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Clock controls angiogenesis
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Circadian thythms control multiple
physiological and pathological pro-
cesses, including embryonic development
in mammals and development of various
human diseases. We have recently, in a
developing zebrafish embryonic model,
discovered that the circadian oscilla-
tion controls developmental angiogen-
esis. Disruption of crucial circadian
regulatory genes, including Bmall and
Period2, results in marked impairment
or enhancement of vascular development
in zebrafish. At the molecular level, we
show that the circadian regulator Bmall
directly targets the promoter region of
the vegf gene in zebrafish, leading to
an elevated expression of VEGF. These
findings can reasonably be extended to
developmental angiogenesis in mam-
mals and even pathological angiogenesis
in humans. Thus, our findings, for the
first time, shed new light on mechanisms
that underlie circadian clock-regulated
angiogenesis.

Introduction

The light and darkness shift in our solar
system has generated a circadian system
in most invertebrate and vertebrate organ-
isms. The circadian system plays a central
role in regulation of almost all physiologi-
cal processes, particularly cellular activity
in various tissues and organs, leading to
circadian clock-dependent physiological
activity." Disruption of the circadian clock
system would not only affect the physi-
ological activity of an organism, but also
often leads to the onset, development and
progression of various diseases.” Many
human disorders have been associated
with circadian clock disruption, including
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3 stroke,?

cancer,” myocardial infarction,
obesity® and diabetes.°

In mammals, the retina receives light/
dark signals and transmits them to a cen-
tral pacemaker in the suprachiasmatic
nucleus (SCN) of the hypothalamus,
which, in turn, synchronizes individual
cellular clocks both in the brain and in
the periphery.” Synchronization and coor-
dination between the central nervous sys-
tem and peripheral tissues ensure that all
organs and tissues in the body act in con-
cert within the 24-h rhythmic cycle.® The
cellular clock in SCN neurons and other
neuronal cells consists of a transcriptional
feedback loop in which the central clock
transcription factor, brain and muscle
ARNT-like-1 (Bmall), heterodimerizes
with circadian locomotor output cycles
kaput (Clock) or neuronal PAS domain
containing protein 2 (NPAS2), to drive
expression via, in most cases, E-box ele-
ments of target genes, including mem-
bers of the Period and Cryptochrome
1 These genes could act as tran-
scriptional  repressors, inhibiting both
their own transcription and that of other
E-box-containing genes.!” This core cir-
cadian transcription/translation feedback
loop is strengthened by auxiliary loops
acting via retinoic acid receptor-related
orphan receptor elements (ROREs) and
D-boxes to establish circadian rhyth-
micity of the clock-controlled output
systems."?

Angiogenesis, the growth of new blood
vessels from the existing vasculature, is

families.

essentially required for all tissue growth
in mammals,”® and deregulated angio-
genesis contributes to the development of
a number of human disorders, including

cancer,'1® ophthalmological disorders,"
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Figure 1. Constant light exposure leads to
impaired developmental angiogenesis. Trans-
genic fliT:EGFP zebrafish embryos expressing
GFP in endothelial cells were exposed to
either 12 h light/dark cycles (LD), constant
dark (DD) or constant light (LL) from 1 h post-
fertilization (hpf). Images of the vasculature
were obtained by confocal microscopy at
24-hpf, and representative images of the
intersegmental vessels (ISVs) are shown. It is
clear that ISV development is impaired in LL
compared with LD and DD. The lines indicate
the height of the ISV vessels. The white scale
baris 50 pm.

cardiovascular diseases”” and metabolic
disorders, such as obesity'® and diabetes.”
During embryonic development, the vas-
culature is formed via two main processes,
angiogenesis—i.e., sprouting of new cap-
illaries from existing vessels—and vascu-
logenesis—i.e., de novo formation of the
initial vascular system.?® Both angiogen-
esis and vasculogenesis are regulated by
multiple angiogenic factors and cytokines
that display overlapping and yet distinct
functions on various cell types in the ves-
sel wall and luminal endothelial cells.?"*
Although the process of angiogenesis is a
relatively well-studied process, the role of
the circadian clock in controlling vascular
development has not been studied. In one
of our recent publications,” we, for the
first time, show that key circadian clock
genes including Bmall and Period2 are
involved in regulation of vascular devel-
opment in developing zebrafish embryos.
The underlying mechanism of the cir-
cadian-regulated developmental angio-
genesis involves modulation of VEGF
expression in this fish model.”
these key clock genes also exist in mam-

Since

mals, including humans, our findings can
be reasonably expanded to mammalian
embryonic development and even to path-
ological angiogenesis in human diseases.
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Figure 2. Bmal1 or Period2 deficiency led

to opposing effects on developmental
angiogenesis. Transgenic fli1:EGFP zebrafish
embryos expressing GFP in endothelial cells
were injected with 0.2 picomole of scrambled
control or specific Bmal1 or Period2 morpho-
lino at 15 min post-fertilization. Images of
the vasculature were obtained by confocal
microscopy at 24-hpf, and representative
images of the ISVs are shown. It is clear that
Bmal1l morpholino injection lead to impaired
ISV development, whereas Period2 morpho-
lino injection lead to enhanced ISV develop-
ment compared with scrambled control mor-
pholino injected embryos. The lines indicate
the height of the ISV vessels. The white scale
baris 50 pm.

Impairment of Developmental
Angiogenesis by Disruption of the
Circadian Rhythm

To study the role of the circadian clock in
regulation of developmental angiogenesis,
we took the advantage of using transgenic
zebrafish in our studies. We were particu-
larly interested in developing an in vivo
system, in which angiogenesis could be
kinetically studied without mechani-
cal disruption. To achieve this goal, we
chose zebrafish embryos as a model sys-
tem for the following reasons: (1) it has
been long known that zebrafish have a
well-developed circadian clock system;
(2) the genetic information of zebrafish
is completely known; (3) genetic inter-
ference of a given gene function can be
achieved by the well-established morpho-
lino technology; (4) a transgenic strain
of zebrafish expressing enhanced green
fluorescent protein (EGFP) specifically
in vascular endothelial cells, Flil:EGFP,
is available; (5) vascular development in
zebrafish embryos occurs fast, and the
experimental turnover rate is relatively
short; (6) it is a relatively inexpensive to
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use the zebrafish model; (7) zebrafish has
diurnal physical activity that recapitu-
lates human diurnal activity and thus is
clinically relevant; (8) genes involved in
the regulation of the circadian clock are
highly homologous to those in humans;
(9) zebrafish embryos are transparent in
nature and vascular development can be
easily monitored in living embryos with-
out scarification; and (10) it is known that
most cells in zebrafish embryos respond to
light-dark cycles. Based on these advan-
tages, we studied regulation of zebrafish
developmental angiogenesis by the circa-
dian clock. In the initial experiments, we
exposed Flil:EGFP zebrafish embryos to
12 h light/12 h dark (LD), constant light
(LL) or constant dark (DD) environ-
ments. Surprisingly, exposure of zebrafish
embryos to LL resulted in retarded angio-
genesis of intersegmental vessels (ISVs)
(Fig. 1) compared with those exposed
in LD and DD. In contrast to LL, DD
exposure did not significantly alter ISV
growth.” These findings suggested to us
that disruption of the circadian rhythm
might modulate developmental angiogen-
esis in zebrafish embryos.

Opposing Effects of Bmal1 and
Period2 in Regulation of
Angiogenesis

Since DD and LL exposure could lead to
differential expression of various circadian
clock genes, we then investigated mRNA
expression levels of a couple of key cir-
cadian regulators, including Bmall and
Period2. Markedly, Period2 expression was
substantially elevated during LL exposure,
whereas Bmall appeared to be downregu-
lated.” To delineate the functions of these
two clock gene functions, we used the mor-
pholino technique to specifically interfere
with Bmall or Period2 functions in devel-
oping zebrafish embryos. Interestingly,
inhibition of Bmall function by its spe-
cific morpholino resulted in marked
suppression of ISV growth in zebrafish
embryos (Fig. 2). Surprisingly, injection
of Period2 morpholino into developing
zebrafish embryos led to accelerated rather
than decreased ISV development (Fig. 2).
These findings demonstrate, for the first
time, that the circadian clock plays a major
role in regulation of vascular development
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in zebrafish embryos, and that Bmall and
Period2 might display opposing functions
in modulation of angiogenesis.

Bmal1 Modulates
VEGF-Dependent Angiogenesis

Since Bmall is critically involved in the
circadian clock-regulated angiogenesis,
we next studied the signaling system that
mediates Bmall-regulated angiogenesis.
VEGEF is known as one of the key factors
in modulation of developmental angio-
genesis in zebrafish.*** Indeed, VEGF
expression levels in zebrafish embryos
also exhibited a circadian rhythm, which
was well coordinated with Bmall expres-
sion levels. Similar to the Bmall rhythmic
pattern, LL exposure nearly completely
impaired the rhythmic expression pat-
tern of zebrafish VEGFE. We analyzed
the promoter region of the zebrafish Vegf
gene and revealed the existence of several
potential Bmall-binding E-boxes. We
showed that Bmall directly binds to the
promoter region of the Vegfgene and con-
trols the promoter activity. Interestingly,
deletion of these E-boxes in the promoter
region of the zebrafish Vegf gene results
in inactivation of the promoter activity.”
These findings demonstrate that Bmall
transcriptionally targets VEGF to regulate
its expression levels that exhibit the circa-
dian rhythmic pattern.

Circadian Clock Modulates Notch
Signaling-Mediated Angiogenesis

It is known that the Notch signaling sys-
tem reciprocally and intimately interacts
with the VEGF signaling pathway for vas-
cular development in embryos.?>?¢ Similar
to VEGF-defective mice, deletion of only
one allele of the D//4 (a Notch ligand) gene
resulted in a haploinsufficient phenotype,
where the embryos die during develop-
ment owing to vascular defects.””*® The
Notch signaling is required for prevention
of undirected vascular sprouting in angio-
genic vessels.”’?* We used three indepen-
dent approaches to study the role of the
notch signaling system in relation to the
circadian clock in regulation of develop-
mental angiogenesis: (1) administration of
DAPT, a vy-secretase inhibitor, to zebraf-
ish embryos results in the formation of
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high-density vascular networks and exces-
sive vascular sprouts; (2) delivery of a mor-
pholino specifically targeting recombining
binding protein suppressor of hairless (rbp-
suh) leads to excessive angiogenesis; (3)
genetic deletion of mind-bomb, a ubiquitin
ligase, required for mediating the Notch
signaling also results in an enhanced
angiogenic phenotype. However, deliv-
ery of the Bmall morpholino to zebrafish
embryos significantly reduced the Notch
inhibition-induced angiogenesis.® It is
likely that inhibition of Bmall would sig-
nificantly reduce the expression level of
VEGEF as one of its target genes.

Conclusion Remarks and
Perspectives

The circadian clock system has been
known to regulate multiple physiological
and pathological processes in mammals.
Our present study presents one of the first
examples that the circadian clock plays a
crucial role in regulation of developmental
angiogenesis, which is essential for devel-
opment of multiple tissues and organs in
embryos. One of the most intriguing find-
ings in our study is that expression levels of
VEGTF, as one of the key angiogenic factors,
also exhibit a circadian rhythm. Indeed,
VEGEF is a direct transcriptional target
of Bmall and is essentially involved in
modulating the circadian clock-regulated
developmental angiogenesis. Despite the
existence of obvious vascular phenotypes
in clock-disrupted zebrafish embryos, the
development of zebrafish does not seem
to be affected by defective angiogenesis.
One possible explanation is that develop-
ing embryos have a robust compensatory
mechanism against defective angiogen-
esis.®** Indeed, vasculogenesis is another
major process of neovascularization dur-
ing embryogenesis and the role of the
circadian clock in regulation of vasculo-
genesis remains uncharacterized. Another
possibility is that early embryos have an
extremely high tolerance to hypoxia.?>%
Reduction of blood vessels by disruption of
the circadian clock might not lead to major
developmental defects.

Although our findings have been
obtained from zebrafish, they can reason-
ably be extended to mammals, especially
humans, as the circadian clock genes are
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conserved and play crucial roles in regula-
tion of multiple physiological processes in
humans. It is also likely that the circadian
clock controls pathological angiogenesis,
such as tumor angiogenesis. Since VEGF
is involved in the onset, development and
progression of various human disorders

such as cancer,??®

ophthalmological dis-
orders,? cardiovascular disease® and obe-
sity,'®" it is highly plausible that circadian
clock-regulated VEGF expression levels
are involved in pathological angiogenesis
in these common and lethal human dis-
eases. Thus, targeting the circadian clock-
regulated angiogenic pathway would, in
principle, provide a therapeutic option
for treatment of these common human
diseases.
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