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Fibroblast growth factor 21 (FGF21) plays critical roles in regulating glucose and lipid metabolism. -
Klotho is the co-receptor for mediating FGF21 signaling, and the mRNA levels of this receptor are
increased in the liver of human subjects with obesity. However, the molecular mechanisms underlying
the regulation of B-klotho expression remain poorly defined. Here, we report that elevation of f-klotho
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in mice led to increased expression of B-klotho in the liver. In addition, we show that ER stress is suf-
ficient to potentiate FGF21 signaling in HepG2 cell and ATF4 signaling pathway is essential for mediating
the effect of ER stress on B-klotho expression. These findings demonstrate a link of ER stress with up-
regulation of hepatic B-klotho expression and the molecular mechanism underlying ER stress-
regulated FGF21 signaling.
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1. Introduction

Fibroblast growth factor 21 (FGF21), a member of fibroblast
growth factor superfamily, plays critical roles in regulating glucose
and lipid homeostasis and energy expenditure in vivo [1]. FGF21
acts as a critical regulator of gluconeogenesis, ketogenesis and fatty
acid oxidation in liver [2,3], and hepatic FGF21 expression is
regulated by fasting, ketogenic diet or activation of PPARa [2,4].
Plasma and hepatic FGF21 was elevated in overweight subjects,
impaired glucose tolerance patients or type 2 diabetic patients
[5—8]. In white adipose tissue, FGF21 enhances glucose uptake and
stimulates lipolysis in insulin-independent manner [1,9,10]. In
brown fat tissue, FGF21 promotes thermogenesis, which is partially
though PGC-1¢ [11]. B-Klotho is a co-receptor for FGF21 binding to
fibroblast growth factor receptor, which is essential for mediating
FGF21 signaling [12,13]. This co-receptor is mainly expressed in
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liver, pancreas, and adipose tissue [14]. It has been reported that -
klotho is required for the effect of FGF21 on reduction of hepatic
triglyceride and cholesterol when mice are challenged with high fat
diet [12]. The mRNA expression of B-klotho is elevated in liver in
obese human subjects [15], which has been proposed as a
compensatory effect to over-nutrition-induced FGF21 resistance
[15,16]. However, the molecular mechanisms underlying the
regulation of B-klotho expression remain largely unknown.

Endoplasmic reticulum (ER) is the organelle for synthesis, as-
sembly and routing of proteins in cells [17]. The ER stress, also
called the unfold protein response (UPR), is due to failure of
adaptive capacity between ER protein loading and folding capacity
[18]. Numerous studies indicate that ER stress is associated with
metabolic diseases including type 2 diabetes and non-alcoholic
fatty liver disease (NFALD) [19]. C/EBP homologous protein
(CHOP) is considered as the best characterized UPR-regulated
protein [20]. Suppression of metabolic gene by CHOP leads to
disfunction of fatty acid oxidation, which indicates CHOP may be as
a possible mediator of hepatic steatosis [21].

We and others have demonstrated that ER stress induces FGF21
expression in liver by modulating activating transcription factor 4
(ATF4) or X-box-binding protein 1 (XBP1) [22—24]. In present
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study, we investigate the effects of ER stress on hepatic B-klotho
expression and FGF21 signaling. Our results reveal the molecular
mechanisms underlying nutrition-regulated hepatic FGF21
signaling.

2. Materials and methods
2.1. Chemicals and antibodies

Thapsigargin (TG) and Tunicamycin (TM) were obtained from
Sigma—Aldrich. Anti-Beta-klotho antibody was purchased from
R&D Systems. Anti-CHOP (C/EBP homologous protein), anti-phos-
pho-Fra2o, anti-phospho-Erk, and anti-Erk antibodies were pur-
chased from Cell Signaling Technology. Anti—-actin antibody was
obtained from Abcam. Recombinant mouse FGF21 was purchased
from Sino Biological.

2.2. Cell culture

Human hepatoma cell line HepG2 (ATCC) was grown in DMEM
with 10% fetal bovine serum, 2 mM glutamine, and antibiotics (100
units/ml penicillin and 100 pg/ml streptomycin). To determine the
expression levels of f-klotho and CHOP expression under TG or TM
stimulation, 80% confluent HepG2 cells were quiescent in DMEM
with complete medium followed by treatment with TG (1 uM) or
TM (10 ug/ml) for indicated times. To check FGF21 signaling, HepG2
cells were serum-started for 4 h and treated with FGF21 (1 pg/ml)
for 15 min.

2.3. Animal studies

2.3.1. Ethics statement

All animal experiments were performed under anesthetic con-
ditions and the protocols were carried out in accordance with the
recommendations in the Guide for the Care and Use of Laboratory
Animals of the Shanghai Jiao Tong University.

2.3.2. Mice and method

Male C57BL/6] mice and ob/ob mice were purchased from
Shanghai Laboratory Animal Co. Ltd. To generate diet-induced
obesity model, mice at 6 weeks old were fed with a high fat diet
(HFD) containing 60% kcal of fat or a low fat diet (LFD) containing
10% kcal of fat for 12 weeks (Research Diets Inc.). Male ob/ob mice
with the C57BL/6] mice as control were sacrificed at 12 weeks of
age. In tunicamycin-induced ER stress study, male C57BL/6] mice at
12 weeks of age under normal chow were injected intraperitoneally
with DMSO or tunicamycin at a dose of 1 mg/kg body weight.
Twenty-four hours post injection, the mice were sacrificed and the
livers were kept in liquid nitrogen before storage at —80 °C.

2.3.3. Primary hepatocyte isolation

Primary hepatocytes were isolated from male mice at 8—12
weeks of age as previously reported [24]. Briefly, the livers were
digested with collagenase perfusion through the portal vein of
mice, sliced into small pieces in tissue culture dishes with perfusion
buffer. The hepatocytes were then filtrated through a 70 pm cell
strainer and suspended at 50 g for 2 min at 4 °C. The cells were re-
suspended in 15 ml of HepatoZYME- SFM medium supplemented
with 2 mM L-glutamine, 20 units/ml penicillin, and 20 ug/ml
streptomycin, and cultured for 6 h at 37 °C to adhere before
experiments.

2.4. Human liver samples

2.4.1. Ethics statement

The human study was approved by the Ethics Committee of
Shanghai Jiao Tong University Affiliated Sixth People's Hospital,
following the principles of the Declaration of Helsinki. Written
voluntary consent was obtained from all subjects before their
participation.

2.4.2. Subjects and method

Human liver samples were collected from patients of benign focal
hepatic lesions undergoing liver surgery at the Department of Liver
Surgery (Zhongshan Hospital, Fudan University, Shanghai, China) as
described previously [6] and NAFLD was diagnosed according to the
guidelines by the Asia-Pacific Working Party [25]. All liver samples
were examined by pathologists and hepatic steatosis was classified
as grade 0 (1-5%), grade 1 (6—33%), grade 2 (34—66%), and grade 3
(67—100%) [26]. Liver samples used for protein extraction were from
three patients with severe NAFLD (scored as grade 2 or 3) or three
control subjects (grade 0). All of these samples were diagnosed
without steatohepatitis or cirrhosis.

2.4.3. RNA interference

The RNA interference (siRNA) oligos used to down-regulate
ATF4, ATF6, or XBP1 expression and scrambled controls were pur-
chased from Shanghai GenePharma Co. Ltd. HepG2 cells were
transfected with 20 nM of siRNA or scrambled control by using
lipofectamine 2000 (invitrogen). Twenty-four hours post-
transfection, the cells were ready for detecting down-regulation
of targeted genes.

2.4.4. Western blot analysis

For immunoblotting analysis, total proteins were extracted from
cells or liver tissues by RIPA buffer supplemented with protease
inhibitor cocktail and phosphatase inhibitors (Sigma). Proteins
were separated by SDS-PAGE and transferred to polyvinylidene
difluoride membrane (Millipore). After incubation with the primary
antibodies and then secondary antibodies, proteins were detected
with western chemiluminescent HRP substrate (Millipore).

2.4.5. Quantitative real time PCR (RT-PCR) analysis

Total RNAs were extracted from cells or liver tissues by Trizol
reagent (Invitrogen). RT-PCR was performed with a Roche Light-
cycler 480 system, using the SYBR Green PCR Master Mix (Applied
Biosystems). (-Actin was used as a control. The primers used for
detecting expression of target genes are listed as follows: human g-
klotho, sense 5'-GGCGACATGGACATTTACATCA-3' and antisense 5'-
ACTTCCGGAGCCGGTCAT-3’; mouse Chop, sense 5-CTGGAAG
CCTGGTATGAGGAT-3' and antisense 5-CAGGGTCAAGAGTAGTGA
AGGT-3’; human XBP-1s, sense 5-CTGAGTCCGAATCAGGTGCAG-3’
and antisense 5-ATCCATGGGGAGATGTTCTGG-3’; human CHOP,
sense 5'-CAAGAGGTCCTGTCITCAGATGA-3’ and antisense 5'-
TCTGTTTCCGTTTCCTGGTTC-3’; human ATF6, sense 5'-AGCATGTT
CCTGAGGAGTTGG-3' and antisense 5-AGGCTTATCTTCCTT-
CAGTGGC-3'; human ATF4, sense 5'-CCTTCGACCAGTCGGGTTTG-3'
and antisense 5'-CTGTCCCGGAAAAGGCATCC-3’; mouse Ffgr1, sense
5-CTGAAGGAGGGTCATCGAAT-3' and antisense 5'-GTCCAGGTCTTC
CACCAACT-3’; mouse Ffgr2, sense 5'-CACCACGGACAAAGAGATTG-3'
and antisense 5'-TGTCAACCATGCAGAGTGAA-3’; mouse Ffgr3, sense
5-AGATGCTGAAAGATGATGCG-3' and antisense 5'-ATGATGTTC
TTGTGCTTGCC-3’; mouse Ffgr4, sense 5-CAGAGGCCTTTGGTATG-
GAT-3' and antisense 5'-AGGTCTGCCAAATCCTTGTC-3’; and mouse
B-klotho, sense 5-CAGAGAAGGAGGAGGTGAGG-3' and antisense
5-CAGCACCTGCCTTAAGTTGA-3'.
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2.5. Statistical analysis

All data are presented as mean + S.E, and p values were calcu-
lated using unpaired two-tailed t test (GraphPad Prism 4.0).
p < 0.05 was considered statistically significant.

3. Results

3.1. ER stress is associated with up-regulation of (-klotho
expression in the liver with steatosis

To determine whether hepatic B-klotho expression is associated
with ER stress under hepatic steatosis conditions, we developed
diet-induced mouse model with obesity and liver steatosis. Our data
indicated that HFD-feeding for 12 weeks led to significant increases
in body weight (Fig. 1A) and hepatic triglycerides (TG) levels (Fig. 1B)
in mice, which is associated with enhancement of f-klotho protein
expression (Fig. 1C). Interestingly, levels of CHOP expression, a
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marker of ER stress [20], in the liver of HFD-fed mice were also
significantly increased compared to those fed with chow (Fig. 1C).
Similarly, we also observed increased B-klotho and CHOP protein
expression in the liver of ob/ob mice, a genetic model of obesity [27]
(Fig. 1D). To confirm this finding under human liver disease condi-
tions, we detected B-klotho and CHOP protein expression in livers of
human NAFLD patients and control subjects. Consistent with the
animal study, the expression levels of both B-klotho and CHOP
protein were significantly enhanced in the liver of NAFLD patients
and control subjects (Fig. 1E). Together, these data indicate that ER
stress is associated with up-regulation of B-klotho expression under
hepatic steatosis condition in both human and mice.

3.2. ER stress induces up-regulation of §-klotho expression in vitro
and in vivo

To investigate whether ER stress has a direct effect on -klotho
expression, we used thapsigargin or tunicamycin, two ER stress
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Fig. 1. B-Klotho is elevated in fatty liver. (A) Body weight measurements. Male C57BL/6] mice (n = 5) were fed with LFD or HFD at 8 weeks of age for 12 weeks. (B) H&E stained
and oil O red stained liver sections of the mice fed with LFD or HFD for 12 weeks (20x for each image). (C) The liver tissues of the mice fed with LFD or HFD were isolated and
homogenized. The protein levels of B-klotho and CHOP were measured by immunoblotting. Actin was used as the loading control, and representative results are shown for three
individual mice per group. (D) The liver tissues of the ob/ob mice and wild type mice were isolated and homogenized. The protein levels of B-klotho and CHOP were measured by
immunoblotting. Actin was used as the loading control, and representative results are shown for three individual mice per group. (E) The liver tissues of patient with or without
NAFLD were extracted and homogenized. The protein levels of B-klotho and CHOP were measured by immunoblotting. Actin was used as the loading control, and representative
results are shown for three individual subject per group. Data in A-E are presented as the mean + S.E. *, p < 0.05; **, p < 0.01 by unpaired two-tailed t test.
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inducers [28], to initiate ER stress in hepatic cells. Our data show
that thapsigargin or tunicamycin treatment induced ER stress in
HepG2 cells since CHOP expression was significantly increased
under these conditions (Fig. 2A and B). Meanwhile, B-klotho
expression in both mRNA (Fig. 2C and D) and protein (Fig. 2A and B)
levels were up-regulated under these condition. Similar results
were observed in mice primary hepatocytes stimulated with tuni-
camycin (Fig. 2E). To test if ER stress can regulate B-klotho
expression in vivo, we administrated C57BL/6] male mice with
tunicamycin for 24 h. Our data indicate that Tunicamycin was suf-
ficient to induce ER stress in the liver tissues of the mice since the
protein (Fig. 2F) and mRNA (Fig. 2G) levels of CHOP expression were
markedly enhanced under Tunicamycin treatment. Consistent with
our finding that ER stress induces up-regulation of B-klotho
expression in both liver cells and primary hepatocyte (Figs. 1 and 2),
the levels of both B-klotho protein (Fig. 2F) and mRNA (Fig. 2H)
were significantly increased in the liver of mice treated with
Tunicamycin compared to those with vehicle control. It has been
reported that p-klotho-mediated FGF21 signaling is depended on
FGFR1-4 [29,30], receptors of fibroblast growth factor. We next
tested the effect of ER stress on these receptors. Our data indicated
that ER stress selectively induced down-regulation of FGFR3, but
not FGFR1, FGFR2, and FGFR4 (Fig. 21), in the liver of Tunicamycin-
treated mice, which is opposite to the effect on B-klotho
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expression (Fig. 2A and B). Taken together, these data demonstrate
that the effect of ER stress on B-klotho expression in vitro and
in vivo.

3.3. ATF4 signaling pathway mediates the effect of ER-stress on (3-
klotho expression

To understand the mechanism underlying ER stress-induced up-
regulation of B-klotho expression, we detected if ATF4, ATF6 or
XBP1s signaling pathways, which have been reported as ER stress
activated pathways in liver [21], are involved in mediating the ef-
fect of ER stress on B-klotho expression. The expression of ATF4,
activating transcription factor 6 (ATF6), or XBP1s was significantly
down regulated with siRNA method in HepG2 cells (Fig. 3A).
Interestingly, suppression of ATF4, but not ATF6, or XBP1s, blocked
ER-stress-induced B-klotho expression (Fig. 3B). The role of ATF4 in
mediating ER-stress effect on B-klotho protein expression was also
confirmed (Fig. 3C). These data indicate ER stress-induced p-klotho
expression is dependent on ATF4 pathway.

3.4. ER stress stimulates basal level of FGF21 pathway

Due to B-klotho and FGF21 expression can be induced by ER
stress [23,24], it is interesting to test whether FGF21 signaling is
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Fig. 2. ER stress induces up-regulation of B-klotho expression in vitro and in vivo. (A) and (B) HepG2 cells were treated with TG (1uM) or TM (10ug/ml) for indicated time. The
protein expression of f-klotho and CHOP were detected by immunoblotting. Shown are representative results from three independent experiments. (C) and (D) HepG2 cells were
treated with TG (1uM) or TM (10ug/ml) for 24 h. The mRNA level of §-klotho were measured by RT-PCR. (E) Mouse primary hepatocytes were treated with TM (10 pg/ml) for
indicated time. The protein expression of -klotho and CHOP were detected by immunoblotting. Mice were treated with PBS (vehicle) or Tm for 24 h (n = 5/group). (F) Hepatic
CHOP and B-klotho protein level were measured by immunoblotting. Relative level of B-klotho are shown from densitometric quantification of the immunoblots after normalization
to actin. The mRNA levels of CHOP (G) and (-klotho (H) were detected by RT-PCR in the liver of Tm-treated mice. (I) The mRNA levels of FGFR1, FGFR2, FGFR3 and FGFR4 were
measured by RT-PCR in the liver of Tm-treated mice. Data in A—D are shown as the mean + S.E. *, p < 0.05; **, p < 0.01 by unpaired two-tailed t test.



304
ATF4  ATF6
Y 12 " sk XB*F;15
° 4 0 6
3 $ 5
508 <24
Zos 255
o Ed
204 0w 2
® Z ©
02 & 1
< 5 ¢ o
¢ X e Scramble  ATF4 ATF6
S ¢ X NS
& f & .§ &£ § SIRNA  siRNA
24 & caé)é" (,_,éq.@
< < _\‘57

K. Dong et al. / Biochemical and Biophysical Research Communications 459 (2015) 300—305

16 e
aTG+
Scramble  ATF4 SiRNA %1~ *k -
w
[ l ¥ l | B-Kloth =2
] -Klotho =
. ] gos
[ ———1 i £04
<
Tg = 5 - Y %
XBP1s Scramble ATF4
siRNA helled

Fig. 3. ER stress increases B-klotho though ATF4 pathway. (A) HepG2 cells were transfected with ATF4, ATF6 or XBP1s siRNA for 24 h. The mRNA abundance of ATF4, ATF6 and XBP1s
were measured by RT-PCR. (B) HepG2 cells were transfected with ATF4, ATF6 or XBP1s siRNA for 24 h, then treated with TG (1 uM) or PBS for 24 h. The mRNA abundance of §-klotho
was measured by RT-PCR. (C) HepG2 cells were transfected with ATF4 siRNA for 24 h, then treated with TG (1uM) for 24 h. B-klotho protein expression was measured by immu-
noblotting. Shown are representative results from three independent experiments. A and B are shown as the mean + S.E. *, p < 0.05; **, p < 0.01 by unpaired two-tailed t test.

enhanced under ER stress. HepG2 cells were pre-treated with
tunicamycin for 24 h, and then treated with recombinant FGF21. As
shown in Fig. 4, ER stress led to increase in basal phosphorylation
levels of P-FRS2a and P-Erk, two FGF21 signaling markers [30,31],
suggesting that ER stress is sufficient to enhance basal level of
FGF21 signaling.

4. Discussion

B-Klotho is a co-receptor of FGF21 and expresses mainly in WAT,
BAT, and liver tissues [32], the target organs of FGF21 action
[4,12,31,32]. Although B-klotho is essential for beneficial roles of
FGF21, increased hepatic mRNA expression of §-klotho is related to
human obesity [15]. It is largely unknown how B-klotho expression
is up-regulated in obesity. In this study, we determine that elevated
protein level of B-klotho are associated with ER stress under NAFLD
conditions in both mice and humans. We also demonstrate that ER
stress can induce up-regulation of f-klotho expression both in vivo
and in vitro. Furthermore, our data indicate that ER stress promotes
FGF21 signaling and ATF4 signal pathway mediates the role of ER
stress in hepatic cells.

ER stress is closely linked to obesity and type 2 diabetes [18].
Several studies have demonstrated that hepatic FGF21 expression is
induced by ER stress through PERK-ATF4 and IRE1-XBP1 pathway
[22—24]. However, the effects of ER stress on FGF21 receptor/co-
receptor expression and signaling in liver are largely unknown.
Previous study indicates that ER stress can induce down-regulation
of B-klotho in adipose tissue [33]. Interestingly, our data show for
the first time that induction of ER stress with tunicamycin or
thapsigargin leads to significant up-regulation of -klotho expres-
sion in both HepG2 cells and mouse primary hepatocytes, indi-
cating the direct effects of ER stress on this co-receptor. We also
demonstrate the causal effect of ER stress on up-regulation of he-
patic B-klotho expression in both mRNA and protein levels in vivo.
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The correlation of ER stress with increased p-klotho expression was
also confirmed in the livers of obese mice and NAFLD patients.
Enhanced FGF21 expression and hepatic f-klotho has been showed
under over-nutrition condition [15,16]. Our findings that up-
regulated hepatic B-klotho and its correlation with ER stress un-
der obesity and NAFLD conditions suggest the potential role of ER
stress in regulating FGF21 signaling and function.

In addition to B-klotho, several forms of FGFR including FGFR1-4
have been reported as FGF21 receptors [13,29,30,34]. In contrast to
B-klotho, our study indicates that ER stress resulted in down-
regulation of FGFR3 and this effect was selective among FGFR
family members. Although FGF21 shows high binding affinity to
FGFR1 compared to other FGFR isoforms [35], it has been reported
that FGF21 can also activate other FGFR isotypes including FGFR3
[34]. Down-regulation of FGFR3 by ER stress may contribute to
impairment of FGF21 signaling in liver.

Impaired adaptive capacity of ER leads to activation of the
unfolded protein response (UPR). Under ER stress conditions, PERK-
ATF4, IRE1-XBP1, and ATF6 are activated and mediate ER stress
signaling. In our study, we determined the roles of these pathways
in mediating ER stress action by using siRNA approach. Our results
indicate that ATF4, but not XBP1s or ATF6, regulated B-klotho
expression in response to ER stress. Further study needs to test the
molecular mechanisms underlying the role of ATF4 pathway in
regulating B-klotho expression.

FGF21 signaling is also mediated by FRS2a and ERK phosphor-
ylation [13,31]. Our data indicate that ER stress is sufficient to
enhance the basal levels of FRS2¢. and ERK phosphorylation. FGF21
treatment cannot further stimulate the phosphorylation, which is
probably due to the fact that basal phosphorylation of these mol-
ecules were saturated under this condition.

In summary, our findings reveal the association of ER stress with
enhanced hepatic B-klotho expression under hepatic steatosis
condition. We have also identified ATF4 signaling pathway that
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Fig. 4. ER stress increases basal FGF21 signaling. HepG2 cells were treated with TG (1 uM) for 24 h, then treated with FGF21 (1 ug/ml) after 4 h fasting. P-FRS2a, P-ERK and ERK
were detected by immunoblotting. Shown are representative results from three independent experiments. Ratios of P-ERK/ERK were quantified by densitometry from the im-
munoblots. Relative P-FRS2a. levels were normalized to actin. Data are shown as the mean + S.E. *, p < 0.05; **, p < 0.01 by unpaired two-tailed t test.
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mediates the action of ER stress on -klotho expression in liver. Our
finding uncovers a mechanism underlying overnutrition-induced
alteration of FGF21 signaling and function.
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