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Abstract In both cardiomyocytes and HeLa cells,
hypoxia (1% O,) quickly leads to microtubule disruption,
but little is known about how microtubule dynamics change
during the early stages of hypoxia. We demonstrate that
microtubule associated protein 4 (MAP4) phosphorylation
increases while oncoprotein 18/stathmin (Opl18) phos-
phorylation decreases after hypoxia, but their protein levels
do not change. p38/MAPK activity increases quickly after
hypoxia concomitant with MAP4 phosphorylation, and the
activated p38/MAPK signaling leads to MAP4 phosphory-
lation and to Op18 dephosphorylation, both of which induce
microtubule disruption. We confirmed the interaction
between phospho-p38 and MAP4 using immunoprecipita-
tion and found that SB203580, a p38/MAPK inhibitor,
increases and MKK6(Glu) overexpression decreases hyp-
oxic cell viability. Our results demonstrate that hypoxia
induces microtubule depolymerization and decreased cell
viability via the activation of the p38/MAPK signaling
pathway and changes the phosphorylation levels of its
downstream effectors, MAP4 and Opl8.
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Introduction

Microtubules (MTs) are a major component of the
eukaryotic cytoskeleton and have been assigned many
functional roles, such as intracellular trafficking, protein
synthesis, intracellular signaling, chromosome segregation
during mitosis and cell fate determination [1, 2]. MTs are
also involved in specific myocardial cell functions,
including regulation of contraction, ion channel function,
receptor recycling, and sarcomere structure [3-7].

Hypoxia is a common pathological process in many
diseases. It plays a key role in tumor cell survival, invasion,
and metastasis. Myocardial hypoxia is relevant not only to
patients with coronary artery disease experiencing repeti-
tive ischemia [8] but also to patients with obstructive sleep
apnea, hypertensive heart disease, cardiomyopathy, or
severe burns [9, 10]. Cytoskeletal damage, including MT
alterations, has been linked with various pathological con-
ditions. Disruption of the MT network has been reported in
ischemia as an early ultrastructural change correlated with
the cellular reaction to a metabolic challenge [11-13], and
irreversible cell damage may be associated with the
collapse of the MT cytoskeleton [14]. Proliferation of the
MTs with taxol has been reported to protect against
hypoxia/re-oxygenation injury [15], whereas the MT dis-
ruptor, colchicine, has been shown to abolish the protective
effect of ischemic pre-conditioning [16, 17]. However,
there are some conflicting reports, for example, in breast
carcinoma cells, hypoxia (3% O, for 24 h) stimulates car-
cinoma invasion by stabilizing MTs [18].



322

J.-Y. Hu et al.

The transition between the stable and disassembled MT
forms is regulated by two main classes of MT regulators:
MT-associated proteins (MAPs), which have the ability to
polymerize and stabilize MTs [19], and Oncoprotein
18 (Opl8)/stathmin family members, especially the
MT-destabilizing protein families [20]. MAPs are good
substrates for many protein kinases in vitro [21], and their
phosphorylation was shown to reduce the ability of MTs to
polymerize in vitro [22]. MAPs include tau and MAP2,
which are expressed abundantly only in nervous tissue, and
MAP4, expressed ubiquitously in non-neuronal cells [23].
The phosphorylation state of MAP4 is thought to be a key
factor in the regulation of MT stability. Op18/stathmin is a
widely expressed and highly conserved cytosolic phos-
phoprotein [24]. It forms complexes with o/f-tubulin
heterodimers and destabilizes MTs in vivo and in vitro by
promoting MT disassembly [25]. The MT-destabilizing
activity of Op18/stathmin is turned off by phosphorylation
[26-29]. It is widely recognized that a balance between
MT-stabilizing and -destabilizing factors regulates the
dynamics of MT polymerization and that the phosphory-
lation of these factors is important for alterations to MT
dynamics [30].

The protein kinase systems involved in MAP4 and
Opl8/stathmin phosphorylation include members of the
cyclin-dependent kinase family (CDKs) [26], microtubule
affinity regulating kinase (MARK), mitogen-activated
protein kinase (MAPK) [27], CAM kinase II [28], and
PKA [29], and so on. It has been reported that hypoxia
(1% O,) induced a rapid and time-dependent activation of
p38/MAPK activation [31, 32], and that p38/MAPK could
modulate MT dynamics through phosphorylating MAPs
[33] and Opl8 [27]. What is more, pharmacological
inhibition of p38/MAPK by SB203580 attenuated noco-
dazole-induced MT depolymerization [34]. Accordingly,
we have focused on p38/MAPK and observed its function
in hypoxia-induced MT disruption.

Although the function of MAP4 and Opl8 phosphory-
lation in regulating MT dynamics suggests crucial roles for
these molecules during hypoxia, little is known about their
phosphorylation changes or the molecular mechanism(s)
triggered by hypoxia. Here, we describe the hypoxia-
induced phosphorylation changes of MAP4 and Op18, and
report the identification of a p38/mitogen-activated protein
kinase (p38/MAPK) pathway that plays an important role in
regulating MAP4 and Opl8 phosphorylation during
hypoxia. We found that hypoxia (1% O,) led to MT dis-
ruption after treatment for 15 min in HeLa cells, but this
disruption was delayed until after 30 min in cardiomyocytes
(CMs). Our results suggest that in both CMs and HeLa cells
the hypoxia-activated p38/MAPK pathway initiates MT
disruption and alters cell viability by phosphorylating the
downstream effector MAP4 and dephosphorylating Op18.

These results provide novel insights into the pathogenic
mechanisms of MT disruption during hypoxic disease.

Materials and methods
Cell culture and hypoxia treatment

All animal procedures have been approved by the Institu-
tional Animal Care and Use Committee of the Third Military
Medical University and followed the Principles of Labora-
tory animal care (NIH publication). Neonatal rat ventricular
CMs were prepared according to McMillin et al. [35] using
1- to 3-day-old Sprague—Dawley rats. CMs were plated at
5 x 10° cells/60-mm dish and maintained for 48 h in
DMEM/F12 with 5-bromodeoxyuridine (BrdU; 31 mg L_l),
10% (V/V) heat-inactivated fetal bovine serum (FBS), pen-
icillin G (100 U m1™Y), and streptomycin (100 mg ml™)
before hypoxia treatment. HeLa cells were cultured in RPMI-
1640 under standard mammalian cell conditions. The
p38/MAPK inhibitor, SB203580 (5 uM), or an equal volume
of vehicle (dimethyl sulfoxide) were added to these cultures
and incubated at 37°C for 30 min before hypoxia.

Hypoxia treatment was performed according to previous
methods [36]. Briefly, hypoxic conditions were achieved
by using an anaerobic jar (Mitsubishi, Tokyo, Japan) and
vacuum glove box (Chunlong, Lianyungang, China). The
serum-free medium was placed in the vacuum glove box
filled with a gas mixture of 94% N,, 5% CO,, and 1% O,
overnight and allowed to equilibrate with the hypoxic
atmosphere. Cells were subjected to hypoxic conditions by
replacing the normoxic medium with the hypoxic medium
plus either SB203580 or the vehicle solution and then
placed in the anaerobic jar.

MKKG6(Glu) recombinant adenoviruses construction
and transduction

To assess the effects of signaling proteins, we constructed a
recombinant adenovirus that expressed the mutated, consti-
tutively activated human mitogen-activated protein kinase
kinase 6 (MKKG6). MKK6 phosphorylates p38/MAPK on
Thr-180 and Tyr-182, which activates p38/MAPK; over-
expression of constitutively activated MKKG6 can selectively
and constitutively activate p38/MAPK [37, 38]. The
pcDNA3 MKK6(Glu) plasmid, which expressed constitu-
tively activated MKK6, was developed from the Addgene
plasmid 13518, by R. Davis, University of Massachusetts,
Worcester, MA [37], and the recombinant adenoviruses were
prepared using the AdMax™ system (Microbix, Ontario,
Canada) according to the instructions. The transgene
expression in CMs and HeLa cells was tested by western
blotting.
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CMs were maintained in DMEM/F12 and 10% FBS, and
HeLa cells were maintained in RPMI-1640 and 5% FBS.
The medium was changed to medium without FBS, and
infected with adenoviruses at a multiplicity of infection of
100-200 particles/cell for 24-48 h. The cells were then
cultured in DMEM/F12 or RPMI-1640 with 10% FBS
before morphological or biochemical analysis.

Immunostaining

Cells were plated on laminin-coated glass coverslips and
cultured as described above. Cells were then immersion-
fixed in 4% paraformaldehyde for 20 min, permeabilized
with 0.1% Triton X-100 in PBS for 20 min, and then
blocked in 10% goat serum for 1 h. To observe the MT
structure, mouse anti-o-tubulin primary antibodies (1:100,
SC5286; Santa Cruz, CA, USA) were diluted with
PBS + 5% goat serum and coverslips incubated at 4°C
overnight. Coverslips were washed in PBS, followed by
incubation with goat anti-mouse secondary antibodies
conjugated to fluorescein isothiocyanate (FITC; 1:1000;
Sigma-Aldrich, St. Louis, MO) or cyanine 3 (Cy3; 1:1000;
Beyotime, Shanghai) for 1 h at 37°C. The nuclei were then
stained for 2 min with 4’, 6'-diamidino-2-phenylindole
(DAPI; 0.5 pg/ml; Sigma-Aldrich). Cells were imaged with
confocal microscopy (TCS-NT; Leica, Wetzlar, Germany).

Extraction and quantification of tubulin fractions

Polymeric and monomeric tubulin fractions were isolated
using a method previously described by Putnam et al. [39].
Briefly, cells grown in 60-mm dishes were washed twice
with a MT stabilization buffer (MTSB, 37°C) containing
0.1 M piperazine-N,N'-bis (2-ethanesulfonic acid, pH 6.8)
(Pipes), 2 mM ethylene glycol-bis (f-aminoethylether)
N,N,N',N'-tetraacetic acid (EGTA), 0.5 mM MgCl,, 20%
glycerol, and a protease inhibitor cocktail (Sigma-Aldrich).
Cells were incubated with MTSB + 0.1% Triton X-100 for
30 min, and the supernatant collected as the monomeric
tubulin fraction. The Triton X-100 insoluble fraction, cor-
responding to the polymerized tubulin, was then
solubilized in a RIPA lysis buffer (Sigma-Aldrich) with
2 mM phenylmethylsulfonyl fluoride (PMSF) and a pro-
tease inhibitor cocktail. Polymeric and monomeric tubulin
fractions were quantified using western blot analysis.

Western blot analysis

Free and polymerized tubulin fractions prepared in the
above section were probed with anti-o-tubulin (1:200;
Santa Cruz) antibody; GAPDH (1:1000; Sigma-Aldrich) in
the supernatant was chosen as the internal control for free
tubulin and VDAC (1:1000; Abcam, MA) in the Triton

X-100 insoluble fraction was chosen as the control for
polymerized tubulin. Whole cell lysates were prepared and
analyzed by western blot using primary antibodies to p38
(1:1000; Cell Signaling Technology, Beverly, MA), phos-
pho-p38  (1:1000, Thr180/Tyr182; Cell Signaling
Technology), MAP4 (1:2000; BD Biosciences, San Jose,
CA), phospho-MAP4 (1:200, Ser768; Biolegend, San
Diego, CA), Op18 (1:1000; Sigma—Aldrich) and phospho-
Opl18 (1:200; Serl6; Santa Cruz). As a loading control,
GAPDH was probed and visualized. Immunocomplexes
were visualized and quantified with an enhanced chemi-
luminescence detection kit (Amersham Pharmacia,
Piscataway, NJ), using horseradish peroxidase-conjugated
secondary antibodies (1:2000; Santa Cruz).

Immunoprecipitation

To show the phospho-p38 and MAP4 complex formation,
cells (60 mm dish) were lysed in 300 pl RIPA buffer with
2 mM PMSF and a protease inhibitor cocktail. Anti-phos-
pho-p38 (Thr180/Tyr182; Cell Signaling Technology) or
anti-MAP4 (BD Biosciences) antibodies were incubated
with 150 pL cell lysate for 6 h at 4°C after which the
complexes were precipitated with protein A/G-Sepharose
(Santa Cruz) overnight at 4°C, the precipitates washed 3
times with PBS at 0°C, then probed with anti-MAP4 or
anti-phospho-p38 antibodies using western blotting.

Cell viability assay

Cell viability was determined using a cell counting kit
(CCK-8; Dojindo Molecular Technologies, Kumamoto,
Japan). CCK-8 is a colorimetric assay for the determination
of the number of viable cells by producing a water-soluble
formazan dye upon reduction in the presence of an electron
carrier using tetrazolium salt WST-8 (n = 6) [40, 41]. The
experiment was repeated three times.

Statistical analysis

Data are expressed as X & SD. SPSS 11.0 was used for
statistical analysis and significance evaluated by one-way
ANOVA followed by post-hoc tests. P values < 0.05 were
considered statistically significant.

Results

Hypoxia-induced microtubule depolymerization

HeLa cells subjected to 15 min of hypoxia showed clear

signs of MT disruption and modification. The normal rel-
atively orderly pattern of staining became disrupted and less
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regular and some breakages in the MT network were
apparent. There was some shrinkage in the vicinity of the
nuclei and along the edges of the cell (presumably attached
to the coverslip) such that the MTs appeared to curl and
buckle (see Fig. 1) compared to normal cells, which have
relatively straight MT segments. Disruption continued with
additional time under hypoxic conditions so that by 30 min
there was a significant decrease in MT density and a loss of
MTs closely adjacent to the plasma cell membrane; after
60 min only a thin and disordered residual MT network,
with some MT fragments, remained (lower panel, Fig. 1a).
The higher magnification inserts in the micrographs of
Fig. 1 illustrate the presence of broken microtubules
induced by hypoxia. In neonatal rat CMs, hypoxia also led
to MT breakages and shrinkage, which was similar to that in
the HeLa cells. However, the loss of MTs closely adjacent
to the plasma cell membrane and the reduction of MT
density were not as significant as that observed in HeLa
cells at equivalent levels of hypoxia (upper row, Fig. 1a).

The tubulin fractions were isolated and analyzed by
western blot in order to further clarify the changes in
tubulin form [39]. Our results confirmed a time-dependent
decrease in polymerized tubulin with a parallel increase in
free tubulin in CMs and HeLa cells after hypoxia (Fig. 1b).
In HeLa cells, the polymerized tubulins significantly
decreased and the free tubulins significantly increased after
hypoxia for 15, 30, or 60 min. In contrast, there were no
significant changes in CMs after 15 min of hypoxia,
although polymerized and free tubulin fractions signifi-
cantly changed after 30 and 60 min of hypoxia.

Effect of hypoxia on MAP4 and Op18 phosphorylation

Given the importance of phosphorylation in accommodat-
ing MAP4 and Op18 activities, we investigated the effects
of hypoxia with anti-phospho-MAP4 (Ser768) and anti-
phospho-Op18 (Ser16) antibodies (Fig. 2). Western blot
and quantitative analyses of normoxic control cells revealed
that, in HeLa cells and CMs, MAP4 phosphorylation
remained at a low basal level, and Opl8 phosphorylation
remained at a high basal level. Hypoxia led to an increase in
the expression of phosphorylated MAP4 following 15 min
of hypoxia that reached a plateau by 30 min and was still
evident after 60 min of hypoxia. Concomitant with the
increase in phosphorylated MAP4 was a reduction in
phosphorylated Op18 that was also apparent after 15 min of
hypoxia. The expression of MAP4 and Op18 did not change
significantly by 60 min of hypoxia.

Hypoxia activated p38/MAPK signaling pathway

To elucidate further the signaling events involved in the
hypoxia-induced effects on MT structure, we investigated

the activation of p38/MAPK by hypoxia. Phosphorylated
(Thr180/Tyr182) and activated p38/MAPK were tested by
immunoblotting with a phosphor-specific p38/MAPK
antibody (Fig. 3). Hypoxia induced phosphorylation of
p38/MAPK was significantly elevated by hypoxia for
15 min with a 1.6-fold increase in HeLa cells and 2.7-fold
increase in CMs and remained elevated throughout the
60 min of hypoxia.

Effect of p38/MAPK pathway on microtubule
dynamics

To test whether activation of p38/MAPK signaling is
necessary for MT disruption, we treated the cells with the
p38/MAPK inhibitor, SB203580 (5 uM). In both CMs and
HeLa cells (Fig. 4a), SB203580 could abolish the MT
depolymerization induced by hypoxia (1% O, for 30 min).
Furthermore, quantification of polymeric tubulin levels
confirmed that in CMs and HeLa cells, SB203580 (5 pM)
treatment significantly increased the polymeric tubulin in
hypoxia-treated cells (Fig. 4b). We then overexpressed
MKKO6(Glu), a constitutively activated p38 kinase activator,
using recombinant adenoviruses expressing constitutively
activated MKK6 and GFP. In both CMs and HeLa cells
(Fig. 5a), control cells (left panel) and cells expressing GFP
(middle panel) showed no changes in MT dynamics. In
contrast, transduction with MKK6(Glu) (right panel)
resulted in very significant MT depolymerization. Quanti-
fication confirmed that the polymeric tubulin levels in the
MKKG6(Glu) group decreased significantly. These results
suggest that the p38/MAPK pathway plays an important
role in promoting microtubule disassembly.

Involvement of the p38/MAPK pathway
in hypoxia-induced MAP4 phosphorylation
and Op18 dephosphorylation

To study the mechanism of p38/MAPK signaling in regu-
lating hypoxia-induced dynamic MT changes, we
measured phospho-MAP4 and phospho-Opl8 with or
without the p38/MAPK inhibitor SB203580 and
MKKG6(Glu) recombinant adenovirus by western blot
analysis.

In CMs (left panel, Fig. 6), under hypoxic conditions
(1% O2 for 30 min), SB203580 treatment resulted in a
significant decrease in phospho-MAP4 and an increase in
phospho-Op18. Under normoxic conditions, treatment of
SB203580 resulted in a significant increase in phospho-
Opl18, but no change in phospho-MAP4 compared to the
control group. In HeLa cells (right panel, Fig. 6),
SB203580 treatment resulted in a significant phospho-
MAP4 decrease and a phospho-Opl8 increase under
normoxic and hypoxic conditions.
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Fig. 1 Hypoxia-induced microtubule depolymerization. Immunofluo-
rescent confocal micrographs and immunoblot analysis of microtubule
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represent the X £ SD (n = 3). *P < 0.05, **P < 0.01 versus controls,
one-way ANOVA followed by Tukey comparison tests
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Fig. 2 Effect of hypoxia on
MAP4 and Opl8
phosphorylation. Western blot
analysis of phospho-MAP4
(p-MAP4), MAP4, phospho-
Opl8 (p-Op18) and Opl8 in
neonatal rat CMs and HeLa
cells under normoxic and
hypoxic conditions.
Representative western blots are
shown for the two groups.
Graph represents the X & SD
(n = 3) of the relative
integrated signals. *P < 0.05,
**P < 0.01 versus controls

Fig. 3 Hypoxia activated
p38/MAPK signaling pathway.
Representative blots and data
summary of phospho-p38
(p-p38) and p38 in CMs and
HeLa cells under normoxic and
hypoxic conditions.
Representative western blots are
shown for the two groups.
Graph represents the X + SD
(n = 3) of the relative
integrated signals *P < 0.05,
**P < 0.01 versus controls

Hypoxia (min)
15 30 60

Control

Hypoxia (min)

Control

15

30

60

pMAPY [ w— . O [ e o S
P-Op18 |
GAPDH | S S S [ C— a— ——
VAPs W S WD S| e ———
Ol — — —— T a——
L —— S— —— —

Hela cells

Relative Intensity

Intensity

Relative

B3 &= O 00 D B B O
oo o o o o S o O

140

B B O G0 o= b
o o o o o o o

i — e o

CMs

[@p-wAP4 OMAP4 mp-0p18 EOp1S |

% = =
:
*# . =
2
4 = g
3
L Al A g
Control 15 30 60
Hypoxia (min)
CMs
Hypoxia (min)
Control 15 30 60

180

160
140

120
100
80

60

40
20

|Gp-HhP‘1 OMAP4 Ep-0pl8 @Opl8

B *¥
s i
Control 15 30 60
Hypoxia (min)
Hela cells
Hypoxia (min)
Control 15 30 60

e p——

;“|

,_‘l‘_

¥y

Relative Intensit

Control 15 30 60

Hypoxia (min)
CMs

_
B W= B 00 = B3
o e o o o 2 o

Hela cells

[ £l
- X -

¥

e 9
i T Y |- N
r #

-
Control 15 30 60
Hypoxia (min)
Hela cells



p38/MAPK regulates microtubule polymerization

327

A Control SB203580

CMs

Hela cells

B
SB H30 H 30+SB

Polymeric tubulin (CMs) |— — i — |

VDAC (CV5) | | |

Polymeric tubulin (HeLa) ‘_ — - _‘

Control

VDAC (Hela) |Smme s s— s—

Fig. 4 Effect of the p38/MAPK inhibitor, SB203580, on the
morphology and quantification of MT dynamics in HeLa cells and
neonatal rat CMs. a Immunofluorescent confocal micrographs of CMs
and HeLa cells under normoxic and hypoxic [1% O, for 30 min
(H 30)] conditions with and without the addition of SB203580 (SB).
Cells were stained for a-tubulin (green) and with DAPI for the
nuclei (blue). Bar, 25 pm. The boxed areas are shown at higher

The effects of overexpressing MKKO6(Glu) on the
phosphorylation of MAP4 and Op18 are shown in Fig. 7.
Overexpression of MKK6(Glu) resulted in a 6- and 4-fold
increase in the basal level of phospho-p38 and a 3- and
4-fold increase in MAP4 phosphorylation in CMs and
HeLa cells, respectively. At the same time, overexpression
of MKKG6(Glu) resulted in a significant decrease in the
basal level of Opl8 phosphorylation in CMs and HeLa
cells. It suggested that activated p38/MAPK could phos-
phorylate MAP4 and dephosphorylate Op18.

The interaction between phospho-p38 and MAP4

A possible mechanism for hypoxia activated p38/MAPK is
that it forms a complex when in contact with MAP4; we
tested this hypothesis using immunoprecipitation. In both
CMs and HeLa cells (Fig. 8), MAP4 was co-immunopre-
cipitated with phospho-p38 (left panel) and conversely,
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magnification in the inserts to illustrate details of MTs. Bar 6 pm.
b Immunoblots of CMs and HeLa cells. Polymerized tubulin fractions
were prepared and probed with an anti-a-tubulin antibody, and VDAC
was used as a standard control. Graph represents the X 4= SD (n = 3)
of the relative integrated signals. *P < 0.05, **P < 0.01 versus
controls

phospho-p38 co-immunoprecipitated with MAP4 (right
panel) under nomoxic and hypoxic (1% O, for 30 min)
conditions. The amount of MAP4 and phospho-p38 com-
plexes in the hypoxia group was higher compared to the
normoxic group, which suggests that the interaction
between phospho-p38 and MAP4 increased after hypoxia.

Cell viability

In initial experiments, we found that both hypoxia and the
microtubule-destabilizing chemotherapeutic agent colchi-
cine reduced cell viability, but pretreatment with the
microtubule-stabilizing chemotherapeutic agent, paclitaxel
(Taxol), enhanced the survival of hypoxic CMs. Based on
these observations, we hypothesized that the p38/MAPK
inhibitor, SB203580, and MKK6(Glu) transduction, which
influenced MAP4 and Opl8 phosphorylation and MT
dynamics, would increase cell viability. Results of a CCK-8
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Fig. 5 Effect of MKK(Glu) A Control MKKS (Glu)

overexpression on the
morphology and quantification
of MT dynamics in HeLa cells
and neonatal rat CMs. a In the
immunofluorescent confocal
micrographs all the cells were
divided into control, GFP
transduction and MKK6(Glu)
transduction groups and were
stained for a-tubulin (red) and

the nuclear stain DAPI (blue).

Bar, 25 um. The boxed areas
are shown at higher
magnification in the upper
inserts to illustrate details of
MTs. Bar 6 pm. The lower
inserts show the cells containing
GFP after transduction (note the
lack of staining in the control
group). Bar 25 pm.

b Immunoblots of

cardiomyocytes and HeLa cells.
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Fig. 7 Involvement of
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Fig. 8 The interaction between phospho-p38 (p-p38) and MAP4
detected by immunoprecipitation under normoxic (V) and hypoxic
[1% O, for 30 min (H)] conditions. The representative blots were
immunoprecipitated by anti-phospho-p38 and anti-MAP4 antibodies
in CMs and HeLa cells and then immunoblotted with anti-MAP4 or
anti-phospho-p38 antibody. /P Immunoprecipitation, /B immunoblot-
ting, IC isotype control

assay in CMs and HeLa cells treated with or without
SB203580 and MKK6(Glu) transduction are illustrated in
Fig. 9; cell counts are based on colorimetric assays.
Hypoxia decreased cell viability in HeLa cells (right
panel) and CMs (left panel), but pretreatment with
SB203580, dramatically increased cell survival; there was
no significant difference between the control and
SB203580 treated groups under normoxic conditions. In
contrast, MKK6(Glu) transduction decreased cell viability
in HeLa cells and CMs under normoxic and hypoxic con-
ditions (experiments were replicated three times). These

Discussion

Although MT disruption is a common phenomenon in
hypoxia-induced cell injuries and is closely connected with
CM dysfunction, very little is known about how hypoxia
leads to MT depolymerization. In addition to heart disease,
hypoxia plays an important role in tumor proliferation and
migration, which is also closely connected with MTs. In
both CMs and cancer cells, MAP4 is the major MAP
subtype. Therefore, in order to make our observations more
generally applicable with respect to MAP4 and Opl8
phosphorylation in hypoxia-induced MT disruption, we
used CMs and HelL a cells. HeLa cells, an immortal cell line
originally derived from cervical cancer cells, are one of the
most common cell lines used in MT research [42, 43].
The present study demonstrates that the MAP4 and
Opl18 phosphorylation status plays a critical role in MT
dynamics. We show that hypoxia causes phosphorylation
of MAP4 and dephosphorylation of Opl8 and reveal a
hitherto unexplored pathway by which hypoxia-activated
p38/MAPK phosphorylates the down-stream effector
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then subjected to 30 min of hypoxia. Graph represents the X & SD

MAP4, to promote MT disruption and decrease cell via-
bility. This suggests a link between p38/MAPK activation
and Opl8 dephosphorylation, which also promotes MT
disruption. p38/MAPK may cause Op18 dephosphorylation
through a mechanism other than direct interaction/retention
(Fig. 10). Thus, future studies are required to elucidate the
mechanism by which MAP4 and Opl8 phosphorylation
regulates MT dynamics and cell viability.

It has become increasingly clear that MAP4 can regulate
the assembly-state of intracellular tubulin. In undifferenti-
ated carcinoma cells, such as HeLa cells, MAP4 influences
the MT array by modulating the level of tubulin and
affecting the level of non-centrosomal MTs. MAP4 is not
only critical to regulating MT dynamics during mitosis but
is also involved in controlling other cellular functions, such
as cell spreading and shape. In myogenic morphogenesis,
Sato et al. [44] showed that heightened expression of MAP4
mRNA and protein preceded an increase in the number and
stability of MTs in the myocardium undergoing hypertro-
phy in response to pressure overload. Previous studies by
Mangan and Olmsted [45] reported that the expression of
MAP4 antisense sequences in C2C12 muscle cells reduced
the level of a minor, muscle-specific isoform of the MAP4
protein and compromised myogenic differentiation. Several
studies have shown that the phosphorylation sites in the
C-terminus proline-rich region [46] of the MT binding
domains of MAP4, such as Ser696 and Ser787, are critical

inactivated

MAP4 phosphorylation
Microtubule
P38/MAPK depolymerizaior
Op18 unphosphorylation

Hypoxia
phosphorylation

activated
activated

Fig. 10 A schematic representation of how hypoxia signaling
promotes MT disruption. Hypoxia-activated p38/MAPK phosphory-
lates the downstream effector MAP4, which promotes MT disruption.
It also suggests a link between p38/MAPK activation and Opl8
dephosphorylation, which also promotes MT disruption. The mech-
anism by which p38/MAPK causes Op18 dephosphorylation and MT
disruption remains unknown

Cell Viability (A450)

ONormoxia EHypoxia

SB203580
Hela cells
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T T T T T T T

Control MKK6 (Glu)

(n = 6) of the relative integrated signals. *P < 0.01, versus normoxic
control group; *P < 0.01, versus hypoxic control group; one-way
ANOVA followed by Tukey’s post-hoc tests

sites that lead to the dissociation of MAP4 from MTs and to
a pronounced increase in dynamic instability. Accordingly,
we focused on the phosphorylation of a new site (Ser768) in
human MAP4 (the corresponding site is predicted to be
Ser738 in rats) within the proline-rich region in the
MT-binding domain.

Two mechanisms have been proposed to explain the
MT-destabilizing activity of Op18/stathmin. In one mech-
anism, Opl8/stathmin forms a sequestering complex with
free tubulin, in which one Opl8/stathmin molecule binds
two o/f-tubulin dimmers [31]. Alternatively, Op18/stath-
min may increase the catastrophe frequency of MTs [32].
The MT-destabilizing activity of Opl8/stathmin is turned
off in response to phosphorylation on its four serine resi-
dues, Serl6, Ser25, Ser38, and Ser63 [26-29], in response
to a number of signals, including those for cell proliferation
and differentiation [24], since the phosphorylated form
is unable to depolymerize MTs [47]. We detected the
phosphorylation of Serl6 in human Opl8/stathmin
(corresponding site in rats is predicted to be Serl6) in this
study.

Our data reveal that endogenous MAP4 is constitutively
phosphorylated at low levels, while Opl8/stathmin is
phosphorylated at relatively high levels. However, in
response to hypoxia (1% O,), MAP4 phosphorylation is
significantly increased but Op18/stathmin phosphorylation
is decreased in CMs and HeLa cells. Phosphorylation of
p38/MAPK and its activation reaches elevated levels after
15 min of hypoxia, which coincides with the increase of
hypoxia-induced MAP4 phosphorylation and Opl8
dephosphorylation. Both constitutive and hypoxia-induced
MAP4 phosphorylation and Opl18 dephosphorylation are
dramatically enhanced by MKK6(Glu) overexpression and
are reduced by pretreatment with the p38/MAPK inhibitor,
SB203580, indicating that p38/MAPK is the major kinase
responsible for phosphorylating MAP4 and dephosphoryl-
ating Opl8/stathmin in these cells. We found that
inhibition of p38/MAPK enhances cell viability, possibly
through reduced hypoxia-induced apoptosis and its
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inhibition of MT disruption. Conversely, overexpression of
MKK6(Glu), which activates p38/MAPK, causes increased
MT disruption and sensitizes cells to hypoxia-induced cell
death. A pro-apoptotic effect of MKK6(Glu) expression
can be correlated to increased MAP4 phosphorylation and
Opl8/stathmin dephosphorylation. Collectively, these
findings point to a specific pathway in which p38/MAPK
exerts its MT disassembly and destructive effect by
phosphorylating the downstream effector MAP4 and
dephosphorylating Op18/stathmin to cause MT disruption.
Our results also provide evidence that there must be some
other hypoxia-related mechanism(s) that also take part in
hypoxia-induced MT disruption and connect p38/MAPK
with Op18/stathmin dephosphorylation. It has been repor-
ted that MT and other cytoskeletal structural changes
downregulated HIF-1a protein expression and its down-
stream proteins or signal pathways, which impaired the
cell’s adaptability to hypoxia [48]. Knockdown of Opl8
expression suppresses HIF-lo and VEGF expression
through the PI3K/AKT signaling pathway in hypoxia [49].
These discrepancies underscore the importance of under-
standing the physiological kinase(s) for characterizing
hypoxia-induced cell physiological changes.

Recently, an increasing number of pathological condi-
tions connected with different MT cytoskeletal changes
have been reported. Disruption of the MT network has been
reported in ischemia [11-13], while in some other hypoxic
cardiomyopathies, such as cardiac hypertrophy [50], dia-
betic cardiomyopathy [51], and heart failure [52],
proliferation of the MTs has been implicated in the
depression of contractility. In our study, hypoxia (1% O,
for 1 h) induced MT disruption and decreased cell viabil-
ity. It raises an interesting possibility that different O,
concentrations or amounts of time under hypoxia may
induce different MT changes. We found that SB203580
had a dominant negative effect on hypoxia-induced MT
disruption and increased cell viability through reduced
MAP4 phosphorylation and increased Op18 phosphoryla-
tion. By comparison, overexpression studies show that p38/
MAPK activation leads to a significant inhibitory effect on
MT proliferation and cell viability through MAP4 phos-
phorylation and Opl8 dephosphorylation, providing
evidence supporting a pathogenic role for p38/MAPK-
MAP4/Op18 phosphorylation in hypoxia. Our findings of
hypoxia-induced MAP4 phosphorylation and Opl8
dephosphorylation connected with the p38/MAPK pathway
provides new insights into the pathogenic mechanism of
MT disruption and suggests novel targets for therapeutic
intervention other than MT-targeted drugs (MTDs) such as
Taxol or colchicine.

In this experiment, we observed the loss of assembly
MT adjacent to the cell membrane (upper panel, Fig. 1a)
and the reduced stabilized population of MTs (left panel,

Fig. 1b) in CMs were not as significant as those observed
in HeLa cells (right panel, Fig. 1b) after hypoxia for the
same time. It was reported that myocyte MTs demonstrated
increased resistance to disassembly compared to the co-
isolated non-myocytes [2], and the stabilized population of
MTs was sufficient to maintain a normal beating rate,
whereas MT dynamics (growth and shrinkage) made no
observable contribution [5]. The reason for CM resistance
to hypoxia-induced MT disassembly and its function need
to be studied further.
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