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ABSTRACT

By gating the traffic of molecules and cells across the vessel wall, endothelial cells 
play a central role in regulating cardiovascular functions and systemic homeostasis and in 
modulating pathophysiological processes such as inflammation and immunity. Accordingly, 
the loss of endothelial cell integrity is associated with pathological disorders that include 
atherosclerosis and cancer. The p38 mitogen-activated protein kinase (MAPK) cascades are 
major signaling pathways that regulate several functions of endothelial cells in response 
to exogenous and endogenous stimuli including growth factors, stress and cytokines. The 
p38 MAPK family contains four isoforms p38α, p38β, p38γ and p38δ that are encoded by 
four different genes. They are all widely expressed although to different levels in almost 
all human tissues. p38α/MAPK14, that is ubiquitously expressed is the prototype member 
of the family and is referred here as p38. It regulates the production of inflammatory 
mediators, and controls cell proliferation, differentiation, migration and survival. Its 
activation in endothelial cells leads to actin remodeling, angiogenesis, DNA damage 
response and thereby has major impact on cardiovascular homeostasis, and on cancer 
progression. In this manuscript, we review the biology of p38 in regulating endothelial 
functions especially in response to oxidative stress and during the metastatic process.

INTRODUCTION

The MAPK cascades are highly conserved 
signaling networks that transduce the signals elicited by 
physiological and stress stimuli [1–4] and (Figure 1). 
The ERK pathway is the best known of these cascades. 
It is activated typically through the binding of agonists 
to tyrosine kinase (TK) receptors, which results in auto-
phosphorylation of tyrosyl residues on the receptors, 
hence creating docking sites for adapter proteins and 
enzymes. Then, follows the activation in cascade of the 
GTPase Ras, the MAP kinase kinase kinase (MAPKKK) 
Raf, the MAP kinase kinases (MAPKK) MEK-1/2 and 
finally the MAP kinases (MAPK) ERK1/2. In turn, ERK 
phosphorylates a number of cytoplasmic and nuclear 

proteins [4]. The functions of the signaling molecules 
along the MAPK pathways are regulated by scaffolding 
proteins such as CNK in the ERK pathway [5, 6]. The 
scaffolding proteins facilitate or restrict the enzyme/
substrate interactions by modulating the availability of the 
signaling components [6–8]. They may also contribute 
to proper signal dissemination by directing the cascade 
to specific upstream receptors or to unique downstream 
targets. Moreover, they contribute to stabilize signaling 
components, determine the signaling thresholds, protect 
signaling components from phosphatases or direct the 
localization of the cascade components [7, 9]. Along these 
lines, β-arrestin scaffolds the Raf-MEK-ERK pathway 
and it increases angiotensin II-induced Raf and MEK 
activation and targeting of activated ERK2 to endosomes 
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[7, 9]. The interaction of β-arrestin with activated ERK1/2 
is irreversible and allows these kinases to phosphorylate 
cytoplasmic substrates without major effects on nuclear 
targets [10]. The ERK cascade is mostly considered as a 
mitogenic and survival pathway following its activation by 
growth factors. ERK activation is also induced by stress 
including ROS or ROS-generating agents [3, 11].

Studies in the field of “stressbiology” have revealed 
the existence of other MAPK cascades that are activated 
more specifically by stresses. These members of the 
MAPK family are called stress-activated protein kinases 
(SAPKs). The best-characterized SAPKs are members of 
the JNK and p38 families [12, 13]. ERK5, another member 
of the MAP kinase family, also responds to stress stimuli, 
especially shear stress and is sometimes considered as a 
SAPK [14–16]. As for ERK, the induction of the SAPK 
pathways involves the activation in cascade of small 
GTPases, upstream of MAPKKK and MAKK [13]. While 
there is a large degree of specificity within the different 
MAPK cascades, there is also significant overlap between 
them. Both upstream activators and downstream targets can 
be shared between different subfamilies, allowing cross-
talk and feedback signaling events between MAPK family 
members [15]. Notably, both ERK and p38 MAP kinase 

pathways are activated by VEGF (Vascular Endothelial 
Growth Factor) downstream of VEGFR2 [17–19]. 
Moreover, both p38 and JNK share downstream effectors 
such as ATF2 [20].

The p38 pathway is a major signaling pathway in 
the endothelial compartment as p38 plays central roles in 
regulating endothelial cell functions in response to oxidative 
stress and during cancer progression and metastasis. 
Accordingly, this review will focus on the biological 
functions regulated by p38 in the endothelial compartment.

THE p38 PATHWAYS

The p38 MAP kinases consist of four isoforms (α, 
β, γ and δ) that are encoded by four different genes that 
share a high sequence homology [13, 21]. p38α/MAPK14 
is ubiquitously expressed, whereas the other isoforms are 
preferentially expressed in certain tissues. Notably, p38β 
is mostly found in the brain, whereas p38γ is significantly 
expressed in skeletal muscles and p38δ is mainly found in 
the pancreas, testis, kidneys and small intestine [13]. p38α 
is the isoform that is the best characterized and mostly 
studied and will be referred as p38 in this review. There is 
a certain level of redundancy in the functions of the four 

Figure 1: The MAP kinase pathways. Extracellular signals generated by growth factors, cytokines and stresses are transduced within 
the cells by several pathways including the classical MAP kinase pathways, ERK1/2, ERK5 and JNK and p38 family members. The MAP 
kinases are constituted of a MAP kinase module (MAPKKK, MAPKK, MAPK) downstream of activators (GTPases, and Src in the case of 
ERK5) connected to tyrosine kinase receptors, cytokines receptors and stress sensors. The signals transited sequentially through these steps 
converging on the activation of different cytoplasmic and nuclear effectors that trigger appropriate cellular responses.
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isoforms [22]. Nevertheless, if mice knockout for p38β, 
p38γ and p38δ isoforms have a normal development, the 
knockout of p38α is embryonically lethal, highlighting the 
point that p38α has specific essential functions [23].

p38α was first identified in mammalian cells as a 
polypeptide of 38 kDa that is tyrosine phosphorylated 
in response to endotoxin and hyper-osmotic shock [24]. 
Almost concomitantly, it was shown as the activator of 
MAPKAP-K2 (MAP kinase-activated protein kinase-2: 
MK2) [25], a kinase involved in phosphorylation of the 
small heat shock protein HSP27 in response to various 
stimuli including oxidative stress, VEGF and IL-1β 
[26–29]. During the same period, the group of JC. Lee 
identified p38α as the main target of a class of imidazole 
pyridinyl anti-inflammatory drugs that include SB203580 
[30]. These findings paved the roads to fascinating 
discoveries during the last 20 years.

Activation of p38

As for the other MAP kinases (Figure 1), the p38 
pathway involves the canonical activation in cascade of 
small GTPases, namely Rac or Cdc42, upstream of the 
MAP kinase module. This latter consists of MAP Kinase 

Kinase Kinases (MAPKKKs, MKKKs or MEKKs), 
MAP Kinase Kinases (MAPKKs, MKKs) and p38 itself 
[13, 18]. Among MKKKs activating p38, there are 
MEKK3/4, TAK1 (TGFβ-activated kinase 1) and ASK1 
[22]. In response to oxidative stress, ASK1 is the major 
MKKK that induces the activation of the p38 pathway. 
The reduced form of the antioxidant protein thioredoxin 
(TRX) plays a crucial role in ASK1 activation by ROS. 
Notably, TRX interacts with ASK1 at its N-terminus, 
preventing its oligomerization and therefore its activation. 
ROS induce the oxidation of TRX, which then dissociates 
from ASK1 allowing its oligomerization and enabling its 
autophosphorylation and activation. In several types of 
cells, activated ASK1 induces the activation of the p38 
cascade, leading to a pro-apoptotic signal [31, 32]. Very 
interestingly, ceramide, a bioactive sphingolipid located 
in the plasma membrane, is implicated in ASK1-mediated 
stress response, upstream of p38 in both keratinocytes 
[33] and lymphoid cells [34]. Along these lines, ceramide 
participates to ASK1 phosphorylation in endothelial cells 
exposed to radiation-induced oxidative stress [35].

Activated MKKKs induce the activation of MKKs 
by their phosphorylation at both serine and threonine 
residues located in the activation loop. The MKKs mainly 

Figure 2: Regulation of the p38 pathway. The p38 pathway is activated in response to growth factors (VEGF), cytokines (TNFα) 
and stress (oxidative stress). Its activation typically involved the activation of the small GTPases Rac1 or Cdc42, upstream of the MAP 
kinase module MAPKKK (ASK1, TAK1, MEKK3, MLK3), MAPKK (MKK3/6/4) and the MAP kinase p38α/MAP14, herein named p38. 
Activation of p38 converges on the regulation of nuclear and cytoplasmic substrates described in the text. The cascade Rac, MEKK3, 
and MKK3 for the activation of p38 MAPK is maintained together and targeted to membranes ruffles by the scaffolding protein OSM 
(Osmosensing Scaffold for MEKK3). The scaffolded proteins are highlighted in beige. Dephosphorylation of the activation sites by 
phosphatases (DUSP, MKP1, PP2) or repression of p38 expression by miR-200-3-P, miR-124 and miR-128 contributes to p38 inactivation. 
On the other hand, miR20a repress the expression of MKK3, which also impairs the activation of p38.
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involved in p38 activation are MKK3 and MKK6 [36, 37]. 
In vitro, MKK4 can also phosphorylate p38 [38]. However, 
MKK4 is preferably an activator of JNK and MKK3 and 
MKK6 are the predominant activator of the p38 pathway 
[39]. These latter activate p38 in a conventional manner 
by dual phosphorylation at Thr180 and Tyr182 residues 
at a Thr-Gly-Tyr motif [37] (Figure 2). The resulting 
conformational change within p38 enhances its kinase 
activity by a subsequent increase in the accessibility of 
the substrate at the catalytic site. MKK3/6 appear to have 
redundant functions during development, as MKK3 or 
MKK6 knockout mice are viable and healthy whereas the 
double knockout mice died in mid-gestation with defects 
in the placenta and embryonic vasculature [13, 39]. The 
biological effects resulting from p38 activation depend on 
both the duration and magnitude of the signal. Therefore, 
inactivation of p38 is a crucial mechanism regulating its 
biological-activated functions.

Intriguingly, there are non-canonical mechanisms 
of p38 activation. For example, in T cells, p38 may 
be activated via TCR-mediated-p38 phosphorylation 
at Tyr323 by the ZAP70 protein kinase (ζ-chain-
associated protein kinase of 70 kDa) [40]. Additionally, 
the binding of TAB1 (TAK1-binding protein 1) induces 
a conformational rearrangement of p38 in its activation 
loop enabling autophosphorylation of p38 [41, 42]. These 
non-canonical mechanisms of p38 activation still remain 
poorly characterized.

The p38 module is kept together by scaffolding 
proteins that play a major role in the specificity of its 
signaling. These proteins are devoid of intrinsic catalytic 
activity but they are involved in regulating the specificity 
of the p38 cascade by enabling interaction between the 
cascade members, by regulating the conformational 
changes necessary for their activation and by securing 
their cellular localization [22, 43] (Figure 2). Notably, 
OSM (Osmosensing Scaffold for MEKK3) interacts with 
Rac, MEKK3 and MKK3, forming a protein complex 
that is required for p38 activation in response to osmotic 
shock in mammalian cells [43]. Moreover, OSM also 
targets the p38 module to membrane ruffles [44]. On the 
other hand, RACK1 (Receptor for Activated C Kinase 1) 
modulates the activation of the p38 pathway by interacting 
directly with MKK3/6 and increasing their kinase activity 
without affecting their phosphorylation. The enhanced p38 
activation mediated by RACK1 suppressed TNFα-induced 
cell death in L929 cells [45]. Intriguingly, this latter study 
further shows that the endogenous scaffolding interaction 
between MKK3/6 is increased upon stimulation by TNFα, 
which suggests that the phosphorylation of MKK3/6 is 
important for their interaction with RACK1. In corollary, 
it is suggested that a yet unidentified conformational 
change results from MKK3/6 phosphorylation and leads 
to the subsequent binding to RACK1 [45]. Hence, it seems 
that RACK1 may act both as a scaffolding protein and 
as an allosteric modulator to underlie its interaction with 

MKK3/6. Of note, JIP2 (JNK-interacting proteins-2) 
can regulate signaling of the p38 pathway by interacting 
directly with p38, MKK3 and regulators of Rac [46].

Inactivation of p38

Signaling specificity is a major issue in the cellular 
response to extracellular and intracellular stimuli. 
Emerging evidence indicate that it is tightly regulated by 
the timing and intensity of the activation. In that regard, 
the inactivation of p38 to rapidly shut-off its activity and 
to allow a transient activation is a major contributing 
factor underlying the specificity of the cellular response 
[22]. Dephosphorylation of p38 and reduced expression 
by miRNA are major mechanisms that contribute to p38 
inactivation (Figure 2).

Phosphatases

p38 is activated by dual phosphorylation at Thr180 
and Tyr182 residues at a Thr-Gly-Tyr motif located 
in the activation loop [37]. Accordingly, a quick way 
to shut-off the activation of p38 is to dephosphorylate 
these sites. This is achieved by phosphatases, which may 
also act upstream to dephosphorylate MKKs. Notably, 
members of the phosphatase family DUSPs (Dual-
Specificity Phosphatases), including the MKPs (MAPK 
phosphatases), can deactivate p38 by dephosphorylating 
both Thr180 and Tyr182 within p38 [47]. The interaction 
of DUSP with MAPK changes the conformation of 
the enzyme, which increases its phosphatase activity. 
Interestingly, these phosphatases can be activated by 
various stimuli including those that activate p38 [48]. 
Dephosphorylation of p38 by DUSP is especially 
important in a cardiovascular context given that p38 
is overexpressed in several cardiovascular diseases 
associated with oxidative stress, including myocardial 
infarction, heart hypertrophy, heart failure and ischemic 
heart diseases [49].

Members of the PP2 family of serine threonine 
phosphatases are other phosphatases reported to inactivate 
p38. For example, PP2C and Wip1 (Wild-type p53-
induced phosphatase) inactivate p38 indirectly by targeting 
MKKS upstream of p38 or directly by shutting-off p38 by 
dephosphorylation of Thr180 residue [50, 51]. In addition, 
PP2A can interact directly with the active form of p38 
to deactivate the kinase. In that regard, its inhibition 
maintains the phosphorylated state of p38 [52]. In different 
types of tumor cells [53–55] and macrophages [55], the 
inhibition of PP2A is associated with an increase in p38 
activity in response to diverse stimuli. Yet, the role of 
PP2a in deactivation of p38 remains cell type- and stimuli-
dependent. Indeed, inhibition of PP2A in endothelial cells 
is associated with increased phosphorylation of p38 in 
unstimulated cells but does not affect oxidative stress-
induced p38 activation [56]. Interestingly, in endothelial 
cells, MAP kinase phosphatase-1 (MKP-1) is also a 
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negative regulator of p38 activity and p38-dependant 
VCAM expression in response to shear stress [57]. 
Recently, R. Singh proposed a model that predicts that 
MKP1 and TAB1 regulate p38 initial transient activation 
and its basal activity through positive and negative 
feedback loops in response to IL-1 [58].
MicroRNAs

MicroRNAs (miRNAs) are a conserved class of 
small non-coding RNAs that direct post-transcriptional 
silencing of complementary mRNA targets following 
assembling with Argonaute proteins into miRNA-
induced silencing complexes (miRISCs) [59]. Several 
lines of evidence indicate that miRNAs contribute to the 
homeostasic signaling of the p38 pathway in response to 
various activators. Notably, the miR-17 ~ 92 cluster is 
a global regulator of the ASK1 signalosome, which is a 
central actor in the p38-mediated inflammatory process 
activated during rheumatoid arthritis [60]. Along these 
lines, miR-20a, a member of the miR-17 ~ 92 cluster, 
represses the activity of p38 induced by VEGF by directly 
targeting MKK3 mRNA [61]. Furthermore, miR-196a 
repressed p38-dependant cell migration in response to 
VEGF by binding to the 3’UTR region of Annexin A1 
mRNA [62]. In neurons, miR-124 and -128 deplete p38 
and repress the p38-dependent translation machinery 
[63]. During lung development, mir-17 family of miRNA 
modulates FGF10-FGFR2b downstream signaling 
by specifically targeting Stat3 and p38. In turn, this 
contributes to regulate E-cadherin expression, which 
modulates epithelial bud morphogenesis in response to 
FGF10 signaling [64]. Interestingly, a cross-talk involving 
p38 has been reported between members of the miR-200 
family and oxidative stress. Notably, the members of 
the miR-200 family are markedly enhanced in a p53-
dependent manner in hepatic cells by H2O2 treatment. 
This upregulation of miR-200-3p in turn modulates the 
H2O2-mediated oxidative stress response by targeting and 
repressing p38. The enhanced expression of miR-200-3p 
mimics p38 deficiency and promotes H2O2-induced cell 
death. It is concluded that the p53-dependent expression of 
miR-200a-3p promotes cell death by inhibiting a p38/p53/
miR-200 feedback loop [65]. Based on these findings, one 
can expect in the coming years that microRNA will reveal 
to be major regulators underlying the specificity and long-
term sensitivity of not only p38 but also of other signaling 
pathways.

Sub-cellular localization and substrates of p38

Sub-cellular localization

p38 resides both in the nucleus and the cytoplasm 
and its cellular localization is an important determinant 
of its signaling specificity [66, 67]. In resting cells, 
p38 is mostly found in the cytoplasm in its non-
phosphorylated inactive state. Along these lines, impairing 

dephosphorylation of p38 with a catalytically inactive 
mutant of MKP-1 (MKP-1/CS) traps p38 in the cytoplasm 
in response to endothelin-1 in rat mesangial cells [68]. 
Following activation, a pool of phosphorylated p38 
remains in the cytoplasm to regulate the functions of 
cytoplasmic proteins. However, depending on the cell 
type, the nature of the stimulus and even the age of the 
cells, another pool of phosphorylated p38 may redistribute 
to the nucleus, which enables its access to particular 
nuclear substrates [22, 69–71]. For example, nuclear 
transport of p38 is a key aspect of the cellular response to 
UV irradiation [71]. Intriguingly, p38 may also be present 
in the nucleus of resting cells and can be exported to the 
cytoplasm [66].

Only few studies aim at understanding the 
mechanisms involved in the nucleo-cytoplasmic 
translocation of p38. In response to inducers of DNA 
damage, the nuclear localization of p38 is dependent on 
its phosphorylation, but not on its kinase activity [22, 
72]. Given that p38 has no NLS sequence, its nuclear 
translocation requires the intervention of partner proteins 
such as importins or proteins having an NLS sequence 
[22]. Recently, it has been shown that p38 translocation 
involves three beta-like importins 3,7 and 9 [73]. On 
the other hand, the nuclear export of p38 requires its 
dephosphorylation and is dependent on MK2 but not on a 
nuclear export signal (NES) [74].

Depending on its location, p38 can regulate several 
cellular functions by acting on both cytoplasmic and 
nuclear substrates. Notably, p38 directly phosphorylates 
close to 100 proteins that include protein kinases and 
transcription factors. We will only briefly mention some of 
them, as this issue has been reviewed in details by Angel 
Nebreda et al. [75, 76].
Nuclear substrates of p38

About 55% of p38 substrates are located in the 
nucleus. Most of them are DNA and RNA binding proteins 
that regulate gene expression. Notably, p38 directly 
phosphorylates at least 31 transcription factors, which most 
of the time triggers transcriptional activation [75, 76]. CHOP 
(GADD153) is one of the first transcription factor reported 
to be activated by p38. Its activation by p38 following ROS-
induced DNA damage leads to cell cycle arrest at the G1/S 
boundary, allowing DNA repair [77]. ATF2 (cyclic AMP-
dependent Transcription Factor-2), p53, STAT-3 (Signal 
Transducer and Activator of Transcription-3), are other 
transcription factors activated by p38 [32, 78–80]. Their p38-
mediated phosphorylation triggers the transcription of genes 
involved in the regulation of apoptosis, cell growth, immune 
response and response to DNA damage. For example, the 
phosphorylation of p53 by p38 regulates the G2/M transition 
[81, 82] On the other hand, HBP1 (HMG-box transcription 
factor 1) is a p38 target that represses cell cycle progression 
at G1 [83]. Interestingly, in endothelial cells, p38 controls 
the transcriptional activation of NFκB and the production of 
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TNFα via phosphorylation of RelA in response to Borrelia 
burgdoferi antigens [84]. Moreover, we recently found 
that activation of endothelial p38 by IL-1β regulates the 
transcription of miR-31 by activation of c-fos and GATA2 
[85]. In turn, miR-31 represses the expression of E-selectin 
and thereby adhesion and transendothelial migration of 
colon cancer cells [85]. Intriguingly, another study indicates 
that p38 supports the nuclear functions of estrogen receptor 
by contributing to its phosphorylation [86].

Many transcription factors are not direct target of 
p38 but are targeted by downstream substrates of p38 such 
as MK2 and its substrates Cdc25b and Hur [75, 76]. The 
transcription factor CREB is also phosphorylated by MK2 
and by other p38 substrates such as mitogen and stress-
activated protein kinase 1/2 (MSK1 and MSK2) [87, 88]. 
MSK1 and MSK2 also phosphorylate ATF1 and histone 
H3. Additionally, MAP kinase-interacting serine/threonine-
protein kinases 1 and 2 (MNK1 and MNK2) phosphorylate 
the initiation factor eIFAE, which regulates protein synthesis 
[89]. Intriguingly, some proteins can be phosphorylated by 
both p38 and MK2. This double targeting of substrates 
might function as fine-tuning mechanisms to prevent 
inappropriate activation of effectors [75, 76].

Of note, p38 is also connected to chromatin 
remodeling by phosphorylating BAF60c and p18Hamlet, two 
structural constituents of SWI/SNF and SCRAP complexes, 
respectively [75]. Additionnaly, FBP2/3 and SPF45 are p38 
substrates that regulate mRNA processing whereas HuR 
and KSRP regulate mRNA stability [90]. On the other hand, 
MK2 and MK3 regulate mRNA stability by phosphorylating 
ARE-binding proteins such as TTP or HuR [91].

In summary, p38 pathway regulates repressors 
or activators of transcription as well as chromatin 
remodeling, enabling or not the transcription of many 
genes involved in various cellular processes [22, 92].
Cytosolic substrates of p38

Many cytoplasmic proteins are phosphorylated 
by p38 or its effector kinases. These substrates include 
proteins that mediate the anti-proliferative functions of p38 
such as p57Kip2 and cyclin D1/3 [93, 94], and apoptosis: 
Bax and BimEL [95]. p38 also regulates cell survival 
through the phosphorylation of caspase-3 and caspase-8 
[96]. It modulates the turnover of proteins by inducing 
phosphorylation-mediated changes in substrates stability 
or by phosphorylating Siah2, a ring finger E3 ligase 
[97]. On the other hand, p38 inhibits proteasome activity 
in response to hyperosmotic shock by phosphorylating 
the proteasome regulatory subunit Rpn2 [98]. Activated 
p38 also phosphorylates EGF receptor to promote its 
internalization [22]. As discussed below, by contributing 
to the phosphorylation of heat-shock protein 27 (HSP27) 
and annexin A1 (ANXA1), the p38 pathway mediates 
actin-based motility by regulating actin remodeling and 
cell contractility in response to VEGF in endothelial cells 
[28, 99, 100].

THE p38 PATHWAY AS A MAJOR 
REGULATOR OF THE OXIDATIVE 
STRESS RESPONSE IN ENDOTHELIAL 
CELLS

Reactive oxygen species and oxidative stress

Reactive oxygen species (ROS) are produced from 
molecular oxygen O2. Oxygen is unreactive in its ground 
state but is reduced to water under normal metabolic 
conditions. This occurs via a stepwise pathway during 
which partially reduced and very reactive intermediates 
are produced. These reactive intermediates have a strong 
oxidizing potential and a low half-life. These ROS include 
the superoxide radical (O2

.-), hydrogen peroxide (H2O2) 
and the hydroxyl radical (OH.) that is the most reactive of 
them [101]. Reactive nitrogen species (RNS) are other ROS 
intermediates that are derived from nitrogen metabolism. 
They are mainly NO and its derivatives: nitrogen dioxide 
(NO2) and peroxynitrite (ONOO-). Notably, NO is 
synthesized by the enzyme NOS (nitric oxide synthase) and 
it interacts with O2

.- to form peroxynitrite ONOO-, a very 
reactive compound that reacts with many molecules, via a 
process called nitrosylation [102].

Reactive oxygen species and oxidative stress in 
the endothelial compartment

Endothelial cells are heavily exposed to ROS and these 
latter are major regulators of physiological and pathological 
processes involving the endothelium. Notably, endothelial 
cells are exposed to both endogenous and exogenous 
sources of ROS (Figure 3). Endogenous ROS are mainly 
produced by the mitochondrial respiratory chain and also 
by enzymatic reactions involving NADPH oxidase (NOX), 
xanthine oxidase, nitric oxide synthase (NOS), arachidonic 
acid, and metabolizing enzymes such as the cytochrome 
P450 enzymes, lipoxygenase, and cyclooxygenase [103]. 
Exogenous sources of ROS are generated mainly by ionizing 
radiation, UV, xenobiotics and pollutants [56].

Endothelial cells are also exposed to ROS generated 
by their surrounding cells such as smooth muscle cells and 
to ROS originating from the blood. Notably, ROS may 
originate from circulating blood leukocytes, activated 
phagocytes during the respiratory burst, oxidizing 
xenobiotics and also from shear stress [104–106]. 
Endothelial cells are themselves generators of ROS 
[105, 107, 108]. In response to TNFα and angiotensin-II, 
these cells produce H2O2 that acts as a second messenger 
triggering endothelial cell activation. Endothelial cells are 
also equipped with eNOS, a specific nitric oxide synthase, 
that produces NO, which in turn transduces responses 
generated by histamine and VEGF [109, 110]. Moreover, 
endothelial cells produce ROS in response to ischemia-
reoxygenation, which contributes to the modulation 
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of intracellular calcium levels and calcium-dependent 
signaling [111, 112]. Additionally, ROS are by-products 
of the activation of cyclo-oxygenases by bradykinin in 
endothelial cells [113]. ROS are also second messengers 
of the signals generated by stresses, particularly shear 
stress [107, 114]. Interestingly, several signals induced 
by diverse agonists including Fas-L, endostatin, TNFα, 
H2O2 and homocystein stimulate the formation of lipid 
rafts redox signaling platforms in the plasma membrane of 
endothelial cells [115]. These signaling platforms provide 
important driving forces in order to activate the NADPH 
oxidase complex, therefore producing superoxide anion 
radical and generating intracellular oxidative stress.

Increased levels of ROS due to an imbalanced 
regulation of the oxidation/reduction (redox) metabolism 
create a condition known as oxidative stress. This leads 
to a variety of biochemical and physiological lesions 
underlying metabolic impairment, cancer initiation and 
progression and ultimately cell death. Several types of 
antioxidants regulate ROS homeostasis. This includes 
dietary natural antioxidants (vitamins A, C, and E), 
endogenous antioxidant enzymes (superoxide dismutase, 
catalase, glutathione peroxidase, glutathione reductase, 
and peroxiredoxins), and other antioxidant molecules 
(glutathione, coenzyme Q, ferritin, and bilirubin).

Endothelial response to oxidative stress: impact 
on endothelial homeostasis and dysfunction

In reason of the heavy exposure of endothelial cells 
to ROS, it is not surprising that oxyradicals profoundly 
affect the functions of these cells and thereby the 
cardiovascular homeostasis by contributing, for example, 
to the modulation of NO generation and thereby to the 
vascular tone [106, 116, 117]. On the other hand, the 
inability of endothelial cells to cope with acute or chronic 
exposure to oxidative stress is associated with a loss of 
endothelial integrity leading to endothelial dysfunction. 
Endothelial dysfunction is characterized by a reduction of 
the bioavailability of vasodilator agents such as NO that 
is concomitant with an increase in endothelium-derived 
contracting factors [118, 119]. This imbalance results in 
an impairment of endothelium-dependent vasodilation, the 
basic functional characteristic of endothelial dysfunction. 
By extension, endothelial dysfunction also refers to any 
deregulated mechanism that affects the normal functions 
of the endothelium such as maintaining the integrity of the 
endothelial barrier. The impaired endothelium-dependent 
functioning is associated with specific state of endothelial 
activation, which is characterized by a pro-inflammatory, 
proliferative, and pro-thrombotic states that favor all stages 

Figure 3: Endothelial cells are heavily exposed to oxidative stress. All components of the vascular wall including endothelial 
cells produce ROS from endogenous sources. Enzymatic sources include the NADPH oxydase complexes, lipoxygenases, xanthine oxidase, 
uncoupled eNOS, uncoupled mitochondrial electron transport. They are also exposed to exogenous sources of ROS generated by drugs, 
ionizing radiation, ischemia/reoxygenation, shear stress and circulating cells including neutrophils and cancer cells.
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of atherogenesis [119]. The physiopathological status of an 
individual endothelial function may reflect the propensity to 
develop atherosclerotic and other endothelial dysfunction-
related diseases including cancer as discussed below.

Hence, it is of high clinical importance to better 
understand how p38 regulates endothelial cell response to 
ROS in normal and pathological conditions.
p38 regulates cytoskeletal dynamics in response to 
oxidative stress

 p38 regulates actin remodeling as an early adaptive 
response to oxidative stress

In various types of cells, including hepatocytes and 
fibroblasts, oxidative stress produces a severe disruption 
of actin cytoskeleton characterized by fragmentation and 
patching of F-actin [120, 121]. In contrast, in endothelial 
cells exposed to ROS in concentration as low as 50 μM, a 
major and early response of endothelial cells is characterized 
by actin remodeling into stress fibers [27] and (Figure 
4A, 4B). Several lines of evidence support the point that 
the p38/MK2/HSP27 pathway is importantly involved in 
transducing this effect. Notably, inhibiting p38 activity 
with SB203580 abrogates both activation of MK2 and 
phosphorylation of the actin polymerizing factor HSP27, 

which is associated with an inhibition of H2O2-induced 
actin remodeling in stress fibers [27]. The role of HSP27 
phosphorylation in mediating microfilament reorganization 
in response to ROS is supported by the fact that transfected 
fibroblasts that express the same amount of HSP27 as 
endothelial cells respond similarly to endothelial cells 
following phosphorylation of HSP27 by H2O2 [27, 120]. 
Moreover, the H2O2-mediated actin remodeling does not 
occur in high HSP27-expressing fibroblasts treated with 
SB203580 or expressing a non-phosphorylatable mutant of 
HSP27. Hence, HSP27 phosphorylation downstream of p38 
constitutes a quick adaptive and protective function against 
ROS-induced cytoskeletal toxicity in endothelial cells. Along 
these lines, HSP27 phosphorylation triggers a protective 
response against serum obtained from burn patients, inducing 
endothelial barrier dysfunction [122]. Interestingly, the p38-
mediated actin remodeling into stress fibers in response to 
ROS occurs within 5 min [27], suggesting that it represents a 
very early adaptive response of endothelial cells to ROS [27]. 
Accordingly, a high amount of stress fibers is observed in 
endothelial cells exposed to shear stress suggesting that stress 
fibers contribute to maintain the integrity of the endothelium 
by enhancing adhesion to the substratum [123]. On the other 
hand, the p38/MK2/HSP27 axis-mediated actin remodeling 

Figure 4: Oxidative stress induces actin remodeling in endothelial cells. Endothelial cells (HUVECs) plated on gelatin-coated 
petri dishes were left untreated (A) or were exposed 30 minutes to 50 μM H2O2 (B) F-actin was stained using FITC-conjugated phalloidin 
and cells were examined by confocal microscopy. Results show that H2O2 induces a massive remodeling of actin into stress fibers. 60 x and 
bar = 25 μm.
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might play a role in the regulation of endothelial barrier, as 
it will be discussed below. p38-mediated actin remodeling is 
also compatible with the role of ROS in promoting migration 
of endothelial cell [99, 124].

Interestingly, in endothelial cells, ERK is 
stimulated concomitantly to p38 in response to ROS, 
which suggests that multiple parallel MAPK pathways 
may be important in endothelial cells and cardiovascular 
response to cellular stresses [125, 126]. Along these 
lines, the strong actin polymerizing activity generated 
through the p38 pathway following exposure to ROS 
leads to early membrane blebbing and late manifestations 
of apoptosis under conditions in which ERK activity is 
not concomitantly induced and in which focal adhesions 
are misassembled [27, 127, 128]. Moreover, ERK 
activation by ROS is required to mediate DAPK (Death-
Associated Protein Kinase-1) -induced phosphorylation 
of tropomyosin-1 α chain (TM1) at Ser283 enabling 
elongation of actin filaments to increase endothelial 
cell contractility and assembly of focal adhesions [129]. 
It should be noted that the myosin module is another 
important component of stress fibers [130]. In fact, 
phosphorylation of myosin light chain (MLC) promotes 
the productive interaction of myosin heads with actin 
filaments, thus stimulating myosin ATPase activity and 
generating contractility. In turn, increased myosin-actin 
contractility results in bundling of F-actin into thick 
stress fibers and triggers the assembly of focal adhesions 
[130]. Importantly, the phosphorylation of TM1 might 
contribute to increase the activity of MLC ATPase, 
thereby increasing the association of actin with myosin 
and leading subsequently to formation of stress fibers 
and cell contractility [130, 131]. Overall, these findings 
suggest that the ERK/TM1-dependent assembly of focal 
adhesions, in concert with p38-mediated increase in actin 
polymerization, is a major regulator of the endothelial 
cell functions that depend on actin remodeling [132]. 
Additionally, a loss of this coordinate activation of these 
pathways in response to ROS results in a breaking of 
the endothelium integrity. In this context, the loss of 
TM1 phosphorylation following blocking of the ERK 
pathway is associated with an increased in endothelial 
permeability and trans-endothelial migration of colon 
cancer cells [129, 132, 133]. Overall, we hypothesize that 
activation of ERK/TM1 participate with p38 to the quick 
adaptive response of endothelial cells to ROS.

 p38 regulates endothelial permeability in response 
to oxidative stress

The vascular endothelium is at the interface 
between the blood and the interstitial space of all organs. 
It acts as a semi-permeable barrier between these two 
compartments and participates to the regulation of 
macromolecules transport and blood cells trafficking 
through the vessel wall. Under physiological conditions, 
the permeability of the endothelium is tightly regulated, 

and the maintenance of its size-selective sieving 
properties is critical for several physiological functions, 
including normaltissues homeostasis, vessel tone, 
host defense and angiogenesis [134]. Nevertheless, as 
seen below, deregulation of endothelial permeability 
is also associated with endothelial dysfunctions. 
Two complementary pathways underlie endothelial 
permeability, namely transcellular and paracellular 
pathways. Under basal conditions, the transcellular 
pathway mediates the transport of plasma proteins 
such as albumin whereas smaller molecules such 
as glucose are transported via the para- or inter-
endothelial pathway [135]. On the other hand, most 
of the permeability-increasing mediators such as 
histamine, VEGF and PAF (platelet activating factor) 
increase endothelial permeability via the paracellular 
pathway by opening inter-endothelial junctions (IEJs). 
This involves alteration of the balance between 
competing contractile forces and cell-cell and cell-
extracellular matrix (ECM) adhesive forces [136]. 
Actin cytoskeleton rearrangement and actinomyosin 
interaction are centrally involved in regulating IEJ. 
Notably, they are involved in both endothelial cell 
retraction and gap formation [137, 138]. Along these 
lines, remodeling of the endothelial actin cytoskeleton, 
such as cortical actin dissolution and increase in 
actin stress fiber density, leads to cell contraction and 
alteration in cell shape, providing a structural basis 
for increase of endothelial cell permeability. In that 
regard, several studies have shown that the p38 pathway 
along with the RhoA/ROCK pathways are important 
regulators of these cytoskeletal alterations underlying 
paracellular endothelial permeability [134, 136]. In the 
case of p38, its activation by thrombin and histamine 
regulates increased endothelial permeability via actin 
remodeling into stress fibers, which will contribute to 
increase retracting forces and open IEJs [136, 139]. 
In turn, this will be associated with the inflammatory 
process and may lead to endothelial dysfunction [136]. 
Interestingly, oxidative stress is a major inducer of 
endothelial permeability following actin remodeling 
into stress fibers associated with the phosphorylation of 
MARCKS (actin-binding protein myristoylated alanine-
rich C-kinase substrate) [140]. Along the same lines, 
exposure of lung endothelial cells to more than 1 hour 
to soluble components of cigarette smoke-generating 
ROS have direct disruptive effects on endothelial barrier 
that could be counteracted by inhibitors of p38 [141]. In 
this context, we have found that activation of the p38/
MK2/HSP27 axis protects endothelial cell from ROS-
induced fragmentation of F-actin via reorganization of 
the actin cytoskeleton in stress fibers [120], which in 
turn may contribute to the regulation of the endothelial 
barrier. Overall, these findings are consistent with the 
fact that the p38/MK2/HSP27 axis contributes to regulate 
endothelial permeability to ROS.
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p38 regulates DNA damage, cell death and senescence 
in response to oxidative stress

p38/nucleophosmin and DNA damage response

Over the last decade, the role of the p38 pathway as 
an important part of the DNA damage signaling response 
has been highlighted. DNA damage-inducing agents (UV, 
IR, doxorubicin, cisplatin) are known activators of p38 
MAPK. p38 activation contributes to the regulation of 
cell cycle checkpoints G2/M and to a lesser extent G1/S. 
p38 activates the p53/GADD45α/14.3.3 pathway leading 
to inhibition of Cdc2/cyclinB but can also inhibit the 
phosphatase Cdc25B via MK2, impairing in both cases the 
G2/M transition. The role of p38 in G1/S crossing is less 
well established but it implies p53, regulation of cyclin D1 
and/or phosphorylation and degradation of Cdc25A [82].

Recently, we characterized in endothelial cells a new 
mechanism of DNA damage response implying a novel 
p38 partner that we identified, by a proteomic approach, 
as nucleophosmin (NPM) [56]. Co-immunoprecipitation 
and microscopic analysis using Proximity Ligation 
Assay confirm the existence of a cytosolic NPM/p38 
interaction in basal condition. Oxidative stress, generated 
by a short exposure to 250 or 500 μM of H2O2, induces 
dephosphorylation of NPM at T199 that depends on 
phosphatase PP2a, another partner of the NPM/p38 
complex. Blocking PP2a activity or knocking down its 
expression lead to accumulation of NPM-pT199 and to an 
increased association of NPM with p38 without affecting 
oxidative stress-induced activation of p38. Concomitantly 
to NPM dephosphorylation, oxidative stress promotes the 
translocation of this protein to the nucleus to modulate 
DNA damage response (DDR). Notably, dephosphorylated 
NPM at T199 impairs the phosphorylation of DNA 
double-strand breaks (DSBs)-sensing protein DNA-
dependent protein kinase (DNA-PK) downstream of ATM 
and subsequent formation of γ-H2AX foci [56]. Moreover, 
the non-phosphorylatable NPM/T199A mutant delayed 
the DSB repair as revealed by comet assays, leaving 
cells with unrepaired DSB. The establishment of long-
lasting unrepaired DNA damage may be associated with 
genomic instability leading ultimately to death, growth 
arrest or senescence and would contribute to oxidative 
stress-induced endothelial dysfunction [56]. Overall, 
these results suggest that the p38/NPM/PP2a complex 
acts as a dynamic sensor allowing endothelial cells to 
initiate nuclear response to acute and massive oxidative 
stress and to translate these molecular events into late 
functional effects [56]. In contrast, lower concentration of 
H2O2 (50μM) does not trigger the dissociation of NPM 
from p38, which is consistent with the fact that at this 
more physiological concentration the p38/NPM complex 
may induce a protective function against ROS [56]. The 
biological issues covered by these findings highlight 
new mechanisms helping to understand oxidative stress-
induced endothelial dysfunction-associated disorders 

that include normal tissue toxicity during radiotherapy 
and pathologies such as atherosclerosis and diabetes. In 
the case of diabetes, the link between oxidative stress 
and endothelial dysfunction is based on the fact that 
hyperglycemia generates ROS via various signaling 
pathways. In turn ROS induced endothelial dysfunction 
that is associated with diabetic complication including 
atherosclerosis and diabetic retinopathy [142]. On the 
other hand, it is possible that a pool of p38 released from 
NPM following oxidative stress becomes activated and 
together with ERK activation becomes responsible for 
the actin remodeling into stress fibers as described in the 
preceding section. Taken together, these findings raise the 
possibility that the quick dissociation of the p38 /NPM/
PP2a complex in the cytoplasm allows an initial rapid 
and acute adaptive response of normal endothelial cells 
to stress-induced injury through F-actin remodeling. For 
high concentrations of oxidative stress, this initial adaptive 
response will be associated with a later deregulated 
response to DNA damage, leading on the long-term to 
unprocessed DNA damage (Figure 5). This suggests that 
p38 and its partners could act as a molecular switch that 
may push cells toward death or survival.

p38 and endothelial apoptosis

p38 may trigger either cell death or cell survival 
programs, depending on cell type, intensity and duration 
of the activating signal and its crosstalk with other 
signaling pathways [143]. Notably, p38 has anti-apoptotic 
effects in tumor cells treated by a genotoxic stress, 
sustaining the MK2-dependent cytoplasmic sequestration 
of Cdc25B/C to block mitotic entry and to enhance 
survival [144]. In endothelial cells, activation of p38 is 
related to apoptosis after exposure to a large number of 
stimuli from different origins: physical stress (heat, shear 
stress, radiation), ligands of death receptors (TNFα, FAS, 
CD40), pharmacological agents (chemotherapeutics, 
anisomycin), exogenous H2O2 [13], 56. The majority 
of these pro-apoptotic stimuli generate ROS that act as 
second messengers inducing p38 activation. For example, 
docosahexaenoic acid (DHA) and arachidonic acid 
induce apoptosis in HUVEC, which is associated with 
a decrease of the mitochondrial membrane potential, an 
increase in ROS generation and the activation of p38 
[145]. Accordingly, anti-oxidants as vitamin D [146] or 
polyphenols like ECGC [147], as well as statins [148] 
limits ROS generation, p38 activation and endothelial 
apoptosis. To the same extent, the pharmacological 
inhibition of NADPH in endothelial cells blocks ox-
LDL-induced up-regulation of NADPH oxidase, increase 
of intracellular ROS, activation of p38 and apoptosis 
[149]. In response to pro-apoptotic signals, the bioactive 
sphingolipid ceramide is considered as a major transducer 
of apoptosis [150]. In the specific context of oxidative 
stress mediated by high dose of ionizing radiation, 
ceramide specifically generated through sphingomyelin 
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hydrolysis by the enzyme acid sphingomyelinase 
(ASMase) has been convincingly described as essential 
in mediating apoptosis [35, 151]. Endothelial cells from 
mice defective for ASMase are protected from radiation-
induced cell death [152, 153]. The connection between 
ceramide and p38 phosphorylation during apoptosis has 
already been shown in several cell models, including 
cortical neurons treated with C2-ceramide [154], UV-B-
irradiated HaCat cells [155] or Fas-activated lymphocytes 
[156]. Endothelial cells display a 20-fold higher ASMase 
activity compared to other cells [157] and rapidly generate 
ceramide in response to ionizing radiation [151]. The 
molecular mechanisms of ASMase activation are partially 
elucidated and some studies suggested a redox mechanism, 
as a direct activation of ASMase by ROS and its inhibition 
by ROS scavengers have been reported [158, 159]. As 
mentioned above, p38 is linked to the endothelial apoptotic 
response. Nevertheless and until recently, the involved 
molecular mechanisms still needed to be clarified. Our 
very recent data highlight a new molecular pathway of 
p38-mediated apoptosis in endothelial cells exposed 
to ROS-generating stimuli such as ionizing radiation 

and anisomycin. Activation of ASMase and generation 
of ceramide initiate this signaling. Then, ceramide, by 
its specific biophysical properties, coalesces to form 
ceramide-enriched lipid rafts that drive activation of 
ASK-1/p38 MAPK, leading to apoptosis [35]. Conversely, 
ceramide generated by the neutral sphingomyelinase in 
endothelial cells is not involved in the activation of p38, 
after cigarette smoke-induced ROS [141]. Nevertheless, in 
response to endothelin-1 or to oxidized LDL, p38 MAPK 
activates neutral sphingomyelinase [160, 161].

Endothelial cell apoptosis that depends on p38 is 
also mediated by transcriptional and post-transcriptional 
mechanisms. First, mechanisms may imply transcription 
factors, such as NFκB or p53. Notably, DHA-induced 
HUVEC apoptosis is under the control of phosphorylation 
of p38 and p53 at serine 15. To the same extent, ox-LDL 
induces endothelial cell apoptosis trough ROS-p38MAPK-
NFκB signaling cascade and the p53-Bcl-2/Bax-caspase-3 
signaling pathway [162]. Second, p38 activation may also 
modulate the phosphorylation of proteins with pro-survival 
or pro-apoptotic properties. For example, the activation of 
p38 induced by TNF-α triggers apoptosis in endothelial 

Figure 5: p38-mediated oxidative stress responses in endothelial cells. In unstimulated quiescent endothelial cells, p38/p-
T199NPM/PP2a form a complex that is quickly dissociated in response to oxidative stress (ROS). This dissociation happens concomitantly 
with activated PP2a-mediated dephosphorylation of NPM at T199. Following dissociation of the complex, p38 phosphorylated in response 
to ROS exposure activates its downstream effectors notably HSP27 leading to actin reorganization in conjunction with the activation of the 
ERK/DAPK1/Tropomyosin 1α chain axis (see text). Moreover, a pool of NPM unphosphorylated at T199 translocates to the nucleus where 
it is associated with an impaired DDR due to impaired detection of DNA damage, as reflected by the inhibition of DNA-PK and ATM/
ChK2. This may lead to genomic instability, apoptosis, senescence and thereby endothelial dysfunction. (Adapted from 56).
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cells via phosphorylation and down-regulation of pro-
apoptotic Bcl-xL [163]. On the other hand, the expression 
of anti-apoptotic Bcl2 is associated with inhibition of 
p38 in response to γ radiation, which may contribute 
to cytoprotection of endothelial cells, independently 
of cytochrome c release [164]. Intriguingly, FLIP 
expression increases the phosphorylation of p38, which 
in turn increases the phosphorylation of pro-apoptotic 
Bax leading to inhibition of apoptosis under hyperoxic 
stress in endothelial cells [165]. This indicates that the 
apoptotic modulatory functions of p38 may depend on the 
environmental conditions surrounding endothelial cells.

 p38 regulates senescence in response to oxidative 
stress in endothelial cells

Cardiovascular diseases are associated with oxidative 
stress and accumulation of senescent endothelial cells [166]. 
Senescence is one of the long-term cellular dysfunctions that 
contribute to aged-related diseases [167]. Senescent cells are 
characterized by an irreversible growth arrest that is under the 
control of the p53 and/or p16INK4a anti-oncogene activation 
and that leads to respective p21WAF1 over-expression and 
retinoblastoma hypo-phosphorylation. This aging process 
can be triggered by different mechanisms including oxidative 
stress, telomere shortening, DNA damage, oncogene 
signaling, microRNA and mitochondrial dysfunctions [168]. 
Senescent endothelial cells are dysfunctional, harboring 
an uncoupling of endothelial nitric oxide synthase (eNOS) 
and exhibiting increased inflammatory responses with 
enhanced expression of adhesion molecules VCAM-1 and 
ICAM-1 [166]. They also acquire an inflammatory secretory 
phenotype called senescence-associated secretory phenotype 
(SASP), composed of pro-inflammatory cytokines/
chemokines (mainly IL-6 and IL-8), proteases MMPs and 
several growth factors [169, 170]. In normal senescent 
fibroblasts, the SASP appears to be largely initiated by NFκB 
and p38 signaling [171], both at the level of transcriptional 
and post-transcriptional level [172]. Interestingly, 
senescence of endothelial cells may also be under the 
control of p38 signaling. Notably, oxidative stress-induced 
senescence in HUVECs relies on p38 and is prevented by 
IL-8 through inhibition of the activation of p38 and NFκB 
pathways and activation of telomerase activity [173]. In 
aging senescence endothelial cells, overexpressed Arg-II 
(L-arginine ureahydrolase arginase-II) induces senescence 
associated to eNOS-uncoupling and cytokine secretion. 
Both events depend on p38 activation without a causal link 
between IL-8 and eNOS uncoupling [174]. Additionally, 
ionizing radiation induces senescence though the MKK6/
p38/SIRT1 and this effect is prevented by pretreatment of 
proliferating endothelial cells with the antioxidant vitamin 
D [146]. The Notch signaling pathway also impairs the 
process of endothelial senescence linked to vascular 
diseases by inhibiting p16 expression via overexpression 
of inhibitor of DNA binding 1 (Id1). Conversely, Notch-1 

positively regulates the expression of Id1 through MKP-1 
phosphatase-induced inactivation of p38 [175]. Additionally, 
few studies demonstrate that senescence of endothelial 
cell progenitors (ECP) are triggered by p38 activation 
in response to TNFα [176]. In those cells, cleaved high-
molecular-weight kininogen (HKa), an activation product of 
the plasma kallikrein-kinin system, induces a concentration-
dependent increase in ROS generation associated with up-
regulation of p38 phosphorylation and of pro-senescence 
molecule p16INK4a. Conversely, inhibition of p38 prevents 
HKa-induced EPC senescence [177]. Along the same line, 
doxorubicin induces p38-dependent EPC senescence that is 
antagonized by JNK [178]. On the other hand, adiponectin 
prevents EPC senescence by inhibiting ROS/p38 MAPK/ 
p16INK4a cascade [179]. Intriguingly, doxorubicin-induced 
endothelial senescence is not accompanied with a typical 
senescence secretory response. This is due to the fact that 
endothelial cells repress senescence-associated inflammation 
via down-regulation of the PI3K/AKT/mTOR pathway and 
that reactivation of this signaling axis restores senescence-
associated inflammation. Thus, damage-associated paracrine 
secretory responses are restrained to maintain tissue 
homeostasis and prevent chronic inflammation [180]. All 
together, these findings support the view that activation of 
the p38 cascade is a major pathway that regulates senescence 
of endothelial cells and thereby that it may contribute to 
senescent-dependent endothelial and vascular dysfunctions, 
notably in response to ROS.

In summary, several studies pin point to the fact that 
the p38 cascade is a major pathway involved in transducing 
the oxidative stress signal in endothelial cells. In corollary, a 
better understanding of the endothelial p38 response to ROS 
is mandatory to impair or delay endothelial dysfunction as 
well as to protect vessel from age-related diseases.

THE ENDOTHELIAL p38 PATHWAY AS 
A MAJOR REGULATOR OF TUMOR 
PROGRESSION

Endothelial p38 and tumor progression

Tumors are a mixture of differentially evolved 
subpopulations of cells in constant Darwinian 
evolution. These cell subpopulations include 
endothelial cells, cancer–associated fibro blasts, 
tumor-associated macrophages (TAM), and immune 
cells including dendritic cells, T and B cells. With the 
extracellular matrix (ECM), they constitute the tumor 
microenvironment that plays a key role during cancer 
progression, metastasis and therapeutic response [181]. 
Notably, endothelial cells have essential functions in 
cancer progression and metastasis by being involved 
in major essential cancer processes such as hypoxia, 
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angiogenesis and inflammation. Moreover, they are also 
central components of atherosclerosis-associated cancer. 
We will briefly review the role of endothelial cell p38 in 
cancer progression and metastasis.
Role of endothelial p38 in hypoxia and angiogenesis

Cancer cells cannot survive at a distance greater 
than 100μm from a blood vessel because they need blood 
supply to bring oxygen and nutriments required for their 
survival. In order to grow, cancer cells, within the tumor, 
initiates the formation of new vessels, mostly following 
switching-on neovascularization through a process 
called angiogenesis [182]. Angiogenesis is also centrally 
involved in metastasis as cancer cells can evade from 
primary neoplasms and enter into newly formed vessels 
to colonize distant organs and form metastases. Hypoxia, 
is one of the major factors that switch-on angiogenesis. 
Numerous studies have shown that activation of p38 is 
importantly involved in regulating both hypoxia and 
angiogenesis.

Role of p38 in hypoxia

Solid tumors contain regions at very low oxygen 
concentrations, a condition called hypoxia. Hypoxia is 
a feature of most solid tumors in which it contributes 
to cancer progression by modulating among others 
angiogenesis and metastasis [183, 184]. The classic 
process can be summarized this way: cancer cells and 
their microenvironment resides in hypoxic regions, which 
triggers the activation of the transcription factor HIF-1 
(hypoxia-inducible factor-1α/β) in the cancer cells and 
also in endothelial cells. In turn, activated HIF-1 initiates 
the transcription of angiogenic factors including VEGF. 
As described below, this latter, whether it is produced by 
paracrine (cancer cells) or autocrine (endothelial cells) 
ways binds to its receptor VEGFR2 on blood vessel 
endothelial cells to initiate the signaling cascade leading 
to angiogenesis. Several studies point to the fact that p38 
is importantly involved in hypoxia-induced activation 
of HIF-1 in cancer cells. For example, it has been shown 
using cells from p38-/- and MKK3-/- MKK6-/- knockout 
mice that the p38 pathway is necessary for the hypoxic 
activation of HIF-1. Moreover, activation of this cascade 
is initiated from the ROS-generated by the mitochondria 
complex III during hypoxia [185]. Analogously, chromium 
(VI), a potent carcinogen, induces the expression of HIF-
1 and VEGF in an H2O2- and p38-dependent manner in 
DU145 human prostate carcinoma cells [186]. Hypoxia also 
induces the activation of p38 in squamous head and neck 
carcinoma cell lines, which results in activation of HIF-1 
and VEGF expression [187]. Based on these findings, it 
appears that p38 signaling is essential for HIF-1 activation 
and VEGF production by cancer cells and endothelial cells 
under hypoxic conditions. On the other hand, hypoxia also 
leads to p38-dependent actin reorganization in endothelial 
cells, which may be associated with a pro-inflammatory 

phenotype (increased adhesion of neutrophils to endothelial 
cells), another hallmark of cancer [188, 189].

Role of p38 in angiogenesis

Vascularization occurs via two major mechanisms: 
vasculogenesis and angiogenesis. Endothelial cells are 
at the heart of both processes. Vasculogenesis refers to 
the formation of blood vessels by a de novo production 
of endothelial cells from hemangioblasts, when they are 
no pre-existing vessels. In contrast, angiogenesis refers 
to the formation of new blood vessels from pre-existing 
ones. The latter process is regulated by a tight balance 
between pro- and anti-angiogenic agents [28]. p38 
regulates different steps of the angiogenesis process in 
different models including in vivo mouse models, notably 
via p38-regulated/activated protein kinase (PRAK) 
phosphorylation [190]. Notably, besides its involvement 
in HIF-1 activation, p38 also regulates angiogenesis via 
its role in endothelial cell migration, an essential step 
of angiogenesis. The sequence of events is as follows: 
Hypoxia-induced activation of HIF-1 in cancer cells 
leads to the expression of VEGFA165, one of the 5 spliced 
isoforms of VEGFA. VEGFA165 (herein called VEGF) 
contains 165 amino acids and it is the most abundant 
form of VEGF and the most potent pro-angiogenic agent. 
VEGF binds to its tyrosine kinase receptor VEGFR2 
present at the surface of blood vessel endothelial 
cells. The binding of VEGF to VEGFR2 triggers its 
oligomerization, which activates its kinase domain and 
auto-phosphorylation at several tyrosine residues, notably 
Y1214 [18] Figure 6. Then follows the binding of Nck 
to p~Y1214 and the recruitment of Fyn to Nck bound 
to p~Y1214 within VEGFR2. Fyn will then initiate a 
cascade of phosphorylation events involving Nck, and 
PAK2 located downstream of Cdc42. This will lead to 
activation of the p38/MK2/HSP27 axis and the subsequent 
actin remodeling and cell migration [99, 191]. A second 
mechanism of recruitment of Nck to VEGFR2 involves 
the nucleation factor N-WASP, which is relocalized at the 
cell surface by Nck bound to PAK. N-WASP activates the 
ARP2/3 complex, a major regulator of actin nucleation 
and stress fibers in motile cells [192]. Moreover, Nck 
recruitment to VEGFR2 triggers the assembly of focal 
adhesion via PAK activation, which also contributes to the 
bundling of actin filaments into stress fibers [193, 194]. Of 
note, the activation of VEGFR2 requires its association 
with integrin αvβ3 [195–197]. In summary, VEGF-induced 
cell migration results from actin remodeling into stress 
fibers via activation of the VEGFR2-Nck/p38/MK2/
HSP27 axis [28], and via VEGFR-Nck-WASP-mediated 
actin polymerization and focal adhesion turnover [193, 
194]. p38 activation by VEGF also contributes to cell 
migration by formation of lamellipodia via the p38/
LIM kinase/annexin-1 axis [62, 100]. On the other hand, 
degradation of the ECM by metalloprotease (MMP) is 
another important event that contributes to angiogenesis. 
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In this context, it is also possible that p38 contributes 
to angiogenesis by regulating the proteolytic activity of 
MMP (MMP-9 and MMP2/uPA), as reported recently 
[198, 199] (Figure 6). Overall, by contributing to 
angiogenesis, activation of endothelial p38 is a key player 
of tumor neovascularization and thereby of cancer growth 
and cancer cell dissemination.
Role of p38 in cancer and inflammation

Inflammation plays an essential role in tumorigenesis 
and tumor progression and is now recognized as an 
enabling hallmark of cancer [189]. Along these lines, 
inflammation plays a central role in the pathogenesis and 

progression of almost all solid tumors. Accordingly, the 
notion of inflammation in cancer has greatly changed 
the approach to treat cancer [200]. On the other hand, 
the first identified role of p38 was in inflammation [13]. 
Notably, p38 regulates the production of inflammatory 
mediators (IL-8, IL-1, IL-6, TNFα, COX-2) [201]. Hence, 
p38 plays major roles in most cases of cancer-associated 
inflammation, both at the level of the tumor cell and of the 
tumor endothelial microenvironment

Role of p38 in cancers associated with inflammation

Many cancers arise at sites of chronic irritation 
and infection associated with inflammation. One of the 

Figure 6: p38-mediated endothelial cell migration in response to VEGF. The actin remodeling following the binding of VEGF to 
VEGFR-2 requires a cooperative interaction between VEGFR-2 and integrins, especially integrin αvβ3. The activation of VEGFR-2 initiates 
its autophosphorylation at Tyr1214. Then, follows the recruitment of Nck to VEGFR-2 and the sequential activation of Fyn, Cdc42 and PAK 
upstream of the p38 MAP kinase module. Activation of p38 leads to activation of MAPKAP kinase-2 (MK2), which contributes to increase the 
level of polymerized actin by phosphorylating HSP27. Interestingly, activation of MK2 also activates LIMK1, which phosphorylates annexin 
A1 (ANXA) to promote formation of lamellipodia and cell protrusion. Of note, Nck can also trigger actin polymerization through activation 
of the WASP-Arp2/3 pathway. Both together, actin polymerization associated with stress fibers-mediated cell contraction and lamellipodia-
mediated increased cell protrusion contribute to sustained cell migration, an essential step of angiogenesis. (Adapted from 99).
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better known is gastric cancer that frequently originates 
from Helicobacter pylori-induced chronic gastritis 
and stomach ulcers [202]. Additionally, there is strong 
evidence that colon cancer can arise from Inflammatory 
Bowel Diseases (IBD) that include Crohn’s disease and 
ulcerative colitis [203].

Inflammation-associated cancers are characterized 
by the recruitment of macrophages and neutrophils 
to cancer sites [204]. These inflammatory cells, 
particularly the macrophages present within the tumor 
microenvironment promote ECM degradation and tumor 
cell motility, which activates endothelial cells and thus 
enable angiogenesis, Furthermore, a subset of monocytes 
expressing Tie2, an angiopoietin receptor, are recruited to 
some cancer sites where they initiate neo-vascularization 
via different signals including hypoxia [204–206]. Another 
way by which inflammation contributes to cancer initiation 
and progression is through the modulation of expression of 
endothelial adhesion molecules such as a E-selectin, which 
will catch circulating cancer cells allowing them to roll 
on the endothelium. This E-selectin-dependent adhesion 
and rolling is followed by firmer adhesion via molecules 
such as VCAM and integrins enabling trans-endothelial 
migration and extravasation [207]. This process occurs 
in part via activation of endothelial p38-mediated actin 
contractility and opening of IEJ, as discussed below 
[208, 209]. Overall, these findings are strong indications 
that inflammation may act as cancer facilitator and 
that endothelial cells and p38 are key actors of cancers 
associated with inflammation.

Role of p38 in cancers generating inflammation

Whereas inflammation can contribute to cancer 
initiation and progression, several findings indicate that 
cancer cells can themselves generate an inflammatory 
response that plays a critical role in the cancer 
microenvironment. Cancer initiates these responses 
through several mechanisms including transcriptional 
regulation of inflammatory genes [210, 211]. Notably, 
several mouse models support the point that p38 is a major 
player involved in regulating inflammatory cytokines 
produced by cancer cells [212]. In this context, p38 is 
required to induce the production of IL-1β and TNFα, 
two important mediators of inflammation [30, 213] that 
react with endothelial cells to induce the expression of 
adhesion molecules. In addition, MK2, the downstream 
effector of p38, regulates LPS-mediated production 
of TNFα [213]. Moreover, hypoxia activates tumor-
promoting inflammatory response, via recruitment of 
inflammatory cells such as TAM, T-Regs and neutrophils 
and thereby plays a major role in mediating cancer-derived 
inflammation [200].

Overall, these findings are consistent with the 
view that inflammation is part of an insidious retroactive 
synergic loop in cancer. Along these lines, the inflammatory 

responses are upstream of several cancer associated-
events such as the recruitment of immune cells, cancer 
cell proliferation, survival, and angiogenesis [214]. In 
corollary, there is a toxic synergic overlapping between the 
pathways involved in both inflammation-associated cancer 
and cancer-derived inflammatory responses. This is the 
case, for example, for the role of tumor inflammation in the 
extravasation process during metastasis. As reported above 
and described later, inflammation generated from cancer 
cells can induce the expression of endothelial adhesion 
molecules such as E-selectin, VCAM and integrins, which 
will contribute to open IEJ via pathways involving ERK, 
and p38 and favor extravasation of cancer cells [208, 215].
Role of p38 in atherosclerosis–mediated cancer 
progression

Atherosclerosis, a typical manifestation of endo-
thelial dysfunction, shares several common features with 
cancer. Both pathologies can be induced by similar agents 
such as oxidative stress, cigarette smoke and increased 
intake of dietary fats [216]. Moreover, they might have 
similar causal processes, as atherosclerosis, in a way 
analogous to what occurs in carcinogenesis, may arise 
from mutations that transform a single quiescent arterial 
smooth muscle cell into a proliferative progenitor clone. 
Additionally, alterations in endothelial cell adhesion 
molecules such as VCAM are linked both to atherosclerotic 
plaque formation and to tumor invasion and metastasis. 
Similarly, altered expression of proteases is associated 
with plaque expansion and with cancer invasion and 
metastasis. Cell proliferation pathways involving genes 
regulating the G1/S checkpoint (p53, pRb) are associated 
with plaque progression after angioplasty as well as with 
cancer progression. Nuclear transcription factors such as 
inactivation of NFκB are associated with progression of 
both diseases [217]. Regulators of angiogenesis including 
VEGF are not only linked to plaque expansion and 
restenosis of atherosclerotic lesions but also to local and 
metastatic tumor expansion. On the other hand, it should 
be noted that patients suffering from atherosclerosis may 
respond differently to cancer chemotherapy given the fact 
the functionality of endothelial cells is altered. Indeed, 
vascular aging and diseases may affect tumor progression, 
angiogenesis, and responses to therapy. Accordingly, 
exposure of tumor-bearing mice to metronomic therapy 
with cyclophosphamide exerts anticancer effects in young 
mice, but this effect is reduced in old and atherosclerotic 
mice, in part due altered angiogenesis [218]. Interestingly, 
p38 is centrally involved as a pathway that transduces 
biological responses shared by both atherosclerosis 
and cancer. These responses include regulation of G1/S 
checkpoint, activation of NFκB, regulation of cell 
adhesion molecule, sensitivity to VEGF and ROS. In 
accordance, p38 may be viewed as a common denominator 
of both atherosclerosis and cancer progression.
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p38-mediated metastasis

The metastatic process

In most cases, death associated with cancer 
results from the formation of distal neoplasms called 
metastases. The metastatic process consists of sequential 
inter-related steps during which cancer cells interact 
with their microenvironment, namely endothelial cells, 
cancer associated fibroblasts, macrophages, immune 
cells and ECM. All the steps must be successfully 
completed to give rise to metastases [219, 220]. These 
sequential events include the release of cancer cells from 
the primary tumor, their intravasation into the blood or 
lymphatic vessels, their survival in the circulation and 
their arrest in the capillary bed of a distal organ. In 
certain circumstances, cancer cells will grow locally 
within the blood vessels but most of the times they 
will cross the endothelial layer and extravasate into the 
surrounding tissue. Then, they will proliferate and initiate 
neo-vascularisation of the secondary neoplasm. This 
series of events is destructive to most cancer cells and 
the formation of metastases is an intrinsically inefficient 
process [221, 222]. Nevertheless, a small number of 
them traverse all these steps and form metastases. More 
specifically, high resolution in vivo video-microscopy 
and cell-fate analysis suggest that the early steps of 
the haematogenous metastatic process (intravasation 
into the bloodstream, arrest in the secondary organ 
and extravasation) are completed very efficiently. In 
contrast, later steps (growth of micrometastases into the 
secondary organ, vascularization and persistence to form 
macroscopic metastases) are rather inefficient [223–
226]. This inefficiency may be explained by the fact that 
micrometastases are established by tumor stem cells, that 
are few in number, and by the fact that the invading cells 
quickly fall into apoptosis [221, 227, 228]. Interestingly, 
several studies have reported the contribution of p38 
in transducing signals that participate to the metastatic 
process either in endothelial cells and cancer cells.
p38 signaling in endothelial cells during metastasis

Endothelial cells have key functions during the 
metastatic process. As mentioned above, cancer cells shed 
from a primary tumors must cross the endothelium to enter 
the circulation during the intravasation process. Thereafter, 
circulating cancer cells must re-cross the endothelium 
again during the extravasation step to come out the vessels 
and colonize another sites. In both cases, this involves 
adhesive interactions between adhesive receptors present 
on both endothelial cells and on cancer cells.

Adhesion of metastatic cancer cells to endothelial cells

Adhesion of cancer cells to endothelial cells 
involves their binding to endothelial cells via adhesion 
receptors such as E/P-selectin, VCAM, PECAM and 
integrins. Notably, E-selectin mediates the adhesion 

of tumor cells to endothelial and this interaction is 
associated with metastatic dissemination [207, 229–
235]. For example, highly metastatic human colorectal 
and mouse lung carcinoma cells, upon their entry into 
the hepatic microcirculation, trigger a rapid host pro-
inflammatory response by inducing TNFα production 
in resident Kupffer cells. In turn, this triggers E-selectin 
expression by endothelial cells and enhances the binding 
and extravasation of the cancer cells [215, 230]. Along 
these lines, the binding efficiency of clonal colon cancer 
cell lines to E-selectin on endothelial cells is proportional 
to their metastatic potential [236]. Additionally, the 
E-selectin expression induced by the pro-inflammatory 
cytokine IL-1β is directly and negatively regulated by 
miR-31. The miR-31-mediated repression of E-selectin 
in endothelial cells impairs the metastatic potential of 
colon cancer cells by decreasing their adhesion to the 
endothelium. The transcription of miR-31 is activated by 
IL-1β and depends on p38 and JNK, and their downstream 
transcription factors GATA2, c-Fos and c-Jun [85].

The adhesion of several types of cancer cells 
to endothelial E-selectin requires oligosaccharide/
protein complexes known as E-selectin counter-
receptors or ligands on tumor cells [209, 235, 237]. 
In colorectal cancer cells, sialyl Lewis -a and –x are 
considered to be the representative oligosaccharides 
involved in E-selectin binding [233, 238–240]. The 
glycoprotein ESL-1, present on myeloid cells, was 
the first proteinic component of a counter-receptor 
to be described for E-selectin [241]. This is a variant 
of the tyrosine kinase FGF glycoreceptor, raising the 
possibility that its binding to E-selectin elicits signaling 
in the adhering cancer cells [241, 242]. Accordingly, 
the binding of E-selectin to cancer cells triggers the 
tyrosine phosphorylation of several proteins including 
Src, c-Cbl, FAK and p38 [243–247]. Among several 
E-selectin ligands [248–252], Death Receptor-3 (DR3) 
is a signaling receptor for E-selectin in metastatic colon 
carcinoma cells [253] that can induce a rapid activation 
of p38 that increases the motile potential of cancer cells 
and favors their transendothelial migration [246, 253]. 
Concomitantly, DR3 binding to E-selectin/Fc chimeras 
is associated with survival of metastatic colon cancer 
carcinoma cells via the activation of the ERK and PI3-K 
pathways [253, 254] (Figure 7). In contrast, caspases (-3 
and -8) are not activated and apoptosis is impaired [253, 
254]. On the hand, the binding of cancer cells bearing 
DR3 to E-selectin induces endothelial cell retraction 
via p38 activation and adherens junction opening via 
disruption of the VE-cadherin-β-catenin complex 
subsequently to Erk and c-Src activation. Interestingly, 
the binding of Colo-320 human adenoma to P-selectin 
triggers the formation of a complex between p38 and 
PI3K which results in an increased spreading of the 
cancer cells [255]. This suggests that P-selectin may 
also be involved in a mechanism that promotes initial 
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attachment of cancer cells to endothelial barrier and 
favors arrest of cancer cells from the blood flow before 
extravasation [255].

Overall, endothelial adhesion molecules are major 
determinants of hematogeneous tumor metastasis, being 
required for the binding of cancer cells. In turn, this leads 
to activation of the p38 pathway both in the cancer cells 
and endothelial cells to trigger and increase the motile and 
invasive potentials of cancer cells.

Transendothelial migration of metastatic cancer cells

The modification of the vascular permeability and 
consequent disruption of the endothelial barrier contributes 
to the extravasation of cancer cells and to the promotion 
of metastasis. In this context, the adhesion of cancer cells 
to endothelial cells initiates a series of events that enable 
the cancer cells to breach the endothelial layer and colonize 
secondary sites. Notably, following their adhesion to 
endothelial cells, cancer cells extend invadipodia into the 
endothelial cell junctions initiating their retraction and 
enabling their transendothelial migration (TEM). The 
retraction of endothelial cells following E-selectin-mediated 
adhesion of colon cancer cells expressing DR3 results 
from an ERK-dependent dissociation of the VE-cadherin/
β-catenin complex associated with a p38-dependent 
retraction of actin filaments [208, 256]. These processes 
facilitate TEM of colon cancer cells by opening IEJ [208, 
256]. More recently by using E-selectin cross-linking 
and beads coated with CD44 it was shown that CD44/
selectin ligation is responsible for ICAM-1 upregulation 
in HUVECs [257]. The authors present evidence showing 
that CD44/selectin binding signals to ICAM-1 up-regulation 
on endothelial cell surface occurs through a PKCα–p38–
SP-1 pathway, which further enhances the adhesion of 
melanoma tumor cells to endothelial cells during metastasis. 
Very interestingly, Death Receptor 6 (DR6: TNFRSF21)) 
expressed on endothelial cells has been identified as a key 
player of TEM and metastasis. Notably, B16 melanoma 
cells induce the death of endothelial cells by necroptosis, 
a newly discovered pathway of regulated necrosis, which 
enables migrating cancer cells to cross the endothelial-cell 
barrier and colonize the lung [258]. Necroptotic endothelial-
cell death is induced by interaction of amyloid precursor 
protein on the tumor surface with DR6 on endothelial 
cells. In turn, this interaction enhances TEM 1) directly, 
as a consequence of endothelial-cell death and disruption 
of the endothelial barrier, or 2) indirectly, via the release 
of damage-associated molecules from dying endothelial 
cells, which could open the endothelial barrier between 
cells. On the other hand, DR6 is also required for tumor 
angiogenesis in a B16 xenograft mouse model by preventing 
angiogenesis [259]. This effect has been attributed to the 
fact that DR6 is required for the production of IL-6, which 
in turn will increase the production of angiogenic agents 
(VEGF, PDGF) in a p38-dependent manner. Hence, DR6 is 
required for the induction of angiogenesis and eventually of 

metastasis associated with TEM and extravastion of cancer 
cells across newly formed blood vessel and it involves 
the IL-6/p38 MAPK pathway. Along this line, the role of 
paracrine mediators secreted by tumor cells in regulating 
melanoma metastasis has been recently reinforced as the 
binding of the melanoma tumor-secreted protein SPARC 
to endothelial VCAM drives endothelial permeability and 
cancer cell extravasation through a ROS-MKK3/6-p38 
MAPK pathway [260].

Together, these studies suggest that the binding of 
cancer cells to endothelial cells induces both a forward 
signaling in the cancer cells and a reverse signaling in 
endothelial cells (Figure 7). The forward signaling induces 
p38-dependant actin remodeling underlying cancer 
cell adhesion and migration, but also a p38-dependent 
production of angiogenic paracrine factors. The reverse 
signaling enables transendothelial migration of cancer 
cells via dissolution of adherens junctions through p38-
increased actin contractility and opening of IEJs and but 
also via physical defect of the endothelial barrier as a 
consequence of endothelial cell necroptosis.

p38 in lymphatic system-associated metastases

Several metastatic cancer cells including breast cancer 
transit through the lymphatic system during metastatic 
dissemination. Notably, mammary tumor cells undergoing 
Epithelial Mesenchymal Transition (EMT) in response to 
TGF-β1 are targeted for migration preferentially through 
the lymphatic system [261]. This relies on the capacity 
of TGF-β1 to promote crosstalk between cancer cells and 
lymphatic endothelial cells via CCR7/CCL21. This occurs 
as follows: 1) TGF-β1 promotes CCR7 expression in EMT 
cells through p38-mediated activation of JunB, 2) TGF-β1 
promotes CCL21 expression in lymphatic endothelial 
cells. In turn, CCL21 favors the chemotactic migration of 
cells undergoing EMT toward lymphatic endothelial cells 
[261]. These findings suggest that inhibition of p38 may 
be a suitable approach to inhibit EMT and lymphogenic 
dissemination of tumor cells. Moreover, in human primary 
melanoma cells, a high level of VEGF-C and a low level 
of MITF (microphtalmia-associated transcription factor) 
correlate in a p38-dependent manner with an increase risk 
of metastasis associated with lymphangiogenesis [262]. 
In fact, p38 MAPK signaling constitutes a major pathway 
regulating migratory properties of EMT cells since it is 
centrally involves in cross-talking with other pathways that 
are known to cooperate to induce EMT including by JunB 
and TGF-β [261, 263]. Here again, these studies indicate the 
primary role played by p38 in the metastatic process.

p38-as a modulator of cancer treatment

As described above, the p38 pathway is a pleiotropic 
cascade that plays a central role in the functioning and 
dysfunctioning of endothelial cells in response to 
growth factors and stress and during carcinogenesis and 
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metastasis. In this context, endothelial p38 has major 
impact on conventional therapeutic approaches, namely 
radiotherapy and chemotherapy.
Impact of endothelial p38 in radiotherapy

More than 50% of cancer patients are treated with 
ionizing radiation. The importance of the endothelial 
compartment in the response of tumor but also of 
normal tissues to ionizing radiation has been highlighted 
over the past 10 years [152, 153, 264]. Exposure of 
the microvasculature to radiation provokes acute and 
late effects, both of which contribute to the initiation, 
progression and maintenance of tissue damage [265]. Early 
effects of radiation lead to a rapid wave of endothelial 
apoptosis or to a dysfunctional vascular phenotype marked 

by excessive secretion of pro-inflammatory cytokines, 
increased recruitment of blood cells and platelets, 
activation of the coagulation system and increased 
vascular permeability [265]. Late effects include collapse 
of microvessels, thickening of the basement membrane 
and persistence of an activated pro-coagulant endothelial 
phenotype, that ultimately may become senescent 
[266]. Ionizing radiation-induced molecular signaling 
remains insufficiently characterized in endothelial cells. 
Nevertheless, the involvement of the p38 MAPK pathway 
has been described in several endothelial cells models. In 
human dermal microvascular endothelial cell, ionizing 
radiation-induced apoptosis is predominantly mediated 
through p38 [267] and can be inhibited by inhibition of the 
p38 pathway through Bcl2 overexpression [164]. Recently, 

Figure 7: Role of p38 in reverse and forward signaling induced by E-selectin in cancer cells and endothelial cells. 
Adhesion of colon cancer cells to endothelial cells expressing E-selectin induces a reverse signaling in the cancer cells that increases their 
motile potential, and a forward signaling in the endothelial cells that increases inter-endothelial permeability and enables extravasation. For 
example, adhesion of colon carcinoma cells to endothelial cells involves the binding of E-selectin on endothelial cells to Death Receptor-3 
(DR3) on cancer cells. This interaction induces the reverse activation of p38, ERK and PI3 kinases in cancer cells, which increases their 
motile and survival potentials. In contrast, caspases (3 and 8) are not activated and caspase-dependent apoptosis is impaired. Reciprocally, 
the interaction between DR3 and E-selectin triggers the forward activation of the same MAP kinase pathways in endothelial cells. This 
results in myosin-light chain (MLC)-mediated cell retraction and in dissociation via ERK and Src activation of the VE-cadherin/β–Catenin 
complex and thereby destruction of adherens junctions leading to increased endothelial permeability and extravasation of cancer cells.
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a new signaling pathway that depends on p38 has been 
revealed by findings showing the implication of plasma 
membrane reorganization in radiation-induced apoptosis 
[35]. Notably, ionizing radiation-induced activation 
of p38 in microvascular endothelial cells requires the 
upstream activation of the sphingolipid ASMase/ceramide 
pathway. Upon exposure to radiation, the pool of ceramide 
generated leads to plasma membrane reorganization 
associated with the formation of ceramide-enriched lipid 
signaling platforms, which, in turn, contributes to p38 
activation and induction of apoptosis. Activation of p38 
in response to ionizing radiation is also associated with 
an increased secretion of pro-inflammatory cytokines by 
endothelial cells. In particular, radiation-induced IL-6 
appears to be controlled by p38 through activation of 
NFκB [268] and radiation-induced endothelial expression 
of IL-6, IL-8, CXCL-2 and E-selectin, exacerbated by the 
interaction of endothelial cells with immune mast cells, 
is also dependent on p38 [269]. As described previously, 
exposure to ionizing radiation induces not only apoptosis 
but also senescence, especially in quiescent endothelial 
cells [270]. Senescent endothelial cells exhibit cell cycle 
arrest, increased expression of adhesion molecules, 
elevated production of inflammatory cytokines and 
ROS, and decreased production of NO [271]. The role of 
p38 in promoting the cell cycle arrest through the p53/
p21/p16 axis as well as in regulating pro-inflammatory 
cytokines present in the SASP may also be considered 
as contributing to endothelial senescence. Additionnally, 
MKK6/p38 has been reported to mediate radiation-
induced endothelial senescence through downregulation 
of the sirtuin SirT1 [146]. Overall, these findings suggest 
that p38 may be a major determinant of the therapeutic 
response of cancer patients treated by ionizing radiation.

Impact of p38 in chemotherapy

Apoptosis is a major mechanism of cell death in 
response to anticancer agents and several studies already 
reported the role of p38 in modulating the chemotherapeutic 
response of both conventional treatment and novel agents 
including tyrosine kinase inhibitors (TKI) as well as 
monoclonal antibodies [272]. p38 has been implied in cell 
apoptosis mediated by cis-platinium and 5-fluorouracil (5-
FU) in breast and colon cancer cell lines [272]. Furthermore, 
inhibition of p38 has been associated with resistance to 
gemcitabine and cytarabine [272, 273].

On the other hand, p38 contributes to resistance to 
chemotherapies in several types of tumors. In response to 
doxorubicin, cis-platinium or DNA-damage agents, p38 
favors cell survival in p53-deficient cancer cells through 
MK2-mediated cell cycle arrest [144, 274]. Indeed, 
inhibition of p38 in colon and breast tumor mouse models 
potentiates the effects of conventional chemotherapies 
like cis-platinium, 5-FU or irinotecan [275]. Furthermore, 
mouse hepatocarcinoma are sensitized to treatment by the 
TKI sorafenib, when p38 is inhibited [276]. Both p38-

mediated resistance and sensitivity have been reported 
following treatment with 5-FU and cis-platinium (see 
review [272]). The role of p38 in the chemotherapy 
response appears to depend on the type of tumor, but 
might also be regulated by the tumoral microenvironment.

The contribution of p38 in tumor progression 
involves different cell types within the tumor 
microenvironment, as described in the above sections. 
Notably, considering the endothelial compartment as an 
essential component of the cancer microenvironment 
and its role in angiogenesis, several inhibitors of the p38 
pathways show interesting potential in inhibiting cancer 
progression via inhibition of angiogenesis. For example, 
pharmacological inhibition of endothelial p38 is associated 
with a significant reduction in tumor growth and in vessel 
density in an in vivo experimental model of prostate cancer 
[277]. On the other hand, p38 inhibition in head and neck 
squamous cell carcinoma reduces cancer growth in tumor 
xenografts and underlies a marked decrease in intratumoral 
angiogenesis affecting both blood and lymphatic vessels 
[278]. Some known anti-angiogenic agents act directly on 
the endothelial p38 pathway or on p38 expressed in cancer 
cells by impeding them to induce angiogenesis, and could 
be considered as anti-angiogenic agents. Inhibition of p38 
leading to angiogenesis inhibition emerges as a potential 
target to impair cancer progression and metastasis [99]. 
Given the importance of p38 in driving angiogenesis, one 
may expect the development of agent that will specifically 
target p38 to inhibit angiogenesis and metastasis.

Endothelial p38 also contributes in different ways 
to modulate the response of cancer cells to chemotherapy. 
For example, genotoxic stress induced by ROS-generating 
drugs such as doxorubicin triggers the acute release of 
IL-6 from thymic endothelial cells in a p38-dependent 
manner. In turn, this acute secretory response precedes 
the gradual induction of senescence in tumor-associated 
stromal cells [180, 279]. The inflammatory secretome 
of senescent stromal cells (SASP) is an additional 
microenvironmental factor, promoting tumor progression 
that is regulated by p38 [172]. In this context, inhibition of 
p38 has been shown to compromise the pro-tumorigenic 
capacities of the microenvironment.

Overall, the importance of targeting p38 cancer 
cells and endothelial cells in cancer chemotherapy is 
supported by several studies. These studies open new 
perspectives in cancer treatment, as it will be discussed 
in the next section.

CONCLUDING REMARKS

Initially described as a major signaling cascade 
that transduces stress responses, the p38 pathway appears 
as a pleiotropic pathway regulating the cardiovascular 
system [280]. p38 is a major contributor to the regulation 
of endothelial cell response to ROS generated either by 
inflammation, aging, cancer-derived paracrine factors, 
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radiotherapy or by chemotherapy. This places p38 as a 
cornerstone of the oxidative stress response in endothelial 
cells. Accordingly, deregulated p38 signaling in response 
to ROS is associated with dysregulation of endothelial 
permeability and alteration in DNA Damage Response, 
which leads to endothelial dysfunction and ultimately to 
various associated pathologies including atherosclerosis 
and diabetes. On the other hand, p38 is also importantly 
involved in ROS-induced apoptosis and senescence. These 
findings suggest that it is mandatory to understand the 
mechanisms underlying the p38 response of endothelial 
cells to ROS in order to delay endothelial dysfunction as 
well as to protect vessel from age-associated diseases.

p38 activation is also involved in tumor development 
via endothelial engagement into angiogenesis, either via a 
primary role in the induction of the tumor angiogenic switch 
or in angiogenesis-dependent metastatic events. p38 signaling 
is further deeply involved in a reverse and forward signaling 
between cancer cells and endothelial cells, through adhesion 
receptor E-selectin/E-selectin ligand interaction during 
metastasis. Notably, its activation in cancer cells increases 
their motile potential whereas its reverse signaling in 
endothelial cells dissociates the adherens junctions enabling 
transendothelial migration and extravasation of the motile 
cancer cells, both events enhancing metastasis. p38 signaling 
also remodels the stromal microenvironment of cancer cells 
towards a pro-tumorigenic soil, through transcriptional and 
post-transcriptional regulation of the stromal senescence-
associated secretory phenotype (SASP) [172].

Interestingly, p38 by its pleiotropic functions in 
both tumor cells and cells in the tumor microenvironment 
appears as a potential important target in cancer therapy. 
Accordingly, there are about 60 clinical trials evaluating 
the role of p38 as a biomarker and as a target in different 
diseases. Fourteen of them are devoted to cancer 
treatment and in half of them, p38 is viewed a promising 
target either by using specific p38 inhibitor alone or in 
combination with other chemotherapeutic agents [272]. In 
particular, the SOLSTICE trial, a phase 2 randomized trial 
performed on 535 patients was designed to investigate, the 
clinical efficacy of losmapimod in myocardial infarction. 
The results do not show clear major convincing effects 
of losmapimod-mediated inhibition of p38 on myocardial 
infarction [281]. Nevertheless, they indicate that inhibition 
of p38 with oral losmapidod was well tolerated in patients 
with non-ST-segment elevation myocardial infarction 
and might improve the outcomes after acute coronary 
syndromes. These findings were considered as sufficiently 
clear to move to a much larger phase 3 trial (Latitude-
TIMI-60) with clinical end points, such as evaluation 
of type-1 myocardial infarction [282]. Overall, this trial 
indicates that the wheel is now running and it leads to 
high expectations regarding the possibility to inhibit p38 
in treating cardiac and eventually other diseases.

Based on all these findings, one may envision that 
targeting the p38 pathway may reveal to have clinical 

impact in a near future in the treatment of different 
pathologies especially inflammatory diseases and cancer. 
For the moment, several questions remain to be answered, 
namely in relation with the fact that p38 regulates a large 
number of biological activities so that its inhibition may 
be associated with a large spectrum of secondary and 
major toxic effects. So, a major concern is to develop 
agents that may specifically target p38 or a specific event 
that is dysregulated downstream of the pathway and 
that is responsible for a given disease. In this context, 
one may envision to develop small peptides aimed at 
specifically inhibit the interaction of Y1214 within 
VEGFR2 with its direct adapter protein, thus inhibiting 
specifically the p38 activation by VEGF, whilst keeping 
its activation possible by other stimuli. In such a case, it 
should be possible to specifically inhibit p38-dependent 
angiogenic events. Another avenue is to develop agents 
that inhibit the endothelial p38 signal via disruption of 
p38 from interacting partners such as nucleophosmin. 
The combination of p38 inhibitors with conventional 
chemotherapeutic drugs is also a promising new avenue 
to treat some tumors. In this context, an oral p38 inhibitor, 
LY2228820/Ralimetinib, characterized as an anti-
angiogenic in vitro and in vivo [283], has been tested in a 
phase I study in combination with tamoxifen in advanced 
cancer patients [284]. In this trial, Ralimetinib, showed 
acceptable safety, tolerability and pharmacokinetics for 
patients with advanced breast cancers. Additionally, 
21.3% of the patients achieved stable disease without 
progression. Interestingly, Ralimetinib in combination 
with gemcitabine and carboplatin is under investigation in 
a double blind, randomized phase II trial for women with 
platinum-sensitive ovarian cancer (https://clinicaltrials.
gov/ct2/show/NCT01663857). Resistance to treatment 
has to be taken into account when considering cancer 
therapy and limiting resistance is a major challenge. In this 
context, inhibition of the p38 pathway limits resistance to 
irinotecan in colon adenocarcinoma [285]. However, it 
is difficult to predict which type of tumors would benefit 
from these combined therapies. Predictive biomarkers 
would be very useful to select the patients who might 
benefit from the p38 inhibitors.

In conclusion, important progresses have been 
done during the last 25 years in the understanding of the 
regulation and functions of p38. These progresses have 
been reached through multidisciplinary and translational 
approaches and we have no doubt that the next coming 
years will reveal to be fruitful in developing new drugs 
that will target p38 to improve therapeutic efficacy in 
diseases such cancer and cardiovascular pathologies.

ACKNOWLEDGMENTS

We thank François Houle for careful reading of the 
manuscript and judicious advices and also Dr. Laurent 
Lamalice for helpful discussion. We also thank all the 



Oncotarget21www.impactjournals.com/oncotarget

members of our laboratories who have contributed to 
generate the results reported in this review. The work 
has been supported in part by the International Outgoing 
Fellowship, Marie Curie People Programme, the European 
Union’s Seventh Framework Program FP7/2007-2013 
(REA grant agreement No. 326512), and by a subvention 
from La Ligue contre le Cancer (Comités Loire-
Atlantique, Morbihan, Côtes d’Armor) (to I.C.), and the 
Natural Sciences and Engineering Research Council of 
Canada, the Canadian Institutes of Health Research and 
the Cancer Research Society (to JH).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Murphy LO, Blenis J. MAPK signal specificity: the 
right place at the right time. Trends Biochem Sci. 2006; 
31:268-275.

2. Kim EK, Choi EJ. Pathological roles of MAPK signaling 
pathways in human diseases. Biochim Biophys Acta. 2010; 
1802:396-405.

3. Sun Y, Liu WZ, Liu T, Feng X, Yang N, Zhou HF. 
Signaling pathway of MAPK/ERK in cell proliferation, 
differentiation, migration, senescence and apoptosis. J 
Recept Signal Transduct Res. 2015; 35:600-604.

4. Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase 
signalling pathways in cancer. Oncogene. 2007; 
26:3279-3290.

5. Claperon A, Therrien M. KSR and CNK: two scaffolds 
regulating RAS-mediated RAF activation. Oncogene. 2007; 
26:3143-3158.

6. Kolch W. Coordinating ERK/MAPK signalling through 
scaffolds and inhibitors. Nat Rev Mol Cell Biol. 2005; 
6:827-837.

7. Wortzel I, Seger R. The ERK cascade: distinct functions 
within various subcellular organelles. Genes Cancer. 2011; 
2:195-209.

8. Stuart DD, Sellers WR. Targeting RAF-MEK-ERK kinase-
scaffold interactions in cancer. Nat Med. 2013; 19:538-540.

9. Luttrell LM, Roudabush FL, Choy EW, Miller WE, Field 
ME, Pierce KL, Lefkowitz RJ. Activation and targeting 
of extracellular signal-regulated kinases by beta-arrestin 
scaffolds. Proc Natl Acad Sci U S A. 2001; 98:2449-2454.

10. Tohgo A, Pierce KL, Choy EW, Lefkowitz RJ, Luttrell LM. 
beta-Arrestin scaffolding of the ERK cascade enhances 
cytosolic ERK activity but inhibits ERK-mediated transcription 
following angiotensin AT1a receptor stimulation. J Biol Chem. 
2002; 277:9429-9436.

11. Daou GB, Srivastava AK. Reactive oxygen species mediate 
Endothelin-1-induced activation of ERK1/2, PKB, and Pyk2 

signaling, as well as protein synthesis, in vascular smooth 
muscle cells. Free Radic Biol Med. 2004; 37:208-215.

12. Karin M, Gallagher E. From JNK to pay dirt: jun kinases, 
their biochemistry, physiology and clinical importance. 
IUBMB Life. 2005; 57:283-295.

13. Cuenda A, Rousseau S. p38 MAP-kinases pathway 
regulation, function and role in human diseases. Biochim 
Biophys Acta. 2007; 1773:1358-1375.

14. Hayashi M, Lee JD. Role of the BMK1/ERK5 signaling 
pathway: lessons from knockout mice. J Mol Med. 2004; 
82:800-808.

15. Rose BA, Force T, Wang Y. Mitogen-activated protein 
kinase signaling in the heart: angels versus demons in a 
heart-breaking tale. Physiol Rev. 2010; 90:1507-1546.

16. Drew BA, Burow ME, Beckman BS. MEK5/ERK5 
pathway: the first fifteen years. Biochim Biophys Acta. 
2012; 1825:37-48.

17. Takahashi T, Yamaguchi S, Chida K, Shibuya M. A single 
autophosphorylation site on KDR/Flk-1 is essential for 
VEGF-A-dependent activation of PLC-gamma and DNA 
synthesis in vascular endothelial cells. EMBO J. 2001; 
20:2768-2778.

18. Lamalice L, Houle F, Jourdan G, Huot J. Phosphorylation 
of tyrosine 1214 on VEGFR2 is required for VEGF-induced 
activation of Cdc42 upstream of SAPK2/p38. Oncogene. 
2004; 23:434-445.

19. Rousseau S, Houle F, Kotanides H, Witte L, Waltenberger 
J, Landry J, Huot J. Vascular endothelial growth factor 
(VEGF)-driven actin-based motility is mediated by 
VEGFR2 and requires concerted activation of stress-
activated protein kinase 2 (SAPK2/p38) and geldanamycin-
sensitive phosphorylation of focal adhesion kinase. J Biol 
Chem. 2000; 275:10661-10672.

20. Breitwieser W, Lyons S, Flenniken AM, Ashton G, Bruder 
G, Willington M, Lacaud G, Kouskoff V, Jones N. Feedback 
regulation of p38 activity via ATF2 is essential for survival 
of embryonic liver cells. Genes Dev. 2007; 21:2069-2082.

21. Remy G, Risco AM, Inesta-Vaquera FA, Gonzalez-Teran 
B, Sabio G, Davis RJ, Cuenda A. Differential activation of 
p38MAPK isoforms by MKK6 and MKK3. Cell Signal. 
2010; 22:660-667.

22. Cuadrado A, Nebreda AR. Mechanisms and functions of 
p38 MAPK signalling. Biochem J. 2010; 429:403-417.

23. Gerits N, Kostenko S, Moens U. In vivo functions of 
mitogen-activated protein kinases: conclusions from 
knock-in and knock-out mice. Transgenic Res. 2007; 
16:281-314.

24. Han J, Lee JD, Bibbs L, Ulevitch RJ. A MAP kinase 
targeted by endotoxin and hyperosmolarity in mammalian 
cells. Science. 1994; 265:808-811.

25. Rouse J, Cohen P, Trigon S, Morange M, Alonso-
Llamazares A, Zamanillo D, Hunt T, Nebreda AR. A novel 
kinase cascade triggered by stress and heat shock that 



Oncotarget22www.impactjournals.com/oncotarget

stimulates MAPKAP kinase-2 and phosphorylation of the 
small heat shock proteins. Cell. 1994; 78:1027-1037.

26. Freshney NW, Rawlinson L, Guesdon F, Jones E, Cowley 
S, Hsuan J, Saklatvala J. Interleukin-1 activates a novel 
protein kinase cascade that results in the phosphorylation 
of Hsp27. Cell. 1994; 78:1039-1049.

27. Huot J, Houle F, Marceau F, Landry J. Oxidative stress-
induced actin reorganization mediated by the p38 mitogen-
activated protein kinase/heat shock protein 27 pathway in 
vascular endothelial cells. Circ Res. 1997; 80:383-392.

28. Rousseau S, Houle F, Landry J, Huot J. p38 MAP kinase 
activation by vascular endothelial growth factor mediates 
actin reorganization and cell migration in human endothelial 
cells. Oncogene. 1997; 15:2169-2177.

29. Huot J, Lambert H, Lavoie JN, Guimond A, Houle F, Landry 
J. Characterization of 45-kDa/54-kDa HSP27 kinase, a stress-
sensitive kinase which may activate the phosphorylation-
dependent protective function of mammalian 27-kDa heat-
shock protein HSP27. Eur J Biochem. 1995; 227:416-427.

30. Lee JC, Laydon JT, McDonnell PC, Gallagher TF, Kumar S, 
Green D, McNulty D, Blumenthal MJ, Heys JR, Lanvatter 
SW, Strickler JE, McLaughlin MM, Siemens I, et al. A 
protein kinase involved in the regulation of inflammatoru 
cytokine biosynthesis. Nature. 1994; 372:739-746.

31. Tsuchiya A, Kaku Y, Nakano T, Nishizaki T. Diarachidon
oylphosphoethanolamine induces apoptosis of malignant 
pleural mesothelioma cells through a Trx/ASK1/p38 MAPK 
pathway. J Pharmacol Sci. 2015; 129:160-168.

32. Zarubin T, Han J. Activation and signaling of the p38 MAP 
kinase pathway. Cell Res. 2005; 15:11-18.

33. Sayama K, Hanakawa Y, Shirakata Y, Yamasaki K, Sawada 
Y, Sun L, Yamanishi K, Ichijo H, Hashimoto K. Apoptosis 
signal-regulating kinase 1 (ASK1) is an intracellular 
inducer of keratinocyte differentiation. J Biol Chem. 2001; 
276:999-1004.

34. Chen CL, Lin CF, Chang WT, Huang WC, Teng CF, Lin 
YS. Ceramide induces p38 MAPK and JNK activation 
through a mechanism involving a thioredoxin-interacting 
protein-mediated pathway. Blood. 2008; 111:4365-4374.

35. Niaudet C, Bonnaud S, Guillonneau M, Gouard S, Gaugler 
MH, Dutoit S, Ripoche N, Dubois N, Trichet V, Corre 
I, Paris F. Plasma membrane reorganization links acid 
sphingomyelinase/ceramide to p38 MAPK pathways in 
endothelial cells apoptosis. Cell Signal. 2017; 33:10-21.

36. Raingeaud J, Whitmarsh AJ, Barrett T, Derijard B, Davis 
RJ. MKK3- and MKK6-regulated gene expression is 
mediated by the p38 mitogen-activated protein kinase signal 
transduction pathway. Mol Cell Biol. 1996; 16:1247-1255.

37. Raingeaud J, Gupta S, Rogers JS, Dickens M, Han J, 
Ulevitch RJ, Davis RJ. Pro-inflammatory cytokines and 
environmental stress cause p38 mitogen-activated protein 
kinase activation by dual phosphorylation on tyrosine and 
threonine. J Biol Chem. 1995; 270:7420-7426.

38. Derijard B, Raingeaud J, Barrett T, Wu IH, Han J, Ulevitch 
RJ, Davis RJ. Independent human MAP-kinase signal 
transduction pathways defined by MEK and MKK isoforms. 
Science. 1995; 267:682-685.

39. Brancho D, Tanaka N, Jaeschke A, Ventura JJ, Kelkar N, 
Tanaka Y, Kyuuma M, Takeshita T, Flavell RA, Davis RJ. 
Mechanism of p38 MAP kinase activation in vivo. Genes 
Dev. 2003; 17:1969-1978.

40. Salvador JM, Mittelstadt PR, Guszczynski T, Copeland 
TD, Yamaguchi H, Appella E, Fornace AJ Jr, Ashwell JD. 
Alternative p38 activation pathway mediated by T cell 
receptor-proximal tyrosine kinases. Nat Immunol. 2005; 
6:390-395.

41. De Nicola GF, Martin ED, Chaikuad A, Bassi R, Clark J, 
Martino L, Verma S, Sicard P, Tata R, Atkinson RA, Knapp 
S, Conte MR, Marber MS. Mechanism and consequence 
of the autoactivation of p38alpha mitogen-activated protein 
kinase promoted by TAB1. Nat Struct Mol Biol. 2013; 
20:1182-1190.

42. Kang YJ, Seit-Nebi A, Davis RJ, Han J. Multiple activation 
mechanisms of p38alpha mitogen-activated protein kinase. 
J Biol Chem. 2006; 281:26225-26234.

43. Uhlik MT, Abell AN, Johnson NL, Sun W, Cuevas BD, 
Lobel-Rice KE, Horne EA, Dell’Acqua ML, Johnson 
GL. Rac-MEKK3-MKK3 scaffolding for p38 MAPK 
activation during hyperosmotic shock. Nat Cell Biol. 2003; 
5:1104-1110.

44. Pan CQ, Sudol M, Sheetz M, Low BC. Modularity and 
functional plasticity of scaffold proteins as p(l)acemakers 
in cell signaling. Cell Signal. 2012; 24:2143-2165.

45. Wang Q, Zhou S, Wang JY, Cao J, Zhang X, Wang J, Han 
K, Cheng Q, Qiu G, Zhao Y, Li X, Qiao C, Li Y, Hou C, 
Zhang J. RACK1 antagonizes TNF-alpha-induced cell 
death by promoting p38 activation. Sci Rep. 2015; 5:14298.

46. Whitmarsh AJ. The JIP family of MAPK scaffold proteins. 
Biochem Soc Trans. 2006; 34:828-832.

47. Boutros T, Nantel A, Emadali A, Tzimas G, Conzen S, 
Chevet E, Metrakos PP. The MAP kinase phosphatase-1 
MKP-1/DUSP1 is a regulator of human liver response to 
transplantation. Am J Transplant. 2008; 8:2558-2568.

48. Owens DM, Keyse SM. Differential regulation of MAP 
kinase signalling by dual-specificity protein phosphatases. 
Oncogene. 2007; 26:3203-3213.

49. Barajas-Espinosa A, Basye A, Angelos MG, Chen CA. 
Modulation of p38 kinase by DUSP4 is important in 
regulating cardiovascular function under oxidative stress. 
Free Radic Biol Med. 2015; 89:170-181.

50. Takekawa M, Adachi M, Nakahata A, Nakayama I, 
Itoh F, Tsukuda H, Taya Y, Imai K. p53-inducible wip1 
phosphatase mediates a negative feedback regulation of p38 
MAPK-p53 signaling in response to UV radiation. EMBO 
J. 2000; 19:6517-6526.



Oncotarget23www.impactjournals.com/oncotarget

51. Takekawa M, Maeda T, Saito H. Protein phosphatase 
2Calpha inhibits the human stress-responsive p38 and JNK 
MAPK pathways. EMBO J. 1998; 17:4744-4752.

52. Lee T, Kim SJ, Sumpio BE. Role of PP2A in the regulation 
of p38 MAPK activation in bovine aortic endothelial cells 
exposed to cyclic strain. J Cell Physiol. 2003; 194:349-355.

53. Boudreau RT, Conrad DM, Hoskin DW. Apoptosis induced 
by protein phosphatase 2A (PP2A) inhibition in T leukemia 
cells is negatively regulated by PP2A-associated p38 mitogen-
activated protein kinase. Cell Signal. 2007; 19:139-151.

54. Lin SP, Lee YT, Wang JY, Miller SA, Chiou SH, Hung 
MC, Hung SC. Survival of cancer stem cells under hypoxia 
and serum depletion via decrease in PP2A activity and 
activation of p38-MAPKAPK2-Hsp27. PLoS One. 2012; 
7:e49605.

55. Law AH, Tam AH, Lee DC, Lau AS. A role for protein 
phosphatase 2A in regulating p38 mitogen activated 
protein kinase activation and tumor necrosis factor-alpha 
expression during influenza virus infection. Int J Mol Sci. 
2013; 14:7327-7340.

56. Guillonneau M, Paris F, Estephan H, Bénéteau E, Corre 
I, Huot J. Oxidative stress disassembles the p38 /NPM/
PP2a complex leading to the modulation of NPM-mediated 
signaling to DNA damage response. FASEB J. 2016; 
30:2899-2914.

57. Zakkar M, Chaudhury H, Sandvik G, Enesa K, Luong le 
A, Cuhlmann S, Mason JC, Krams R, Clark AR, Haskard 
DO, Evans PC. Increased endothelial mitogen-activated 
protein kinase phosphatase-1 expression suppresses 
proinflammatory activation at sites that are resistant to 
atherosclerosis. Circ Res. 2008; 103:726-732.

58. Singh R. Model predicts that MKP1 and TAB1 regulate 
p38alpha nuclear pulse and its basal activity through 
positive and negative feedback loops in response to IL-1. 
PLoS One. 2016; 11:e0157572.

59. Jonas S, Izaurralde E. Towards a molecular understanding 
of microRNA-mediated gene silencing. Nat Rev Genet. 
2015; 16:421-433.

60. Philippe L, Alsaleh G, Bahram S, Pfeffer S, Georgel P. 
The miR-17 approximately 92 cluster: a key player in the 
control of inflammation during rheumatoid arthritis. Front 
Immunol. 2013; 4:70.

61. Pin AL, Houle F, Guillonneau M, Paquet ER, Simard MJ, 
Huot J. miR-20a represses endothelial cell migration by 
targeting MKK3 and inhibiting p38 MAP kinase activation 
in response to VEGF. Angiogenesis. 2012; 15:593-608.

62. Pin AL, Houle F, Fournier P, Guillonneau M, Paquet 
ER, Simard MJ, Royal I, Huot J. Annexin-1-mediated 
endothelial cell migration and angiogenesis are regulated by 
VEGF-induced inhibition of miR-196a expression. J Biol 
Chem. 2012; 287:30541-30551.

63. Lawson SK, Dobrikova EY, Shveygert M, Gromeier M. 
p38alpha mitogen-activated protein kinase depletion and 
repression of signal transduction to translation machinery 

by miR-124 and -128 in neurons. Mol Cell Biol. 2013; 
33:127-135.

64. Carraro G, El-Hashash A, Guidolin D, Tiozzo C, 
Turcatel G, Young BM, De Langhe SP, Bellusci S, Shi 
W, Parnigotto PP, Warburton D. miR-17 family of 
microRNAs controls FGF10-mediated embryonic lung 
epithelial branching morphogenesis through MAPK14 and 
STAT3 regulation of E-Cadherin distribution. Dev Biol. 
2009; 333:238-250.

65. Xiao Y, Yan W, Lu L, Wang Y, Lu W, Cao Y, Cai W. p38/
p53/miR-200a-3p feedback loop promotes oxidative stress-
mediated liver cell death. Cell Cycle. 2015; 14:1548-1558.

66. Ben-Levy R, Hooper S, Wilson R, Paterson HF, Marshall 
CJ. Nuclear export of the stress-activated protein kinase p38 
mediated by its substrate MAPKAP kinase-2. Curr Biol. 
1998; 8:1049-1057.

67. Plotnikov A, Zehorai E, Procaccia S, Seger R. The 
MAPK cascades: signaling components, nuclear roles and 
mechanisms of nuclear translocation. Biochim Biophys Acta. 
2011; 1813:1619-1633.

68. Pratt PF, Bokemeyer D, Foschi M, Sorokin A, Dunn MJ. 
Alterations in subcellular localization of p38 MAPK 
potentiates endothelin-stimulated COX-2 expression 
in glomerular mesangial cells. J Biol Chem. 2003; 
278:51928-51936.

69. Chen RH, Sarnecki C, Blenis J. Nuclear localization and 
regulation of erk- and rsk-encoded protein kinases. Mol Cell 
Biol. 1992; 12:915-927.

70. Ito M, Miyado K, Nakagawa K, Muraki M, Imai M, 
Yamakawa N, Qin J, Hosoi Y, Saito H, Takahashi Y. 
Age-associated changes in the subcellular localization of 
phosphorylated p38 MAPK in human granulosa cells. Mol 
Hum Reprod. 2010; 16:928-937.

71. Pfundt R, van Vlijmen-Willems I, Bergers M, Wingens 
M, Cloin W, Schalkwijk J. In situ demonstration of 
phosphorylated c-jun and p38 MAP kinase in epidermal 
keratinocytes following ultraviolet B irradiation of human 
skin. J Pathol. 2001; 193:248-255.

72. Wood CD, Thornton TM, Sabio G, Davis RA, Rincon M. 
Nuclear localization of p38 MAPK in response to DNA 
damage. Int J Biol Sci. 2009; 5:428-437.

73. Zehorai E, Seger R. Beta-like importins mediate the nuclear 
translocation of mitogen-activated protein kinases. Mol Cell 
Biol. 2014; 34:259-270.

74. Gong X, Ming X, Deng P, Jiang Y. Mechanisms regulating 
the nuclear translocation of p38 MAP kinase. J Cell 
Biochem. 2010; 110:1420-1429.

75. Trempolec N, Dave-Coll N, Nebreda AR. SnapShot: p38 
MAPK substrates. Cell. 2013; 152:924-924 e921.

76. Trempolec N, Dave-Coll N, Nebreda AR. SnapShot: p38 
MAPK signaling. Cell. 2013; 152:656-656 e651.

77. Wang XZ, Ron D. Stress-induced phosphorylation and 
activation of the transcription factor CHOP (GADD153) by 
p38 MAP Kinase. Science. 1996; 272:1347-1349.



Oncotarget24www.impactjournals.com/oncotarget

78. Gozdecka M, Breitwieser W. The roles of ATF2 (activating 
transcription factor 2) in tumorigenesis. Biochem Soc 
Trans. 2012; 40:230-234.

79. Huang C, Ma WY, Maxiner A, Sun Y, Dong Z. p38 kinase 
mediates UV-induced phosphorylation of p53 protein at 
serine 389. J Biol Chem. 1999; 274:12229-12235.

80. Riebe C, Pries R, Schroeder KN, Wollenberg B. 
Phosphorylation of STAT3 in head and neck cancer requires 
p38 MAPKinase, whereas phosphorylation of STAT1 occurs 
via a different signaling pathway. Anticancer Res. 2011; 
31:3819-3825.

81. Bulavin DV, Saito S, Hollander MC, Sakaguchi K, 
Anderson CW, Appella E, Fornace AJ Jr. Phosphorylation 
of human p53 by p38 kinase coordinates N-terminal 
phosphorylation and apoptosis in response to UV radiation. 
EMBO J. 1999; 18:6845-6854.

82. Thornton TM, Rincon M. Non-classical p38 map kinase 
functions: cell cycle checkpoints and survival. Int J Biol 
Sci. 2009; 5:44-51.

83. Xiu M, Kim J, Sampson E, Huang CY, Davis RJ, Paulson 
KE, Yee AS. The transcriptional repressor HBP1 is a target 
of the p38 mitogen-activated protein kinase pathway in cell 
cycle regulation. Mol Cell Biol. 2003; 23:8890-8901.

84. Olson CM, Hedrick MN, Izadi H, Bates TC, Olivera ER, 
Anguita J. p38 mitogen-activated protein kinase controls 
NF-kappaB transcriptional activation and tumor necrosis 
factor alpha production through RelA phosphorylation 
mediated by mitogen- and stress-activated protein kinase 1 
in response to Borrelia burgdorferi antigens. Infect Immun. 
2007; 75:270-277.

85. Zhong L, Simoneau B, Huot J, Simard MJ. p38 and JNK 
pathways control E-selectin-dependent extravasation of colon 
cancer cells by modulating miR-31 transcription. Oncotarget. 
2017; 8:1678-1687. doi: 10.18632/oncotarget.13779.

86. Lee H, Bai W. Regulation of estrogen receptor nuclear 
export by ligand-induced and p38-mediated receptor 
phosphorylation. Mol Cell Biol. 2002; 22:5835-5845.

87. Tan Y, Rouse J, Zhang A, Cariati S, Cohen P, Comb MJ. 
FGF and stress regulate CREB and ATF-1 via a pathway 
involving p38 MAP kinase and MAPKAP kinase-2. EMBO 
J. 1996; 15:4629-4642.

88. Deak M, Clifton AD, Lucocq LM, Alessi DR. Mitogen- 
and stress-activated protein kinase-1 (MSK1) is directly 
activated by MAPK and SAPK2/p38, and may mediate 
activation of CREB. EMBO J. 1998; 17:4426-4441.

89. Pyronnet S, Imataka H, Gingras AC, Fukunaga R, Hunter T, 
Sonenberg N. Human eukaryotic translation initiation factor 
4G (eIF4G) recruits mnk1 to phosphorylate eIF4E. EMBO 
J. 1999; 18:270-279.

90. Dean JL, Sully G, Clark AR, Saklatvala J. The involvement 
of AU-rich element-binding proteins in p38 mitogen-
activated protein kinase pathway-mediated mRNA 
stabilisation. Cell Signal. 2004; 16:1113-1121.

91. Tiedje C, Ronkina N, Tehrani M, Dhamija S, Laass K, Holtmann 
H, Kotlyarov A, Gaestel M. The p38/MK2-driven exchange 
between tristetraprolin and HuR regulates AU-rich element-
dependent translation. PLoS Genet. 2012; 8:e1002977.

92. Cargnello M, Roux PP. Activation and function of the 
MAPKs and their substrates, the MAPK-activated protein 
kinases. Microbiol Mol Biol Rev. 2011; 75:50-83.

93. Jia H, Cong Q, Chua JF, Liu H, Xia X, Zhang X, Lin 
J, Habib SL, Ao J, Zuo Q, Fu C, Li B. p57Kip2 is an 
unrecognized DNA damage response effector molecule 
that functions in tumor suppression and chemoresistance. 
Oncogene. 2015; 34:3568-3581.

94. Densham RM, Todd DE, Balmanno K, Cook SJ. ERK1/2 
and p38 cooperate to delay progression through G1 by 
promoting cyclin D1 protein turnover. Cell Signal. 2008; 
20:1986-1994.

95. Widenmaier SB, Ao Z, Kim SJ, Warnock G, McIntosh CH. 
Suppression of p38 MAPK and JNK via Akt-mediated 
inhibition of apoptosis signal-regulating kinase 1 constitutes 
a core component of the beta-cell pro-survival effects of 
glucose-dependent insulinotropic polypeptide. J Biol Chem. 
2009; 284:30372-30382.

96. Alvarado-Kristensson M, Melander F, Leandersson K, 
Ronnstrand L, Wernstedt C, Andersson T. p38-MAPK 
signals survival by phosphorylation of caspase-8 and 
caspase-3 in human neutrophils. J Exp Med. 2004; 
199:449-458.

97. Khurana A, Nakayama K, Williams S, Davis RJ, Mustelin 
T, Ronai Z. Regulation of the ring finger E3 ligase Siah2 by 
p38 MAPK. J Biol Chem. 2006; 281:35316-35326.

98. Lee SH, Park Y, Yoon SK, Yoon JB. Osmotic stress inhibits 
proteasome by p38 MAPK-dependent phosphorylation. J 
Biol Chem. 2010; 285:41280-41289.

99. Lamalice L, Le Boeuf F, Huot J. Endothelial cell migration 
during angiogenesis. Circ Res. 2007; 100:782-794.

100. Cote MC, Lavoie JR, Houle F, Poirier A, Rousseau S, Huot 
J. Regulation of vascular endothelial growth factor-induced 
endothelial cell migration by LIM Kinase 1-mediated 
phosphorylation of Annexin 1. J Biol Chem. 2010; 
285:8013-8021.

101. Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci 
O. Oxidative stress and antioxidant defense. World Allergy 
Organ J. 2012; 5:9-19.

102. Mikkelsen RB, Wardman P. Biological chemistry of 
reactive oxygen and nitrogen and radiation-induced signal 
transduction mechanisms. Oncogene. 2003; 22:5734-5754.

103. Marengo B, Nitti M, Furfaro AL, Colla R, Ciucis CD, 
Marinari UM, Pronzato MA, Traverso N, Domenicotti 
C. Redox homeostasis and cellular antioxidant systems: 
crucial players in cancer growth and therapy. Oxid Med Cell 
Longev. 2016; 2016:6235641.

104. Suvorava T, Kojda G. Reactive oxygen species as 
cardiovascular mediators: lessons from endothelial-specific 



Oncotarget25www.impactjournals.com/oncotarget

protein overexpression mouse models. Biochim Biophys 
Acta. 2009; 1787:802-810.

105. Touyz RM, Schiffrin EL. Reactive oxygen species in 
vascular biology: implications in hypertension. Histochem 
Cell Biol. 2004; 122:339-352.

106. Elahi MM, Matata BM. Free radicals in blood: evolving 
concepts in the mechanism of ischemic heart disease. Arch 
Biochem Biophys. 2006; 450:78-88.

107. Birukov KG. Cyclic stretch, reactive oxygen species, 
and vascular remodeling. Antioxid Redox Signal. 2009; 
11:1651-1667.

108. Breton-Romero R, Lamas S. Hydrogen peroxide signaling 
mediator in the activation of p38 MAPK in vascular 
endothelial cells. Methods Enzymol. 2013; 528:49-59.

109. Duval M, Le Boeuf F, Huot J, Gratton JP. Src-mediated 
phosphorylation of Hsp90 in response to vascular 
endothelial growth factor (VEGF) is required for VEGF 
receptor-2 signaling to endothelial NO synthase. Molecular 
Biol Cell. 2007; 18:4659-4668.

110. Lantoine F, Iouzalen L, Devynck MA, Millanvoye-Van 
Brussel E, David-Dufilho M. Nitric oxide production in 
human endothelial cells stimulated by histamine requires 
Ca2+ influx. Biochem J. 1998; 330:695-699.

111. Hu Q, Ziegelstein RC. Hypoxia/reoxygenation stimulates 
intracellular calcium oscillations in human aortic 
endothelial cells. Circulation. 2000; 102:2541-2547.

112. Millar TM, Phan V, Tibbles LA. ROS generation in endothelial 
hypoxia and reoxygenation stimulates MAP kinase signaling 
and kinase-dependent neutrophil recruitment. Free Radic Biol 
Med. 2007; 42:1165-1177.

113. Holland JA, Pritchard KA, Pappolla MA, Wolin MS, 
Rogers NJ, Stemerman MB. Bradykinin induces superoxide 
anion release from human endothelial cells. J Cell Physiol. 
1990; 143:21-25.

114. Milovanova T, Chatterjee S, Manevich Y, Kotelnikova 
I, Debolt K, Madesh M, Moore JS, Fisher AB. Lung 
endothelial cell proliferation with decreased shear stress 
is mediated by reactive oxygen species. Am J Physiol Cell 
Physiol. 2006; 290:C66-76.

115. Jin S, Zhou F, Katirai F, Li PL. Lipid raft redox signaling: 
molecular mechanisms in health and disease. Antioxid 
Redox Signal. 2011; 15:1043-1083.

116. Papaharalambus CA, Griendling KK. Basic mechanisms 
of oxidative stress and reactive oxygen species in 
cardiovascular injury. Trends Cardiovasc Med. 2007; 
17:48-54.

117. Hsieh HJ, Liu CA, Huang B, Tseng AH, Wang DL. Shear-
induced endothelial mechanotransduction: the interplay 
between reactive oxygen species (ROS) and nitric oxide 
(NO) and the pathophysiological implications. J Biomed 
Sci. 2014; 21:3.

118. Lerman A, Burnett JC Jr. Intact and altered endothelium in 
regulation of vasomotion. Circulation. 1992; 86:III12-19.

119. Hadi HA, Carr CS, Al Suwaidi J. Endothelial dysfunction: 
cardiovascular risk factors, therapy, and outcome. Vasc 
Health Risk Manag. 2005; 1:183-198.

120. Huot J, Houle F, Spitz DR, Landry J. HSP27 phosphorylation-
mediated resistance against actin fragmentation and cell death 
induced by oxidative stress. Cancer Res. 1996; 56:273-279.

121. Bellomo G, Mirabelli F. Oxidative stress and cytoskeletal 
alterations. Ann N Y Acad Sci. 1992; 663:97-109.

122. Sun HB, Ren X, Liu J, Guo XW, Jiang XP, Zhang DX, 
Huang YS, Zhang JP. HSP27 phosphorylation protects 
against endothelial barrier dysfunction under burn 
serum challenge. Biochem Biophys Res Commun. 2015; 
463:377-383.

123. White GE, Fujiwara K. Expression and intracellular 
distribution of stress fibers in aortic endothelium. J Cell 
Biol. 1986; 103:63-70.

124. Tsirmoula S, Lamprou M, Hatziapostolou M, Kieffer 
N, Papadimitriou E. Pleiotrophin-induced endothelial 
cell migration is regulated by xanthine oxidase-mediated 
generation of reactive oxygen species. Microvasc Res. 
2015; 98:74-81.

125. Bogoyevitch MA, Gillespie-Brown J, Ketterman AJ, 
Fuller SJ, Ben-Levy R, Ashworth A, Marshall CJ, Sugden 
PH. Stimulation of the stress-activated mitogen-activated 
protein kinase subfamilies in perfused heart. p38/RK 
mitogen-activated protein kinases and c-Jun N-terminal 
kinases are activated by ischemia/reperfusion. Circ Res. 
1996; 79:162-173.

126. Sugden PH, Clerk A. “Stress-responsive” mitogen-activated 
protein kinases (c-Jun N-terminal kinases and p38 mitogen-
activated protein kinases) in the myocardium. Circ Res. 
1998; 83:345-352.

127. Huot J, Houle F, Rousseau S, Deschesnes RG, Shah GM, 
Landry J. SAPK2/p38-dependent F-actin reorganization 
regulates early membrane blebbing during stress-induced 
apoptosis. J Cell Biol. 1998; 143:1361-1373.

128. Houle F, Poirier A, Dumaresq J, Huot J. DAP kinase 
mediates the phosphorylation of tropomyosin-1 downstream 
of the ERK pathway, which regulates the formation of stress 
fibers in response to oxidative stress. J Cell Sci. 2007; 
120:3666-3677.

129. Houle F, Rousseau S, Morrice N, Luc M, Mongrain S, 
Turner CE, Tanaka S, Moreau P, Huot J. Extracellular 
signal-regulated kinase mediates phosphorylation of 
tropomyosin-1 to promote cytoskeleton remodeling in 
response to oxidative stress: impact on membrane blebbing. 
Mol Biol Cell. 2003; 14:1418-1432.

130. Chrzanowska-Wodnicka M, Burridge K. Rho-stimulated 
contractility drives the formation of stress fibers and focal 
adhesions. J Cell Biol. 1996; 133:1403-1415.

131. Sano K, Maeda K, Oda T, Maeda Y. The effect of single 
residue substitutions of serine-283 on the strength of head-
to-tail interaction and actin binding properties of rabbit 



Oncotarget26www.impactjournals.com/oncotarget

skeletal muscle alpha-tropomyosin. J Biochem (Tokyo). 
2000; 127:1095-1102.

132. Houle F, Huot J. Dysregulation of the endothelial cellular 
response to oxidative stress in cancer. Mol Carcinog. 2006; 
45:362-367.

133. Simoneau B, Houle F, Huot J. Regulation of endothelial 
permeability and transendothelial migration of cancer cells 
by tropomyosin-1 phosphorylation. Vasc Cell. 2012; 4:18.

134. Sukriti S, Tauseef M, Yazbeck P, Mehta D. Mechanisms 
regulating endothelial permeability. Pulm Circ. 2014; 
4:535-551.

135. Mehta D, Malik AB. Signaling mechanisms regulating 
endothelial permeability. Physiol Rev. 2006; 86:279-367.

136. Borbiev T, Birukova A, Liu F, Nurmukhambetova S, 
Gerthoffer WT, Garcia JG, Verin AD. p38 MAP kinase-
dependent regulation of endothelial cell permeability. Am J 
Physiol Lung Cell Mol Physiol. 2004; 287:L911-918.

137. Wysolmerski RB, Lagunoff D. Involvement of myosin 
light-chain kinase in endothelial cell retraction. Proc Natl 
Acad Sci U S A. 1990; 87:16-20.

138. Wysolmerski RB, Lagunoff D. Regulation of permeabilized 
endothelial cell retraction by myosin phosphorylation. Am J 
Physiol. 1991; 261:C32-40.

139. Adderley SP, Lawrence C, Madonia E, Olubadewo JO, 
Breslin JW. Histamine activates p38 MAP kinase and alters 
local lamellipodia dynamics, reducing endothelial barrier 
integrity and eliciting central movement of actin fibers. Am 
J Physiol Cell Physiol. 2015; 309:C51-59.

140. Jin BY, Lin AJ, Golan DE, Michel T. MARCKS protein 
mediates hydrogen peroxide regulation of endothelial 
permeability. Proc Natl Acad Sci U S A. 2012; 
109:14864-14869.

141. Schweitzer KS, Hatoum H, Brown MB, Gupta M, Justice 
MJ, Beteck B, Van Demark M, Gu Y, Presson RG Jr, 
Hubbard WC, Petrache I. Mechanisms of lung endothelial 
barrier disruption induced by cigarette smoke: role of 
oxidative stress and ceramides. Am J Physiol Lung Cell 
Mol Physiol. 2011; 301:L836-846.

142. van den Oever IA, Raterman HG, Nurmohamed MT, 
Simsek S. Endothelial dysfunction, inflammation, and 
apoptosis in diabetes mellitus. Mediators Inflamm. 2010; 
2010:792393.

143. Wagner EF, Nebreda AR. Signal integration by JNK and 
p38 MAPK pathways in cancer development. Nat Rev 
Cancer. 2009; 9:537-549.

144. Reinhardt HC, Hasskamp P, Schmedding I, Morandell S, van 
Vugt MA, Wang X, Linding R, Ong SE, Weaver D, Carr SA, 
Yaffe MB. DNA damage activates a spatially distinct late 
cytoplasmic cell-cycle checkpoint network controlled by 
MK2-mediated RNA stabilization. Mol Cell. 2010; 40:34-49.

145. Kim HJ, Vosseler CA, Weber PC, Erl W. Docosahexaenoic 
acid induces apoptosis in proliferating human endothelial 
cells. J Cell Physiol. 2005; 204:881-888.

146. Marampon F, Gravina GL, Festuccia C, Popov VM, 
Colapietro EA, Sanita P, Musio D, De Felice F, Lenzi A, 
Jannini EA, Di Cesare E, Tombolini V. Vitamin D protects 
endothelial cells from irradiation-induced senescence and 
apoptosis by modulating MAPK/SirT1 axis. J Endocrinol 
Invest. 2016; 39:411-422.

147. Choi YJ, Jeong YJ, Lee YJ, Kwon HM, Kang YH. (-)
Epigallocatechin gallate and quercetin enhance survival 
signaling in response to oxidant-induced human endothelial 
apoptosis. J Nutr. 2005; 135:707-713.

148. Bao XM, Wu CF, Lu GP. Atorvastatin inhibits homocysteine-
induced oxidative stress and apoptosis in endothelial progenitor 
cells involving Nox4 and p38MAPK. Atherosclerosis. 2010; 
210:114-121.

149. Bai YP, Hu CP, Yuan Q, Peng J, Shi RZ, Yang TL, Cao 
ZH, Li YJ, Cheng G, Zhang GG. Role of VPO1, a newly 
identified heme-containing peroxidase, in ox-LDL induced 
endothelial cell apoptosis. Free Radic Biol Med. 2011; 
51:1492-1500.

150. Kolesnick R, Fuks Z. Radiation and ceramide-induced 
apoptosis. Oncogene. 2003; 22:5897-5906.

151. Haimovitz-Friedman A, Kan CC, Ehleiter D, Persaud RS, 
McLoughlin M, Fuks Z, Kolesnick RN. Ionizing radiation 
acts on cellular membranes to generate ceramide and initiate 
apoptosis. J Exp Med. 1994; 180:525-535.

152. Paris F, Fuks Z, Kang A, Capodieci P, Juan G, Ehleiter D, 
Haimovitz-Friedman A, Cordon-Cardo C, Kolesnick R. 
Endothelial apoptosis as the primary lesion initiating intestinal 
radiation damage in mice. Science. 2001; 293:293-297.

153. Garcia-Barros M, Paris F, Cordon-Cardo C, Lyden D, Rafii 
S, Haimovitz-Friedman A, Fuks Z, Kolesnick R. Tumor 
response to radiotherapy regulated by endothelial cell 
apoptosis. Science. 2003; 300:1155-1159.

154. Willaime S, Vanhoutte P, Caboche J, Lemaigre-Dubreuil Y, 
Mariani J, Brugg B. Ceramide-induced apoptosis in cortical 
neurons is mediated by an increase in p38 phosphorylation 
and not by the decrease in ERK phosphorylation. Eur J 
Neurosci. 2001; 13:2037-2046.

155. Shimizu H, Banno Y, Sumi N, Naganawa T, Kitajima Y, 
Nozawa Y. Activation of p38 mitogen-activated protein 
kinase and caspases in UVB-induced apoptosis of human 
keratinocyte HaCaT cells. J Invest Dermatol. 1999; 
112:769-774.

156. Brenner B, Koppenhoefer U, Weinstock C, Linderkamp O, 
Lang F, Gulbins E. Fas- or ceramide-induced apoptosis is 
mediated by a Rac1-regulated activation of Jun N-terminal 
kinase/p38 kinases and GADD153. Journal Biol Chem. 
1997; 272:22173-22181.

157. Marathe S, Schissel SL, Yellin MJ, Beatini N, Mintzer R, 
Williams KJ, Tabas I. Human vascular endothelial cells are 
a rich and regulatable source of secretory sphingomyelinase. 
Implications for early atherogenesis and ceramide-mediated 
cell signaling. Journal Biol Chem. 1998; 273:4081-4088.



Oncotarget27www.impactjournals.com/oncotarget

158. Qiu H, Edmunds T, Baker-Malcolm J, Karey KP, Estes S, 
Schwarz C, Hughes H, Van Patten SM. Activation of human 
acid sphingomyelinase through modification or deletion of 
C-terminal cysteine. The Journal of biological chemistry. 
2003; 278:32744-32752.

159. Dumitru CA, Zhang Y, Li X, Gulbins E. Ceramide: a 
novel player in reactive oxygen species-induced signaling? 
Antioxid Redox Signal. 2007; 9:1535-1540.

160. Ohanian J, Forman SP, Katzenberg G, Ohanian V. 
Endothelin-1 stimulates small artery VCAM-1 expression 
through p38MAPK-dependent neutral sphingomyelinase. J 
Vasc Res. 2012; 49:353-362.

161. Camare C, Auge N, Pucelle M, Saint-Lebes B, Grazide MH, 
Negre-Salvayre A, Salvayre R. The neutral sphingomyelinase-2 
is involved in angiogenic signaling triggered by oxidized LDL. 
Free Radic Biol Med. 2016; 93:204-216.

162. Bao MH, Li JM, Zhou QL, Li GY, Zeng J, Zhao J, Zhang 
YW. Effects of miR590 on oxLDL-induced endothelial cell 
apoptosis: roles of p53 and NF-κB. Mol Med Rep. 2016; 
13:867-873.

163. Grethe S, Ares MP, Andersson T, Porn-Ares MI. p38 MAPK 
mediates TNF-induced apoptosis in endothelial cells via 
phosphorylation and downregulation of Bcl-x(L). Exp Cell 
Res. 2004; 298:632-642.

164. Kumar P, Coltas IK, Kumar B, Chepeha DB, Bradford 
CR, Polverini PJ. Bcl-2 protects endothelial cells against 
gamma-radiation via a Raf-MEK-ERK-survivin signaling 
pathway that is independent of cytochrome c release. 
Cancer Res. 2007; 67:1193-1202.

165. Wang X, Wang Y, Kim HP, Choi AM, Ryter SW. FLIP 
inhibits endothelial cell apoptosis during hyperoxia 
by suppressing Bax. Free Radic Biol Med. 2007; 
42:1599-1609.

166. Pantsulaia I, Ciszewski WM, Niewiarowska J. Senescent 
endothelial cells: Potential modulators of immunosenescence 
and ageing. Ageing Res Rev. 2016; 29:13-25.

167. Campisi J. Cancer, aging and cellular senescence. In Vivo. 
2000; 14:183-188.

168. Regina C, Panatta E, Candi E, Melino G, Amelio I, 
Balistreri CR, Annicchiarico-Petruzzelli M, Di Daniele N, 
Ruvolo G. Vascular ageing and endothelial cell senescence: 
molecular mechanisms of physiology and diseases. Mech 
Ageing Dev. 2016; 159:14-21.

169. Liu F, Wu S, Ren H, Gu J. Klotho suppresses RIG-I-
mediated senescence-associated inflammation. Nat Cell 
Biol. 2011; 13:254-262.

170. Korybalska K, Kawka E, Kusch A, Aregger F, Dragun 
D, Jorres A, Breborowicz A, Witowski J. Recovery of 
senescent endothelial cells from injury. J Gerontol A Biol 
Sci Med Sci. 2013; 68:250-257.

171. Freund A, Patil CK, Campisi J. p38MAPK is a novel 
DNA damage response-independent regulator of the 

senescence-associated secretory phenotype. EMBO J. 2011; 
30:1536-1548.

172. Alspach E, Flanagan KC, Luo X, Ruhland MK, Huang 
H, Pazolli E, Donlin MJ, Marsh T, Piwnica-Worms D, 
Monahan J, Novack DV, McAllister SS, Stewart SA. 
p38MAPK plays a crucial role in stromal-mediated 
tumorigenesis. Cancer Discov. 2014; 4:716-729.

173. Shen XH, Xu SJ, Jin CY, Ding F, Zhou YC, Fu GS. 
Interleukin-8 prevents oxidative stress-induced human 
endothelial cell senescence via telomerase activation. Int 
Immunopharmacol. 2013; 16:261-267.

174. Wu Z, Yu Y, Liu C, Xiong Y, Montani JP, Yang Z, Ming XF. 
Role of p38 mitogen-activated protein kinase in vascular 
endothelial aging: interaction with Arginase-II and S6K1 
signaling pathway. Aging (Albany NY). 2015; 7:70-81. doi: 
10.18632/aging.100722.

175. Yoshida Y, Hayashi Y, Suda M, Tateno K, Okada S, Moriya 
J, Yokoyama M, Nojima A, Yamashita M, Kobayashi Y, 
Shimizu I, Minamino T. Notch signaling regulates the 
lifespan of vascular endothelial cells via a p16-dependent 
pathway. PloS One. 2014; 9:e100359.

176. Zhang Y, Herbert BS, Rajashekhar G, Ingram DA, Yoder 
MC, Clauss M, Rehman J. Premature senescence of highly 
proliferative endothelial progenitor cells is induced by 
tumor necrosis factor-alpha via the p38 mitogen-activated 
protein kinase pathway. FASEB J. 2009; 23:1358-1365.

177. Dai J, Zhu X, Yoder MC, Wu Y, Colman RW. Cleaved 
high-molecular-weight kininogen accelerates the onset 
of endothelial progenitor cell senescence by induction of 
reactive oxygen species. Arterioscler Thromb Vasc Biol. 
2011; 31:883-889.

178. Spallarossa P, Altieri P, Barisione C, Passalacqua M, Aloi 
C, Fugazza G, Frassoni F, Podesta M, Canepa M, Ghigliotti 
G, Brunelli C. p38 MAPK and JNK antagonistically control 
senescence and cytoplasmic p16INK4A expression in 
doxorubicin-treated endothelial progenitor cells. PloS One. 
2010; 5:e15583.

179. Chang J, Li Y, Huang Y, Lam KS, Hoo RL, Wong WT, 
Cheng KK, Wang Y, Vanhoutte PM, Xu A. Adiponectin 
prevents diabetic premature senescence of endothelial 
progenitor cells and promotes endothelial repair by 
suppressing the p38 MAP kinase/p16INK4A signaling 
pathway. Diabetes. 2010; 59:2949-2959.

180. Bent EH, Gilbert LA, Hemann MT. A senescence secretory 
switch mediated by PI3K/AKT/mTOR activation controls 
chemoprotective endothelial secretory responses. Genes 
Dev. 2016; 30:1811-1821.

181. Klemm F, Joyce JA. Microenvironmental regulation of 
therapeutic response in cancer. Trends Cell Biol. 2015; 
25:198-213.

182. Bergers G, Benjamin LE. Tumorigenesis and the 
angiogenic switch. Nat Rev Cancer. 2003; 3:401-410.

183. Brown JM, Wilson WR. Exploiting tumour hypoxia in 
cancer treatment. Nat Rev Cancer. 2004; 4:437-447.



Oncotarget28www.impactjournals.com/oncotarget

184. Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. 
Nat Rev Cancer. 2011; 11:393-410.

185. Emerling BM, Platanias LC, Black E, Nebreda AR, Davis 
RJ, Chandel NS. Mitochondrial reactive oxygen species 
activation of p38 mitogen-activated protein kinase is 
required for hypoxia signaling. Mol Cell Biol. 2005; 
25:4853-4862.

186. Gao N, Jiang BH, Leonard SS, Corum L, Zhang Z, 
Roberts JR, Antonini J, Zheng JZ, Flynn DC, Castranova 
V, Shi X. p38 signaling-mediated hypoxia-inducible 
factor 1alpha and vascular endothelial growth factor 
induction by Cr(VI) in DU145 human prostate carcinoma 
cells. Journal Biol Chem. 2002; 277:45041-45048.

187. Shemirani B, Crowe DL. Hypoxic induction of HIF-1alpha 
and VEGF expression in head and neck squamous cell 
carcinoma lines is mediated by stress activated protein 
kinases. Oral Oncol. 2002; 38:251-257.

188. Kayyali US, Pennella CM, Trujillo C, Villa O, Gaestel M, 
Hassoun PM. Cytoskeletal changes in hypoxic pulmonary 
endothelial cells are dependent on MAPK-activated protein 
kinase MK2. Journal Biol Chem. 2002; 277:42596-42602.

189. Hanahan D, Weinberg RA. Hallmarks of cancer: the next 
generation. Cell. 2011; 144:646-674.

190. Yoshizuka N, Chen RM, Xu Z, Liao R, Hong L, Hu WY, Yu 
G, Han J, Chen L, Sun P. A novel function of p38-regulated/
activated kinase in endothelial cell migration and tumor 
angiogenesis. Mol Cell Biol. 2012; 32:606-618.

191. Lamalice L, Houle F, Huot J. Phosphorylation of Tyr1214 
within VEGFR-2 triggers the recruitment of Nck and 
activation of Fyn leading to SAPK2/p38 activation and 
endothelial cell migration in response to VEGF. Journal 
Biol Chem. 2006; 281:34009-34020.

192. Gong C, Stoletov KV, Terman BI. VEGF treatment induces 
signaling pathways that regulate both actin polymerization 
and depolymerization. Angiogenesis. 2004; 7:313-321.

193. Stoletov KV, Gong C, Terman BI. Nck and Crk mediate 
distinct VEGF-induced signaling pathways that serve 
overlapping functions in focal adhesion turnover and 
integrin activation. Exp Cell Res. 2004; 295:258-268.

194. Stoletov KV, Ratcliffe KE, Spring SC, Terman BI. NCK and 
PAK participate in the signaling pathway by which VEGF 
stimulates the assembly of focal adhesions. Journal Biol 
Chem. 2001; 276:22748-22755.

195. Masson-Gadais B, Houle F, Laferriere J, Huot J. Integrin 
αvβ3, requirement for VEGFR2-mediated activation of 
SAPK2/p38 and for Hsp90-dependent phosphorylation 
of focal adhesion kinase in endothelial cells activated by 
VEGF. Cell Stress Chaperones. 2003; 8:37-52.

196. Soldi R, Mitola S, Strasly M, Defilippi P, Tarone G, 
Bussolino F. Role of αvβ3 integrin in the activation of 
vascular endothelial growth factor receptor-2. EMBO J. 
1999; 18:882-892.

197. Simons M, Gordon E, Claesson-Welsh L. Mechanisms and 
regulation of endothelial VEGF receptor signalling. Nat 
Rev Mol Cell Biol. 2016; 17:611-625.

198. Kim A, Im M, Yim NH, Ma JY. Reduction of metastatic 
and angiogenic potency of malignant cancer by Eupatorium 
fortunei via suppression of MMP-9 activity and VEGF 
production. Sci Rep. 2014; 4:6994.

199. Chen ML, Lin YH, Yang CM, Hu ML. Lycopene inhibits 
angiogenesis both in vitro and in vivo by inhibiting MMP-2/
uPA system through VEGFR2-mediated PI3K-Akt and 
ERK/p38 signaling pathways. Mol Nutr Food Res. 2012; 
56:889-899.

200. Triner D, Shah YM. Hypoxia-inducible factors: a central 
link between inflammation and cancer. J Clin Invest. 2016; 
126:3689-3698.

201. Kaminska B. MAPK signalling pathways as molecular 
targets for anti-inflammatory therapy—from molecular 
mechanisms to therapeutic benefits. Biochim Biophys Acta. 
2005; 1754:253-262.

202. Ahn HJ, Lee DS. Helicobacter pylori in gastric carcinogenesis. 
World J Gastrointest Oncol. 2015; 7:455-465.

203. Munkholm P. Review article: the incidence and prevalence 
of colorectal cancer in inflammatory bowel disease. Aliment 
Pharmacol Ther. 2003; 18:1-5.

204. Condeelis J, Pollard JW. Macrophages: obligate partners for 
tumor cell migration, invasion, and metastasis. Cell. 2006; 
124:263-266.

205. Lewis CE, De Palma M, Naldini L. Tie2-expressing 
monocytes and tumor angiogenesis: regulation by hypoxia 
and angiopoietin-2. Cancer Res. 2007; 67:8429-8432.

206. Murdoch C, Giannoudis A, Lewis CE. Mechanisms 
regulating the recruitment of macrophages into hypoxic 
areas of tumors and other ischemic tissues. Blood. 2004; 
104:2224-2234.

207. Reymond N, d’Agua BB, Ridley AJ. Crossing the 
endothelial barrier during metastasis. Nat Rev Cancer. 
2013; 13:858-870.

208. Tremblay PL, Auger FA, Huot J. Regulation of 
transendothelial migration of colon cancer cells by 
E-selectin-mediated activation of p38 and ERK MAP 
kinases. Oncogene. 2006; 25:6563-6573.

209. Gout S, Tremblay PL, Huot J. Selectins and selectin ligands 
in extravasation of cancer cells and organ selectivity of 
metastasis. Clin Exp Metastasis. 2008; 25:335-344.

210. Sparmann A, Bar-Sagi D. Ras-induced interleukin-8 
expression plays a critical role in tumor growth and 
angiogenesis. Cancer Cell. 2004; 6:447-458.

211. Schwitalla S, Fingerle AA, Cammareri P, Nebelsiek T, 
Goktuna SI, Ziegler PK, Canli O, Heijmans J, Huels DJ, 
Moreaux G, Rupec RA, Gerhard M, Schmid R, et al. 
Intestinal tumorigenesis initiated by dedifferentiation 
and acquisition of stem-cell-like properties. Cell. 2013; 
152:25-38.



Oncotarget29www.impactjournals.com/oncotarget

212. Gupta J, Nebreda AR. Roles of p38α mitogen-activated 
protein kinase in mouse models of inflammatory diseases 
and cancer. FEBS J. 2015; 282:1841-1857.

213. Kotlyarov A, Neininger A, Schubert C, Eckert R, 
Birchmeier C, Volk HD, Gaestel M. MAPKAP kinase 2 is 
essential for LPS-induced TNF-alpha biosynthesis. Nat Cell 
Biol. 1999; 1:94-97.

214. Grivennikov SI, Greten FR, Karin M. Immunity, 
inflammation, and cancer. Cell. 2010; 140:883-899.

215. Khatib AM, Auguste P, Fallavollita L, Wang N, Samani A, 
Kontogiannea M, Meterissian S, Brodt P. Characterization 
of the host proinflammatory response to tumor cells during 
the initial stages of liver metastasis. Am J Pathol. 2005; 
167:749-759.

216. Ross JS, Stagliano NE, Donovan MJ, Breitbart RE, 
Ginsburg GS. Atherosclerosis: a cancer of the blood 
vessels? Am J Clin Pathol. 2001; 116:S97-107.

217. Li JJ, Gao RL. Should atherosclerosis be considered a 
cancer of the vascular wall? Med Hypotheses. 2005; 
64:694-698.

218. Klement H, St Croix B, Milsom C, May L, Guo Q, Yu 
JL, Klement P, Rak J. Atherosclerosis and vascular aging 
as modifiers of tumor progression, angiogenesis, and 
responsiveness to therapy. Am J Pathol. 2007; 171:1342-1351.

219. Ribatti D, Mangialardi G, Vacca A. Stephen Paget and the 
‘seed and soil’ theory of metastatic dissemination. Clin Exp 
Med. 2006; 6:145-149.

220. Chambers AF, Naumov GN, Varghese HJ, Nadkarni KV, 
MacDonald IC, Groom AC. Critical steps in hematogenous 
metastasis: an overview. Surg Oncol Clin N Am. 2001; 
10:243-255, vii.

221. Mehlen P, Puisieux A. Metastasis: a question of life or 
death. Nat Rev Cancer. 2006; 6:449-458.

222. Weiss L. Metastatic inefficiency. Adv Cancer Res. 1990; 
54:159-211.

223. Naumov GN, MacDonald IC, Weinmeister PM, Kerkvliet 
N, Nadkarni KV, Wilson SM, Morris VL, Groom AC, 
Chambers AF. Persistence of solitary mammary carcinoma 
cells in a secondary site: a possible contributor to dormancy. 
Cancer Res. 2002; 62:2162-2168.

224. Cameron MD, Schmidt EE, Kerkvliet N, Nadkarni KV, 
Morris VL, Groom AC, Chambers AF, MacDonald IC. 
Temporal progression of metastasis in lung: cell survival, 
dormancy, and location dependence of metastatic 
inefficiency. Cancer research. 2000; 60:2541-2546.

225. Blazejczyk A, Papiernik D, Porshneva K, Sadowska 
J, Wietrzyk J. Endothelium and cancer metastasis: 
perspectives for antimetastatic therapy. Pharmacol Rep. 
2015; 67:711-718.

226. Cisneros LH, Newman TJ. Quantifying metastatic 
inefficiency: rare genotypes versus rare dynamics. Phys 
Biol. 2014; 11:046003.

227. Steeg PS. Targeting metastasis. Nat Rev Cancer. 2016; 
16:201-218.

228. Porquet N, Gout S, Huot J. The metastatic process: an 
overview. Springer 2010.

229. Brodt P, Fallavollita L, Bresalier RS, Meterissian S, Norton 
CR, Wolitzky BA. Liver endothelial E-selectin mediates 
carcinoma cell adhesion and promotes liver metastasis. Int 
J Cancer. 1997; 71:612-619.

230. Khatib AM, Kontogiannea M, Fallavollita L, Jamison B, 
Meterissian S, Brodt P. Rapid induction of cytokine and 
E-selectin expression in the liver in response to metastatic 
tumor cells. Cancer Res. 1999; 59:1356-1361.

231. Gulubova MV. Expression of cell adhesion molecules, 
their ligands and tumour necrosis factor alpha in the liver 
of patients with metastatic gastrointestinal carcinomas. 
Histochem J. 2002; 34:67-77.

232. Dimitroff CJ, Lechpammer M, Long-Woodward D, Kutok 
JL. Rolling of human bone-metastatic prostate tumor cells 
on human bone marrow endothelium under shear flow is 
mediated by E-selectin. Cancer Res. 2004; 64:5261-5269.

233. Zipin A, Israeli-Amit M, Meshel T, Sagi-Assif O, Yron 
I, Lifshitz V, Bacharach E, Smorodinsky NI, Many 
A, Czernilofsky PA, Morton DL, Witz IP. Tumor-
microenvironment interactions: the fucose-generating FX 
enzyme controls adhesive properties of colorectal cancer 
cells. Cancer Res. 2004; 64:6571-6578.

234. Kohler S, Ullrich S, Richter U, Schumacher U. E-/P-
selectins and colon carcinoma metastasis: first in vivo 
evidence for their crucial role in a clinically relevant model 
of spontaneous metastasis formation in the lung. Br J 
Cancer. 102:602-609.

235. St Hill CA. Interactions between endothelial selectins and 
cancer cells regulate metastasis. Front Biosci (Landmark 
Ed). 2011; 16:3233-3251.

236. Sawada R, Tsuboi S, Fukuda M. Differential E-selectin-
dependent adhesion efficiency in sublines of a human colon 
cancer exhibiting distinct metastatic potentials. Journal Biol 
Chem. 1994; 269:1425-1431.

237. Witz IP. The selectin-selectin ligand axis in tumor 
progression. Cancer Metastasis Rev. 2008; 27:19-30.

238. Murata K, Miyoshi E, Ihara S, Noura S, Kameyama M, 
Ishikawa O, Doki Y, Yamada T, Ohigashi H, Sasaki Y, 
Higashiyama M, Tarui T, Takada Y, et al. Attachment 
of human colon cancer cells to vascular endothelium is 
enhanced by N-acetylglucosaminyltransferase V. Oncology. 
2004; 66:492-501.

239. St Hill CA, Bullard KM, Walcheck B. Expression of the 
high-affinity selectin glycan ligand C2-O-sLeX by colon 
carcinoma cells. Cancer Lett. 2005; 217:105-113.

240. Nakamori S, Kameyama M, Imaoka S, Furukawa H, 
Ishikawa O, Sasaki Y, Kabuto T, Iwanaga T, Matsushita Y, 
Irimura T. Increased expression of sialyl Lewisx antigen 
correlates with poor survival in patients with colorectal 
carcinoma: clinicopathological and immunohistochemical 
study. Cancer Res. 1993; 53:3632-3637.



Oncotarget30www.impactjournals.com/oncotarget

241. Lenter M, Levinovitz A, Isenmann S, Vestweber D. 
Monospecific and common glycoprotein ligands for E- and 
P-selectin on myeloid cells. J Cell Biol. 1994; 125:471-481.

242. Steegmaier M, Levinovitz A, Isenmann S, Borges E, Lenter 
M, Kocher HP, Kleuser B, Vestweber D. The E-selectin-
ligand ESL-1 is a variant of a receptor for fibroblast growth 
factor. Nature. 1995; 373:615-620.

243. Soltesz SA, Powers EA, Geng JG, Fisher C. Adhesion 
of HT-29 colon carcinoma cells to E-selectin results in 
increased tyrosine phosphorylation and decreased activity 
of c-src. Int J Cancer. 1997; 71:645-653.

244. Ohana-Malka O, Benharroch D, Isakov N, Prinsloo I, 
Shubinsky G, Sacks M, Gopas J. Selectins and anti-CD15 
(Lewis x/a) antibodies transmit activation signals in 
Hodgkin’s lymphoma-derived cell lines. Exp Hematol. 
2003; 31:1057-1065.

245. Di Bella MA, Flugy AM, Russo D, D’Amato M, De Leo 
G, Alessandro R. Different phenotypes of colon carcinoma 
cells interacting with endothelial cells: role of E-selectin 
and ultrastructural data. Cell Tissue Res. 2003; 312:55-64.

246. Laferriere J, Houle F, Taher MM, Valerie K, Huot J. 
Transendothelial migration of colon carcinoma cells 
requires expression of E-selectin by endothelial cells and 
activation of stress-activated protein kinase-2 (SAPK2/
p38) in the tumor cells. Journal Biol Chem. 2001; 
276:33762-33772.

247. Aychek T, Miller K, Sagi-Assif O, Levy-Nissenbaum 
O, Israeli-Amit M, Pasmanik-Chor M, Jacob-Hirsch J, 
Amariglio N, Rechavi G, Witz IP. E-selectin regulates 
gene expression in metastatic colorectal carcinoma 
cells and enhances HMGB1 release. Int J Cancer. 2008; 
123:1741-1750.

248. Tomlinson J, Wang JL, Barsky SH, Lee MC, Bischoff J, 
Nguyen M. Human colon cancer cells express multiple 
glycoprotein ligands for E-selectin. Int J Oncol. 2000; 
16:347-353.

249. Hanley WD, Burdick MM, Konstantopoulos K, 
Sackstein R. CD44 on LS174T colon carcinoma cells 
possesses E-selectin ligand activity. Cancer Res. 2005; 
65:5812-5817.

250. Thomas SN, Zhu F, Schnaar RL, Alves CS, Konstantopoulos 
K. Carcinoembryonic antigen and CD44 variant isoforms 
cooperate to mediate colon carcinoma cell adhesion to 
E- and L-selectin in shear flow. Journal Biol Chem. 2008; 
283:15647-15655.

251. Zen K, Liu DQ, Guo YL, Wang C, Shan J, Fang M, Zhang 
CY, Liu Y. CD44v4 is a major E-selectin ligand that 
mediates breast cancer cell transendothelial migration. PloS 
One. 2008; 3:e1826.

252. Thomas SN, Schnaar RL, Konstantopoulos K. Podocalyxin-
like protein is an E-/L-selectin ligand on colon carcinoma 
cells: comparative biochemical properties of selectin 
ligands in host and tumor cells. Am J Physiol Cell Physiol. 
2009; 296:C505-513.

253. Gout S, Morin C, Houle F, Huot J. Death receptor-3, a 
new E-selectin counter-receptor that confers migration and 
survival advantages to colon carcinoma cells by triggering 
p38 and ERK MAPK activation. Cancer Res. 2006; 
66:9117-9124.

254. Porquet N, Poirier A, Houle F, Pin AL, Gout S, Tremblay 
PL, Paquet ER, Klinck R, Auger FA, Huot J. Survival 
advantages conferred to colon cancer cells by E-selectin-
induced activation of the PI3K-NFκB survival axis 
downstream of Death receptor-3. BMC Cancer. 2011; 
11:285.

255. Reyes-Reyes ME, George MD, Roberts JD, Akiyama SK. 
P-selectin activates integrin-mediated colon carcinoma 
cell adhesion to fibronectin. Exp Cell Res. 2006; 
312:4056-4069.

256. Tremblay PL, Huot J, Auger FA. Mechanisms by which 
E-selectin regulates diapedesis of colon cancer cells under 
flow conditions. Cancer Res. 2008; 68:5167-5176.

257. Zhang P, Goodrich C, Fu C, Dong C. Melanoma upregulates 
ICAM-1 expression on endothelial cells through engagement 
of tumor CD44 with endothelial E-selectin and activation of 
a PKCα-p38-SP-1 pathway. FASEB J. 2014; 28:4591-4609.

258. Strilic B, Yang L, Albarran-Juarez J, Wachsmuth L, Han 
K, Muller UC, Pasparakis M, Offermanns S. Tumour-cell-
induced endothelial cell necroptosis via death receptor 6 
promotes metastasis. Nature. 2016; 536:215-218.

259. Yang X, Shi B, Li L, Xu Z, Ge Y, Shi J, Liu Y, Zheng D. 
Death receptor 6 (DR6) is required for mouse B16 tumor 
angiogenesis via the NF-kappaB, P38 MAPK and STAT3 
pathways. Oncogenesis. 2016; 5:e206.

260. Tichet M, Prod’Homme V, Fenouille N, Ambrosetti D, 
Mallavialle A, Cerezo M, Ohanna M, Audebert S, Rocchi 
S, Giacchero D, Boukari F, Allegra M, Chambard JC, et al. 
Tumour-derived SPARC drives vascular permeability and 
extravasation through endothelial VCAM1 signalling to 
promote metastasis. Nat Commun. 2015; 6:6993.

261. Pang MF, Georgoudaki AM, Lambut L, Johansson J, Tabor 
V, Hagikura K, Jin Y, Jansson M, Alexander JS, Nelson 
CM, Jakobsson L, Betsholtz C, Sund M, et al. TGF-beta1-
induced EMT promotes targeted migration of breast cancer 
cells through the lymphatic system by the activation of 
CCR7/CCL21-mediated chemotaxis. Oncogene. 2016; 
35:748-760.

262. Puujalka E, Heinz M, Hoesel B, Friedl P, Schweighofer 
B, Wenzina J, Pirker C, Schmid JA, Loewe R, Wagner EF, 
Berger W, Petzelbauer P. Opposing Roles of JNK and p38 in 
Lymphangiogenesis in Melanoma. J Invest Dermatol. 2016; 
136:967-977.

263. Lamouille S, Xu J, Derynck R. Molecular mechanisms of 
epithelial-mesenchymal transition. Nat Rev Mol Cell Biol. 
2014; 15:178-196.

264. Santana P, Pena LA, Haimovitz-Friedman A, Martin S, 
Green D, McLoughlin M, Cordon-Cardo C, Schuchman 
EH, Fuks Z, Kolesnick R. Acid sphingomyelinase-deficient 



Oncotarget31www.impactjournals.com/oncotarget

human lymphoblasts and mice are defective in radiation-
induced apoptosis. Cell. 1996; 86:189-199.

265. Corre I, Guillonneau M, Paris F. Membrane signaling 
induced by high doses of ionizing radiation in the 
endothelial compartment. Relevance in radiation toxicity. 
Int J Mol Sci. 2013; 14:22678-22696.

266. Oh CW, Bump EA, Kim JS, Janigro D, Mayberg MR. 
Induction of a senescence-like phenotype in bovine aortic 
endothelial cells by ionizing radiation. Radiat Res. 2001; 
156:232-240.

267. Kumar P, Miller AI, Polverini PJ. p38 MAPK mediates 
gamma-irradiation-induced endothelial cell apoptosis, and 
vascular endothelial growth factor protects endothelial cells 
through the phosphoinositide 3-kinase-Akt-Bcl-2 pathway. 
J Biol Chem. 2004; 279:43352-43360.

268. Chou CH, Chen SU, Cheng JC. Radiation-induced 
interleukin-6 expression through MAPK/p38/NF-kappaB 
signaling pathway and the resultant antiapoptotic 
effect on endothelial cells through Mcl-1 expression 
with sIL6-Ralpha. Int J Radiat Oncol Biol Phys. 2009; 
75:1553-1561.

269. Blirando K, Hneino M, Martelly I, Benderitter M, Milliat 
F, Francois A. Mast cells and ionizing radiation induce a 
synergistic expression of inflammatory genes in endothelial 
cells by a mechanism involving p38alpha MAP kinase and 
(p65) NF-kappaB activation. Radiat Res. 2012; 178:556-567.

270. Imaizumi N, Monnier Y, Hegi M, Mirimanoff RO, Ruegg 
C. Radiotherapy suppresses angiogenesis in mice through 
TGF-betaRI/ALK5-dependent inhibition of endothelial cell 
sprouting. PloS One. 2010; 5:e11084.

271. Wang Y, Boerma M, Zhou D. Ionizing radiation-induced 
endothelial cell senescence and cardiovascular diseases. 
Radiat Res. 2016; 186:153-161.

272. Garcia-Cano J, Roche O, Cimas FJ, Pascual-Serra R, 
Ortega-Muelas M, Fernandez-Aroca DM, Sanchez-Prieto R. 
p38MAPK and chemotherapy: we always need to hear both 
sides of the story. Front Cell Dev Biol. 2016; 4:69.

273. Liu F, Gore AJ, Wilson JL, Korc M. DUSP1 is a novel 
target for enhancing pancreatic cancer cell sensitivity to 
gemcitabine. PloS One. 2014; 9:e84982.

274. Reinhardt HC, Aslanian AS, Lees JA, Yaffe MB. p53-
deficient cells rely on ATM- and ATR-mediated checkpoint 
signaling through the p38MAPK/MK2 pathway for survival 
after DNA damage. Cancer Cell. 2007; 11:175-189.

275. Igea A, Nebreda AR. The stress kinase p38alpha as a target 
for cancer therapy. Cancer Res. 2015; 75:3997-4002.

276. Rudalska R, Dauch D, Longerich T, McJunkin K, 
Wuestefeld T, Kang TW, Hohmeyer A, Pesic M, Leibold 
J, von Thun A, Schirmacher P, Zuber J, Weiss KH, et al. In 
vivo RNAi screening identifies a mechanism of sorafenib 
resistance in liver cancer. Nat Med. 2014; 20:1138-1146.

277. Rajashekhar G, Kamocka M, Marin A, Suckow MA, 
Wolter WR, Badve S, Sanjeevaiah AR, Pumiglia K, Rosen 

E, Clauss M. Pro-inflammatory angiogenesis is mediated 
by p38 MAP kinase. J Cell Physiol. 2011; 226:800-808.

278. Leelahavanichkul K, Amornphimoltham P, Molinolo AA, 
Basile JR, Koontongkaew S, Gutkind JS. A role for p38 
MAPK in head and neck cancer cell growth and tumor-
induced angiogenesis and lymphangiogenesis. Mol Oncol. 
2014; 8:105-118.

279. Gilbert LA, Hemann MT. DNA damage-mediated induction 
of a chemoresistant niche. Cell. 2010; 143:355-366.

280. Yokota T, Wang Y. p38 MAP kinases in the heart. Gene. 
2016; 575:369-376.

281. Newby LK, Marber MS, Melloni C, Sarov-Blat L, Aberle 
LH, Aylward PE, Cai G, de Winter RJ, Hamm CW, Heitner 
JF, Kim R, Lerman A, Patel MR, et al. Losmapimod, a novel 
p38 mitogen-activated protein kinase inhibitor, in non-ST-
segment elevation myocardial infarction: a randomised 
phase 2 trial. Lancet. 2014; 384:1187-1195.

282. Martin ED, Bassi R, Marber MS. p38 MAPK in 
cardioprotection - are we there yet? Br J Pharmacol. 2015; 
172:2101-2113.

283. Tate CM, Blosser W, Wyss L, Evans G, Xue Q, Pan Y, 
Stancato L. LY2228820 dimesylate, a selective inhibitor of 
p38 mitogen-activated protein kinase, reduces angiogenic 
endothelial cord formation in vitro and in vivo. J Biol Chem. 
2013; 288:6743-6753.

284. Patnaik A, Haluska P, Tolcher AW, Erlichman C, 
Papadopoulos KP, Lensing JL, Beeram M, Molina JR, 
Rasco DW, Arcos RR, Kelly CS, Wijayawardana SR, 
Zhang X, et al. A first-in-human phase i study of the oral 
p38 MAPK inhibitor, ralimetinib (LY2228820 Dimesylate), 
in patients with advanced cancer. Clin Cancer Res. 2016; 
22:1095-1102.

285. Paillas S, Boissiere F, Bibeau F, Denouel A, Mollevi C, 
Causse A, Denis V, Vezzio-Vie N, Marzi L, Cortijo C, 
Ait-Arsa I, Askari N, Pourquier P, et al. Targeting the p38 
MAPK pathway inhibits irinotecan resistance in colon 
adenocarcinoma. Cancer Res. 2011; 71:1041-1049.


