
peripheral and/or central, the pain may be
limited to musculoskeletal and cutaneous
hyperalgesia alone or in combination with
inflammatory and neuropathic pain. At the
pharmacologic level, hyperalgesia in BERK
and hBERK1 mice was attenuated by mor-
phine and cannabinoid agonists. This find-
ing implies that the use of medicinal canna-
binoids may play an important role in the
management of sickle cell pain similar to
their reported role in the management of
other types of pain.8,9 Used in combination
with opioids, cannabinoids may decrease the
amount of opioids needed to achieve ad-
equate pain relief.

Another novel aspect of this study is the
surprising similarity between the homozygous
BERK and hemizygous hBERK1 mice. This
is unlike persons with sickle cell trait who are
asymptomatic under normal conditions. The
reasons for this similarity between the 2 types
of mice are unknown and require further fu-
ture studies.

Some of the findings in this study pro-
vide welcome explanations for some of the
perplexing observations in patients with
sickle cell anemia. We and others, for ex-
ample, reported that some hospitalized pa-
tients with acute painful crises become re-
fractory to treatment with opioids about 3 or
4 days after admission and continue to have
severe pain despite the administration of
high doses of opioids.3,10 With no good ex-
planation for this phenomenon, some pro-
viders attributed it to maladaptive behavior.
It is interesting that the study by Kohli et al
found decreased expression of mu opioid
receptors in both BERK and hBERK1
mice.1 This is a possible explanation for the
observed refractoriness to opioids in some
patients who may benefit from the use of
medicinal cannabinoids. It is unfortunate
that so many of the presumed maladaptive
behaviors of patients with sickle cell disease
have had a plausible explanation later on.
Thus, addiction turned out to be pseudo-
addiction in many patients resulting from
undertreatment of pain. Drug-seeking be-
havior turned out to be pain relief–seeking
behavior resulting from tolerance and hy-
peralgesia. Refractoriness to opioids, if con-
firmed in patients, seems to be caused by
decreased mu opioid receptors during acute
painful episodes.

The present findings are of both basic and
clinical value that will facilitate further transla-

tional research. Finally, we have an excellent
animal model that opens the sluice gates to
probe new avenues for understanding and
treating sickle cell pain.
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NF-�B–induced chromatin remodeling
regulates angiogenesis
----------------------------------------------------------------------------------------------------------------

Doruk Keskin and Raghu Kalluri HARVARD MEDICAL SCHOOL

In this issue of Blood, Aurora and colleagues identify a novel mechanism for the
inhibition of angiogenesis by PEDF and TSP1, mediated via chromatin remodel-
ing and transcriptional regulation by NF-�B.1

Angiogenesis, formation of new vessels
from preexisting ones, occurs both in

physiologic and pathologic settings including
tumor growth. There is a yet unproven hy-
pothesis that in the physiologic nonangiogenic
state, an equilibrium between endogenous
antiangiogenic and proangiogenic molecules
maintains the “angiogenic balance,” while in
conditions such as cancer, an increased secre-
tion of proangiogenic molecules shifts this
balance to favor an angiogenic phenotype.2,3

While our knowledge of how proangiogenic
molecules function has increased in the past
few years, the mechanism of action associated
with endogenous angiogenesis inhibitors is
still largely unknown. Aurora et al address this
unanswered question in this report.1

NF-�B is a transcription factor that can
participate in both activation and repression of
transcription. This is achieved in part by its
interactions with histone deacetylases
(HDACs) or histone acetyl transferases

(HATs),4 which are major mediators of chro-
matin remodeling. NF-�B plays a dual role in
cancer. It is speculated to have dose-
dependent apoptotic or proliferative effects on
cancer cells. Additionally, it can promote an-
giogenesis through induction of survival of
endothelial cells and secretion of angiogenic
factors by cancer cells.4,5 However, emerging
evidence indicates that NF-�B signaling in
endothelial cells induces apoptosis, leading
into inhibition of angiogenesis.6 In this study,
Aurora et al show that endogenous antiangio-
genic molecules pigment-epithelium– derived
factor (PEDF) and thrombospondin-1 (TSP1)
activate NF-�B, through the canonical path-
way via phosphorylation and degradation of
NF-�B inhibitor I�B, eventually leading into
apoptosis of endothelial cells. It is also identi-
fied that TSP1 and PEDF regulate NF-�B to
reduce the ability of endothelial progenitors to
assume an endothelial morphology and serve
to influence the angiogenic phenotype. These
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provocative observations should be pursued
further in the future. The evidence for the
involvement of NF-�B in the action of PEDF
is strong,7 whereas TSP1 is thought to also act
via integrins, integrin-associated protein, or
other matrix remodeling molecules.8 While
this study provides definitive in vitro and in
vivo evidence that NF-�B signaling is re-
quired for the apoptotic effect of PEDF on
endothelial cells, such stringent assessment
remains to be performed for TSP1 and other
endogenous angiogenesis inhibitors. Such
studies will offer crucial insight into a possible
common mechanism of action for all endoge-
nous angiogenesis inhibitors.

As a consequence of its release from I�B,
NF-�B localization to nucleus increases and it
is recruited to its target promoters including
those of FasL and cFLIP. While FasL is a
proapoptotic molecule, cFLIP is a survival
factor. Interestingly, Aurora et al demonstrate
that NF-�B acts as an activator of transcrip-
tion of FasL, but functions as a repressor of
cFLIP promoter. At the levels of FasL pro-
moter, NF-�B acts to recruit p300 HAT,
which is associated with an increase in acety-
lated histone H3. On the other hand, on the
cFLIP promoter, it likely competes with the
binding of NFATc2 transcription factor and
displaces it. As NFATc2 drives expression of
cFLIP, this results in the inhibition of cFLIP
transcription. This group previously identi-
fied that PEDF reduces cFLIP expression via
inhibition of NFATc2.9 Here, they provide
novel evidence that indicates NF-�B is re-
quired in this pathway to displace NFATc2.
Furthermore, NF-�B recruits HDAC1 to the
cFLIP promoter and reduces the recruitment
of p300 HAT, leading to a decrease in histone
H3 and H4 acetylation. The basis of this dual
action of NF-�B and how it specifically in-

duces opposite effects at 2 different promoters
needs further investigation. The authors ob-
serve that inhibition of NF-�B signaling in
endothelial cells treated with vascular endo-
thelial growth factor alone, in the absence of
any antiangiogenic molecule treatment, also
reduces cFLIP levels, suggesting that NF-�B
up-regulates the transcription of cFLIP in the
absence of any antiangiogenic signal. While
more work needs to be done, this initial identi-
fication of a dual role for NF-�B in the context
of proangiogenesis and antiangiogenesis is a
striking finding.

Aurora et al also provide a therapeutic per-
spective in their report. Upon identification
that NF-�B induced by PEDF regulates
HATs and HDACs, they next assess whether
HDAC inhibitor drugs such as SAHA or val-
proic acid can in combination with PEDF in-
duce synergistic antiangiogenesis effect. This
is particularly intriguing because HDAC in-
hibitors were previously shown to induce inhi-
bition of angiogenesis.10-12 The present find-
ings of Aurora et al seem to partially argue
against these previous reports. The authors
demonstrate here that HDAC activity is im-
portant for PEDF-mediated inhibition of an-
giogenesis via repression of cFLIP. To the
contrary, HDAC inhibition mediated via his-
tone acetylation of the FasL promoter would
be expected to augment PEDF’s effect. The
authors attempt to address this contradiction
by identifying that HDAC inhibitors have
dose-dependent effects on angiogenesis when
used in combination with PEDF. At high
doses, they cause an up-regulation of cFLIP,
which leads to a proangiogenic effect, whereas
at low doses they enhance PEDF’s effect lead-
ing to an antiangiogenic effect. Although the
molecular basis for this observation was not
elucidated, the authors do identify a potential

role for HDAC inhibitors in regulating
NF-�B acetylation, which, in turn, is thought
to be important for its antiangiogenesis
activity.

Collectively, in this study, Aurora et al
provide novel insights regarding the role of
NF-�B–mediated angiogenesis inhibition by
PEDF and TSP1. This study offers a novel
insight into the role of NF-�B and chromatin
remodeling in angiogenesis regulation and
how its dual role as a transcriptional activator
and repressor may maintain the angiogenesis
balance in physiologic states. Further elabora-
tion on these observations will lead to a better
design of combination therapeutic strategies to
control angiogenesis in various pathologic states.
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The endogenous angiogenesis inhibitor, PEDF, acts via NF-�B signaling to induce apoptosis of endothelial
cells. NF-�B upregulates proapoptotic FasL expression by recruiting p300 HAT, causing histone acetylation. It
also down-regulates prosurvival cFLIP by displacing NFAT and recruiting HDAC, causing histone deacetylation.
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