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Endothelial cells play a critical role in the process of angiogenesis during skin wound
healing. The migration and proliferation of endothelial cells are processes that are
initiated by the hypoxic microenvironment in a wound, but the underlying mechanisms
remain largely unknown. Here, we identified a novel role for microtubule-associated
protein 4 (MAP4) in angiogenesis. We firstly demonstrated that MAP4 phosphorylation
was induced in hypoxic endothelial cells; the increase in MAP4 phosphorylation
enhanced the migration and proliferation of endothelial cells. We also found that
hypoxia (2% O2) activated p38/mitogen-activated protein kinase (MAPK) signaling,
and we identified p38/MAPK as an upstream regulator of MAP4 phosphorylation in
endothelial cells. Moreover, we showed that the promigration and proproliferation effects
of MAP4 phosphorylation were attributed to its role in microtubule dynamics. These
results indicated that MAP4 phosphorylation induced by p38/MAPK signaling promotes
angiogenesis by inducing the proliferation and migration of endothelial cells cultured
under hypoxic conditions via microtubule dynamics regulation. These findings provide
new insights into the potential mechanisms underlying the initiation of the migration and
proliferation of endothelial cells.

Keywords: microtubule, MAP4, p38/MAPK, cell migration, proliferation

INTRODUCTION

Endothelial cell (EC) proliferation and migration are essential processes during wound healing,
due to their roles in angiogenesis (Munoz-Chapuli et al., 2004; Lamalice et al., 2007; Banyard
et al., 2016), which is required to restore oxygen and nutrient supplies (DiPietro, 2013). However,
if angiogenesis is deregulated, wounds may not heal. Upon wounding, hypoxia occurs at the wound
edge due to the interrupted oxygen supply and excessive oxygen consumption (Falanga, 1988;
O’Toole et al., 1997; Yip, 2015). The hypoxic microenvironment has been proven to be an important
initial factor for the healing skin wounds, but the underlying mechanisms remain largely unknown.
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Microtubules (MTs) are one of the major components of
the eukaryotic cytoskeleton, and they are composed of α

and β-tubulin heterodimers; they have a variety of biological
functions, such as mediating cell mitosis, cell movement,
and integrating transmembrane signals in many eukaryotic
cells, including ECs (Liu et al., 1998; Kreitzer and Myat,
2018; LaFlamme et al., 2018). The transition between the
polymerization and depolymerization of α- and β-tubulin is
defined as MT dynamics, which is regulated by destabilizing
proteins (e.g., stathmin family) (Cassimeris, 2002; Giampietro
et al., 2005) and stabilizing proteins, such as microtubule-
associated proteins (MAPs) (Kremer et al., 2005). MAP4, the
major MAP protein expressed in non-neuronal mammalian
cells, is capable of regulating MT assembly and stability both
in vitro and in vivo. The phosphorylation of MAP4 impairs its
function and induces its detachment from MTs, resulting in the
depolymerization of MTs. The crucial phosphorylation sites in
human MAP4 responsible for altering its function are S768 and
S787 (Srsen et al., 1999; Kitazawa et al., 2000; Hu et al., 2010).
It has been reported that MAP4 phosphorylation affects cell
cycle progression (Chang et al., 2001) and apoptosis (Hu et al.,
2014). MAP4 was recently shown to promote cell invasion in the
progression of solid tumors (Ou et al., 2014; Jiang et al., 2016; Xia
et al., 2018). To date, the contributions of MAP4 phosphorylation
to the proliferation and migration of ECs during angiogenesis
remain largely unknown.

Previously, we reported that p38/mitogen-activated protein
kinase (MAPK) induces MAP4 phosphorylation and MT
disassembly in hypoxic cardiomyocytes (Hu et al., 2014).
In addition, p38/MAPK is an important kinase required for
the cytoskeletal reorganization that precedes the migration and
proliferation of various cell types (Huang et al., 2004). Therefore,
MAP4 phosphorylation controlled by p38/MAPK may regulate
MT dynamics, migration, and proliferation in ECs.

Hypoxic stress after acute injuries stimulates gene expression
and growth factor synthesis, contributing to wound angiogenesis
(Yip, 2015). Here, we reported that MAP4 phosphorylation
promoted the migration and proliferation of ECs subjected
to short-term hypoxia (2% O2). Additionally, MAP4
phosphorylation was induced in response to hypoxia through
the activation of p38/MAPK signaling. Mechanistically, MAP4
phosphorylation increased cell migration and proliferation by
mediating MTs dynamics in ECs. Together, our data suggested a
novel role for MAP4 phosphorylation in angiogenesis.

RESULTS

Hypoxia Promotes the Migration and
Proliferation of Endothelial Cells (ECs)
Migration and proliferation of ECs are critical processes for
angiogenesis during wound repair (DiPietro, 2013). Human
umbilical vein endothelial cells (HUVECs) and human dermal
microvascular endothelial cells (HDMECs) were subjected to
hypoxia for 6, 12, or 24 h to determine the effect of hypoxia
on ECs. The motility of single cells was assessed. Remarkably,
hypoxia enhanced cell motility in a time-dependent manner,

with the maximum effect achieved after treatment with 2% O2
for 12 h, as shown by a larger range of cell trajectories and
greater velocity of cell movement (Figures 1A,B). Then, a scratch
wound healing assay was performed to evaluate the migratory
activity of the cells cultured under hypoxia (2% O2 for 12 h).
As expected, the migration of hypoxic HDMECs and HUVECs
was significantly increased compared to normoxic cells, as shown
by the increased percentage of gap closure after wounding
(Figures 1C,D). In addition, EdU staining, an advanced method
for assessing cell proliferation, revealed a marked increase in
the proliferation of HDMECs and HUVECs cultured under
hypoxia, as indicated by the positive staining for of 5-ethynyl-2′-
deoxyuridine (EdU, green) in cell nuclei (Figures 1E,F). Thus, the
migration and proliferation of ECs were indeed enhanced under
hypoxic conditions.

MAP4 Phosphorylation Is
Increased in Hypoxic ECs
Previously, we have revealed an increase in MAP4
phosphorylation in hypoxic cardiomyocytes (Hu et al., 2014).
MAP4 phosphorylation was analyzed in HDMECs and HUVECs
treated with or without hypoxia using Western blotting to
investigate the potential effects of MAP4 phosphorylation on
EC proliferation and migration. As shown in Figures 2A,B,
low basal levels of MAP4 phosphorylated on S768 and
S787 were observed in HDMECs cultured under normoxic
condition. However, a marked increase in the levels of
phosphorylation at both residues and p-MAP4 was induced
in a time-dependent manner in response to hypoxia (2% O2),
with MAP4 levels unchanged. Meanwhile, we analyzed the
activation of p38/MAPK signaling, which was reported to
control the phosphorylation of MAP4 in other contexts (Li et al.,
2015, 2018). The activity of the p38/MAPK signaling pathway
was low under normoxic conditions, while the hypoxia treatment
significantly increased the activation of the p38/MAPK signaling
pathway, as determined with a phospho-specific p38/MAPK
antibody (Thr180/Tyr182). Furthermore, the observations
that the hypoxia treatment increased MAP4 phosphorylation
and the activation of p38/MAPK signaling were confirmed in
HUVECs (Figures 2C,D).

MAP4 Phosphorylation Regulates EC
Migration and Proliferation
A MAP4(Ala) mutant was constructed by changing S768
and S787 residues to alanines [MAP4(Ala)] to mimic the
non-phosphorylated forms and to elucidate whether the
phosphorylation status of MAP4 was involved in EC migration
and proliferation. HA-tagged MAP4(Ala) or CMV-null was
overexpressed at comparable levels in both HDMECs and
HUVECs, as determined by Western blot analysis (Figure 3A).
Then, we transfected the MAP4(Ala) mutant or CMV-null
into HDMECs and HUVECs prior to the hypoxia treatment
(Figure 3A). Consequently, changes in cell migration were
determined using two different assays: a single cell motility assay
and a scratch wound healing assay. As expected, the migratory
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FIGURE 1 | Hypoxia promotes EC migration and proliferation. HDMECs and HUVECs were exposed to hypoxia (2% O2) and incubated for the indicated times to
investigate the migration and proliferation of ECs under hypoxia stress. (A) Single cell motility assays were performed to detect the motility of the indicated cells
(n = 5). Representative images of cell trajectories are shown. (B) Graph quantifying the average velocity of cell movement. The results are presented as the
means ± SEM. (C) Scratch wound healing assays were performed to detect the migration of the indicated cells. Images of the scratch wound were captured after
24 h of culture with or without the hypoxia treatment (n = 5). Representative images of the wound healing assay are shown. Scale bar = 100 µm. (D) Graph
quantifying the rate of wound closure. The results are presented as the means ± SEM. (E) After culture in the presence or absence of hypoxia for 24 h, the indicated
cells were subjected to EdU staining to assess cell proliferation (n = 5). Representative images of EdU staining (green) in cultured cells. Nuclei were stained with 4′,
6-diamidino-2-phenylindole (DAPI, blue). Scale bar = 50 µm. (F) Graph quantifying the number of EdU-positive cells in (E). Data are presented as the means ± SEM.
∗P < 0.05 compared with the Norm group. Norm, normoxia; Hypo, hypoxia.

capacity of HDMECs and HUVECs in the hypoxic CMV-
null group was significantly greater than the normoxic CMV-
null group, whereas the migratory capacity was dramatically
decreased in MAP4(Ala) transfectants compared with cells
transfected with CMV-null under hypoxia stress (Figures 3B–E).
Similarly, the increased proliferation of HDMECs and HUVECs
subjected to hypoxia was markedly reduced in MAP4(Ala)
transfectants compared with cells transfected with CMV-null,
as depicted using EdU staining (Figures 3F,G). Based on

these observations, MAP4 phosphorylation indeed promoted the
migration and proliferation of ECs.

P38/MAPK Activation Mediates MAP4
Phosphorylation and the Migration and
Proliferation of Hypoxic ECs
We have previously identified MAP4 phosphorylation as
a downstream target of p38/MAPK signaling in hypoxic
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FIGURE 2 | MAP4 phosphorylation is increased in hypoxic ECs. HDMECs and HUVECs were subjected to hypoxia (2% O2) and incubated for the indicated times (0,
6, 12, and 24 h). Protein extracts were analyzed using Western blotting to determine the levels of MAP4 phosphorylation and the activity of p38/MAPK (n = 5). (A,C)
Representative Western blots are shown. β-Actin was used as a loading control. Data are presented as the means ± SEM. (B,D) The graph presents the
means ± SEM of the relative integrated signals. ∗P < 0.05 compared with the Norm group. p-M, p-MAP4.

cardiomyocytes and LPS-stimulated human pulmonary
microvascular endothelial cells (HPMECs) (Hu et al., 2014;
Li et al., 2015). In the present study, p38/MAPK activation
and MAP4 phosphorylation were consistently increased in
hypoxic HDMECs and HUVECs (Figure 2). We constructed a
MKK6(Glu) adenovirus to persistently activate MKK6, which
induced p38/MAPK activation, and it was used as the positive

control to explore whether the p38/MAPK signaling is involved
in hypoxia-induced MAP4 phosphorylation, migration, and
proliferation in ECs (Figure 4A). Conversely, the specific
p38/MAPK inhibitor SB203580 (SB, 5 µM) was used to inhibit
the p38/MAPK signaling pathway in HDMECs and HUVECs
under hypoxia (2% O2). MAP4 phosphorylation (p-MAP4, S737,
and S760) in the MKK6(Glu) group was significantly increased,
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FIGURE 3 | MAP4 phosphorylation regulates EC migration and proliferation. (A) Total protein extracts from cells transfected with the MAP4(Ala) adenovirus were
analyzed using Western blotting to confirm that the adenovirus was transfected at comparable levels in HDMECs and HUVECs (n = 5). Then, cells were subjected to
hypoxia stress after transfection with CMV-null or MAP4(Ala) for 48 h. β-Actin was used as the loading control. (B) Single cell motility assays were performed to
detect the motility of the indicated cells (n = 5). Representative images of cell trajectories are shown. (C) Graph quantifying the average velocity of cell movement.
The results are presented as the means ± SEM. (D) Scratch wound healing assays were performed to detect the migration of the indicated cells (n = 5). Images of
the scratch wounds were captured after 24 h of culture in the presence or absence of hypoxia. Representative images of the wound healing assay are shown. Scale
bar = 100 µm. (E) Graph quantifying the rate of wound closure. The results are presented as the means ± SEM. (F) After transfection with the indicated adenovirus
for 48 h, the proliferation of the indicated cells was evaluated using EdU staining. Representative images of EdU staining (green) in cultured cells are shown (n = 5).
Scale bar = 50 µm. Nuclei were stained with DAPI (blue). (G) Graph quantifying the number of EdU-positive cells in (E). Data are presented as the means ± SEM.
∗P < 0.05 compared with the Norm + CMV group and #P < 0.05 compared with the Hypo + CMV group. CMV, CMV-null; Ala, MAP4(Ala); MKK6, MKK6(Glu).
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FIGURE 4 | P38/MAPK activation mediates MAP4 phosphorylation and the migration and proliferation of hypoxic ECs. (A) Confirmation of comparable levels of
adenovirus transfection in ECs. Total protein extracts obtained from cells transfected with the MKK6(Glu) adenovirus were analyzed using Western blotting (n = 5).
β-Actin was used as a loading control.

(Continued)
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FIGURE 4 | Continued
(B) HDMECs and HUVECs were transfected with the MKK6(Glu) adenovirus and cultured under normoxic conditions or exposed to a specific p38/MAPK inhibitor
SB (5 µM) prior to the hypoxia treatment. Western blot showing p38/MAPK activity and MAP4 phosphorylation in cells subjected to the indicated treatments (n = 5).
β-Actin was used as the loading control. (C) Representative images of cell trajectories from the single cell motility assays are shown (n = 5). (D) Graph quantifying the
average velocity of cell movement. The results are presented as the means ± SEM. (E) Representative images of the indicated groups from scratch wound healing
assays are shown (n = 5). Scale bar = 100 µm. (F) Graph quantifying the rate of wound closure. The results are presented as the means ± SEM. (G) Representative
images of EdU staining (green) in cultured cells are shown (n = 5). Scale bar = 50 µm. Nuclei were stained with DAPI (blue). (H) Graph quantifying the number of
EdU-positive cells in (G). Data are presented as the means ± SEM. ∗P < 0.05 compared with the Norm + Con group and #P < 0.05 compared with the Hypo +
Con group.

and SB (5 µM) decreased MAP4 phosphorylation induced by the
hypoxia treatment (Figure 4B). Next, we detected the influence
of p38/MAPK activation on EC migration and proliferation. Our
observations indicated that the MKK6(Glu) group exhibited a
remarkably increased range of cell trajectories and velocity of cell
movement in HDMECs and HUVECs cultured under normoxic
conditions, while the p38/MAPK inhibitor SB inhibited the
hypoxia-induced cell motility (Figures 4C,D). Using the scratch
wound healing assay, MKK6(Glu) transfection increased the
percentage of gap closure after wounding, while SB significantly
delayed the migration of hypoxic HDMECs and HUVECs
(Figures 4E,F). In addition, the results of EdU staining, which was
applied to assess cell proliferation, demonstrated that MKK6(Glu)
transfection induced cell proliferation with a higher percentage
of EdU-positive HDMECs and HUVECs cultured under
normoxic conditions, while the p38/MAPK inhibitor remarkably
reduced the proliferation of hypoxic HDMECs and HUVECs
(Figures 4G,H). Thus, p38/MAPK was a critical upstream
regulator of MAP4 phosphorylation and induced the migration
and proliferation of HDMECs and HUVECs under hypoxic stress.

MAP4 Phosphorylation Plays a Role in
p38/MAPK Signaling-Induced EC
Migration and Proliferation
Furthermore, we determined whether MAP4 phosphorylation
was involved in p38/MAPK -mediated EC migration and
proliferation in response to hypoxia. HDMECs and HUVECs
were transiently transfected with MAP4(Ala), MKK6(Glu), or
both constructs. MKK6(Glu) transfection notably increased
p38/MAPK activation, which was not influenced by MAP4(Ala)
and MKK6(Glu) cotransfection, as determined using Western
blotting (Figures 5A,B), further confirming that p38/MAPK
was the upstream kinase responsible for MAP4 phosphorylation
and the observations described above. As expected, MKK6(Glu)
increased the range of cell trajectories and the velocity
of cell movement. Interestingly, MAP4(Ala) overexpression
significantly abolished the p38/MAPK-induced cell motility
(Figures 5C,D). In the scratch wound healing assay, MAP4(Ala)
suppressed the migration of HDMECs and HUVECs induced by
MKK6(Glu) transfection (Figures 5E,F). In addition, MAP4(Ala)
overexpression significantly abrogated the MKK6(Glu)-induced
cell proliferation, as depicted by a decrease in the percentage
of EdU-positive HDMECs and HUVECs (Figures 5G,H). Taken
together, these observations denoted an essential role for
MAP4 phosphorylation in p38/MAPK-induced EC migration
and proliferation.

The p38/MAPK Signaling Pathway
Involved in the MAP4 Phosphorylation-
Mediated MT Depolymerization in
Hypoxic ECs
Previously, the balance between MAP4 phosphorylation and
dephosphorylation has been shown to be an essential factor
that controls microtubule (MT) assembly and stabilization. Once
phosphorylated, MAP4 dissociates from MTs, leading to MT
disruption (Ramkumar et al., 2018). MTs have fundamental roles
in many essential biological processes ranging from intracellular
trafficking and the positioning of cellular components in
interphase to the formation of mitotic spindle during cell
proliferation and the maintenance of cell morphology and
cell motility (Kaverina and Straube, 2011; Akhmanova and
Steinmetz, 2015; Steinmetz and Prota, 2018). Thus, we analyzed
the roles of p38/MAPK signaling and MAP4 phosphorylation
in MT depolymerization in hypoxic HDMECs and HUVECs.
The MAP4(Ala) mutant was overexpressed in the two EC
lines prior to the hypoxia treatment. Western blots showed
that MAP4(Ala) transfection reversed the reduced levels of
polymerized tubulin and increased the levels of free tubulin
in hypoxic cells (Figure 6A). The MT morphology in the
indicated cells was observed using a confocal microscope
(Figure 6C). In HDMECs and HUVECs, the MTs of CMV-
null group were well-organized and displayed a faint, uniformly
distributed lattice network, whereas the cells under hypoxia
stress showed clear signs of MT disruption and modification, as
manifested by a less regular organization and some breakages
along the edges of the cell or in the vicinity of the nuclei.
Thus, the MTs were depolymerized. After transfection with
MAP4(Ala), MT disruption was suppressed and reversed. These
data indicated that MAP4(Ala) protected ECs from hypoxia-
induced MT depolymerization.

P38/MAPK is an important regulator of MT dynamics, which
are involved in many different cellular events (Hu et al., 2014;
Li et al., 2015; You et al., 2016). The finding that p38/MAPK
regulated MAP4 phosphorylation, which has been shown to
control MT stabilization in ECs, motivated us to assess the
role of MAP4 phosphorylation in p38/MAPK-induced MT
dynamics. ECs overexpressing MAP4(Ala) were significantly
more resistant than the CMV-null control ECs to MT disassembly
in response to MKK6(Glu) transfection, as assessed using MT
immunofluorescence staining and a tubulin fraction analysis
(Figures 6B,D). These findings were consistent with our concept
of a critical role for MAP4 phosphorylation in p38/MAPK-
mediated MT depolymerization in hypoxic ECs.

Frontiers in Pharmacology | www.frontiersin.org 7 April 2019 | Volume 10 | Article 368

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00368 April 12, 2019 Time: 16:56 # 8

Zhang et al. MAP4-Induced ECs Migration and Proliferation

FIGURE 5 | MAP4 phosphorylation plays a role in p38/MAPK signaling-induced EC migration and proliferation. HDMECs and HUVECs were transfected with
MAP4(Ala), MKK6(Glu) or both constructs to determine the role of p38/MAPK signaling in MAP4 phosphorylation-induced EC migration and proliferation.

(Continued)
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FIGURE 5 | Continued
Western blots were performed to analyze the activities of p38/MAPK and the levels of MAP4 in HDMECs (A) and HUVECs (B) (n = 5). Single cell motility and scratch
wound healing assays were performed to detect cell migration (n = 5). (C) Representative images of cell trajectories are shown. (D) Graph quantifying the average
velocity of cell movement. The results are presented as the means ± SEM. (E) Representative images of the indicated groups are shown. Scale bar = 100 µm.
(F) Graph quantifying the rate of wound closure. The results are presented as the means ± SEM. (G) Representative images of EdU staining (green) in cultured cells
are shown. Nuclei were stained with DAPI (blue) (n = 5). Scale bar = 50 µm. (H) Graph quantifying the number of EdU-positive cells in (G). Data are presented as the
means ± SEM. ∗P < 0.05 compared with the CMV group and #P < 0.05 compared with the MKK6 + CMV group.

DISCUSSION

Angiogenesis is a complex process that requires the coordinated
migration and proliferation of ECs to form a lumen-containing
tubular vessel with blood flow. Here, we analyzed the role of
MAP4 phosphorylation-mediated microtubule disassembly in
EC migration and proliferation. The salient findings presented
here revealed that MAP4 phosphorylation (S768 and S787)-
dependent MT disassembly was required for EC migration and
proliferation, as determined in HDMECs and HUVECs. More-
over, our data demonstrated that hypoxia upregulated MAP4
phosphorylation through the activation of p38/MAPK signaling
in ECs, which contributed to MT disassembly, and subsequently
enhanced cell migration and proliferation (Figure 7).

Hypoxia stimulates a variety of intracellular signaling
pathways that regulate the proliferation, migration, and survival
of various cell types (Xing et al., 2011; Joseph et al., 2015;
Nagaraju et al., 2015). Previously, the early use of semi-
occlusive dressings (inducing a hypoxic microenvironment) after
wounding promoted wound repair compared with wounds that
were allowed to air dry (Hopf and Rollins, 2007), but the
precise mechanisms were still incompletely elucidated. Some
investigators have mainly focused on keratinocyte migration
under hypoxia stress (O’Toole et al., 1997; Zhang et al., 2017).
To date, the role of the wound hypoxic microenvironment in the
biological behavior of vascular ECs has received little attention.
As one of the major cell types that participate in wound repair,
ECs proliferate from the original vascular bed and migrate to
the wound bed to produce a new capillary network, eventually
reconstructing the blood circulation to replenish oxygen and
energetic substances for re-epithelialization. Based on the ex vivo
results from the present study, hypoxia (2% O2) enhanced the
migration and proliferation of HDMECs and HUVECs. These
observations provide a novel mechanism for the early hypoxia-
induced wound repair from the perspective of vascular ECs.

MAP4 is mainly expressed in non-neuronal tissues and is
ubiquitously present in all cell types (Parysek et al., 1984).
The phosphorylation of the serine sites in its microtubule-
binding domain regulates microtubule dynamics (Srsen et al.,
1999; Kitazawa et al., 2000; Chang et al., 2001; Hu et al.,
2014). Altered levels of MAP4 phosphorylation affect cell cycle
progression (Ookata et al., 1995; Ramkumar et al., 2018).
Recently, some studies have reported a role for MAP4 in human
cancers. For instance, the cAMP/PKA pathway is involved
in bladder cancer cell invasion by targeting MAP4-dependent
MT dynamics (Ou et al., 2014). Overexpression of MAP4
is associated with a poor prognosis of esophageal squamous
cell carcinoma and promotes cell invasion and migration

through the MAP4-ERK-Jun-VEGF signaling pathway (Jiang
et al., 2016). MAP4 knockdown efficiently suppresses lung
adenocarcinoma cell migration and invasion (Xia et al., 2018).
Moreover, the microtubule destabilizer stathmin promotes the
epithelial–mesenchymal transition (EMT) and metastasis of
tumor cells by reducing microtubule polymerization (Li et al.,
2011), which validates the role of microtubule dynamics in
cell migration. Consistent with these findings, the inhibition of
MAP4 phosphorylation notably suppressed the hypoxia-induced
EC migration and proliferation through MT disassembly in
the present study. These results indicate a promigration and
proproliferation effect of MAP4 phosphorylation mediated by
regulating microtubule dynamics.

Mitogen-activated protein kinases are important regulators of
signal transduction upon exposure to stress-induced stimuli or
extracellular growth factors and are crucial for the control of
numerous cellular processes, including proliferation, migration
and survival (Kim and Choi, 2010). The p38/MAPK signaling
pathway is activated in multiple cells under hypoxic conditions
(Hirota et al., 2015; Park and Rongo, 2016; Chen et al., 2018),
and MKK6 is recognized as a specific upstream regulator of
p38/MAPK signaling (Stramucci et al., 2018). As shown in
our previous studies, p38/MAPK was upregulated through ROS
generation in keratinocytes under hypoxia stress (Zhang et al.,
2019). Meanwhile, the activation of the p38/MAPK pathway is
implicated in MAP4 phosphorylation in hypoxic cardiomyocytes
(Hu et al., 2014; Li et al., 2018). We investigated the effect
of p38/MAPK signaling on MAP4 phosphorylation to obtain
further insights into the phosphorylation of MAP4 in ECs
under hypoxia. Consistently, the specific inhibitor SB203580 and
the endogenous activator of p38/MAPK MKK6(Glu) confirmed
that the p38/MAPK pathway was required for the hypoxia-
induced migration and proliferation of ECs by inducing MAP4
phosphorylation and MT disassembly.

In summary, our current work reveals a novel mechanism
underlying the hypoxia-induced migration and proliferation of
ECs. MAP4 phosphorylation controlled by p38/MAPK signaling
under hypoxia promotes the migration and proliferation of
ECs by inducing MT disassembly. Furthermore, our results
provide a potential target for development of new treatments
for angiogenesis.

MATERIALS AND METHODS

Cell Culture
Human dermal microvascular endothelial cells were obtained
from ScienCell Research Laboratories (San Diego, CA,
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FIGURE 6 | The p38/MAPK signaling involved in the MAP4 phosphorylation-mediated MT depolymerization in hypoxic ECs. HDMECs and HUVECs were
transfected with MAP4(Ala), MKK6(Glu) or both constructs and cultured for 48 h before being exposed to hypoxia. (A,B) Western blots were performed to analyze
the polymerized and free tubulin levels; VDAC and GAPDH were used as the loading controls for these fractions (n = 5). (C,D) Representative images of stained MT
in the indicated keratinocytes are shown. The boxed areas are shown at higher magnification in the inserts to illustrate details (n = 5). Scale bar = 10 µm.
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United States) and cultured in endothelial cell medium
(ECM) supplemented with 5% fetal bovine serum (FBS,
ScienCell Research Laboratories), 1% endothelial cell growth
supplement (ECGS, ScienCell Research Laboratories), and a
1% penicillin/streptomycin (P/S) solution (ScienCell Research
Laboratories, 100 U/ml penicillin and 100 µg/ml streptomycin).
HUVECs were obtained from the American Type Culture
Collection (ATCC, United States) and cultured in RPMI 1640
medium (SH30809, HyClone) containing 10% FBS (10100139,
Gibco), 100 U/ml penicillin, and 100 µg/ml streptomycin
(Beyotime, China). The cells were incubated at 37◦C in a 5% CO2
atmosphere with 95% humidity.

Hypoxia Exposure
Hypoxic conditions of 2% O2, 5% CO2, and 93% N2 were
maintained by providing a constant flow of nitrogen using a
Forma Series II Water Jacket CO2 incubator (model: 3131;
Thermo Scientific), which maintained the desired temperature
(37◦C) and O2 level. A p38 inhibitor (SB203580 (SB), Selleck,
5 µM) was added to the medium and incubated with the cells
at 37◦C for 30 min before the hypoxia treatment.

Scratch Wound Healing Assay and
Quantitative Analysis
Monolayers of cells plated in 6-well plates were scratched with
a 10-µl plastic pipette tip an incubation at 37◦C for 2 h with
mitomycin-C (S8146, Selleck, final concentration: 5 µg/mL) to
inhibit cell proliferation, and then rinsed with medium to remove
any cell debris (Zhang et al., 2017). The wound healing process
was monitored with an inverted light microscope (Olympus,
Japan). The cellular migratory capacity was defined as the
rate of wound closure (%), which was analyzed using NIH
ImageJ software1.

Single Cell Motility Assay and
Quantitative Analysis
Cells were seeded into 24-well plates at a density of
0.5 × 104 cells/cm2 in the corresponding medium. Then, time-
lapse imaging was performed with a Zeiss imaging system (Carl
Zeiss Meditec, Jena, Germany), which was equipped with a CO2-
and temperature-controlled chamber. Images were acquired
every 10 min for 6 h. Later, cell trajectories were obtained by
tracing the position of the cell nucleus at frame intervals of
6 min using NIH ImageJ software, and the velocity (µm/min) of
each cell was defined as the total length (µm) of the trajectories
divided by the time (min), which reflected cell motility.

Site-Directed Mutagenesis of MAP4 and
MKK6, Recombinant Adenovirus
Construction and Transduction
Primers were designed to generate point mutations in MAP4
(S768A and S787A) through polymerase chain reaction reactions
using the QuikChange

R©

Multi Site-Directed Mutagenesis Kit,
and the MKK6(Glu) adenovirus was constructed as previously

1http://rsb.info.nih.gov/ij/

FIGURE 7 | Schematic illustrating that phosphorylated MAP4 promotes
hypoxic endothelial cell migration and proliferation. The hypoxic environment
stimulates the activation of the p38/MAPK signaling pathway and
consequently induces the phosphorylation of MAP4 at S768 and S787.
Once phosphorylated, MAP4 detaches from MTs; this results in the
depolymerization of MTs, which is required for the migration and
proliferation of ECs.

described (Hu et al., 2014; Li et al., 2018). Both adenoviruses were
constructed by the GeneChem Company (Shanghai, China) and
applied according to the manufacturer’s instructions.

Western Blot Analysis
Cellular extracts were prepared in RIPA lysis buffer (P0013,
Beyotime) for Western blotting and centrifuged at 14,000 rpm
for 15 min at 4◦C. Supernatants were collected and protein
concentrations were determined using a Bradford Protein
Quantification Kit (500-0205, Bio-Rad Laboratories). Protein
extracts were loaded and separated on SDS-PAGE gels and
then transferred to PVDF membranes (Millipore). Membranes
were incubated with specific primary antibodies overnight at
4◦C. Subsequently, membranes were incubated with secondary
antibodies and visualized using a ChemiDoc XRS System (Bio-
Rad Laboratories). Primary antibodies used for immunoblotting
were: anti-phospho-p38 (p-p38), anti-p38, anti-β-actin, and
anti-VDAC purchased from Cell Signaling Technology and
were diluted 1:1000; anti-phospho-MAP4 (p-MAP4) and anti-
p-MAP4(S787) purchased from GL Biochem were diluted
1:1000; anti-GAPDH (1:5000) and anti-α-tubulin (1:1000)
purchased from Proteintech; anti-MAP4 (1:100) purchased
from Bethyl; and anti-p-MAP4 (S768) (1:1000) purchased from
Biolegend. The in-house rabbit polyclonal antibodies against
p-MAP4(S787) was raised against the C-terminal 14 amino acids,
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KVAEKRT(pS)PSKPSSA, and the respective non-phosphorylated
peptides, as described and validated in our previous report (Hu
et al., 2014; Li et al., 2018). Here, we raised and validated the
rabbit polyclonal antibody against p-MAP4 using the amino
acids QAKVG(pS)LDNVGHLPAGc, and the respective non-
phosphorylated peptides conjugated to bovine serum albumin
(BSA) (Supplementary Figure S1).

Immunofluorescence Staining of MTs
Cells cultured on glass coverslips were fixed with 4%
paraformaldehyde for 20 min, permeabilized with 0.1% Triton
X-100 in phosphate-buffered saline (PBS) for 25 min, and
then blocked with 10% goat serum for 1 h. For the staining
of MT structures, a rabbit anti-α-tubulin primary antibody
(1:100, Proteintech, United States) was diluted with PBS, and
the coverslips were incubated at 4◦C overnight. The coverslips
were washed with PBS and then incubated with a goat anti-rabbit
secondary antibody conjugated to cyanine 3 (Cy3, 1:100) for
1 h at 37◦C. The cells were imaged using a confocal microscope
(Leica Microsystems, Wetzlar, Germany).

Cell Proliferation Assay
5-Ethynyl-2′-deoxyuridine (EdU) is a thymidine analog whose
incorporation is used to label cells undergoing DNA replication
(Salic and Mitchison, 2008). Cell proliferation was determined
with the EdU assay using the Click-iT

R©

EdU imaging detection
kit, according to the manufacturer’s instructions (BCK488-
IV-IM-S, Sigma, United States). The EdU-positive cells are
defined as proliferating cells. The fluorescent images were
finally obtained using a Leica Confocal Microscope (Leica
Microsystems, Germany).

Extraction and Quantification of
Tubulin Fractions
The free and polymerized tubulin fractions were isolated using
a previously described method (Putnam et al., 1998). Cells
cultured in 6-well plates were washed twice with an 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 (β-aminoethylether)-N, N, N′, N′-tetraacetic

acid (EGTA), 2 mM ethylenediaminetetraacetic acid (EDTA),
0.5 mM MgCl2, and 20% glycerol. Cells were incubated with
MTSB + 0.1% Triton X-100 + protease inhibitor cocktail
(Sigma-Aldrich)+ phenylmethylsulfonyl fluoride (PMSF, Sigma-
Aldrich) + phosphatase inhibitor cocktail (Sigma-Aldrich).
Western blots were performed to analyze the polymerized and
free tubulin fractions.

Statistical Analysis
All data are presented as the means ± SEM. Comparisons
between two groups were performed using a two-tailed unpaired
t-test. The statistical significance of differences among three or
more groups was assessed using a one-way analysis of variance
(ANOVA). P < 0.05 was considered a significant difference.
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