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The protein kinase CK2 (casein kinase 2) is a ubiquitous
serine/threonine protein kinase that suppresses apopto-
sis. CK2 is composed of catalytic and regulatory subu-
nits, and CK2-dependent phosphorylation is a global
mechanism in the inhibition of caspase signaling path-
ways. The serum response factor (SRF) is an important
regulator of cell growth and differentiation. Although CK2
has been shown to phosphorylate SRF in vitro, the
biological relevance of this interaction remains largely
unclear. We observed increased SRF phosphorylation
and increased Mcl-1 gene expression in hippocampal
CA1 neurons following transfection with a plasmid
expressing the wild-type CK2a (CK2aWT) protein,
whereas transfection with a plasmid expressing a catalyt-
ically inactive mutant of CK2a (CK2a156A) reduced
Mcl-1 gene expression. Cotransfection with a plasmid
expressing the inactive SRF99A mutant inhibited the
CK2aWT-induced upregulation of Mcl-1 gene expression.
The expression of either the CK2a156A or the SRF99A
mutant also inhibited the glutamate-induced upregulation
of Mcl-1 protein expression in PC12 cells. Our results
suggest that CK2-mediated signaling represents a
cellular mechanism that may aid in the development of
alternative therapeutic strategies to attenuate apoptosis
in hippocampal neurons. VC 2013 Wiley Periodicals, Inc.

Key words: protein kinase CK2; serum response factor;
Mcl-1; antiapoptosis

The protein kinase CK2 (casein kinase 2) is a ubiq-
uitous serine/threonine protein kinase composed of a
and/or a0 catalytic subunit and b regulatory subunits,
which associate to form a2b2, a02b2, and aa0b2 hetero-
tetramers (Litchfield, 2003). Catalyzing more than 300
substrates, CK2 is involved in various cellular functions,
including gene transcription and signal transduction
(Meggio and Pinna, 2003). It is a key suppressor of apo-
ptosis, and the inhibition of CK2 activity has been shown
to induce apoptosis in cancer cells (Ahmad et al., 2008;
Hanif et al., 2010). The CK2-dependent phosphorylation
is thought to be a global mechanism for inhibiting caspase
signaling pathways during apoptosis (Duncan et al., 2011),

and CK2 reduces cleavage of the proapoptotic protein
Bid by phosphorylation, thereby diminishing Bid-induced
cell death (Desagher et al., 2001). The ARC protein (an
apoptosis repressor) is also phosphorylated by CK2, which
increases its inhibitory effect on caspase activity (Li et al.,
2002). Moreover, CK2 enhances cell survival through the
phosphorylation of the transcription factor NF-jB and
the subsequent activation of NF-jB-mediated pathways
(Manna et al., 2007; Chao et al., 2011). However,
whether other transcription factors mediate the antiapop-
totic effects of CK2 remains largely unclear.

The serum response factor (SRF) is a transcription
factor that is activated by serum growth factors and intra-
cellular calcium. The SRF mediates the rapid activation of
the immediate early gene c-fos in resting cells (Herdegen
and Leah, 1998). Downstream SRF-mediated signaling
occurs primarily through the mitogen-activated protein
kinase, Ca21/calmodulin-dependent kinase, and Rho/ac-
tin signaling cascades (Kn€oll and Nordheim, 2009) through
SRF binding to the serum response element (SRE) in the
respective promoter regions (Chai and Tarnawski, 2002).
In addition to the role of SRF in the regulation of cell
growth and differentiation, the in vitro effects of SRF
deficiency have been shown to parallel the apoptotic effects
of impaired Bcl-2 and Bcl-xL gene expression in murine
embryonic stem cells (Schratt et al., 2004).

Although the phosphorylation of SRF by CK2 has
been shown to enhance the DNA binding activity of
SRF in vitro (Manak and Prywes, 1991; Marais et al.,
1992), the biological relevance of these interactions
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remains largely unclear. The aim of our study was to
determine whether CK2 mediates the in vivo expression
of the antiapoptotic gene Mcl-1 in the rat hippocampus by
influencing SRF binding of the SRE in the promoter of
Mcl-1 (Vickers et al., 2004).

MATERIALS AND METHODS

Animals

Adult male Wistar rats (250–350 g) were purchased from
BioLASCO (Taipei, Taiwan) and housed individually in a tem-
perature-controlled (22�C 6 2�C) room with 12-hr light/dark
cycles (lights on at 7:30 AM) and food and tap water continu-
ously available. All animal care and experimental procedures
were conducted in accordance with the University Committee
on the Use and Care of Animals at National Cheng Chi Uni-
versity and the Guide for the care and use of laboratory animals as
adopted and promulgated by the National Institutes of Health
(NIH-80-23).

Plasmid Construction and DNA/Polyethyleneimine
Complex Preparation

The HA-tagged CK2a expression plasmid contained the
full-length rat CK2a-coding sequence. The cDNA of CK2a
was amplified by PCR using the forward primer,
50-CGGAATTCTCGGGACCCGTGCCAAGCAG-30, which
incorporated an EcoRI cleavage site (underlined) and removed
the ATG start codon, and the reverse primer, 50-GCTCTAGA
TTACTGCTAGCGCCAGCGG-30, which incorporated an
XbaI cleavage site (underlined) and maintained the TAA stop
codon, as described previously (Chao et al., 2006). The PCR
product was subcloned through the EcoRI and XbaI sites of
the mammalian expression vector pcDNA3. The CK2a156A
expression plasmid was generated by nucleotide base substitu-
tion of the CK2a cDNA template using the QuickChange
Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA). The Flag-tagged SRF99A expression plasmid was
constructed using the pCMV-Tag 2B plasmid (Agilent Tech-
nologies), and was kindly provided by Dr. Eminy H.Y. Lee
(Tyan et al., 2008). Polyethyleneimine (PEI; 25 kDa; Sigma
Aldrich, St. Louis, MO) was used as the transfection agent for
experiment animals. The PEI molecule is a cationic, highly
branched organic polymer that is nontoxic to neurons and has
been used to introduce recombinant DNA into mammalian
brain cells (Abdallah et al., 1996; Chao et al., 2011). Before
injection, the plasmid DNA solutions and the PEI were diluted
to 2.77 lg/ll and 0.1 M, respectively, in 5% glucose. Immedi-
ately before injection, the PEI and DNA solutions were com-
bined at a ratio of 6 and 10 PEI nitrogen per DNA phosphate
for the CK2a and SRF plasmids, respectively. The mixture was
vortexed for 30 sec and equilibrated for 15 min.

Intrahippocampal DNA Transfection

Rats were anesthetized with Zoletil 50 (40 mg/kg) intra-
peritoneally and subjected to stereotactic surgery. The cannulae
were implanted bilaterally into the dorsal hippocampal CA1
areas at the following coordinates: 3.5 mm posterior to the
bregma, 2.5 mm lateral to the midline, and 3.4 mm ventral to

the skull surface. Transfection was performed by injecting 1.5
lg/ll plasmid DNA. For the cotransfection experiments, a
mixture of 0.75 lg of each plasmid was used for injection. The
injection volume was 0.8 ll for each CA1 area, and the injec-
tion rate was 0.4 ll/min. The injection needle was left in place
for 2 min to limit the diffusion of the injected molecules. The
rats were sacrificed 48 hr posttransfection. The brain was
removed, and two 2-mm-thick hippocampal tissue slices were
resected using a brain slicer. The hippocampal tissue containing
the major CA1 area and the transfected area was further
resected using a punch with 1.4-mm inner diameter, as
described previously (Chao et al., 2011), to obtain the hippo-
campal CA1-area tissue samples for the mRNA and Western
blot analyses.

Reverse Transcription and Real-Time Quantitative
PCR

Total RNA was isolated from the CA1 tissue using the
RNAspin Mini kit (GE Healthcare, Waukesha, WI). The
cDNA was generated from 0.5 mg of the total RNA using 0.5
lg of oligo-dT and the MMLV reverse transcriptase (Epicentre
Biotechnologies, Madison, WI). Real-time quantitative PCR
(Q-PCR) analysis was performed using the SYBR Green (Life
Technologies, Carlsbad, CA) method in an Applied Biosystems
7300 Real-Time PCR System (Life Technologies). The for-
ward and reverse primer sequences, 50-CTTATTTCTTTTG
GTGCCTTTGTG-30 and 50-TCGATGCAGCTTTCTTGG
TTT-30, respectively, were used for Mcl-1 mRNA quantifica-
tion. The endogenous gene hypoxanthine phosphoribosyl
transferase (HPRT) was used as an internal control. The
forward and reverse primer sequences used were 50-GCCGAC
CGGTTCTGTCAT-30 and 50-TCATAACCTGGTTCATCA
TCACTAATC-30, respectively. The amounts of Mcl-1 and
HPRT mRNA from each sample were measured simultane-
ously in separate reactions. The PCR thermal conditions were
55�C for 2 min and 95�C for 10 min followed by 40 cycles of
95�C for 15 sec and 60�C for 1 min.

Western Blotting

The hippocampal CA1 tissue was lysed by sonication in a
lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA,
and 1% IGEPAL CA-630RIPA, pH 7.4) with protease inhibi-
tor cocktail set I (Calbiochem, San Diego, CA) and protein
phosphatase inhibitor cocktail set IV (Calbiochem) and clarified
by centrifugation at 14, 000g for 20 min at 4�C. Equal amounts
of lysate samples (15 lg protein) were subjected to 10% SDS-
PAGE and transferred to polyvinylidene fluoride (PVDF)
membranes (EMD Millipore, Billerica, MA). The PVDF mem-
branes were blocked with 2% bovine serum albumin (BSA) in
Tris-buffered saline with 0.05% Tween-20 before incubation
with one of the following primary antibodies: anti-pS103SRF
(1:1,000; Cell Signaling Technology, Danvers, MA), anti-SRF
(1:1,000; EMD Millipore), anti-Mcl-1 (1:1,000; Santa Cruz
Biotechnology, Santa Cruz, CA), anti-CK2a (1:4,000; Abcam,
Cambridge, MA), anti-HA tag (1:500; Roche, Nutley, CA), or
anti-b-actin (1:10,000; EMD Millipore) antibody. A horserad-
ish peroxidase (HRP)-conjugated secondary antibody (Perkin
Elmer, Waltham, MA) was used for all Western blots in our
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study. The protein bands were visualized using a chemilumines-
cent HRP substrate and the XLite Image System (Avegene,
Taipei, Taiwan). The density of each band was quantified in
Image J (http://rsbweb.nih.gov/ij/; National Institutes of
Health).

Immunoprecipitation

For the immunoprecipitation of CK2a and Flag-tagged
proteins, 500 lg of CA1 tissue lysate was incubated with 10 ll
of anti-CK2a antibody (Abcam) or anti-Flag tag antibody
(EMD Millipore) overnight at 4�C, respectively. The immune
complexes were precipitated using protein-G magnetic beads
(EMD Millipore) at 4�C for 2 hr. After being washed twice
with phosphate-buffered saline (PBS), the precipitate was com-
bined with a sample loading buffer before SDS-PAGE and
Western blotting.

Immunohistochemistry

At 48 hr posttransfection, rats were euthanized with an
intraperitoneal injection of pentobarbital (100 mg/kg) and per-
fused with ice-cold PBS, followed by 4% paraformaldehyde.
The brains were removed and postfixed in a solution of 30%
sucrose and 4% paraformaldehyde for 24 hr before freezing.
The frozen brains were cut into 30-mm sections on a cryostat,
and the sections were mounted on gelatin-coated slides. The
brain sections were rinsed with PBS for 10 min and made per-
meable by immersion in a prechilled solution of 95% ethanol
and 5% acetic acid for 10 min, followed by three rinses in PBS
for 10 min. The sections were incubated in a blocking buffer
(3% normal goat serum, 3% BSA, and 0.2% Triton X-100 in
PBS) for 2 hr, followed by three rinses in PBS for 10 min. For
immunofluorescence detection of HA- or Flag-tagged proteins,
tissue sections were incubated with a mouse monoclonal anti-
HA tag IgG antibody (1:100; Roche) or a mouse anti-Flag tag
IgG antibody (1:100; EMD Millipore) in a blocking buffer
overnight at 4�C. The sections were rinsed three times in PBS
before incubation with an anti-mouse FITC-conjugated anti-
body or an anti-mouse Texas red-conjugated antibody (1:100;
Sigma Aldrich) in PBS for 1 hr. The sections were rinsed three
times in PBS before mounting with a mounting medium.

Statistical Analysis

The data for Western blotting, and real-time Q-PCR
were evaluated using a Student’s t-test or one-way analysis of
variance, followed by a post hoc Dunnett’s t-test or Newman-
Keul multiple-comparisons test, the results of which are
expressed as the tD or q value, respectively.

RESULTS

CK2 Enhanced SRF Phosphorylation and Mcl-1
Gene Expression

We first examined the effect of transfection with a
wild-type CK2a (CK2aWT) expression plasmid on the
CK2a protein level in the hippocampal CA1 area. The
Western blotting results showed that the total CK2a pro-
tein level increased in the CA1 tissue transfected with the
CK2aWT expression plasmid (t1,12 5 8.12, P< 0.01 by

Student’s t-test; Fig. 1A). The results from immunohisto-
chemistry using an anti-HA antibody showed immuno-
staining of the HA-tagged CK2aWT protein in the CA1
area (Fig. 1B, upper panel). Immunoprecipitation of the
HA-tagged CK2a protein was also performed with an
anti-CK2a antibody, and Western blot analysis of the
precipitate with an anti-HA antibody confirmed that the
HA-tagged CK2aWT protein was expressed in the hip-
pocampal cells (Fig. 1B, lower panel).

To demonstrate that the phosphorylation of SRF at
Ser99 (identical to Ser103 of human SRF) is mediated by
CK2a, we measured the differences in the levels of Ser99
phosphorylation in the SRF protein in the hippocampal
CA1 area in transfection experiments using the pcDNA3-
HA control plasmid, the CK2aWT expression plasmid,
or a plasmid that expressed the catalytically inactive mu-
tant CK2a156A. The results showed that the expression
of the CK2aWT protein in the hippocampal CA1 area
increased the phosphorylation of SRF at Ser99
(F2,15 5 60.02, P< 0.001; tD 5 5.70, P< 0.01 by
Dunnett’s t-test; Fig. 2A) and that the expression of the
CK2a156A mutant reduced the phosphorylation of SRF
at Ser99 (tD 5 5.25, P< 0.01). To demonstrate that the

Fig. 1. Expression of transfected CK2a protein in the rat hippocampal
CA1 area. A: Western blot analysis of the CK2a protein level at 48
hr following bilateral transfection of the hippocampal CA1 areas using
1.5 lg of the CK2aWT expression plasmid or the pcDNA3-HA
(control) plasmid (n 5 7). The data were quantified, and the mean-
6 SEM of CK2aWT expression is shown relative to that of the con-
trol. **P< 0.01 by Student’s t-test. B: Immunohistochemical staining
of the HA-tagged CK2aWT protein following DNA transfection of
the hippocampal CA1 area (upper panel). An anti-HA-tag primary
(IgG) antibody and an FITC-conjugated anti-IgG secondary antibody
were used for visualization. Circle indicates the punch area (diameter
about 1.4 mm) of the transfection. The HA-tagged CK2aWT protein
was immunoprecipitated from 1 mg CA1 tissue lysate using an anti-
CK2a antibody. The precipitate was separated by SDS-PAGE and an-
alyzed by Western blotting using an anti-HA primary antibody (lower
panel). Scale bar 5 300 lm. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Fig. 2. CK2a phosphorylation of SRF results in increased Mcl-1
mRNA and protein expression. The effects of wild-type CK2aWT
and mutant CK2a156A protein expression on SRF phosphorylation
at Ser99 (A), Mcl-1 mRNA level (B) and Mcl-1 protein level (C) in
the CA1 area were examined. The CA1 areas of rats were bilaterally

transfected with 1.5 lg of the pcDNA3-control plasmid or the
CK2aWT or CK2a156A expression plasmid, and the rats were sacri-
ficed 48 hr later (n 5 6–8). The data are mean 6 SEM. Statistical sig-
nificance was evaluated by one-way analysis of variance followed by
the Dunnett’s t-test (**P< 0.01).



phosphorylation of SRF influences downstream gene
expression, the expression of the antiapoptotic gene Mcl-1
was examined by Q-PCR. The results of Q-PCR analysis
showed that the level of Mcl-1 mRNA was higher in the
CA1 tissue that was transfected with the CK2aWT
expression plasmid compared with the control
(F2,21 5 25.76, P< 0.001; tD 5 3.61, P< 0.01) and that
the level of Mcl-1 mRNA was lower in the CA1 tissue
that was transfected with the CK2a156A expression plas-
mid compared with the control (tD 5 3.57, P< 0.01; Fig.
2B). Similarly, the Mcl-1 protein level was also higher for
the CK2aWT transfection experiment (F2,21 5 60.42,
P< 0.001; tD 5 6.14, P< 0.01) and lower for the
CK2a156A transfection experiment (tD 5 4.83,
P< 0.01) compared with the control (Fig. 2C).

Mutant SRF99A Inhibits Mcl-1 Gene Expression

To determine whether Mcl-1 expression positively
correlates with the CK2a-mediated ser99 phosphoryla-
tion of the SRF protein, we transfected the CA1 areas of
rats with a plasmid that expressed a flag-tagged inactive
SRF mutant, SRF99A, or the pCMV-flag control plas-
mid. In our preliminary study, the expression of the mu-
tant SRF99A protein in PC12 cells significantly reduced
the SRE-mediated luciferase activity (Supp. Info. Fig. 1).
The level of total SRF protein in CA1 tissues was higher
for the SRF99A transfection experiment compared with
the control (t1,10 5 4.20, P< 0.01 by Student’s t-test; Fig.
3A, left bar chart) and the level of total ser99-phosphoryl-
ated SRF was also lower in CA1 tissues expressing the
SRF99A protein compared with the control (t1,10 5 4.70,
P< 0.01; Fig. 3A, right bar chart). The immunohisto-
chemistry of the hippocampal CA1 tissues that were
transfected with the flag-tagged SRF99A expression plas-
mid confirmed that the SRF99A protein was expressed in
the CA1 cells (Fig. 3B, upper panel). Western blot analy-
sis of flag-tagged proteins that were immunoprecipitated
from transfected CA1 tissues also confirmed that the
SRF99A protein was expressed in the hippocampal cells
(Fig. 3B, lower panel).

The Q-PCR analysis of CA1 tissues that had been
transfected with the flag-tagged SRF99A expression plas-
mid showed that the level of Mcl-1 mRNA was lower
compared with the control (t1,10 5 7.89, P< 0.01; Fig.
4A). Likewise, Western blot analysis showed that the level
of the Mcl-1 protein was lower in the transfected CA1 tis-
sues compared with the control (t1,10 5 3.86, P< 0.01; Fig.
4B). In addition, Western blotting results showed that the
level of the endogenous CK2a protein was not altered in
CA1 tissues transfected with the SRF99A expression plas-
mid compared with that in CA1 tissues following transfec-
tion with pCMV alone (t1,10 5 0.57, P> 0.05; Fig. 4C).

SRF Mediates the Effect of CK2a on Mcl-1 Gene
Expression

To examine further the role of SRF in mediating
the effects of CK2a on Mcl-1 gene expression, the hippo-
campal CA1 areas of rats were cotransfected with 1) the

pCMV and pcDNA3 control plasmids, 2) the SRF99A
expression and pcDNA3 control plasmids, 3) the
CK2aWT expression and pCMV control plasmids, or 4)
the CK2aWT and SRF99A expression plasmids, and sub-
sequent Mcl-1 gene expression was evaluated by Western
blotting and Q-PCR analyses. Although the Ck2a pro-
tein level was reduced in the SRF99A 1 CK2aWT
group, compared with that of the pCMV 1 CK2aWT
group, the reduction in CK2aWT expression was not
statistically significant (q 5 2.58, P> 0.05 by Newman-
Keul comparison; Fig. 5A), and the CK2aWT protein
level remained higher than that of the pCMV 1 pcDNA3
control group (q 5 3.06, P< 0.05). The results of Q-
PCR showed that the Mcl-1 mRNA level in the CA1 tis-
sues was lower in the SRF99A 1 pcDNA3 group com-
pared with the pCMV 1 pcDNA3 control group
(F3,25 5 19.26, P< 0.001; q 5 4.64, P< 0.01 by New-
man-Keul comparison; Fig. 5B) and that the Mcl-1
mRNA level was higher in the pCMV 1 CK2aWT
group compared with the pCMV 1 pcDNA3 control
group (q 5 5.22, P< 0.01) but was reduced in the
SRF99A 1 CK2aWT group (q 5 7.61, P< 0.01).

The Western blotting results were similar to those of
Q-PCR analysis, showing that the level of Mcl-1 protein
in the CA1 tissues was lower in the SRF99A 1 pcDNA3
group compared with the pCMV 1 pcDNA3 control
group (F3,24 5 12.49, P< 0.001; q 5 4.79, P< 0.01;
Fig. 5C) and that the level of Mcl-1 protein was higher in
the pCMV 1 CK2aWT group compared with the
pCMV 1 pcDNA3 control group (q 5 4.20, P< 0.01) but
was similarly reduced in the SRF99A 1 CK2aWT group
(q 5 5.98, P< 0.01).

CK2a-Mediated Signaling Upregulates Mcl-1 Gene
Expression Under Glutamate Insult

To determine whether the CK2a-mediated upregu-
lation of Mcl-1 gene expression is involved in responses to
stress stimuli, we examined this signaling pathway under
glutamate insult in PC12 cells. The CK2a156A or
SRF99A expression plasmid (1 lg) was transfected into
PC12 cells. At 24 hr posttransfection, the cells were
treated with 5 mM glutamate and incubated for an addi-
tional 24 hr. This subtle dosage of glutamate has been
shown to reduce cell viability slightly (Ma et al., 2012).
Western blot analysis of Mcl-1 protein expression showed
that glutamate treatment of pcDNA3 transfected cells
(control) significantly increased the level of Mcl-1 protein
compared with PBS treatment (F3,20 5 8.37, P< 0.001;
q 5 6.39, pP< 0.01 by Newman-Keul comparison; Fig.
6). However, cells expressing either the CK2a156A or
the SRF99A mutant protein had lower levels of Mcl-1
protein following glutamate treatment than the gluta-
mate-treated transfection control (q 5 3.14, P< 0.05, and
q 5 5.68, P< 0.01, respectively).

DISCUSSION

We previously demonstrated that, in addition to the
ERK1/2 and PI3-K pathways, the CK2 pathway also
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mediates the antiapoptotic effect of brain-derived neuro-
trophic factor (BDNF) in the hippocampus of rats (Chao
et al., 2011). The aim of our study was to determine
whether other endogenous apoptosis-related genes may
be regulated by CK2. Our results showed that

manipulation of CK2 upregulates Mcl-1 gene expression
through the SRF-mediated signaling pathway. Our results
also showed that CK2aWT increases the level of Bcl-2
mRNA, but the magnitude of increase was less than that
of the Mcl-1 mRNA (Supp. Info. Fig. 2).

Fig. 3. Expression of transfected SRF99A protein in the hippocampal
CA1 area. A: Effects of transfection with an SRF99A expression plas-
mid on the SRF protein level and phosphorylation status were exam-
ined. The CA1 areas of rats were bilaterally transfected with 1.5 lg of
pCMV-control plasmid or the SRF99A-expression plasmid, and the
rats were sacrificed 48 hr later (n 5 6 each group). The data are
expressed as mean 6 SEM. Statistical significance was evaluated by the
Student’s t-test (**P< 0.01). B: Immunohistochemical staining show-
ing flag-tagged SRF99A protein expression in the CA1 area (upper

panel). The antii-flag-tag primary (IgG) antibody and Texas red-con-
jugated anti-IgG secondary antibody were used for visualization. The
circle indicates the punch area (�1.4 mm in diameter) of the transfec-
tion. The SRF99A protein was immunoprecipitated from the CA1
tissue lysate (1 mg) using an anti-flag antibody, and the precipitate was
separated by SDS-PAGE and analyzed by Western blotting using an
anti-SRF antibody (lower panel). Scale bar 5 300 lm. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Although the CK2 holoenzyme activity is inhibited
in the presence of CK2a156A in vitro (Korn et al.,
1999), free forms of CK2a have been reported to express
enzyme activity in vivo (Meggio et al., 1994; Dobrowol-
ska et al., 1999). We found that transfection of the wild-
type CK2a protein increased SRF phosphorylation,
whereas the catalytically inactive CK2a156A protein
decreased SRF phosphorylation. This result is supported
by the findings of our previous study in which the expres-
sion of either CK2aWT or CK2a156A in the substantia
nigra (SN) area altered CK2 activity (Chao et al., 2006).
Moreover, the positive correlation between Mcl-1 gene

expression and CK2a-mediated SRF phosphorylation is
consistent with our previous conclusion that CK2 enhan-
ces antiapoptotic cellular mechanisms based on our obser-
vations of the CK2-mediated upregulation of Bcl-xL in
the rat hippocampus (Chao et al., 2011). It is also consist-
ent with the notion that CK2 is an important enzyme in
the nervous system (Blanquet, 2002). Although confocal
images that were acquired in our previous study showed
that CK2a was coexpressed with the neuronal nuclei
protein NeuN in most of the CA1 cells examined
(Chao et al., 2011), we cannot exclude the contribution
of an unknown nonneuronal CK2 activity-dependent

Fig. 4. SRF99A inhibits Mcl-1 mRNA expression and protein level. Effects of SRF99A DNA
transfections on Mcl-1 mRNA level (A), Mcl-1 protein level (B), and CK2a protein level (C) in
the CA1 area. The CA1 areas of rats were bilaterally transfected with 1.5 lg of the pCMV-control
plasmid or the SRF99A expression plasmid, and the rats were sacrificed 48 hr later (n 5 6). Data are
mean 6 SEM. Statistical significance was evaluated using the Student’s t-test (**P< 0.01).
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signaling pathway to the observed increase in Mcl-1 gene
expression.

The SRF participates in many important functions
in the brain (Kn€oll and Nordheim, 2009) and has been
shown to improve the survival of neurons and the
regrowth of severed neurites following facial nerve fiber
injury (Stern et al., 2012). Under oxidative stress, SRF
also plays an important role in promoting the survival of
SN dopamine neurons through mechanisms that likely
involve Bcl-2 and BDNF (Rieker et al., 2012). We
observed that both Mcl-1 and Bcl-2 gene expression were

downregulated in CA1 cells expressing the SRF99A mu-
tant; however, the reduction in the levels of Bcl-2 mRNA
and protein was less than that observed for Mcl-1 (Supp.
Info. Fig. 3). The different responses observed for Mcl-1
and Bcl-2 may reflect the different roles of these proteins
in the cellular mechanisms that regulate cell death (Kra-
jewski et al., 1995).

Furthermore, the SRF is a downstream molecule
common to both the ERK1/2 and the PI3K pathways,
which mediate the neuroprotective mechanism of BDNF
in cortical neurons (Chang et al., 2004; Almeida et al.,

Fig. 5. SRF mediates the effect of CK2a on Mcl-1 expression. Effects
of coexpression of the CK2aWT and SRF99A proteins on CK2a
protein level (A), Mcl-1 mRNA level (B), and Mcl-1 protein level
(C) were examined by Western blotting and Q-PCR analyses. The
CA1 areas of rats were cotransfected (0.75 lg each) with the pCMV
and pcDNA3 control plasmids, the SRF99A expression and pcDNA3

control plasmids, the CK2aWT expression and pCMV control plas-
mids, or the CK2aWT and SRF99A expression plasmids, and the rats
were sacrificed 48 hr later (n 5 6–8). The data are mean 6 SEM. Sta-
tistical significance was evaluated by one-way analysis of variance fol-
lowed by the Newman-Keul comparison (**P< 0.01).
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2005). However, CK2-mediated pathways may also con-
tribute to the antiapoptotic effects of BDNF (Chao et al.,
2011). Whether the CK2 signaling cascades cross-talk
with other signaling cascades to regulate SRF-mediated
gene expression warrants further investigation.

The Mcl-1 protein plays a pivotal role in protecting
cells against apoptosis and is overexpressed in various
types of cancer (Quinn et al., 2011), and SRF knock-
down in smooth muscle cells attenuates Mcl-1 gene
expression and induces apoptosis (Rodenberg et al.,
2010). In the nervous system, DNA damage and caspase-
mediated cell death are markedly increased in Mcl-1-defi-
cient neurons (Mori et al., 2004; Arbour et al., 2008). In
addition, the upregulation of Mcl-1 gene expression by
Purkinje cell-derived IGF-I has been shown to promote
granule cell survival (Zhang and D’Ercole, 2004), and an
increase in Mcl-1 mRNA and protein levels in AICAR-
preconditioned cortical neurons has been reported (Anil-
kumar et al., 2012). The results of our present study are
consistent with such findings, showing that the blockade
of CK2 and SRF reversed the subtle dosage of glutamate-
induced increase in Mcl-1 protein expression. Thus, both
our data and the findings of previous studies suggest that

the regulation of Mcl-1 gene expression occurs in an
SRF-dependent manner.

The promoter of Mcl-1 contains a functional SRE
(Vickers et al., 2004). In addition to the downregulation
of Mcl-1 gene expression in cells expressing the mutant
SRF99A, we also found that the cotransfection of
CK2aWT and SRF99A expression plasmids inhibited the
CK2a-induced effects on Mcl-1 gene expression. In addi-
tion to SRF, the CK2-mediated phosphorylation of
STAT1 has also been shown to promote Mcl-1 gene
expression (Timofeeva et al., 2006), and the phosphoryla-
tion of STAT1/STAT2 by the serum- and glucocorti-
coid-inducible protein kinase SGK also upregulates the
expression of Mcl-1, which in turn protects against Ab-
induced apoptosis (Hsu et al., 2009). Whether other path-
ways synergize with the CK2-induced SRF-mediated up-
regulation of Mcl-1 gene expression warrants further
investigation.

In summary, our data show that CK2 induces the
expression of the antiapoptotic gene Mcl-1 through acti-
vation of the SRF-mediated pathway in hippocampal
CA1 neurons. Our findings suggest an alternative cellular
mechanism for the regulation of cell death, which may
aid in the development of therapeutic strategies for inhibi-
ting apoptosis in hippocampal neurons.
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