JIB

parenchymal and stromal cells in response to tissue stress or
malfunction, thereby leading to functional maladaptation and
tissue remodeling [12]. Recent studies have demonstrated that
obese adipose tissue is characterized by adipocyte hypertrophy,
followed by increased angiogenesis, immune cell infiltration,
extracellular matrix overproduction, and thus, increased pro-
duction of proinflammatory adipocytokines during the pro-
gression of chronic inflammation (Fig. 1) [1, 2, 13, 14]. This
is reminiscent of the chronic inflammatory responses in ath-
erosclerotic vascular walls, termed vascular remodeling, which
is mediated through complex interactions among vascular en-
dothelial cells, vascular smooth muscle cells, lymphocytes, and
monocyte-derived macrophages (Fig. 1) [4]. Thus, the dy-
namic change seen in obese adipose tissue can be referred to
as adipose tissue remodeling, in which stromal cells change
dramatically in number and cell type during the course of
obesity (Fig. 1). Given the multifunctional roles in a variety of

biological contexts, among stromal cells, macrophages should
play a central role in adipose tissue remodeling. In this regard,
adipose tissue remodeling may be viewed as chronic inflamma-
tion that involves adipocyte hypertrophy, macrophage infiltra-
tion, and adipocyte-macrophage interaction (Fig. 2).

ADIPOSE TISSUE MACROPHAGE
INFILTRATION

A previous study with bone marrow transplantation demon-
strated that most macrophages in the adipose tissue are de-
rived from the bone marrow [7]. In this regard, increased ex-
pression of chemokines in obese adipose tissue has been impli-
cated in the control of monocyte recruitment to the adipose
tissue. There is considerable evidence for the pathophysiologic
role of the MCP-1/CCR2 pathway in macrophage infiltration
into obese adipose tissue {Fig. 2, (ii) [15-18]}. Weisberg et al.
[15] reported the attenuation of macrophage accumulation
and chronic inflammation in the adipose tissue from mice
lacking CCR2 (CCR2™/~ mice) during a high-fat diet. More-

Figure 1. Adipose tissue remodeling. Obesity-induced adi-
pose tissue inflammation is characterized by adipocyte hy-
pertrophy, followed by increases in angiogenesis, immune
cell infiltration, extracellular matrix overproduction, and
thus, increased production of proinflammatory adipocyto-
kines, which can be referred to as “adipose tissue remodel-
ing.” This is similar to chronic inflammatory changes and
tissue remodeling in atherosclerotic vascular walls termed
“vascular remodeling,” which is mediated through com-
plex interactions among vascular endothelial cells, vascular
smooth muscle cells, lymphocytes, and monocyte-derived
macrophages.
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over, two previous studies with transgenic mice overexpressing
MCP-1 in the adipose tissue and MCP-1-deficient mice (MCP-
17/~ mice) showed that MCP-1 plays a role in the recruitment
of macrophages into obese adipose tissue [16, 17]. Through a
combination of a real-time horizontal chemotaxis assay in vitro
and bone marrow transplantation techniques in vivo, we have
also demonstrated that CCR2 expressed in bone marrow cells
is involved in macrophage infiltration into obese adipose tissue
[18]. In addition to the MCP-1/CCR2 pathway, there are sev-
eral reports suggesting the potential involvement of other che-
motactic factors in obesity-induced macrophage infiltration
[19, 20]. For instance, recent evidence suggested the role of
osteopontin, angiopoietin-like protein 2, and CXCL14 [19-
21]. Importantly, inhibition of macrophage infiltration into
obese adipose tissue through genetic and/or pharmacologic
strategies improved the dysregulation of adipocytokine produc-
tion, thereby leading to the amelioration of obesity-induced
adipose tissue inflammation and insulin resistance. Under-
standing the molecular mechanisms underlying increased mac-
rophage infiltration into obese adipose tissue may lead to the
identification of novel, adipocyte-derived chemokine(s) and
even therapeutic strategies to prevent or treat obesity-induced
adipose tissue inflammation.

y

ADIPOCYTE HYPERTROPHY AND
INFLAMMATORY CHANGES

To understand how macrophages are recruited into obese adi-
pose tissue, it is important to know the molecular mechanism
underlying increased production of chemokines in the early
stages of obesity. Recent studies have demonstrated that multi-
ple intracellular signaling pathways are activated in adipocytes
during the course of adipocyte hypertrophy in vitro and in
obese adipose tissue in vivo {Fig. 2, (i) [1-3]}. For instance,
MAPKs, such as ERK, p38 MAPK, and JNK, are activated in a
variety of cellular processes including adipocyte differentiation
and hypertrophy [22-24]. Once activated by the upstream ki-
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Figure 2. Molecular mechanism underlying adipose tis-
sue inflammation. In the early stages of obesity, adipo-
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bolic stresses such as ER stress, hypoxia, and oxidative
stress and down-regulation of MKP-1 are involved in the
induction of inflammatory changes in adipocytes during
the course of adipocyte hypertrophy. In the advanced
stages of obesity, there are various kinds of stromal im-
mune cells such as neutrophils, T lymphocytes, and
macrophages, which infiltrate into obese adipose tissue
(ii) and thus, enhance the inflammatory changes
through the crosstalk with parenchymal adipocytes (iii).
For example, the macrophage-derived TNF-«a induces
the release of saturated fatty acids from adipocytes via
lipolysis, which in turn, induces inflammatory changes
in macrophages via TLR4. Such a paracrine loop be-
tween adipocytes and macrophages constitutes a vicious
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cycle, thereby accelerating further adipose tissue inflam-
mation. Recent evidence has also pointed to the hetero-
geneity of adipose tissue macrophages; i.e., M1 or “clas-
sically activated” (proinflammatory) macrophages and

M2 or “alternatively activated” (anti-inflammatory) mac-

rophages. Infiltrated macrophages exhibit a phenotypic change from M2 to M1 polarization in obese adipose tissue, thereby accelerating

adipose tissue inflammation. TNF-R, TNF-a receptor.

nases, e.g., MEK, MAPKs are inactivated rapidly by a family of
protein phosphatases such as MKP-1, an inducible dual-speci-
ficity phosphatase [25, 26]. We have demonstrated that down-
regulation of MKP-1 is critical for increased production of
MCP-1 during the course of adipocyte hypertrophy [27]. On
the other hand, Ozcan et al. [28] reported that obesity is asso-
ciated with the induction of ER stress, predominantly in the
adipose tissue and liver, and suggested that ER stress plays a
critical role in obesity-induced adipose tissue inflammation. In
this regard, Hosogai et al. [29] reported hypoxia-induced ER
stress in obese adipose tissue, which is involved in the dysregu-
lation of adipocytokine production. Moreover, Furukawa et al.
[30] also showed that reactive oxygen species production is
increased in parallel with adipocyte hypertrophy and that oxi-
dative stress induces the dysregulation of adipocytokine pro-
duction. It is interesting to investigate how such multiple intra-
cellular signaling pathways are integrated during the course of
adipocyte hypertrophy and/or in the early stages of obesity.

PARACRINE LOOP BETWEEN
ADIPOCTYES AND MACROPHAGES

Once infiltrated into the adipose tissue in the advanced stages
of obesity, macrophages participate in the inflammatory path-
ways that are activated in obese adipose tissue [1, 2]. Using an
in vitro coculture system composed of adipocytes and macro-
phages, we have demonstrated that a paracrine loop involving
saturated fatty acids and TNF-a derived from adipocytes and
macrophages, respectively, establishes a vicious cycle that aug-
ments the inflammatory changes; i.e., marked up-regulation of
proinflammatory adipocytokines, such as MCP-1 and TNF-q,
and significant down-regulation of anti-inflammatory adiponec-
tin {Fig. 2, (iii) [31]}. As the coculture-induced dysregulation
of adipocytokine production is roughly parallel to that in
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obese adipose tissue in vivo, there may be an intimate crosstalk
between adipocytes and macrophages as a potential mecha-
nism that aggravates chronic inflammation in obese adipose
tissue. Indeed, TNF-a, which is derived mostly from infiltrated
macrophages in obese adipose tissue, acts on TNF-a receptor
in hypertrophied adipocytes, thereby inducing proinflamma-
tory cytokine production and adipocyte lipolysis via NF-kB-de-
pendent and -independent (possibly MAPK-dependent) mech-
anisms, respectively [31]. On the other hand, saturated fatty
acids thus released serve as a naturally occurring ligand for the
TLR4 complex, which is essential for the recognition of LPS to
induce NF-«B activation in macrophages [32, 33].

Evidence has accumulated, suggesting that TLR4 plays an
important role in obesity-induced adipose tissue inflammation
and systemic glucose and lipid metabolism in vivo [34-37]. As
TLR4 is expressed in macrophages more abundantly than in
adipocytes, it is likely that chronic inflammatory responses in-
duced by the interaction between adipocytes and macrophages
are largely mediated via TLR4 in macrophages. This discussion
is supported by a recent report by Saberi et al. [38] showing
that hematopoietic cell-specific deletion of TLR4 ameliorates
high-fat, diet-induced hepatic and adipose tissue insulin resis-
tance. It is, therefore, likely that inhibition of macrophages
activated by adipocyte-derived saturated fatty acids may offer a
unique, therapeutic strategy to prevent obesity-induced adi-
pose tissue inflammation. Given the antagonistic relationship
between saturated and n-3 polyunsaturated fatty acids such as
EPA [39], we have provided evidence that highly purified EPA
increases the otherwise reduced secretion of anti-inflammatory
adiponectin in obese adipose tissue, at least partly by inter-
rupting the vicious cycle created by adipocytes and macro-
phages [40].

The dysregulation of adipocytokine production, which is
induced by adipose tissue inflammation, may play a critical
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role in the pathophysiology of the metabolic syndrome and
atherosclerosis [1-4]. For instance, TNF-a, which is derived
mostly from macrophages, is increased in obese adipose tissue
[7, 8], and TNF-a-deficient mice are protected from obesity-
induced insulin resistance [41]. By contrast, adiponectin,
which is expressed exclusively in adipocytes, is markedly down-
regulated in obese adipose tissue [42, 43], and supplementa-
tion of adiponectin in obese mice effectively reverses insulin
resistance in the skeletal muscle and liver [42, 43]. On the
other hand, MCP-1 is derived from adipocytes and macro-
phages in obese adipose tissue [7, 8]. Overproduction of
MCP-1 in obese adipose tissue induces macrophage infiltration
into the adipose tissue, thereby aggravating adipose tissue in-
flammation [16, 17]. It also induces insulin resistance directly
in the skeletal muscle and liver, suggesting a role as an endo-
crine hormone [17, 44]. Finally, adipocyte-derived leptin acts
directly on the hypothalamus, where it regulates food intake
and energy expenditure [45, 46]. Several previous reports
demonstrated that vascular remodeling and tissue fibrosis are
markedly attenuated in leptin-deficient 0b/ob mice or leptin
signaling-deficient db/db mice [47-49]. However, the role of
leptin in adipose tissue inflammation still remains to be eluci-
dated.

PHENOTYPIC CHANGE OF ADIPOSE
TISSUE MACROPHAGES

Recent studies have pointed to the heterogeneity of macro-
phages infiltrated into obese adipose tissue; i.e., they follow at
least two different polarization states: M1 or classically acti-
vated (proinflammatory) macrophages, which are induced by
proinflammatory mediators such as LPS and Thl cytokine
IFN-y, and M2 or alternatively activated (anti-inflammatory)
macrophages, which are generated in vitro by exposure to Th2
cytokines such as IL-4 and IL-13 [50, 51]. Evidence has accu-
mulated indicating that macrophages exhibit the phenotypic
change from M2 to M1 polarization in obese adipose tissue,
thereby accelerating adipose tissue inflammation (Fig. 2) [50-
54]. Like LPS, saturated fatty acids, as an endogenous ligand
for the TLR4 complex, may contribute to the polarization of
infiltrated macrophages toward M1 during the interaction be-
tween adipocytes and macrophages.

Through a combination of cDNA microarray analysis of satu-
rated fatty acid-stimulated macrophages in vitro and obese adi-
pose tissue in vivo, we have identified recently ATF3, a mem-
ber of the ATF/CREB family of basic leucine zipper-type tran-
scription factors, as a target gene of saturated fatty acids/TLR4
signaling in macrophages in obese adipose tissue [55]. Trans-
genic overexpression of ATF3 in macrophages does not affect
adipocyte hypertrophy and macrophage infiltration in obese
adipose tissue in vivo [55]. Interestingly, mRNA expression of
M1 macrophage markers such as CD11c and TNF-« in macro-
phage-specific ATF3 transgenic mice is reduced significantly
relative to wild-type mice, although there is no significant dif-
ference in mRNA expression of M2 macrophage markers

(mannose receptor and arginase 1) between the genotypes
[55]. These findings, taken together, suggest that ATF3 acts as
a transcriptional repressor of saturated fatty acids/TLR4 signal-
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ing in macrophages, thereby representing a negative-feedback
mechanism that attenuates obesity-induced macrophage activa-
tion in obese adipose tissue.

Prior to macrophage infiltration at the site of chronic in-
flammation, M1 and M2 markers are detected in circulating
peripheral blood monocytes [56, 57]. Indeed, monocytes in
obese and/or obese type 2 diabetic patients show significantly
higher expression of M1 markers and lower expression of M2
markers relative to normal-weight controls [56]. The unbal-
anced M1/M2 phenotype of peripheral blood monocytes is
associated with impairment of several metabolic parameters
and arterial stiffness [56]. Interestingly, activation of the nu-
clear receptor, PPARYy by pioglitazone, a thiazolidinedione
class of insulin sensitizer, improves the unbalanced M1/M2
phenotype of monocytes [56, 57], which may contribute to its
antidiabetic and antiatherogenic effect. The above discussion
is consistent with recent observations that PPARy and PPARS
can stimulate M2 polarization of adipose tissue macrophages
and thus, systemic insulin sensitivity [52-54, 58]. On the other
hand, pioglitazone treatment improves the unbalanced
M1/M2 phenotype of adipose tissue macrophages in diet-in-
duced obese mice [59]. Moreover, a recent study suggests that
macrophage PPARY is required for full antidiabetic effects of
thiazolidinediones [60]. Collectively, phenotypic modulation
of adipose tissue macrophages may offer a novel, therapeutic
strategy to treat or prevent the progression of obesity-induced
complications such as diabetes and atherosclerosis.

OTHER IMMUNE CELLS

In addition to macrophages, other immune cells, such as neutro-
phils and NK cells, are increased in the adipose tissue during the
course of obesity (Fig. 2) [61, 62]. Similar to the sequence of
events that comprises acute inflammation, a transient increase in
neutrophil infiltration precedes macrophage infiltration in a
mouse model of diet-induced obesity [62], suggesting the role
of neutrophils in the initiation of the inflammatory cascade.
Recent evidence has also revealed a large number of T lym-
phocytes in the adipose tissue from lean and obese mice [63-
66]. For instance, the population of CD8" T cells in the SVF is
increased significantly early in the onset of obesity and contin-
ues to increase thereafter [63]. Of note, the increase in CD8%
T cells precedes the accumulation of adipose tissue macro-
phages [63], suggesting the role of CD8" T cells in the initia-
tion of adipose tissue inflammation. By contrast, the popula-
tion of CD4™ T cells and regulatory T cells is decreased in the
advanced stages of obesity [63-65]. Such imbalance of the T
cell subpopulation may play a role in the progression of obesity-
induced adipose tissue inflammation. On the other hand,
Moro et al. [67] have reported recently a new type of lympho-
cytes, “natural helper cells” in a novel lymphoid structure asso-
ciated with adipose tissues in the peritoneal cavity. They also
showed that the novel, innate lymphocytes are capable of pro-
ducing large amounts of Th2 cytokines [67]. It would be inter-
esting to elucidate the physiologic and pathophysiologic role
of natural helper cells in visceral fat obesity.

www jleukbio.org

=180 =



Suganami and Ogawa Role of macrophages in adipose tissue remodeling

e 5 A 5

ADIPOSE TISSUE INFLAMMATION AS
“HOMEOSTATIC INFLAMMATION”

In addition to exogenous pathogens such as bacteria and vi-
ruses, the immune system is capable of sensing endogenous
ligands released from damaged and stressed cells and tissues,
thereby inducing sterile inflammation (Fig. 3) [12, 68, 69].
The endogenous stress signals, which are called DAMPs or
“danger signals,” include HMGBI1, S100A8, and S100A9, modi-
fied low-density lipoproteins, and degradation products of ex-
tracellular matrices [12, 68, 69]. The danger signals, which are
derived from parenchymal cells, are recognized by immune
cells such as macrophages through pathogen sensors or PRRs
such as TLRs, nucleotide-binding oligomerization domain-like
receptors, retinoid-inducible gene-like receptors, scavenger
receptors, and C-type lectin receptors [12, 68, 69].

A previous study showed that macrophages in obese adipose
tissue are localized to dead adipocytes, where they fuse to scav-
enge the residual lipid droplet and ultimately, form multinu-
cleate giant cells, a hallmark of chronic inflammation [70].
Indeed, macrophages aggregate to constitute a CLS sur-
rounding dead adipocytes in advanced obesity [13, 14, 70].
Electron microscopic analysis also revealed lipid-laden
phagolysosomes in macrophages within CLS [70]. Given
that TNF-a induces proapoptotic and/or death signals in a
variety of cell types, it is therefore interesting to speculate
that hypertrophied adipocytes, which are stimulated and
thus, dying by macrophage-derived TNF-«, can release satu-
rated fatty acids as an endogenous danger signal that report
their diseased state to macrophages in obese adipose tissue.
Indeed, several lines of evidence indicate that adipocyte
death and/or the death receptor Fas signaling contribute to
obesity-induced adipose tissue inflammation and systemic
insulin resistance [71, 72]. On the other hand, free fatty
acids are an important energy source mobilized from tri-
glycerides stored in the adipose tissue, particularly during
periods of starvation, but recent evidence has suggested the

pathophysiologic roles other than the supply of nutrients in
times of fasting or increased energy demand. In this regard,
free fatty acids, when released physiologically during fasting
or starvation via adipocyte lipolysis, may not act as a danger
signal. Similar to the relationship between commensal bac-
teria and pathogen sensors in epithelial cell homeostasis
within the intestinal mucosa, activation of the TLR4 com-
plex by saturated fatty acids may be involved in the regula-
tion of metabolic homeostasis within the adipose tissue (Fig.
3). Sustained interaction between endogenous ligands,
which are derived from parenchymal cells and pathogen
sensors, expressed in stromal immune cells, should lead to
chronic/homeostatic inflammatory responses ranging from
the basal homeostatic state to diseased tissue remodeling,
which may be referred to as homeostatic inflammation (Fig.
3). Dysregulation of this process can result in a variety of
chronic inflammatory diseases, such as obesity, diabetes mel-
litus, atherosclerosis, malignant cancers, autoimmune dis-
eases, and even neurodegenerative diseases. Collectively,
adipose tissue inflammation may represent a prototypic ex-
ample of homeostatic inflammation.

CONCLUDING REMARKS

The adipose tissue communicates with multiple organs or tis-
sues by virtue of a large number of adipocytokines and thus,
influences a variety of physiologic and pathophysiologic pro-
cesses. Obesity may be viewed as a chronic, low-grade inflam-
matory as well as a metabolic disease; chronic inflammation

within the adipose tissue or adipose tissue remodeling results
in the dysregulation of adipocytokine production, thereby con-
tributing to the pathophysiology of the metabolic syndrome.
Among stromal cells, macrophages should play a critical role
in obesity-related adipose tissue inflammation. During the
paracrine interaction between adipocytes and macrophages,
saturated fatty acids, which are released from hypertrophied

| Homeostatic inflammation |

l Innate immunity l

Pathogens (bacteria, virus)

\

\

Figure 3. Adipose tissue inflammation as homeostatic in-
flammation. In “innate immunity,” exogenous ligands
(PAMPs) are sensed by PRRs, thereby inducing inflamma-
tory changes. On the other hand, DAMPs, released from
damaged or stressed cells and tissues, can activate PRRs,
thereby inducing homeostatic inflammation ranging from
the basal homeostatic state to diseased tissue remodeling.
The role of endogenous ligands as a danger signal has

been emphasized during the progression of homeostatic
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adipocytes via the macrophage-induced lipolysis, serve as an
endogenous ligand for the TLR4 complex, a major pathogen
sensor, to activate macrophages for the regulation of meta-
bolic homeostasis, which is a hallmark of homeostatic inflam-
mation. Understanding the molecular mechanism underlying
homeostatic inflammation of obese adipose tissue may lead to
novel, therapeutic strategies to prevent or treat obesity-in-
duced adipose tissue inflammation.
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OBSERVATIONS

Unbalanced M1/M2
Phenotype of
Peripheral Blood
Monocytes in Obese
Diabetic Patients

Effect of pioglitazone

he monocyte-macrophage system
exists in at least two distinct pheno-
types of differentiation: proinflam-
matory (M1) and anti-inflammatory (M2)
(1,2). Macrophages, when infiltrated into
obese adipose tissue, exhibit a phenotypic
switch from M2 to M1 polarization,
thereby contributing to obesity-induced
adipose tissue inflammation and insulin
resistance (1). Expression of both M1 and
M2 markers is detected in circulating pe-
ripheral blood mononuclear cells as well
as in atherosclerotic plaques (3). How-
ever, there have been no detailed studies
on the M1/M2 phenotype of monocytes
and their association with cardiovascular
risks in obese subjects with type 2 diabe-
tes. On the other hand, we demonstrated
that pioglitazone, a thiazolidinedione
class of insulin sensitizer, exerts an anti-
atherogenic effect independent of its an-
tidiabetic effect (4). Here, we investigated
the M1/M2 phenotype of peripheral
blood monocytes and pulse wave velocity
(PWV), an established index of arterial
stiffness, and also the effect of pioglita-
zone in obese diabetic patients.
A total of 161 subjects (95 men and
66 women, mean age 50.4 years), includ-
ing 45 normal-weight control subjects, 62
obese nondiabetic patients, and 54 obese
diabetic patients with or without pioglita-
zone treatment for 3 months (30 mg
daily), were recruited in our clinic. Pe-
ripheral blood monocytes were prepared
using magnetic-assisted cell sorting and
flow cytometry with anti-CD14. Expres-
sion of M1/M2 markers was analyzed by
real-time quantitative PCR method and
flow cytometry. The number and percent-
age of CD14" cells among peripheral
blood monocytes from obese diabetic pa-
tients were significantly increased relative
to those of control subjects (P < 0.05).

The CD14™ cells from obese nondiabetic
patients showed significantly higher ex-
pression of M1 markers, tumor necrosis
factor-a, and interleukin (IL)-6 and lower
expression of an M2 marker, 1L-10, rela-
tive to control subjects (P < 0.01). This is
consistent with a report that peripheral
blood mononuclear cells in obesity are in
an inflammatory state (5). In addition, ex-
pression of IL-10 and CD163 in CD14™
cells from obese diabetic patients was sig-
nificantly decreased relative to that of
obese nondiabetic patients (P < 0.01).
Multivariate regression analysis showed
that expression of tumor necrosis factor-o
is independently associated with age and
BMI and that expression of IL-6 is inde-
pendently associated with BMI and LDL
cholesterol (P < 0.01); expression of
IL-10 was negatively and independently
associated with diastolic blood pres-
sure, A1C, and triglycerides, and ex-
pression of CD163 was negatively and
independently associated with insulin
concentration, A1C, and PWV (P <
0.05). Moreover, only age and CD163
were independently correlated with
PWV (P < 0.05). Interestingly,
3-month treatment with pioglitazone
significantly increased IL-10 and
CD163 and decreased IL-6 (P < 0.05)
in parallel with the improvement of fast-
ing plasma glucose, A1C, insulin con-
centration, homeostasis model
assessment-insulin resistance index,
and PWV in obese diabetic patients.
Further studies are required to eluci-
date more detailed characterization of
monocyte subsets in obese diabetic pa-
tients and the resulting pathophysiolog-
ical implication in cardiovascular
diseases.

This study provides evidence that an
unbalanced M1/M2 phenotype of periph-
eral blood monocytes is associated with
metabolic disorder and arterial stiffness in
obese type 2 diabetic patients. We also
demonstrate that peroxisome prolifera-
tor—activated receptor-y activation im-
proves the unbalanced M1/M2 phenotype
of monocytes in obese diabetic patients,
which may contribute to its antiathero-
genic effect.
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Circadian clocks are intrinsic, time-tracking systems that endow organisms with a survival advantage.
Studies of animal models and human tumor samples have revealed that the disruption of circadian rhythms is
an important endogenous factor that can contribute to mammalian cancer development. The core of the cir-
cadian clock mechanism is a cell-autonomous and self-sustained oscillator system mediated by a transcription/
translation-based negative feedback loop that relies on positive and negative elements. Recent studies have im-
plicated these core circadian components in the regulation of both the cell cycle and DNA damage responses
(DDR). Indeed, the circadian feedback loop controls the timing of cell proliferation by regulating the expression
of key cell cycle genes. Conversely, several intracellular signaling cascades and post-translational modifications
that play important roles in the cell cycle and DDR are also essential for circadian clock regulation. Importantly,
alteration of a cell’s reduction—oxidation (redox) state triggers the transduction of photic signals that regulate
circadian clock gene transcription, suggesting that cellular responses to photo-oxidative stress may have been the
evolutionary origin of the circadian clock. This review describes selected regulatory aspects of circadian machin-
ery that are evidence of a molecular link between the circadian clock and DDR, focusing particularly on the
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signaling cascades involved in the light entrainment of the zebrafish circadian clock.

Key words

INTRODUCTION

From bacteria to humans, almost all organisms can adapt
the timing of their physiology to the cyclic changes of their
environment, thanks to a naturally-selected intrinsic time-
keeping system called the circadian clock.! The circadian
clock enhances the physiological efficiency and survival of
an organism by organizing its behavior and body func-
tions.>* During the circadian day, the organism’s physiology
is given over to catabolic processes, whereas the anabolic
functions of growth, repair and consolidation occur at night.
To achieve this schedule in mammals, the circadian clock
regulates a number of physiological functions, including
sleep and wakefulness, food intake, body temperature, car-
diovascular and renal activity, hormone production, hepatic
metabolism and immune responses.*> Accordingly, disrup-
tion of the circadian clock in humans has been linked to
profound effects on health, including insomnia, stomach
ailments, depression and cancer.*”

In most organisms, the molecular mechanisms underlying
the establishment and maintenance of biological rhythms
comprise interconnected transcription—translation feedback
loops in which some clock factors repress their own tran-
scription once they have attained critical levels.>® These
oscillators have the property of being endogenous and cell-
autonomous systems that maintain their rhythm in the ab-
sence of external time cues.® Both vertebrates and inverte-
brates have circadian oscillators scattered throughout their
bodies.”® In mammals, the circadian system is composed
of both central and peripheral oscillators.” The mammalian
central clock is located in the suprachiasmatic nucleus (SCN)
within the anterior hypothalamus of the brain.”” This central
clock acts as a coordinator and provides time signals via both
neural and humoral routes that entrain independent periph-
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eral clocks. Dysfunction of the central clock does not inac-
tivate the peripheral clocks but instead causes individual
peripheral oscillators to become temporally uncoupled.'*—'?

To guarantee that an organism’s behavior remains tied to
the rhythms of its environment, the circadian clock must be
able to reset itself in response to environmental cues.”'*!¥
The main environmental stimulus for organisms is light,
which is provided in day-night cycles. Mammals have no
photoreceptors in peripheral tissues,'> so that the effect of
light on peripheral clocks is indirect.”” For the mammalian
clock, the SCN integrates photic cues from the retina and
uses neural and humoral signals to transmit this information
to peripheral clocks, synchronizing them.'®~'® This commu-
nication between the central and peripheral clocks results in
the seamless regulation of fundamental physiological func-
tions.*® Interestingly, peripheral clocks can also respond
directly to SCN-independent signals such as feeding and
temperature change.'*?") However, the physiological role of
SCN-independent responses of peripheral clocks is not yet
fully understood. A recent study has reported that DNA dam-
age can also act as a resetting cue for the circadian clock in
mammalian peripheral cells,?” and other findings support a
major role for the circadian machinery in cellular stress re-
sponses.”” These data point to an intriguing link between the
circadian clock and cellular stress responses, and it is the
purpose of this review to summarize the evidence and ex-
plore the implications of such a link.

THE PHYSIOLOGICAL FUNCTIONS OF CORE CIRCA-
DIAN REGULATORS

The core of the clock mechanism in Drosophila, Neu-
rospora and mammals is a transcription/translation-based
negative feedback loop that relies on positive and negative

© 2010 Pharmaceutical Society of Japan
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oscillator elements. In vertebrates, three basic helix—loop—
helix Perid-Aryl hydrocardon receptor nuclear translocator-
Single-minded (PAS) (PER-ARNT-SIM) domain-containing
transcription factors, called CLOCK, NPAS2 and BMAL,
constitute the positive elements.>*¥ CLOCK or NPAS2 het-
erodimerizes with BMAL to form an transcriptionally active
complex that binds to E-box elements (CACGTG) present in
the promoters of members of the Period (Per) and Cryp-
tochrome (Cry) gene families (Fig. 1). Once the PER and
CRY proteins have been translated, they form heterodimers
that can then translocate to the nucleus to repress CLOCK
(NPAS2):BMAL-mediated transcription through direct pro-
tein—protein interaction. Importantly, when active, the
CLOCK (NPAS2):BMAL complex stimulates the transcrip-
tion of many other clock-controlled genes. These genes in
turn influence functions external to the oscillatory mecha-
nism itself and mediate the “output” function of the clock.”
This accounts in part for the presence of circadian rhythms in
a variety of physiological processes.

A group of eight proteins comprises the basic sprockets of
the molecular wheel that controls the mammalian circadian
clock: PER1, PER2, PER3, CRY1, CRY2, CLOCK, NPAS2
and BMAL1.>?® The phenotypes of mice with targeted dis-

[ Light Entrainment i

\ zCryla

€ cryi

Circadian
Feedback Loop

<{==m zCrys (1b,2a,2b)
n— | E-boxl

<z zPers

zZCRYs
(1b 2a 2b)

<@ Clock-controlled genes

Key Transcription Factors in the Zebrafish Circadian Feedback

Fig. 1.
Loop

Zebrafish possess an intrinsic circadian oscillator that consists of components similar
to those of mammals. CLOCK (NPAS2) and BMAL act as positive elements, whereas
CRYs and PERs act as negative regulators. Zebrafish CRYla, CRY 1b, CRY2a, and
CRY2b are transcriptional repressors. Expression of zCryla depends on the transcrip-
tion factor AP-1 and is stimulated by light, whereas zCry1b, zCry2a and zCry2b expres-
sion are under the control of the heterodimeric zCLOCK (zNPAS2):zBMAL transcrip-
tion factor that binds to E-box elements in target gene promoters. Expression of the
zPER transcriptional repressors is also stimulated by the zCLOCK (zNPAS2):zBMAL
complex. In zebrafish, light-induced zCRY la inhibits the transcription dependent on
zCLOCK (zNPAS2):zBMAL, thereby regulating the light entrainment of the circadian
clock.
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ruptions of these genes are summarized in Table 1. Studies of
these mutant mice have revealed the distinct roles of clock
proteins in regulating circadian rhythms as well as direct
links between the circadian clock and non-circadian aspects
of animal physiology. For example, mice with mutations in
the Per2 and Bmall genes show increased sensitivity to ion-
izing radiation and a premature aging phenotype, respec-
tively.>?® These findings implicate the core circadian ma-
chinery in the regulation of DNA damage response (DDR)
and the cell cycle.

At the molecular level, the circadian clock controls the
timing of cell proliferation by regulating the expression of
key cell cycle genes such as Weel and c-Myc.>>*” In addi-
tion, PER1 interacts with crucial components of cellular
stress response pathways including the ataxia telangiectasia
mutated (ATM) and checkpoint kinase 2 (Chk2) proteins.”
Accordingly, ectopic expression of PER1 or PER2 results in
cell growth inhibition, cell cycle arrest, apoptosis, or loss of
clonogenic capacity.”* ? PER1 and PER?2 also interact with
the androgen receptor (AR) or estrogen receptor (ER), re-
spectively, in that PERI inhibits AR-dependent transcription
and PER2 induces ER degradation.’’*? These findings are
consistent with the idea that clock proteins act as key players
in the cell cycle and DDR by interacting directly with and
regulating the functions of the proteins mediating these
processes.

POSSIBLE CROSSTALK BETWEEN THE CIRCADIAN
CLOCK AND CELLULAR PROCESSES THROUGH
SHARED POST-TRANSLATIONAL MODIFICATIONS

Post-translational modifications, such as phosphorylation,
sumoylation and acetylation, are important modulators of cir-
cadian transcription factors and regulate their transcriptional
activity, subcellular localization and stability.>*® The effects
of selected post-translational modifications of various circa-
dian regulators are summarized in Table 2. Below we discuss
the role of clock protein acetylation in circadian regulation.
The detailed functions of other post-translational modifica-
tions of clock proteins have been reviewed elsewhere.®333%

In mammals, the core circadian regulator CLOCK has
intrinsic histone acetyltransferase (HAT) activity®® that it
uses to acetylate its heterodimeric partner BMAL1.*® This
CLOCK-mediated acetylation increases the interaction of the
CLOCK:BMALI1 complex with CRY1, providing another
level of control in the circadian negative feedback loop.*®
BMALL is deacetylated by SIRT1, a nicotinamide ade-
nine dinucleotide (NAD™)-dependent histone deacetylase
(HDAC).*” Accordingly, BMALI1 acetylation is significantly
increased and only mildly rhythmic in livers of liver-specific
Sirtl-deficient mice.*”’ SIRT1 also deacetylates PER2, giving
SIRT1 an additional function in circadian transcription regu-
lation.”® The finding that CLOCK can acetylate non-histone
substrates such as BMALI has sparked a search for other
cellular targets. CLOCK interacts directly with the nuclear
receptors retinoic acid receptor (RAR)« and retinoid X re-
ceptor (RXR)a through CLOCK’s putative nuclear receptor
interaction domain (NRID),”” suggesting that CLOCK may
acetylate nuclear receptors. Similarly, CLOCK interacts with
and acetylates the glucocorticoid receptor, negatively regulat-
ing its transactivation capacity.*” Thus, in addition to its ef-
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Table 1.

Phenotypes of Mutant Mice Disrupted in Circadian Clock Genes

537

Name

Mutation

Circadian phenotype

Non-circadian phenotype

CLOCK -del.19 mutant

Deletion of exon 19

in murine CLOCK gene.®”
Produces a mutant
CLOCK protein that
functions as a dominant
negative regulator.’”

Circadian period extended by 4h, followed by a
complete loss of circadian rhythmicity in DD.<%)
Displays reduced levels and non-cycling of
expression of clock-controlled genes.*

Displays reduced light induction of immediate early
genes in SCN.%”

Shows normal spontaneous firing rhythms of SCN
neurons, suggesting that loss of circadian rhythmicity
may be due to uncoupling of oscillators.””

Diurnal feeding rhythm attenuated.””
Develops obesity and metabolic
syndrome.’?

Develops salivary gland hyperplasia
with age.”

Displays mania-like behavior, including
hyperactivity, decreased sleep, lowered
depression-like behavior, and lower
anxiety.”?

CLOCK KO

Knockout mutation.*

Exhibits almost normal circadian patterns of
behavior.”>

Shows altered responses to light, with reduced phase
delays and exaggerated phase advances.*

Displays altered clock-controlled gene expression.’>

None reported

BMALI (MOP3) KO

Knockout mutation.’®

Displays immediate and complete loss of circadian
rhythmicity in DD.*®

Displays altered distribution of activity during LD®
and reduced total activity.”®

Shows reduced levels and non-cycling of expression
of clock-controlled genes.”

Reduced life span with symptoms of
premature aging.>®

Displays reduced levels of B cells in the
peripheral blood, spleen and bone
marrow.””

BMAL1-deficient embryonic fibroblasts
cannot differentiate into adipocytes.’®

NPAS2 (MOP4) KO

Knockout mutation.”

Exhibits almost normal circadian patterns of
behavior.”
Has a slightly shortened circadian period and an

altered response to perturbations in the LD cycle.?”

Displays deficits in the long-term memory
arm of the cued and contextual fear
task.””

Displays defect in the homeostatic
regulation of non-rapid eye movement
sleep time.'*”

CLOCK; NPAS2
double KO

Double knockout.?®

Displays immediate and complete loss of circadian
rhythmicity in DD.*

None reported

PER1 KO

Knockout mutation.'?"

Displays a shorter circadian period in DD,V
Exhibits a defect in circadian clock resetting
(unable to advance the clock).'*?

Per1; Per3 KO has the same phenotype.'*

None reported

PER2 KO

Knockout mutation.'*®

Displays a shorter circadian period followed by a loss
of circadian rhythmicity in DD.'%®

Exhibits a defect in circadian clock resetting

(unable to delay the clock).!*”

Per2 mutant; Per3 KO has the same phenotype.'®>

Is cancer-prone and shows increased
sensitivity to y-irradiation.””

PER3 KO

Knockout mutation.'%®

Has normal circadian pattern of behavior.!*

None reported

PER1; PER2 double KO

Double knockout.!*®

Displays a complete loss of circadian rhythmicity in
DD.'®

PER1; PER2; PER3 triple KO has the same
phenotype.'*

None reported

CRY1 KO

Knockout mutant.'®

Exhibits accelerated free-running periodicity of
locomotor activity.'*”

None reported

CRY2 KO

Knockout mutant.'%®

Exhibits delayed free-running periodicity of
locomotor activity.'*?

None reported

CRY1; CRY2 double KO

Double knockout.'*

CRY1; CRY2 double KO displays immediate and
complete loss of circadian rhythmicity in DD.'*

Normal genotoxic stress-induced
morbidity and mortality.'"

CRY1; CRY2; p53 triple
KO

Triple knockout.'*®

None reported

Shows delayed onset of cancer and
extended median lifespan upon genotoxic
stress compared to mice lacking only
ps3.'%

CRY1; PER2 double KO| Double knockout.'"” Displays an immediate loss of circadian rhythmicity | None reported
in DD.!*?
Normal circadian behavior in LD.!?”

CRY2; PER2 double KO| Double knockout.'"” Displays normal circadian behavior in LD and DD.!”| None reported

a) DD, dark—dark cycle, i.e. constant darkness. LD, light—-dark cycle.
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Table 2. Post-Translational Modifications of Murine Circadian Clock Proteins

Vol. 33, No. 4

Protein Modification (site) Regulator Effect/function
CLOCK | Phosphorylation (unknown) | BMALI induces phosphorylation, whereas | Phosphorylated CLOCK is transcriptionally active!%%10
CRYs induce unphosphorylated form. and localized in the nucleus."'” Phosphorylation may regulate
CLOCK’s subcellular localization.
Phosphorylation HI kinase Unknown.'')
(Ser-Pro-rich region)
Phosphorylation Unknown Prevents CLOCK:BMALI complex from binding to E-box,
(Ser38 and Ser42) thus inhibiting CLOCK:BMAL -dependent transcription.*”
Phosphorylation (Ser427) GSK-38 Induces CLOCK degradation.''”
CIPC induces phosphorylation.>¥
Phosphorylation (unknown) | PKG Unknown.''?
Phosphorylation (unknown) | PKC PKC-mediated phosphorylation stimulates
CLOCK: BMALI-dependent transcription.''¥
BMALI1 | Phosphorylation (unknown) | CLOCK induces phosphorylation, whereas | Phosphorylated BMALLI is transcriptionally active. 108,109
CRYs induce unphosphorylated form.
Phosphorylation (unknown) | Casein kinase 1 (CK1) CKI-mediated phosphorylation stimulates
CLOCK: BMALI-dependent transcription.''
Phosphorylation MAPK/ERK Thr-534 phosphorylation inhibits CLOCK:BMALI dependent
(Ser-527, Thr-534, Ser-599) transcription.
Functions of Ser-527 and Ser-599 phosphorylations are un-
known.''®
Phosphorylation (Ser-90) Casein kinase 2 (CK2) Required for BMAL1 nuclear translocation.*
Sumoylation (Lys-259) CLOCK induces Sumoylation. Regulates BMALI protein half-life.""”
Acetylation (Lys-537) CLOCK acetylates BMAL1, whereas CLOCK-mediated BMALT1 acetylation facilitates CRY
SIRT1 deacetylates it. recruitment to the CLOCK:BMALI1 complex.’**"
PER1 Phosphorylation CK1 Masks PER1 nuclear localization signal, inducing PER1
(amino acids 902—916) cytoplasmic localization.''®
Phosphorylation CK1 Required for nuclear translocation of PER1.""%
(amino acids 653—663)
PER2 Phosphorylation CK1 Required for TrCP binding and subsequent PER2 degradation.'?”
(B-TrCP recognition motif)
Phosphorylation (unknown) | GSK-3 Induces nuclear localization of PER2.%®
Phosphorylation CK2 Stabilizes PER2.*?
(Ser-10, Thr-12, Ser-13,
and Thr-15)
Phosphorylation (Ser-53) CK2 Induces PER2 degradation.*®
Acetylation (unknown) Acetylase is unknown. SIRT1 deacetylates | Deacetylation of PER2 by SIRT1 induces PER2 degradation.*®
PER2.
PER3 Phosphorylation CK1 Induces PER3 degradation and nuclear translocation.'?"
(amino acids 613—626)
CRY1 Phosphorylation (unknown) | CK1 Function unknown. PER acts as a scaffold that brings CK1 and
CRY into close proximity.''>
Phosphorylation (Ser247) MAPK/ERK Reduces transcriptional inhibition activity.'??
CRY2 Phosphorylation (Ser265) MAPK/ERK Reduces transcriptional inhibition activity.'*”

Phosphorylation (Ser557)

MAPK/ERK (MAPK/ERK phosphorylates
the Ser-557 of CRY2 in vitro, but it is
unlikely to contribute to this
phosphorylation in vivo.)

Function unknown but phospho-Ser-557-CRY?2 is localized
specifically in the nucleus and displays robust circadian
variation,’""'??

Phosphorylation (Ser553)

GSK-38

Induces degradation.”"
GSK-3 induces this phosphorylation only if Ser-557 is also
phosphorylated.”
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fects on circadian clock elements, CLOCK targets key com-
ponents of the cell cycle machinery.

It is well established that post-translational modifications
are vital for the regulation of the cell cycle and DDR.*V
SIRT1%"® and casein kinase 2 (CK2),">~* already identi-
fied as responsible for post-translational modifications of
clock proteins, have also been implicated in post-transla-
tional modifications of proteins such as p53, FoxO, and E-
cadherin that are involved in cellular metabolism, the cell
cycle, and DDR.***® These findings support the hypothesis
that the circadian clock may be linked to other cellular
processes through shared post-translational modifications.

POSSIBLE CROSSTALK BETWEEN THE CIRCADIAN
CLOCK AND CELLULAR PROCESSES THROUGH
SHARED INTRACELLULAR SIGNALING CASCADES

Vertebrate circadian feedback loops are affected by an
enormous variety of stimuli known to induce intracellular
signaling pathways, including pathways involving protein ki-
nase C (PKC), glucocorticoid, Wnt, tumor growth factor
(TGF)-f/activin, and mitogen-activated protein kinases
(MAPKs).* 9 Conversely, several studies have demon-
strated at a molecular level how these intracellular signaling
mediators contribute to circadian regulation. For example, in
mammals, glycogen synthase kinase-3 (GSK-3p3), the key
kinase regulating the Wnt signaling pathway, phosphorylates
CRY2 and PER2 and thereby controls CRY?2 protein stability
and PER?2 subcellular localization.*®*" Another example is
the stimulation of Dec/ gene expression that is induced by
the TGF-f/activin signaling pathway during alkaline shock-
induced entrainment of mammalian peripheral clocks.*’ The
signaling pathways involving these mediators play essential
roles in development, proliferation, DDR, and cell death
processes, suggesting that these processes and the circadian
clock are separate nodes of a common regulatory network. In
support of this idea, a recent study in zebrafish has revealed
that the same MAPK signaling cascades are involved in both
DDR and the light-dependent pathways responsible for en-
trainment of the circadian clock®” (see below).

ZEBRAFISH AS A MODEL SYSTEM FOR CIRCADIAN
CLOCK STUDY

Zebrafish are a good model organism in which to study the
vertebrate circadian clock because the molecular components
of the mammalian and zebrafish circadian oscillators are
same. Moreover, cell-autonomous circadian oscillators are
present throughout the peripheral tissues and organs of ze-
brafish.”>** Importantly, zebrafish peripheral clocks are di-
rectly light-responsive. Thus, in zebrafish organs and tis-
sues, an acute light pulse can be used to transactivate clock
genes and thus entrain oscillations of clock gene expression
to a new light-dark cycle. In addition, cultured lines of em-
bryonal zebrafish cells, which recapitulate most features of
the zebrafish clock system, have been established as an at-
tractive vertebrate cell-based model suitable for the examina-
tion of the light signaling pathway and its impact on the cir-
cadian clock.*® Studies using these cell lines have revealed
critical roles for redox control and MAPK signaling path-
ways in light-dependent circadian entrainment®” (Fig. 2).
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Fig. 2. A Model of a Potential Molecular Mechanism Underlying Light-
Dependent Redox Signaling in Zebrafish

In the presence of flavin-containing oxidases, light drives the production of intracel-
lular ROS such as H,0,. Excess ROS production has deleterious effects because ROS
can react with various cellular targets to cause photo-oxidative stress. However, light-
induced ROS can also take on a signaling role by stimulating MAPK pathways that lead
to transcriptional activation, including transactivation of the zCryla gene. Importantly,
light also increases catalase transcription and thus intracellular catalase activity, result-
ing in degradation of H,0, and decreased photo-oxidative stress. This reduction in ROS
also leads to decreased zCryla expression, thus creating a negative feedback loop that
directly impinges on the circadian clock.

Other cellular functions, including the cell cycle and DDR,
are also directly regulated by light in zebrafish.’>**> The
dissection of the light signaling pathways used for circadian
entrainment in zebrafish peripheral cells has revealed com-
mon mediators also shared by pathways used to regulate the
cell cycle and DDR.3*”

REDOX SIGNALING IS INVOLVED IN THE LIGHT
ENTRAINMENT OF THE ZEBRAFISH PERIPHERAL
CLOCK

As a result of whole genome duplication during the evolu-
tion of the teleost lineage, the circadian oscillator of ze-
brafish contains duplications of most clock genes.” Seven
zebrafish Cry genes (zCryla, 1b, 2a, 2b, 3, 4 and Dash) have
been cloned.**" Investigation of the in vitro functions of
these genes has shown that they fall into two groups: one
group inhibits CLOCK:BMAL-mediated transcription (re-
pressor type CRYs: zCRYla, 1b, 2a and 2b), whereas the
other group does not inhibit transcription (non-repressor type
CRYs: zCRY3, 4 and Dash).®'%? Despite its structural and
functional similarities to the repressor type CRYs, zCryla
transcription is quite different from that of the other repres-
sor type CRY's and is strictly light-dependent (Fig. 1, top).
zCryla transcription exhibits circadian oscillation in ze-
brafish cells exposed to a light-dark cycle but this oscillation
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dampens quickly after transfer of the cells to constant dark-
ness, indicating that zCRY la functions only in light-depend-
ent circadian clock regulation.””®® Indeed, there is evi-
dence that light-induced zCRYla is a transcriptional repres-
sor essential for the light-dependent entrainment of the circa-
dian clock.®

The light-dependent transcription of zCryla is controlled
through the production and removal of cellular reactive oxy-
gen species (ROS).’” ROS were originally thought to act
solely as toxic metabolites because they react with compo-
nents of DNA, proteins and lipids and exert oxidative
stress.%>) However, ROS are also ideally suited to be signaling
molecules because they are small in size and can easily dif-
fuse short distances within a cell. In addition, mechanisms
for ROS production (such as via flavin-containing oxidases)
and its rapid removal (such as via catalase) are present in al-
most all cell types®>®® (Fig. 2). In a variety of organisms,
light induces ROS production that leads to altered redox sta-
tus.®%7) In zebrafish cells, this light-induced redox change
stimulates intracellular MAPK signaling that transduces
photic signals to zCryla transactivation.”” Importantly, light
also increases intracellular catalase activity by stimulating
catalase transcription, an event that occurs after the maxi-
mum expression of the zCryla gene has been reached.’”
This increased catalase activity diminishes light-induced cel-
lular ROS levels, resulting in decreased zCry/a transcription
and creating a negative feedback loop.

The regulation of the circadian clock by redox signaling
raises an important issue concerning the identity of the circa-
dian photoreceptor. Because ROS can transduce a photic sig-
nal to the circadian machinery, the phototransducing mole-
cules responsible for light-dependent ROS production should
function as the circadian photoreceptor in zebrafish cells. We
hypothesize that flavin-containing oxidases, such as reduced
nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase and acyl-CoA oxidase, may be good candidates for the
circadian photoreceptors. These enzymes, which produce
intracellular ROS, are activated by a plethora of extracellular
stimuli, including visible light, wounding, and low and
high temperature.®®” In addition, we have found that
diphenyleneiodonium, an inhibitor of NADPH oxidase, effi-
ciently suppresses light-induced activation of zCryla tran-
scription in cultured zebrafish cells (Uchida et al., unpub-
lished data). Redox signaling also appears to play a signifi-
cant role in circadian regulation in other organisms. In
Drosophila, a genome-wide screen identified several redox
molecules as essential for the light entrainment of the circa-
dian clock.®® Similarly, a study in mammals showed that an
increase in reduced NADPH and NADH levels enhanced the
affinity of the NPAS2 (CLOCK):BMALI complex for its tar-
get DNA in vitro.%® Thus, redox state may be an important
determinant of circadian oscillations in mammalian periph-
eral tissues.

The circadian clock is thought to have first arisen with the
evolution of a eukaryotic lifestyle. This lifestyle requires that
the fragile DNA exposed during mitosis be protected from
photo-oxidative stress.”’" The development of a circadian
thythm would be one way to separate diurnal and nocturnal
metabolic processes, with light-dark cycles acting as the se-
lective force. In this scenario, photo-oxidative stress could
have been a decisive factor in relegating the anabolic

Vol. 33, No. 4

processes of mitosis, growth and consolidation to the dark
hours. Thus, it is reasonable to propose that redox signaling
is utilized in the control of the circadian clock, and that com-
mon regulatory pathways may mediate both cellular re-
sponses to photo-oxidative stress and the light entrainment of
the circadian clock.

LIGHT-DEPENDENT CIRCADIAN ENTRAINMENT
AND DDR SHARE A COMMON SIGNALING PATHWAY

In many organisms, external stimuli are connected to a
cell’s nucleus via MAPK signaling pathways, and roles for
MAPKs in circadian clock regulation are well-estab-
lished.®>” There are three major MAPKs: c-Jun N-terminal
kinase (JNK), p38, and extracellular signal-regulated kinase
(ERK).” Light-induced ROS production in zebrafish cells
leads to downstream activation of MAPK cascades, which
then contribute to the regulation of zCryla transcription®>>”
(Fig. 2). Interestingly, light-induced ERK activation triggers
zCryla transcription, whereas light-induced p38 activation
suppresses it,’? highlighting a MAPK-mediated cross-regu-
latory mechanism of circadian regulation (Fig. 3). We have
also found that light directly activates the JNK signaling cas-
cade in zebrafish cells (Uchida ef al., unpublished data), an
event whose physiological function is under investigation.

Our work has recently shown that light-induced activation
of MAPK cascades can contribute to a non-circadian biologi-
cal process, namely photoreactivation.”® Photoreactivation is
a mechanism by which visible light reverses some of the
lethal and mutagenic effects of UV irradiation.”® Photoreac-
tivation is mediated by DNA photolyases (PHRs), which are
DNA repair enzymes.”” When cells are irradiated with UV
light, photoproducts called cyclobutane pyrimidine dimers
(CPDs) and pyrimidine (6-4) pyrimidone photoproducts [(6-
4) photoproducts] are produced in the DNA. The PHRs bind
to and repair these types of DNA damage using visible light

Activation of

p38 pathway
vAg
o \ .
| g
//\\*-v/ &
Activation of
@ 4 |ERK pathway
Photoreactivation Circadian clock
Light-dependent Light-dependent
DNA repair entrainment
Fig. 3. A Model Depicting the Molecular Mechanisms Underlying Light-

Dependent Transcriptional Events Regulating DNA Repair and Circadian
Entrainment

Light activates both ERK and p38 MAPK signaling cascades. The former positively
regulates expression of both zPhr and zCryla genes whereas the latter inhibits it. The
light-induced zPHR repairs DNA lesions by utilizing visible light energy. On the other
hand, the light-induced zCRY la entrains the circadian clock by acting as a transcrip-
tional repressor.
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as an energy source. Two classes of PHRs have been identi-
fied, one specific for CPDs (CPD PHRs) and the other spe-
cific for (6-4) photoproducts (64PHRs).”*’> Both CPD PHRs
and 64PHRs are induced by visible light in cultured fish
cells.”***7® We have obtained evidence indicating that pho-
toreactivation in zebrafish is a cell-autonomous phenomenon,
and that both the induction of 64PHRs in response to light
and the subsequent light-dependent repair of DNA by
64PHRs are essential for successful photoreactivation.’? No-
tably, the expression levels of the z64Phr gene associated
with photoreactivation, as well as the zCryla gene associated
with the circadian clock, are regulated by the same light-
induced MAPK cascades (Fig. 3). Light-induced ERK ac-
tivation triggers the expression of z64Phr, whereas light-
induced p38 activation inhibits it.*? Thus, light-dependent
DNA repair and the entrainment of the circadian clock are
governed by shared regulatory pathways.

Both CRYs and PHRs belong to the DNA photolyase/
cryptochrome protein family and are highly similar in amino
acid sequence.”>”"”® Evolutionary studies have shown that
the animal CRY protein first functionally diverged from the
CPD photolyase, and then diverged further to generate
64PHR.” These facts, together with the observation that
zCryla and z64Phr share regulatory pathways,’? strongly in-
dicate an evolutionary link between the circadian clock and
DDR. Although solar light has many beneficial uses, includ-
ing photosynthesis and the entrainment of circadian clock,
the UV component of solar energy is harmful to living cells
because it produces cytotoxic, mutagenic and carcinogenic
lesions in DNA. It is speculated that natural selective pres-
sure must then have forced the development of a self-defense
system such as the DNA repair mechanism mediated by
DNA PHRs.”>" Thus, it is not surprising that two ostensibly
very different biological events, repair of UV-damaged DNA
and light entrainment of the circadian clock, are governed by
the same signaling pathways.

A COMMON LIGHT-INDUCED SIGNALING PATHWAY
REGULATES THE CIRCADIAN CLOCK AND THE
CELL CYCLE

Both the cell cycle and the circadian clock are endogenous
pacemakers. These mechanisms coexist in most eukaryotic
cells and share a number of conceptual features. In particu-
lar, both rely on interconnected autoregulatory loops that
consist of sequential phases of transcription—translation, pro-
tein modification, and degradation.’” Increasing evidence
points to functional links between the cell cycle and circa-
dian rhythms in a variety of organisms.>*” In zebrafish, the
cell cycle is directly regulated by light. Light determines the
timing of S phase entry, establishing a circadian rhythm for
cell cycle progression.”® At the molecular level, light induces
the expression of zebrafish Weel (zWeel), a cell cycle
gene.’” The Weel kinase controls the timing of the G,-M
transition by directly phosphorylating and thus inhibiting
Cdc2/cyclin B, leading to suppression of mitotic cell divi-
sion.*) This mechanism is consistent with the observation
that the growth of cultured zebrafish cells is suppressed by
light.®” Because solar light increases intracellular ROS levels
that can exert oxidative stress,””® light-induced zWeel ex-
pression may act as a cellular stress response, suppressing
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Fig. 4. A Model of Light-Induced Signaling Cascades Potentially In-
volved in Shared Control of the Circadian Clock, DNA Repair and the Cell
Cycle

Sunlight has two major toxic effects: generation of ROS that mediate photo-oxidative
stress and induction of UV-mediated DNA damage. In zebrafish, photo-oxidative stress
can act as a redox signal that induces expression of a DNA repair gene (Phr), a circa-
dian clock gene (Cryla), and a cell cycle regulator gene (Weel). In the presence of
solar light, PHR repairs UV-induced DNA damage and WEEI halts the cell cycle, pro-
tecting the genome of the organism. At the same time, ROS induced by the sun trigger
expression of zCRYla. This transcriptional repressor interacts directly with the
zCLOCK (zNPAS2):zBMAL complex and inhibits its transcriptional capacity, thereby
entraining the circadian clock. Notably, the zZCLOCK (zNPAS2):zBMAL complex also
regulates the transcription of a variety of genes involved in cellular stress responses.
Thus, it is conceivable that light-dependent circadian entrainment may have originated
as a cellular stress response against photo-oxidative stress and/or UV-induced DNA
damage.

cell growth under conditions where DNA damage is likely
(Fig. 4).

The transcription factor AP-1 modulates a wide range of
cellular processes, including cell proliferation, apoptosis and
the circadian clock.*” In mammals, various stimuli activate
AP-1, which binds directly to the consensus AP-1 motif
within the Weel promoter and drives Weel expression.* In
zebrafish, light can induce AP-1 activation, which then trig-
gers zWeel transcription.®” Components of AP-1 that are
acutely light-inducible include c-fos, fos-B and jun-B.**%% In
mammals, light-dependent activation of AP-1 in the SCN has
been implicated in light-induced phase-shifting of the circa-
dian clock.’*#) Another factor that induces AP-1 activation
is alteration of a cell’s redox state. ROS-triggered induction
of AP-1 is mediated by MAPK signaling pathways.*® It is
therefore conceivable that a light-induced alteration of cellu-
lar redox status could stimulate AP-1 to initiate light-depend-
ent zCryla expression. Indeed, light-stimulated AP-1 activity
contributes to zCryla transactivation involved in light en-
trainment of the circadian clock.®” Taken together, these
findings provide strong evidence that the cell cycle and circa-
dian clock are regulated by a common signaling pathway
controlled by AP-1 transcription factor.
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PERSPECTIVE

Much evidence has accumulated indicating that evolution-
ary links exist that have resulted in the functional coupling of
the circadian clock and DDR. In Neurospora, PRD-4, an or-
thologue of mammalian Chk2, transduces DNA damage sig-
nals into the core circadian machinery, resetting the clock.®”
In the diatom Phaeodactylum tricornutum, PtCPF1 (Phaeo-
dactylum tricornutum cryptochrome/photolyase family 1) is
a novel cryptochrome/photolyase family member that not
only repairs UV-induced DNA damage but also acts as a
transcriptional repressor of the circadian clock.® In addition,
the critical role of redox signaling in the light-dependent en-
trainment of the circadian clock®"*® strongly implicates cel-
lular responses to the toxic effects of sunlight as the evolu-
tionary origin of circadian rhythms.

The UV component of sunlight and the photo-oxidative
stress derived from it are two major sources of harm to cells
(Fig. 4). In lower vertebrates such as zebrafish, the light-
induced PHRs repair UV-damaged DNA using light as an
energy source.’” Importantly, this light-induced activation of
DNA Phr expression appears to be stimulated by photo-ox-
idative stress.”® These observations are consistent with the
idea that photo-oxidative stress may be utilized as a signal to
activate DNA repair enzymes that can protect the organism’s
DNA from UV-induced damage. The fact that light-depen-
dent expression of zCry!a is induced by alteration of a cell’s
redox state,’” together with the finding that zCry/a and DNA
Phr are governed by shared light-induced signaling path-
ways, ) strongly suggests that oxidative stress may act as a
signal triggering the light-induced expression of zCry/a. In-
deed, H,0,, a well-known inducer of oxidative stress, can ac-
tivate zCryla transcription in zebrafish peripheral cells.’”
Once translated, the zCRY la protein interacts directly with
the CLOCK (NPAS2):BMAL complex and regulates its tran-
scriptional capacity, entraining the circadian clock.®” The
circadian machinery regulates a variety of key genes in-
volved in cellular stress responses, DNA repair, and cell
cycle regulation.”® Thus, zCRY 1a may be the key integrator
of external signals (such as oxidative stress) that controls the
core circadian machinery and regulates the transcription of
genes responsible for stress responses, DDR and cell cycle
adjustments. It is tempting to speculate that, at least in ze-
brafish, the light entrainment of the circadian clock reflects a
long-standing cellular response to photo-oxidative stress.
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