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Abstract: Recent progress in understanding the influence of hypoxia on cell function has
revealed new information about the interrelationship between the actin cytoskeleton and hypoxia;
nevertheless, details remain cloudy. The dynamic regulation of the actin cytoskeleton during
hypoxia is complex, varies in different cells and tissues, and also depends on the mode of hypoxia.
Several molecular players and pathways are emerging that contribute to the modulation of the
actin cytoskeleton and that affect the large repertoire of actin-binding proteins in hypoxia. This
review describes and discusses the accumulated knowledge about actin cytoskeleton dynamics
in hypoxia, placing special emphasis on the Rho family of small guanosine triphosphatases
(Rho GTPases). Given that RhoA, Rac and Cdc42 are very well characterized, the review is
focused on these family members of Rho GTPases. Notably, in several cell types and tissues,
hypoxia, presumably via Rho GTPase signaling, induces actin rearrangement and actin stress
fiber assembly, which is a prevalent modulation of the actin cytoskeleton in hypoxia.
Keywords: Rho GTPases, actin dynamics, stress fibers, RhoA

Introduction

A myriad of changes are necessary for cells and tissues to adapt to hypoxia. These
hypoxic changes are conveyed by altering gene expression patterns, which for the most
part are controlled by hypoxia-inducible factor (HIF) transcription factors. Lately, it
has become increasingly evident that hypoxia also prompts cytoskeletal alterations
in different cell types. The cytoskeleton is indispensable for any eukaryotic cell, as
it governs many cellular processes. A main component of the cytoskeleton is the
highly conserved protein actin, which contributes to the shape, motility, and polarity
of the cells, to cell division, and the maintenance of multicellular tissue organization,
including the maintenance of epithelial barriers.! All of these aspects are involved
in morphogenesis, and might go awry in pathological disorders, such as fibrosis and
cancer. Also, other hypoxia-related diseases, such as pulmonary hypertension, wound
healing, and brain edema, are associated with a dysregulation in the cytoskeleton.
Therefore, a better understanding of hypoxia-induced changes in the cytoskeletal
regulation might lead to better insight into these pathologies. Force production by
actin filaments is the basis for the aforementioned cellular processes, and is achieved
by two mechanisms. First, actin polymerization into networks drives protrusive forces,
and second, actin and myosin II filaments together form contractile structures in cells.?
In both scenarios, actin polymerization and dynamics are controlled by actin-binding
proteins. More than 100 actin-binding proteins are known to date. They act to maintain
a pool of monomeric G-actin, promote F-actin polymerization, restrict the length of
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actin filaments, regulate the assembly and disassembly of
filaments, and organize actin filaments into networks and
bundles.'

The precise regulation of the actin-binding proteins and
consequently actin cytoskeleton dynamics is fundamental for
many physiological processes, such as cell locomotion and
cell morphology, which are involved in the aforementioned
disease pathologies. Since hypoxia influences actin dynamics,
it is a straightforward finding that cell shape, adhesion, and
movement are greatly altered in hypoxic cells compared to
cells grown in normoxia.>* However, depending on the origin
of the cells and the experimental setup, the literature shows
at least in part heterogeneous effects of hypoxia on the actin
cytoskeleton and actin-dependent cellular processes. Acute
hypoxia, for example, has been reported to enhance the
migration of MDA-MB-231 breast cancer cells,” whereas
in L929 murine fibrosarcoma cells the migration is impaired
under hypoxic conditions.* Apart from cell type-dependent
effects, different modes of migration, eg, different serum
conditions and single-cell versus gap-closure experiments,
might be one possible explanation for the existence of these
conflicting data.

In this review, the findings concerning actin cytoskeleton
rearrangements in hypoxia are gathered and the involved
signaling pathways are summarized. Examples of pathways
and proteins involved in the molecular mechanisms that
add to hypoxic actin changes are listed. The comprehensive
description of the up to now presented findings should help
to understand common and cell type-dependent divergent
hypoxia-induced cytoskeletal changes.

The regulation of actin

dynamics in hypoxia

Expression and activation

of Rho GTPases in hypoxia

The mechanisms by which hypoxia and/or HIF-1a stabili-
zation impact the actin cytoskeleton are undoubtedly com-
plex, and several signaling pathways might be activated by
hypoxia in different tissues. Overall evidence continues to
mount that a hypoxic cell environment changes the activity
of Rho guanosine triphosphatases (Rho GTPases), especially
RhoA, and downstream signaling molecules that regulate the
actin lattice. The Rho GTPase family of signaling molecules
includes over 20 different members, and plays an important
role in the regulation of the actin cytoskeleton.” Rho GTPases
exert their influence on the actin cytoskeleton by modulating
the activity of actin-binding proteins. Rho GTPases cycle

between a guanosine diphosphate-bound inactive form and
a GTP-bound active form. The switch between these two
states is mediated by three groups of proteins: guanine nucle-
otide exchange factors (GEFs),® GTPase-activating proteins
(GAPs),? and guaninge nucleotide-dissociation inhibitors
(GDIs).!? Several types of plasma-membrane receptors,
such as G-protein-coupled receptors (GPCRs) and receptor
tyrosine kinases, influence actin dynamics by modulating
Rho GTPase activity. Some GPCRs have been shown to
be HIF-1 target genes,'"'? and various GPCR ligands are
induced in hypoxia and stimulate GEFs."® Also, among the
receptor tyrosine kinases so far known, many are known to
stimulate GEFs and subsequently activate Rho GTPases, and
are furthermore involved in hypoxic signaling, including,
eg, vascular endothelial growth-factor (VEGF) receptor.'*
Historically, RhoA, Rac, and Cdc42 have by far been the
best characterized family members of the Rho GTPases.”!>7
The activation of RhoA leads to the assembly of contractile
actin-myosin filaments, and is thus required for generating
contractile forces, eg, for cell translocation. Lamellipodium
and membrane ruffle formation is mostly dependent on Rac1-
dependent actin polymerization, and Cdc42 plays a role in
the actin cytoskeleton-dependent regulation of cell polarity
and filopodium formation.

RhoA in hypoxia

Cross talk between the hypoxia/HIF-1 and RhoA pathways
has been widely discussed in the context of several cell
types and tissues, including fibroblasts* and cancer cells,*!®!?
smooth-muscle cells, endothelial cells, % isolated tropho-
blast cells,”” and mesenchymal stem cells.?*=* However, the
effects of hypoxia on RhoA levels and activation vary greatly
between different cell types and culturing conditions, and are
summarized in Table 1.

There is direct and indirect evidence that chronic
and acute hypoxia activate RhoA in pulmonary vascular
smooth-muscle*?* and pulmonary arterial smooth muscle
cells (PASMCs).?243! However, both the origin and age of
cells seem to influence hypoxic activation: RhoA activity
increases in hypoxia in piglet fetal PASMCs, isolated from the
inner layer of the tunica media. On the other hand, no hypoxic
RhoA activation was seen in smooth-muscle cells isolated
from the outer medial layer or in smooth-muscle cells isolated
from neonatal piglets.”° Furthermore, Fediuk et al showed that
the mechanism that drives actin polymerization in PASMCs
also depends on the cell phenotype. In contractile porcine
pulmonary artery myocytes, the RhoA pathway is involved
in actin remodeling, whereas in synthetic pulmonary artery
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Table | RhoA regulation in different cell types in hypoxia

Reference Cell typeltissue

Hypoxia/HIF-1o
stabilization

RhoA regulation

Wang et al, 2001?' Rat PASMCs

PO2 ~25-30 mmHg, Increased RhoA activation

Turcotte et al, 2003"°

Wojciak-Stothard et al, 20053
Bailly et al, 2004%°

Hayashi et al, 2005%

Jin et al, 2006

Xue et al, 2006

Pacary et al, 20072
Dada et al, 200732

Chi et al, 20102

Vogel et al, 20108
Raheja et al, 2011%°

Fediuk et al, 20123

Woijciak-Stothard et al, 2012%
Vogler et al, 2013*
Vertelov et al, 20133

Caki-1 (renal cell carcinoma)

Porcine PAECs

Inner medial fetal PASMCs,

Outer medial fetal PASMCs,

Inner and outer medial, neonatal PASMCs
Isolated trophoblast cells, BeWo, JAR

HEK 293, Human neural SH-SY5Y, HUVECs

AGS, MKN-45, SGC-7901, HepG2
Mouse MSCs

A549 epithelial cells

Rat PASMCs, Rat PAECs

Hela

Human MSCs

Synthetic porcine PASMCs,
Synthetic porcine aortic myocytes,
Contractile porcine PASMCs,
Contractile porcine aortic myocytes
Human PAECs/PASMCs

L929 (fibrosarcoma cell line)
Human MSCs

20-120 min
1% O,, 1-24 hrs

3% O, |4 hrs
5% O, 1-8 hrs

1% O, 2 hrs

<I1% O,, 24 hrs

<I1% O,, 24 hrs
1% O,, 4 hrs
COCl,, 6-72 hrs

1.5% O,, 15-60 min

1.5% O,, 24 hrs
PHD2 inhibition
1% O,, 24 hrs

10% O,, 7 days
10% O,, 7 days
10% OZ, 14 days
10% OZ, 14 days
2% O,, 1-48 hrs
1% O,, 24 hrs
5% O,, 7-9 days

Upregulation of RhoA mRNA and protein
Upregulation of RhoA-GTP

Cycling RhoA and Cdc42 activity

Increase in RhoA activity

Increase in RhoA activity

No change in RhoA activity

No change/slight decrease in RhoA activity
Upregulation of total RhoA mRNA and
protein

Upregulation of RhoA-GTP

Downregulation of RhoA protein
Downregulation of RhoA protein

Increase of RhoA protein

No change in RhoA mRNA expression
Decrease of RhoA protein expression
Increased RhoA activation

Increased RhoA activation

Increased RhoA activation (indirect evidence)
No change in total RhoA protein expression
RhoA activity goes down

No change in RhoA activity

No change in RhoA activity

Increased RhoA activity

No change in RhoA activity

Increased RhoA activity

Increased RhoA activation (indirect evidence)
No change of RhoA protein levels facilitated

Gilkes et al, 2013 MDA-MB-231, MDA-MB-435, MCF-

10A, MCF-7, T47D (cancer cell lines)

activation of RhoA

1% OZ, 24 hrs Increase of RhoA mRNA and protein

Abbreviations: PA, pulmonary artery; PAECs, pulmonary artery endothelial cells; HUVECs, human umbilical vein endothelial cells; MSCs, mesenchymal stem cells; PASMCs,
pulmonary arterial smooth muscle cells; PHD2, prolyl hydroxylase domain protein 2; mRNA, messenger RNA; GTP, guanosine triphosphate.

myocytes, the remodeling of the actin cytoskeleton is not
Rho-dependent.’! In many human cell cultures, the activity
of RhoA increases in hypoxia. In human endothelial cells,
an increase in expression of RhoA can be noted after 4 hours
of hypoxic incubation,? and in human trophoblast cells and
renal and epithelial carcinoma cells, activated RhoA was
elevated in hypoxia.'** Also, very recently it has been shown
in human breast cancer cell lines that RhoA is a direct target
gene of HIF-1 and HIF-2.6 Nonetheless, it cannot be claimed
generally that hypoxia causes an increase in RhoA activity, as
adecrease of RhoA expression has been reported in epidermal
and neuronal cells.?* Moreover, conflicting data exist con-
cerning the influence of hypoxia on RhoA activity in human
mesenchymal stem cells. Vertelov et al reported that human
mesenchymal stem cells show enhanced RhoA activation
under hypoxic conditions,* whereas Raheja et al showed

that hypoxia decreased RhoA activation.” It should be noted
that the time of hypoxic incubation diverged vastly between
the studies (Table 1), and increasing evidence suggests that
RhoA activation during hypoxia is rapid and time course-
regulated.!*?2233233 Conflicting results, therefore, might very
well be due to differences in experimental timing.

Racl and Cdc42 in hypoxia

The expression and activity of the two other prominent
members of the Rho GTPases — Racl and Cdc42 — are
hypoxia-inducible in some cancer cell lines,'***3° whereas
in porcine pulmonary artery endothelial cells, Cdc42 is
activated and Racl activity is slightly downregulated.®
Similar to RhoA, the activation of Racl and Cdc42 is time
course-dependently regulated and reaches peak activity
within hours after hypoxic induction. Experiments with
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dominant-negative forms of Racl and Cdc42 show a
significant decrease of HIF-1a stabilization and HIF-1
target-gene expression.’3 Therefore, Racl and Cdc42
contribute to the regulation of HIF-1. However, it should
be mentioned here that prolyl hydroxylase domain enzymes
(PHDs) play the central role in the regulation of HIFa
stability,® whereas Racl and Cdc42 just modulate the
regulation under specific circumstances.

How is Racl involved in a signal-transduction pathway
leading to the induction of HIF-1 activity? In addition to its
role in actin cytoskeleton regulation, specifically lamellipo-
dia formation, Rac1 participates in reactive oxygen species
(ROS) formation via nicotinamide adenine dinucleotide
phosphate oxidases in several cell types.’’*® ROS impair
the enzymatic function of PHDs,** and subsequently
HIF-1a is not hydroxylated and not marked for protea-
somal degradation and is stabilized even under normoxic
conditions. Therefore, Racl might indirectly contribute
to the stabilization of HIF-1a (Figure 1). Interestingly,
chemical stabilization of HIF-1o. by dimethyloxalylglycine

Rac-GTP

N D @0

HIF-o.

Rho effectors |

(DMOG)-induced inhibition of PHDs results in reduced Rac
activity and places Rac downstream of HIF-10., suggesting
the existence of a positive-feedback loop.*

Signaling downstream of the

Rho GTPases in hypoxia and the
regulation of structural remodeling,
cell contractility, and cellular barrier
permeability

Rho GTPases control actin dynamics by activating downstream
signaling modules. Downstream effectors of the Rho GTPases
involve, for example, the Rho-associated protein kinase
(ROCK)-LIM-domain kinase/cofilin pathway*' (Figure 1).
Cofilin is an actin-binding and -severing protein; its activity
is controlled by phosphorylation. Phosphorylation by LIM
kinase 1 inactivates cofilin, leading to enhanced actin filament
formation.*** As the regulation of cofilin is downstream of
the Rho GTPases, it is not further surprising that hypoxia/the
HIF-pathway can have an impact on cofilin activation. This has

R | waetfi :::m[.’_,:

o e e ion!
V2N

ROCK > LIMK—> l o: °
9

@ Cofiin
inactive  Polymerization

SF relaxation

Mok 229 mc
ROCK —>¢1~ MLCP
%8s CuLc
SF contraction
ROCK

Polymerization,

p38—> MK2—>PHSP27 > Uncapping >A
%

%

Figure | The schema depicts mechanisms that are involved in actin filament reorganization, including stress fiber polymerization and stress fiber contraction in hypoxia.
Cytoskeletal actin dynamics are affected by different classes of plasma membrane receptors, among them G-protein-coupled receptors (GPCRs) and receptor tyrosine
kinases (RTKs). The plasma-membrane receptors modulate the activity of Rho guanosine triphosphatases (Rho GTPases) through Rho guanine nucleotide-exchange factors
(GEFs), which then orchestrate changes to the actin cytoskeleton via a variety of downstream effectors. HIF target genes (eg, VEGF) bind to plasma-membrane receptors,

which could provide a way of hypoxic regulation of the actin cytoskeleton.

Abbreviations: ECM, extracellular matrix; VEGF, vascular endothelial growth factor; FAK, focal adhesion kinase; NOX, nicotinamide adenine dinucleotide phosphate
oxidase; ROS, reactive oxygen species; ROCK, Rho-associated protein kinase; LIMK, LIM-domain kinase; MLCK, myosin light-chain kinase; MLCP, MLC phosphatase; PHD,
prolyl hydroxylase domain; SF, stress fiber; MK, mitogen-activated protein kinase; HSP, heat-shock protein.
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indeed been shown in several cell types,*!'#445 eg, in primary
human endothelial and cancer cells. The lungs of mice that had
been subjected to hypoxia also showed pronounced upregula-
tion of cofilin protein levels** and increased phosphorylation
of cofilin.*® This elevated cofilin phosphorylation was seen in
chronic (3 weeks) hypoxic mice as well, and might contribute
to cytoskeletal reorganization and pulmonary vascular remod-
eling, resulting in pulmonary hypertension. More studies sup-
port the notion of elevated phospho-cofilin levels as a result
of HIF-pathway modulations. For example, the knockdown of
PHD?2 in HeLa cells resulted in the enhanced phosphorylation
of cofilin.'® Mechanistically, the PHD2 knockdown in HeLa
cells and the subsequent HIF-10: stabilization leads to activa-
tion of the RhoA/ROCK/cofilin signal-transduction pathway
and results in the modulation of the actin cytoskeleton with
increased accumulation of actin filaments. The inhibition
of PHD activity with the oxoglutarate analog DMOG had a
similar outcome with regard to phospho-cofilin levels and
actin rearrangement.*'®

Rho GTPases are also involved in the modulation of
actin—myosin interaction. In nonmuscle and smooth-muscle
cells, the actin—myosin interaction is regulated by the phos-
phorylation and dephosphorylation of myosin light chain
(MLC).** The phosphorylation of MLC favors actin—
myosin interaction and the development of actomyosin-based
contractile forces; dephosphorylation by MLC phosphatase
(MLCP) relaxes the cytoskeleton. Several kinases have been
reported to phosphorylate MLC, including the calcium/
calmodulin-dependent MLC kinase (MLCK), which seems to
be specific for MLC, and the Rho-associated kinase ROCK,
which is a downstream target of RhoA. ROCK is not specific
for MLC, and phosphorylates several targets. Although it can
phosphorylate MLC directly, it mainly acts as an inhibitor
of MLCP, which consequently results in increased MLC
phosphorylation and activation (Figure 1).

This pathway and consequently the actin—-myosin interac-
tion has been shown to be triggered in hypoxia in metastatic
MDA-MB-231 and MDA-MB-435 breast cancer cell lines,®
PASMCs, 2021234950 and endothelial cells.”*2 In MDA-MB and
PASMC:s, hypoxia activates ROCK and inactivates MLCP.
This results in hypoxia-induced MLC phosphorylation and
induces actin stress fiber formation.®?># In metastatic breast
cancer cell lines, actin filament generation could add to
increased cell motility in hypoxia.® In PASMCs, increased
actin stress fiber formation regulates the contractile state of the
PASMC:s, and apparently contributes to the structural remod-
eling of pulmonary arteries and to pulmonary hypertension
seen after chronic hypoxic exposure.'® It should be noted,

however, that the origin and age of the cultured PASMCs
influences hypoxic signaling, as experiments with cells iso-
lated at different developmental stages showed that PASMCs
increasingly lose the capacity to activate RhoA in response
to hypoxia.?® Interestingly, in both normoxia and hypoxia,
HIF-1o decreases MLC phosphorylation in PASMCs and the
smooth muscle specific deletion of HIF-10 in mice increases
the pulmonary vascular tone, suggesting that HIF-1o takes
part in reducing hypoxic pulmonary hypertension.’® The
mechanistic link between hypoxia/HIF-1a stabilization and
MLC phosphorylation in PASMCs remains unknown and
may very well be cell type-specific, as in some endothelial
cells, a slightly different regulation of the actin—myosin
interaction in hypoxia has been described.>*? In endothelial
cells, the actin—-myosin-based contractile machinery plays an
important role in maintaining the integrity of the endothelial
barrier. The forces generated by the actin—myosin interac-
tion tend to pull cells apart, whereas at the same time actin
cytoskeleton-mediated endothelial adherens junctions are
critical structures that maintain barrier function. Changes in
actin cytoskeleton dynamics therefore affect the stability and
integrity of the barrier function and adherens junctions.>** It
has been shown that hypoxia induces endothelial barrier dys-
function through active reorganization of the cytoskeleton,
which has been linked to changes in MLC phosphorylation.
In endothelial cells increased MLC phosphorylation has also
been linked to a mechanism involving ROCK;>-¢ however,
in the human pulmonary vein endothelial cell line VE, the
phosphorylation of MLC has been attributed to increased
HIF-1o-dependent MLCK protein expression.>>? In brain
vascular endothelial cells, the signaling cascade that results
in MLC phosphorylation is thought to include increased
intracellular Ca?* levels, enhanced ROS generation, and
oxidative stress, which then activate MLCK 378

In hypoxic rat pulmonary microvascular endothelial
cells, it was noted that the mechanism that stabilizes the actin
cytoskeleton at or near focal adhesions is different from the
actin—myosin-mediated cell-contractility response. In these
cells, the increased accumulation of filamentous actin in
response to hypoxia is thought to be triggered via the p38
mitogen-activated protein-kinase pathway.*>¢% Activation of
p38 causes phosphorylation and activation of its downstream
effector MK2 (mitogen-activated protein kinase-activated
protein kinase 2) (Figure 1). MK2 in turn phosphorylates
the 27 kDa heat-shock protein (HSP27). In its nonphos-
phorylated form, HSP27 is an actin-capping protein and
prevents actin filament polymerization. Phosphorylation
of HSP27 releases this inhibition,**®! which is thought to
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stabilize the actin cytoskeleton near cell-adhesion sites in
order to counteract the increased actin—myosin contractility
and strain.

Hypoxic control of the expression

of actin-binding proteins

In addition to changes in the activity of actin-binding
proteins, the expression level of actin-binding proteins
can also be modified in hypoxia. The actin-binding pro-
tein vasodilator-stimulated phosphoprotein (VASP) binds
to actin filaments close to their barbed ends, prevents the
interaction of capping proteins with the actin filament, and
thus promotes filament elongation. Besides its anticapping
activity, VASP also functions in filament clustering, bun-
dling, and antibranching of actin filaments.®> Therefore,
VASP can regulate the assembly of the actin filament
network, support the formation of filopodia and lamellipo-
dia, and play an important role in cell motility. VASP also
assembles multiprotein complexes and stabilizes cell—cell
contacts.®*% Hypoxia represses VASP mRNA and protein
expression in endothelial cells and tissues through an HIF-

O
oooooooo.‘

lo-dependent mechanism, and this repression presumably
adds to a reduction in cellular barrier function. Due to the
multitude of proposed biochemical activities of VASP, the
exact underlying mechanism is still vague (Figure 2).646

To further add to the complexity, cell permeability and
cell-barrier function in hypoxia can also be regulated by
changes in tight-junction architecture. The zona occludens
(ZO) family of tight-junction proteins binds directly to
F-actin and is necessary for the assembly of tight junctions.®
In alveolar epithelial cells, prolonged hypoxia causes a
decrease and mislocalization of the tight junction proteins
Z01 and occludin and a breakdown of the cytoskeletal net-
work with a disruption and clumping of actin stress fibers®’
(Figure 2). Hypoxia also affects ZO1 and F-actin distribution
in brain-derived endothelial cells.®

One example of an actin-binding protein that is upregu-
lated in hypoxia is the junction-mediating and regulatory
protein (JMY). JMY can drive actin filament nucleation,
and is involved in actin-dependent cellular adhesion
and motility.® IMY expression increases during hypoxia in
human cancer cells in an HIF-1o-dependent manner,” and

WM EEE R R R TE R R R RERERRR R N
'.ooooooooooootooooooo

Figure 2 Schematic representation of epithelial cells and the actin cytoskeleton reorganization in response to hypoxia/hypoxia-inducible factor (HIF)-o. stabilization. HIF-1
is a critical regulator of the extracellular matrix (ECM) and changes integrin signaling and focal adhesion-complex formation. Furthermore, hypoxia influences the expression
and activity of several actin-binding proteins like vasodilator-stimulated phosphoprotein (VASP) and zonula occludens (ZO)-1.

Abbreviation: FAK, focal adhesion kinase.
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hypoxia-responsive elements within the JMY promoter are
required for this induction. Depleting JMY under hypoxic
conditions results in decreased cell motility.

Hypoxia modulates ECM

and focal adhesion composition
The behavior of a cell, eg, its cell morphology, adhesion, and
migration, is undoubtedly affected by its surrounding extracel-
lular matrix (ECM). The ECM directs cellular organization by
interacting with cell-surface receptors and by the subsequent
activation of intracellular signal-transduction pathways.
Hypoxia induces changes of the ECM,”" and HIF-1 has been
shown to be a critical player for hypoxic ECM remodeling in
fibroblasts (Figure 2).”> Important ECM modulators are col-
lagen hydroxylases, which are induced in hypoxia and affect
the composition and mechanical properties of the ECM.”>"
The transmembrane protein family of integrins provides
a link between the ECM and the intracellular cytoskeleton at
focal adhesions. Several reports have described an upregula-
tion of integrin cell-surface expression in various cell lines in
hypoxia.*™"® Integrins initiate intracellular signaling events
through the recruitment and activation of signaling molecules,
and are prototypical activators of the focal adhesion kinase
(FAK), a non-receptor cytoplasmic tyrosine kinase. The acti-
vation of FAK signaling can promote the remodeling of the
actin cytoskeleton and the modulation of both cell motility
and cell shape.”* In addition to integrin clustering at the cell
surface, the activation of FAK has been described in hypoxia.
In hypoxic human mesenchymal stem cells, FAK is phospho-
rylated and changes cell migration in an HIF-1a and VEGF-
dependent fashion,*' and also in metastatic breast cancer cells
the activity of FAK is altered in hypoxia in an HIF-1o and
HIF-2 o-dependent manner.® However, FAK might also lie
upstream of HIF-1, as the absence of FAK reduces HIF-1o
levels and VEGF induction in hypoxia. This suggests the
existence of a regulatory loop.® The integrin—-FAK signaling
complex is linked to the actin cytoskeleton via binding to talin
and paxillin. It is therefore not surprising that evidence sug-
gests a hypoxia-dependent paxillin regulation. Under hypoxic
conditions, paxillin intensity increases in focal adhesions, and
paxillin has been shown to be a direct HIF-1 target gene.®
Taken together, these reports suggest that the ECM and focal
adhesion complexes are important components in hypoxia-
induced intracellular signaling and cytoskeletal modulation.

Implications for cellular physiology
This review is based on evidence from studies where often
different hypoxic conditions and cell types were used.

Since cytoskeletal changes are highly cell type-dependent
the big question for the actin system in hypoxia — “How
is it controlled?” — cannot be answered in a simplified or
generalized manner. Overall, the current data show that in
hypoxia, numerous regulatory mechanisms — ranging from
ECM modifications via Rho GTPases to the modulation of
the expression and activity of actin-binding proteins — impact
the actin cytoskeleton, and the list of confounders is most
likely far from being complete. In tumor cells, many aspects
of cell behavior that are controlled by the actin cytoskel-
eton, such as cell—cell and cell-matrix interaction and cell
migration, get out of control. This is at least in part the basis
for metastasis and tumor progression. Both processes are
highly affected by hypoxia. Therefore, it is not surprising
that some key proteins that have been described herein are
regulated in hypoxia, like LIM-domain kinase and cofilin.*
Consequently, understanding hypoxic actin-cytoskeleton
signaling will likely contribute to our insight into tumor
metastasis and progression.

A very prominent cytoskeletal effect of hypoxic incuba-
tion that is seen in several cell types, and that in contrast to
the aforementioned regulations might even be a general prin-
ciple, is an increase of stress fibers (Figure 3).46.2023325985 The
question of whether this remodeling is actin isoform-specific
cannot be answered conclusively. The remodeling might very
well be cell type- and context-specific. For example, it has
been shown that in L929 fibroblasts, hypoxia induces the for-
mation of B- and y-actin-containing stress fibers.* In animal
tissues, stress fibers are especially abundant in endothelial
cells, myofibroblasts, and epithelial cells. It is important to
note that different types of stress fibers exist. They vary in
their morphology and association with focal contacts and
myosin.? The actin—myosin bundles are the major contrac-
tile structures, and as discussed before, hypoxia influences
the actin—myosin interaction through various mechanisms.
Accordingly, hypoxia can trigger cell contractility, result-
ing in the junctional disruption of cellular barriers in the
case of epithelial and endothelial cells. Disruption in the
epithelial barrier has indeed been shown to coincide with
hypoxia-induced alterations of the actin cytoskeleton in
several diseases,* eg, a detrimental effect of hypoxia on the
permeability of the blood—brain barrier has been described.’’
In another cell type, the PASMCs, hypoxia-induced remodel-
ing of the actin—-myosin interaction contributes to pulmonary
vasoconstriction.®

Apart from adding to actin—myosin-mediated cell
contractility, hypoxia also boosts the actin network
polymerization that drives cellular protrusions. This

Hypoxia 2014:2

submit your manuscript 17

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Zieseniss

Dove

F-actin

bar: 20 um

Figure 3 Immunofluorescence images of L929 fibroblasts cultured under normoxic (20% O,) and hypoxic conditions (1% O,).
Notes: There was an increase of F-actin in hypoxia. The third image shows a close-up of the dashed box in the second image. Green, F-actin; red, vinculin; blue,

deoxyribonucleic acid.

presumably adds to the increased motility of some cell lines
seen under hypoxic conditions.>*7*8% Wound healing occurs
in a relatively hypoxic environment. Balanced cell migration
within and adjacent to the hypoxic wound is an important
part of the repair process, and hypoxia-driven actin rearrange-
ment and cell motility could be a critical component of the
repair process. However, it is not possible to generalize that
increased actin filament content due to hypoxia undoubtedly
initiates cell migration. Depending on the cell type and culture
conditions, the increased amount of actin filaments together
with overall actin-filament reorganization can also diminish
cell movement in hypoxia.*

Summary and future directions

Although the role of hypoxia and HIF signaling for cytoskel-
etal dynamics is becoming increasingly evident, interpreta-
tion of the relation is immature, and additional information
is clearly essential to understand the interconnection. Based
on the current stage of knowledge, within the broad range of
actin-regulatory pathways and mechanisms, the Rho GTPases
take center stage in modulating actin dynamics in hypoxia.
Conflicting results exist with regard to Rho GTPase and
especially RhoA activation in hypoxia. However, consider-
able evidence exists that RhoA is activated during hypoxia,
and the data inconsistency might be explained by different
experimental setups, eg, hypoxic environment- and cell type-
dependent effects. Moreover, data point to a rapid activation
of Rho GTPases during hypoxia, and the brief time frame
of Rho activation might have been missed in some experi-
ments. In some reports, RhoA protein expression was ana-
lyzed but not RhoA activation. One big mystery is still how
the activity of Rho GTPases is regulated in hypoxia, and a
pressing challenge is to analyze the Rho GEFs, GAPs and
GDIs in hypoxia. Besides being regulated by Rho GTPases,
actin dynamics are also modulated by changes of the ECM
and the expression of actin-binding proteins during hypoxia.

This is partly achieved by HIF-1-dependent changes in the
expression profile of proteins. Also, the question of to what
extent HIF-1 and HIF-2 are involved in cytoskeletal dynamics
has not been analyzed in great detail, and even though there is
some indication that HIF-1o and HIF-2o have distinct roles
in actin modulation,* the details remain sketchy.

Defining the key molecular players, however, continues
to be challenging, as they differ according to the cell type
and the cell environment. Therefore, dissecting general
principles like stress fiber induction from more cell type-
dependent cytoskeletal effects helps to clear the picture of
the emerging interrelations between hypoxia and the actin
cytoskeleton.
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