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Elevated extracellular solute concentration (hyperosmotic
stress) perturbs cell function and stimulates cell responses by
evoking MAPK cascades and activating AP-1 transcription
complex resulting in alterations of gene expression, cell cycle
arrest, and apoptosis. The results presented here demonstrate
that hyperosmotic stress elicited increases in ATF-2 phos-
phorylation through a novel Polo-like kinase 3 (Plk3) pathway
in human corneal epithelial (HCE) cells. We found in hyperos-
motic stress-induced HCE cells that Plk3 transferred to the
nuclear compartment and was colocalized with ATF-2 in nu-
clei. Kinase activity of Plk3 was significantly activated by hy-
perosmotic stimulation. Further downstream, active Plk3
phosphorylated ATF-2 at the Thr-71 site in vivo and in vitro.
Overexpression of Plk3 and its mutants enhanced hyperos-
motic stress-induced ATF-2 phosphorylation. In contrast, sup-
pression of Plk3 by knocking down Plk3 mRNA effectively di-
minished the effect of hyperosmotic stress-induced ATF-2
phosphorylation. The effect of hyperosmotic stress-induced
activation of Plk3 on ATF-2 transcription factor function was
also examined in CRE reporter-overexpressed HCE cells. Our
results for the first time reveal that hyperosmotic stress can
activate the Plk3 signaling pathway that subsequently regu-
lates the AP-1 complex by directly phosphorylating ATF-2
independent from the effects of JNK and p38 activation.

Hyperosmotic stresses are considered as environmental
hazards and pathological conditions from increased extracel-
lular hyperosmolarity occurring in diabetes mellitus, uremia,
heat shock, fatal burns, infections, and dehydration after exer-
cise. Hyperosmotic stress extracts water out of cells, resulting
in cell shrinkage. To restore the volume, the cells undergo a
regulatory volume increase occurred within several minutes
by uptake inorganic ions and water (1–3). Cell shrinkage and
increased ionic strength ultimately alternate cellular architec-
ture compartments, denature proteins, and disturb cell func-
tion (4–6). In addition, a persistent increase in hyperosmotic
stress induces DNA damage, cell cycle arrest, and apoptosis
(5, 7). In the front of the eye, corneal epithelial cells are ex-
posed to these environmental hazards and often injured by

hyperosmotic stresses, resulting in delay of wound healing
and development of dry eye and other eye diseases (8).
Plk32 is one of the four members in the Polo-like kinase

family in mammalian cells. Plk3 shares high homologies with
Drosophila Polo kinases (9–12). There is a kinase domain
(KD) at the N terminus that phosphorylates downstream pro-
teins at serine/threonine and a Polo-box domain at the C ter-
minus that binds interactive proteins. As the cell cycle pro-
gress, Plk3 undergoes substantial changes in abundance,
kinase activity, and subcellular distribution. Recent studies
indicate that Plk3 is a multifunctional protein and is involved
in regulating a variety of molecular and intracellular events
that include DNA damage responses, cell cycle controls, and
apoptosis (13, 14). Plk3 is rapidly activated upon stress stimu-
lation. These stresses are ionizing radiation, reactive oxygen
species, methyl-methane-sulfonate, UV irradiation, and hy-
poxia (15–17). In previous studies, we found that stress stimu-
lation activates Plk3 to phosphorylate c-Jun protein at Ser-63
and Ser-73, subsequently resulting in activation of apoptotic
responses in various cells (16). However, it is still not clear
how Plk3 functionally regulates these transcription factors in
response to various stress stimulation and how Plk3 interacts
with other transcription factors to form heterodimeric AP-1
complexes in addition to the c-Jun protein.
The AP-1 transcription factor complex acts as a central

switch to convert extracellular signals into genetic responses
and to determine cell proliferation, differentiation, and apo-
ptosis. The AP-1 complex consists of homodimers and het-
erodimers formed by a group of transcription factors, such as
those members in the Jun, Fos, and ATF families (18, 19). The
AP-1 complex formed by ATF-2 and c-Jun transcription fac-
tors is one of the main components in response to hyperos-
motic stress stimulation. Recent studies indicate that the
AP-1 complex is formed by heterodimer of ATF-2 and c-Jun
instead of ATF-2/ATF-2 or c-Jun/c-Jun homodimers in hu-
man cells (20, 21). It has also shown that there are unique
structures within these transcription factor proteins, includ-
ing DNA recognition segments and the basic leucine zipper
domain that are responsible for protein-DNA interactions
and for forming functional dimers of the AP-1 complex, re-
spectively (21–23).
Upon treating cells with hyperosmotic stresses, the AP-1
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lation mainly through eliciting MAPK cascades, namely the
JNKs, and the p38 MAPKs (6, 24–26). Composition, regula-
tion, and function of AP-1 complex are different depending
on the cellular context and activation of various MAPKs. In
corneal epithelial cells, activation of JNK and p38 result in
increase in cell mobility and apoptosis (27–30). In previous
studies, we reported that Plk3 is involved in UV irradiation-
and hypoxia-induced cell death by activation of c-Jun in cor-
nea epithelial cells (16, 17). In the present study, we investi-
gated whether hyperosmotic stress induces Plk3 activation,
which subsequently alters corneal epithelial cell function
through activation of ATF-2 in formation of AP-1 complex.
Our results revealed that Plk3 is a newly recognized compo-
nent in signaling pathways to transmit extracellular hyperos-
motic stress signals and to regulate ATF-2 in AP-1 complex in
addition to the existing kinase cascade pathways.

EXPERIMENTAL PROCEDURES

Culture of Corneal Epithelial Cells

Primary HCE cells and human telomerase-immortalized
corneal epithelial cells were cultured in a serum-free keratino-
cyte medium (defined keratinocyte-SFM; Invitrogen), and a
human corneal epithelial (HCE) cell line was grown in Dul-
becco’s modified Eagle’s medium/F-12 (1:1) containing 10%
fetal bovine serum and 5 �g/ml insulin in an incubator sup-
plied with 95% air and 5% CO2 at 37 °C. The medium was re-
placed every 2 days, and the cells were subcultured by treat-
ment of cells with 0.05% trypsin-EDTA. For experiments of
hyperosmotic stress stimulation, various concentrations of
sorbitol, sucrose, NaCl, and glucose were added to the culture
media following a time course. Osmotic pressures of hyperos-
motic media were measured by using a vapor pressure os-
mometer (VAPRO5520).

Gene Transfection and Recombinant Proteins

Various constructs encoding full-length Plk3 (pEGFP-Plk3-
FL, amino acids 1–646) and its mutants, including constitu-
tively active Plk3 kinase domain (pEGFP-Plk3-KD, containing
amino acids 1–334), inactive Plk3 kinase domain mutant
(pEGFP-Plk3T219E, containing the Plk3 kinase domain mu-
tated by substitute of the threonine 219 with a glutamate),
and kinase-defective Plk3K52R (a full-length mutant of Plk3
that contains a substitution of the lysine 52 with an arginine),
were transfected in corneal epithelial cells for 16–20 h using
Lipofectamine reagents (Invitrogen). Transfected cells were
subjected to immunoblot analysis and immunocomplex ki-
nase assays. Transfections of JNK1-specfic siRNA (Qiagen;
SI02758637), p38-specific siRNA (Qiagen; SI00605157), and
Plk3-specific siRNA (Qiagen; SI02223473 and SI02223466)
were done by adding respective JNK1-, p38-, and Plk3-specific
siRNAs with a final concentration of 25 nM mixed with 12 �l
of HiPerFect in 100 �l of serum-free culture medium. Trans-
fection mixtures were incubated for 20 min at room tempera-
ture. The mixture was evenly dropped into cultured cells.
Transfected cells were cultured under normal growth condi-
tions for 48–84 h before performing experiments. Control
cells were transfected with nonsilencing siRNA using the
same method as described above. Recombinant fusion pro-

teins including active Plk3 (Plk3a), Plk3 mutant (Plk3 K52R),
ATF-2, and ATF-2 mutant (ATF-2T69A/T71A, a generous gift
from Dr. Ze’ev Ronai at the Burnham Institute for Medical
Research) were expressed using the baculoviral expression
system and purified from Sf9 insect cells according to Invitro-
gen protocol. Briefly, Sf9 cells (ATCC) infected with Plk3 or
ATF-2 baculovirus were cultured in Grace’s insect cell culture
medium. Infected cells were harvested on day 3 and lysed in a
lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 1% Nonidet P-40
20 mM imidazole, 1 mM PMSF, 2 �M pepstatin A, 10 units/ml
aprotinin). The cell lysates were incubated with nickel-nitrilo-
triacetic acid-agarose resins for 3 h at 4 °C. Fusion proteins
were eluted from nickel-nitrilotriacetic acid resins by using
the lysis buffer containing 200 mM imidazole after extensive
wash of the resins with the lysis buffer. Fusion proteins were
purified by dialyzing in a storage buffer (25 mM Tris, pH7.4, 5
mM EGTA, 2 mM DTT, 0.1% Triton X-100, and 50% glycerol)
and stored at 80 °C for subsequent uses. A cAMP response
element (CRE) promoter report system was used to determine
ATF-2/AP-1 transcription activity following the company’s
protocol (Promega, WI). Luc2 (Photinus pyralis, the reporter
activity) and hRluc (Renilla reniformis, the internal control)
activities were determined by a Lumat LB 9507 tube lumi-
nometer (Berthold, Germany).

Immunocytochemistry Experiments

Immunostaining—Corneal epithelial cells were grown on
glass slides. After different treatments, HCE cells were rinsed
twice with PBS, fixed for 15 min in 4% paraformaldehyde, and
then permeabilized with PBS, 0.1% Triton X-100 (PBS-T) for
30 min at room temperature. The cells were blocked by incu-
bation with 10% normal horse serum or 10% normal goat se-
rum in PBS-T for 1 h at room temperature, followed by dou-
ble immunostaining with the corresponding antibodies. The
cells were washed with PBS and stained with DAPI. Pictures
were captured by a Nikon fluorescent Ti microscope. The
image data were analyzed using a Nikon NIS element software
program.
Immunoprecipitation and Immunocomplex Kinase Assay—

Corneal epithelial cells (5 � 107) were rinsed with PBS and
incubated in 1 ml of lysis buffer (20 mM Tris, pH 7.5, 137 mM

NaCl, 1.5 mM MgCl2, 2 mM EDTA, 10 mM sodium pyrophos-
phate, 25 mM glycerophosphate, 10% glycerol, 1% Triton
X-100, 1 mM sodium vanadate, 1 mM phenylmethylsulfonyl
fluoride, 250 �M 4-nitrophenyl-phosphate, 10 �g/ml leupep-
tin, and 10 �g/ml aprotinin) on ice for 30 min. The cell lysates
were spun at 13,000 � g for 10 min at 4 °C and incubated at
4 °C overnight with antibodies against Plk3, JNK, and p38,
respectively (Santa Cruz Biotechnology). The immunocom-
plexes were recovered by incubation with 50 �l of 10% pro-
tein A/G-Sepharose (Santa Cruz Biotechnology). The immu-
nocomplex beads were rinsed twice with lysis buffer and once
with kinase buffer and then subjected to immunoblotting and
kinase assay. To measure activities of Plk3, JNK, and p38, im-
munocomplex kinase assays were carried out by incubation of
immunoprecipitated Plk3, JNK, or p38 with ATF-2 fusion
protein in 30 �l of kinase buffer (20 mM HEPES, pH 7.6, 5 mM

MgCl2, 10 �M MnCl2, 25 mM glycerophosphate, 1 mM sodium
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orthovanadate, 2 mM dithiothreitol, 20 �M ATP, and 10 �Ci
of [�-32P]ATP) for 30 min at 37 °C. Kinase reactions were ter-
minated by adding an equal volume of 2� Laemmli buffer
and boiling for 5 min. Equal volumes of the samples were dis-
played on 12% SDS-PAGE and visualized by exposure on x-
ray films. For cold kinase assay, [�-32P]ATP was omitted from
the kinase buffer. Western blot assay was performed by har-
vesting 5 � 105 cells in 0.5 ml of lysis buffer containing: 137
mM NaCl, 1.5 mM MgCl2, 2 mM EDTA, 10 mM sodium pyro-
phosphate, 25 mM �-glycerophosphate, 10% glycerol, 1% Tri-
ton X-100, 1 mM sodium orthovanadate, 1 mM phenylmethyl-
sulfonyl fluoride, 10 mg/ml leupeptin, 10 �g/ml aprotinin,
and 20 Tris, pH 7.5. Cell lysates were rinsed by ice-cold PBS
and precleared by centrifugation at 13,000 � g for 20 min.
The samples were denatured by adding an equal volume of
2� Laemmli buffer and boiling for 5 min. The samples were
loaded into a 12% SDS-PAGE gel and fractionated by electro-
phoresis. Proteins in the gel were electrotransferred to PVDF
membrane. The membrane was exposed to the blocking
buffer (5% nonfat milk in TBS, 0.1% Tween 20 (TBS-T) for 1 h
at room temperature and then incubated with respective anti-
bodies overnight at 4 °C. After three washes with TBS-T
buffer, the membrane was incubated with HRP-linked sec-
ondary antibody for 1 h at room temperature. Expression of
proteins was detected with a Western blot detection kit
(Santa Cruz Biotechnology).

RESULTS

Hyperosmotic Stress-induced ATF-2 Phosphorylation and
Plk3 Activation—In previous studies, we found that Plk3 is a
kinase that is responsive to UV irradiation and hypoxic stimu-
lation. However, the effects of hyperosmotic stress on Plk3
activity and further on downstream events are still unknown.
First, the effect of hyperosmotic stress-induced ATF-2 phos-
phorylation was studied by stimulating various human cor-
neal epithelial cells with increased extracellular osmotic pres-

sures that were created by adding high concentrations of
sorbitol up to 1,000 mM. Phosphorylation levels of ATF-2
were markedly increased by 300 mM sorbitol in the culture
medium in HCE, primary HCE, and human telomerase-im-
mortalized corneal epithelial cells (Fig. 1A). However, hyper-
osmotic stress-induced ATF-2 phosphorylation was not fur-
ther increased when the extracellular sorbitol concentration
was further elevated to 1,000 mM. A time course for hyperos-
motic stress-induced ATF-2 activation was examined for 60
min after exposure of HCE cells to 300 mM sorbitol (Fig. 1B).
ATF-2 was activated by sorbitol within 5 min and reached the
peak level at 50 min. The effect of hyperosmotic stress-in-
duced ATF-2 phosphorylation by 300 mM of glucose, sucrose,
and NaCl were also tested to compare with the effect of high
concentration sorbitol in HCE cells (Fig. 1C). Second, the ef-
fect of hyperosmotic stress-induced Plk3 activation on ATF-2
phosphorylation was investigated following increased concen-
trations of extracellular sorbitol. The results of immunocom-
plex kinase assays demonstrated that hyperosmotic stress-
induced Plk3 activation phosphorylated ATF-2 fusion protein
following a increased sorbitol concentrations (Fig. 1D). Using
Plk3-specific siRNA Plk3 mRNA, Plk3 mRNA expression was
knocked down in HCE cells. The effect of hyperosmotic
stress-induced Plk3 activation on ATF-2 phosphorylation was
further characterized in Plk3 deficient cells. Knockdown of
Plk3 significantly suppressed ATF-2 phosphorylation com-
pared with control siRNA-transfected cells (Fig. 1, E and F).
These results suggest that hyperosmotic stress induced Plk3
activation, which may play a role in activation ATF-2 by di-
rectly phosphorylating ATF-2 in corneal epithelial cells.
Effect of Active and Inactive Plk3 on Hyperosmotic Stress-

induced ATF-2 Phosphorylation—ATF-2 fusion proteins were
purified and used as substrates to test the effect of Plk3
kinase on ATF-2 phosphorylation. The constitutively acti-
vated Plk3 protein Plk3a was purified and used to directly

FIGURE 1. Hyperosmotic stress-induced ATF-2 phosphorylation through activation of Plk3. A, increases in ATF-2 phosphorylation following increased
sorbitol concentrations in various human corneal epithelial cells. PHCE, primary HCE; HTCE, human telomerase-immortalized corneal epithelial. B, high con-
centration sorbitol-induced ATF-2 phosphorylation following a time course. Ctrl, control. C, effects of high concentrations of glucose (300 mM), sucrose (300
mM), and NaCl (300 mM) on ATF-2 phosphorylation. D, hyperosmotic dose-dependent activation of Plk3. E, effect of knocking down Plk3 mRNA on hyperos-
motic stress-induced ATF-2 phosphorylation at 15 min. F, suppression of hyperosmotic stress-induced Plk3 activation by knocking down Plk3 mRNA with
specific siRNA. Plk3 activity was determined by immunocomplex kinase assay, and ATF-2 fusion protein was served as the substrate. *, significant difference
at p � 0.05 (n � 4).
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phosphorylate ATF-2 at Thr-71 (Fig. 2A). However, Plk3a
was not able to phosphorylate the mutated ATF-2 fusion
protein (ATF-2T69A/T71A) in which two threonine residues
(Thr-69 and Thr-71) were replaced by alanine residues (Fig.
2B). The other Plk3 mutant (Plk3K52R) that was kinase-defec-
tive by substituting lysine 52 with arginine showed a very
weak effect on phosphorylation of ATF-2 fusion protein (Fig.
2C). In addition, Plk3 that was immunoprecipitated from hy-
perosmotic stress-induced HCE cells phosphorylated the wild
type ATF-2 fusion protein at the residue of Thr-71 but failed
to interact with ATF-2T69A/T71A mutant protein (Fig. 2D).
Transfection of cDNA encoding kinase-defective Plk3K52R in
HCE cells resulted in a significant suppression of hyperos-
motic stress-induced ATF-2 phosphorylation (Fig. 2E). The
Plk3 kinase assay experiments demonstrated the direct inter-
action of Plk3 and ATF-2 proteins and altered Plk3 activity
affected phosphorylation of ATF-2 in vitro and in hyperos-
motic stress-induced cells.
Effect of Altered Plk3 Activity on ATF-2 Transcription

Function—To increase Plk3 activity, HCE cell were trans-
fected with cDNAs encoding the active kinase domain of Plk3
(Plk3-KD) and the full-length Plk3 (Plk3-FL). Transfection of
cells with Plk3-FL and Plk3-KD enhanced hyperosmotic
stress-induced ATF-2 phosphorylation (Fig. 3A). The cells
that were transfected with the expression vector containing
an enhanced green fluorescent protein (pEGFP) were served
as the controls (Fig. 3A). To study the effect of Plk3 activity on
ATF-2 function, HCE cells were cotransfected with the CRE
reporter. Overexpression of either Plk3-FL or Plk3-KD signifi-
cantly enhanced hyperosmotic stress-induced CRE reporter
activities, respectively (Fig. 3B). Transfection of HCE cells
with Plk3T219E mutant that was defective in kinase activity
resulted in a reversed effect of Plk3-KD on hyperosmotic
stress-induced CRE transcription activation (Fig. 3C). In addi-

tion, increases in hyperosmotic stress-induced activity of the
CRE reporter by overexpression of Plk3-FL and Plk3-KD were
significantly diminished by cotransfecting HCE cells with neg-

FIGURE 3. Effects of altered Plk3 activity on hyperosmotic stress-in-
duced ATF-2 transcription activity. A, effects of overexpressing wild type
Plk3 (pEGFP-Plk3-FL) and active Plk3 kinase domain (pEGFP-Plk3-KD) on
hyperosmotic stress-induced ATF-2 phosphorylation. B, effects of overex-
pressing pEGFP-Plk3-FL and pEGFP-Plk3-KD on hyperosmotic stress-in-
duced CRE reporter activity. C, effects of overexpressing pEGFP-Plk3-KD and
pEGFP-Plk3T219E mutant on hyperosmotic stress-induced CRE reporter activ-
ity. D, effects of overexpressing pEGFP-Plk3-FL and pEGFP-Plk3-KD on hy-
perosmotic stress-induced CRE reporter activity in ATF-2 or ATF-2T69A/T71A

cotransfected cells. * and **, significant differences between control and
pEGFP-Plk3-FL/pEGFP-Plk3-KD transfected cells and between ATF-2/
ATF-2T69A/T71A cotransfected cells, respectively (p � 0.05, n � 6).

FIGURE 2. Activation of Plk3 by hyperosmotic stress resulting in ATF-2 phosphorylation. A, determination of phosphorylation site in ATF-2 catalyzed
by purified and activated Plk3 kinase (Plk3a) fusion protein in vitro. B, activated Plk3a fusion protein failed to phosphorylate ATF-2 mutant (ATF-2T69A/T71A),
in which Thr-69 and Thr-71 were substituted by alanine residues. C, comparing the effect of activated Plk3a and kinase-defective Plk3K52R fusion proteins on
ATF-2 phosphorylation. D, comparing the effect of hyperosmotic stress-activated Plk3 in HCE cells on phosphorylation of ATF-2 and ATF-2T69A/T71A. E, effect
of hyperosmotic stress-activated Plk3wt and Plk3K52R on phosphorylation of ATF-2 in transfected HCE cells. *, a significant difference between Plk3wt and
Plk3K52R transfected HCE cells (p � 0.05, n � 3).
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ative mutant of ATF-2T69A/T71A (Fig. 3D). These results indi-
cate that hyperosmotic stress-induced Plk3 activation affects
the ability of ATF-2 to regulate transcription probably
through phosphorylation of the ATF-2 protein.
Interactions of Plk3 and ATF-2 in Hyperosmotic Stress-in-

duced Cells—To substantiate the notion that Plk3 mediates
hyperosmotic stress-induced ATF-2 activation, we performed
further experiments to show that there are interactions be-
tween Plk3 and ATF-2 proteins in hyperosmotic stress-in-
duced cells. Hyperosmotic stress-induced interaction between
Plk3 and ATF-2 was detected by coimmunoprecipitation and
Western analysis. The results of coimmunoprecipitation ex-
periments demonstrated bidirectional effects that anti-phos-
pho-ATF-2 antibody pulled down Plk3 and in turn that anti-
Plk3 antibody pulled down phospho-ATF-2 in hyperosmotic
stress-induced HCE cells (Fig. 4, A and B). The distribution of
Plk3 in the cytosolic and nuclear compartments was meas-
ured by Western blot before and after hyperosmotic stimula-
tion. There was an obvious increase in the Plk3 protein level
in cell nuclei in response to sorbitol treatment (Fig. 4C). Acti-
vation of Plk3 and ATF-2 could be colocalized in the nuclei of
hyperosmotic stress-induced HCE cells detected by immuno-
staining and microscopy imaging. Both Plk3 and ATF-2 were
activated to form immune active clusters within 15 and 45
min upon sorbitol stimulation, and both active Plk3 and
ATF-2 were colocalized in cell nuclei that were indicated by
DAPI nuclear staining (Fig. 4D). The interaction between Plk3
and ATF-2 in the nuclei of hyperosmotic stress-induced HCE
cells was more clearly demonstrated by using an anti-phos-

pho-ATF-2 antibody and the higher magnification in immu-
nostaining experiments (Fig. 4E). In addition, Plk3 expression
was not detected in Plk3 knockdown cells in control immuno-
staining experiments (data not shown). The results of immu-
nocytochemistry experiments indicate that there is indeed a
protein-protein interaction between Plk3 and ATF-2 that can
be colocalized in the nuclei, which is dependent on hyperos-
motic stress stimulation.
Differentiation of Plk3 Effect from JNK and p38—To further

separate the effect of Plk3 on ATF-2 phosphorylation from
the effect of JNK/p38 in vivo in hyperosmotic stress-induced
cells, we examined the effect of hyperosmotic stress on ATF-2
activation by inhibiting JNK/p38 or Plk3 pathways in HCE
cells. Expressions of Plk3, JNK, and p38 were individually sup-
pressed by knocking down mRNA expressions in cells trans-
fected with respective siRNAs. We found that knockdown of
JNK and p38 individually did not affect hyperosmotic stress-
induced Plk3 activation and its enzymatic ability to phosphor-
ylate ATF-2 fusion protein (Fig. 5, A and B). In the mean
time, knockdown of Plk3 had no significant effect on hyperos-
motic stress-induced JNK and p38 activation, suggesting that
cross-talk may not exist between Plk3 and JNK/p38 proteins
in response to hyperosmotic stimulation (Fig. 5, C and D).
These results further support the notion that Plk3 plays an
important role in hyperosmotic stress-induced ATF-2 activa-
tion in parallel to the effects of JNK and p38 signaling
pathways.
Next, we found that suppression of JNK and p38 activities

by knocking down JNK and p38 mRNAs using specific

FIGURE 4. Determining interaction between Plk3 and ATF-2 in hyperosmotic stress-induced cells. A, detection of Plk3 and ATF-2 interaction by immu-
noprecipitation (IP) using anti-phospho-ATF-2 (pAFT-2) antibody. Plk3 was detected by Western analysis. B, detection of Plk3 and ATF-2 interaction by im-
munoprecipitation using anti-Plk3 antibody. ATF-2 was detected by Western analysis using anti-pATF-2 antibody. C, detection of Plk3 distribution in the
cytosolic and nuclear compartments with/without hyperosmotic stimulation. D, coimmunolocalization of Plk3 and ATF-2 in hyperosmotic stress-induced
cells. E, high amplification view (60�) to show colocalization of Plk3 and phospho-ATF-2 in the nucleus of the hyperosmotic stress-induced cell. Coimmuno-
localization experiments were done by immunostaining and double staining of hyperosmotic stress-induced human corneal epithelial cells using antibod-
ies specific to Plk3, ATF-2, and phospho-ATF-2. Photo images were taken by using a Nikon fluorescent microscope at 20� and 60�, respectively. The data
were analyzed with a Nikon software program.
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siRNAs could not totally prevent hyperosmotic stress-in-
duced ATF-2 phosphorylation, indicating that there is likely
an alternative signaling pathway that mediates hyperosmotic

stress-induced ATF-2 activation in addition to JNK and p38
pathways. (Fig. 6, A and B). The relevance of Plk3 in hyperos-
motic stress-induced ATF-2 phosphorylation was further
characterized by double inhibitions of JNK and p38 kinases.
Experiments were performed by suppression of JNK and p38
using inhibitors of SP600125 and SB202190, respectively (Fig.
6C). Hyperosmotic stress-induced ATF-2 phosphorylation in
the absence and presence of both SP600125 and SB202190
was also measured in Plk3 knocking down cells. Inhibition of
JNK and p38 with both SP600125 and SB202190 in Plk3
knocking down cells resulted in further suppression of hyper-
osmotic stress-induced ATF-2 phosphorylation (Fig. 6D). To
dissect the effect of hyperosmotic activated Plk3 on ATF-2
phosphorylation, JNK and p38 proteins from cell lysates were
removed using an immunodepletion procedure through a
three-step immunoprecipitation. After immunodepletion
procedures, JNK and p38 activities in lysates were markedly
diminished to nondetectable levels (data not shown). In the
final step, immunoprecipitated Plk3 from hyperosmotic
stress-induced HCE cells significantly phosphorylated ATF-2
in the absence of JNK and p38 (Fig. 6E). The effect of hyper-
osmotic stress-induced Plk3 activation on phosphorylation of
ATF-2 was also observed in high concentrations of glucose-,
sucrose-, and NaCl-treated cells by immunocomplex assays
(Fig. 6F). These results demonstrate for the first time that hy-
perosmotic stress stimulation induces Plk3 activation in the
absence of JNK and p38 activities to phosphorylate ATF-2.
Effects of PP2 and Caffeine on Hyperosmotic Stress-induced

ATF-2 Activation—It has been shown that hyperosmotic
stress induces activation of Src and can also cause DNA dam-
age. It has been shown that PP2 and caffeine are effective in-
hibitors for suppression of Src activity and for inhibition of

FIGURE 5. Effects of suppressing JNK/p38 on hyperosmotic stress-in-
duced Plk3 activation. A, effect of knocking down JNK or p38 mRNAs on
hyperosmotic stress-induced Plk3 expression and ATF-2 activation. B, effect
of knocking down JNK or p38 mRNAs on hyperosmotic stress-induced Plk3
activity. C, effect of knocking down Plk3 mRNA on hyperosmotic stress-in-
duced JNK and p38 phosphorylation. D, effect of knocking down Plk3
mRNA on hyperosmotic stress-induced JNK and p38 activities. Phosphoryla-
tion of JNK/p38 was measured by using anti-phospho-JNK and anti-phos-
pho-p38 antibodies, respectively. The activities of JNK, p38, and Plk3 were
determined in three sets of independent experiments by immunocomplex
kinase assays, and ATF-2 fusion protein was used as the substrate.

FIGURE 6. Differentiation of Plk3 effect from JNK and p38 on ATF-2 phosphorylation in hyperosmotic stress-induced cells. A, effect of knocking
down JNK mRNA on hyperosmotic stress-induced ATF-2 phosphorylation. B, effect of knocking down p38 mRNA on hyperosmotic stress-induced ATF-2
phosphorylation. C, effects of blocking JNK and p38 with SP600125 and SB202190, respectively, on hyperosmotic stress-induced ATF-2 phosphorylation.
D, effects of knocking down Plk3 in the absence and presence of SP600125 and SB202190 on hyperosmotic stress-induced ATF-2 phosphorylation. E, effect
of hyperosmotic stress on Plk3 activity. Plk3 activity was determined by immunocomplex kinase assay, and ATF-2 fusion protein was used as the substrate.
An immunodepletion procedure was used to remove JNK and p38 in cell lysates. F, effects of high concentrations of high concentrations of glucose (300 mM), su-
crose (300 mM), and NaCl (300 mM) on Plk3 activities. *, a significant difference between control and hyperosmotic stress-induced cells (p � 0.05, n � 3).
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ATM/ATR that is activated in response to DNA damages,
respectively. To study the possible involvement of Plk3 in
these pathways, various concentrations of PP2 were applied to
hyperosmotic stress-induced cells. The results showed that
PP2 had no effect on either hyperosmotic stress-induced
ATF-2 phosphorylation in vivo or Plk3 kinase activity in vitro
(Fig. 7, A and B). In addition, blockade of DNA damage-in-
duced activation of ATM/ATR with 5–10 mM caffeine did not
affect hyperosmotic stress-induced ATF-2 phosphorylation in
vivo and had no inhibitory effect on hyperosmotic stress-in-
duced Plk3 activity either (Fig. 7, C and D). The results ob-
tained from inhibitions of Src and ATM/ATR in hyperos-
motic stress-induced cells suggest that the effect of
hyperosmotic stress-induced Plk3 activation on ATF-2 phos-
phorylation is independent from Src and ATM/ATR
pathways.

DISCUSSION

Hyperosmotic stress is one of the environmental stresses
that can delay the corneal epithelial wound healing process,
resulting in compromising physiological function of the cor-
nea. In various cell types, hyperosmotic stress activates stress-
induced MAPK cascades including JNK and p38 signaling
pathways (5, 8, 31, 32). Cells respond to hyperosmotic stress
through activation of signaling pathways, resulting in further
activation of downstream transcription factors, such as
ATF-2. We found that hyperosmotic stresses that were gener-
ated by increased concentrations of different extracellular
solutes including sorbitol, sucrose, glucose, and NaCl indeed
activated ATF-2 in human corneal epithelial cells. However,

suppression of JNK and p38 by knocking down JNK and p38
mRNA or by applications of inhibitors could not completely
prevent hyperosmotic stress-induced ATF-2 phosphorylation
as would be expected, which suggests that there are other
players in the hyperosmotic stress-induced pathways to acti-
vate ATF-2 in human corneal epithelial cells (Fig. 1). To an-
swer this possibility, we explored hyperosmotic stress-in-
duced alternative pathways and revealed a novel pathway
involving Plk3. By using a three-step immunoprecipitation/
immunodepletion procedure, we were able to remove activi-
ties of both JNK and p38 from hyperosmotic stress-induced
cells. We found in human corneal epithelial cells that Plk3
activated by high concentrations of sorbitol, sucrose, glucose,
and NaCl is able to phosphorylate ATF-2 that is an important
transcription factor to form heterodimers of AP-1 complex.
In fact, Plk3 phosphorylates ATF-2 in the absence of JNK/p38
activities at the specific site of Thr-71 in hyperosmotic stress-
induced human corneal epithelial cells.
To further characterize the hyperosmotic stress-induced

ATF-2 phosphorylation through activation of Plk3 pathway,
cDNAs encoding full-length Plk3 and Plk3 mutants were in-
troduced in hyperosmotic stress-induced cells. The results of
transfection experiments showed that full-length Plk3 and
constitutive active Plk3 kinase domain mutant enhanced
ATF-2 phosphorylation in hyperosmotic stress-induced cells,
whereas kinase domain silencing Plk3 mutant had no effect
on hyperosmotic stress-induced ATF-2 phosphorylation, al-
though the exogenously expressed protein of kinase-domain
silencing Plk3 mutant was markedly increased in the trans-
fected cells. In addition, suppression of Plk3 mRNA expres-
sion with specific siRNA clearly inhibited hyperosmotic
stress-induced ATF-2 phosphorylation. These results provide
further evidence that hyperosmotic stress-induced ATF-2
phosphorylation was indeed mediated by the Plk3 pathway.
Furthermore, protein interaction between Plk3 and ATF-2 is
verified by two-step experiments. First, using respective anti-
bodies in coimmunoprecipitation experiments can bi-direc-
tionally pull down both Plk3 and ATF-2 proteins. Second,
both Plk3 and ATF-2 proteins can be colocalized in the nuclei
of hyperosmotic stress-induced human corneal epithelial
cells. Thus, we demonstrate for the first time that hyperos-
motic stress-activated Plk3 is an important event upstream of
ATF-2 to phosphorylate ATF-2 in the formation of AP-1
complex that determines cell differentiation and apoptosis in
human corneal epithelial cells (17).
The effect of hyperosmotic stress on the activation of Plk3

subsequently resulting in ATF-2 phosphorylation is consist-
ent with previous findings indicating that Plk3 is an important
mediator of the cellular response to genotoxic stress. Further-
more, the effect of hyperosmotic stress-activated Plk3 on
ATF-2 function was examined by using the AP-1-specific
CRE reporter. Activated Plk3 phosphorylated ATF-2 and in-
creased CRE promoter activity. Transfection of a mutant of
ATF-2 (ATF-2T69A/T71A) effectively suppressed the effect of
hyperosmotic stress-activated Plk3 on CRE promoter activity
(Fig. 3). The study results provide new evidence to reveal that
Plk3 plays a novel role to mediate the effect of hyperosmotic
stress on AP-1 activation in addition to the previous findings

FIGURE 7. Effect of inhibiting Src and ATM/ATR on hyperosmotic stress-
induced Plk3 and ATF-2 activation. A, effect of inhibiting Src with PP2 on
hyperosmotic stress-induced ATF-2 phosphorylation. B, effect of inhibiting
Src with PP2 on hyperosmotic stress-induced Plk3 activity. C, effect of inhib-
iting ATM/ATR with caffeine (Caff) on hyperosmotic stress-induced ATF-2
phosphorylation. D, effect of inhibiting ATM/ATR with caffeine on hyperos-
motic stress-induced Plk3 activity. Phosphorylation of ATF-2 was measured
by Western analysis using anti-phospho-ATF-2 (at site of threonine 71) anti-
body. Plk3 activity was determined in three sets of independent experi-
ments by immunocomplex kinase assays.
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that Plk3 is involved in UV irradiation and hypoxic stress-
induced signaling pathway to activate c-Jun, the other mem-
ber in formation of the AP-1 complex (16, 17). In addition,
the findings of the present study have physiological signifi-
cance because corneal epithelium forms the outer layer of the
eye and is exposed to harsh environmental conditions includ-
ing hyperosmotic stresses. It is no doubt that the finding of
hyperosmotic stress-induced Plk3 activation that phosphory-
lates ATF-2 and elicits AP-1 transcription activity provides
new insight of the novel mechanisms. These mechanisms in-
volve hyperosmotic stress-induced molecular responses that
alter expression levels of the important genes to determine
human corneal epithelial cell fate.
The other responses that cells respond to hyperosmotic

stress include activation of sodium-potassium cotransporter,
ion channels, and water channels, leading to regulation vol-
ume increase. In these processes, numerous proteins and sig-
naling pathways could be activated by hyperosmotic stresses
(5). The regulation of ATF-2 phosphorylation in response
hyperosmotic stress is mostly studied through activation of
the p38 pathway (33–35). It has been shown that growth fac-
tors can induce ATF-2 phosphorylation through activation of
Src and the p38 signaling pathway (36). We tested the effect of
inhibiting Src on hyperosmotic stress-induced phosphoryla-
tion of ATF-2 with PP2, a potent inhibitor of Src (5, 37, 38).
PP2 had no effect on either hyperosmotic stress-induced
AFT-2 phosphorylation or Plk3 activity, suggesting that Plk3-
activated ATF-2 is independent of the Src-mediated pathway.
In addition, hyperosmotic stress could induce a DNA double-
strand break and activate ATF-2 through activation of ATM/
ATR (39, 40). It has been shown that caffeine is an effective
inhibitor to suppress ATM/ATR activity in various cell types
including corneal epithelial cells (41). In our study, applica-
tion of caffeine to human corneal epithelial cells did not have
inhibitory effects on either hyperosmotic stress-induced
ATF-2 phosphorylation or Plk3 activity, suggesting that hy-
perosmotic stress-induced Plk3 activation that subsequently
phosphorylates ATF-2 is an independent event from ATM/
ATR activity (Fig. 7). These data support the notion that hy-
perosmotic stress-induced activation of Plk3 is one of the
novel signaling pathways that lead to ATF-2 phosphorylation
in human corneal epithelial cells.
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