
ARTICLE OPEN

Ufmylation on UFBP1 alleviates non-alcoholic fatty liver disease
by modulating hepatic endoplasmic reticulum stress
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Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease characterized by lipid accumulation and endoplasmic
reticulum (ER) stress, while effective therapies targeting the specific characteristics of NAFLD are limited. Ufmylation is a newly
found post-translational modification process that involves the attachment of the Ubiquitin-fold modifier 1 (UFM1) protein to its
substrates via ufmylation modification system. Ufmylation regulates ER stress via modifying UFM1 binding protein 1 (UFBP1),
suggesting a potential role for ufmylation in NAFLD pathogenesis. However, the precise role of ufmylation in NAFLD remains
unclear. Herein, we aim to elucidate the impact of ufmylation on UFBP1 in NAFLD and explore the underlying mechanisms
involved. We observed increased expression of UFM1-conjugated proteins and ufmylation modification system components in
livers with steatosis derived from NAFLD patients and NAFLD models. Upregulation of ufmylation on hepatic proteins appeared to
be an adaptive response to hepatic ER stress in NAFLD. In vitro, knocking down UFBP1 resulted in increased lipid accumulation and
lipogenesis in hepatocytes treated with free fatty acids (FFA), which could be rescued by wild-type UFBP1 (WT UFBP1) but not by a
mutant form of UFBP1 lacking the main ufmylation site lys267 (UFBP1 K267R). In vivo, ufmylation on UFBP1 ameliorated obesity,
hepatic steatosis, hepatic lipogenesis, dyslipidemia, insulin resistance and liver damage in mice with NAFLD induced by a high fat
diet (HFD). We also demonstrated that the downregulation of UFBP1 induced ER stress, whereas the reintroduction or
overexpression of UFBP1 alleviated ER stress in a manner dependent on ufmylation in NAFLD. This mechanism could be responsible
for the amelioration of aberrant hepatic lipogenesis and insulin resistance in NAFLD. Our data reveal a protective role of ufmylation
on UFBP1 against NAFLD and offer a specific target for NAFLD treatment.
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is the most common
chronic liver disease comprising a series of nonalcoholic factors-
caused liver diseases, ranging from non-alcoholic fatty liver to
non-alcoholic steatohepatitis (NASH), fibrosis and cirrhosis [1, 2].
The global prevalence of NAFLD is over 25% and uncontrolled
NAFLD can progress to serious pathological lesions such as fatal
cirrhosis and hepatocellular carcinoma [3]. However, due to the
complexity of NAFLD, approved therapeutic strategies targeting
the characteristics of NAFLD are limited [4, 5].
Multiple factors determine NAFLD’s progression. Abnormal lipid

metabolism is a crucial phenotype of NAFLD. De novo lipogenesis
significantly contributes to the hepatic lipid accumulation in
NAFLD [6–8]. Triglyceride (TG) is the main form of hepatic lipid
accumulation and cholesterol contributes to NASH development
[9, 10]. Meanwhile, elevated serum TG and cholesterol levels are
recognized as predictors and promoters of NAFLD [11]. Insulin
resistance (IR) is another pivotal phenotype of NAFLD. IR promotes
hepatic lipogenesis and lipid deposit in NAFLD [12]. In turn,

excessive lipid accumulation exacerbates IR [13]. Additionally,
serum alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) serve as indicators of hepatocyte damage in NAFLD
[14].
ER stress is a prominent feature of NAFLD, which promotes

lipogenesis, IR and hepatocyte damage [5, 15]. In NAFLD, hepatic ER
stress is triggered by lipid accumulation and activates the unfolded
protein response (UPR) [16]. The UPR consists of three pathways: the
Inositol-Requiring Enzyme 1α (IRE1α) pathway, the PRKR-Like
Endoplasmic Reticulum Kinase (PERK) pathway and the Activating
Transcription Factor 6 (ATF6) pathway [17]. Phosphorylated IRE1α
induces the expression of X-Box Binding Protein 1 spliced (XBP1s)
[18–20] and Caspase 2 [21, 22], which induces hepatic lipogenesis, IR
and hepatocyte damage. Similarly, phosphorylated PERK induces the
phosphorylation of Eukaryotic Translation Initiation Factor 2 Subunit
Alpha (eIF2α) and the expression of Activating Transcription Factor 4
(ATF4), which promotes liver steatosis, IR and hepatocyte damage
[5, 23]. Besides, ATF6 is transported to the Golgi apparatus for
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cleavage during ER stress, but the role of ATF6 in NAFLD remains
elusive.
Ufmylation is a new protein modification regulating ER stress

[24, 25]. Mature UFM1 is generated from UFM1 precursor through
the action of UFM1 Specific Peptidases [26]. Subsequently, UFM1
is transferred to substrates via Ubiquitin Like Modifier Activating
Enzyme 5 (UBA5), Ubiquitin-Fold Modifier Conjugating Enzyme 1
(UFC1) and UFM1 Specific Ligase 1 (UFL1) [27, 28]. In ER stress,
IRE1α/XBP1 branch promotes the expression of ufmylation
modification system components, serving as an adaptive response
to ER disturbance [29, 30]. The absence of ufmylation leads to
significant ER stress [24, 31–36] and contributes to various
diseases, including diabetes [24], ischemic heart disease [37],
heart failure [34], hematologic diseases [38, 39], atherosclerosis
[40, 41] and tumors [42, 43]. UFBP1 is the first-identified substrate
of ufmylation and promotes further ufmylation of other substrates
[44], which makes UFBP1 an pivotal factor in ufmylation.
Ufmylation on UFBP1 promotes the stability of IRE1α [32], as well
as the ER development [29] and ER-autophagy [45], all of these
maintain the ER homeostasis. Additionally, UFBP1 is involved in
various diseases, including cancers [42, 46, 47], skeletal dysplasia
[48, 49], anemia [38, 39] and diabetes [24].
Our previous studies demonstrated that ufmylation prevented ER

stress-induced apoptosis and promoted cholesterol efflux in macro-
phage cells [41, 50]. We also identified Prolyl 4-Hydroxylase Subunit
Beta (P4HB) as a new substrate of ufmylation. Defective P4HB
ufmylation led to mitochondrial function damage, oxidative stress
and ER stress in hepatocytes [35]. In this article, we observe an up-
regulated ufmylation of hepatic proteins in NAFLD. We demonstrate
that UFBP1 mitigates NAFLD-related phenotypes by regulating
hepatic ER stress in an ufmylation-dependent manner. These findings
suggest that targeting ufmylation on UFBP1 is a potential therapy
for NAFLD.

RESULTS
The ufmylation of hepatic proteins is increased in livers with
steatosis
The expression of UFM1 and its main substrate UFBP1 was
assessed in liver samples derived from patients with or without
NAFLD using immunohistochemical (IHC) analysis. UFM1 and
UFBP1 exhibited higher expression in livers with steatosis
compared to non-steatosis samples (Fig. 1A). Similarly, IHC analysis
revealed elevated levels of UFM1 and UFBP1 in the livers of mice
with high fat diet (HFD)-induced NAFLD in comparison to mice fed
a normal chow diet (ND) (Fig. 1B). HFD promoted the transcription
of UFM1 and UFBP1 (Fig. 1C) and the expression of UFM1-
conjugated proteins compared with ND mice (Fig. 1D). Notably,
HFD group exhibited increased protein bands between 55 and 77
KD in both UFM1 and UFBP1 immunoblots, indicating the
expression of UFM1-conjugated UFBP1 was promoted by HFD.
The enhanced ufmylation of hepatic proteins could be attributed
to the increased expression of ufmylation modification system
components (UFM1, UBA5, UFC1, UFL1 and UFBP1) in NAFLD (Fig.
1E). Similar results were observed in NAFLD cell models deriving
from the immortalized human hepatocyte cell line L02, which
were induced by free fatty acids (FFA) (oleate/palmitate, 2:1 ratio)
(Fig. 1F–H). Taken together, the ufmylation of hepatic proteins is
increased in livers with steatosis, which involves the ufmylation of
UFBP1. Based on these results, we aimed to investigate the impact
of ufmylation on hepatic proteins in NAFLD, especially the
ufmylation on UFBP1. More in-depth results were obtained in
the following experiments.

UFBP1 deficiency promotes FFA-induced hepatocyte steatosis
Hepatocyte steatosis was induced by FFA in L02 cells with UFM1
or UFBP1 knockdown using short hairpin RNA (shRNA). UFBP1
knockdown led to enhanced lipid accumulation in FFA-treated

hepatocytes as shown by Oil red O (ORO) staining, whereas UFM1
knockdown didn’t exhibit this effect (Fig. 2A, B). The deficiency of
UFBP1 increased the mRNA levels of lipogenic genes, including
sterol regulatory element binding protein 1 (SREBP1), stearoylCoA
desaturase 1 (SCD1), diacylglycerol O-acyltransferase 2 (DGAT2),
peroxisome proliferator-activated receptor γ (PPARγ) and CD36
(Fig. 2C). Consistent with qPCR results, the protein levels of SREBP1
(precursor and cleaved forms), SCD1, PPARγ and CD36 in shUFBP1
group were higher than the control group, regardless of whether
or not FFA treatment (Fig. 2D). Collectively, UFBP1 deficiency
promotes lipid accumulation and lipogenesis in FFA-induced
hepatocyte steatosis.

Ufmylation on UFBP1 suppresses FFA-induced hepatocyte
steatosis
The 267 lysine residue (K267) on UFBP1 is the main site for
ufmylation, which makes UFBP1 K267R a mutant deficient in
ufmylation. To validate this, plasmids encoding wild-type UFBP1
(WT UFBP1)-Flag or UFBP1 K267R-Flag were transfected into
HEK293T cells together with plasmids encoding ufmylation
modification system components (HA-UFM1, Myc-UBA5, Myc-
UFC1, and Myc-UFL1). The cell lysates were subjected to
immunoprecipitation using anti-FLAG or anti-HA M2 affinity gel
to selectively isolate UFBP1 or UFM1-conjugated proteins. The
ufmylation on UFBP1 was significantly decreased when Lys267
was replaced, as shown by protein bands in UFM1 and UFBP1
immunoblots of precipitated proteins (Fig. 3A).
Subsequently, we restored the expression of UFBP1 in UFBP1-

knocked down L02 cells with WT UFBP1 or UFBP1 K267R. The
promoted FFA-induced lipid accumulation in shUFBP1 group was
mitigated by reintroducing WT UFBP1, while reintroducing UFBP1
K267R enhanced the lipid accumulation (Fig. 3B). Re-expressing
WT UFBP1 also suppressed the transcription of lipogenic genes
(SREBP1, SCD1, DGAT2, PPARγ, and CD36) compared to the
shUFBP1 cells under FFA treatment. Conversely, re-expressing
UFBP1 K267R promoted the transcription of SREBP1, SCD1 and
DGAT2 (Fig. 3C). We also observed that WT UFBP1 suppressed the
expression of SREBP1 (precursor and cleaved forms), SCD1, PPARγ
and CD36, whereas UFBP1 K267R had no impact on PPARγ and
CD36 expression but promoted SREBP1 and SCD1 expression (Fig.
3D). These findings indicate that UFBP1 suppresses FFA-induced
hepatocyte steatosis in an ufmylation-dependent manner.

Ufmylation on UFBP1 facilitates the mitigation of obesity and
hepatic steatosis in NAFLD mice
We further validated the protective role of ufmylation on UFBP1 in
mice with NAFLD. Due to previous reports of embryonic and adult
mouse mortality resulting from UFBP1 knockout [38, 51], UFBP1
knockdown mice were not employed. Instead, adeno-associated
virus 8 (AAV8) with high affinity for hepatocytes was used to
express either WT UFBP1 or UFBP1 K267R in the livers of mice
exposed to ND or HFD (feeding for 12 weeks). Mice fed with ND
were injected with AAV-GFP, AAV-WT UFBP1 or AAV-UFBP1 K267R
and were euthanized 12 weeks after injection (Supplementary
Figure 1A). WB revealed that hepatic UFBP1 expression of ND mice
was enhanced by AAV-WT UFBP1 or AAV-UFBP1 K267R injection
(Supplementary Fig. 1B). However, ORO staining and Hematoxylin
eosin (HE) staining revealed that overexpressing WT UFBP1 or
UFBP1 K267R exerted no obvious effect on hepatic lipid
accumulation or histopathologic changes in ND mice (Supple-
mentary Fig. 1C).
To investigate the influence of ufmylation on UFBP1 in NAFLD,

HFD mice with similar body weights were injected with the
indicated AAVs to overexpress WT UFBP1 or UFBP1 K267R in livers.
These mice were subjected to a prolonged HFD feeding for
12 weeks (Supplementary Fig. 2A, B). At 12 weeks post-AAV
injection, the mice in WT UFBP1 group had significantly lower
body weight compared to the corresponding controls, while the
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mice in UFBP1 K267R group had no difference in body weight
compared with the control group (Fig. 4A). The decreased body
weight in WT UFBP1 group was attributed to the reduced weights
of epididymal fat and liver. However, UFBP1 K267R group didn’t
exhibit lower weights of epididymal fat or liver compared to the
control group (Fig. 4B, C). The ratio of liver weight to body weight
(LW/BW) in WT UFBP1 group was also lower than that in the
control group, while UFBP1 K267R group didn’t show a decline in
LW/BW (Fig. 4D). Furthermore, weight loss in WT UFBP1 group
could not be attributed to reduced feeding, as there was no
significant difference in caloric intake among the three groups

(Supplementary Fig. 2C). The livers of WT UFBP1 group exhibited
ruddy color and decreased volume compared to the control
group, while the livers of UFBP1 K267R group didn’t show any
improvement (Fig. 4E). Furthermore, ORO and HE staining
demonstrated that overexpressing WT UFBP1 in livers of HFD
mice reduced hepatic lipid accumulation and hepatocellular
ballooning compared with the control group. However, over-
expressing UFBP1 K267R didn’t alleviate hepatocellular ballooning
but promoted lipid accumulation in NAFLD livers (Fig. 4F). Besides,
WT UFBP1 overexpression decreased the hepatic TG levels
compared to the control group, whereas UFBP1 K267R

Fig. 1 The expression of ufmylation modification system components and UFM1-conjugated proteins is increased in NAFLD.
A Representative immunohistochemical (IHC) staining of UFM1 and UFBP1 in the liver samples obtained from NAFLD patients or patients
without NAFLD (n= 7 in each group. Scale bar, 150 μm). B Representative IHC staining of UFM1 and UFBP1 in the livers from mice treated with
HFD or ND for 12 weeks (n= 3 in each group. Scale bar, 50 μm). C The mRNA levels of UFM1 and UFBP1 in the livers from mice feeding HFD or
ND for 12 weeks (n= 3 in each group). D The expression of UFM1-conjugated proteins in the livers from mice feeding HFD or ND for 12 weeks
(n= 3 in each group). Arrow head indicates UFM1-conjugated UFBP1. E The expression of ufmylation modification system components
(including UFM1, UFBP1, UBA5, UFC1, and UFL1) in the livers from mice feeding HFD or ND for 12 weeks (n= 3 in each group). Protein
expression was normalized to that of GAPDH. Arrow head indicates UFM1-conjugated UFBP1. F The mRNA levels of UFM1 and UFBP1 in L02
cell lines treated with free fatty acids (FFA, OA/PA= 200 μM/100 μM) or vehicle solution (BSA) for 24 h (n= 3 in each group). G The expression
of UFM1-conjugated proteins in L02 cell lines treated with FFA or BSA for 24 h (n= 3 in each group). Arrow head indicates UFM1-conjugated
UFBP1. H The expression of ufmylation modification system components (including UFM1, UFBP1, UBA5, UFC1, and UFL1) in L02 cell lines
treated with FFA or BSA for 24 h (n= 3 in each group). Protein expression was normalized to that of GAPDH. Arrow head indicates UFM1-
conjugated UFBP1. The data in (C, D, E, F, G, H) were presented as the means ± SDs and analyzed by two-tailed Student’s t test. *p < 0.05;
**p < 0.01; ***p < 0.001.
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overexpression didn’t. The total hepatic cholesterol (TC) levels in
UFBP1 K267R group were higher than the control group, while the
hepatic TC levels in WT UFBP1 group didn’t show statistically
significant change (Fig. 4G).
Overexpression of WT UFBP1 in livers of NAFLD mice also

suppressed the transcription of lipogenic genes (SREBP1, SCD1,
DGAT2, PPARγ, and CD36) in livers compared to the control group.
Conversely, overexpression of UFBP1 K267R promoted the
transcription of SREBP1, SCD1 and DGAT2 (Fig. 4H). Furthermore,
the protein levels of SREBP1 (precursor and cleaved forms), SCD1,
PPARγ and CD36 were decreased in livers of WT UFBP1 group
compared with the control group, while overexpressing UFBP1
K267R didn’t result in the suppression of PPARγ or CD36, but led
to increased expression of SREBP1 and SCD1 (Fig. 4I). These
findings suggest that ufmylation on UFBP1 protects against
obesity and hepatic steatosis in NAFLD mice.

Ufmylation on UFBP1 regulates insulin resistance,
hypertriglyceridemia and liver damage in NAFLD mice
We then examined the effect of ufmylation of UFBP1 on
regulating the impaired glucose homeostasis in NAFLD mice.
Glucose tolerance test (GTT) were conducted 10 weeks after
the indicated AAVs injection, followed by insulin tolerance test
(ITT) a week later. ITT revealed that insulin resistance was
ameliorated in WT UFBP1 group compared with the control
group. However, this improvement was not observed in UFBP1

K267R group (Fig. 5A). GTT revealed that mice of WT UFBP1
group and UFBP1 K267R group exhibited increased glucose
tolerance compared to the control group (Fig. 5B). In addition,
fasting serum insulin levels were increased in UFBP1 K267R
group but not in WT UFBP1 group (Fig. 5C). Moreover, hepatic
insulin signaling was assessed after intraperitoneal injection of
insulin. Activation of the insulin signaling pathway was
facilitated in livers of WT UFBP1 group compared to the
control group, as measured by levels of phosphorylated AKT
and phosphorylated glycogen synthase kinase-3β (GSK3β).
However, the insulin signaling pathway was suppressed in
livers of UFBP1 K267R group (Fig. 5D). These data indicated
that ufmylation on UFBP1 improved the insulin sensitivity of
NAFLD mice.
Meanwhile, we tested the serum TG and TC levels in the

indicated groups at 12 weeks post-injection. The serum TG
levels in WT UFBP1 group were lower than the control group,
but there was no significant difference in TG levels between
UFBP1 K267R group and the control group. Additionally, the
levels of serum TC showed no significant difference among the
three groups (Fig. 5E). Meanwhile, overexpressing UFBP1
K267R increased the serum AST levels in NAFLD mice, while
overexpressing WT UFBP1 didn’t affect the serum aminotrans-
ferase levels (Fig. 5F). In general, these tests indicate that
ufmylation on UFBP1 regulates insulin resistance, hypertrigly-
ceridemia and liver damage in mice with NAFLD.

Fig. 2 UFBP1 deficiency promotes FFA-induced lipid deposit and hepatic lipogenesis in hepatocytes in vitro. A The expression of UFM1
and UFBP1 in L02 cell lines infected with the corresponding control lentivirus-shRNA, lentivirus-shUFM1 or lentivirus-shUFBP1 (Control,
shUFM1 and shUFBP1) and treated with FFA (OA/PA= 200 μM/100 μM) for 24 h. B Representative images of oil red O (ORO) staining of the
indicated L02 cell lines (Control, shUFM1 and shUFBP1) treated with FFA. ORO positive areas were quantified by calculating the ratio of the
ORO stained area to the total cell area using Image-Pro Plus and were normalized to those of the control group (n= 4 in each group. Scale bar,
50 μm). C The mRNA levels of hepatic lipogenic genes (including SREBP1, SCD1, DGAT2, PPARγ and CD36) in the indicated L02 cell lines
(Control and shUFBP1) treated with FFA for 24 h (n= 3 in each group). D The protein levels of SREBP1 (precursor and cleaved forms), SCD1,
PPARγ and CD36 in the indicated L02 cell lines treated with FFA or vehicle solution (BSA) for 24 h (n= 3 in each group). Protein expression was
normalized to that of GAPDH. The data in (B, C and D) were presented as the means ± SDs and analyzed by two-tailed Student’s t test.
*p < 0.05; **p < 0.01; ***p < 0.001. n.s., non-specific signals.
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UFBP1 suppresses hepatic ER stress in an ufmylation-
dependent way in NAFLD
Given the significance of hepatic ER stress in NAFLD [21] and the role
of UFBP1 in maintaining ER homeostasis through ufmylation [32], we
investigated the UPR pathways in indicated cell lines and livers of HFD
mice injected with AAVs to uncover the underlying mechanism
behind the protective effects of ufmylation on UFBP1 in NAFLD.

The transcription of ER stress-related genes (GRP78, XBP1s, and
Caspase 2) was promoted in L02 cells with UFBP1 knockdown
under FFA treatment (Fig. 6A). UFBP1 deficiency also induced the
phosphorylation of ER stress markers (PERK, eIF2α and IRE1α) and
the expression of ER stress-related proteins (GRP78, XBP1s, ATF4,
ATF6 and Caspase 2) (Fig. 6B). Notably, reintroducing WT UFBP1
into UFBP1-knocked down cells attenuated the ER stress under
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FFA treatment, while reintroducing UFBP1 K267R did not relieve
ER stress in shUFBP1 cells (Fig. 6C, D). Moreover, the transcription
of ER stress-related genes was decreased in livers of WT UFBP1
group compared to the control group, which was not observed in
UFBP1 K267R group (Fig. 6E). Consistent with qPCR results,
overexpressing WT UFBP1 but not UFBP1 K267R suppressed the
phosphorylation and expression of ER stress markers in NAFLD
livers (Fig. 6F).
In conclusion, our study provides evidence that ufmylation on

UFBP1 is a novel player in NAFLD. Ufmylation on UFBP1 is
upregulated in the livers with steatosis, which in turn relieves
hepatic ER stress. The inhibition of UPR pathways (PERK, IRE1α and
ATF6 pathway) suppresses hepatic lipogenesis and insulin
resistance, leading to the remission of NAFLD-related phenotypes
(Fig. 6G).

DISCUSSION
In this study, we report the discovery that ufmylation plays a role
in mitigating NAFLD for the first time. We observed that the
expression of UFM1-conjugated proteins and ufmylation mod-
ification system components was elevated in NAFLD, which
involved the ufmylation on UFBP1. Furthermore, we demonstrated
that ufmylation on UFBP1 K267 was crucial for ameliorating
NAFLD phenotypes, including obesity, liver steatosis, hepatic
lipogenesis, dyslipidemia, insulin resistance and liver damage. We
provide evidence for the protective effects of ufmylation in NAFLD
and contribute to the establishment of ufmylation research as a
new field for NAFLD treatment.
Ufmylation is found to closely associate with various diseases,

including diabetes [24], ischemic heart disease [37], heart failure
[34], hematologic diseases [38, 39], atherosclerosis [40, 41] and
tumors [42, 43] since its initial discovery in 2004. However, only a
few substrates, such as UFBP1 [24], Activating signal cointe-
grator 1 [44], P53 [42], Meiotic Recombination 11 Homolog 1
[52], Ribosomal Protein L26 (RPL26) [53], Ribophorin I (RPN1)
[31], and Histone H4 [54], have been identified so far. In our
recent study, we identified P4HB as an ufmylation substrate
regulating mitochondrial function damage, oxidative stress and
ER stress [35]. Meanwhile, UFBP1 is the first-discovered substrate
of ufmylation, which is composed by a signal peptide, a nuclear
localization signal, a DDRGK domain and a PCI domain. The
signal peptide localizes UFBP1 to ER and the Lys residue 267
within the PCI domain undergoes ufmylation to modulate ER
homeostasis [29, 32, 44]. In this study, we further investigated
the biological function of ufmylation on UFBP1 and elucidated
the precise regulatory mechanism. Our findings suggest that
ufmylation on UFBP1 alleviates NAFLD-related symptoms,
including obesity, hepatic steatosis, insulin resistance, dyslipi-
demia and liver damage (Figs. 3–5). It is the first time ufmylation
has been identified as a mechanism for ameliorating NAFLD
through UFBP1.

We observed that UFBP1 deficiency in hepatocytes promoted
lipogenesis, which was reversed by WT UFBP1 but not by UFBP1
K267R in vitro. Furthermore, ufmylation on UFBP1 inhibited
hepatic lipogenesis in NAFLD mice. This inhibitory effect was
achieved by suppressing the expression of lipogenesis-related
nuclear transcription factors (SREBP1 and PPARγ) and important
lipogenic genes (SCD1, DGAT2, and CD36). Increased hepatic
lipogenesis is a prominent characteristic of NAFLD regulated by an
elaborate network [8]. SREBP1 plays a vital role in hepatic
lipogenesis and SCD1 is a determinant in triglyceride biosynthesis
induced by SREBP1 [55–57], both of which lead to liver steatosis.
Additionally, DGAT2 promotes the development of dyslipidemia
and NAFLD. Inhibiting DGAT2 reduces hepatic and plasma
triglyceride levels in rats fed a Western-type diet [58]. PPARγ is
another transcription factor participating in NAFLD [57]. PPARγ
regulates the expression of CD36 which promotes lipid acid
uptake and contributes to the NAFLD progression. Hepatocyte-
specific deletion of CD36 reduces hepatic lipid content and
improves insulin sensitivity, thereby mitigating NAFLD [59].
Notably, considering the pivotal role of PPARγ in governing
glucose and lipid metabolism, our finding that ufmylation on
UFBP1 downregulated PPARγ expression may decipher the
phenotypic alterations in hepatic steatosis, serum lipids and
insulin sensitivity. Therefore, our research also offers novel insights
into the treatment of diabetes.
Mechanistically, we verify that UFBP1 mitigates ER stress in

NAFLD through an ufmylation-dependent mechanism. The
efficacy of ufmylation in suppressing ER stress through UFBP1
has been widely established in previous studies. Liu et al. reported
that ufmylation on UFBP1 K267 up-regulated the stability of IRE1α
by interacting with the kinase domain of IRE1α, which suppressed
ER stress and apoptotic cell death in HepG2 cells [32]. Additionally,
ER-resident ufmylation facilitates the ER-autophagy and the
degradation of translation-arrested ER polypeptides, both of
which maintain the ER homeostasis [31, 45, 53, 60]. UFBP1 recruits
the ufmylation machinery to the surface of ER to promote
ufmylation of RPN1, RPL26, and NADH-cytochrome b5 reductase 3
(CYB5R3), which regulates ER-autophagy and mitigates ER stress.
Notably, UFBP1’s capacity to recruit the ufmylation machinery to
ER is not dependent upon its primary site of ufmylation at K267
[31], whereas ufmylation on UFBP1 K267 is required for ufmylation
of CYB5R3, which serves as a signal for ER-autophagy [45].
Meanwhile, UFBP1 recruits UFL1 to the ER membrane and
promotes ufmylation on RPL26 [60]. RPL26 ufmylation facilitates
the transport of arrested polypeptides from ER to lysosomes for
degradation, thereby preventing ER stress [53]. However, it
remains obscure whether ufmylation on UFBP1 is involved in
RPL26 ufmylation. Not completely the same with previous studies,
we didn’t observe significant alteration in IRE1α levels upon UFBP1
knockdown or overexpression. Instead, UFBP1 deficiency led to
the activation of all three UPR pathways (IRE1α, PERK, and ATF6
pathway) in hepatocytes, which could be rescued by UFBP1 in an

Fig. 3 Ufmylation on UFBP1 suppresses lipid accumulation and lipogenesis in FFA-treated hepatocytes in vitro. A Analysis of ufmylation
on WT UFBP1 and UFBP1 K267R in HEK293T cells expressed the ufmylation system components in various combinations as indicated.
Ufmylation of WT UFBP1 and UFBP1 K267R were analyzed by immunoprecipitation with Flag antibody and HA antibody respectively, followed
by Western blot with UFBP1 antibody and UFM1 antibody respectively. Arrow head indicates UFM1-conjugated UFBP1. B Representative
images of oil red (ORO) staining of the indicated L02 cell lines treated with FFA, including cell lines infected with Control lentivirus-shRNA,
lentivirus-shUFBP1, and cell lines in which endogenous UFBP1 was knocked down and exogenous WT UFBP1 or UFBP1 K267R was re-
expressed (Control, shUFBP1, shUFBP1+WT UFBP1, and shUFBP1+UFBP1 K267R). All these cell lines were treated with FFA (OA/PA= 200 μM/
100 μM) for 24 h. ORO positive areas were quantified by calculating the ratio of the ORO stained area to the total cell area using Image-Pro Plus
and were normalized to those of the control group (n= 4 in each group. Scale bar, 50 μm). C The mRNA levels of hepatic lipogenic genes
(SREBP1, SCD1, DGAT2, PPARγ, and CD36) in the indicated L02 cell lines (shUFBP1, shUFBP1+WT UFBP1 and shUFBP1+ UFBP1 K267R) treated
with FFA for 24 h (n= 3 in each group). D The protein levels of SREBP1 (precursor and cleaved forms), SCD1, PPARγ and CD36 in the indicated
L02 cell lines (Control, shUFBP1, shUFBP1+WT UFBP1, and shUFBP1+ UFBP1 K267R) treated with FFA for 24 h (n= 3 in each group). Protein
expression was normalized to that of GAPDH. The data in (B, C and D) were presented as the means ± SDs and analyzed by two- tailed
Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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ufmylation-dependent manner. Meanwhile, further investigation is
warranted into the effects of ufmylation on UFBP1 in ER-
autophagy and ER-arrested polypeptides degradation in livers
with NAFLD.
ER stress is a significant pathophysiological characteristic of

NAFLD [5, 16]. In ER stress, Caspase 2 is induced by phosphory-
lated IRE1α to promote the maturation of SREBP1 in NAFLD livers
[21]. IRE1α/XBP1s also promotes hepatic lipogenesis by inducing
the transcription of lipogenic genes (SREBP1, SCD1, DGAT2 and
ACC2) [18]. Meanwhile, activation of IRE1α-mediated XBP1s and
JUN N-Terminal Kinase induces hepatic insulin resistance in NAFLD
[61]. In addition, Oyadomari et al. discovered that PERK pathway

promoted NAFLD via eIF2α and ATF4 [62]. ATF4 depletion protects
mice against liver steatosis and hypertriglyceridemia in response
to high fructose feeding [23]. ER stress also leads to hepatocyte
death and liver damage in NAFLD through the IRE1α pathway and
PERK pathway [5, 63–66]. Considering the effectiveness of
inhibiting ER stress in treating NAFLD, the conclusion that
ufmylation on UFBP1 alleviates NAFLD phenotypes via attenuating
hepatic ER stress is reliable. Notably, ER stress plays a role in other
liver diseases, including viral hepatitis and hepatocellular carci-
noma [16, 67]. Our founding provides a potential target not only
for treating NAFLD but also for other ER stress-associated liver
diseases.
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NAFLD is a prevalent liver disease possessing significant
challenges in targeted therapeutic interventions. In this study, we
identify novel roles of ufmylation on UFBP1 in ameliorating NAFLD
by alleviating hepatic ER stress. Meanwhile, further investigations are
required to fully elucidate the precise mechanisms underlying the
regulation of ER stress by ufmylation on UFBP1. Moreover, it is
warranted to explore the small-molecule drugs that can enhance the
ufmylation on UFBP1, such as protein post-translational modification
targeting chimera [68], for the therapeutic management of NAFLD.

METHODS
Animals and treatments
8-week-old male C57BL/6J mice (20–30 g) were purchased from Shanghai
JieSiJie Laboratory Animal Co., Ltd., which were raise and kept in a
standard environment with a 12-h light/12-h dark cycle and a temperature-
controlled environment (22–24 °C). To established mice with hepatic
steatosis, mice were fed with a high-fat diet (18.1% protein, 20.3%
carbohydrates, 61.6% fat; D12492, Research Diets, New Brunswick, NJ, USA)
for 12 weeks, while the corresponding control mice were fed a normal
chow diet (18.3% protein, 71.5% carbohydrates, 10.2% fat; D12450B,
Research Diets, New Brunswick, NJ, USA). After 12 weeks feeding, the ND
mice (n= 3) and HFD mice (n= 3) were euthanized with liver samples
collected. AAV 2/8, a virus known for its high affinity for hepatocytes, were
acquired from Hanbio Biotechnology Co., Ltd., Shanghai, China. Recombi-
nant AAV 2/8 were generated with amplification primers: m UFBP1 F 5′-
CggatccataggtaccactgccaccATGGACTACAAGGATGA CGATGACAAGGATTA-
CAAAGACGACGA-3’, m UFBP1 R 5′-ccgacatatgtacgatatcgtggaattcTC
AGGCTGAAGCCTGGGCAG-3′, and mutant primers : m UFBP1 mutation F
5′-ACTATAAGG ATGATGACGACAAAGTGGGGCCCTGGGTGTATCTGGTGG-3′,
m UFBP1 mutation R 5′-TCTGG GGTTATGTAGATAAACcTGCCCCGGTCGT-
CAATCACACCTGT-3′. Mice fed with a normal chow diet (n= 12) were
divided into three groups and injected with empty adeno-associated virus
2/8 (HBAAV 2/8-CMV-GFP), recombinant AAV 2/8 expressing wild-type
mice UFBP1 and recombinant AAV 2/8 expressing UFBP1 K267R via the tail
vein (10^11 vg/mouse), respectively. At 12 weeks post-AAV injection, mice
were euthanized and liver samples were collected. Similarly, mice that fed
with a 12 weeks high-fat diet and had similar weight (n= 12) were divided
into three groups, then injected with HBAAV 2/8-CMV-GFP, HBAAV 2/8-
CMV-WT UFBP1 and HBAAV 2/8-CMV-UFBP1 K267R via the tail vein (10^11
vg/mouse), respectively. All three groups of HFD mice were treated with a
prolonged HFD feeding for 12 weeks and then were euthanized with liver,
epididymal fat and serum samples collected. Caloric intake in indicated
HFD groups was calculated from food intake of mice at 8 weeks post-AAV
injection. All experimental procedures comply with ethical regulations and
were approved by the ethics committee of Shanghai Ninth People’s
Hospital (approval number SH9H-2021-A608-SB).

Mouse metabolic analysis
Mice that fed with a 12 weeks high-fat diet (n= 12) to established mice
with hepatic steatosis were divided into three groups, then injected with
AAVs indicated above. To perform the glucose tolerance tests (GTTs) at
10 weeks post-AAV injection, mice were intraperitoneally injected with 1 g
glucose/kg body weight after 12 h fasting. Blood glucose level was

measured with Blood Glucose Meter (OneTouch Ultra, Johnson Medical
Equipment and Materials Company, China) at 0, 15, 30, 60, 90, and 120min
after the glucose injection. To perform ITTs at 11 weeks post-AAV injection,
0.75 U insulin/kg body weight was injected into abdominal cavity of mice
after 5 h fasting. Blood glucose levels were measured at 0, 15, 30, 60, 90,
and 120min after the insulin injection. To explore the activation of the
insulin signaling pathway in livers at 12 weeks post-AAV injection, mice
received intraperitoneal insulin (0.75 U/kg) injection. 10min after the
insulin injection, liver tissues of these mice were collected.

Mouse serum biochemical examination of TG, TC, AST, ALT,
and insulin
Mice serum were obtained after 12 h fasting. The levels of serum TG, TC,
ALT and AST were examined by corresponding testing kits purchased from
Nanjing Jiancheng Bioengineering Institute, China (Triglycerides Assay Kit,
F001-1-1; Total cholesterol Assay Kit, F002-1-1; Alanine aminotransferase
Assay Kit, C009-3-1; Aspartate aminotransferase Assay Kit, C010-3-1). The
serum levels of insulin were also examined by Ultra Sensitive Mouse Insulin
ELISA Kit (90080, CrystaLChem, United States).

Mouse hepatic triglyceride and cholesterol analysis
Hepatic lipids were extracted from livers of the indicated HFD mice. TG and
TC levels in livers were determined using Triglyceride Colorimetric Assay
Kit and Cholesterol Quantification Kit mentioned above.

Histology and immunohistochemical procedures
Liver tissues were fixed with 10% (vol/vol) neutral buffered formalin for 48 h.
Then, samples were embedded in paraffin and sliced into 4 μm thick sections.
Hematoxylin and eosin (HE) staining was performed on paraffin sections to
observe the distribution of lipid accumulation and the hepatocellular
ballooning with a HE staining kit (G1003, servicebio, Wuhan, China) according
to a standard protocol. For immunohistochemical staining, sections were
deparaffinized and rehydrated with xylene and ethanol respectively. 3%
hydrogen peroxide was used to inactivate endogenous peroxidase. Sections
were blocked with normal goat serum and incubated with primary and
secondary antibodies (Primary antibodys to UFM1 (A15843, 1:100; abclonal,
Wuhan, China), UFBP1 (21445-1-AP, 1:300, Proteintech, United States) and goat
anti-rabbit secondary antibody (RS0002, ImmunoWay Biotechnology, United
States)), followed by color development with an DAB Histochemical Kit (G1211,
servicebio, Wuhan, China). Immunostaining images were taken with the Nikon
Fluorescence Microscope.

Tissue and cell Oil Red O (ORO) staining
To visualize lipid droplets in the liver, frozen liver tissues from anesthetized
mice were embedded in Tissue-Tek OCT compound, and then sliced to
8–10 μm thick frozen sections. Frozen sections were fixed with fixative (G1101,
servicebio, Wuhan, China) and stained with Oil Red O (G1016, servicebio,
Wuhan, China) without light for 8–10min. Then the tissue sections were
washed with 60% isopropyl alcohol (#I9030, Sigma-Aldrich) and re-stained with
hematoxylin. The slides were sealed with glycerin-glutin. For cell ORO staining,
cells were wash by PBS (SH30256.01, HyClone, United States) and fixed with
4% paraformaldehyde, then cells were stained with ORO as described above.
Images were taken with the Nikon Fluorescence Microscope.

Fig. 4 Ufmylation on UFBP1 facilitates the mitigation of obesity and hepatic steatosis and suppresses hepatic lipogenesis in NAFLD mice.
A The body weight of HFD-fed mice in the indicated groups (mice injected with AAV8-GFP, AAV8-WT UFBP1 or AAV8-UFBP1 K267R) at
12 weeks post-AAV injection (n= 4 in each group). B The epididymal fat weight of HFD-fed mice in the indicated groups at 12 weeks post-AAV
injection (n= 4 in each group). C The liver weight of HFD-fed mice in the indicated groups at 12 weeks post-AAV injection (n= 4 in each
group). D The ratio of liver weight to body weight (LW/BW) of HFD-fed mice from the indicated groups at 12 weeks post-AAV injection (n= 4
in each group). E The liver morphology of HFD-fed mice from the indicated groups at 12 weeks post-AAV injection. F Representative images of
ORO and HE staining of liver sections from HFD-fed mice in the indicated groups at 12 weeks post-AAV injection (n= 4 in each group. Scale
bar, 50 μm). ORO positive areas were quantified by calculating the ratio of the ORO stained area to the total area of an image using Image-Pro
Plus and were normalized to those of the control group. Hepatocyte ballooning ratios were quantified by calculating the ratio of the number
of ballooned hepatocytes to the total number of hepatocytes in per high-magnification field and were normalized to those of the control
group. G Hepatic triglycerides (TG) levels (Left panels) and total cholesterol (TC) (Right panels) levels of HFD-fed mice from the indicated
groups at 12 weeks post-AAV injection (n= 4 in each group). H The mRNA levels of hepatic lipogenic genes (including SREBP1, SCD1, DGAT2,
PPARγ and CD36) in HFD-fed mice from the indicated groups at 12 weeks post-AAV injection (n= 3 in each group). I The protein levels of
SREBP1 (precursor and cleaved forms), SCD1, PPARγ and CD36 in the livers of HFD-fed mice from the indicated groups at 12 weeks post-AAV
injection (n= 3 in each group). Protein expression was normalized to that of β-actin. The data in (A, B, C, D, F, G, H and I) were presented as the
means ± SDs and analyzed by two- tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001. n.s., non-specific signals.
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Human liver samples
Human liver tissues (seven NAFLD subjects and seven non-NAFLD
subjects) were collected from patients with hepatocarcinoma or hepatic
metastases via clinical hepatic surgery, patients’ consent and authoriza-
tion were signed before the operation. Patients with excessive alcoholic
intake (>140 g for men or >70 g for women, per week), or known history
of drug induced liver injury and hepatitis virus infections were excluded
from this study. NAFLD or non-NAFLD liver samples were identified by
the department of clinical laboratory through HE staining. All procedures
involved human sample collection were consistent with the principles in
the Declaration of Helsinki and were approved by the ethics committee
of Shanghai Ninth People’s Hospital (approval number: SH9H-2021-
TK315-1).

Cell lines and culture
Human L02 hepatocyte cell line and HEK293T cell line were purchased
from Chinese Academy of Sciences. L02 cells were cultured in RPMI-1640
(R8758, Nanjing KeyGen Biotech. Co., LTD.) and HEK293T cells were

cultured in DMEM (D0822, Sigma-Aldrich), both of which were supple-
mented with 10% fetal bovine serum (C0227, Beyotime Biotechnology,
Shanghai, China) and 1% penicillin–streptomycin (15140-122, Gibco,
Carlsbad, CA) in a 5% CO2 incubator. To induce lipid accumulation in
hepatocytes in vitro, L02 cells were treated with cell culture medium
containing free fatty acids (FFA). Palmitic acid (PA; 0.1 mM; Sigma-Aldrich)
and oleic acid (OA; 0.2 mM; Sigma-Aldrich) mixture (dissolved in fatty
acid–free BSA) was added to the medium for 24 h to establish an in vitro
model of lipid accumulation in hepatocytes. The L02 cells treated with fatty
acid-free bovine serum albumin (BSA; A602448-0050; BBI Life Sciences,
Shanghai, China) were used as control.

Knockdown of UFM1 or UFBP1 in human L02 hepatocyte cell
line
Lentiviral vectors expressing specific shRNAs were constructed using lentiviral
knockdown plasmid pLKO.1 system. Specific oligonucleotides were synthe-
sized (BioSune Biotechnology Co., Ltd., Shanghai, China), annealed and cloned
into the pLKO.1 plasmid. Lentiviruses were produced by transient transfection

Fig. 5 Ufmylation on UFBP1 relieves insulin resistance, hypertriglyceridemia and liver damage in NAFLD mice. A Insulin tolerance test
(ITT; 0.75 U insulin/kg body weight) on HFD mice from the indicated groups at 11 weeks post-AAV injection. The area under the curve (AUC) of
blood glucose level was calculated (n= 4 in each group). B Glucose tolerance test (GTT; 1 g glucose/kg body weight) on HFD mice from the
indicated groups at 10 weeks post-AAV injection. The area under the curve (AUC) of blood glucose was calculated (n= 4 in each group).
C Fasting serum insulin levels of HFD mice from the indicated groups at 12 weeks post-AAV injection (n= 4 in each group). D The
phosphorylation levels of AKT and GSK3β in the livers of HFD mice from the indicated groups at 12 weeks post-AAV injection (n= 3 in each
group). Mice received intraperitoneal insulin injection (0.75 U/kg) 10min before liver tissue collection. Phosphorylation levels were normalized
to the level of total proteins (n= 3 in each group). E Fasting serum triglycerides (TG) (Left panels) and fasting serum total cholesterol (TC)
(Right panels) of HFD mice from the indicated groups at 12 weeks post-AAV injection (n= 4 in each group). F Serum aspartate
aminotransferase (AST) (Left panels) or alanine aminotransferase (ALT) (Right panels) levels of HFD mice from the indicated groups at
12 weeks post-AAV injection (n= 4 in each group). The data in (A, B, C, D, E and F) were presented as the means ± SDs and analyzed by two-
tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001. A.U. arbitrary units. n.s. non-specific signals.
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of recombinant pLKO.1 plasmid, psPAX2 plasmid and pMD2.G plasmid on
HEK293T cell line at a ratio of 3:2:1. Lentiviruses were harvested and
concentrated, which were used to infect L02 cell line. Cells that stably
expressing shRNA were selected in RPMI-1640 medium supplemented with
puromycin (2 μg/ml). The primer sequences used in construction of lentiviruses
are listed: h-UFM1 shRNA F 5′-CCGGCAATGATGGAATAGGAATAAACTCGAGTT-
TATTCCTATTCCATCATTGTTTTTG-3′, h- UFM1 shRNA R 5′-AATTCAAAAACAAT-
GATGGAATAGGAATAAACTCGAGTTTATT CCTATTCCATCATTG-3′; h-UFBP1
shRNA F 5′-CCGGAAGGCGTAGGAGAGACCATGACTCGAG TCATGGTCTCTCC-
TACGCCTTTTTTTG-3′, h-UFBP1 shRNA R AATTCAAAAAAAGGCGTAGG
AGAGACCATGACTCGAGTCATGGTCTCTCCTACGCCTT.

Co-immunoprecipitation (Co-IP) assay
HEK293T cells were transiently transfected with plasmids encoding Flag-
tagged UFBP1 (WT UFBP1-Flag or UFBP1 K267R-Flag) together with plasmids
encoding HA-tagged or Myc-tagged ufmylation modification system
components (HA-UFM1, Myc-UBA5, Myc-UFC1 and Myc-UFL1) for 48 h. Cells
were then solubilized on ice for 30min in lysis buffer containing 20mM Tris/
HCl (pH 7.6), 150mM NaCl, 1% Triton X-100, 1% Protease inhibitor
(04693116001, Roche) and 1% Phosphatase inhibitors (4906845001, Roche)
and were cleared by centrifugation at 18.000 g for 20min, 4 °C. The
supernatant was divided into two parts, which were incubated with anti-
FLAG M2 Agarose Beads (A2220, Sigma Aldrich, USA) or anti-HA M2 Agarose

Fig. 6 UFBP1 suppresses hepatic ER stress in an ufmylation-dependent way. A The mRNA levels of ER stress-related genes (including
GRP78, XBP1s and Caspase 2) in the indicated L02 cell lines (Control, shUFBP1) treated with FFA for 24 h (n= 3 in each group). B The protein
levels of GRP78, ATF4, XBP1s, Caspase 2, and ATF6 (precursor and cleaved forms) (Left panels) and phosphorylation levels of PERK, eIF2α and
IRE1α (Right panels) in the indicated L02 cell lines treated with FFA or vehicle solution (BSA) for 24 h. Protein expression was normalized to
that of GAPDH and phosphorylation levels were normalized to the level of total proteins (n= 3 in each group). C The mRNA levels of ER stress-
related genes (including GRP78, XBP1s and Caspase 2) in the indicated L02 cell lines (Control, shUFBP1, shUFBP1+WT UFBP1, and
shUFBP1+ UFBP1 K267R) treated with FFA for 24 h (n= 3 in each group). D The protein levels of GRP78, ATF4, XBP1s, Caspase 2, and ATF6
(precursor and cleaved forms) (Left panels) and phosphorylation levels of PERK, eIF2α and IRE1α (Right panels) in the indicated L02 cell lines
treated with FFA for 24 h. Protein expression was normalized to that of GAPDH and phosphorylation levels were normalized to the level of
total proteins (n= 3 in each group). E The mRNA levels of ER stress-related genes (including GRP78, XBP1s and Caspase 2) in the livers of HFD
mice from the indicated groups at 12 weeks post-AAV injection (n= 3 in each group). F The protein levels of GRP78, ATF4, XBP1s, Caspase 2
and ATF6 (precursor and cleaved forms) (Left panels) and phosphorylation levels of PERK, eIF2α and IRE1α (Right panels) in the livers of HFD
mice from the indicated groups at 12 weeks post-AAV injection (n= 3 in each group). Protein expression was normalized to that of β-actin and
phosphorylation levels were normalized to the level of total proteins. G A schematic model depicting that ufmylation on UFBP1 K267
mitigates ER stress and the progression of hepatic steatosis. The data in (A, B, C, D, E, F) were presented as the means ± SDs and analyzed by
two- tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001. n.s., non-specific signals.
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Beads (AE059, abclonal, Wuhan, China) overnight at 4 °C. Precipitates were
obtained by centrifugation at 9.000 g and were washed with lysis buffer for
three times. Precipitates were boiled in SDS-sampling buffer and subjected to
SDS-PAGE followed by immunoblot analysis.

Restoring UFBP1 in L02 cell line with UFBP1 knockdown
L02 cells with UFBP1 knockdown were transiently transfected with
plasmids expressing either WT UFBP1 or UFBP1 K267R to restoring UFBP1.
pEGFP N2 plasmids were used to load WT UFBP1 or UFBP1 K267R.
Neomycin selection (400 μg/ml) for positively-transduced cells was
performed 48 h post transduction for 7 days.

Quantitative real-time PCR
Tissue samples or cells were lysed in TRIzol (Invitrogen) for RNA isolation
according to the manufacturer’s instructions. 1 μg of RNA was used for
reverse transcription by PrimeScript™ RT reagent Kit (Perfect Real Time)
(RR037A, Takara Bio Inc., Japan) to obtain complementary DNA.
Quantitative PCR assays were performed with TB Green® Premix Ex Taq™
(Tli RNaseH Plus) Kit (RR420A, Takara Bio Inc., Japan) in a real-time PCR
system (LightCycler 480 Instrument II; Roche Diagnostics Inc., Basel,
Switzerland), and mRNA levels were assessed by the comparative cycle
threshold method(2−ΔΔCt). The primer information is listed in Supple-
mentary Table 1.

Western blot analysis
Tissues and cells were lysed with RIPA Lysis Buffer (KGP702-100, KeyGen
Biotechnology Co., Ltd., Jiangsu, China) containing 1% PMSF (A100754,
Sangon Biotech, Shanghai, China), 1% Protease inhibitor (04693116001,
Roche) and 1% Phosphatase inhibitors (4906845001, Roche). Protein
concentrations were quantified with a bicinchoninic acid protein assay kit
(23225; Thermo Fisher, Rockford, IL). Proteins were separation by 10% SDS-
PAGE and transferred to polyvinylidene fluoride, which was then blocked
in 5% BSA for 1.5 h and incubated with specific primary antibodies
overnight. Related antibodies were purchased from abclonal (Wuhan,
China, including UFM1 (A15843), SREBF1 (A15586), SCD1 (A16429), PERK
(A18196) and ATF6 (A0202)), Proteintech (United States, including UFBP1
(21445-1-AP) and PPARγ (16643-1-AP)), Abcam (UK, including UBA5
(ab177478), UFC1 (ab189252), UFL1 (ab226216), and UFSP2 (ab185965)),
NovusBio (United States, including Phospho-IRE1α (Ser724) (NB100-2323))
and Cell Signaling Technology (United States, including Phospho-PERK
(Thr980) (#3179), IRE1α (#3294), eIF2α (#5324), Phospho-eIF2α (Ser51)
(#3398), XBP1s (#27901), β-Actin (#4970), GAPDH (#5174)). Secondary
antibody with a horseradish peroxidase-labeled, including goat antibody
to rat (#7074) or mouse (#7076), were purchased from Cell Signaling
Technology (United States) and used to bind to primary antibodies for 1 h.
Finally, signals were detected with an enhanced chemiluminescence kit
and ChemiDoc MP Imaging System.

Statistical analyses
For data showing normal distribution, a two-tailed Student’s t test was
conducted to compare differences between two groups. For data showing
a skewed distribution, a nonparametric statistical analysis was performed
using the Mann-Whitney U test for two-group comparison. All values are
shown as means ± SDs. P values were categorized as follows: *p < 0.05,
**p < 0.01, ***p < 0.001 and a p value of <0.05 indicated statistical
significance. GraphPad Prism 8.0 software was used to carry out statistical
analysis.

DATA AVAILABILITY
Supplementary figure 1, 2 and Supplementary table 1 is available as a Supplementary
Information file. All data supporting the findings of this study are available from the
corresponding authors on reasonable request.

REFERENCES
1. Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of NAFLD

development and therapeutic strategies. Nat Med. 2018;24:908–22.
2. Gao X, Fan JG. Diagnosis and management of non-alcoholic fatty liver disease

and related metabolic disorders: consensus statement from the Study Group of
Liver and Metabolism, Chinese Society of Endocrinology. J Diabetes.
2013;5:406–15.

3. Lin H, Zhang X, Li G, Wong GL, Wong VW. Epidemiology and clinical outcomes of
metabolic (Dysfunction)-associated fatty liver disease. J Clin Transl Hepatol.
2021;9:972–82.

4. Lambert JE, Ramos-Roman MA, Browning JD, Parks EJ. Increased de novo lipo-
genesis is a distinct characteristic of individuals with nonalcoholic fatty liver
disease. Gastroenterology. 2014;146:726–35.

5. Lebeaupin C, Vallée D, Hazari Y, Hetz C, Chevet E, Bailly-Maitre B. Endoplasmic
reticulum stress signalling and the pathogenesis of non-alcoholic fatty liver dis-
ease. J Hepatol. 2018;69:927–47.

6. Wang CL, Liang L, Fu JF, Zou CC, Hong F, Xue JZ, et al. Effect of lifestyle inter-
vention on non-alcoholic fatty liver disease in Chinese obese children. World J
Gastroenterol. 2008;14:1598–602.

7. Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ. Sources
of fatty acids stored in liver and secreted via lipoproteins in patients with non-
alcoholic fatty liver disease. J Clin Investig. 2005;115:1343–51.

8. Fang YL, Chen H, Wang CL, Liang L. Pathogenesis of non-alcoholic fatty liver
disease in children and adolescence: from “two hit theory” to “multiple hit
model”. World J Gastroenterol. 2018;24:2974–83.

9. Ferramosca A, Zara V. Modulation of hepatic steatosis by dietary fatty acids.
World J Gastroenterol. 2014;20:1746–55.

10. Farrell GC, van Rooyen D. Liver cholesterol: is it playing possum in NASH. Am J
Physiol Gastrointest Liver Physiol. 2012;303:G9–11.

11. Flores YN, Amoon AT, Su B, Velazquez-Cruz R, Ramírez-Palacios P, Salmerón J,
et al. Serum lipids are associated with nonalcoholic fatty liver disease: a pilot
case-control study in Mexico. Lipids Health Dis. 2021;20:136.

12. Petersen MC, Shulman GI. Roles of diacylglycerols and ceramides in hepatic
insulin resistance. Trends Pharm Sci. 2017;38:649–65.

13. Kumashiro N, Erion DM, Zhang D, Kahn M, Beddow SA, Chu X, et al. Cellular
mechanism of insulin resistance in nonalcoholic fatty liver disease. Proc Natl Acad
Sci USA. 2011;108:16381–5.

14. Huby T, Gautier EL. Immune cell-mediated features of non-alcoholic steatohe-
patitis. Nat Rev Immunol. 2022;22:429–43.

15. Baiceanu A, Mesdom P, Lagouge M, Foufelle F. Endoplasmic reticulum proteos-
tasis in hepatic steatosis. Nat Rev Endocrinol. 2016;12:710–22.

16. Ajoolabady A, Kaplowitz N, Lebeaupin C, Kroemer G, Kaufman RJ, Malhi H, et al.
Endoplasmic reticulum stress in liver diseases. Hepatology. 2023;77:619–39.

17. Walter P, Ron D. The unfolded protein response: from stress pathway to
homeostatic regulation. Science. 2011;334:1081–6.

18. Lee AH, Scapa EF, Cohen DE, Glimcher LH. Regulation of hepatic lipogenesis by
the transcription factor XBP1. Science. 2008;320:1492–6.

19. Lebeaupin C, Vallée D, Rousseau D, Patouraux S, Bonnafous S, Adam G, et al. Bax
inhibitor-1 protects from nonalcoholic steatohepatitis by limiting inositol-
requiring enzyme 1 alpha signaling in mice. Hepatology. 2018;68:515–32.

20. Hetz C, Martinon F, Rodriguez D, Glimcher LH. The unfolded protein response:
integrating stress signals through the stress sensor IRE1α. Physiol Rev.
2011;91:1219–43.

21. Kim JY, Garcia-Carbonell R, Yamachika S, Zhao P, Dhar D, Loomba R, et al. ER
stress drives lipogenesis and steatohepatitis via caspase-2 activation of S1P. Cell.
2018;175:e15.

22. Upton JP, Wang L, Han D, Wang ES, Huskey NE, Lim L, et al. IRE1α cleaves select
microRNAs during ER stress to derepress translation of proapoptotic Caspase-2.
Science. 2012;338:818–22.

23. Xiao G, Zhang T, Yu S, Lee S, Calabuig-Navarro V, Yamauchi J, et al. ATF4 protein
deficiency protects against high fructose-induced hypertriglyceridemia in mice. J
Biol Chem. 2013;288:25350–61.

24. Lemaire K, Moura RF, Granvik M, Igoillo-Esteve M, Hohmeier HE, Hendrickx N,
et al. Ubiquitin fold modifier 1 (UFM1) and its target UFBP1 protect pancreatic
beta cells from ER stress-induced apoptosis. PLoS One. 2011;6:e18517.

25. Komatsu M, Chiba T, Tatsumi K, Iemura S, Tanida I, Okazaki N, et al. A novel
protein-conjugating system for Ufm1, a ubiquitin-fold modifier. EMBO J.
2004;23:1977–86.

26. Kang SH, Kim GR, Seong M, Baek SH, Seol JH, Bang OS, et al. Two novel ubiquitin-
fold modifier 1 (Ufm1)-specific proteases, UfSP1 and UfSP2. J Biol Chem.
2007;282:5256–62.

27. Wei Y, Xu X. UFMylation: a unique & fashionable modification for life. Genom
Proteom Bioinform. 2016;14:140–6.

28. Ishimura R, Obata M, Kageyama S, Daniel J, Tanaka K, Komatsu M. A novel
approach to assess the ubiquitin-fold modifier 1-system in cells. FEBS Lett.
2017;591:196–204.

29. Zhu H, Bhatt B, Sivaprakasam S, Cai Y, Liu S, Kodeboyina SK, et al. Ufbp1 promotes
plasma cell development and ER expansion by modulating distinct branches of
UPR. Nat Commun. 2019;10:1084.

30. Zhang Y, Zhang M, Wu J, Lei G, Li H. Transcriptional regulation of the Ufm1
conjugation system in response to disturbance of the endoplasmic reticulum
homeostasis and inhibition of vesicle trafficking. PLoS One. 2012;7:e48587.

Z. Mao et al.

11

Cell Death and Disease          (2023) 14:584 



31. Liang JR, Lingeman E, Luong T, Ahmed S, Muhar M, Nguyen T, et al. A genome-
wide ER-phagy screen highlights key roles of mitochondrial metabolism and ER-
resident UFMylation. Cell. 2020;180:1160–77.e20.

32. Liu J, Wang Y, Song L, Zeng L, Yi W, Liu T, et al. A critical role of DDRGK1 in
endoplasmic reticulum homoeostasis via regulation of IRE1α stability. Nat Com-
mun. 2017;8:14186.

33. Balce DR, Wang YT, McAllaster MR, Dunlap BF, Orvedahl A, Hykes BLJr, et al.
UFMylation inhibits the proinflammatory capacity of interferon-γ-activated
macrophages. Proc Natl Acad Sci USA. 2021;118:e2011763118.

34. Li J, Yue G, Ma W, Zhang A, Zou J, Cai Y, et al. Ufm1-specific ligase Ufl1 regulates
endoplasmic reticulum homeostasis and protects against heart failure. Circ Heart
Fail. 2018;11:e004917.

35. Zhu J, Ma X, Jing Y, Zhang G, Zhang D, Mao Z, et al. P4HB UFMylation regulates
mitochondrial function and oxidative stress. Free Radic Biol Med.
2022;188:277–86.

36. Zhou Y, Ye X, Zhang C, Wang J, Guan Z, Yan J, et al. Ufl1 deficiency causes kidney
atrophy associated with disruption of endoplasmic reticulum homeostasis. J
Genet Genom. 2021;48:403–10.

37. Lee YJ, Johnson KR, Hallenbeck JM. Global protein conjugation by ubiquitin-like-
modifiers during ischemic stress is regulated by microRNAs and confers robust
tolerance to ischemia. PLoS One. 2012;7:e47787.

38. Cai Y, Pi W, Sivaprakasam S, Zhu X, Zhang M, Chen J, et al. UFBP1, a key com-
ponent of the Ufm1 conjugation system, is essential for ufmylation-mediated
regulation of erythroid development. PLoS Genet. 2015;11:e1005643.

39. Chen F, Xing C, Zhang W, Li J, Hu T, Li L, et al. Salubrinal, a novel inhibitor of eIF-
2α dephosphorylation, promotes erythropoiesis at early stage targeted by
ufmylation pathway. J Cell Physiol. 2019;234:18560–70.

40. Hu X, Zhang H, Song Y, Zhuang L, Yang Q, Pan M, et al. Ubiquitin fold modifier 1
activates NF-κB pathway by down-regulating LZAP expression in the macro-
phage of diabetic mouse model. Biosci Rep. 2020;40:BSR20191672.

41. Pang Q, Xiong J, Hu XL, He JP, Liu HF, Zhang GY, et al. UFM1 protects macro-
phages from oxLDL-induced foam cell formation through a liver X receptor α
dependent pathway. J Atheroscler Thromb. 2015;22:1124–40.

42. Liu J, Guan D, Dong M, Yang J, Wei H, Liang Q, et al. UFMylation maintains
tumour suppressor p53 stability by antagonizing its ubiquitination. Nat Cell Biol.
2020;22:1056–63.

43. Lin JX, Xie XS, Weng XF, Qiu SL, Yoon C, Lian NZ, et al. UFM1 suppresses invasive
activities of gastric cancer cells by attenuating the expres7sion of PDK1 through
PI3K/AKT signaling. J Exp Clin Cancer Res. 2019;38:410.

44. Yoo HM, Kang SH, Kim JY, Lee JE, Seong MW, Lee SW, et al. Modification of ASC1
by UFM1 is crucial for ERα transactivation and breast cancer development. Mol
Cell. 2014;56:261–74.

45. Ishimura R, El-Gowily AH, Noshiro D, Komatsu-Hirota S, Ono Y, Shindo M, et al.
The UFM1 system regulates ER-phagy through the ufmylation of CYB5R3. Nat
Commun. 2022;13:7857.

46. Hu Z, Wang X, Li D, Cao L, Cui H, Xu G. UFBP1, a key component in ufmylation,
enhances drug sensitivity by promoting proteasomal degradation of oxidative
stress-response transcription factor Nrf2. Oncogene. 2021;40:647–62.

47. Lin JX, Xie XS, Weng XF, Zheng CH, Xie JW, Wang JB, et al. Low expression of
CDK5RAP3 and DDRGK1 indicates a poor prognosis in patients with gastric
cancer. World J Gastroenterol. 2018;24:3898–907.

48. Weisz-Hubshman M, Egunsula AT, Dawson B, Castellon A, Jiang MM, Chen-
Evenson Y, et al. DDRGK1 is required for the proper development and main-
tenance of the growth plate cartilage. Hum Mol Genet. 2022;31:2820–30.

49. Egunsola AT, Bae Y, Jiang MM, Liu DS, Chen-Evenson Y, Bertin T, et al. Loss of
DDRGK1 modulates SOX9 ubiquitination in spondyloepimetaphyseal dysplasia. J
Clin Investig. 2017;127:1475–84.

50. Hu X, Pang Q, Shen Q, Liu H, He J, Wang J, et al. Ubiquitin-fold modifier 1 inhibits
apoptosis by suppressing the endoplasmic reticulum stress response in Raw264.7
cells. Int J Mol Med. 2014;33:1539–46.

51. Chen F, Sheng L, Xu C, Li J, Ali I, Li H. et al.Ufbp1, a key player of Ufm1 con-
jugation system, protects against ketosis-induced liver injury via suppressing
Smad3 activation.Front Cell Dev Biol.2021;9:676789

52. Wang Z, Gong Y, Peng B, Shi R, Fan D, Zhao H, et al. MRE11 UFMylation promotes
ATM activation. Nucleic Acids Res. 2019;47:4124–35.

53. Wang L, Xu Y, Rogers H, Saidi L, Noguchi CT, Li H, et al. UFMylation of RPL26 links
translocation-associated quality control to endoplasmic reticulum protein
homeostasis. Cell Res. 2020;30:5–20.

54. Qin B, Yu J, Nowsheen S, Wang M, Tu X, Liu T, et al. UFL1 promotes histone H4
ufmylation and ATM activation. Nat Commun. 2019;10:1242.

55. Jeyakumar SM, Vajreswari A. Stearoyl-CoA desaturase 1: a potential target for
non-alcoholic fatty liver disease?-perspective on emerging experimental evi-
dence. World J Hepatol. 2022;14:168–79.

56. Beysen C, Schroeder P, Wu E, Brevard J, Ribadeneira M, Lu W, et al. Inhibition of
fatty acid synthase with FT-4101 safely reduces hepatic de novo lipogenesis and

steatosis in obese subjects with non-alcoholic fatty liver disease: Results from two
early-phase randomized trials. Diabetes Obes Metab. 2021;23:700–10.

57. Romano A, Friuli M, Del Coco L, Longo S, Vergara D, Del Boccio P, et al. Chronic
oleoylethanolamide treatment decreases hepatic triacylglycerol level in rat liver
by a PPARγ/SREBP-mediated suppression of fatty acid and triacylglycerol synth-
esis. Nutrients. 2021;13:394.

58. Amin NB, Carvajal-Gonzalez S, Purkal J, Zhu T, Crowley C, Perez S, et al. Targeting
diacylglycerol acyltransferase 2 for the treatment of nonalcoholic steatohepatitis.
Sci Transl Med. 2019;11:eaav9701.

59. Wilson CG, Tran JL, Erion DM, Vera NB, Febbraio M, Weiss EJ. Hepatocyte-specific
disruption of CD36 attenuates fatty liver and improves insulin sensitivity in HFD-
Fed mice. Endocrinology. 2016;157:570–85.

60. Walczak CP, Leto DE, Zhang L, Riepe C, Muller RY, DaRosa PA, et al. Ribosomal
protein RPL26 is the principal target of UFMylation. Proc Natl Acad Sci USA.
2019;116:1299–308.

61. Jurczak MJ, Lee AH, Jornayvaz FR, Lee HY, Birkenfeld AL, Guigni BA, et al. Dis-
sociation of inositol-requiring enzyme (IRE1α)-mediated c-Jun N-terminal kinase
activation from hepatic insulin resistance in conditional X-box-binding protein-1
(XBP1) knock-out mice. J Biol Chem. 2012;287:2558–67.

62. Oyadomari S, Harding HP, Zhang Y, Oyadomari M, Ron D. Dephosphorylation of
translation initiation factor 2alpha enhances glucose tolerance and attenuates
hepatosteatosis in mice. Cell Metab. 2008;7:520–32.

63. Lebeaupin C, Proics E, de Bieville CH, Rousseau D, Bonnafous S, Patouraux S, et al.
ER stress induces NLRP3 inflammasome activation and hepatocyte death. Cell
Death Dis. 2015;6:e1879.

64. Wang D, Wei Y, Pagliassotti MJ. Saturated fatty acids promote endoplasmic reticulum
stress and liver injury in rats with hepatic steatosis. Endocrinology. 2006;147:943–51.

65. Pfaffenbach KT, Gentile CL, Nivala AM, Wang D, Wei Y, Pagliassotti MJ. Linking
endoplasmic reticulum stress to cell death in hepatocytes: roles of C/EBP
homologous protein and chemical chaperones in palmitate-mediated cell death.
Am J Physiol Endocrinol Metab. 2010;298:E1027–35.

66. Kandel-Kfir M, Almog T, Shaish A, Shlomai G, Anafi L, Avivi C, et al. Interleukin-1α
deficiency attenuates endoplasmic reticulum stress-induced liver damage and
CHOP expression in mice. J Hepatol. 2015;63:926–33.

67. Nakagawa H, Umemura A, Taniguchi K, Font-Burgada J, Dhar D, Ogata H, et al. ER
stress cooperates with hypernutrition to trigger TNF-dependent spontaneous
HCC development. Cancer Cell. 2014;26:331–43.

68. Khan S, Zhang X, Lv D, Zhang Q, He Y, Zhang P, et al. A selective BCL-X(L) PROTAC
degrader achieves safe and potent antitumor activity. Nat Med. 2019;25:1938–47.

ACKNOWLEDGEMENTS
This work was supported by grants from National Natural Science Foundation of
China [grant number 81670735, 82000258], and Shanghai Ninth People’s Hospital
Foundation [grant number JYLJ201921, JYHJB04]. We would like to acknowledge
Professor Huaidong Song from the Core Laboratory in Medical Center of Clinical
Research of Shanghai Ninth People’s Hospital affiliated to Shanghai Jiao Tong
University School of Medicine and Professor Mingzhe Huang from the general
surgery of Shanghai Ninth People’s Hospital affiliated to Shanghai Jiao Tong
University School of Medicine for their help in this research.

AUTHOR CONTRIBUTIONS
ZM, XM and GZ designed and performed the experiments, analyzed the data and wrote
the manuscript; YJ and MS performed the experiments and drafted the manuscript; XM
and JZ performed the experiments and analyzed the data; HL and FC designed the
experiments and edited the manuscript. All authors read and approved the final paper.

FUNDING
This work was supported by grants from National Natural Science Foundation of
China [grant number 81670735, 82000258], and Shanghai Ninth People’s Hospital
Foundation [grant number JYLJ201921, JYHJB04].

COMPETING INTERESTS
The authors declare no competing financial interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
This study was performed in accordance with the Declaration of Helsinki and were
approved by the ethics committee of Shanghai Ninth People’s Hospital (approval
number: SH9H-2021-TK315-1 and SH9H-2021-A608-SB).

Z. Mao et al.

12

Cell Death and Disease          (2023) 14:584 



ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-06095-2.

Correspondence and requests for materials should be addressed to Huifang Liu,
Guangya Zhang or Fengling Chen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Z. Mao et al.

13

Cell Death and Disease          (2023) 14:584 

https://doi.org/10.1038/s41419-023-06095-2
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Ufmylation on UFBP1 alleviates non-alcoholic fatty liver disease by modulating hepatic endoplasmic reticulum stress
	Introduction
	Results
	The ufmylation of hepatic proteins is increased in livers with steatosis
	UFBP1 deficiency promotes FFA-induced hepatocyte steatosis
	Ufmylation on UFBP1 suppresses FFA-induced hepatocyte steatosis
	Ufmylation on UFBP1 facilitates the mitigation of obesity and hepatic steatosis in NAFLD mice
	Ufmylation on UFBP1 regulates insulin resistance, hypertriglyceridemia and liver damage in NAFLD mice
	UFBP1�suppresses hepatic ER stress in an ufmylation-dependent way in NAFLD

	Discussion
	Methods
	Animals and treatments
	Mouse metabolic analysis
	Mouse serum biochemical examination of TG, TC, AST, ALT, and insulin
	Mouse hepatic triglyceride and cholesterol analysis
	Histology and immunohistochemical procedures
	Tissue and cell Oil Red O (ORO) staining
	Human liver samples
	Cell lines and culture
	Knockdown of UFM1 or UFBP1 in human L02 hepatocyte cell line
	Co-immunoprecipitation (Co-IP) assay
	Restoring UFBP1 in L02 cell line with UFBP1 knockdown
	Quantitative real-time PCR
	Western blot analysis
	Statistical analyses

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION




