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Abstract

Nuclear receptor Pregnane X Receptor (PXR; NR1I2) has transcriptional regulation functions for
energy homeostasis in the liver. Mouse PXR has a conserved phosphorylation motif at serine

347 (serine 350 in humans) within the ligand-binding domain. PXR phosphorylated at this

motif is expressed in mouse livers in response to fasting. Mice with a PXR*Ser347Ala knockin
mutation (PXR KI) were generated to block phosphorylation, and utilized to investigate the role
of Ser347 phosphorylation /in vivo. PXR KI mice had decreased body weight at 8-weeks of

age and had much greater weight loss after fasting compared with PXR WT mice. The cDNA
microarray analysis of hepatic mMRNAs showed that cell death or apoptotic signaling was induced
in fasting PXR KI mice. Moreover, increasing hepatic lipids, triglycerides and the development
of hypertriglyceridemia were observed in fasting PXR KI mice. These findings are indicative
that blocking phosphorylation prevents mice from maintaining hepatic energy homeostasis. Thus,
phosphorylated PXR may be an essential factor to prevent the liver from developing damage
caused by fasting.
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Introduction

The liver is an essential metabolic organ to controlling energy homeostasis in response to
feeding and fasting states, supplying energy sources glucose and ketone bodies to other
organs [1,2]. Glucose is catabolized into pyruvate by the glycolysis pathway to produce
ATP [3]. Under fasting conditions, the liver breaks down stored glycogen into glucose by
the glycogenolysis pathway [3] and transforms non-carbohydrate substrates into glucose
through the gluconeogenesis pathway [1]. In addition, fatty acids released from adipose
tissue are transported into hepatocytes then converted to ketone bodies by the ketogenesis
pathway [2]. Although fasting conditions restrict energy sources, fasting increases lifespan
and improves liver health [4,5]. Fasting exerts therapeutic effects on liver lipid accumulation
which is developed in patients with type 2 diabetes (T2D) or non-alcoholic fatty liver
disease (NAFLD) [6,7]. Under healthy conditions, however, liver lipid accumulation has
been reported to be developed by long-term fasting [8]. Liver lipid accumulation causes
hepatic steatosis leading to an increase in serum biomarkers related to liver damage, such
as aspartate aminotransferase (AST), alkaline phosphatase (ALP), sorbitol dehydrogenase
(SDH) or lactate dehydrogenase (LDH); these biomarkers also increase in long-term fasting
[9,10]. Under fasting conditions, fatty acid is accumulated in the liver for ketone body
production, but a part of the fatty acid is converted to triglyceride which forms lipid
droplets in the liver. A recent study has found that one of the precursors of gluconeogenesis
inhibits ketogenesis leading to fasting-induced lipid accumulation [11], but the molecular
mechanisms of the adverse effects of fasting have not been fully understood.

Pregnane X receptor (PXR: NR112), a member of the nuclear receptor superfamily, is highly
expressed in the liver [12] and well-characterized as a sensor for xenaobiotics, regulating
detoxification processes [13]. In addition, it has become clear that PXR has diverse functions
not limited to detoxification [14]. Recent studies have demonstrated that PXR plays an
essential role in regulating energy metabolisms [15]. PXR activation induces lipid and
triglyceride accumulation in the mouse liver [16]. However, a PXR knockout mouse also
develops lipid accumulation and hypertriglyceridemia [16,17]. PXR is established as a new
regulator for energy homeostasis in the liver, but the molecular mechanisms of PXR for
energy regulation have not been fully understood. Recently, a conserved phosphorylation
motif located in the ligand-binding domain of nuclear receptors has been reported [18],
whose phosphorylation at mouse Ser347 (human Ser350) of PXR or Ser815 of androgen
receptor has been confirmed in the mouse [19,20]. Whereas Ser347 of PXR is characterized
as a phosphorylation site responding to fasting in the mouse liver [19], the role of PXR
phosphorylation at Ser347 /n vivo is not evaluated because of the absence of the model.

In this study, we established a novel knock-in mouse model bearing a serine to alanine
mutation at PXR Ser347 (PXR KI) that blocks phosphorylation. Subsequently, we utilized
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PXR KI mice to study the role of phosphorylation at Ser347 of PXR during the fasting
responses.

Materials and Methods

Animal:

C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Mice
were maintained on a 12 h light/12 h dark cycle and fed with NIH-31 the Open Formula
Autoclavable diet (Zeigler, Gardners, PA, USA) and water ad libitum. 8-weeks old PXR WT
or PXR S347A KI mice were sacrificed by CO, inhalation, following feeding or fasting
(food withdrawn) for 24 hours. All experiments were performed under the animal protocol
approved by the National Institute of Environmental Health Science.

Generation PXR S347A Kl (PxrS347A) mice:

A single CAS9 target site (TGGGGGAAAGCCATCACCTGGGG) was utilized to generate
a double-stranded break in the PXR locus near the S347 codon (Supp. Fig. 1A).
Complementary oligos were ordered from Integrated DNA Technology (Coralville, 1A,
USA) and cloned into a T7 sgRNA plasmid, and /n vitro transcribed using Epicentre
AmpliScribe T7 High Yield Transcription Kit (Madison, WI, USA). A single-stranded 200
bp oligo donor (ssODN) was utilized to generate the S347A mutation with co-insertion

of a Pvu | restriction enzyme site in the intron to facilitate founder screening and further
disrupt the endogenous CAS9 target site (detailed genome editing design Supp. Fig. 1).
C57BL/6J one-cell embryos were microinjected with CAS9 SgRNA (20 ng/ul), 200 bp
sSODN (100 ng/ul), and 5” capped/polyA tailed Cas9 RNA (100 ng/ul) derived from pCAG-
T3-hCAS-pA, a gift from Wataru Fujii & Kunihiko Naito [21]. Microinjected embryos were
surgically transferred to SWISS pseudo-pregnant females. At weaning, potential founders
were screened by PCR amplicon sequencing. Founders of interest were bred to wildtype
C57BL/6J mice and F1 offspring were re-screened to confirm germline transmission of

the mutant allele. The original genome editing design included the co-introduction of the
S347A mutation and a novel intronic Pvu | restriction enzyme site to aid in screening

and subsequent genotyping. However, during FO founder screening, a fortuitous allele

was identified where the double-stranded break repair resulted in the introduction of

the Ser347Ala codon mutation, but not the intronic Pvu I site (Supp. Fig. 1C). The

mouse colony genotyping was done by primer/probe assay by Transnetyx (Cordova, TN,
USA) (Supp. Table 1A). Codon 347 is underlined in each probe (Supp. Table 1B). Total
RNAs extracted from the liver were used for synthesizing cDNA by MultiScribe Reverse
Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA) with oligo dT primer. PCR
was performed using PrimeSTAR Max DNA polymerase (TaKaRa, Otsu, Japan).

Western blotting:

Liver from PXR WT or PXR KI mice was homogenized using a Dounce homogenizer

in T-PER buffer (Thermo Fisher Scientific). The proteins were separated by SDS-PAGE
and transferred onto the PVDF membrane. The membrane was incubated with an anti-
PXR antibody (#39589, Active motif, Carlsbad, CA, USA). Protein bands were visualized
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with WesternBright Sirius chemiluminescent reagents (Advansta, San Jose, CA, USA) and
recorded with a western blot scanner (Licor, Lincoln, NE, USA).

Gene arrays and Bioinformatics:

After 24 hours of fasting or feeding, PXR WT or PXR KI mice were sacrificed. Livers
were then harvested, the RNAs from which were collected and purified by Trizol reagent
(Thermo Fisher Scientific) and RNeasy mini kit (QIAGEN, Valencia, CA, USA). Gene
expression analysis was conducted using Agilent Whole Mouse Genome 4x44 multiplex
format oligo arrays (014868) (Agilent Technologies, Palo Alto, CA, USA) following the
Agilent 1-color microarray-based gene expression analysis protocol. Cy3 labeled cRNA
was produced following the manufacturer’s protocol. Cy3 labeled cRNAs were fragmented
and hybridized for 17 hours in a rotating hybridization oven. Slides were scanned with an
Agilent Scanner. Data were obtained using the Agilent Feature Extraction software (v12).
The Agilent Feature Extraction Software performed error modeling, adjusting for additive
and multiplicative noise. Genes were considered differentially expressed if they showed a
fold-change of at least 1.5 with p-value<0.05 tested by an ANOVA and Benjamini-Hochberg
multiple test correction performed using OmicSoft Array Studio (Version 10) software.
Gene set enrichment analysis (GSEA, version 4.0.3) was performed with the hallmark
gene sets (H) from Molecular Signature Database (MSigDB, v7.1). Gene set with NOM
p-val<0.05 was considered as significantly enriched. Ingenuity Pathway Analysis software
(IPA, Qiagen) was utilized to search the Canonical pathway and Toxicity function. The
pathways with Z-score >2 and <—2 were considered significantly activated and repressed
pathways, respectively.

Serum analysis:

Serum isolated with BD Microtainer serum separator tubes (Becton, Dickinson and Co.,
Franklin Lakes, NJ, USA) were analyzed using an AU480 Chemistry Analyzer (Beckman
Coulter, Inc., Brea, CA, USA). Except for the SDH and B-hydroxybutyrate assays, all tests
were performed using reagents from Beckman Coulter, Inc. (Brea, CA, USA). Reagents for
the SDH assay and the B-hydroxybutyrate assay were obtained from Sekisui Diagnostics,
LLC. (Burlington, MA, USA) and Stanbio Laboratory (Boerne, TX, USA), respectively.

Liver triglyceride levels:

Liver triglyceride contents were measured using a triglyceride colorimetric assay kit
(Cayman Chemical, Ann Arbor, MI, USA) and following the manufacturer’s instructions.

Statistical analysis:

Statistical analyses were performed using Graphpad Prism (version 8.3.0, Graphpad
Software, La Jolla, CA, USA). The distribution normality was checked by the Shapiro Wilk
test. One-way ANOVA followed by Sidak’s multiple comparisons and Kruskal-Wallis test
followed by Dunn’s multiple comparisons were performed for the group with equal variance
and no equal variance, respectively. P < 0.05 was considered statistically significant.
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Results
Generation of PXR S347A Kl (PxrS347A) mice

To understand the /n vivo functions of the conserved PXR mmSer347/hsSer350
phosphorylation site, we established a mouse line with a PXR*Ser347Ala mutation, which
blocks phosphorylation at this motif. Genomic DNA of mouse embryos was edited by
CRISPR/Cas-9 systems to knockin the mutation of PXR codon 347 from serine to alanine
(Fig. 1A). Sequencing analysis of genomic DNA of PXR WT and PXR Ser347Ala knockin
(PXR KI) mice confirmed two nucleotide mutations (T>G and C>T) at the Ser347 codon in
the mutant locus (Fig. 1B). Since the genomic edit to introduce the Ser347Ala mutation is
near the splice donor site of exon 7, canonical splicing was confirmed by sanger sequencing
in PXR KI cDNA. Sequencing revealed exon 7 to exon 8 splicing in homozygous PXR

KI mice at the exact same sequence as wildtype mice (Fig. 1B). Subsequently, protein
expression levels of PXR were analyzed by Western blotting assay. PXR KI mice expressed
similar levels of PXR protein as PXR WT mice, indicating PXR KI mutation didn’t affect
protein expression levels (Fig. 1C). In contrast, the bodyweight of PXR KI mice was lower
than those of PXR WT mice (Fig. 1D).

Gene Expression changed by fasting in PXR KiI

Next, we evaluated the impact of fasting on bodyweight and RNA expression profiles in the
liver among PXR WT or PXR KI mice. In addition to significant bodyweight loss by fasting
in both PXR WT and PXR KI, the bodyweight loss of PXR KI by fasting was markedly
greater than those of PXR WT (Fig. 2A). cDNA microarray analysis showed expression
levels of 1154 and 1690 genes were changed significantly by fasting in PXR WT mice and
PXR KI, respectively (Fig. 2B). Among these genes, 120 and 621 genes were up-regulated
by fasting in PXR WT and PXR KI mice, respectively (Fig. 2C). Similarly, 326 and 351
genes were down-regulated by fasting in PXR WT and PXR KI mice, respectively (Fig.
2C). Gene set enrichment analysis (GSEA) with hallmark gene sets was employed with
differentially expressed genes (DEGSs) between feeding and fasting conditions in only PXR
WT or PXR KI to determine how these genes regulated biological functions. Although a
significant pathway was not identified in DEGs in PXR WT, glycolysis was found to be
up-regulated in the fasted PXR KI mice (Fig. 2D and Supp. Table 2).

The levels of liver toxicity marker in the serum after fasting

Subsequently, ingenuity pathway analysis (IPA) identified significant activated or

inactivated canonical pathways or toxicity functions. Canonical pathway analysis showed
estrogen biosynthesis, nicotine degradation, melatonin degradation and glutathione-mediated
detoxification were induced by fasting in PXR Kl mice (Supp. Fig. 2). Toxicity function
analysis showed function related to cell death or apoptosis was induced by fasting in PXR
KI mice, whereas inflammation was attenuated (Fig. 3A). Next, serum analyses determined
the levels of biomarkers of liver functions and damage (Fig. 3B). The serum levels of AST
were significantly increased by fasting in both PXR WT and PXR KI mice. In contrast,
alanine aminotransferase (ALT) levels were not significantly changed by fasting. On the
other hand, the serum levels of ALP, SDH or LDH were significantly increased by fasting
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in PXR KI mice, but not PXR WT. These results suggested that fasting had increased liver
toxicity in PXR KI mice as compared to PXR WT mice.

Effect of PXR Kl on Glucose, Ketone, and Triglyceride levels during fasting

Next, we assessed the glucose, beta-hydroxybutyrate (the most abundant ketone body), and
triglyceride levels in the serum from PXR WT and PXR KI mice (Fig. 4A). The serum
glucose and beta-hydroxybutyrate levels were decreased and increased, respectively, by
fasting in both PXR WT and PXR KI mice. On the other hand, triglyceride levels were
significantly increased by fasting in PXR KI, but not in PXR WT mice. Liver sections from
PXR WT or PXR KI mice were prepared following feeding or fasting for 24 hours and
subjected to histological analysis by HE staining. Whereas lipid droplets in the liver sections
of PXR WT mice were decreased by fasting, they were increased by fasting in PXR KI
mice (Fig. 4B). Liver triglyceride levels were increased by fasting in PXR WT and PXR

KI mice. Moreover, liver triglyceride levels in the livers of fasted PXR KI were higher than
those of fasted PXR WT mice (Fig. 4C). These results indicated that fasting-induced lipid
accumulation was augmented in PXR KI mice.

Discussion

In this study, we generated a PXR*Ser347Ala mouse line to study the role of PXR
phosphorylation at the Ser347 residue (equivalent to human Ser350). We subsequently
characterized the role of mouse PXR Ser347 phosphorylation in response to fasting
conditions /n vivo. The PXR KI mice displayed decreasing bodyweight and enhanced
bodyweight loss during fasting. In addition, fasting-induced liver toxicity, high triglycerides
in either serum or liver and liver lipid accumulation were augmented in PXR KI mice. These
results suggest that hepatic triglyceride accumulation causes lipid accumulation resulting in
hepatic steatosis in fasting PXR KI mice. Thus, PXR phosphorylation plays an essential role
in regulating energy homeostasis in response to fasting.

The effect of fasting on the liver is like a double-edged sword: it is an effective
non-medical treatment for T2D or NAFLD [22,23], but in normal health conditions, it
induces liver lipid accumulation and steatosis [24]. The molecular mechanisms of these
diverse effects of fasting are poorly understood. In this study, we showed that PXR
Ser347 non-phosphorylation mutation augmented fasting-induced lipid and triglyceride
accumulation in the liver, suggesting that fastingassociated liver toxicity is prevented by
PXR phosphorylation. In addition, PXR Ser347 has been reported as a phosphorylation
site in response to fasting conditions [19]. Therefore, the phosphorylation of PXR Ser347
acts as a sensor for the fasting response and modifies the PXR functions to maintain liver
health. The molecular mechanisms of how PXR phosphorylation regulates its function are
not fully understood. PXR is known to form protein complexes for the transactivation

of target genes. Retinoid X receptor (RXR) a is a well-characterized PXR protein
partner to form a heterodimer, but PXR phosphorylation at Ser347 has been reported to
interrupt heterodimerization [25]. PXR interacts with not only RXRa but also FOXO1,
FOXAZ2, PPARa, CREB and PGC-1a to co-regulate hepatic genes, including glucose

or lipid metabolizing enzymes [16,26-29]. Therefore, PXR phosphorylation at Ser347
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has a potential role in controlling interacting protein partners for regulating target gene
expressions in response to energy stress.

One of the adverse effects of fasting is hepatic steatosis which is associated with an

increase in liver toxicity biomarkers in serum. In this study, the serum levels of ALP, SDH,
and LDH were significantly increased by fasting in only PXR KI mice. The microarray
analysis showed the PXR KI specific gene expression changed by fasting was correlated
with apoptosis or liver damage-marker induction. In addition, GSEA suggested fasting in
PXR KI mice leads to activation of the glycolysis pathway which is reported as an activated
pathway in injured livers [30]. Therefore, the liver damage caused by fasting was augmented
in PXR KI mice, suggesting PXR phosphorylation helps prevent liver damage caused by
fasting. PXR ablation has been reported to develop hepatic steatosis associated with lipid
and triglyceride accumulation by fasting [16]. Although further studies will be required to
clarify the mechanisms, those observations in PXR ablation should be caused by the loss

of phosphorylated PXR expression. The microarray analysis also showed that fasted PXR
KI mice have altered activation of estrogen biosynthesis, nicotine degradation, melatonin
degradation and glutathione-mediated detoxification. The activation of these pathways has
been reported in mice with PXR ligand treatment [31]. Among them, nicotine degradation
and glutathione-mediated detoxification relate to liver detoxification systems. Estrogen has a
protective effect on liver lipid accumulation [32]. These results suggested that PXR and its
Ser347 phosphorylation have a role in the protection of the liver from not only toxic but also
energy stresses.

In conclusion, PXR phosphorylation at Ser347 is a crucial post-translational modification

to maintain energy homeostasis as well as liver health under fasting conditions in vive.

The blocking of PXR phosphorylation enhances fasting-induced liver lipid and triglyceride
accumulation and hypertriglyceridemia, suggesting PXR plays a role through Ser347
phosphorylation to prevent developing severe liver damage by fasting. Thus, PXR S347A K
mice will be a unique mouse model for studies to clarify the molecular mechanisms of how
energy homeostasis is regulated during fasting conditions in the liver.
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Highlight
. PXR phosphorylation at Ser347 (P-PXR) deficient mice (PXR KI) was
established.
. PXR KI exhibited bodyweight reduction.
. Fasting-induced liver lipid and triglyceride accumulation were enhanced in
PXR KI.
. P-PXR plays an essential role in protecting from fasting-induced liver
toxicity.
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Figure 1: Generation of PXR S347A Kl (er5347A) mice
(A) General schematic diagram showing the strategy for producing PxrS347A mice. (B)

Sequence chromatograms for the target site of genomic DNA (left) or cDNA (Right) of
wild-type mice (Top) and PXR KI mice (Bottom). (C) Western blotting was performed
using liver lysate from PXR WT or KI. Beta-actin was used as an internal control. (D) The
bodyweight of PXR WT or PXR KI mice was evaluated. Values are presented as means *
S.E.M.
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Figure 2: Gene Expression change due to fasting in PXR Ki
(A) Bodyweight changes from before to after feeding or fasting was evaluated in PXR

WT or PXR KI mice. Values are presented as means + S.E.M. (B) Volcano plot showing
differentially expressed genes (DEGSs) between fed and fasted PXR WT (left) or PXR

KI (right) mice. (C) Venn diagram analyses for up-or down-regulated genes by fasting in
PXR WT or PXR KI mice were performed. (D) Enrichment plots of genes, a hallmark of
glycolysis, in DEGs of PXR KI are presented by GSEA. NES: normalized enrichment score.
NOM p-val: nominal p-value. The p-value was calculated by GSEA.
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Figure 3: The levels of liver toxicity marker in the serum after fasting
(A) DEGs between feeding and fasting of PXR WT or PXR KI were analyzed by IPA

for Toxicity function. (B) Following feeding or fasting, the serum was prepared from PXR
WT or PXR KI. Serum levels of Alanine Aminotransferase (ALT), Alkaline Phosphatase
(ALP), Aspartate Aminotransferase (AST), Lactate Dehydrogenase (LDH) and Sorbitol
Dehydrogenase (SDH) were evaluated. Values are presented as means + S.E.M.
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Figure 4: Effect of PXR Kl on Glucose, Ketone, and Triglyceride levels by fasting
(A) The levels of glucose, p-Hydroxybutyrate and Triglyceride were assessed using serum

from PXR WT or PXR KI following feeding or fasting. Values are presented as means +
S.E.M. (B) H&E staining was performed using liver sections from PXR WT or PXR KI
mice following feeding or fasting. (C) The triglyceride levels of the liver from PXR WT or
PXR KI mice following feeding or fasting were evaluated. Values are presented as means +

S.EM.
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