SCIENTIFIC REPLIRTS

EGR1 regulates hepatic clock
gene amplitude by activating
| Per1 transcription
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. The mammalian clock system is composed of a master clock and peripheral clocks. At the molecular
level, the rhythm-generating mechanism is controlled by a molecular clock composed of positive and
negative feedback loops. However, the underlying mechanisms for molecular clock regulation that
affect circadian clock function remain unclear. Here, we show that Egra (early growth response 1),
an early growth response gene, is expressed in mouse liver in a circadian manner. Consistently, Egr1
is transactivated by the CLOCK/BMAL21 heterodimer through a conserved E-box response element.

In hepatocytes, EGR1 regulates the transcription of several core clock genes, including Bmalz, Per1,

. Perz2, Rev-erba and Rev-erb3, and the rhythm amplitude of their expression is dependent on EGR1's

© transcriptional function. Further mechanistic studies indicated that EGR1 binds to the proximal

. region of the Per1 promoter to activate its transcription directly. When the peripheral clock is altered
by light or feeding behavior transposition in Egri-deficient mice, the expression phase of hepatic
clock genes shifts normally, but the amplitude is also altered. Our data reveal a critical role for EGR1
in the regulation of hepatic clock circuitry, which may contribute to the rhythm stability of peripheral
clock oscillators.

© Most living organisms exhibit behavioral and physiological rhythms, including sleep-wake, rest-activity,
: blood pressure, hormone secretion and energy metabolism'™. This diurnal oscillation is regulated by
circadian clocks, which respond to light and feeding cycles. In mammals, a master clock that generates
circadian rhythms is located in the suprachiasmatic nucleus (SCN) and drives the slave oscillators that
are distributed in various peripheral tissues using autonomic innervation and behavioral and neuroen-
docrine signals®®. In addition, behavioral and neuroendocrine signals are innervated by the autono-
mous nervous system®. The SCN synchronizes peripheral oscillators by secreting cyclical neuroendocrine
© signals or imposing rest-activity rhythms and feeding-fasting cycles”. Feeding behavior regulates the
. peripheral oscillators through signaling metabolites such as glucose and hormones””.
The central and peripheral clocks are controlled by a common transcriptional circuitry that generates
rhythmic patterns of gene expression. The molecular components of the clock oscillator have been ele-
: gantly elucidated over the past two decades. At the molecular level, CLOCK and BMALI are two basic
. helix-loop-helix transcription factors that initiate the transcription of target genes that contain E-box
. cis-regulatory enhancer sequences, including Per and Cry'®. PER and CRY proteins form heterodimers
© that translocate back to the nucleus to repress their own expression by repressing CLOCK/BMAL1 com-
© plex activity, which forms the critical negative feedback loop within the clock circuitry'"'2. In addition,
. Bmall transcription is regulated both positively and negatively by the orphan nuclear receptors RORs
. and REV-ERBs'*!. This core feedback loop requires approximately 24h to complete a cycle and consti-
© tutes a circadian oscillation of the molecular clock. The proper phases and amplitudes of the endogenous
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Figure 1. Circadian expression of Egrl in mouse liver. (a) qRT-PCR analysis of Egrl, Perl and Bmall
mRNA expression in the livers from B6 mice entrained to an LD 12:12 cycle. Data are shown as the

mean =+ s.d. *P < 0.02 peak versus nadir. (b) Protein expression of EGRI at the indicated time-points. The
gels were run under the same experimental conditions. The full-length blots are presented in Supplementary
Fig. 5. *P < 0.03 peak versus nadir. (c) Time course expression of Egrl in mouse AML-12 cells subjected to
serum shock. *P < 0.03 peak versus nadir.

molecular clocks are crucial for the operation of the body’s biological rhythm. However, the significance
of amplitude in the function of the circadian pacemaker is not well understood. Previous reports have
shown that a robust circadian oscillator might be more resistant to phase perturbation'>!¢. The degrada-
tion of circadian rhythms in old age is normally accompanied by both loss of amplitude and fragmenta-
tion of output rhythms'”. The reduction in the circadian amplitude may contribute to the instability of
circadian rhythms and other homeostatic processes's.

Egrl is a member of the immediate early response gene family and recognizes a highly conserved
GC-rich promoter consensus motif'®?. Egrl can be transiently activated by many cytokines, growth
factors, hormones and DNA-damaging agents. In addition, as a transcription factor, EGR1 binds to
target sequences and regulates the expression of many genes such as TNF-«, PTEN and SOCS-12-%,
EGRI expression is highly responsive to nutrition signaling under both fasting and feeding conditions.
In the liver, fasting induces EGR1 expression, which promotes hepatic gluconeogenesis by activating C/
EBPq transcription®®. EGR1 also activates cholesterol biosynthetic gene expression to promote choles-
terol biosynthesis under feeding conditions®. Previous reports have also shown that EGR1 can regulate
the expression of certain clock genes in cell lines?®-%%. Based on these findings, we hypothesize that EGR1
may play a potential role in the regulation of the hepatic circadian clock in response to feeding/fasting
or other signals.

Here, we show that EGR1 is rhythmically expressed in mouse liver and is required for defining some
of the circadian expression patterns of several core clock genes in liver. Moreover, we clarify that EGR1
regulates the circadian amplitude of the hepatic clock gene rhythms by activating Perl transcription.

Results

Egr1 is rhythmically expressed in mouse liver. Thousands of genes are rhythmically expressed
either cell-autonomously or in response to the clockwork of the body. Previous microarray analysis and
meta-analysis have shown that Egr] is expressed in mouse liver in a circadian manner®-32. At the mRNA
level, we also found that Egrl expression had a diurnal rhythm that peaked at ZT5 (ZTO is the onset
at hour 0 of the subjective light period), gradually declined thereafter, and reached a nadir at ZT21
in mouse liver (Fig. 1a). The peak of the PerI oscillation occurred behind that of Egrl but before that
of Bmall and other clock genes, implying a potential regulatory relationship between Egrl and Perl
(Fig. 1a, Supplementary Fig. 1a). Egrl mRNA was also expressed in a circadian manner in the kidney,
skeletal muscle, heart, and epididymal fat; however, the phase differed significantly from the expression
pattern observed in the liver (Supplementary Fig. 1b). Immunoblot analysis indicated that EGR1 protein
expression was significantly higher at ZT5 to ZT13 and gradually declined to the basal level (Fig. 1b).
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Figure 2. Egrl is a clock-controlled gene. (a) QRT-PCR analysis of Egrl mRNA expression in livers from
wild-type and Bmall null mice under constant darkness. (b) QRT-PCR analysis of Bmall mRNA expression
in livers from wild-type and Bmall null mice under constant darkness. (¢) qRT-PCR analysis of Egrl
expression in AML-12 cells after co-transfection with BMAL1 and CLOCK plasmids for 48 h.

(d) Immunoblot analysis of EGR1 expression in AML-12 cells after co-transfection with BMAL1 and
CLOCK plasmids for 48h. The gels were run under the same experimental conditions. The full-length blots
are presented in Supplementary Fig. 6. (e) ChIP assays in mouse livers at ZT5. PCR primers amplify a
fragment flanking the E box on the Egrl promoter. Data are shown as the mean4s.d. *P < 0.01.

The rhythmic expression of Egrl was also confirmed in a serum shock cell model, in which the peak of
Egrl mRNA expression occurred approximately 20 hours after serum shock (Fig. 1c).

Egra is regulated under a circadian feedback loop. To examine whether the circadian expression
of Egrl in the liver is regulated by an endogenous circadian clock, we monitored the Egrl mRNA levels
in the livers of Bmall knockout mice. As shown in Fig. 2a, the phase of the Egrl rhythm was delayed
for 12hours, and the amplitude was reduced in the Bmall KO mice under constant darkness. The Bmall
expression levels in the livers of Bmall KO mice are shown in Fig. 2b. The overexpression of BMAL1/
CLOCK heterodimers in a mouse hepatocyte cell line increased EGR1 expression (Fig. 2¢,d). ChIP assays
in the mouse liver also revealed that BMALI was present near an E box on the proximal Egrl promoter
at ZT5 (Fig. 2e). These results indicate that Egrl is a circadian clock target and is negatively regulated by
the circadian feedback loop.

EGRa1 is responsible for the expression of clock genes. To determine whether EGR1 might influ-
ence the clock network, we overexpressed EGRI in primary hepatocytes and in the mouse AML-12 cell
line. qPCR analysis indicated that EGRI was able to induce the expression of Bmall, Per]l and Rora and
to decrease the expression of Per2, Rev-erbac and Rev-erb(3 in both cell types (Fig. 3a, Supplementary
Fig. 2b). However, other clock genes (Clock, Cryl, Cry2 and Rory) were not altered, which indicated that
EGRI exerts specific effects on the circadian downstream genes (Supplementary Fig. 2a,b). Consistent
with the mRNA expression findings, the BMALI and PERI protein levels were elevated but CLOCK was
unaffected upon EGRI1 overexpression (Fig. 3b). Our data suggest that EGR1 is expressed autonomously
and rhythmically in the liver and regulates the transcription of clock genes.

EGR1 is responsible for the amplitude but not the phase of the rhythmic clock gene expres-
sion in cultured hepatocytes. Serum shock has been demonstrated to induce rhythmic clock gene
expression in cultured cells and thus provides a useful in vitro model for studying the clock mechanism?®.
Based on the above results, we further investigated the function of EGR1 in the clock circuit of cultured
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Figure 3. Regulation of clock genes by EGRI1. (a) qPCR analysis of clock genes in primary hepatocytes
infected with GFP or EGR1 adenoviruses for 48h. *P < 0.04. (b) Immunoblots of cell lysates of primary
hepatocytes using the indicated antibodies. The gels were run under the same experimental conditions. The
full-length blots are presented in Supplementary Fig. 7. Data are shown as the mean +s.d. *P < 0.05.

cells. We overexpressed EGRI or inhibited the transcriptional activity of EGR1 in mouse AML-12 cells
and then exposed these cells to brief serum shock for 2 hours, followed by observation for 36 hours. We
found that the phase of the rhythmic clock gene expression was not altered but that the amplitudes of the
Bmall and Perl rhythms were elevated significantly after EGR1 overexpression, whereas the amplitudes
of the Per2 and Rev-erba rhythms were reduced (Fig. 4a). The inhibition of EGRI transcriptional activity
using dnEGR1 adenovirus reduced the amplitudes of the Bmall and Perl rhythms and elevated those
of the Per2 and Rev-erba rhythms (Fig. 4b). Overexpressed EGRI1 or transcriptionally repressed EGR1
did not affect the rhythmic expression of Rory or Cryl (Fig. 4a,b). These in vitro data suggest that EGR1
dominantly affects the amplitude rather than the phase of rhythmic clock gene expression. Based on the
above observations, our results suggest that EGR1 may activate Perl transcription. The accumulation of
PERI leads to the repression of Per2 and Rev-erbs by inhibiting BMAL1/CLOCK activity. Repression of
REV-ERBs possibly leads to the robust oscillation of Bmall.

EGR1 is responsible for the amplitude of clock gene rhythms in vivo. To further confirm the
regulation of the amplitude of clock gene rhythms by EGR1, we examined the circadian expression of
clock genes in the livers of Egrl KO mice. Overall, the amplitudes of Bmall and Perl rhythms were
reduced, whereas the amplitude of the Per2 rhythm was elevated in the livers of Egrl KO mice (Fig. 5a).
Moreover, the Rev-erbor and Rev-erb(3 expression levels were increased in the livers of Egrl KO mice,
but the rhythmic expression of the Rory gene was not altered (Fig. 5a). The in vivo data indicated that
EGRI is truly responsible for the expression of clock genes and for the amplitude changes of Bmall, Perl
and Per2 rhythms. Although the expression levels of the examined genes were impaired in Egrl-deficient
liver, the phases of these genes appeared to be preserved. A previous report revealed that EGRI1 is not
involved in the regulation of central clock function®. To further exclude the possibility that the pertur-
bation of liver clocks in Egrl null mice may be secondary to a compromised central clock, we examined
tissue-autonomous clock expression in vivo. C57/Bl6] mice were injected with Scrb (Scramble, stable
expression of non-targeting siRNA) or Egrl siRNA through their tail veins. Indeed, the Egrl expression
levels were decreased after injection with Egrl siRNA (Supplementary Fig. 3a). RNAi knockdown of Egrl
in the liver decreased the amplitudes of Bmall and Perl rhythms while augmenting the Per2 rhythm
(Fig. 5b). Egrl knockdown also increased the Rev-erbor and Rev-erbf3 expression levels but did not alter
the rhythmic expression of the Rory gene (Fig. 5b). According to the above-presented results, we also
found that the nadirs of Perl and Rev-erb3 rhythms were advanced approximately 4 hours after knockout
or knockdown of Egrl (Fig. 5a,b). Thus, we conclude that Egrl exerts its effects on the circadian clock
in a largely tissue-autonomous manner.

Per1 gene transcription is activated directly by EGR1 and is responsible for EGR1-regulated
clock gene expression. We found that a non-canonical EGR1 binding site (GC region,
ACCGGGGGCGGQ) exists at —90 to —79 of the 5'-flanking sequence of the mouse Perl gene.
According to the above-presented results, analyzing whether EGRI activates Perl transcription directly
in mouse liver was reasonable. EGR1 overexpression increased Perl promoter reporter activity (Fig. 6a).
However, the activating effects of EGR1 were abolished when the EGRI1-binding sites on the Perl pro-
moter were mutated (Fig. 6a). Chromatin immunoprecipitation (ChIP) assays in mouse AML-12 cells
indicated that EGR1 was present near the GC region on the proximal Perl promoter and that EGR1
overexpression augmented the binding of EGR1 on the PerI promoter (Fig. 6b,c). ChIP assays in mouse
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Figure 4. Cell-autonomous role of EGR1 in clock regulation in vitro. (a) Time course expression of

clock genes in mouse AML-12 cells infected with GFP or EGR1 adenoviruses following serum shock. Data
are shown as the mean=s.d. *P < 0.05, EGRI versus control. (b) Time course expression of clock genes in
mouse AML-12 cells infected with GFP or dnEGRI adenoviruses following serum shock. *P < 0.05, dnEGR1
versus control.

liver also revealed that EGR1 was present near the GC region on the proximal Perl promoter at ZT13
(Fig. 6d). These results demonstrated that EGR1 activates Perl transcription by binding directly to the
Per] promoter in mouse liver.

We next determined whether PERI1 is responsible for the regulation of other clock genes by EGR1
in hepatocytes. We found that the alteration in Bmall, Per2, and Rev-erba expression following EGR1
overexpression could be partially restored by Perl knockdown (Fig. 6e). Perl knockdown also inhib-
ited the upregulation of BMALI protein that was induced by EGR1 overexpression (Fig. 6f). Serum
shock-induced alterations in the amplitudes of Bmall and Per2 rhythms following EGR1 overexpres-
sion were also partially restored by Perl knockdown (Fig. 6g). Collectively, our results confirm that the
upregulated expression of Perl is responsible for the EGR1-regulated amplitude alteration of downstream

clock gene rhythms.

EGR1 is required for the feeding/fasting- or light-induced alteration of clock gene rhythms
in vivo. The master clock synchronizes peripheral oscillators by imposing light-regulated rest-activity
rhythms and feeding-fasting cycles’. The feeding-fasting rhythm is a dominant Zeitgeber for peripheral
oscillators®®. We found that the peak of hepatic EGR1 expression was shifted by 12 hours in the day-fed
animals compared with the night-fed control animals (Fig. 7a,b). As expected, clock genes such as Bmall
and Per] were also shifted by 12 hours in the day-fed mice (Supplementary Fig. 4a). Next, we subjected
wild-type and Egrl null mice to day feeding. Day feeding-induced reset of clock gene rhythms was
preserved, but the amplitudes of the rhythms of clock genes, including Bmall, Perl, Per2, and Rev-erbo
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Figure 5. Knockout of EgrI or inhibition of hepatic Egrl expression disrupted hepatic clock function.
(a) qRT-PCR analysis of clock gene expression in livers from wild-type and Egrl null mice. Data are shown
as the mean £ s.d. *P < 0.05, wild-type versus null mice. (b) qRT-PCR analysis of clock gene expression in
livers from B6 mice injected with Scrb or Egrl siRNA through tail vein injections. *P < 0.05, Egrl siRNA
versus Scrb.

were reduced significantly in the livers of Egrl null mice (Fig. 7c). By contrast, the rhythmic expression
of other clock genes (Clock and Rory) was not altered by Egrl deletion in the context of day feeding
(Fig. 7c). Light:dark (LD) cycle incubation is another model for studying the regulation of peripheral
oscillators and master pacemaker. Therefore, we examined the expression patterns of clock genes in the
livers of mice after 10 days of LD reversal. We also found that the amplitudes of Bmall and Perl rhythms
were reduced but that Per2 and Rev-erbac amplitudes were elevated in the livers of Egrl null mice after
LD reversal (Fig. 7d). Additionally, the rhythmic expression of the Clock gene was not altered by Egrl
deletion (Fig. 7d). These results further confirm that EGR1 modulates the amplitude of hepatic clock
gene rhythms.
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Figure 6. PER1 mediates the regulation of clock genes by EGR1. (a) Reporter gene assays in 293T

cells using wild-type (Perl-luc) or EGR1 binding site mutant (mut PerI-luc) Perl-luciferase reporters in
combination with EGR1 or control plasmid. *P < 0.01, EGR1 versus control. (b) ChIP assays with the
indicated antibodies using AML-12 cells infected with GFP or EGR1 adenoviruses for 48h. PCR primers
amplified a fragment flanking the GC region on the Perl promoter. (c) qPCR analysis of ChIP assays

with the indicated antibodies. *P < 0.01. (d) ChIP assays in mouse livers at ZT13. PCR primers amplify a
fragment flanking GC region on the Per] promoter. (e) qPCR analysis of clock genes in primary hepatocytes
infected with the GFP or EGR1 adenoviruses for 48h after transfection with Scrb or Perl siRNA for 6 h.
*P < 0.04, EGRI1 versus control. *P < 0.05, EGR1+siPer] versus EGRI. (f) Protein expression in primary
hepatocytes infected with the GFP or EGR1 adenoviruses for 48h after transfection with Scrb or Perl siRNA
for 6h. The gels were run under the same experimental conditions. The full-length blots are presented in
Supplementary Fig. 8. *P < 0.02 EGR1 versus control. “P < 0.02, EGR1+siPerI versus EGRI. (g) Time course
expression of clock genes in mouse AML-12 cells infected with GFP or EGR1 adenoviruses for 48h after
transfection with Scrb or Perl siRNA for 6h following serum shock. *P < 0.05 EGR1+-siPerl versus EGR1.
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Figure 7. EGR1 mediates the feeding/fasting or light-induced alteration of clock function. (a) gQPCR
analysis of Egrl mRNA expression in livers from B6 mice subjected to daytime feeding or nighttime
feeding. (b) EGRI1 protein level at representative timepoints. The gels were run under the same experimental
conditions. The full-length blots are presented in Supplementary Fig. 9. (c) qRT-PCR analysis of clock gene
expression in livers from wild-type and Egrl null mice subjected to daytime feeding. (d) gqRT-PCR analysis
of clock gene expression in livers from wild-type and Egrl null mice subjected to LD reversal. Data are
shown as the mean = s.d. *P < 0.05, wild-type versus null mice.
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Discussion

As an early growth response factor, EGR1 may mediate the central signals rapidly to maintain proper
oscillation of the peripheral clocks. EGRI1 is involved in the regulation and development of multiple
diseases such as pulmonary inflammation, dilated cardiomyopathy, angiogenesis, insulin resistance and
tumorigenesis®**-*!. Our studies revealed that EGR1 is required for the proper amplitudes of the rhythms
of several clock gens, including Bmall, Perl, Per2 and Rev-erbs. Egrl itself is expressed in a circadian
manner in the liver and has a phase relationship with components of the core clock gene Perl. EGR1
binds to the promoter of the Perl gene to activate its transcription. Perl accumulation may lead to the
repression of Per2 and Rev-erbs by inhibiting BMAL1/CLOCK activity. The repression of REV-ERBs may
lead to the robust oscillation of Bmall. Furthermore, BMALI1 binds and activates EgrI transcription. This
feedback loop of EGR1/PER1/BMALI/EGR1 could potentially help the liver clock keep pace with the
master clock (Fig. 8). Although we found the altered expression of Bmall, Per2 and Rev-Erbs by EGR1
is dependent on PER1 activation, whether other factors also mediate the regulation of these clock genes
by EGRI1 cannot be excluded. Whether EGRI regulates the expression of other clock genes directly in
addition to Perl also cannot be excluded.

The proper amplitudes of the molecular clock are crucial for the operation of the body’s biological
clock, but the significance of the amplitude is not well understood. In Drosophila, the circadian ampli-
tude is modulated by temperature and can regulate photoperiodic responses*. In Neurospora, amplitude
variation has been associated with circadian period mutants®*. In mammals, disruption of circadian
amplitude may be related to phase perturbation, instability of circadian rhythms and other homeostatic
processes'>~18, Previous reports have also shown that high-amplitude rhythms are more difficult to shift
than are low-amplitude rhythms*2. This difficulty in shifting is based on the theory of limit cycle oscil-
lators, where a perturbation of similar strength changes the phase of an oscillator with high ampli-
tude harder than one with lower amplitude because the perturbation represents a larger fraction of the
radius of the circle*. Vanderleest et al.’s findings show that large phase shifts respond in high-amplitude
rhythms in slices from short days and small shifts respond in low-amplitude rhythms in slices from
long days, which is in contrast to previous reports®®. These authors have explained that in long day
length, with a wide phase distribution, neurons have a more diverse phase shifting response to a light
input signal, while in short day length, with a narrow phase distribution, neurons may respond more
coherently, resulting in a larger overall shift*. According to the previous reports, we hypothesize that
the amplitudes of clock gene rhythms might be related to the phase period. A deficiency in EGRI can
affect peripheral clock homeostasis by disrupting the amplitudes of peripheral oscillators. We also found
that inhibiting hepatic EGR1 expression altered the phase of Perl and Rev-erb(3 gene rhythms slightly,
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as shown in Fig. 5a,b. These results suggest that disrupting the oscillation amplitudes of the peripheral
clocks by Egrl deletion might contribute to the instability of peripheral clock oscillators and increase
their sensitivity to phase perturbation. Previous reports also indicate that strong clocks make the oscil-
latory system more rigid and relax faster in response to a perturbation, while weak clocks make the
oscillatory system less rigid and result in the enlargement of the entrainment range*®*. In old age, the
degradation of circadian rhythms is normally accompanied by both loss of amplitude and fragmentation
of clock rhythms'”. Thus, although we could not find published data on EgrI levels in elder versus young
individuals, we speculate that disruption of Egrl oscillation may mediate the age-induced deterioration
of peripheral clock rhythms.

Perturbed clock function has been implicated in sleep disorders and is associated with an increased
risk of metabolic diseases. Epidemiological studies have revealed that shift workers are more predisposed
to elevated triglycerides, HDL cholesterol levels and obesity than day workers*®. Remarkably, the disrup-
tion of clock function in rodents leads to obesity and impaired glucose, lipid and cholesterol homeostasis.
For example, Clock mutant mice present obesity, dyslipidemia and hepatic steatosis*, and Bmall null
mice display reduced glucose tolerance and elevated circulating FFA and cholesterol levels®. Certain
nuclear factors, including PPARs, PGCla, GR and BAF60A, can link the metabolic pathways and the cir-
cadian clock at the transcriptional level®'->%. Thus, the relationship between the circadian clock and these
metabolic pathways would represent a novel target for studies of the pathogenesis of metabolic diseases.

EGRI has been implicated in the regulation of key metabolic processes, including adipocyte insulin
resistance, energy storage, obesity development and insulin biosynthesis***-**>>, EGR1 has been reported
to regulate hepatic gluconeogenesis and cholesterol biosynthesis in the liver**?. Adipocyte EGR1 was
reported to regulate insulin resistance, energy expenditure and obesity®*. Our results also show that Egrl
is expressed in a circadian manner in WAT. Further studied are required to elucidate whether EGRI is
involved in the integration of the circadian clock and whole-body energy metabolism. Time-restricted
feeding was reported to prevent metabolic diseases in mice that were fed a high-fat diet and represents
a preventative and therapeutic intervention against diverse nutritional challenges®>*”. These reports also
suggest that EGR1 expression may orchestrate these metabolic processes during time-restricted feeding.

In conclusion, we have identified that EGR1, an early growth response factor, is a critical transcription
factor that regulates the hepatic clock circuit. Investigating the role of EGRI1 in the integration of the
circadian clock and whole-body energy metabolism could be interesting in future studies.

Methods

Materials. Anti-EGR1 antibody was purchased from Santa Cruz Biotech, anti-BMALI and anti-
CLOCK antibodies were obtained from Abcam, anti-PER1 antibody was obtained from Pierce, anti-
GAPDH antibody was obtained from KangChen Biotech (Shanghai, China), and anti-3-ACTIN antibody
was obtained from Boster Biotech (Wuhan, China). Invivofectamine 2.0 reagent was obtained from
Invitrogen. The donor equine serum was purchased from Hyclone.

mRNA and protein expression analysis. Total RNA was isolated using TRIzol reagent (TaKaRa),
reverse transcribed, and analyzed by quantitative PCR (qPCR) using SYBR Green and an ABI 7300
system (Applied Biosystems, Carlsbad, CA). A complete list of PCR primers is shown in Supplementary
Table 1. For protein analysis, we lysed cells or homogenized tissues directly in RIPA buffer, and then
centrifuged them at 4°C for 10 min at 13,200 x g. The resulting supernatant fraction was separated
by SDS-PAGE and immunoblotted with the indicated antibodies. Immunoreactivity was detected using
Kodak X-OMAT film (Kodak) or a MiniChemi Imager (SageCreation, Beijing, China). The intensities of
the bands were quantified using NIH Image] software. All the proteins were normalized to the internal
control 3-ACTIN or GAPDH.

Animal experiments. All animal experiments were performed after the approval from the the
Laboratory Animal Care Committee at Nanjing University. Animal welfare and experimental procedures
were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (Ministry of
Science and Technology of China, 2006) and related ethical regulations of Nanjing University. Egrl KO
mice were produced as described previously®®. All mice used in this study were males at 10-12 weeks of
age. To analyze EGR1 expression in various tissues, C57/Bl6] (B6) mice were housed in a 12-h light/12-h
dark cycle (light/dark, 12:12) in a temperature- and humidity-controlled environment and were fed ad
libitum. Zeitgeber time zero (ZT0) referred to lights on time. Tissues from five mice were dissected
every 4h for 24h and subsequently processed for qRT-PCR and immunoblot analysis. To analyze gene
expression in wild-type and Egrl null mice, five mice of each genotype were euthanized every six hours.
Tissues were immediately frozen and subsequently processed for qPCR. To analyze gene expression in
wild-type and Bmall null mice, the mice were kept under light:dark (LD) 12:12h and subsequently sub-
jected to constant darkness for 36h. To analyze gene expression after alterations of light cues, the mice
were transferred to a completely reversed LD cycle for ten days. For restricted feeding, the mice were
fed exclusively at night or day for ten days, and then the livers from five mice were dissected every 4h
for 24h and subsequently processed for qRT-PCR.

SCIENTIFIC REPORTS | 5:15212 | DOI: 10.1038/srep15212 10



www.nature.com/scientificreports/

siRNA injection in vivo. B6 mice were injected intravenously with 200uL of Egrl siRNA or Scrb
siRNA (70 mg) and Invivofectamine 2.0 reagent (Invitrogen). To ensure that the siRNA was concentrated
in the liver, the siRNA was labeled by cholesterol®. The use of Invivofectamine 2.0 as the transfection rea-
gent in vivo can further increase the concentration of siRNA in the liver without affecting other tissues.
The mice were injected twice at 4-day intervals (8 mg/kg) and were then sacrificed 4 days after the last
injection at the indicated timepoints. siRNA sequences are shown in Supplementary Table 1.

siRNA and plasmid transfection. For siRNA transfection, primary hepatocytes or mouse AML-12
hepatocytes were transfected siRNA based on a Scrb sequence or with siRNA specific for Perl, using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocols. siRNA sequences are shown
in Supplementary Table 1. For plasmid transfection, mouse AML-12 hepatocytes were transfected with
BMALL1 and CLOCK plasmids or control PCDNA3 plasmid, cells were processed for gRT-PCR or immu-
noblot analysis after 48 hours of transfection.

Serum shock. The mouse liver cell line AML-12 was transduced with corresponding adenoviruses
or siRNA and was then established and maintained in DMEM/F12 supplemented with 10% FBS. For
serum shock, media of confluent cultures were replaced with DMEM/F12 plus 50% horse serum (t=0).
After 2h, the cells were washed once with PBS and incubated with serum-free medium. Total RNA was
extracted at the indicated time points and processed for qRT-PCR analysis using 36B4 as a normalization
control.

Reporter gene assays. Reporter gene assays were performed in 293T cells. In a typical experiment,
100ng of Perl reporter plasmid or mutant plasmid was mixed with 400 or 800ng of the expression
construct for EGR1. Equal amounts of DNA were used for all transfection combinations by adding
the appropriate vector DNA. To control for transfection efficiency, cells were co-transfected with the
PRL plasmid (10ng). Relative luciferase activities were determined 48h following transfection using
the Dual-Luciferase assay system (Promega) according to the manufacturer’s protocol. All transfection
experiments were performed in triplicate.

ChIP assay. Chromatin immunoprecipitation was performed essentially as described by Upstate
Biotechnology. Briefly, mouse AML-12 cells were injected with GFP or EGR1 adenoviruses for 48h. For
in vivo ChIP, mouse liver samples were collected at the corresponding timepoints. Chromatin lysates
were prepared, pre-cleared with Protein-A/G agarose beads, and immunoprecipitated with antibodies
against the corresponding protein or control mouse IgG (Santa Cruz Biotech) in the presence of BSA
and salmon sperm DNA. Beads were extensively washed before reverse cross-linking. DNA was purified
using a PCR purification kit (Qiagen) and subsequently analyzed by PCR or qPCR.

Statistical analysis. All the experiments were performed in triplicate. The data are presented as the
mean £ S.D. We performed statistical comparisons with unpaired two-tailed Student’s t-test. P < 0.05 was
considered statistically significant.
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