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MiR-337-3p improves metabolic-associated
fatty liver disease through regulation
of glycolipid metabolism

Xiaoding Xu,'?* Chuwei Yu,”* Hongxiu He,"?* Xiangyu Pan,”* Aijun Hou,?* Jianxun Feng,” Rongrong Tan,”
Likun Gong,"?2 Jing Chen,"?3>* and Jin Ren'2:3*

SUMMARY

Epigenetic regulations play crucial roles in the pathogenesis of metabolic-associated fatty liver disease;
therefore, elucidating the biological functions of differential miRNAs helps us to understand the patho-
genesis. Herein, we discovered miR-337-3p was decreased in patients with NAFLD from Gene Expression
Omnibus dataset, which was replicated in various cell and mouse models with lipid disorders. Subse-
quently, overexpression of miR-337-3p in vivo could ameliorate hepatic lipid accumulation, reduce fasting
blood glucose, and improve insulin resistance. Meanwhile, we determined miR-337-3p might influence
multiple genes involved in glycolipid metabolism through mass spectrometry detection, bioinformatics
analysis, and experimental verification. Finally, we selected HMGCR as a representative example to inves-
tigate the molecular mechanism of miR-337-3p regulating these genes, where the seed region of miR-337-
3p bound to 3'UTR of HMGCR to inhibit HMGCR translation. In conclusion, we discovered a new function
of miR-337-3p in glycolipid metabolism and that might be a new therapeutic target of MAFLD.

INTRODUCTION

Metabolic-associated fatty liver disease (MAFLD), also known as nonalcoholic fatty liver disease (NAFLD) before, is the most prevalent liver
disorder worldwide, affecting one-third of the population.'” It has been a leading cause of liver transplants and hepatocellular carcinoma;’
however, there is still a lack of effective treatments. The pathogenesis of MAFLD is extremely complex because it is associated with a thorough
reprogramming of hepatic metabolism, which leads to impaired glucose homeostasis and lipid accumulation. During this process, the genes
involved in controlling glycolipid metabolism are deregulated, which may be caused by the alterations of epigenetic mechanisms that dictate
gene expression. As one of the main epigenetic mechanisms, microRNAs (miRNAs) have been proved to play key roles in metabolic
disorders.”

miRNAs are endogenously transcribed non-coding RNA approximately 22-nt-long, which can regulate gene transcription or translation in
a variety of patterns to act as key regulators in many biological processes.”” It is well known that various metabolic pathways in MAFLD,
including de novo lipogenesis, uptake and export of lipid, lipid oxidation, hepatic glycolysis, gluconeogenesis, and glycogen metabolism,
are tightly regulated by specific miRNA.* For example, miR-122, which accounts for nearly 70% of miRNA contents in the liver, has been re-
ported to be downregulated significantly in nonalcoholic steatohepatitis (NASH) and target a variety of factors in lipid metabolism, including
FASN (the key enzyme of fatty acid synthesis), HMGCR (the key enzyme of cholesterol synthesis), and SREBP-1c and SREBP-2 (the key tran-
scription factors of lipid metabolism),"” thereby participating in triglyceride (TG) synthesis and secretion, steatohepatitis, fibrosis, etc. There-
fore, clarifying the pathophysiological roles of specific miRNA, especially downregulated miRNAs during MAFLD, will help us better under-
stand the pathogenesis of this disease.

MiR-337 gene is localized on chromosome 14932.2,” and miR-337-3p is one of products of this gene. Current evidence indicates that miR-
337-3p is downregulated in various human cancer types, such as melanoma,'’ neuroblastoma,'? colorectal cancer,’® non-small cell lung
cancer,'* and hepatocellular carcinoma,’” and plays regulatory roles in some diseases and biological processes, including gastric tumor,
breast cancer, osteoarthritis, and hepatic cell differentiation.’®" In our lab, we found the relationship between miR-337-3p and low-density
lipoprotein cholesterol (LDL-C) in hyperlipidemic mice,” which clued us it might also regulate other metabolic process.
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Figure 1. MiR-337-3p is decreased in patients, mouse, and cell models with abnormal lipid metabolism

(A) The level of hepatic miR-337 in GSE89632 (n = 18 in HC, n = 17 in SS, n = 19 in NASH).

(B) The relationship between miR-337 and ALT in GSE89632.

(C) The relationship analysis between miR-337 and steatosis in GSE89632.

(D and E) RT-gPCR analysis of the relative miR-337-3p levels in C57/BL6 fed with normal chow diet (NCD) and GAN diet (n = 10/each group) (D), db/db fed with
normal chow diet (NCD) and HFHC (n = 5/each group) (E).

(F and G) RT-gPCR analysis of the relative miR-337-3p levels in HepG2 (F) and primary hepatocyte(G) treated with PA. The results of A, B, C, D, and E are presented
as mean + SEM. The results of F and G are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus the HC, NCD or BSA group.

In current work, we discovered that miR-337 is downregulated in NAFLD patients and has a negative correlation with the level of alanine
transaminase (ALT) and the degree of steatosis. Furthermore, miR-337-3p is obvious lower in multiple cell and mouse models of NAFLD,
which drived us to investigate its potential role in NAFLD. After overexpressed in the liver, miR-337-3p could improve glucose and lipid meta-
bolism in different diet-induced mouse models. The potential molecular mechanism further clarified that miR-337-3p might ameliorate the
homeostatic effects of lipid and glucose through multitarget inhibition.

RESULT
MiR-337-3p is decreased in NAFLD patients and corresponding cell and mouse models
To investigate whether miR-337 is differentially expressed in clinic, we analyzed the data of GSE89632 which is a cross-sectional study,
including patients with non-alcoholic fatty liver disease (20 simple steatosis (SS), 19 NASH) and 24 healthy living liver donors (HC). After
removing the patients with fibrotic symptoms in the HC (6 cases) and SS (3 case) groups, we found that miR-337-3p was obviously decreased
in SS and NASH groups (Figure 1A) and it had a negative correlation with the level of ALT (r = —0.24, p = 0.08) and the degree of steatosis on
liver biopsy (r = —0.25, p = 0.09) (Figures 1B and 1C), which suggested that miR-337 might participate in the regulation of hepatic lipid accu-
mulation and liver injury during NAFLD. Subsequently, we confirmed this finding in two mouse models of NAFLD (db/db mice fed with a high-
fat diet (0.5% cholesterol, 23% fat) and C57 mice fed with a Gubra-Amylin NASH (GAN) diet (40 kcal% fat, 2% cholesterol, 20 kcal% fructose))
and PA-stimulated cell models (HepG2 and mouse primary hepatocytes). As shown in Figures 1D-1G, miR-337-3p levels in model groups
were significantly lower than those in the corresponding control group.

Taken together, miR-337-3p is downregulated in clinical patients and multiple NAFLD models, suggesting that this decline may be
involved in the pathogenesis of NAFLD.

Overexpression of miR-337-3p alleviated hepatic steatosis, inflammation, and fibrosis in GAN diet-induced mice

The previously described results aroused our interests in examining the potential role of miR-337-3p during NAFLD. Adeno-associated virus-
mediated liver-directed miRNA overexpression was used to investigate the effect of miR-337-3p on NAFLD-associated pathologies in the
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Figure 2. MiR-337-3p could ameliorate hepatic steatosis, inflammation, and fibrosis in GAN diet-induced mouse model
A) The schematic diagram of GAN diet-induced mouse model.

B) RT-gPCR analysis of the relative miR-337-3p levels in the miR-337-3p and mCherry groups.

C) The contents of ALT and ALP in miR-337-3p and mCherry groups.

D) The index of liver/body weight in miR-337-3p and mCherry groups.

E) The contents of serum TC, LDL-C in miR-337-3p and mCherry groups.

F) Representative H&E staining and oil red O staining of miR-337-3p and mCherry groups. Scale bar, 100 um.

G) Quantification of the area of oil red O staining of two groups.

H) The scores of steatosis and inflammation of two groups.

) The relative levels of TG and TC in the livers of two groups.

J) Representative Sirius red staining and immunohistochemical staining of a-SMA. Scale bar, 100 pm.

K) Quantification of the area of Sirius red staining and immunohistochemical staining of a-SMA of two groups.

L) RT-gPCR analysis of IL1B mRNA in miR-337-3p and mCherry groups. n = 10/each group. All results are presented as mean + SEM. *p < 0.05, **p < 0.01,
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p < 0.001 versus the mCherry group.

GAN diet-induced mouse model”"**(Figures 2A and S1). After 14 weeks of tail-vein injection of virus, the level of hepatic miR-337-3p was
obviously increased (Figure 2B). Meanwhile, serum ALT and alkaline phosphatase levels and hepatosomatic index (the ratio of liver weight
to body weight) of mice with miR-337-3p overexpression were lower than those of mice in the mCherry group obviously (Figures 2C and
2D), which indicated that miR-337-3p played a protective role in liver injury induced by overnutrition.

Next, we focused on the relevant indicators of lipid metabolism in this model. Consistent with our previous results,”® miR-337-3p overex-
pression could improve dyslipidemia, where serum total cholesterol (TC) and LDL-C of miR-337-3p group were decreased obviously (Fig-
ure 2E). For the changes of liver fat content, H&E and oil red O staining of the liver sections were conducted. As shown in Figures 2F-2H,
the miR-337-3p group had less macrovesicular steatosis and inflammation, as reflected by the lower histological scores according to patho-
physiological evaluations, and mild accumulation of TG according to the results of oil red O staining and quantification. Furthermore, the
hepatic TG and TC levels were reduced in miR-337-3p group when compared with mCherry group (Figure 2I), confirming again that miR-
337-3p can regulate the lipid metabolism in the liver.

Since inflammation and fibrosis also are the pathological changes in NAFLD,?® we further examined the effects of miR-337-3p on inflam-
mation and fibrosis by staining the liver section with Sirius red and the immunohistochemical antibodies of a-SMA, Ly6G, and F4/80. Although
the immunohistochemical staining of Ly6G and F4/80 did not make any difference between two groups (Figure S2), the miR-337-3p group had
a lower score of inflammation (Figure 2H). Moreover, miR-337-3p could decrease the mRNA of IL18 (Figure 2L). Therefore, we inferred that
miR-337-3p might alleviate inflammation by influencing other inflammatory cytokines, like IL1B. As shown in Figures 2J and 2K, miR-337-3p
could reduce Sirius red and a-SMA staining area, which suggested it can attenuate the fibrosis of NAFLD.

Overexpression of miR-337-3p improved glucose metabolism in GAN diet- and HFD/STZ-induced mice

In the course of determining the effect of miR-337-3p on lipid metabolism disorder in GAN diet-induced mice, we also examined whether
miR-337-3p affected the glucose metabolism in this mouse model. As shown in Figure 3A, serum fructosamine of mice with miR-337-3p over-
expression was lower than that of the mCherry group. Moreover, the results of oral glucose tolerance test and HOMA-IR also indicated that
miR-337-3p could relieve insulin resistance and ameliorate glucose metabolism disorder (Figures 3B and 3C). To further confirm the role of
miR-337-3p in improving glucose metabolism, a type 2 diabetes mouse model induced by a high-fat diet (HFD) combined with streptozotocin
(STZ) was used.”"?® After tail-vein injection of the virus, the mice were fed with HFD for 40 days and then intraperitoneally injected with STZ,
which led to the gradual increase in fasting blood glucose (FBG) in mCherry group, whereas FBG in miR-337-3p group increased slowly
(Figures 3D-3F). With the extension of time, the increase of FBG caused by STZ injection in mCherry group recovered sluggishly, but
once STZ was injected again, their FBG levels increased again. In other words, FBG levels in mCherry group elevated with the stimulation
of STZ, which did not occur in miR-337-3p group. Subsequently, we also found that miR-337-3p could inhibit gluconeogenesis as determined
by pyruvate tolerance test (Figure 3G) and increase glycogen content as illustrated by PAS staining and quantification (Figure 3H). Addition-
ally, the effect of miR-337-3p on gluconeogenesis was verified using hepatocyte glucose production assay in primary hepatocytes from
healthy mouse. Compared to negative control (NC), the primary hepatocytes transfected with miR-337-3p produced less glucose when stim-
ulated by gluconeogenic substrates (Figure 3l).
Based on these results, miR-337-3p could improve glucose homeostasis in both GAN diet- and HFD/STZ-induced mouse models.

MiR-337-3p inhibited TG accumulation and relieved lipotoxicity in vitro
After discovering the benefit of miR-337-3p in improving hepatic lipid disorders, we detected related pathological characteristics in PA or
FFA-stimulated HepG2 and LO2 cells in the presence or absence of miR-337-3p. As shown in Figures 4A and 4B, the intracellular lipid accu-
mulation induced by FFA was measured by oil red O staining, and it was apparent that the lipid droplets in the cells transfected with miR-337-
3p were reduced. Similarly, the increase in intracellular TG content stimulated by FFA also decreased accordingly in miR-337-3p group
(Figure 4C).

Since the lipid accumulation in cells also could lead to mitochondrial damage and a decline in cell viability,”® we further examined the
mitochondrial copy number, a surrogate marker for mitochondrial function,”” and cell viability in PA-stimulated L02 cells. The results of
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Figure 3. MiR-337-3p could regulate glucose metabolism in GAN diet and HFD/STZ-induced mouse model

A) The content of FRA in the serum of miR-337-3p and mCherry groups (n = 10/each group) in GAN diet-induced mouse model at 4 and 8 weeks.

B) The OGTT assay of miR-337-3p and mCherry groups (n = 10/each group).

C) The index of HOMA-IR of miR-337-3p and mCherry groups (n = 10/each group).

D) The schematic diagram of HFD/STZ mouse model.

E) RT-gPCR analysis of the relative miR-337-3p levels in miR-337-3p and mCherry groups (n = 8/each group).

F) The fasting blood glucose of miR-337-3p and mCherry groups (n = 8/each group).

G) The PTT assay of miR-337-3p and mCherry groups (n = 8/each group).

H) Representative PAS staining of miR-337-3p and mCherry groups and their quantification. Scale bar, 100 pm.

1) The glucose output of primary hepatocyte transfected with NC or miR-337-3p. The results of A-H are presented as mean & SEM. The results of | are presented
asmean £ SD. *p <0.05, **p < 0.01, ***p < 0.001 versus the mCherry or the control group. ###p < 0.001 versus the glycogenotic medium group without miR-337-
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Figure 4. MiR-337-3p relieved the accumulation of lipid and lipotoxicity in cells

(A) Representative images of oil red O staining of HepG2 and LO2 cells induced by FFA when transfected with NC or miR-337-3p. Scale bar = 20 um.
(B) Quantification of oil red O staining in A.

(C) The contents of TG in HepG2 and LO2 cells induced by FFA when transfected with NC or miR-337-3p.

(D) RT-gPCR analysis of mtDNA in LO2 induced by PA in presence of NC or miR-337-3p.

(E) CCK8 analysis of relative cell viability in HepG2 induced by PA in presence of NC or miR-337-3p.

(F) Relative endogenous miR-337-3p levels in the WT and miR-337-3p knockout (miR-337 /=) L02 cells via RT-gPCR analysis.

(G) Representative images of oil red O staining of the WT and miR-337 '~ cells. Scale bar, 20 um.

(H) Quantification of oil red O staining and TG in WT and miR-337/" cells induced by FFA.

(I) RT-gPCR analysis of mtDNA in WT and miR-337~/~ cells induced by PA.

(J) CCK8 analysis of relative cell viability in WT and miR-337~~ cells induced by PA. All results are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001
versus the NC group. #p < 0.05, ##p < 0.01, ###p < 0.001 versus the control group with NC in B, C, H and versus the PA group with NC in E, J.

Figures 4D and 4E demonstrated that miR-337-3p could blunt PA-induced decrease of mtDNA/nuclear DNA ratio and cell viability. Recently,
that the metabolic dysregulation can induce cellular senescence is universally acknowledged.”® Given miR-337-3p could recover the damaged
mtDNA, one of hallmarkers of cellular senescence, we detected other senescence indicators, cleaved PARP and caspase-3, to further confirm
its effect on cellular senescence. As shown in Figure S3, miR-337-3p could inhibit the increase of cleaved PARP and caspase-3 induced by PA
treatment.

Considering the protective effects of exogenous miR-337-3p on lipotoxicity, we investigated whether endogenous miR-337-3p also played
the same role. CRISPR-Cas9 was used to delete the genomic sequence of pre-miR-337, which led endogenous miR-337-3p to reduce dras-
tically (Figure 4F). As shown in Figures 4G—4H, the lipid accumulation was more evident in the cells without miR-337-3p. Furthermore, the
mitochondrial damage and cell viability of miR-337~/~ were more significant or severe than wild type, too (Figures 4 and 4J).

MiR-337-3p might target multiple genes of glucose and lipid metabolism simultaneously

In view of the improved role of miR-337-3p in lipid accumulation, glucose homeostasis, mitochondrial disorder, and hepatocyte apoptosis, we
were curious about its possible molecular mechanism. Firstly, differently expressed proteins between miR-337-3p-transfected and NC-trans-
fected HepG2 cells were detected by mass spectrometry (MS). Compared to the NC, there were 788 downregulated proteins (FC < 0.083,
p < 0.05) and 735 upregulated proteins (FC > 1.2, p < 0.05) (Figure 5A). Since the general pattern of miRNA regulating genes is to degrade
mRNA or inhibit protein translation, we further focused on downregulated proteins. After KEGG pathway analysis (https://david.ncifcrf.gov/),
14.67% genes were mapped to metabolic pathway (Figure 5B). Moreover, the analysis of these downregulated genes via GSEA database
(https://www.gsea-msigdb.org/gsea/index.jsp) revealed that fatty acid metabolism, cholesterol homeostasis, and cellular glucose homeosta-
sis were the main enriched pathways (Figure 5C), which might contribute to the effects of miR-337-3p on improving glucose and lipid meta-
bolism in vivo and in vitro. To verify the results of MS, we detected several key genes that play crucial roles in glycolipid metabolism (FOXO1/
Foxo1, G6PC/Gépc, PCK1/Pck1, SCD/Scd, FASN/Fasn, FABP1/Fabp1, HMGCR/Hmgcr) in miR-337-3p-transfected HepG2 cells (Figure 5D)
and primary hepatocytes from healthy mouse (Figure 5E), the liver tissues from miR-337-3p-overexpressed mice (Figure 5F), and miR-337-
3p knockout cells (Figure 5G). The results indicated that the genes identified by MS (FOXO1, SCD, FASN, FABP1, HMGCR) and the related
downstream genes (G6PC, PCK1) were decreased under the condition of overexpressing miR-337-3p in vitro and in vivo (Figures 5D-5F,
Table 1). On the contrary, those genes were increased significantly when the endogenous miR-337-3p expression was lower (Figure 5G).
Moreover, the reduction of these genes at protein and mRNA levels were also observed in miR-337-3p-transfected primary hepatocytes
from healthy mouse when stimulated with FFA or not (Figures S4A-S4C), which suggested that miR-337-3p could regulate multiple glycolipid
metabolism-associated genes in the in vitro NAFLD model. Furthermore, its inhibitory effects on gluconeogenesis and TG accumulation was
also verified in this model through detecting glucose production stimulated by gluconeogenic substrates (Figure S4D), the staining of oil red
O (Figure S4E), and the level of TG (Figure S4F).

Finally, we analyzed the relationship between miR-337 and 7 genes separately (Figure S5) in GSE89632, in which miR-337 negatively corre-
lated with SCD, FASN, FABP1, and HMGCR (Figures SSA-S5D), whereas it was not associated with FOXO1, G6PC, and PCK1 (data not shown).
We speculated that the data of NAFL/NASH patients without diabetes might affect the result, and when we only analyzed the data of healthy
controls and diabetic patients in this database, the negative correlation between miR-337 and PCK1 can be obtained (Figure S5E).

Taken together, we speculated that miR-337-3p might regulate multiple genes involved in glucose and lipid metabolism simultaneously to
exert beneficial effects on glycolipid metabolism disorders.

A validation example: HMGCR is the target of miR-337-3p

Since miR-337-3p can regulate multiple genes simultaneously to play regulatory roles, we would select a representative gene for further veri-
fication. Firstly, BioCyc (https://BioCyc.org), a database of metabolic reactions and enzymes,”” was used to analyze 109 genes in metabolic
pathway from Figure 5B, where cholesterol biosynthesis is the most relevant pathway (Figure 6A). Within those genes, we chose HMGCR, a
key protein in cholesterol homeostasis, to verify that it could be influenced by miR-337-3p directly. Next, we examined the protein levels of
HMGCR in HepG2 cells and GAN-diet induced mice with miR-337-3p overexpression. Compared with the respective control group, the pro-
tein contents of HMGCR were downregulated with miR-337-3p overexpression (Figures 6B and 6C), which was consistent with the results of
MS. As expected, the mRNA of HMGCR was reduced dependently on miR-337-3p concentration gradient (Figure 6D).
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Figure 5. Searching the possible target of miR-337-3p by MS

(A) Volcano plot of differentially expressed proteins detected by MS in HepG2 cells which were overexpressed miR-337-3p versus NC (n = 2/each group).

(B) KEGG pathway enrichment bubble chart of differentially expressed proteins.

(C) Pathway enrichment analysis by GSEA.

(D-G) The mRNA levels of FOXO1/Foxo1, GéPC/Gépc, PCK1/Pck1, SCD/Scd, FASN/Fasn, FABP1/Fabp1, and HMGCR/Hmgcr in HepG2 (D) and primary
hepatocytes from healthy mice(E) transfected with or without miR-337-3p (30 nM), in the livers of miRNA overexpressed or control mice which induced by
GAN diet (n = 10/each group) (F), and in WT or miR-337""" cells (G). The results of D, E, and G are presented as mean + SD. The results of F are presented
as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus the NC, mCherry, or WT group.

After confirming the effects of miR-337-3p on HMGCR mRNA and protein levels, related molecular mechanism was investigated. Because
the classical mode of miRNA-regulating gene is to bind to the 3'UTR region of the target gene,>*° we constructed the luciferase reporter
plasmid of HMGCR 3'UTR. As illustrated in Figure 6E, miR-337-3p suppressed luciferase activity dose dependently. According to the principle
of complementary base pairing, there is a seven-base sequence in miR-337-3p matching with 3'UTR of HMGCR (Figure S6A). When we
mutated this sequence, miR-337-3p-MUT failed to inhibit HMGCR (Figure S6B and S6C).

It has been reported that lipotoxicity can damage mitochondrial function, promote c-Jun N-terminal kinases (JNK) activation, and induce
cell apoptosis, which can be abolished by lowering of free cholesterol.®’ Since HMGCR controls the rate-limiting step in the cholesterol
biosynthetic pathway,* we also tested the activities of miR-337-3p in regulating the PA-stimulated increase of JNK phosphorylation and
decrease of cell viability. The results from Figures 46F and 6G demonstrated that miR-337-3p could inhibit the phosphorylation of JNK and
recover the viability of cells induced by PA treatment, which was disappeared when HMGCR was overexpressed (Figures 6F and 6G). Further-
more, miR-337/~ cells showed more obvious increase in JNK phosphorylation and decrease in cell viability under PA stimulation, and this
phenomenon also did not occur after HMGCR was knocked down (Figures 6H and 6l).

As a result, miR-337-3p could target HMGCR directly and alleviate lipotoxicity via HMGCR.

DISCUSSION

Itis well known that the disorders of epigenetic processes can influence chromosomal stability and gene expression, resulting in complicated
syndromes including obesity, MAFLD, diabetes, etc. miRNAs, as an important part of epigenetics, represent a class of transcriptional or post-
transcriptional regulators of gene expression. Since the differentially expressed miRNAs during MAFLD may participate in the occurrence and
development of this disease, it is necessary to clarify the biological functions of these miRNAs to understand the related pathogenesis. In the
current study, we discovered that miR-337-3p is downregulated in SS and NASH patient and in vivo/in vitro experimental models, can amelio-
rate hepatic lipid accumulation, reduce fasting blood glucose, and improve insulin resistance via targeting multiple genes of glucose and lipid
metabolism. These results indicated that the decrease of miR-337-3p might cause a series of glycolipid metabolism disorders, thereby help-
ing the development or deterioration of the disease. Furthermore, we also discovered that miR-337-3p overexpression could remit liver
inflammation and fibrosis reflected by the decrease of IL1B and smaller Sirius red-positive staining area, which suggested its potential in
the treatment of NAFLD.

miRNAs typically regulate multiple targets, and a phenotype observed upon miRNA inhibition or overexpression is a composite result of
regulation of several targets. Some miRNAs can repress multiple target mRNAs directly in one entire pathway or one phenotype, such as that
miR-223 could protect against atherosclerosis via targeting SP3 and ABCA1** and miR-132-induced hepatic steatosis and hyperlipidemia via
targeting FoxO3, Sirt1, and Pten.” Other miRNAs regulate target genes indirectly via targeting their transcription factors, for example, miR-
552-3p could modulate transcriptional activities of FXR and LXRa to ameliorate hepatic glycolipid metabolism disorder®* and miR-200 could
regulate transcription factor ZEB1 during tumor metastasis.*” In our work, some key genes regulating lipid metabolism (SCD, FASN, FABP1,
HMGCR, etc.) might be mediated directly by miR-337-3p, because possible binding sites of miR-337-3p on their 3UTR can be found through
base complementary pairing principle (data not shown). While, miR-337-3p inhibited gluconeogenic genes (G4PC, PCK1) indirectly by regu-
lating their transcription factors, FOXO1. Although we take the regulation of miR-337-3p on HMGCR as an example to prove its direct regu-
lation on these genes, we still need further experimental verification for each gene. In addition, some gene knockout mice will be adopted to
study the association between miR-337-3p improving NAFLD and its targets, such as HMGCR knockout mouse model.

As reported, liver is the major metabolic control hub to maintain energy and nutrient homeostasis, which makes it easy to become the
target organ of metabolic syndrome. It is observed that MAFLD has high rates of diabetes mellitus (DM) (23%) and it is vice versa (MAFLD
oceurs very commonly in DM). Actually, DM and MAFLD usually coexist and would deteriorate related pathological features each other.®
Therefore, itis beneficial to use one strategy to target both diseases simultaneously. We discovered that miR-337-3p could regulate glycolipid
metabolism simultaneously, inhibit hepatic steatosis in GAN diet-induced mouse model, and suppress the increase of fasting blood glucose
in HFD/STZ mouse model, suggesting that it might have broader application prospects.

It has been found that an altered epigenetic profile that is associated with the development of a disease state can be used as a biomarker in
some cases, especially miRNAs in some glycolipid metabolic diseases, like type 2 diabetes mellitus (T2DM) and NAFLD. It has been reported
that the expression of miR-146a and miR-223 is associated with T2DM./+38 Similarly, recent studies reported that miR-29, miR-1296, miR-132,
and miR-135 were dysregulated in NAFL patients and correlated with the risk of disease onset.*”~** Although miR-337-3p has different expres-
sion between patients and healthy people in some diseases, its content in blood under pathological condition of MAFLD is uncertain. In sub-
sequent studies, more research is needed to confirm the potential of miR-337-3p as an MAFLD marker.

iScience 26, 108352, November 17, 2023 9




¢? CellPress

OPEN ACCESS

iScience

Table 1. The sequences of primers for real-time PCR

Species Genes Forward sequences (5'-3') Reverse sequences (5'-3')

Human GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
FOXO1 TCGTCATAATCTGTCCCTACACA CGGCTTCGGCTCTTAGCAAA
G6PC GTGTCCGTGATCGCAGACC GACGAGGTTGAGCCAGTCTC
PCK1 AAAACGGCCTGAACCTCTCG ACACAGCTCAGCGTTATTCTC
SCD TCTAGCTCCTATACCACCACCA TCGTCTCCAACTTATCTCCTCC
FASN AAGGACCTGTCTAGGTTTGATGC TGGCTTCATAGGTGACTTCCA
FABP1 GTGTCGGAAATCGTGCAGAAT GACTTTCTCCCCTGTCATTGTC
HMGCR TGATTGACCTTTCCAGAGCAAG CTAAAATTGCCATTCCACGAGC

Mouse Gapdh AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA
Foxo1 CCCAGGCCGGAGTTTAACC GTTGCTCATAAAGTCGGTGCT
Gépc CGACTCGCTATCTCCAAGTGA GGGCGTTGTCCAAACAGAAT
Pck1 CTGCATAACGGTCTGGACTTC GCCTTCCACGAACTTCCTCAC
Scd TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT
Fasn GGAGGTGGTGATAGCCGGTAT TGGGTAATCCATAGAGCCCAG
Fabp1 ATGAACTTCTCCGGCAAGTACC GGTCCTCGGGCAGACCTAT
Hmgcr AGCTTGCCCGAATTGTATGTG TCTGTTGTGAACCATGTGACTTC

In conclusion, our study revealed the biological function of miR-337-3p in regulating glycolipid metabolism and proved that miR-337-3p
could improve lipid and glucose metabolism by targeting multiple genes, indicating that miR-337-3p might be a novel therapeutic target for
MAFLD in the future.

Limitations of the study

In the current study, we speculated that miR-337-3p could target multiple glycolipid metabolism-related genes, in which we took HMGCR as a
validation example. However, which differentially expressed proteins obtained from MS are regulated directly by miR-337-3p awaits further
investigation. In addition to verifying the interaction between miR-337-3p and the 3’UTRs of these genes, gene knockout mice should also be
needed to prove the association between miR-337-3p improving NAFLD and its targets. When investigating the biological function of miR-
337-3p, we detected the lipid accumulation and lipotoxicity in miR-337-3p-transfected or knockout cells and examined the phenotypes
related to glycolipid metabolism in miR-337-3p-overexpressed mice. In order to gain a more comprehensive understanding of the function
of miR-337-3p, its gene knockout mouse also should be considered in the future work. Additionally, we discovered that miR-337-3p could
alleviate inflammation and fibrosis of the liver in GAN diet-induced mice, featured by lower histological scores of inflammation, decrease
of IL1B mRNA, and reduced Sirius red and a-SMA staining area. Since the mouse fed with GAN diet for 17 weeks would not exhibited severe
inflammation and fibrosis, the effect of miR-337-3p on inflammation and fibrosis should be confirmed in other mouse models and more in-
dicators need to be detected, like some other inflammatory cytokines,44 the level of HS-CRP,* etc.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:
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® RESOURCE AVAILABILITY
O Lead contact
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O Data and code availability
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O Cell lines
O Animal experiments
o METHOD DETAILS
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O Primary mouse hepatocytes culture
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Figure 6. MiR-337-3p could target HMGCR/p-JNK pathway directly

(A) BioCyc analysis of differentially expressed proteins enriched in metabolic pathway.

(B) Western blot analysis of HMGCR proteins in the livers of miRNA overexpressed and control mice (n = 10/each group) and their quantification.
(C) Western blot analysis of HMGCR proteins in HepG2 cells after transfected with miR-337-3p (30 nM) or NC (30 nM).

(D) RT-gPCR analysis of HMGCR mRNA in HepG2 cells after transfected miR-337-3p or NC at different concentrations.
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Figure 6. Continued

(E) The relative luciferase activities of HMGCR 3'UTR in HEK293 cells transfected with miR-337-3p at different concentrations.

(F) Western blot analysis of HMGCR, p-/t-JNK. HepG2 cells were transfected with miR-337-3p and penter-HMGCR for 48 h, and then incubated with or without PA
for 8 h.

(G) CCK8 analysis of HepG2 cells which were transfected with miR-337-3p and penter-HMGCR for 48 h and incubated with or without PA for 8 h.

(H) Western blot analysis of HMGCR, p-/t-JNK. miR-337""~, or WT cells were transfected with siHMGCR for 48 h and incubated with or without PA for 8 h.

(I) CCK8 analysis of miR-337/" or WT cells that were transfected with siHMGCR for 48 h and incubated with or without PA for 8 h. All results are presented as
mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus the control group.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit anti-FASN antibody Proteintech, USA RRID: AB_2100801
Rabbit anti-FOXO1 antibody Cell Signaling Technology, USA RRID: AB_2106495
Rabbit anti-SCD antibody Abcam, UK RRID: AB_2928123
Rabbit anti-FABP1 antibody Abcam, UK RRID: AB_11143760
Rabbit anti-HMGCR antibody Proteintech, USA RRID: AB_2877957
Rabbit anti-PARP antibody Cell Signaling Technology, USA RRID: AB_659884
Rabbit anti-cleaved PARP antibody Cell Signaling Technology, USA RRID: AB_10699459
Rabbit anti-Caspase 3 antibody Cell Signaling Technology, USA RRID: AB_2069872
Rabbit anti-cleaved Caspase 3 antibody Cell Signaling Technology, USA RRID: AB_2341188
Rabbit anti-JNK antibody Cell Signaling Technology, USA RRID: AB_2250373
Rabbit anti-phosphorylated JNK antibody Cell Signaling Technology, USA RRID: AB_823588
Mouse anti-GAPDH antibody Proteintech, USA RRID: AB_2107436
Rabbit anti-F4/80 antibody Cell Signaling Technology, USA RRID: AB_2799771
Rabbit anti-Ly6G antibody Cell Signaling Technology, USA RRID: AB_2909808
Rabbit anti-aSMA antibody Cell Signaling Technology, USA RRID: AB_2734735
Peroxidase AffiniPure Goat Anti-Rabbit IgG Jackson immunoresearch, USA RRID: AB_2313567
Peroxidase AffiniPure Goat Anti-Mouse 1gG Jackson immunoresearch, USA RRID: AB_10015289

IHC Detection Reagent (HRP, Rabbit)

Cell Signaling Technology, USA

RRID:

AB_10544930

Chemicals, peptides, and recombinant proteins

Sodium pyruvate J&K Scientific, China Cat# P2256
Sodium lactate Leagene, China Cat# 1614308
Streptozotocin Leagene, China Cat# V900890
Sodium palmitate Sigma-Aldrich, USA Cati# P9767
Critical commercial assays

Triglyceride detection kit Nanjing Jiancheng, China Cat# A110-1
Total cholesterol detection kit Nanjing Jiancheng, China Cat# A111-1
Oligonucleotides

miR-337-3p Shanghai GenePharma, China N/A
miR-337-3p-MUT Shanghai GenePharma, China N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jing Chen

(jingchen@simm.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e Data reported in this paper will be shared by the lead contact upon request.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

HepG2, HEK293 and 293T cell lines were all purchased from American Type Culture Collection. HepG2 cells were maintained in MEM (Hy-
Clone, USA) containing 10% fetal bovine serum (FBS; Gibco, USA) and 1% antibiotic-antimycotic (Thermo Fisher Scientific, USA) at 37°C with
5% CO,. HEK293 and 293T cells were maintained in DMEM (Gibco, USA) containing 10% FBS (Gibco, USA) and 1% antibiotic-antimycotic
(Thermo Fisher Scientific, USA) at 37°C with 5% CO,. L02 cells were maintained in RPMI-1640 (Gibco, USA) containing with 10% FBS (Gibco,
USA) and 1% antibiotic-antimycotic (Meilunbio, China) at 37°C with 5% CO,.

Animal experiments

All animal experiments complied with the Institutional Ethical Guidelines and were approved by the Institutional Animal Care and Use Com-
mittee, Shanghai Institute of Materia Medica, Chinese Academy of Sciences (2019-04-RJ-191 for HFHC diet-induced mouse model, 2020-04-
RJ-213 for the miR-337-3p-overexpressing GAN diet-induced mouse model, and 2022-01-RJ-266 for the miR-337-3p-overexpressing STZ
mouse model).

HFHC diet-induced mouse model

db/db mice (male, aged 8 weeks) were purchased from GemPharmatech Co.,Ltd (China) and fed with a high-fat/cholesterol diet(71.5% Purina
Rodent Chow; 0.5% Cholesterol; 5% Fructose; 11.5% Coconut Qil; 11.5% Corn Oil by weight. Research Diets, USA) or a normal control diet.
After 20 weeks, the mice were sacrificed and the livers were collected for subsequent analysis.

MiR-337-3p-overexpressing GAN diet-induced mouse model

C57/BL6J mice (male, aged 8 weeks) were purchased from Shanghai Jihui Laboratory Animal Care Co.,Ltd (China). After 3 weeks of feeding
with Gubra-Amylin NASH (GAN) diet (2% cholesterol by weight and 40% of calories derived from fat, 20% from fructose, Research Diets, USA),
mice were injected with 200pl of 5% 10712 vector genomes per ml (vg/ml) AAVs via the tail vein, in which GPAAV-Mcherry was mCherry group
(n=10/group) and GPAAV-Mcherry-mmu-miR-337-3p was the miR-337-3p group (n=10/group). That is to say, the virus titer was 1x 10712 per
mouse.The mice in the two groups continued to be fed with GAN diet and were sacrificed at 14 weeks post-injection. To verify the model was
established successfully, we also set up a normal chow diet group (NCD) transfected with the AAV of mcherry, which were sacrificed at the
same time with GAN diet mice.

MiR-337-3p-overexpressing HFD/STZ-induced mouse model

C57/BL6J mice (male, aged 8 weeks) were purchased from Beijing Vital River Laboratory Animal Technology (Beijing, China). Mice were in-
jected with 200p! of 5% 10712 vector genomes per ml (vg/ml) AAVs via the tail vein, in which GPAAV-Mcherry was the mCherry group (n=9/
group) and GPAAV-Mcherry-mmu-miR-337-3p was the miR-337-3p group (n=9/group). The mice were all fed with high fat diet (40 kcal% Fat,
Research Diets, USA) and were injected with streptozocin (STZ, 100mg/kg) at Day 40 and 96. Then, the mice in the two groups were sacrificed
at Day 114 post-injection of AAVs. Finally, the liver and serum samples were collected for subsequent analysis.

METHOD DETAILS
Adeno-associated virus construction

The plasmid (GPAAV-Mcherry-mmu-miR-337-3p) in the AAV2/8 delivery system which overexpressed miR-337-3p in the mouse liver was con-
structed by Genomeditech (Shanghai, China), in which pri-miR-337 was cloned into the vector. The control was served by an empty adeno-
associated virus (GPAAV-Mcherry).

AAV packaging was initiated from the co-transfection of GPAAV-Mcherry-mmu-miR-337-3p (or GPAAV-Mcherry), pHelper and pAAV2/8
(1:1:1) for 72h in 293T cells using calcium phosphate transfection kit. AAV purification was performed as previously described.”® Briefly, PEG
8000 (10%) and NaCl (1M/l) were used to collect the virus through the cells which were cultured for 3 days to produce the virus.

The lysis buffer was consist of 50mM Tris-HCI, 150mM NaCl, 2mM MgCl,, pH8.0. The sediment was resuspended in this lysis buffer.Some
residual DNA were cleared by Benzonase (50U/ml). The mature virus was enriched using an ultrafiltration column (100 KD).

Oral glucose tolerance tests (OGTT) and pyruvate-tolerance test (PTT)

In OGTT and PTT assay, mice were fasted overnight and orally administered glucose (1.5g/kg body weight) or intraperitoneally injected with
pyruvate (1.5g/kg body weight). For all tests, the blood glucose concentrations were measured at 0, 15, 30, 45, 60, 90, and 120 min using a
portable glucose meter (Roche, Switzerland).

Primary mouse hepatocytes culture

Primary mouse hepatocytes were isolated from healthy mice. The liver was perfused with solution | (0.5mM EGTA) and solution Il (DMEM,
0.2mg/ml Collagenase Type IV (Sigma, USA)) in order. Then, the liver sac was cut to release the hepatocytes in DMEM (Gibco, USA). Those
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hepatocytes were resuspended with 45% percoll and spined at 1500rpm for 8min. Finally, the cells were cultured in William's E (10% FBS, 1%
antibiotic-antimycotic, 1% Glutamine, 1% ITS (Thermo Fisher Scientific)) for further experiments.

Plasmids construction

HMGCR 3'UTR sequence (NCBI Reference Sequence: NM_000859.3, 1759bp) was amplified from the cDNAs of HepG2 cells, and inserted into
the psi-Check2 (Addgene, China) at the Xhol and BamH1 restriction sites.

Luciferase assay

HEK293 cells were transfected with the luciferase reporter plasmid (HMGCR 3'UTR (100ng/well)) with miR-337-3p or miR-337-3p-MUT(MUT)
(GenePharma, China) by using Lipofectamine 2000 (Thermo Fisher Scientific, USA) in 96-well plates. At 24 h later, those cells were lysed to
examine luciferase activity following a dual-luciferase reporter assay system, in which luciferase activity (L) normalized to firefly Renilla lucif-
erase activity (R) stood for the activity of HMGCR 3'UTR.

Western blot analysis

The cell lysis buffer were consist of 1M Tris, pH 7.6, 1M NaCl, 1% NP40, 5% sodium deoxycholate, proteinase inhibitor (cocktail, Thermo Fisher
Scientific). The protein of mouse liver tissues and HepG2 which were transfected with miR-337-3p/NC were released by the cell lysis buffer.
And those protein were quantified with BCA Protein Assay Kit (Pierce, Thermo Fisher Scientific). Then the proteins were separated by elec-
trophoresis in 10% SDS-PAGE and then electro-transferred to PVDF membranes (Millipore, USA). After blocking with 5% non-fat milk in
TBST, the protein bands were incubated with the following primary antibodies: anti-FASN (1:2000, ProteinTech, USA), anti-FOXO1
(1:1000, ProteinTech, USA), anti-SCD (1:20000, ProteinTech, USA), anti-FABP1 (1:2000, Abcam, UK), anti-PARP (1:1000, Abcam, UK), anti-
cleaved PARP (1:1000, Abcam, UK), anti-Caspase 3 (1:1000, CST, USA), anti-cleaved Caspase 3 (1:1000, CST, USA), anti-HMGCR (1:1000,
Abcam, UK), anti-JNK (1:1000, ProteinTech, USA) or anti-p-JNK (1:1000, ProteinTech, USA) at 4°C overnight, then incubated with secondary
antibodies at room temperature for 1 h, and finally visualized using a Lumi Q ECL reagent solution kit (Share-Bio, China) according to the
manufacturer’s instructions. GAPDH was used as the internal loading control.

Real-time quantitative PCR analysis

The trizol reagent (Takara, Japan) were used to release total RNAs of liver tissues and HepG2 cells. To detect related mRNA, the cDNA was
reversed-transcribed using PrimeScriptTM RT Master Mix (Takara). For the detection of related miRNAs, we used TagMan MicroRNA Reverse
Transcription Kit (Thermo Fisher Scientific) for the reverse transcription. RT-PCR was performed using the 7500 Fast Real-Time PCR System
(7500 Software v2.0.5, Applied Biosystems) with SYBR Premix Ex TagTM (Yeason, China) for genes and TagMan Universal Master Mix Il for
miRNAs. GAPDH was used to normalize all genes’ expression., while U6 was used to normalize miRNA levels. All oligonucleotide primers
were synthesized by Biosune (Shanghai, China) and the sequences were listed in Table 1. Probes for miRNAs (U6 snRNA (001973), mmu-
miR-337-3p (472163), hsa-miR-337-3p (478035)) were obtained from Thermo Fisher Scientific.

Staining of liver sections

HE staining

The slides were deparaffinized through Xylene and EtOH, then blocked by the hematoxylin for 5 min at room temperature (RT). Next, they
were washed with distilled water for 2 times (3 min per time with 1% hydrochloric acid ethanol solution) and blocked in 0.5% eosin for 3 min
followed by another washing with distilled water for 2 min. Finally, they were dehydrated and sealed.

PAS staining

The slides were deparaffinized through Xylene and EtOH, then washed with distilled water for 3 min. Next, they were blocked by periodate
alcohol solution for 10 min and washed with distilled water for 3 min. After that, they were blocked with the Schiff solution and washed with
distilled water for 2 min. Finally, they were dehydrated and sealed.

Immunohistochemical staining

The slides were deparaffinized through Xylene and EtOH, then recovered antigen by heating them in citrate buffer for 10 min. After blocked in
3% hydroperoxide in PBS for 15 min at RT, the slides was blocked in 3% normal goat serum for 1h and incubated in the humidified chamber for
1h at RT. Next, the slides were added with primary antibody LyéG(1:400, CST, USA), a-SMA(1:400, CST, USA) or F4/80(1:1000, CST, USA), sec-
ond antibody, DAB substrate and hematoxylin in order. Finally, they were dehydrated and sealed.

Oil Red O staining

The frozen liver sections in slides were washed with 60% isopropanol for 30s and stained with Oil Red O (Sigma, USA) solution (in 60% iso-
propanol) for 25min followed by washing with PBS for 30s. In the end, the tissue sections were stained with hematoxylin for 10s. For the
Oil Red O staining in cell, the cell was fixed with 4% paraform for 10 min and staining in Oil Red O solution for 30 min, then washed with
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60% isopropanol twice. To quantify Oil Red O content levels, 100l isopropanol was added to each well. After shaking at room temperature
for 5min, the absorbance was read at 490nm. Meanwhile cell viability as a normalization control was detected by CCK-8 assay kit.

Sirius Red staining

The slides were deparaffinized through Xylene and EtOH. Then, the slides were stained by Sirius Red solution (Jiancheng, Nanjing) for 30 min.
At last, the slides were stained by hematoxylin solution (Jiancheng, Nanjing) for 30s.

Biochemical analysis

The blood of mice was centrifuged at 1000g for 3 minutes to obtain serum. The TC and LDLC in serum were Tdetermined by enzyme color-
imetric method. The ALT and ALP in serum were tested via ALT activity detection kit (Roche, Switzerland) and ALP activity detection kit (Roche,
Switzerland). The liver tissues or cells were lysed by 1% trition for 30 min, and the TG or TC contents were detected by TG or TC assay kit
(Jiancheng, Nanjing).

Mass spectrometry (MS)

Cells transfected with miR-337-3p or negative control (NC) were lysed in the SDT lysis buffer. All experiments were performed on an Q Ex-
active HF-X mass spectrometer with a nanoLC easy1200 (Thermo Fisher Scientific). Peptides were loaded on a self-packed column (75 pm x
150 mm, 3 pm ReproSil-Pur C18 beads, 120 A, Dr. Maisch GmbH, Ammerbuch, Germany) and separated with a 90 min gradient at a flow rate of
300 nL/min. Solvent A was 0.08% formic acid in water; solvent B was 80% acetonitrile, and 0.08% formic acid. The Q Exactive HFX was pro-
grammed in the data-dependent acquisition mode. An MS1 survey scan of 350-1700 m/z in the Orbitrap at a resolution of 120,000 was
collected with an AGC target of 3e6 and maximum injection time of 50 ms. Precursor ions were filtered according to monoisotopic precursor
selection, charge state (+ 2 to + 6), and dynamic exclusion (40 s with a +10 ppm window). Then, the top 20 most intense precursors were
subjected to HCD fragmentation. The instrument parameters were set as follows: 32% normalized collision energy, 45,000 resolution,
100,000 AGC target, 120 ms maximum injection time, 105 Da first mass, 1 m/z isolation width. And the data of MS were processed by search-
ing against the UniProt/SwissProt Human database via Maxquant (1.6.5.0), with default settings for 6-plex TMT quantification. Trypsin/P was
selected as the digestive enzyme with allowance of one missed cleavage. Minimum 7 amino acids for peptide, >2 peptides were required per
protein. For peptide and protein identification, false discovery rate (FDR) was set to 1%. TMT reporter ion intensity was used for quantification.

CRISPR/Cas9-mediated knockout of miR-337-3p

Two single-guide RNAs (sgRNAs, 5'-CACCGTCTGCACCCTTGGCTGCACG-3, 5'-CACCGGCAAGCGCTCGGATGGCAGA-3) were cloned
into px330-mCherry and px330-GFP vectors, respectively. These two plasmids were co-transfected into LO2 cells for 48 h, and the double-pos-
itive cells were sorted by the flow cytometry. Clones derived from double-positive cells were analyzed using gPCR to confirm the knockout of
miR-337-3p. Single cell co-transfected with px330-mCherry and px330-GFP empty vectors were used as wild-type LO2 cell.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed by using GraphPad Prism software. The data of in vitro experiments were displayed as the mean +SD and those of in vivo
experiments were displayed as the mean + SEM.* Significance was determined by Student’s two-tailed t-test. Linear relationship was pre-
sented as Pearson correlation coefficients. *p <0.05, **p <0.01, ***p <0.001 as indicated.
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