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ABSTRACT

Protein kinase CK2 participates in a wide range of cellular events, including the regulation of cellular morphology and migration, and may be
an important mediator of angiogenesis. We previously showed that in the retina, CK2 immunolocalizes mostly to vascular endothelium and
astrocytes in association with the cytoskeleton. Additionally, CK2 inhibitors significantly reduced retinal neovascularization and stem cell
recruitment in the mouse model of oxygen-induced proliferative retinopathy. We have also shown that CK2 and F-actin co-localized in actin
stress fibers in microvascular endothelial cells, and that highly specific CK2 inhibitors caused cell rounding in astrocytes and microvascular
endothelial cells, which was alleviated by serum that promotes spreading by Rho/Rho-kinase (RhoK) activation of myosin II. Therefore, we
examined a possible role of CK2 in the regulation of actin-myosin II-based contractility. Treatment with CK2 inhibitors correlated with
disassembly of actomyosin stress fibers and cell shape changes, including cytoplasmic retraction and process formation that were similar to
those occurring during astrocyte stellation. Low doses of specific inhibitors of kinases (RhoK and MLCK) that phosphorylate myosin light
chain (MLC) enhanced the effect of suboptimal CK2 inhibition on cell shape. Such striking stellation-like alteration was accompanied by
decreased level of phospho-MLC, thus implying a CK2 role in regulation of actomyosin cytoskeleton. Our results suggest an important role of
CK2 in the control of cell contractility and motility, which may account for suppressing effect of CK2 inhibition on retinal neovascularization.
Together, our data implicate protein kinase CK2 for the first time in stellation-like morphological transformation. J. Cell. Biochem. 113:2948-
2956, 2012. © 2012 Wiley Periodicals, Inc.
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C ell migration affects all morphogenetic processes and may be
a contributing factor in many diseases, including cancer and
cardiovascular disease. Cytoskeleton changes underlie all steps of
cell migration, including plasma membrane protrusions, formation
of new (at the cell front) and disassembly of old (at the rear end)
adhesions, and generation of traction forces that move the cell
forward. The migration cycle is driven by activation of Rho GTPases

that regulate actin polymerization, myosin II activity, and adhesion
dynamics [Ridley et al., 2003]. Changes in cell shape and
cytoskeletal structure are not only critical for migration, but also
crucial for control of growth and cell fate switching [Mammoto and
Ingber, 2009].

Protein kinase CK2 is a multifunctional regulatory molecule that
participates in a wide range of cellular events by phosphorylating
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and/or interacting with key signaling molecules, structural proteins,
and transcription factors [Guerra and Issinger, 1999; Tawfic et al.,
2001; Meggio and Pinna, 2003]. CK2 may be an important mediator
of angiogenesis, as several key components of the signaling
cascades triggered by angiogenic growth factors are substrates for
CK2 [Di Maira et al., 2005; Ritt et al., 2007]. Additionally, CK2 is
involved in the regulation of cellular morphology and cell polarity,
and in the regulation of the actin and tubulin cytoskeleton networks
[Faust et al., 1999; Canton and Litchfield, 2006]. CK2 phosphorylates
membrane and cytoskeletal proteins including those involved in the
regulation of the actin cytoskeleton [Ghosh et al., 2002; Cory et al.,
2003] and microtubule dynamics [Lim et al., 2004; Carneiro et al.,
2008].

We have previously shown that CK2 inhibitors significantly
reduced retinal neovascularization and stem cell recruitment in the
mouse model of oxygen-induced proliferative retinopathy (OIR)
[Kramerov et al., 2006, 2008]. CK2 was immunolocalized in the
retinal tissue, mostly in astrocytes and vascular endothelium,
apparently in association with the cytoskeleton [Kramerov et al.,
2006]. We showed immunohistochemically that CK2 and F-actin co-
localized in stress fibers in cultured microvascular endothelial cells
[Kramerov et al., 2011]. Importantly, highly specific CK2 inhibitors
including 4,5,6,7-tetrabromobenzotriazole (TBB) and 3-(2,3,4,5-
tetrabromophenyl)acrylic acid or tetrabromocinnamic acid (TBCA)
caused dramatic shape changes (cytoplasmic retraction and cell
rounding) in a number of cultured human cells, including astrocytes
and microvascular endothelial cells [Kramerov et al., 2011].
Additionally, we found that serum alleviated CK2 inhibitor-induced
cell rounding. The promoting effect of serum on cell spreading and
adhesion is reportedly mediated by Rho/Rho-kinase (RhoK)
activation of myosin II [Hall, 2005]. Therefore, we suggested that
CK2 could play a role in the regulation of actin-myosin II-based
contractility and cytoskeleton.

Here, we present data indicating that treatment with CK2
inhibitors correlated with disassembly of actomyosin stress fibers
and cell shape changes, including cytoplasmic retraction and
process formation. We also showed that suboptimal doses of specific
inhibitors of RhoK and MLCK, kinases that phosphorylate myosin
light chain (MLC) enhanced the effect of CK2 inhibition on cell
shape, which was accompanied by decreased level of phospho-
MLC, thus implying a CK2 role in regulation of actomyosin
cytoskeleton.

CK2 INHIBITOR TREATMENT AND IMMUNOSTAINING

Human optic nerve astrocytes (ONA), human brain microvascular
(HBMVEC), and bovine retinal (BREC) endothelial cells were
cultured as described elsewhere [Kramerov et al., 2011]. Rat bone
marrow-derived late outgrowth endothelial cells (OEC) were a gift
from Dr. M. Grant, and were obtained and cultured as described
[Li Calzi et al., 2010]. Highly specific CK2 inhibitors TBB and TBCA
(both from EMD Biosciences, San Diego, CA), dissolved in
dimethylsulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO) were
added 1 day after passage of cultured cells at concentrations of

10-60 wM to the medium containing 0.1% fetal bovine serum (FBS).
Two other protein kinase inhibitors (5-iodonaphthalene-1-
sulfonyl)homopiperazine (ML7) and hydroxyfasudil (HF; both
from EMD Biosciences) were added alone or simultaneously
with the CK2 inhibitors, or in combination with 1-oleoyl-
lysophosphatidic acid (Santa Cruz Biotechnology, Santa Cruz,
CA). The cell shape changes were monitored using the inverted
microscope (Nikon Diaphot) at 10x or 20x magnification, and
images taken using Nikon digital camera D3100.

After 1-18 h of treatment at 37°C, cultured cells were fixed in 4%
p-formaldehyde for 10 min, permeabilized in 0.1% Triton X-100
(Sigma-Aldrich), blocked in 5% normal goat serum, and incubated
with mouse anti-CK2a/a’ antibody (D8E mAb, IgM) [Goueli et al.,
1990], mouse anti-B-tubulin antibody (clone 2-28-33; Sigma-
Aldrich), or rhodamine-phalloidin to visualize F-actin (Sigma-
Aldrich) for 2h, followed by cross-species adsorbed secondary
antibodies conjugated with fluorescein (Millipore, Billerica, MA).

The images were captured with high-sensitivity 2-megapixel
color digital MicroFire camera (Optronics, Goleta, CA) attached to a
BX40 Olympus microscope (Olympus USA, Melville, NY) and were
merged using MicroFire 2.1c software.

For Western blotting, cultured cells were extracted with lysis
buffer containing proteinase and phosphatase inhibitors (1% SDS,
1% Triton X-100, 10 wg/ml aprotinin, 20 wM leupeptin, 1 mM E-64,
1 mM NaF, 200 uM sodium pervanadate, 1 mM dithiothreitol, 5 mM
EDTA, 25 mM Tris, pH 6.8). Proteins were resolved by SDS-PAGE (8-
16% gradient gels; Invitrogen, Carlsbad, CA) and transferred to
nitrocellulose membranes (Invitrogen) for immunodetection as
previously described [Kramerov et al., 2006, 2011]. Gel loading was
normalized by B-actin and total MLC content using a monoclonal
antibody (clone AC-74; Sigma-Aldrich) and rabbit polyclonal
antibodies (#3672; Cell Signaling, Danvers, MA), respectively. For
analyses of protein phosphorylation, rabbit polyclonal antibodies to
phospho-Ser19-MLC (#3671; Cell Signaling) were used, and
immune reaction was revealed with alkaline phosphatase-
conjugated secondary antibodies (Millipore).

CK2 INHIBITOR-INDUCED CELL SHAPE CHANGE IS ACCOMPANIED
BY DISASSEMBLY OF STRESS FIBERS

Previously, we observed dramatic shape changes (cytoplasmic
retraction and cell rounding) caused by treatment of cultured cells
with specific CK2 inhibitors [Kramerov et al., 2011]. We also have for
the first time immunolocalized CK2 to F-actin-containing stress
fibers in microvascular endothelial cells (HBMVEC), indicating that
CK2 may play a role in actin cytoskeleton regulation. Thus, a
connection of CK2 localization to stress fibers and normal cell shape
may be proposed and tested by analyzing changes in this
localization after CK2 inhibition. In cultured human ONA, CK2
localization to stress fibers (Fig. 1a-c) was affected by administra-
tion of TBB or TBCA. At the early stage of CK2 inhibitor treatment
(1h), we observed both a decrease of CK2 associated with stress
fibers and their disorganization leading to punctate pattern of F-
actin (Figs. 1d and 2a), whereas microtubules and cell morphology
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Fig. 1. Association of CK2 with F-actin in stress fibers (a—c) is disrupted after CK2 inhibition by TBCA (60 uM; d—i) and TBB (60 j.M; k,l). Cultured ONA were immunostained
by rhodamine-phalloidin for F-actin (a,d,g) or anti-CK2a/o’ antibody (b,e,h). Co-localization of CK2 and F-actin in control cells (c) is dramatically reduced even at the early
stage of CK2 inhibitor treatment (f) when stress fibers are being dissolved (1 h). Longer TBCA or TBB treatment (3-6 h) caused severe contraction of cell bodies (g-i), followed by
rounding of cells that retain long "varicose" processes (k). The bars correspond to 100 pum.

Fig. 2. Cytoskeleton changes induced by CK2 inhibition in ONA. At the early stage of TBCA (60 M) treatment (1 h), cell shape has not yet changed, and actin filaments
became disorganized and display a characteristic punctate staining with phalloidin (a), whereas microtubules appeared largely unaffected (b). At later stage (3—6 h), when cell
dramatically retracted and became shrunk and rounded with remaining thin processes, both actin (c) and tubulin (d) cytoskeletal networks appeared collapsed and fully
disorganized. The bar corresponds to 100 um.
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Fig. 3. Cell shape changes induced by combined action of sub-optimal doses of inhibitors of CK2 and RhoK in BREC: a, control (DMSO-treated) cells; b, cells treated with TBB
(20 .M); ¢, HF-treated (10 uM); and d, combined treatment with TBB and HF. The bar corresponds to 100 um.

remained mainly unaffected (Fig. 2b). After longer treatment (3-6 h),
dramatic retraction of the cytoplasm occurred, whereas stress fibers
were no longer detectable, as well as CK2 associated with them.
Instead, both F-actin and CK2 displayed a punctate pattern of
immunolocalization (Fig. 1g-i) in the contracted cell body and
“varicose” processes formed due to cytoplasmic retraction. As
retraction proceeded, cells with contracted bodies became rounded
with collapsed cytoskeleton and thin processes (Figs. 1k,l and 2¢,d).
Similar results were obtained after TBCA (or TBB) treatment of
cultured endothelial cells (HBMVEC, BREC) and OEC (not shown).
These data indicate that F-actin, rather than microtubules, is
primarily involved in CK2-inhibitor-induced cell shape changes,
and suggest a correlation between CK2 localization to F-actin-
containing stress fibers and normal cell morphology.

RHO- AND MLC-KINASE INHIBITORS ENHANCE MORPHOLOGICAL
ALTERATIONS INDUCED BY SUB-OPTIMAL DOSE OF CK2
INHIBITORS

Stress fiber formation is mainly regulated by phosphorylation of
MLC that leads to an increase in myosin II activity, which cross-links
actin filaments and generates contractile force. MLC kinase directly
phosphorylates MLC, whereas RhoK also phosphorylates and
inactivates MLC phosphatase (MLCP), thus increasing phosphoryla-
tion of MLC [Tan and Leung, 2009]. To test for possible involvement
of CK2 in the regulation of actomyosin contractility, a combined

treatment with CK2 inhibitor TBCA and specific inhibitors of RhoK
(HF) or MLC kinase (ML7) was used.

When used at suboptimal doses and at low serum concentration
(0.1% or less), neither TBB (20 wM) nor HF (10 nM) caused a
significant morphological effect in BREC, that is, cell body retraction
(Fig. 3). Incomplete inhibition of protein kinases by low doses of the
inhibitors may result in only partial decrease in MLC phosphoryla-
tion and limited disassembly of actomyosin stress fibers required for
maintaining flattened cell morphology. As a result, cell shape was
minimally affected. However, a combination of suboptimal doses of
TBB and HF very rapidly (1-2h) elicited a dramatic morphologic
transformation of spread cells into cells with retracted body and
extended processes (Fig. 3d), an effect very similar to a characteristic
cell response to CK2 inhibition, or to high doses of either HF or ML7
(not shown). Longer treatment by combinations of TBB (or TBCA)
with ML7 or HF (6-15h) resulted in complete rounding of the cells
(not shown). Similar additive effects of combined treatment with
TBCA and HF or ML7 were observed for other cell types, including
OEC (Fig. 4) and HBMVEC (Fig. 5), suggesting the general nature of
this phenomenon. Such a potentiating effect may be interpreted
either as complementation of CK2 inhibitor and the inhibitors of
RhoK (or MLCK) in suppressing MLC phosphorylation, or as their
targeting of non-overlapping pathways of cell shape regulation.
Interestingly, lysophosphatidic acid (LPA) that stimulates Rho
signaling and phosphorylation of MLC, when added together with

JOURNAL OF CELLULAR BIOCHEMISTRY

2951 |

ACTOMYOSIN CYTOSKELETON REGULATION BY CK2



éontrol .

Fig. 4. Morphological alterations in OEC treated with: a, DMSO; b, TBCA (30 .M); ¢, TBCA + LPA; d, HF (10 uM); e, HF + TBCA; f, HF + TBCA + LPA; g, ML7 (15 uM); h,
ML7 +TBCA; i, ML7 + TBCA + LPA. Sub-optimal concentrations of each inhibitor alone (b,d,g) did not elicit significant cell shape changes, whereas combined treatment lead to
striking retraction of cytoplasm and process formation (e,h) that was counteracted by simultaneous treatment with Rho-activator LPA (40 wM; c.f,i). The bar corresponds to

100 pm.

TBCA and HF (or ML7), significantly suppressed the dramatic
morphological changes as a result of the combined use of inhibitors
(Figs. 4 and 5).

MORPHOLOGICAL EFFECT OF COMBINED SUB-OPTIMAL DOSES OF
CK2 AND MLC KINASES INHIBITORS CORRELATES WITH
DECREASED LEVEL OF MLC PHOSPHORYLATION

A possible link between the morphologic effect of the inhibitors and
the level of MLC phosphorylation was confirmed by Western
analysis with anti-pSer19-MLC antibody that binds to the main
phosphorylation site in MLC (pMLC). Either inhibitor of MLC
phosphorylation (HF or ML7) did not significantly reduce it
when used at low sub-optimal concentrations (10 and 15 pM,
respectively). However, simultaneous treatment by sub-optimal
doses of HF, or ML7, and a CK2 inhibitor (20 wuM TBCA or TBB)
resulted in a significantly decreased level of pMLC (about half of the
control, or of either inhibitor alone; Fig. 6). LPA, when added
together with HF (or ML7) and TBCA (or TBB), not only reversed
morphological changes caused by combined inhibitors in OEC
(Fig. 4) or HBMVEC (Fig. 5), but also nearly restored the level of
pMLC (OEC, Fig. 6) or HBMVEC (not shown). These data suggest an
association between the changes in morphology and the level of

pMLC, as well as CK2 involvement in the regulation of actomyosin
contractility.

Morphological changes elicited by specific CK2 inhibitors comprise
an essential part of the data presented in this study, and may need
verification by other methods. Indeed, a significant number of
studies using down-regulation of CK2, such as siRNA silencing or
overexpression of dominant negative variants of CK2, played an
important role in corroborating results obtained with pharmaco-
logical inhibitors [Guerra, 2006; Gétz et al., 2007; Ponce et al.,
2011]. However, most of the published papers in the field report on
using only chemical inhibitors, indicating that specific CK2
inhibitors are widely considered as a reliable means to prove CK2
involvement in the regulation of various cellular functions.

In our study, which focused on cell shape alterations after CK2
inhibition, there appears to be an important distinction between
using chemical inhibitors and CK2 down-regulation. We investi-
gated CK2 inhibitor-induced cell shape change—an early effect that
can be observed within 1-2 h after administration of the inhibitors.
Short exposure to CK2 inhibitors (TBB and TBCA) capable to
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Fig. 5.  Morphological alterations in HBMVEC treated with: a, DMSO; b, HF (10 uM); ¢, ML7 (15 uM); d, TBCA (20 wM); e, HF + TBCA; f, ML7 + TBCA; g, TBCA +LPA; h,
HF + TBCA + LPA; i, ML7 + TBCA + LPA. Each inhibitor alone when added at sub-optimal dose (b-d) caused rather weak cell shape changes, whereas a combined treatment of
each MLC kinase inhibitor with TBCA lead to striking stellation-like transformation (e,f) that was nearly abolished by LPA (40 M, g-i). The bar corresponds to 100 wm.
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Fig. 6. Immunoblot analysis with anti-pSer19-MLC of OEC treated with inhibitors of RhoK (HF, 10 wM), MLCK (ML, 15 M), and CK2 (TBC, 20 uM) or their combinations, and
with activator of RhoA, LPA (40 1.M). Antibodies to total MLC and B-actin were used to ensure equal lane loading. The Western blot is representative of three independent
experiments.
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promptly suppress up to 90% of CK2 activity (Pagano et al., 2007),
was sufficient to elicit rapid morphological and cytoskeletal
alterations. This result is most likely caused by modulation of the
phosphorylation status of CK2 substrates rather than by influencing
CK2-dependent transcriptional processes.

On the contrary, CK2 down-regulation using genetic means
usually required a rather long time (3-6 days) to take effect
(Smolock et al., 2007; Wang and Jang, 2009). Moreover, previous
published work on dominant-negative down-regulation of CK2
catalytic subunits achieved only partial effect on CK2 activity. The
residual CK2 activity in the cells with the kinase inactive mutants in
an in vitro phosphorylation reaction turned out to be from 60%
(Gotz et al., 2007) to 70% [Schneider et al., 2011] of the original
activity after 72 h of transfection, which may not be suitable for our
study. Likewise, in our experiments on HBMVE cells with
Morpholino antisense oligonucleotides, after 3 days of treatment
we obtained a similarly moderate suppression of CK2 catalytic a-
and o'-subunits (up to 30% decrease) that was not sufficient to
induce cell shape changes (data not shown). Therefore, pharmaco-
logical inhibition appears to be indispensable while studying a
possible role of CK2 in early morphological changes requiring rapid
and nearly complete depletion of its activity.

Our data on human cultured astrocytes and vascular endothelial
cells show that (a) CK2 associates with cytoskeleton, including stress
fibers; (b) CK2 inhibition correlates with stress fiber disappearance
and cell retraction with eventual rounding; and (c) CK2 may be
involved in the control of cytoskeletal organization by regulating
actomyosin interactions via MLC phosphorylation. These results
suggest an important role of CK2 in cell motility, which may account
for suppressing effect of CK2 inhibition on retinal neovasculariza-
tion in the mouse OIR model.

Functional activity in vivo of various cells, such as astrocytes,
pituicytes, or renal glomerular podocytes, is associated with
“stellate” morphology characterized by the formation of branching
extensions that allow for increased cell surface and numerous cell
contacts. Astrocyte stellation represents one of the most striking
examples of the importance of cytoskeletal organization for
astrocyte function. In developing retinal vasculature, when
astrocytes migrate away from the vessels and become hypoxic,
they change from bipolar to stellate form, cease migration, and start
to express VEGF causing blood vessel growth. The vessels bring
oxygen and relieve the hypoxia stabilizing vessel growth and
allowing migration of astrocytes that again transform from stellate to
bipolar form [Zhang and Stone, 1997; Zhang et al., 1999]. Thus,
hypoxia appears to be an important physiological factor regulating
cell shape and migration of astrocytes during retinal vascularization.

Stellation can be induced in vitro by various factors. In all cases, it
is accompanied by a loss of actomyosin stress fibers and focal
adhesions and by cytoplasmic retraction, which is mainly driven by
actin filaments depolymerization. Depending on stimuli used, many
cultured cells, including astrocytes, pituicytes, and osteoblasts,
alternate between a flat, fusiform morphology, and a stellate
appearance characterized by a shrunk and rounded cell body with
extended branching processes. In the presence of even small amount
(0.02%) of serum, these cells adopt a flat polygonal shape,
apparently due to serum component LPA that activates stress

fiber-inducing RhoA GTPase [Kranenburg and Moolenaar, 2001].
Stellation then can be induced by adenosine, its derivative cAMP or
agents that raise cAMP levels, such as B-adrenergic agonists [Rosso
et al., 2002], through the inhibition of PI3K/RhoA pathway causing
stress fiber depolymerization [Perez et al., 2005].

Our data for the first time implicate protein kinase CK2 in
stellation-like morphological transformation. Moreover, CK2 inhib-
itor-induced “stellation” occurs not only in astrocytes, but also in
other cell types, including microvascular endothelial and late
outgrowth endothelial precursor cells. However, these changes
occur by the retraction of cytoplasm leaving processes behind,
rather than by the growth of new processes following initial
cytoplasmic retraction, as was previously described for astrocytes in
vivo and for cAMP-induced astrocyte stellation [Baorto et al., 1992].
Interestingly, preceding the TBB-induced retraction, a decrease of
CK2 associated with stress fibers and their disorganization leading to
punctate localization of F-actin occurs (Figs. 1d and 2a), whereas
microtubules and cell morphology remain mainly unaffected. Upon
dramatic retraction of the cytoplasm, stress fibers are no longer
detectable, as well as CK2 associated with them, and the cells become
round with collapsed cytoskeleton and thin processes (Figs. 1 and 2).
These data indicate that F-actin, rather than microtubules, is
primarily involved in TBB-induced cell shape changes, and suggest
a correlation between CK2 localization to F-actin-containing stress
fibers and normal cell morphology.

Stress fiber formation is mainly regulated by phosphorylation of
the regulatory MLC that leads to cross-linking of actin filaments and
generating of contractile force. Possible involvement of CK2 in
actomyosin contractility was examined by combined treatment with
CK2 inhibitor TBCA and specific inhibitors of RhoK or MLCK that
phosphorylate MLC. We observed a striking cumulative effect
(synergy) of the combined treatment by the inhibitors of CK2 and
RhoK or MLCK during transformation to stellate morphology. This
result suggests that CK2 may regulate cell shape by controlling MLC
phosphorylation. That was corroborated by Western blot analyses
that showed a correlation between the inhibitor-induced cell shape
changes and decreased level of pMLC.

Previous reports on the important role of MLC phosphorylation in
the “flat to stellate morphology” transition implicate three Rho-
regulated MLC kinases—RhoK, MLCK, and MRCK [Tan and Leung,
2009]. MRCK (a myotonic dystrophy kinase-related Cdc42-binding
kinase) is involved in phosphorylation of MLC responsible for
reversal of the cAMP-induced stellate morphology in human
neuroblastoma cells [Dong et al., 2002]. It has also been reported
that cultured astrocytes can be induced to stellate by inhibitors of
MLCK [Baorto et al., 1992; Miyata et al., 1999] and RhoK [Rosso
et al., 2002; Abe and Misawa, 2003; Rosso et al., 2007], which is
accompanied by a decrease in phosphorylation of MLC and
activation of actin depolymerizing factor (ADF), resulting in the
disappearance of stress fibers [Rosso et al., 2002] and actin
depolymerization [Baorto et al., 1992; Padmanabhan and Shelanski,
1998]. These morphological changes are highly similar of those
observed in our studies implicating CK2 in the regulation of
actomyosin cytoskeleton.

It remains unclear whether there is a correlation between
stellation and cell migration. Some data indicate that migrating
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retinal astrocytes lose their stellate morphology during development
of retinal vasculature [Zhang and Stone, 1997; Zhang et al., 1999].
However, inhibitors of RhoA (C3 transferase) and RhoK (Y27632)
that prompted stellation of cultured astrocytes, were shown to
accelerate wound closure due to enhanced polarized process
formation and increased migratory activity into the lesion site
[Holtje et al., 2005]. Also, RhoK inhibitors increased the migration of
cultured human osteoblasts and induced a stellate appearance with
poor assembly of stress fibers and focal adhesions [Zhang et al.,
2011]. It is possible that weak or moderate stellate-inducing stimuli
increase plasticity of the actomyosin cytoskeleton by reorganizing it
from thick and stable stress fibers to thin and more dynamic ones,
thus increasing cell migration, whereas the stimuli that strongly
inhibit F-actin contractility and cause stress fibers to dissolve
compromise cell motility.

Previously, it was shown that in the wound migration assay,
growth factors increased BRECs migration more than threefold, and
CK2 inhibitors significantly reduced this effect [Ljubimov et al.,
2004]. The cell shape changes were not observed in those
experiments, presumably, due to the presence of a fivefold higher
concentration (0.5%) of fetal calf serum that promotes cell spreading
and migration, and counteracts cell rounding, as we have recently
published [Kramerov et al., 2011].

Our data indicate that despite their distinct roles in cell motility
[Totsukawa et al., 2004], RhoK and MLCK similarly cooperate with
CK2 to repress stellate morphology. Therefore, it will be interesting
to study whether the effects of CK2 inhibition on cell migration
[Ljubimov et al., 2004] might be modified by combined treatment
with inhibitors of MLC phosphorylation.

In conclusion, CK2 inhibition in cultured human astrocytes and
vascular endothelial cells causes dramatic stellation-like morpho-
logical alteration and reorganization of actomyosin cytoskeleton,
which presumably may alter their adhesive properties and migratory
ability. Similar changes in retinal astrocytes and/or vascular
endothelial cells may underlie the previously reported anti-
angiogenic effect of CK2 inhibition in vivo.

ACKNOWLEDGMENTS

This work was supported by Department of Surgery and Regenera-
tive Medicine Institute, Cedars-Sinai Medical Center, RO1 EY13431,
OneSight Research Foundation, U01-CA15062, and V.A. Medical
Research Funds. The authors are grateful to Dr Maria B. Grant
(University of Florida, Gainesville, FL) for the gift of rat late OECs.

REFERENCES

Abe K, Misawa M. 2003. Astrocyte stellation induced by Rho kinase inhi-
bitors in culture. Brain Res Dev Brain Res 143:99-104.

Baorto DM, Mellado W, Shelanski ML. 1992. Astrocyte process growth
induction by actin breakdown. J Cell Biol 117:357-367.

Canton DA, Litchfield DW. 2006. The shape of things to come: An emerging
role for protein kinase CK2 in the regulation of cell morphology and the
cytoskeleton. Cell Signal 18:267-275.

Carneiro AC, Fragel-Madeira L, Silva-Neto MA, Linden R. 2008. A role for
CK2 upon interkinetic nuclear migration in the cell cycle of retinal progenitor
cells. Dev Neurobiol 68:620-631.

Cory GO, Cramer R, Blanchoin L, Ridley AJ. 2003. Phosphorylation of
the WASP-VCA domain increases its affinity for the Arp2/3 complex
and enhances actin polymerization by WASP. Mol Cell 11:1229-
1239.

Di Maira G, Salvi M, Arrigoni G, Marin O, Sarno S, Brustolon F, Pinna LA,
Ruzzene M. 2005. Protein kinase CK2 phosphorylates and upregulates Akt/
PKB. Cell Death Differ 12:668-677.

Dong JM, Leung T, Manser E, Lim L. 2002. Cdc42 antagonizes inductive
action of cAMP on cell shape, via effects of the myotonic dystrophy kinase-
related Cdc42-binding kinase (MRCK) on myosin light chain phosphoryla-
tion. Eur J Cell Biol 81:231-242.

Faust M, Schuster N, Montenarh M. 1999. Specific binding of protein kinase
CK2 catalytic subunits to tubulin. FEBS Lett 462:51-56.

Ghosh S, Dorsey FC, Cox JV. 2002. CK2 constitutively associates with and
phosphorylates chicken erythroid ankyrin and regulates its ability to bind to
spectrin. J Cell Sci 115:4107-4115.

Gotz C, Bachmann C, Montenarh M. 2007. Inhibition of protein kinase CK2
leads to a modulation of androgen receptor dependent transcription in
prostate cancer cells. Prostate 67:125-134.

Goueli SA, Davis AT, Arfman E, Vessella R, Ahmed K. 1990. Monoclonal
antibodies against nuclear casein kinase NII (PK-N2). Hybridoma 9:609-
618.

Guerra B. 2006. Protein kinase CK2 subunits are positive regulators of AKT
kinase. Int J Oncol 28:685-693.

Guerra B, Issinger OG. 1999. Protein kinase CK2 and its role in cellular
proliferation, development and pathology. Electrophoresis 20:391-408.

Hall A. 2005. Rho GTPases and the control of cell behaviour. Biochem Soc
Trans 33:891-895.

Holtje M, Hoffmann A, Hofmann F, Mucke C, Grosse G, Van Rooijen N,
Kettenmann H, Just I, Ahnert-Hilger G. 2005. Role of Rho GTPase in astrocyte
morphology and migratory response during in vitro wound healing.
J Neurochem 95:1237-1248.

Kramerov AA, Saghizadeh M, Pan H, Kabosova A, Montenarh M, Ahmed K,
Penn JS, Chan CK, Hinton DR, Grant MB, Ljubimov AV. 2006. Expression of
protein kinase CK2 in astroglial cells of normal and neovascularized retina.
Am J Pathol 168:1722-1736.

Kramerov AA, Saghizadeh M, Caballero S, Shaw LC, Li Calzi S, Bretner M,
Montenarh M, Pinna LA, Grant MB, Ljubimov AV. 2008. Inhibition of
protein kinase CK2 suppresses angiogenesis and hematopoietic stem cell
recruitment to retinal neovascularization sites. Mol Cell Biochem 316:177-
186.

Kramerov AA, Golub AG, Bdzhola VG, Yarmoluk SM, Ahmed K, Bretner
M, Ljubimov AV. 2011. Treatment of cultured human astrocytes and
vascular endothelial cells with protein kinase CK2 inhibitors induces early
changes in cell shape and cytoskeleton. Mol Cell Biochem 349:125-
137.

Kranenburg O, Moolenaar WH. 2001. Ras-MAP kinase signaling by lysopho-
sphatidic acid and other G protein-coupled receptor agonists. Oncogene
20:1540-1546.

Li Calzi S, Neu MB, Shaw LC, Grant MB. 2010. Endothelial progenitor
dysfunction in the pathogenesis of diabetic retinopathy: Treatment concept
to correct diabetes-associated deficits. EPMA J 1:88-100.

Lim AC, Hou Z, Goh CP, Qi RZ. 2004. Direct regulation of microtubule
dynamics by protein kinase CK2. J Biol Chem 279:4433-4439.

Ljubimov AV, Caballero S, Aoki AM, Pinna LA, Grant MB, Castellon R. 2004.
Involvement of protein kinase CK2 in angiogenesis and retinal neovascular-
ization. Invest Ophthalmol Vis Sci 45:4583-4591.

Mammoto A, Ingber DE. 2009. Cytoskeletal control of growth and cell fate
switching. Curr Opin Cell Biol 21:864-870.

Meggio F, Pinna LA. 2003. One-thousand-and-one substrates of protein
kinase CK2? FASEB J 17:349-368.

JOURNAL OF CELLULAR BIOCHEMISTRY

2955

ACTOMYOSIN CYTOSKELETON REGULATION BY CK2



Miyata S, Furuya K, Nakai S, Bun H, Kiyohara T. 1999. Morphological
plasticity and rearrangement of cytoskeletons in pituicytes cultured from
adult rat neurohypophysis. Neurosci Res 33:299-306.

Padmanabhan J, Shelanski ML. 1998. Process formation in astrocytes:
Modulation of cytoskeletal proteins. Neurochem Res 23:377-384.

Pagano MA, Poletto G, Di Maira G, Cozza G, Ruzzene M, Sarno S, Bain J,
Elliott M, Moro S, Zagotto G, Meggio F, Pinna LA. 2007. Tetrabromocinnamic
acid (TBCA) and related compounds represent a new class of specific protein
kinase CK2 inhibitors. Chembiochem 8:129-139.

Perez V, Bouschet T, Fernandez C, Bockaert J, Journot L. 2005. Dynamic
reorganization of the astrocyte actin cytoskeleton elicited by cAMP and
PACAP: A role for phosphatidyllnositol 3-kinase inhibition. Eur J Neurosci
21:26-32.

Ponce DP, Maturana JL, Cabello P, Yefi R, Niechi I, Silva E, Armisen R,
Galindo M, Antonelli M, Tapia JC. 2011. Phosphorylation of AKT/PKB by
CK2 is necessary for the AKT-dependent up-regulation of B-catenin tran-
scriptional activity. J Cell Physiol 226:1953-1959.

Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy G,
Parsons JT, Horwitz AR. 2003. Cell migration: Integrating signals from front
to back. Science 302:1704-1709.

Ritt DA, Zhou M, Conrads TP, Veenstra TD, Copeland TD, Morrison DK. 2007.
CK2 is a component of the KSR1 scaffold complex that contributes to Raf
kinase activation. Curr Biol 17:179-184.

Rosso L, Peteri-Brunbick B, Vouret-Craviari V, Deroanne C, Troadec JD,
Thirion S, Van Obberghen-Schilling E, Mienville JM. 2002. RhoA inhibition
is a key step in pituicyte stellation induced by A(1)-type adenosine receptor
activation. Glia 38:351-362.

Rosso L, Pierson PM, Golfier C, Peteri-Brunbidck B, Deroanne C, Van
Obberghen-Schilling E, Mienville JM. 2007. Pituicyte stellation is prevented

by RhoA-or Cdc42-dependent actin polymerization. Cell Mol Neurobiol
27:791-804.

Schneider CC, Gotz C, Hessenauer A, Giinther J, Kartarius S, Montenarh M.
2011. Down-regulation of CK2 activity results in a decrease in the level of
cdc25C phosphatase in different prostate cancer cell lines. Mol Cell Biochem
356:177-184.

Smolock EM, Wang T, Nolt JK, Moreland RS. 2007. siRNA knock down of
casein kinase 2 increases force and cross-bridge cycling rates in vascular
smooth muscle. Am J Physiol Cell Physiol 292:C876-C885.

Tan I, Leung T. 2009. Myosin light chain kinases: Division of work in cell
migration. Cell Adh Migr 3:256-258.

Tawfic S, Yu S, Wang H, Faust R, Davis A, Ahmed K. 2001. Protein kinase CK2
signal in neoplasia. Histol Histopathol 16:573-582.

Totsukawa G, Wu Y, Sasaki Y, Hartshorne DJ, Yamakita Y, Yamashiro S,
Matsumura F. 2004. Distinct roles of MLCK and ROCK in the regulation of
membrane protrusions and focal adhesion dynamics during cell migration of
fibroblasts. J Cell Biol 164:427-439.

Wang D, Jang DJ. 2009. Protein kinase CK2 regulates cytoskeletal reorgani-
zation during ionizing radiation-induced senescence of human mesenchy-
mal stem cells. Cancer Res 69:8200-8207.

ZhangY, Stone J. 1997. Role of astrocytes in the control of developing retinal
vessels. Invest Ophthalmol Vis Sci 38:1653-1666.

Zhang Y, Porat RM, Alon T, Keshet E, Stone J. 1999. Tissue oxygen levels
control astrocyte movement and differentiation in developing retina. Brain
Res Dev Brain Res 118:135-145.

Zhang X, Li C, Gao H, Nabeka H, Shimokawa T, Wakisaka H, Matsuda S,
Kobayashi N. 2011. Rho kinase inhibitors stimulate the migration of human

cultured osteoblastic cells by regulating actomyosin activity. Cell Mol Biol
Lett 16:279-295.

2956

ACTOMYOSIN CYTOSKELETON REGULATION BY CK2

JOURNAL OF CELLULAR BIOCHEMISTRY



