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Circadian rhythms are a very exquisite mechanism to influence on transcriptional levels
and physiological activities of various molecules that affect cell metabolic pathways.
Long-term alteration of circadian rhythms increases the risk of cardiovascular diseases,
hypertension, hypertriglyceridemia, and metabolic syndrome. A drastic change in dietary
patterns can affect synchronizing the circadian clock within the metabolic system.
Therefore, the interaction between the host and the bacterial community colonizing
the mammalian gastrointestinal tract has a great impact on the circadian clock in
diurnal programs. Here, we propose that the microbiota regulates body composition
through the transcriptional oscillation of circadian regulators. The transcriptional
regulator, NFIL3 (also called E4BP4) is a good example. Compositional change of the
commensal bacteria influences the rhythmic expression of NFIL3 in the epithelium,
which subsequently controls obesity and insulin resistance. Therefore, control of
circadian regulators would be a promising therapeutic target for metabolic diseases.
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INTRODUCTION

Obesity is a major risk factor for several co-occurring diseases, including type II diabetes mellitus,
non-alcoholic fatty liver disease, and ischemic cardiovascular disease, and the prevalence of these
diseases has increased at an astounding rate in the past decades (1). About 44% of the global
population is overweight, and more than 300 million individuals are affected by morbid obesity
(2). This is thought to be the result of dramatic changes in the human lifestyle, ranging from a
drastic change in dietary patterns, improved hygiene, and altered sleep cycles. Therefore, there
is an urgent need to identify host and environmental factors that regulate human metabolism
and energy homeostasis. In considering these two aspects, the intestinal flora is an environmental
factor that greatly affects the body composition of mammals (3). The gut flora facilitates energy

Abbreviations: BMALI, brain and muscle ARNT-like 1; cDC1, conventional dendritic cell 1; CLOCK, circadian locomotor
output cycles kaput; CLPs, common lymphoid progenitors; CRY, Cryptochrome; IBD, inflammatory bowel disease; ILCs,
innate lymphoid cells; LD cycle, light-dark cycle; LPS, lipopolysaccharide; MYD88, Myeloid differentiation primary response
88; PER, period; ROR, retinoic acid receptor-related orphan receptor; SCN, suprachiasmatic nucleus; TLRY, toll-like receptor
9; ZT4, Zeitgeber time 4.

Frontiers in Immunology | www.frontiersin.org 1

September 2020 | Volume 11 | Article 552188


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.552188
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2020.552188
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.552188&domain=pdf&date_stamp=2020-09-10
https://www.frontiersin.org/articles/10.3389/fimmu.2020.552188/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kubo

Transcriptome Oscillations in Host Metabolism

collection when energy derived from the diet is stored in
adipose tissue (4). Recently, there is some evidence indicating
a role for temporal and spatial dynamics in the community
of microorganisms that inhabit the gastrointestinal tract. The
circadian clock evolved in most species to adjust the physiology
of the organism to daily environmental fluctuations (5-7).
Epidemiological and experimental evidence has demonstrated
that clock disturbances are linked to metabolic diseases,
including obesity and hyperglycemia (8, 9). In understanding
how regulation of microbial host metabolic pathways affects
energy storage and body composition, we propose that the
microbiota regulates body composition through the clock
regulating transcription factor NFIL3 (also called E4BP4), which
influences the circadian clock in intestinal epithelial cells through
the regulation of group 3 innate lymphocyte cells (ILC3). This
review describes how NFIL3 regulates body composition and
establishes an essential network between the circadian clock and
host metabolism.

CIRCADIAN CLOCK AND METABOLIC
DISORDERS

Circadian rhythms are a very exquisite mechanism by which
organisms can adapt their behaviors to the 24-h light-dark
(LD) cycle change in the external environment evoked by the
rotation of the earth around the sun (10). Transcriptional levels
and physiological activities of various molecules that affect
cell metabolic pathways and organ functions have their own
periodicity, which is known to be very consistent with the LD
cycle of the external environment. Synchronizing the circadian
clock with the metabolic system is necessary to make dietary
substrates available for metabolic pathways that are energetically
expensive and plays an important role in optimizing energy use.
The intrinsic circadian clock is entrained by LD cycles, and the
mammalian master clock resides in the suprachiasmatic nucleus
(SCN), a small area of the anterior hypothalamus. The clock plays
arole to drive oscillators distributed in various peripheral tissues
through behavioral and neuroendocrine signals (11). Peripheral
tissues have functional clock oscillators that are self-sustained and
can operate independently of the central pacemaker and SCN
rhythms (12). For instance, the temporal pattern of food intake
influences the quality and quantity of the circadian transcriptome
in the mouse liver. Therefore, while the LD cycle resets the master
clock in the SCN, the timing of food intake can be a potent
synchronizer of peripheral clocks.

Disruption of the circadian clock due to a genetic defect has
been shown to have a strong causal relationship with metabolic
diseases (13, 14). Indeed, sleep restriction or a 28-h LD cycle
reduces insulin sensitivity and glucose tolerance (15). This has
been demonstrated in epidemiological studies indicating that
long-term alteration of sleep patterns increases the risk of obesity
and metabolic disorders (16). Furthermore, the prevalence of
cardiovascular diseases, hypertension, hypertriglyceridemia, and
metabolic syndrome is higher in shift workers compared to day-
time workers, and restriction of sleep time has been shown to
increase the risk of obesity and diabetes. In this context, the

temporal and spatial dynamics of the microbial flora may have
a profound effect on host metabolism by tightly associating with
the circadian clock.

A layer of intestinal epithelial cells (IECs) provides the
physical barrier that separates commensal bacteria living in the
intestinal lumen from the body. Interactions between commensal
bacteria and Toll-like receptors (TLRs) members of the pattern
recognition receptors (PRRs) are known to be mandatory for
IEC homeostasis maintained by host-commensal symbiosis.
Several functions in IECs, including nutrient absorption, cell
proliferation, motility, and metabolic activities are regulated in
a circadian rhythm. The circadian variation in the host intestine
is tightly associated with diurnal oscillations of the intestinal
microbiota colonizing the mammalian gastrointestinal tract, thus
the oscillations of the circadian clock in IELs are controlled by
the timing of food intake and the composition of the diet, which
affects the expression pattern of some TLR genes. Moreover, the
functional feature generated by the microbiota oscillations feeds
into the circadian clock network not only in the intestine but also
in the system as a whole (17).

Recent evidence indicates that alterations in the composition
of the microbiome change the susceptibility to obesity of the
host (18). Obesity and diabetes are known to cause chronic
hyperglycemia in IELs, leading to a breakdown of barrier function
that facilitated the alteration of intestinal bacterial components
(19). Therefore, a chronic increase of glucose levels in obesity
contributes to a detrimental effect in the maintenance of a
barrier function in the IELs as a consequence of the functional
reprogramming of metabolism and transcription. Subsequently,
the perturbation in the coordinated daily interplay between the
microbiota oscillations and the circadian transcriptional program
in IELs enhances the risk for the development of obesity and
systemic inflammation.

The composition and function of the bacterial community
colonizing the mammalian gastrointestinal tract also undergo
oscillations, which are affected by the dietary condition
(14, 20, 21). The interaction between the host and gut
microbiome can affect the circadian clock in different tissues
(22, 23). Systemic metabolite rhythms and programming of
transcriptional oscillations impact the homeostatic diurnal
variation in the liver (22). These observations indicate that the
microbiome is a major source of clock-modifying metabolites.

MOLECULAR ARCHITECTURE OF THE
CIRCADIAN CLOCK IN THE GUT

Circadian rhythm is controlled by a core loop composed of
the heterodimeric complex of two transcriptional activators, the
circadian locomotor output cycles kaput (CLOCK), and brain
and muscle ARNT-like 1 (BMALL1) (Figure 1) (24). The CLOCK
and BMALLI form the heterodimer via their HLH-PAS domains,
and the heterodimer of transcriptional activators subsequently
results in translocation to the nucleus, where it binds to an E-box
sequence (CACGTG) in the promoter regions of repressors of
CLOCK/BMALI-mediated transcription, such as Period (PER
1 to 3) and Cryptochrome (CRY 1 and 2) genes. CRY inhibits
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FIGURE 1 | Relationship between NFIL-3 and the core complex controlling the circadian clock. Circadian rhythm is regulated by a transcriptional feedback loop
composed of three core complexes. CLOCK/NPAS2/BMAL1 complex. NFIL-3 is a part of accessory loop, which regulates fat accumulation and body composition
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the histone acetyltransferase p300, leading to a decrease of
CLOCK/BMALI-mediated transcription (25). The stability of the
PER and CRY proteins is regulated by specific E3 ubiquitin ligase
complexes, and the CLOCK/BMAL1 vs. CRY/PER mutually
regulates each other via the central autoregulatory feedback
loop (Figure 1). Therefore, this feedback loop is important to
determine the periodicity of the circadian oscillation (26, 27).

Additional transcriptional feedback loops that are composed
of members of the retinoic acid-related orphan nuclear receptor
family, REV-ERBa/f repressor and RORa activator, ensure the
stability and fidelity of the molecular clock (28). The antiphasic
expression of the RORa and RevErba controls a rhythmic
expression of TLR in IELs (22). REV-ERB and its antagonist
receptor RORa also competitively bind to the promoter region
of the Bmall gene to control rhythmic chromatin dynamics (29-
32). The transcription regulator of lipid metabolism, peroxisome
proliferator-activated receptor a (PPAR) is a critical activator
of RevErba expression (22). Activation of PPAR«a is known to
promote many aspects of fatty acid metabolism. On the other
hand, BMALLI controls the rhythmic expression of short-chain
fatty acids (SCFA) receptor, Ffar2/3, in the colonic muscle layer.
Moreover, some evidence is indicating that diurnal microbial
SCEFA levels also influence on intestinal motility (33, 34).

The circadian rhythm associated genes directly contribute
to the pathogenesis of intestinal diseases. Sleep disruption and
chronic fatigue are the major complaints of patients with
inflammatory bowel disease (IBD), and these symptoms affect the
inflammatory process of the disease (35-37). The loss of BMAL1
disrupts both the circadian clock and the timing of regeneration
in the mouse intestine controlled by TNF (38). Deficiency of
Per1/2 results in not only decreased proliferation of intestinal
stem cells (39) but also increased cell death of intestinal epithelial
cells in the lower hemicrypts (40). In humans, a polymorphism

in Per3 has been associated with increased susceptibility to and
disease severity of IBD (41). Moreover, deficiency of Perl/2
controlled Weel plays a role in mitotic cell cycle arrest, resulting
in increased susceptibility of the gut epithelium to inflammatory
processes (42).

In the intestinal immune response, it has been reported
that an essential role of gut-resident macrophages, particularly
residents in lamina propria, contributes to host defense (43).
The transcriptional profile in self-maintaining macrophage has a
great impact on their localization in peripheral tissue. Therefore,
impairment in diurnal rhythmicity programs of transcription
may result in a reduction of intestinal functions.

ROLE OF THE CLOCK REGULATOR
NFIL3 AND THE CIRCADIAN CLOCK IN
THE IMMUNE SYSTEM

NFIL3 was originally identified as a transcriptional repressor that
binds to the E-box that controls the circadian clock (44); it is
located in an auxiliary loop that exists outside the core loop
(45). NFIL3 is a basic leucine zipper transcriptional factor that is
mainly expressed in DC, T cells, and various other immune cells.
This factor is required for the differentiation of the conventional
dendritic cell 1 (cDC1) subset involved in cross-presentation
(46, 47). Recently, NFIL3 expression was found to be required
for the transition stage of cDC1 progenitors through the Nfil3-
Zeb2-1d2 pathway that controls the Irf8 enhancer switch (48).
NFIL3 is expressed in common lymphoid progenitors (CLPs)
and regulates the expression of Id2 and Eomes genes that are
important for NK cell development (49, 50). Indeed, NFIL3
deficiency causes an intrinsic defect in NK cell development.
NFIL3 also controls the differentiation of several other innate
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lymphoid cells (ILCs), including group 2 ILC (ILC2) and ILC3
cells, through the repression of 1d2 in CLPs (51, 52). NFIL3
is a common regulator directing the development of CLPs that
differentiate into all ILC lineages (53).

Regulation by circadian clocks has been described in the
innate immune system because the CLOCK/BMALI complex
regulates the expression of Toll-like receptor 9 (TLR9) and
represses the expression of REV-ERBa, suppressing the induction
of interleukin-6 (54). In contrast, the role of the circadian clock
in the adaptive immune system seems to be controversial. Many
previous studies indicated that the cell-intrinsic circadian clock
is involved in different aspects of adaptive immune function.
But, mice with a T-cell-specific deletion of Bmall had normal
differentiation of Ty17 cells (55), suggesting no intrinsic role of
circadian clocks in the T cell response of the intestinal tract. On
the other hand, NFIL3 was suggested to act as a repressor of a key
driver of nuclear receptor RORgt, which is an essential intrinsic
transcriptional factor for Ty17 cell differentiation. Therefore,
the diurnal expression of NFIL3 is regulated by the circadian
network through direct repression of REV-ERBa, which binds
to the consensus sequence of the Nfil3 locus and represses
NFIL3 expression (Figure 1). Therefore, NFIL3 expression in T
cells plays a role in controlling the intestinal immune response
regulated by Ty17 cells (45). For Tyl cell immune function,
NFIL3 has a different role to induce IL-10 and IL-13 expression
(56) and, in this case, the expression of NFIL3 is induced by
excessive IFN-y stimulation to induce IL-10 and IL-13.

TRANSCRIPTIONAL OSCILLATION OF
NFIL3 IN INTESTINAL EPITHELIAL
CELLS

The defense at barrier surfaces by the gut epithelium plays a role
in the containment of commensal bacteria. The barrier function
of the gut epithelium is regulated by CD4™ T cell responses
against commensal bacteria (57) and by antibacterial proteins
derived from gut epithelial cells (58). NFIL3 is expressed by
the small intestine epithelium under an LD cycle change, and
this circadian expression is significantly altered in antibiotic-
treated or germ-free mice (33). The expression of NFIL3 in
the epithelium influences the response to commensal bacteria.
Interestingly, intestinal epithelial cell-specific deficiency of NFIL3
has a great impact on the regulation of lipid storage and
epididymal fat weight. Therefore, the expression of NFIL3 in the
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