to the three gene regulatory regions
upon TPA stimulation of Ciras-3 cells (Fig. 3c and supple-
mental Figs. 1c and 2c). On the other hand, no TPA-induced
increase in the association of 14-3-3�, 14-3-3�, BRG1, or
PCAF with the Fosl1 coding region (�2249) was observed
(Fig. 3c). To determine whether simultaneous recruitment of
MSK1, 14-3-3 proteins, and remodeler occurred at the pro-
moter region of IEGs, re-ChIP assays were performed. Form-
aldehyde-cross-linked mononucleosomes from serum-starved
Ciras-3 cells treated or not for 30 min with TPA were sub-
jected to sequential ChIPs with one antibody and again pre-
cipitated using another antibody. Fig. 4 shows that all re-ChIP
assays resulted in a marked increase in DNA precipitation of
the proximal regulatory region from the Fosl1 gene (�187)
when cells were treated with TPA. These data demonstrate
that, upon TPA stimulation, MSK1 and H3S10ph, MSK1 and
BRG1, MSK1 or H3S10ph and 14-3-3�, and 14-3-3� and
BRG1 were found together on the same proximal regulatory
region of the Fosl1 gene. These results show that the mecha-
nism of MSK1-induced remodeling of IEG upstream pro-
moter elements was not altered in Hras1-transformed cells
relative to parental 10T1/2 cells.

TPA-induced IEG Transcription Initiation in Hras1-trans-
formed Cells Is Abolished by MSK Inhibitor H-89—We previ-
ously reported that the MSK inhibitor H-89 prevented the
TPA-induced transcription initiation of the IEGs Jun, Cox-2,

FIGURE 3. TPA-induced nucleosomal response and recruitment of 14-3-3 and chromatin modifiers/remodelers to the Fosl1 regulatory regions in
Hras1-transformed mouse fibroblasts. a, schematic representation of the Fosl1 gene showing regions amplified in the ChIP assays. Each region is labeled
according to the 5�-position of the forward primer relative to the transcription start site. Exons are represented by boxes, and binding sites of relevant tran-
scription factors located in the amplified regions are displayed. EBS, Ets-binding site; GC, GC box, which is a binding site for the Sp family transcription fac-
tors; TRE, TPA-responsive element; SRE, serum-responsive element. The asterisk indicates a putative binding site. ChIP experiments were performed using
antibodies against MSK1, H3S10ph, and H3S28ph (b) and 14-3-3�/�, PCAF, and BRG1 (c) on formaldehyde-cross-linked mononucleosomes prepared from
serum-starved Ciras-3 cells treated with TPA for 0, 15, and 30 min. Equal amounts of input and immunoprecipitated DNA were quantified by real-time quan-
titative PCR. Enrichment values are the mean of three independent experiments, and error bars represent S.D.

FIGURE 4. TPA-induced co-occupancy of MSK1, 14-3-3 proteins, and
chromatin remodeler in the Fosl1 upstream promoter region. Re-ChIP
experiments were performed on formaldehyde-cross-linked mononucleo-
somes prepared from serum-starved Ciras-3 cells treated with TPA for 0 or
30 min. The antibodies used are indicated. Equal amounts of input and im-
munoprecipitated DNA were quantified by real-time quantitative PCR.
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and Fosl1 (4). To investigate whether TPA induction of IEGs
in Hras1-transformed cells is dependent on MSK1 activation,
we quantified Fosl1, Jun, and Cox-2mRNA levels at 0, 15, and
30 min of TPA induction of Ciras-3 cells pretreated or not

with 10 �M H-89. Fig. 5a shows that Fosl1 transcription was
not induced when serum-starved Ciras-3 cells were exposed
to H-89 prior to TPA treatment. Conversely, the GAPDH
expression levels were not affected by H-89 pretreatment. The
TPA-induced transcription of Jun and Cox-2 was also abol-
ished by H-89 pretreatment (data not shown). To test
whether inhibition of MSK activity prevents the TPA-induced
formation of a transcription initiation complex at the 5�-end
of IEGs, we performed high resolution ChIP assays with anti-
bodies raised against RNAPIIS5ph. We found that, upon TPA
stimulation of H-89-pretreated Ciras-3 cells, RNAPIIS5ph
was not associated with the promoter region of Fosl1 (Fig. 5b)
or Jun or Cox-2 (data not shown). These results suggest that
MSK activity is required for the formation of an initiation
complex at IEG 5�-regulatory regions in Hras1-transformed
cells.
TPA-induced MSK1 Recruitment, Histone H3 Phosphoryla-

tion, and Recruitment of 14-3-3 Proteins and Chromatin Re-
modelers/Modifiers to IEG Regulatory Regions Are Abolished
by MSK Inhibitor H-89 in Hras1-transformed Cells—To de-
termine whether the absence of TPA-induced IEG transcrip-
tion initiation in H-89-pretreated Ciras-3 cells is a conse-
quence of a lack of chromatin modification and remodeling at
IEG regulatory regions, we performed the ChIP experiments
on H-89-pretreated cells. Fig. 6 shows that H-89 treatment
prevented MSK1 recruitment to the three regulatory regions
of Fosl1. Consequently, phosphorylation of histone H3 Ser-10
and Ser-28 in response to TPA treatment did not occur. In
agreement with the proposed model (4), impairing the setting
of the phospho-marks thwarted the recruitment of the phos-
phohistone H3 effectors 14-3-3� and 14-3-3�, the chromatin
modifier PCAF, and the component BRG1 of the chromatin
remodeler complex. H-89 pretreatment of TPA-stimulated
Ciras-3 cells similarly blocked this series of events at the regu-

FIGURE 5. TPA induction of Fosl1 in Hras1-transformed cells. a, serum-
starved Ciras-3 cells were pretreated or not with H-89 prior to TPA stimula-
tion for 0, 15, or 30 min. Total RNA was isolated and quantified by real-time
RT-PCR. -Fold changes were normalized to GAPDH levels and time 0 values.
b, Ciras-3 formaldehyde-cross-linked mononucleosomes were prepared and
used in ChIP assays with anti-RNAPIIS5ph antibodies. Equal amounts of in-
put and immunoprecipitated DNA were quantified by real-time quantita-
tive PCR. The enrichment values of the upstream promoter region of the
Fosl1 gene (�187) are the mean of three independent experiments, and
error bars represent S.D.

FIGURE 6. H-89 inhibition of TPA-induced nucleosomal response and chromatin remodeler/modifier recruitment to Fosl1 regulatory regions in
Hras1-transformed mouse fibroblasts. Serum-starved Ciras-3 cells were pretreated or not with H-89 prior to TPA stimulation for 0, 15, or 30 min. Formal-
dehyde-cross-linked mononucleosomes were prepared and used in ChIP assays with antibodies as indicated. Equal amounts of input and immunoprecipi-
tated DNA were quantified by real-time quantitative PCR. Enrichment values are the mean of three independent experiments, and error bars represent S.D.
H3ac, acetylated histone H3.
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latory regions of the Jun and Cox-2 genes (supplemental Figs.
3 and 4).
MSK1 Activity Is Crucial to Malignant Phenotype of Hras1-

transformed Cells—Ciras-3 cells, but not 10T1/2 cells, readily
form colonies in soft agar, exhibiting an anchorage-indepen-
dent growth that is distinctive of neoplastic transformation (8,
9). To ascertain whether MSK activity is important to their
metastatic potential, Ciras-3 cells were seeded in soft agar and
left untreated or treated with 10 �M H-89 for 3 weeks, after
which the number of colonies was evaluated. Fig. 7a shows
that the MSK inhibitor H-89 interfered with the ability of
Ciras-3 cells to form colonies in soft agar. To ensure that the
lack of growth in soft agar was not a consequence of some
other effect of H-89 on cell proliferation, we used a lentiviral
vector system stably expressing shRNA to generate MSK1
stable knockdown Ciras-3 cell lines. Ciras-3 cells were trans-
fected with three different shRNA vectors (mm1, mm2, and
mm3) targeted to different regions of the MSK1 coding se-
quence. These multiple targeting vectors were used to control
for off-target effects (13). Controls consisted of mock-trans-
fected and empty vector pGIPZ-transfected cell lines. Immu-
noblot analysis demonstrated that MSK1 levels in Ciras-3
cells stably expressing the MSK1 knockdown-targeting vector
mm1, mm2, or mm3 were reduced by 60, 24, or 63%, respec-

tively, relative to Ciras-3 cells expressing the pGIPZ control
vector (Fig. 7b). When tested for their anchorage-indepen-
dent growth capabilities in a soft agar assay, Ciras-3 cells ex-
pressing the MSK1 knockdown-targeting vector mm1, mm2,
or mm3 produced colonies whose numbers represented 34,
83, and 16%, respectively, of the number counted for the
empty vector pGIPZ-transfected cell control (Fig. 7, c and d).
These numbers show that MSK1 knockdown is associated
with the loss of anchorage-independent growth in soft agar.
In particular, both the mm1 and mm3 vectors, which resulted
in at least a 60% reduction in MSK1 protein levels, led to a
statistically significant difference in the cell ability for anchor-
age-independent growth compared with the pGIPZ empty
vector (Fig. 7d). In contrast to the anchorage-independent
growth, the monolayer cell growth on plastic of the cell line
expressing the mm3 vector was not impacted to a significant
extent by the MSK1 knockdown (Fig. 7e). These data demon-
strate that the malignant potential of the Ciras-3 cell line, rep-
resented by the anchorage-independent cell growth capabil-
ity, is dependent on MSK1 activity.
Levels of MSK1 Activity Regulate Steady-state Levels of IEG

Products in Hras1-transformed Fibroblast Cells—To deter-
mine whether the heightened activity of MSK1 is responsible
for AP-1 and COX-2 protein levels, we compared the TPA

FIGURE 7. MSK1 activity is required for anchorage-independent growth of Ras-transformed mouse fibroblasts. a, Ciras-3 cells were grown in soft agar
with or without H-89. b, 20 �g of MSK1 knockdown or control cell lysates were resolved by 10% SDS-PAGE and immunoblotted with anti-MSK1 and anti-�-
actin antibodies. c and d, equal numbers of Ciras-3 cells stably expressing the MSK1 knockdown-targeting vector mm1, mm2, or mm3 or the pGIPZ control
and mock-transfected cells were grown in soft agar. The numbers of colonies were counted after 14 days and plotted for each cell line. Images of plates are
shown for the Ciras-3 cells stably expressing the MSK1 knockdown-targeting vector mm3 and pGIPZ. Data are representative of three individual experi-
ments. *, statistically significant difference as determined by a Student’s t test comparison of mm1 and mm3 with the pGIPZ control (p � 0.01). e, Ciras-3
cells stably expressing the MSK1 knockdown-targeting vector mm3 or the pGIPZ control and mock-treated cells were seeded in triplicate in a 96-well plate
and evaluated for cell proliferation using CellTiter 96� Aqueous One Solution reagent. The absorbance readings were measured at 490 nm, and measured
values were plotted as described under “Experimental Procedures.” Data are representative of three individual experiments.
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induction of Fosl1, Jun, and Cox-2 in Ciras-3 cells expressing
the MSK1 knockdown-targeting vector mm3 or the pGIPZ
empty vector. Fig. 8a shows that, in serum-starved Ciras-3
cells expressing mm3, the TPA induction of the Fosl1 gene
was reduced by 67% relatively to the control cells. Similar re-
sults were obtained with Jun and Cox-2, with their expression
being reduced by 58 and 64%, respectively, in MSK1 knock-
down cells compared with control cells (data not shown). We
showed in Fig. 1 that IEG protein steady-state levels were
higher in Ciras-3 cells than in parental 10T1/2 cells, mirroring
the increased MSK1 activity. Hence, we compared IEG pro-
tein steady-state levels in Ciras-3 cells expressing the MSK1
knockdown-targeting vector mm3 or the pGIPZ empty vec-
tor. In knockdown cells with MSK1 steady-state levels re-
duced by 91% relative to control cells, the steady-state levels
of COX-2, FRA-1, and JUN, normalized to �-actin levels,
were reduced by 34, 45, and 49%, respectively (Fig. 8b). Thus,
the increased MSK1 activity in Hras1-transformed mouse
fibroblast cells is critically important to maintaining the
steady-state levels of IEG-encoded products.

DISCUSSION

The MSK1-mediated nucleosomal response plays a critical
role in several physiological processes, including inflamma-
tion, neuronal plasticity, and function such as memory forma-
tion, learning, and responses to external stimuli (e.g. fear or
drug exposure) (3, 14). It is involved in cell cycle regulation
and is required for tumor promoter-induced cell transforma-
tion (15). MSK1 deregulation may be involved in mechanisms
underlying diseases such as Huntington or psoriasis (16, 17).
Furthermore, �30% of human cancers have an overactive
RAS-MAPK pathway and presumably elevated MSK1 activity
(5–7).
Serum-starved 10T1/2 and Ciras-3 cells have low levels of

phosphorylated ERK1/2. Upon TPA stimulation, phosphory-
lated ERK1 and ERK2 increase to comparable levels in both
cell lines, leading to the MSK1-mediated nucleosomal re-
sponse targeting IEG regulatory regions, the binding of the

14-3-3 phosphoserine mark readers, the recruitment of chro-
matin remodelers and modifiers, and the initiation of tran-
scription. Thus, MSK1 sets off identical mechanistic processes
in both parental 10T1/2 and tumorigenic Ciras-3 cells, even
though cellular backgrounds differ, with Ciras-3 cells having a
more open chromatin structure and elevated AP-1 transcrip-
tion factor levels.
However, the RAS-MAPK pathway is constitutively acti-

vated in Ciras-3 cells, and the steady-state levels of phosphor-
ylated ERK1/2 are elevated, generating increased MSK1 activ-
ity and elevated steady-state levels of FRA-1, JUN, and
COX-2. This may result in a permanently altered gene expres-
sion program that will facilitate the progress of transformed
cells toward the next stage of tumor formation or metastasis.
AP-1 regulates the expression of genes involved in prolifera-
tion, apoptosis, transformation, and cancer cell invasion (18,
19). Specifically, JUN and FRA-1 play a pivotal role in the
RAS-induced transformation process (20, 21). In addition,
amplification or overexpression of genes coding for JUN and
FRA-1 induces transformation in vivo (18, 22–24). COX-2
synthesizes prostaglandin E2, a stimulator of the apoptosis
inhibitor BCL-2, and is highly expressed in several human
malignancies, including colorectal, gastric, prostate, breast,
lung, and endometrial cancers (25, 26). The regulation of each
of these three genes, Jun, Fosl1, and Cox-2, is orchestrated by
numerous transcription factors, which themselves must be
activated. Moreover, transcriptional autoregulation and post-
transcriptional stabilization are also involved. Nonetheless, we
have shown that MSK1 activity is critical in maintaining high
levels of JUN, FRA-1, and COX-2 and in sustaining their abil-
ity to drive the cancer process. Chemical or genetic interfer-
ence with MSK1 activity causes decreased steady-state levels
of FRA-1, JUN, and COX-2 and the loss of Ciras-3 cell meta-
static properties. Our studies provide mechanistic under-
standing to previous data showing the importance of MSK1
and the nucleosomal response in the malignant transforma-
tion of mouse epidermal cells and v-Src-transformed rat fi-
broblast cells (15, 27).
Considering that MSK1 is the active link between the sig-

naling cascade and the primary response at the gene expres-
sion level, it is an ideal candidate for cancer chemotherapy
and has immense potential in the treatment of cancers in
which the RAS-MAPK pathway is abnormally active (e.g. co-
lon, pancreatic, and aggressive breast cancers). Because MSK
knock-out mice are viable and fertile (28), inhibition of MSK1
activity would likely not have significant adverse effects on
normal cells, and due to oncogenic addiction of cancer cells, it
might result in differentiation or apoptosis of cancer cells
(29).
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