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During periods of fasting, the body undergoes a metabolic shift from carbo-
hydrate utilization to the use of fats and ketones as an energy source, as well
as the inhibition of de novo lipogenesis and the initiation of gluconeogenesis
in the liver. The transcription factor sterol regulatory element-binding
protein-1 (SREBP-1), which plays a critical role in the regulation of lipogen-
esis, is suppressed during fasting, resulting in the suppression of hepatic lipo-
genesis. We previously demonstrated that the interaction of fasting-induced
Kruppel-like factor 15 (KLF15) with liver X receptor serves as the essential
mechanism for the nutritional regulation of SREBP-1 expression. However,
the underlying mechanisms of KLF15 induction during fasting remain
unclear. In this study, we show that the glucocorticoid receptor (GR) regu-
lates the hepatic expression of KLF15 and, subsequently, lipogenesis
through the KLF15-SREBP-1 pathway during fasting. KLF15 is necessary
for the suppression of SREBP-1 by GR, as demonstrated through experi-
ments using KLF15 knockout mice. Additionally, we show that GR is
involved in the fasting response, with heightened binding to the KLFI15
enhancer. It has been widely known that the hypothalamic—pituitary—adrenal
(HPA) axis regulates the secretion of glucocorticoids and plays a significant
role in the metabolic response to undernutrition. These findings demonstrate
the importance of the HPA-axis-regulated GR-KLF15 pathway in the regu-
lation of lipid metabolism in the liver during fasting.

Introduction

Maintaining life requires energy and the body derives
its energy from the controlled combustion of three mac-
ronutrients, that is, carbohydrate, fat, and protein, and
regulation of metabolic fuel selection plays a prominent
role in the physiological adaptation to fasting. During
fasting, fuel utilization shifts from carbohydrate to fat
and ketone oxidation, which accompanies decreasing

Abbreviations

carbohydrate oxidation and switching to fat and protein
metabolism to provide the metabolic fuels of the body
[1]. These metabolic changes include the shutdown of
de novo lipogenesis as well as the start-up of gluconeo-
genesis in the liver.

The de novo lipogenesis, the conversion of carbohy-
drate to fat, is mainly controlled by sterol regulatory

ACTH, adrenocorticotropic hormone; ADX, adrenalectomy; ChlP, chromatin immunoprecipitation; Cort, corticosterone; Dex, dexamethasone;
GR, glucocorticoid receptor; GRE, GR-binding element; HPA, hypothalamic—pituitary—adrenal; KLF15, Kruppel-like factor 15; LXR, liver X
receptor; SREBP-1, sterol regulatory element-binding protein-1; TG, triglyceride.
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GR-KLF15 controls lipogenesis in fasting liver

element-binding protein-1 (SREBP-1) in the liver [2-6].
As a transcription factor, SREBP-1 targets various
genes involved in the fatty acid synthesis pathway, such
as Fasn (encoding fatty acid synthase: FAS) and Acaca
(encoding acetyl-CoA carboxylase: ACC), and plays an
important role in lipogenesis by controlling their gene
expression. In particular, fasting remarkably reduces
mRNA expression and thereby the amount of nuclear
protein of SREBP-1 in the liver, which leads to the shut-
down of hepatic lipogenesis during fasting [7].

Previously, we reported that the Kruppel-like factor
15 (KLF15) interaction with liver X receptor (LXR)
serves as the essential mechanism for the nutritional
regulation of sterol regulatory element-binding
protein-1 (SREBP-1) expression during fasting [8].
Rapid induction of KLF15 during fasting contributes
to the regulation of hepatic gluconeogenesis and amino
acid catabolism [9-13] as well as lipogenesis [8]. In
addition, we demonstrated that the forkhead box O-
class (FoxO) subfamily of forkhead transcription fac-
tors, specifically FoxOl and FoxO3a, has an impact
on the fasting-induced upregulation of liver-specific
KLF15 transcript, KLF15-1a [14,15].

As another important regulator of KLF15, gluco-
corticoid receptor (GR), a member of the nuclear
receptor family, has been known to play a role in skel-
etal muscle [16,17], adipocytes [18], and brain [19]. The
corticosteroids, cortisol in humans and corticosterone
(Cort) in rodents, are endogenous GR ligands secreted
by the adrenal gland which contribute to metabolic
homeostasis including adaptation to fasting under the
control of the hypothalamic—pituitary—adrenal (HPA)
axis [20,21]. However, the effect of GR on the hepatic
KIf15-1a expression remains unknown.

These findings prompted us to test the hypothesis
that GR induces the hepatic KIfl5-1a upregulation
during fasting and also regulates hepatic lipogenesis
through the KLF15-SREBP-1 pathway.

Results

GR-KLF15 pathway controls SREBP-1 and its
downstream lipogenic genes

It is well-known that dexamethasone (Dex), as a GR
ligand, elicits the expression of KLF15 in skeletal muscle
and adipocytes [16-18]. Previously, we demonstrated
that the liver-specific KLF15 variant, KIf15-1a, is highly
expressed in the liver [14]. However, it has yet to be thor-
oughly examined whether GR and its ligand modulate
the upregulation of KIf15-1a expression. Therefore, we
conducted a study to investigate the hepatic Kifl15-1a
expression at 3 h following Dex administration.
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As depicted in Fig. 1A, the expression of Kifl15-1a was
significantly upregulated following Dex administration.
This finding is consistent with our previous report demon-
strating that KLF15 suppresses SREBP-1 gene expression
through the formation of a complex with RIP140-LXR
on the SREBP-1 promoter [8], as indicated by the signifi-
cant decrease in SREBP-1 expression seen in Fig. 1B. The
results were consistent with those at the protein level
(Fig. S1A). Concurrently, Tat (encoding tyrosine amino-
transferase: TAT), a well-known target gene of GR, was
significantly elevated (Fig. 1C), while the expression of
GR (Nr3cl) remained unchanged (Fig. 1D), suggesting
that these regulatory effects were a result of authentic
ligand action. These observations were also confirmed in
experiments using another GR ligand, hydrocortisone
(HC) (Fig. S1B-D). The expression of Hpd (encoding 4-
hydroxyphenylpyruvate dioxygenase: HPD), a prominent
target gene of KLF15 involved in amino acid metabolism,
was significantly increased at 6 h post-administration of
Dex (Fig. 1E).

Subsequently, we examined the expression of
SREBP-1 target genes involved in lipogenesis. Acly
(encoding ATP-citrate lyase: ACL), Acss2 (encoding
cytoplasmic acetyl-coenzyme A synthetase: AceCSl),
Acaca, and Fasn, all known to be target genes of
SREBP-1 and encoding enzymes crucial for fatty acid
synthesis, were investigated (Fig. 1F). As expected,
given the suppression of SREBP-1 by Dex, these lipo-
genic genes were subsequently downregulated in the
Dex-treated group (Fig. 1G-J). It is well-established
that the downregulation of SREBP-1 and its down-
stream genes reduces hepatic triglyceride (TG) levels.
Therefore, we evaluated the effect of Dex administra-
tion on hepatic TG levels. To prevent the influx of fat
from the diet, mice were fed a fat-free diet for 4 days
prior to Dex treatment. As a result, hepatic TG levels
were significantly decreased (Fig. 1K).

KLF15 is the key to control of hepatic lipogenesis
by GR

To further clarify the role of KLFI15 in the suppres-
sion of SREBP-1 under Dex administration, we con-
ducted experiments using K/f15~'~ (KLF15KO) mice
(Fig. 2A). As shown in Fig. 2B-F, compared to
KIf15" (wild-type) mice, Dex administration did not
significantly suppress the expression of Srebfl and
Hpd genes in KLFISKO mice. In contrast, the
response of Tat gene expression, a direct target of GR,
was similar to that seen in wild-type mice. Further-
more, in line with the alteration of SrebfI expression,
there were no reductions in the expression of down-
stream lipogenic genes or hepatic TG levels observed
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Fig. 1. GR-KLF15 pathway controls SREBP-1c and its downstream lipogenic genes. ICR male mice were intraperitoneally injected with dexa-
methasone at 1 mg-kg™" body weight or vehicle. Both groups of mice were sacrificed at the same period in the light cycle to eliminate the
effects of circadian rhythm on endogenous corticosterone levels. (A-D) Q-RT PCR analysis of liver RNA samples in Dex 3 h-treated mice
(n=8). Tat is known as direct target of GR. (E-J) Q-RT PCR analysis of liver RNA samples in Dex 6 h-treated mice (n = 10). (F) Schema of
lipogenic pathway in liver. These genes, shown in red, are known to be regulated by SREBP-1. (K) Liver triglyceride levels of Dex 24 h-
treated mice (n = 13). To avoid dietary fat effects, mice were fed a high-sucrose, fat-free diet for 4 days prior to Dex treatment. Data were
assessed using the unpaired two-tailed Student’s ttest. The differences were considered to be significant if P < 0.05 (*P < 0.05 and

**P < 0.01). Error bars mean + SEM.

in KLFI5KO mice (Fig. 2G-K). These results dem-
onstrate that KLF15 plays a key role in the regula-
tion of hepatic lipogenesis by GR.

GR is involved in fasting response
In the liver, KLF15 is known to be upregulated during

fasting. Therefore, we examined whether Cort, an

The FEBS Journal (2023) © 2023 Federation of European Biochemical Societies.

endogenous mouse GR ligand, concurrently increases
during fasting. As anticipated, plasma Cort levels
were significantly higher after 24 h-fasting than after
re—feeding (Fig. 3A). This change in Cort was accom-
panied by corresponding fluctuations in the expression
levels of KiIf15, Srebf1, and Tat (Fig. 3B-D). Addition-
ally, we evaluated the binding ability of GR to the
KIf15-1a enhancer under these nutritional conditions.
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Fig. 2. KLF15 is the key to control of hepatic lipogenesis by GR. KIf157* and KIfi5~~ male mice were intraperitoneally injected with
dexamethasone at 1 mg-kg™" body weight or vehicle. Both groups of mice were sacrificed at the same period in the light cycle to eliminate
the effects of circadian rhythm on endogenous corticosterone levels. (A) Schema of KLF15-SREBP-1-lipogenesis pathway in liver. (B-E) Q-
RT PCR analysis of liver RNA samples in Dex 3 h-treated KIf157* and KIf15~/~ mice (n = 11-12). (E-J) Q-RT PCR analysis of liver RNA sam-
ples in Dex 6 h-treated KIf157" and KIf15~~ mice (n = 8). (K) Liver triglyceride levels of Dex 24 h-treated KIf15"" and KIf15~/~ mice (n = 7—
10). To avoid dietary fat effects, mice were fed a high-sucrose, fat-free diet for 4 days prior to Dex treatment. Datasets were assessed by
ANOVA. The differences were considered to be significant if P < 0.05 (*P < 0.05 and **P < 0.01). Error bars mean + SEM.

As shown in Fig. 3E,F, GR binding was significantly
higher during fasting. These results were also corrobo-
rated by ChIP-seq analysis for GR in livers of fasted
and re-fed mice obtained from the GEO database
(GSE119713) (Fig. S2). It is worth noting that the
levels of nuclear GR protein in the liver did not differ
between fasting and re-feeding (Fig. 3G).

GR-binding element to control expression of
liver-specific KIf15 transcript during fasting

We have previously identified the enhancer regions in
KIfl5 gene that are necessary and sufficient for the
fasting responses of Klfl5-1a transcript [14]. The two

GR-binding elements (GREs) reported previously [16—
18] were located within these regions. The DNA
sequences of these two GREs (GRE1 and GRE2) are
highly conserved among mammals (Fig. S3A-C). In
addition, ChIP-seq results obtained from the GEO
database (GSE119713) showed that the binding of GR
to these GREs-containing region, especially near
GREI, was enhanced by Dex treatment (Fig. S3D).
Previously, we generated an adenovirus vector contain-
ing a construct linking these important regions to a
luciferase reporter gene (Ad-KIf15-1a-Luc-WT, previ-
ously referred to as C2 in Ref. [14]), and were success-
ful in measuring the activation of the KIfl5-1a in the
liver during fasting. To clarify the importance of these

The FEBS Journal (2023) © 2023 Federation of European Biochemical Societies.
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Fig. 3. GR is involved in fasting response. ICR male mice were fasted for 24 h or re-fed for 16 h after a 24 h fast. Both groups of mice
were sacrificed at the same period in the early light cycle to eliminate the effects of circadian rhythm on endogenous corticosterone levels.
(A) Plasma corticosterone levels in fasted and re-fed mice (n = 6). (B-D) Q-RT PCR analysis of liver RNA samples in fasted and re-fed mice
(n=8). (E, F) Elucidations of GR protein binding to KIf15 promoter in liver. ChIP assay was performed with anti-GR antibody and normal IgG
as a control using liver samples of fasted and re-fed mice (n = 7). KIf15-1a GRE ChIP primer set detects both GRE1 and GRE2. This is
because GRE1 and GRE2 are located close to each other on the genome. (G) Immunoblot analysis of GR using liver nuclear extracts from
fasted and re-fed mice (n = 3). Lamin A/C was detected as an internal control for nuclear protein. Differences between two groups were
assessed using the unpaired two-tailed Student’s t-test. Datasets involving more than two groups were assessed by ANOVA. The differ-
ences were considered to be significant if P < 0.05 (*P < 0.05 and **P < 0.01). Error bars mean + SEM.

GREs in fasting responses, we engineered Ad-KIf15-
la-Luc-WT with mutations in these GREs (Ad-KIf15-
la-Luc-GREmut, including mutations in both GREs)
and measured hepatic enhancer activity using the
in vivo Ad-luc method as previously described
(Fig. 4A) [14]. As shown in Fig. 4B,C, the reporter
activity of Ad-KIf15-1a-Luc-WT significantly increased
in the fasted state and decreased in the re-fed state,
while the response of the GREmut construct was sig-
nificantly attenuated, suggesting that the GREs

The FEBS Journal (2023) © 2023 Federation of European Biochemical Societies.

regulate transcriptional activity through the effects of
GR and its ligands during fasting. It was confirmed
that this GREmut construct did not respond to GR
ligands, Dex in vivo (Fig. 4D,E), and Cort in hepa-
toma cells (Fig. S4).

HPA axis is the driver of fasting response

To further verify the importance of an endogenous
GR ligand for KIf15-1a gene expression, we performed
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dent’s ttest. The differences were considered to be significant if P < 0.05 (**P < 0.01). Error bars mean + SEM.

experiments using adrenalectomy model mice (ADX).
Because ADX mice were significantly weakened by
long-term (24 h) fasting, we conducted the experiments
using short-term (6 h) fasting. Our pilot study con-
firmed that plasma Cort and hepatic KIfl15-1a expres-
sion were significantly higher during this fasting period
of 6 h than ad lib states (Fig. SSA,B). As a result,
plasma Cort concentrations in ADX mice were signifi-
cantly lower than in sham operation mice (Sham) and
KIf15-1a expression significantly decreased, similar to
Tat (Fig. 5A-C).

Finally, we sought to determine if the downregula-
tion of KIf15-1a mRNA levels in ADX mice was due
to reduced enhancer activity using the in vivo Ad-luc
reporter system with Ad-KIfl15-1a-Luc-WT. As shown
in Fig. SD-G, short-term fasting significantly upregu-
lated KIfl15-1a enhancer activity in Sham mice, while
the response in ADX mice was significantly lower in
both absolute activity (Fig. 5F) and fold changes
(Fig. 5G). ChIP-seq data using ADX mice obtained
from the GEO database (GSE46047) confirmed that

depletion of plasma Cort attenuated GR binding on
these GRE regions (Fig. S5C). These results suggest
that the HPA axis is the driver of fasting responses
(Fig. 6).

Discussion

This study demonstrates that the liver-specific variant
of KLFI15 is controlled through GR and its ligand
during fasting, and subsequently, the metabolic flow
between the macronutrients, especially regarding the
conversion pathway from glucose to fatty acids, is reg-
ulated by this pathway (Fig. 6).

Dex, a synthetic GR ligand, significantly elevated
KIf15-1a transcript in the liver (Fig. 1A) and concur-
rently decreased Srebfl gene expression (Fig. 1B).
These results are consistent with our previous finding
that KLF15 suppresses SREBP-1 expression in the
liver [8]. To exclude the possibility of side effects of
ethanol (EtOH), which was used as the solvent for
Dex in Fig. 1, we administered HC, a water-soluble
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Fig. 5. HPA axis is the driver of fasting response. Three days after adrenalectomy (ADX) to reduce endogenous GR ligand (corticosterone in
plasma), ADX mice and Sham mice were fasted for 6 h. Both groups of mice were sacrificed at the same period in the light cycle to
eliminate the effects of circadian rhythm on endogenous corticosterone levels (A-C). (A) Plasma corticosterone levels in ADX mice (n = 7-
9). (B, C) Q-RT PCR analysis of liver RNA samples in ADX mice (n = 7-9). (D) The experimental procedure for ADX mice for E-G. (E-G)
In vivo Ad-luc promoter analyses using Ad-KIf15-Luc. Images (E), hepatic luciferase activities (F), and fold changes between Adlib and 6 h-
fasted states (G) of mice injected with Ad-KIf15-Luc are shown (n = 5-6). The 6 h-fasted promoter activity in the liver is expressed relative
to activity in the ad lib state, to adjust for mouse-to-mouse differences in promoter expression in Ad-treated mice (G). Data were assessed
using the unpaired two-tailed Student's ttest. The differences were considered to be significant if P <0.05 (**P < 0.01). Error bars

mean + SEM.

GR ligand, and obtained similar results (Fig. S1). The
target genes of SREBP-1, such as Acly, Acss2, Acaca,
and Fasn related to the fatty acid synthesis pathway,
as well as hepatic TG levels in the liver, were signifi-
cantly decreased phenotypically (Fig. 1G—K). Further-
more, Dex administration did not shut down the
hepatic lipogenic pathway consisting of the SREBP-1
and its downstream targets in KLF15KO mice, sup-
porting the dependence of this suppression effect on
KLF15 (Fig. 2).

The ability of GR to bind to the KIf15-1a enhancer
increased during fasting and decreased in the re-fed
state (Fig. 3E), and the GR binding actually promoted

The FEBS Journal (2023) © 2023 Federation of European Biochemical Societies.

transcription of the KIfl5-1a (Fig. 4). Two mecha-
nisms are known to regulate GR transcriptional activ-
ity by GR ligands: one is nuclear translocation of GR
and the other is enhanced binding of GR to genomic
DNA [22,23]. In the current fasting and re-feeding
model, nuclear GR protein levels remained unchanged
(Fig. 3G) between the transition, despite an increase in
GR binding to target genes during fasting (Fig. 3E,F),
indicating that elevated plasma corticosterone
enhanced the binding of GR to genomic DNA.

In line with our finding, it has been reported that
glucocorticoids modulate the expression of genes
involved in lipid metabolism through gene expression
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Fig. 6. GR-KLF15 pathway controls hepatic lipogenesis. Schematic
representation of the molecular mechanism by which the GR-
KLF15 axis controls hepatic lipogenesis and gluconeogenesis dur-
ing fasting.

profiling in the livers of prednisolone-treated mice [24].
Additionally, it has been documented that GR sup-
presses lipogenesis through a decrease in the nuclear
accumulation of SREBP-1 protein in the liver [25],
although the proposed molecular mechanisms differ
from those of the KLF15-dependent pathway. Consis-
tently, it has been reported that a single administration
of Dex decreased intrahepatic TG content, whereas
multiple consecutive Dex treatments increased it [26].
Regarding the increase in TG content caused by multi-
ple consecutive Dex treatments, it is suggested that it
is primarily attributable to increased lipolysis in adi-
pose tissue due to glucocorticoid stimulation, resulting
in increased circulating fatty acids that are converted
to triglycerides in the liver [27].

Previously, we identified the mechanism by which
KLF15 suppresses SREBP-1 transcription as its inter-
action with the LXR/RXR/RIP140 complex [8].
Administration of Dex did not suppress SREBP-1
expression in KLF15KO mice, demonstrating that the
suppressive effect of glucocorticoids on SREBP-1 and
thereby hepatic lipogenesis is mediated by KLFI5
(Fig. 2). It is notable that KLF15KO mice exhibited
lower liver TG levels at baseline compared to the WT
mice (Fig. 2K). It may be related to lower blood glu-
cose, which serves as a substrate for hepatic TG syn-
thesis, and higher plasma glucagon, which is known to
reduce hepatic TG [28], in KLF15KO mice compared
to WT mice [10,29]. Whatever the reason, this fact
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does not imply a minor contribution of KLF15 in the
regulation of the fasting response [8].

Glucocorticoid receptor has been known to play a
crucial role in the regulation of KLF15 expression in
skeletal muscle, where the GR-KLF15 pathway trans-
activates E3 ubiquitin ligase genes, atrogin-1 and
MuRF]1, and negatively modulates myofiber size [16].
It also upregulates key enzymes involved in the break-
down of branched-chain amino acids, thereby provid-
ing gluconeogenic substrates to the liver [10]. Given
that KLF15 activates gluconeogenesis in the liver, the
GR-KLF15 pathway serves to metabolically link skele-
tal muscle to the liver during fasting.

The secretion of glucocorticoids is regulated by the
HPA axis. The HPA axis plays numerous important
roles in the body, including the regulation of metabo-
lism, immune function, and stress response [30,31].
In response to stress, the hypothalamus releases
corticotropin-releasing hormone, which stimulates the
pituitary gland to secrete adrenocorticotropic hormone
(ACTH). ACTH then activates the adrenal glands to
release glucocorticoids, which play a significant role in
the metabolic response to undernutrition by causing an
increased release of amino acids from skeletal muscle
and their subsequent conversion to glucose in the liver
[32-34]. Increased levels of plasma ACTH and glucocor-
ticoids during fasting have been found in humans [35,36]
and rodents [34,37,38]. Given that GREs in the KLF15
gene are critical for the fasting response and are highly
conserved across various mammalian species (Fig. S3),
it is suggested that the GR-KLF15 pathway plays a role
of great significance beyond evolution.

Overall, these findings demonstrate that the HPA-
axis-regulated GR-KLF15 pathway plays a crucial role
in the regulation of lipid metabolism in the liver dur-
ing fasting.

Materials and methods

Materials

Anti-GR (5¢-393232), anti-KLFI15 (sc-271675), anti-lamin
A/C (5¢-376248) mouse monoclonal antibodies, and control
mouse IgG (sc-2025) were purchased from Santa Cruz Bio-
technology Inc. (Santa Cruz, CA, USA) Anti-SREBP-1
rabbit polyclonal antibody was described previously [4].
Dexamethasone (Dex) and corticosterone (Cort) were pur-
chased from Wako Pure Chemical Industries (Osaka,
Japan) and were dissolved in ethanol as a 5 mg-mL ! stock
solution. Hydrocortisone sodium succinate (HC) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) and was
dissolved in water as a 5 mgmL~' stock solution. Cort
ELISA kit (Item No. 501320) was purchased from Cayman
Chemical (Ann Arbor, MI, USA).

The FEBS Journal (2023) © 2023 Federation of European Biochemical Societies.
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Animals

Five to seven-week-old ICR male mice were purchased
from Japan SLC, Inc. (Shizuoka, Japan) Kif15~/~
(KLF15KO) mouse on C57BL/6 background was kindly
gifted by M. K. Jain and genotyped as previously described
[39]. The experiments using ICR were performed between 6
and 8 weeks of age, and the experiments using K/f15""
(wild-type) and KIfI57/~ mice were performed at 5-
6 months of age, respectively. All mice were maintained in
a temperature-controlled environment with a 14 h-light/
10 h-dark cycle. All mice had free access to a standard diet
(MF; Oriental Yeast, Tokyo, Japan) and water. For the
fasting group, animals were starved 24 h, and for the re-
feeding group, they were re-fed for 16 h after a 24 h starva-
tion. For the experiments with Dex- and HC-treated mice,
the mice were given an intraperitoneal (i.p.) injection of the
reagents at 1 mg-kg™! body weight and sacrificed after
the indicated periods as previously described [40]. Adrenal-
ectomy (ADX) was performed in ICR male mice using the
dorsal approach under a three-type mixed anesthesia con-
sisting of domitol, midazolam, and betorfal as previously
described [40]. Both adrenal glands were removed from the
mice with anti-bleeding measures and the surgical incisions
were sutured using 5-0 Silk Suture (K890H; Ethicon, Som-
erville, NJ, USA). Sham operation mice (Sham) were the
same as ADX except that the adrenal glands were not
removed. After the surgery, the mice were given free access
to a standard diet, water, and saline. For the experiments
of liver TG measurement, mice were fed a high-sucrose fat-
free diet (Oriental Yeast) for 4 days prior to Dex adminis-
tration. Liver TG levels were measured using TG E-test
Wako kit (FUJIFILM Wako Pure Chemical, Osaka,
Japan) as described previously [5]. Mice were sacrificed in
the light phase in the indicated states. All animals studied
were anesthetized and euthanized according to the protocol
approved by the Tsukuba University Animal Care and Use
Committee (#22-066). All experiments were repeated at
least twice to correct the bias for each experimental
environment.

RNA isolation and quantitative reverse
transcription PCR

Total RNA preparation from mouse liver was performed
with Sepasol-RNA I Super G (Nacalai Tesque, Kyoto,
Japan) as previously described [14]. Briefly, 500 ng of total
RNA was reverse transcribed in a volume of 5 uLL and con-
verted to cDNA using the ReverTra Ace qPCR RT Master
Mix (TOYOBO, Osaka, Japan). Quantitative reverse tran-
scription PCR (Q-RT PCR) was performed using KAPA
SYBR Fast qPCR Kit (NIPPON Genetics, Tokyo, Japan)
on a QuantStudio™ 5 Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA) and quantified
using the standard curve method with cDNA as template.
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After amplification by PCR, samples containing the prod-
uct with the correct Tm value were taken based on the
melting curve plot for each sample. The primer sets are
listed in Table S1. Rplp0 was used as the correction of the
gene expression level for each sample.

In vivo imaging of luciferase activity

In vivo imaging was performed as described previously
[14,41,42]. Four days after the adenovirus transduction, mice
were fasted for 24 h after early dark phase and then re-fed
for 16 h. In the Dex experiments, mice were treated with Dex
for 6 h in the ad lib state within the light phase. For the ADX
mice experiments, 2 days after adenovirus transduction,
ADX was performed, and on the 3rd day, mice were fasted
for 6 h within the light phase. At each condition, p-luciferin
dissolved in PBS at a concentration of 7.5 mg-mL~' was
intraperitoneally injected at a dose of 10 mL-kg™" into mice
and the luminescence in the liver was captured using an
IVIS™ Imaging System (PerkinElmer, Waltham, MA, USA).
Relative photon emission over the liver region was quantified
using LIVING IMAGE™ software (PerkinElmer). Hepatic trans-
duction efficiency was determined based on the quantifica-
tion of adenoviral DNA in the liver using a previously
described Q-PCR method [43], and the result of quantifica-
tion was used to normalize the in vivo imaging of luciferase
activity. Two paired data from the same animal on the differ-
ent conditions was continuously obtained and the ratio
between the two quantities was used to cancel the variations
in hepatic transduction efficiencies. Results of hepatic lumi-
nescence less than 5 x 10* counts-min~' (1.22 x 10° pho-
tons) on both conditions were not adopted due to inadequate
detection accuracy.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays using
mouse liver were performed as described previously [14].
Briefly, 100 mg of liver tissue samples from the fasted and
re-fed mice were minced in 1 mL of PBS and cross-linked
in 1.5% formaldehyde for 15 min at room temperature.
Fixed samples were homogenized and then subjected to
sonication with Bioruptor2 (Sonicbio, Kanagawa, Japan)
for DNA fragmentation. After centrifugation, supernatant
was diluted to 6 mL with dilution buffer (50 mm Tris—HCI
at pH 8.0, 167 mm NaCl, 1 mm EDTA, 1.1% Triton X-
100, and 0.11% sodium deoxycholate) and then 1 mL of
total volume was used for immunoprecipitation with 1 pg
of anti-GR antibody or with 1 pg of control IgG bound to
30 pL of Dynabeads magnetic beads (Thermo Fisher Scien-
tific) and rotated overnight at 4 °C. Fifty microliter of
total volume was used for input sample. The complexes
were washed with low-salt wash buffer (50 mm Tris—HCI
at pH 8.0, 150 mm NaCl, 1 mm EDTA, 1% Triton X-100,
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0.1% SDS, and 0.1% sodium deoxycholate), high-salt wash
buffer (50 mm Tris—HCI at pH 8.0, 500 mm NaCl, 1 mm
EDTA, 1% Triton X-100, 0.1% SDS, and 0.1% sodium
deoxycholate), LiCl wash buffer (10 mm Tris=HCl at pH
8.0, 0.25 m LiCl, 1 mm EDTA, 0.5% NP40, and 0.5%
sodium deoxycholate), and TE buffer. DNA-protein com-
plex was eluted by incubation with elution buffer (1%
SDS, 0.1 M NaHCO3) for 15 min at room temperature,
and then incubated with 200 mm NaCl overnight at 65 °C
for reverse crosslinking. DNA-protein complex was treated
with 200 pg-mL~" proteinase K, and chromatin DNA was
purified with phenol-chloroform, eluted in TE buffer, and
subjected to Q-PCR analysis. From reverse crosslinking
step, the input sample was also subjected to the same pro-
cedure. Q-PCR was performed using the same method as
Q-RT PCR and quantified by standard curve method with
input DNA samples. The primer sets are listed in
Table S2.

Immunoblotting

Immunoblotting was performed as described previously
[14]. Nuclear extract protein from mouse liver was prepared
as previously described [44-46].

Preparation and transduction of recombinant
adenoviruses

Recombinant adenoviruses Ad-KIf15-1a-Luc-WT were pre-
pared as described previously [14]. The mutated KIf15-1a-
Luc-GREm plasmids were generated using PrimeSTAR
Mutagenesis Basal Kit (Takara Bio Inc., Tokyo, Japan)
based on PCR according to the mutation method [16,18].
The primer sets were 5'-CAACATGTTCATCCTACAG
CCGCTGTGTC-3 and 5-TGAACATGTTGTTGATAA
CAAGCCGAGAG-3 for GREIl, and 5-44AGCTT
GGGAAGCTTCTCCCCCTGCACGCAGCC-3" and 5-44
GCTTCCCAAGCTTGGGCACGGTCCCCGGCAG-3' for
GRE2. Italics indicate GRE mutation sites. Adenoviral
construct Ad-KIf15-1a-Luc-GREm was generated by
homologous recombination between the entry vector based
on KIf15-1a-Luc-GREm and the pAd promoterless vector
(Thermo Fisher Scientific). Recombinant adenoviruses were
propagated in HEK293 cells and purified by CsCl gradient
centrifugation as described previously [43]. For animal
experiments, adenoviruses were injected intravenously into
ICR male mice from subclavian vein at the following doses:
for KIfl5-1a-Luc-WT, 4 x 10’ P.F.U.; for KIfl5-la-
GREm-Luc, 2 x 108 P.F.U., and 1000 optical particles of
adenovirus were calculated as 1 P.F.U.

Cell culture

HEK?293 human embryonic kidney cells (RRID:
CVCL_0045) and HepG2 human hepatoma cells
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(RRID: CVCL_0027) were distributed from ATCC (Ameri-
can Type Culture Collection, Manassas, VA, USA), and
cultured in DMEM containing 25 mm glucose, 100 U-mL ™"
penicillin, and 100 pg-mL~" streptomycin sulfate supple-
mented with 10% FBS. All cell lines have been authenti-
cated by our facility’s authentication protocol within the
last 3 years, and all experiments were performed with
mycoplasma-free cells.

Luciferase assay

For luciferase assay, HepG2 cells were seeded in a 48-
well plate and incubated to 10-20% confluent. The indi-
cated amounts of expression plasmids, firefly luciferase
reporter plasmid, and Renilla luciferase reporter plasmid
(pRL-SV40; Promega, Madison, WI, USA) were co-
transfected into cells using Lipofectamin3000 reagent
(Thermo Fisher Scientific) according to the manufac-
turer’s protocol. The Myc-GR expression plasmid was
generated as described previously [40]. Total amounts of
transfected DNA were adjusted with empty plasmid.
After transfection, Cort was added to the medium and
the cells were cultured. After 24 h, the cells were lysed.
The luciferase activity in transfectants was measured as
described previously [8]. Renilla luciferase activities were
used to normalize transfection efficiencies. The luciferase
activity in transfectants was then measured using a
luminometer with a firefly luciferase assay reagent (Toyo
Bnet bio, Tokyo, Japan) and a Renilla luciferase assay
reagent (Promega).

Statistical analyses

Data are expressed as means + SEM. Differences between
two groups were assessed using the unpaired two-tailed
Student’s r-test. Data sets involving more than two groups
were assessed using ANOVA, when indicated by appropri-
ate P-values (P < 0.05), by Tukey—Kramer post hoc test,
with sTATviEW Software (BrainPower, Calabasas, CA,
USA). The differences were considered to be significant if
P <0.05 (*P < 0.05 and **P < 0.01).
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