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The cell’s ability to sense and respond to DNA damage is critical to maintain homeostasis and prevent the
development of cancer. Paradoxically, Economopoulou et al. recently reported that a DNA damage response
protein, H2AX, promotes tumor growth and angiogenesis.

The DNA damage response pathway is
crucial to maintaining genomic stability
and cellular homeostasis. Toxic DNA
lesions such as DNA double-strand breaks
(DSBs) are frequently generated by endog-
enous sources, including the byproducts of
metabolism, e.g., reactive oxygen species
(ROS), spontaneous depurination of DNA
strands, and replication fork collapse.
Exogenous agents such as chemicals,
ultraviolet radiation, and ionizing radiation
also contribute to the formation of DSBs.
Importantly, the inability to repair DSBs
can result in genomic instability, cell death,
and cancer (Fillingham et al., 2006).
Immediately following the generation of
a DSB, a highly conserved DNA damage
response pathway is activated to halt
cell-cycle progression and repair the
lesion. The molecular response to DNA
damage begins with the recognition of
the DSB followed by the activation of
phosphatidyl inosital-3-kinase-like kinase
family members ATM, ATR, and DNA-PK.
Once activated, these kinases phosphor-
ylate a number of effector molecules
that regulate cell-cycle progression, DNA
damage repair, and apoptosis. Histone

H2AX is an important effector of the
DNA damage response pathway that
recruits DSB break recognition and repair
proteins to the break (Bonner et al., 2008).

Consistent with a role for H2AX in DNA
damage responses, recent studies have
suggested that H2AX may function as a
tumor suppressor. The chromosomal
region (11g23) harboring H2AX is mutated
or deleted in a variety of human cancers,
including leukemia, breast, and head and
neck cancers (Bonner et al.,, 2008). In
addition, genetic inactivation of H2AX
results in increased tumor burden in
p53-deficient mice (Bassing et al., 2003).

Unexpectedly, a recent study in Nature
Medicine has revealed a positive role for
H2AX in tumorigenesis. Economopoulou
et al. demonstrate that genetic inactiva-
tion of H2AX is sufficient to suppress
tumor angiogenesis and growth in xeno-
graft models (Economopoulou et al.,
2009). Moreover, the authors demon-
strate that specific inactivation of H2AX
in endothelial cells similarly suppressed
tumor angiogenesis and growth, indi-
cating that H2AX and the DNA damage
response in endothelial cells (ECs) play

significant roles in tumor angiogenesis.
Because hypoxia plays a critical role in
the induction of tumor angiogenesis and
has been previously shown to activate
H2AX (Bencokova et al., 2009; Hammond
et al., 2003), the authors examined the
contribution of hypoxia to H2AX activation
in ECs. In vitro studies revealed that
hypoxia is sufficient to induce H2AX
phosphorylation (y-H2AX) and H2AX-
dependent EC proliferation. Furthermore,
the authors provide strong genetic data
demonstrating a role for H2AX in
additional models of hypoxia-induced
neovascularization, including pathologic
proliferative retinopathy and hind limb
ischemia (Economopoulou et al., 2009).
Together, these findings demonstrate
that H2AX is an important component of
hypoxia-induced angiogenesis and raise
important questions regarding the mech-
anisms of H2AX-induced angiogenesis.
v-H2AX may be induced in hypoxic
ECs through replicative stress. Recent
studies haveidentified hypoxiaas aunique
cellular stress that has the capacity to
activate the DNA damage response
pathway through damage-independent
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mechanisms. Indeed, we
found that severe hypoxia
(0.02% oxygen) is sufficient to
activate ATR and subsequent
H2AX phosphorylation in the
absence of DNA breaks (Ben-
cokovaetal.,2009; Hammond
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et al,, 2003). In this setting,
activation of ATR is thought
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DNA-binding protein RPA,
indicating that the accumula-
tion of single-stranded DNA
may be responsible for H2AX
phosphorylation in hypoxic
endothelial cells. Whether
these findings can be extra-
polated in vivo requires further
investigation. It is important
to note that the in vivo
models used in this study
include subcutaneous-im-
planted tumors, pathologic
proliferative retinopathy, and
hind limb ischemia, which
induce hypoxia and ischemia/
reperfusion. In tumors, cellular
ischemia/reperfusion occurs
as a result of heterogeneous
blood flow due to the ir-
regularity of vessels (Brown
and Giaccia, 1998). It is clear
that reoxygenation, through
the production of ROS, can
induce significant levels of
DNA damage and DNA
damage repair (Hammond et al., 2003).
Interestingly, the production of ROS
following ischemia/reperfusion has also
been linked to angiogenesis (Maulik,
2002). Whether reoxygenation and ROS
contribute to H2AX-mediated angiogen-
esis remains to be determined. Under-
standing the mechanism(s) of H2AX
phosphorylation during hypoxia-induced
angiogenesis will aid in the identification
of new therapeutic targets for the inhibition
of angiogenesis.
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Additionally, understanding the molec-
ular mechanisms by which H2AX regu-
lates hypoxia-induced angiogenesis will
aid in elucidating the role of the DNA
damage response pathway in angiogen-
esis. The authors hypothesized that
H2AX, through its DNA repair function,
would play an important role in maintain-
ing EC proliferation during hypoxia-
induced neovascularization. In support
of this hypothesis, H2AX inactivation
significantly reduced EC proliferation
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Figure 1. Hypoxia-Inducible Transcription Factors and y-H2AX Are
Mediators of Hypoxia-Induced Angiogenesis
Hypoxia-inducible transcription factors (HIF-1 and HIF-2) are central media-
tors of hypoxia-induced angiogenesis. HIF activity is induced during hypoxia
through the inhibition of oxygen-dependent proteasomal degradation.
Prolyl-4-hydroxylase (PHD) enzymes utilize molecular oxygen as a substrate
to hydroxylate and target HIF for proteasomal degradation. Under hypoxia,
HIF-1 and HIF-2 are stabilized and activate the expression of proangiogenic
genes, including Angiopoietin 1 (ANG-1); Angiopoietin 2 (ANG-2); Plasminogen
activator inhibitor-1 (PAI-1); platelet-derived growth factor-B (PDGF-B); and
vascular endothelial growth factor (VEGF).
Economopoulou et al. have revealed an important role for H2AX in hypoxia-
induced angiogenesis. H2AX activity can be induced under hypoxia through
ATR- and ATM-dependent mechanisms. Under hypoxia, ATR phosphorylates
H2AX in response to the accumulation of single-stranded DNA at stalled repli-
cation forks. Additionally, ATM phosphorylates H2AX in response to DSBs
generated by ROS during reoxygenation. Economopoulou et al. demonstrate
that H2AX is important for maintaining endothelial cell proliferation under
hypoxic conditions.
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under hypoxic conditions.
Moreover, H2AX deficiency
was associated with de-
creased endothelial cell prolif-
eration in all in vivo models
that they tested. However, it
remains unclear whether the
DNA repair function of H2AX
is involved in the regulation of
EC proliferation and angio-
genesis under hypoxia. During
the DNA damage response,
H2AX recruits a number of
DNA repair factors, including
NuA4, INO80, SWRC, MCPH1,
BRCA1, CHK1, NBS1, and
cohesin (Bonner et al., 2008).
If H2AX repair function is
involved in hypoxia-induced
angiogenesis, one would hy-
pothesize that downstream
signaling proteins may also
contribute to angiogenesis.
Regardless of the mecha-
nistic details, Economopoulou
et al. have identified a novel
role for histone H2AX in
hypoxia-triggered angiogen-
esis. These findings suggest
that, in addition to the tran-
scriptional induction of proan-
giogenic gene expression,
hypoxia can also influence
angiogenesis through alter-
nate routes such as the DNA
repair pathway (Figure 1).
Given the central role for
hypoxia-inducible transcrip-
tion factors (HIF-1 and HIF-2)
in the cellular response to
hypoxia (Maxwell and Rat-
cliffe, 2002), it will be important
to determine whether the
hypoxic regulation of H2AX
activity is also HIF dependent.
The findings outlined in this
study have important clinical
implications for human disease, as aber-
rant activation of angiogenesis contributes
to many pathologic conditions, including
cancer, proliferative retinopathies, and
inflammatory disorders (Carmeliet, 2005).
An intriguing finding from this study is
that pathological, but not developmental,
hypoxia-driven angiogenesis is regulated
by H2AX. This implies that either the activa-
tion of H2AX or the role of H2AX in angio-
genesis differs between these states.
Elucidating the molecular mechanisms of
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H2AX activation and H2AX-mediated
angiogenesis will aid in the development
of novel angiogenic inhibitors.
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Androgen receptor (AR) continues to play a central role in prostate cancers that relapse after androgen depri-
vation therapy, but these tumors are refractory to available AR antagonists. In a recent issue of Science, Tran
et al. describe an antagonist that prevents AR recruitment to chromatin and shows efficacy in relapsed pro-

state cancer.

Androgen receptor (AR) plays a central role
in prostate cancer (PC) development and
progression. The unliganded AR is inactive
and associates with an Hsp90 chaperone
complex, which maintains AR in a confor-
mation competent to bind androgen
(testosterone or the higher-affinity dihy-
drotestosterone, DHT). Androgen binding
moves helix 12 in the ligand-binding
domain (LBD) to the proximity of helices
3, 4, and 5 and generates a hydrophobic
cleft that initially binds a peptide sequence
(FQNLF)inthe AR N terminus (Figure 1). AR
subsequently homodimerizes and binds to
androgen-responsive elements (AREs) in
androgen-regulated genes, where it initi-
ates recruitment of multiple transcriptional
coactivator proteins that interact both with
the N-terminal domain and the hydro-
phobic cleft generated by helices 3, 4, 5,
and 12. This latter interaction is mediated
by the LxxLL motif found in many coactiva-
tor proteins, which presumably displace

the FQNLF peptide. AR antagonists
currently in clinical use (bicalutamide, flu-
tamide, and nilutamide) compete with
androgens for the ligand-binding pocket
but displace helix 12 and prevent formation
of the coactivator-binding cleft. Signifi-
cantly, these antagonist-liganded ARs still
weakly bind to AREs but fail to effectively
recruit coactivator proteins via the LxxLL
motif (Masiello et al., 2002). Moreover,
they may have enhanced recruitment of
corepressor proteins (NCoR and SMRT),
which contain extended LxxLL-like motifs
(CoRNR boxes) that interact with helices
3,4, and 5.

Suppression of testicular androgen pro-
duction by surgical castration or admin-
istration of LHRH agonists (medical cas-
tration), termed androgen deprivation
therapy (ADT), has been the standard
systemic treatment for recurrent and/or
metastatic PC since 1941. Unfortunately,
though most patients initially respond,

they invariably relapse with aggressive
PC that has been termed hormone-refrac-
tory, androgen-independent, or castra-
tion-resistant/recurrent PC (CRPC). Sub-
sequent studies indicated that these
tumors were still, to some extent, an-
drogen responsive, as further suppression
of residual androgen by adrenalectomy
or hypophysectomy led to objective
responses (tumor shrinkage) in about
one-third of CRPC patients and symptom-
atic improvement in the majority of
patients (Mahoney and Harrison, 1972).
These responses suggested that more
complete AR blockade by castration in
combination with AR antagonists (com-
bined androgen blockade, CAB) may be
more effective than castration alone and
led to a series of clinical trials that
combined castration with available AR
antagonists, but these showed only a
very small survival advantage over castra-
tion monotherapy.
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