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Purpose: Mutations in hepatocyte nuclear factor 1α (HNF1α) are the cause of maturity-

onset diabetes of the young type 3 (MODY3) and involved in the development of hepato-

cellular adenoma and abnormal lipid metabolism. Previously, we have found that the serum

microRNA (miR)-122 levels in MODY3 patients were lower than those in type 2 diabetes

mellitus and healthy controls. This study aimed to investigate the mechanism of decreased

miR-122 levels in patients with MODY3 and whether low levels of miR-122 mediate

tumorigenesis and abnormal lipid metabolism associated with HNF1α deficiency in human

hepatocytes.

Methods: The expression of miR-122 was examined by real-time PCR. Dual-luciferase

reporter assay was performed to confirm the transcriptional regulation of miR-122 by

HNF1α. HepG2 cells were transfected with siRNA or miRNA mimic to downregulate or

upregulate the expression of HNF1α or miR-122, respectively. CCK-8 and colony formation

assay were used to determine cell proliferation. Lipid accumulation was examined by Oil

Red O staining and intracellular triglyceride and cholesterol quantification assays.

Results: HNF1α regulated the expression of miR-122 by directly binding to its promoter.

Knockdown of HNF1α in HepG2 cells reduced the expression of miR-122, increased

proliferation and promoted intracellular cholesterol accumulation. Overexpression of miR-

122 partially rescued the phenotypes associated with HNF1α deficiency in human hepato-

cytes. Mechanistically, HNF1α modulated cholesterol homeostasis via miR-122-dependent

activation of sterol regulatory element-binding protein-2 (SREBP-2) and regulation of

proprotein convertase subtilisin/kexin type 9 (PCSK9). Moreover, circulating miR-122 levels

were associated with serum cholesterol levels.

Conclusion: Loss of HNF1α function led to hepatocyte proliferation and abnormal choles-

terol metabolism by downregulating miR-122. Our findings revealed a novel mechanism that

low levels of miR-122 mediate tumorigenesis and abnormal lipid metabolism associated with

MODY3. MiR-122 may be a potential therapeutic target for the treatment of MODY3.
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Introduction
Maturity-onset diabetes of the young (MODY) is an autosomal dominant form of

diabetes.1 Heterozygous mutations in hepatocyte nuclear factor 1α (HNF1α) cause

MODY subtype 3 (MODY3), which is one of the most common types.1–3
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HNF1α is a homeobox transcription factor expressed in

pancreatic islets, liver, kidney and intestine.4 HNF1α defi-

ciency in pancreatic β-cell leads to impaired insulin secre-

tion in response to glucose, resulting in hyperglycaemia.5,6

As HNF1α is a liver-enriched transcription factor (LETF),

mutations in HNF1α also lead to abnormalities in liver

function.7 Several studies have reported that primary liver

neoplasms, especially hepatocellular adenoma (HCA) and

liver adenomatosis, are clustered in MODY3 families.8–10

In addition, the lipid profile of patients with MODY3 is

distinct from that of type 2 diabetes mellitus (T2DM),

which may be attributed to the special lipid metabolism

in hepatocytes associated with loss-of-function mutations

in HNF1α.11,12 However, the mechanism that HNF1α var-

iants increase the risk of liver neoplasm and abnormal

lipid metabolism has not been well known.

Recently, we have found that the serum microRNA-

122 (miR-122) levels in MODY3 patients were lower than

those in T2DM patients and healthy controls.13 MiR-122 is

an abundant liver-specific microRNA (miRNA) that reg-

ulates hepatocyte differentiation and proliferation, lipid

metabolism and hepatitis C virus replication.14–17 In

humans, liver miR-122 expression was found to be sup-

pressed in hepatocellular carcinoma (HCC) and non-

alcoholic fatty liver disease (NAFLD).18–22 Mice with

deletion of miR-122 display progressive steatohepatitis,

liver fibrosis and HCC.23,24 Several studies have demon-

strated that HNF1α was involved in the transcriptional

regulation of miR-122.15,25 Thus, it is possible that

HNF1α regulates the tumorigenic potential and lipid meta-

bolism of hepatocytes by targeting miR-122.

Therefore, we hypothesized that low levels of miR-122

mediate tumorigenesis and abnormal lipid metabolism

associated with MODY3. In this study, we examined the

effect of HNF1α on the proliferation and lipid metabolism

of HepG2 cells and investigated the molecular mechan-

isms involved.

Materials and Methods
Cell Culture and Transfection
Human hepatic carcinoma cell line HepG2 was obtained from

American Type Culture Collection (ATCC; Manassas, VA,

USA). Cells were cultured in minimum essential medium

(MEM; Gibco, Carlsbad, CA, USA) supplemented with 10%

fetal bovine serum (FBS; Gibco), 1% non-essential amino

acids solution (NEAA; Gibco), 1% GlutaMAX supplement

(Gibco), and 1% penicillin-streptomycin (Gibco) at 37°C in

a humidified atmosphere containing 5% CO2.

HepG2 cells were plated in 12-well plates at 2×105 cells

per well and grown to 50–60% confluence. Cells were treated

with small interference RNA (siRNA; GenePharma,

Shanghai, China) targeting HNF1α (siHNF1α) or nonspecific
siRNA (siNC) at a concentration of 50 nM in combination

with 50 nM of miR-122-5p mimic or negative control oligos

(RiboBio, Guangzhou, China) using lipofectamine 3000

(Invitrogen, Carlsbad, CA, USA) according to the manufac-

turer’s instruction. To avoid the off-target effects, another

siRNA sequence was used to confirm the effect of HNF1α.
To upregulate or downregulate the expression of miR-122,

cells were transfected with 50 nM of miRNA mimic or 100

nM of miRNA inhibitor (RiboBio). Cells were collected after

48 h for further experiments. SiRNA sequences are listed in

the Supplementary Table.

Plasmid Construction
To construct HNF1α expression plasmids, the coding

sequence for HNF1α was amplified by polymerase chain

reaction (PCR) and then cloned into the XhoI/KpnI sites of

GV141 vector (Genechem, Shanghai, China). The DNA

fragments of miR-122 promoter region containing the

putative HNF1α-binding site and mutated binding site

were chemically synthesized and inserted into the GV238

luciferase reporter vector (Genechem, Shanghai, China)

between the KpnI and XhoI site. Full-length cDNA of

HNF1α and mutation of HNF1αArg131Trp (HNF1αR131W)
were chemically synthesized and sub-cloned into the

3flag-pcDNA3.1 vector (Hanbio, Shanghai, China). The

3flag-pcDNA3.1 vector was transfected by lipofectamine

3000 according to the manufacturer’s instruction. All con-

structs were confirmed by DNA sequencing. The primer

sequences for PCR amplification of plasmid construction

are listed in the Supplementary Table.

Luciferase Reporter Assay
Human embryonic kidney (HEK) 293T cells were pur-

chased from the Cell Bank of the Chinese Academy of

Sciences (Shanghai, China). Cells were transfected with

luciferase reporter vectors in combination with HNF1α
plasmid or control plasmid using X-tremegene HP trans-

fection reagent (Roche, Basel, Switzerland) according to

the manufacturer’s instruction. Cells were collected 48

h after transfection and assayed using the dual-luciferase

reporter assay system (Promega, Madison, WI, USA).
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Quantitative Real-Time PCR
Total RNA was extracted from HepG2 cells using TRIzol

reagent (Invitrogen) and MiniBEST universal RNA extrac-

tion kit (Takara, Shiga, Japan), treated with dsDNase to

eliminate genomic DNA. For mRNA detection, total RNA

was reverse-transcripted by maxima H minus first-strand

cDNA synthesis kit (Thermo Fisher Scientific, Waltham,

MA, USA) according to the manufacturer’s instruction.

Bulge-Loop miRNA primer and starter kit (RiboBio) was

used to detect the expression of has-miR-122-5p. Real-

time PCR was performed on the ViiA 7 real-time PCR

system using powerup SYBR Green Master Mix (Applied

Biosystems, Carlsbad, CA, USA). Relative mRNA expres-

sion levels were calculated using the 2−ΔΔCT method (with

β-actin or 18s rRNA used as the reference gene). Relative

miRNA expression levels were normalized to U6 small

nuclear RNA. The primer sequences for real-time PCR

assay are listed in the Supplementary Table.

Cell Proliferation and Colony Formation

Assay
Cell proliferation was determined using the cell counting kit-8

(CCK-8; Dojindo, Kumamoto, Japan). Briefly, HepG2 cells

were plated in 96-well plates at 5×103 per well and transfected

with siHNF1α with or without miR-122 mimic as mentioned

above. Before incubation (0 h) and after 24, 48, 72, 96 h of

incubation, CCK-8 solution was added at a 1:10 dilution to

eachwell and incubated in the dark at 37°C for 1 h. The optical

density (OD) value of each well was then measured at

a wavelength of 450 nm using a microplate reader (Bio-Rad

Laboratories, Hercules, CA, USA). Cell proliferation was

calculated by the following equation: relative proliferation =

time t (ODtest − ODblank)/time 0 h (ODtest − ODblank).

For colony formation assay, HepG2 cells were isolated

by trypsin and plated in 6-well plates at a density of 2×103

per well and incubated for 10 days at 37°C in a humidified

atmosphere containing 5% CO2. The plates with colonies

were washed twice with phosphate buffer saline and fixed

in 4% phosphate-buffered paraformaldehyde for 30 min.

Colonies were stained with 0.1% crystal violet stain solu-

tion for 30 min and countered.

Oil Red O Staining
HepG2 cells plated on the cover slides were treated with or

without 200 μMfree fatty acid (FFA)mixture (oleate [O-7501,

Sigma-Aldrich, St. Louis, MO, USA] and palmitate [P-9767,

Sigma-Aldrich] at the ratio of 2:1) for 24 h. Lipidswere stained

withOil RedO stain kit (Solarbio, Beijing, China) according to

the manufacturer’s instruction. Briefly, the cover slides were

washed with 60% isopropanol and stained with Oil

Red O. Slides were counterstained withMayer’s hematoxylin.

Oil RedO staining imageswere taken using a lightmicroscope

(Olympus Optical, Tokyo, Japan).

Triglyceride and Cholesterol

Measurement
Intracellular triglyceride and cholesterol contents were

assayed using tissue triglyceride and cholesterol assay kit

(Applygen Technologies, Beijing, China). Protein concen-

tration was determined using a BCA protein assay kit

(Thermo Fisher Scientific). All experiments were per-

formed according to the manufacturer’s protocol. The con-

tents of triglyceride and cholesterol were normalized to

total protein concentration from each well.

Western Blot
Cells were lysed in RIPA lysis buffer containing protease

inhibitors (Thermo Fisher Scientific). Cell protein lysates

were centrifuged at 14,000 rpm for 20 min at 4°C and the

supernatants were collected. Protein concentrations were

determined using a BCA protein assay kit (Thermo Fisher

Scientific). Equal amounts of protein from samples were

resolved on 4–20% sodium dodecyl sulfate–polyacrylamide

gel (SDS-PAGE; Applygen Technologies) and transferred

onto 0.45 μm polyvinylidene difluoride (PVDF) membranes

(Millipore, Billerica, MA, USA). After blocking for nonspe-

cific binding with 5% non-fat dry milk for 1 h at room

temperature, the membranes were incubated with antibody

HNF1α (1:500, ab96777, Abcam, Cambridge, MA, USA),

SCAP (1:2000, ab125186, Abcam), SREBP-2 (1:500,

ab30682, Abcam), PCSK9 (1:1000, ab181142, Abcam), or

β-actin (1:1000, #4970, Cell Signaling Technology, Danvers,
MA, USA) overnight at 4°C and followed by an incubation

with secondary antibody (1:3000, #7074, Cell Signaling

Technology) for 1 h at room temperature. Protein was visua-

lized with enhanced chemiluminescence (ECL; Thermo

Fisher Scientific) and membranes were imaged with GE

Healthcare imaging system (Waukesha, WI, USA). Band

intensities were quantified using Image J software.

Statistics Analysis
Data were presented as the mean ± standard deviation (SD)

from at least three independent experiments. Comparisons

between two groups were performed with Student’s t-test.
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Multiple group comparisons were analyzed with a one-way

analysis of variance (ANOVA). Associations between circu-

lating miR-122 and lipid profiles were analyzed using

Spearman correlation coefficient and multiple linear regres-

sion. P < 0.05 was considered statistically significant. All

statistical analyses were performed with the SPSS 24.0

statistical software package (Chicago, IL, USA).

Results
HNF1α Regulates miR-122 Expression by

Directly Binding to Its Promoter
Our previous study has found that the serum miR-122 levels

in MODY3 patients were lower than those in type 2 diabetes

mellitus and healthy controls (Figure 1A).13 As miR-122 is

a liver-specific miRNA, we investigated that whether loss of

HNF1α function downregulated the expression of miR-122

in hepatocytes. Two siRNAs were separately transfected

into HepG2 cells to suppress HNF1α expression. As

shown in Figure 1B, cells transfected with siHNF1α signifi-

cantly downregulated the protein levels of HNF1α

compared with the negative control. MiRNA real-time

PCR showed that transfected with two siHNF1α both

resulted in a decrease in the expression of miR-122 in

HepG2 cells (Figure 1C). Mutation in HNF1α (R131W,

the most common mutation in MODY3 patients in our

previous study) also reduced the expression of miR-122 in

hepatocytes (Figure 1D). However, transfection of miR-122

mimic into HepG2 cells did not significantly alter the pro-

tein levels of HNF1α (Figure 1E).

To further investigate the mechanism of decreased miR-

122 levels in patients with MODY3, we examined the tran-

scription regulation effect of HNF1α onmiR-122. UCSC and

JASPAR were used to analyze the 2-kb region upstream of

the transcription start site of humanmiR-122. Bioinformatics

analysis revealed that the miR-122 promoter region contains

three HNF1α-binding motifs (Figure 2A). To confirm

whether miR-122 is under the transcriptional control of

HNF1α, a luciferase reporter vector containing the miR-122

promoter with wild-type or mutated binding sites (Figure 2B)

was cotransfected with an HNF1α plasmid or control plasmid

Figure 1 Loss of HNF1α function downregulated the expression of miR-122. (A) The expression of serum miR-122 in healthy control, T2DM and MODY3. (B) Protein
levels of HNF1α in HepG2 cells transfected with two siHNF1α sequences (siHNF1α-1 and siHNF1α-2) or siNC for 48 h. (C) RNA levels of miR-122 in HepG2 cells

transfected with siHNF1α or siNC for 48 h. (D) RNA levels of miR-122 in HepG2 cells transfected with HNF1α plasmid or HNF1αR131W plasmid for 48 h. (E) Protein levels

of HNF1α in HepG2 cells transfected with miR-122 mimic or negative control oligos (mimic NC) for 48 h. Data represent mean ± SD of three independent experiments;

*P < 0.05 and **P < 0.01 as indicated.

Abbreviations: miR-122, microRNA-122; T2DM, type 2 diabetes mellitus; MODY3, maturity-onset diabetes of the young type 3; HNF1α, hepatocyte nuclear factor 1α;
siHNF1α, specific siRNA targeting HNF1α; siNC, nonspecific siRNA.
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into HEK293T cells. As shown in Figure 2C, HNF1α over-

expression significantly increased the luciferase activity of

the miR-122 promoter reporter. Mutation of the putative

binding sites resulted in decreased luciferase activity, sug-

gesting that HNF1α was involved in the transcriptional reg-

ulation of miR-122. Taken together, these results suggested

that HNF1α regulated the expression of miR-122 by directly

binding to its promoter. MiR-122 may act as an effector of

HNF1α in physiological processes in the liver.

Inhibition of HNF1α Promotes Hepatocyte

Proliferation by Suppressing miR-122
HCA is a rare, benign liver tumor that is derived from

proliferation of mature hepatocytes.26 We hypothesized that

HNF1α knockdown may promote hepatocyte proliferation

by downregulating the expression of miR-122. As shown in

Figure 3A, inhibition of HNF1α in HepG2 cells significantly

promoted cell proliferation. However, this effect was par-

tially restored by miR-122 overexpression. In addition,

HNF1α knockdown led to a significant increase in colony

formation, whereas cotransfection with miR-122 mimic

abolished this effect on colony formation (Figure 3B).

Collectively, these data indicated that inhibition of HNF1α
promoted hepatocyte proliferation by suppressing miR-122.

HNF1α Knockdown Elevates Hepatic

Cholesterol Levels by Downregulating

miR-122
Although it has been reported that HNF1α inactivation pro-

moted lipogenesis in hepatocytes, no research has been

conducted to explore whether this effect was dependent on

decreased miR-122 expression.27–29 We performed the Oil

Red O staining assay and triglyceride and cholesterol quan-

tification assays to examine the changes in lipid metabolism

in hepatocytes. Unexpectedly, Oil Red O staining showed

that although FFA treatment led to a significant accumula-

tion of lipid droplets, there was little or no difference in lipid

deposition in HepG2 cells treated with siHNF1α or miR-122

mimic (Figure 4A). Similar results were observed in the

intracellular triglyceride content measurement (Figure 4B).

We further examined the content of total and free cholesterol

in hepatocytes. The results indicated that HNF1α knock-

down increased the intracellular total cholesterol and free

cholesterol content of HepG2 cells (Figure 4C and D).

However, transfection of miR-122 mimic ameliorated cho-

lesterol accumulation induced by HNF1α deficiency. Our

results demonstrated that HNF1α knockdown increased

hepatic cholesterol content, but not triglyceride content, by

downregulating miR-122.

HNF1α Modulates Cholesterol

Homeostasis via miR-122-Mediated

SREBP-2 Activation and PCSK9

Regulation
To further explore the molecular mechanism underlying

the effect of HNF1α on hepatic cholesterol metabolism,

we investigated the expression of genes involved in cho-

lesterol metabolism. Sterol regulatory element-binding

protein-2 (SREBP-2) is a transcription regulator that acti-

vates genes involved in cholesterol synthesis and uptake.30

Figure 2 HNF1α regulates the expression of miR-122 by directly binding to its promoter. (A) Schematic representation of putative HNF1α-binding motifs in the miR-122

promoter from −2kb to the TSS (indicated as +1). The grey boxes depict putative HNF1α-binding sites, resided in the proximal promoter at −684nt, −695nt and −1525nt 5ʹ
to TSS. (B) Schematic model for luciferase reporter vectors containing WT promoter or Mut promoter. (C) Luciferase activities in HEK293T cells cotransfected with

luciferase reporter vectors containing WT promoter or Mut promoter and HNF1α plasmid or control plasmid. **P < 0.01 vs control cells; #P < 0.05 vs cells transfected with

WT promoter.

Abbreviations: miR-122, microRNA-122; HNF1α, hepatocyte nuclear factor 1α; TSS, transcription start site; WT promoter, miR-122 promoter with wild-type binding site;

Mut promoter, miR-122 promoter with mutated binding site; NC, control plasmid.
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Figure 4 HNF1α knockdown elevates hepatic cholesterol levels by downregulating miR-122. (A) Oil Red O staining in HepG2 cells transfected with siHNF1α or siNC and

miR-122 mimic or negative control oligos for 48 h in the presence or absence of FFA. (B–D) Intracellular triglyceride content (B), total cholesterol (C) and free cholesterol

(D) content in HepG2 cells transfected with siHNF1α or siNC and miR-122 mimic or negative control oligos for 48 h. Data represent mean ± SD of three independent

experiments; *P < 0.05 vs control cells.

Abbreviations: FFA, free fatty acid; miR-122, microRNA-122; HNF1α, hepatocyte nuclear factor 1α; siHNF1α, specific siRNA targeting HNF1α; siNC, nonspecific siRNA.

Figure 3 Inhibition of HNF1α promotes hepatocyte proliferation by suppressing miR-122. (A) Cell proliferation was evaluated by the CCK-8 assay. Data represent mean ± SD of

four independent experiments. (B) Representative graphs and quantification of cell colonies analyzed by the colony formation assay. Data represent mean ± SD of three

independent experiments; *P < 0.05, **P < 0.01 and ***P < 0.001, siNC vs siHNF1α or as indicated; #P < 0.05, ##P < 0.01 and ###P < 0.001, siHNF1α vs siHNF1α+miR-122 mimic.

Abbreviations: miR-122, microRNA-122; HNF1α, hepatocyte nuclear factor 1α; siHNF1α, specific siRNA targeting HNF1α; siNC, nonspecific siRNA.
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Its function is modulated by SREBP cleavage-activating

protein (SCAP), an escort protein necessary for SREBP-2

transport and activation.30 As shown in Figure 5A, HNF1α
knockdown increased the expression of SCAP and the

mature nuclear form of SREBP-2; however, these affects

were rescued by overexpression of miR-122. We next

investigated the expression of proprotein convertase sub-

tilisin/kexin type 9 (PCSK9), a secreted protein that

degrades hepatic low-density lipoprotein receptor

(LDLR), thereby reducing cholesterol uptake and increas-

ing plasma low-density lipoprotein cholesterol (LDL-c)

levels.31,32 It has been reported that the expression of

PCSK9 is regulated by HNF1α and SREBP-2.33,34 As

shown in Figure 5A, the protein levels of PCSK9 were

significantly decreased after HNF1α knockdown.

However, addition of miR-122 partially restored the

expression of PCSK9.

We also assessed the expression levels of genes related

to fatty acid synthesis, triglyceride synthesis, lipid trans-

port and cholesterol transformation. We found that the

expression of genes related to lipid transport, including

CD36 and FABP1, and cholesterol transformation, such

as FXR and CYP7A1, were decreased after HNF1α knock-

down (Figure 5B). However, the addition of miR-122 did

not alter the mRNA levels of these genes, suggesting that

HNF1α regulates these genes in a miR-122-independent

manner. Taken together, our results indicated that HNF1α
modulated cholesterol homeostasis via miR-122-mediated

SREBP-2 activation and PCSK9 regulation.

In order to investigate the mechanism by which miR-

122 regulates SREBP-2 and PCSK9. We used miRNA

mimic or inhibitor to upregulate or downregulate the

expression of miR-122. We found that forkhead box O3

(FOXO3) and cell death-inducing DFFA-like effector

B (CIDEB) were regulated by miR-122 (Figure 5C). It

has been reported that FOXO3 inhibited PCSK9 promoter

activity or suppressed PCSK9 transcription by recruiting

histone deacetylase sirtuin 6.35,36 The bioinformatics analy-

sis and luciferase reporter assays also showed that miR-122

directly targeted FoxO3.37 Therefore, miR-122 regulated

the expression of PCSK9 partially via directly regulation

of FOXO3. CIDEB has emerged as an important regulator

of cholesterol metabolism.38 Loss of CIDEB reduced the

activation of SREBP-2.39 We observed that overexpression

of miR122 significantly downregulated the expression of

CIDEB whereas inhibition of miR-122 upregulated CIDEB.

Therefore, miR-122 regulated the nuclear form of SREBP-2

might partially through CIDEB.

Circulating miR-122 Levels Were

Positively Associated with the Serum

Cholesterol Levels
Given that PCSK9 expression is regulated by miR-122 in

hepatocytes, we evaluated the associations between circulating

miR-122 and cholesterol levels in 107 volunteers (data from

our previous study). Linear regression analysis showed that

the levels of miR-122 were positively correlated with the

LDL-c levels (Figure 6A; Spearman correlation coefficient =

0.201,P = 0.046; standardized β coefficient = 0.221,P = 0.041

after adjusting for age, gender, body mass index and glycated

hemoglobin). The levels of miR-122 were also positively

associated with the total cholesterol levels (Figure 6B;

Spearman correlation coefficient = 0.177, P = 0.077; standar-

dized β coefficient = 0.222, P = 0.028, after adjusting for age,

gender, body mass index and glycated hemoglobin). No asso-

ciation was found between circulating miR-122 and serum

triglyceride or high-density lipoprotein cholesterol (HDL-c)

levels (Table 1).

Discussion
In the current study, for the first time, we explain the mechan-

ism of decreased miR-122 levels in patients with MODY3.

Low levels of miR-122 in MODY3 patients were attributed to

the downregulated expression of miR-122 in hepatocytes by

loss of function in HNF1α. We also demonstrated that HNF1α
knockdown led to hepatocyte proliferation and abnormal cho-

lesterol metabolism by downregulating miR-122, and over-

expression ofmiR-122 could rescue the phenotypes associated

with HNF1α deficiency in human hepatocytes. Our findings

suggest that low levels of miR-122 in hepatocytes mediate

tumorigenesis and abnormal lipid metabolism associated with

MODY3 (Figure 7).

MiR-122 is the most abundant liver-specific miRNA

and has been shown to be regulated by LETFs, including

HNF1α, HNF3α, HNF3β, HNF4α and HNF6α.15,25,40

Laudadio et al have shown a positive feedback loop

between HNF6α and miR-122 that controls hepatocyte

differentiation.40 Wei et al have also reported that

HNF4α regulated gluconeogenesis and lipid metabolism

through regulating miR-122.41 In the present study, we

confirmed that HNF1α regulated the expression of miR-

122 by directly binding to its promoter. Mir-122 is a target

gene of HNF1α. This may partially explain the decrease in

serum miR-122 levels in MODY3 patients. Therefore,

miR-122 may act as an effector of HNF1α in various

physiological processes in the liver.
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Figure 5 HNF1α modulates cholesterol homeostasis via miR-122-mediated SREBP-2 activation and PCSK9 regulation. (A) Western blot analysis of SCAP/SREBP-2 signaling

and PCSK9 in HepG2 cells transfected with siHNF1α or siNC and miR-122 mimic or negative control oligos for 48 h. (B) Expression levels of genes related to FA synthesis

(ACC, FASN, SCD1 and SREBP-1), TG synthesis (LXR and PPARγ), lipid transport (CD36, FABP1 and FATP5) and cholesterol transformation (SHP, FXR and CYP7A1) in

HepG2 cells transfected with siHNF1α or siNC and miR-122 mimic or negative control oligos for 48 h. (C) Expression of FOXO3 or CIDEB after overexpression or

inhibition of miR-122. Data represent mean ± SD of three independent experiments; *P < 0.05, **P < 0.01 and ***P < 0.001 vs control cells or as indicated.

Abbreviations: miR-122, microRNA-122; HNF1α, hepatocyte nuclear factor 1α; siHNF1α, specific siRNA targeting HNF1α; siNC, nonspecific siRNA; SREBP, sterol

regulatory element-binding protein; SCAP, SREBP cleavage-activating protein; P-SREBP-2, precursor SREBP-2; N-SREBP-2, nuclear SREBP-2; PCSK9, proprotein convertase

subtilisin/kexin type 9; FA, fatty acid; TG, triglyceride; ACC, acetyl-CoA carboxylase; FASN, fatty acid synthase; SCD1, stearoyl-coenzyme A desaturase 1; LXR, liver

X receptor; PPARγ, peroxisome proliferator-activated receptor γ; FABP1, fatty acid-binding protein 1; FATP5, fatty acid transport protein 5; SHP, small heterodimer partner;

FXR, farnesoid X receptor; CYP7A1, cholesterol 7-alpha hydroxylase; FOXO3, forkhead box O3; CIDEB, cell death-inducing DFFA-like effector B.
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Several studies have reported that primary hepatocel-

lular neoplasms, especially HCA, are clustered in MODY3

families.8–10 HCA is a rare, benign liver tumor that is

derived from the proliferation of mature hepatocytes.26

HNF1α-inactivated HCA is the most common subtype of

HCA, phenotypically characterized by marked steatosis

without significant cytologic abnormalities.42,43 Given

that miR-122 is regarded as a tumor suppressor miRNA

that inhibits cell proliferation, it is possible that miR-122

loss is involved in the mechanism of HNF1α-inactivated
HCA. Our results confirmed that HNF1α knockdown pro-

moted hepatocyte proliferation by downregulating miR-

122, indicating that suppressed miR-122 expression may

account for the increased risk of liver adenoma associated

with MODY3. Although transformation of HCA to HCC

is thought to be a rare phenomenon in HNF1α-inactivated
HCA, HCC has been reported in some cases of MODY3,

suggesting that inactivation of HNF1α may also play a role

in hepatocarcinogenesis.10,43,44 Whether miR-122 med-

iates malignant transformation of hepatocytes requires

further investigation.

Analysis of histopathological and clinical data showed

that liver adenoma in MODY3 families was mostly

characterized by steatosis.45 Nakamura et al have reported

a case of a Japanese girl with MODY3 in whom liver

dysfunction and steatosis occurred in early childhood.46 In

addition, the lipid profiles of MODY3 patients are distinct

from those of T2DM patients and nondiabetic controls,

possibly owing to the abnormal lipid metabolism in hepa-

tocytes associated with loss-of-function mutations in

HNF1α.11,12 Several studies have also investigated the

effect of HNF1α and miR-122 on lipid metabolism

in vivo. HNF1α-null mice and HNF1α-mutant mice dis-

played a phenotype of hepatic steatosis and disorders in

lipid metabolism.27,29,47 Although temporary inhibition of

miR-122 by antisense oligonucleotides or antagomirs has

been shown to reduce serum cholesterol, mice with deletion

of miR-122 by liver-specific knockout or germline knockout

displayed a progressive steatohepatitis phenotype.16,23,24,48

Herein, we found that HNF1α knockdown increased hepatic

cholesterol accumulation, which was restored by miR-122

overexpression. Our findings suggest that HNF1α regulated

hepatic cholesterol metabolism via miR-122. However, we

did not observe any significant change in lipid droplets

accumulation or intracellular triglyceride content in

HepG2 cells after inhibition of HNF1α. This may be

Figure 6 Circulating miR-122 levels were positively associated with the serum cholesterol levels. The correlation between circulating miR-122 and LDL-c (A) or TC (B) was
analyzed by Spearman correlation coefficient (n=107).

Abbreviations: miR-122, microRNA-122; LDL-c, low-density lipoprotein-cholesterol; TC, total cholesterol.

Table 1 Associations Between Circulating miR-122 and Serum Lipid Profiles

Lipid Profiles Unadjusted Adjusteda

Coefficient 95% CI P-value Coefficient 95% CI P-value

TC 0.177 −0.046, 0.873 0.077 0.222 0.060, 1.000 0.028

TG −0.018 −0.532, 0.445 0.859 −0.001 −0.515, 0.508 0.990

LDL-c 0.201 0.009, 1.007 0.046 0.221 0.024, 1.113 0.041

HDL-c −0.013 −0.923, 0.814 0.901 −0.020 −1.107. 0.928 0.861

Notes: aThe model was adjusted for age, gender, body mass index and glycated hemoglobin.

Abbreviations: CI, confidence interval; TC, total cholesterol; TG, triglyceride; LDL-c, low-density lipoprotein-cholesterol; HDL-c, high-density lipoprotein-cholesterol.
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because we transiently transfected cells with siRNA or

miRNA mimic to knockdown HNF1α or overexpress

miR-122, respectively. Considering the optimal time frame

for small RNA effect, we treated cells with siRNA or

miRNA mimic for 48 h and then found alterations in the

expression of genes involved in the lipid metabolism. In

fact, alterations in gene expression often occurred prior to

phenotypic changes. A previous study has observed

a marked lipid overload in HepG2 cells after transfection

with siHNF1α for 7 days.49 Therefore, further studies are

needed to verify the relationships among HNF1α, miR-122

and lipid metabolism in stable cell lines or a genetic mouse

model.

Intracellular cholesterol homeostasis is regulated by multi-

ple pathways including cholesterol biosynthesis, uptake and

transformation. SREBPs are membrane-bound transcription

factors that play a central role in lipid metabolism.50

SREBP-2 mainly regulates the expression of genes involved

in cholesterol synthesis and uptake.30 SREBP-2 activation is

tightly modulated by the escort protein, SCAP. We found that

HNF1α knockdown increased the expression of SCAP and

activated SREBP-2; however, these affects were rescued by

miR-122 overexpression. Thus, HNF1α modulates intracellu-

lar cholesterol homeostasis via the SCAP/SREBP-2 pathway

by regulating miR-122.

The effects of HNF1α on cholesterol metabolism have

been investigated in genetic models.47 HNF1α-knockout

mice have been reported to have a defect in bile acid

transport, increased bile acid and liver cholesterol synth-

esis, and impaired high-density lipoprotein metabolism.47

However, in contrast to our findings, that study showed

that the expression of Cyp7a1 was elevated in the livers of

Figure 7 Schematic representation of the mechanisms of abnormal cholesterol metabolism and increased risk of liver adenoma associated with MODY3. Loss of HNF1α
function downregulated the expression of miR-122, thereby promoted hepatocyte proliferation and increased the risk of liver adenoma. In terms of lipid metabolism, HNF1α
knockdown resulted in accumulated hepatic cholesterol via miR-122-mediated activation of the SCAP/SREBP-2 pathway. Suppression of CYP7A1 led to impaired

transformation of cholesterol into bile acid and accumulation of cholesterol in human hepatocytes. In addition, HNF1α knockdown repressed the expression of PCSK9

via a direct effect on the promoter or an indirect effect mediated by miR-122, which ultimately resulted in increased cholesterol uptake and decreased plasma LDL-c levels.
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HNF1α-knockout mice, and the content of free cholesterol

in the liver was lower than that in wild-type mice.47 This

discrepancy may be attributed to the species-related differ-

ences in cholesterol metabolism between rodents and

humans. A previous study has demonstrated that HNF1α
bound to and transactivated the human, but not the rat,

CYP7A1 promoter.51 In addition, the liver X receptor-

mediated feed-forward regulation of Cyp7a1 by choles-

terol in mice is absent in humans.52 It is likely that

HNF1α knockdown in human hepatocytes represses the

expression of human CYP7A1 via a direct effect on its

promoter, leading to impaired transformation of choles-

terol into bile acid and accumulation of cholesterol in

human hepatocytes.

Patients with MODY3 have been reported to have lower

LDL-c levels than T2DM patients and healthy controls.11,13

PCSK9 is a major regulator of cholesterol homeostasis that

interacts with hepatic LDLR and mediates endosomal and

lysosomal degradation, resulting in increased plasma LDL-c

levels.31,32 In the liver, PCSK9 is regulated by HNF1α and

SREBP-2.33,34We confirmed that HNF1α regulated PCSK9 in
our study. In addition, it has been demonstrated that inhibition

of miR-122 was associated with lower serum cholesterol in

our work and other studies.16,53,54 Our study first found that

miR-122 regulated PCSK9 in hepatocytes, which may explain

the decreased serum cholesterol level after inhibition of miR-

122. Therefore, HNF1α regulated the expression of PCSK9

not only by directly affecting its promoter activity but also by

an indirect effect via miR-122. However, it is noteworthy that

LDL-c is a well-established risk factor for cardiovascular

disease (CVD).55 Inhibition of PCSK9 is associated with

reduction in plasma LDL-c levels and decreased risk of

CVD.56 Therefore, further studies are required to reveal the

associations among MODY3, NAFLD, CVD and PCSK9.

We are the first to demonstrate that low levels of

miR-122 may mediate tumorigenesis and abnormal

lipid metabolism associated with MODY3; however, we

used HNF1α-knockdown cell model to confirm our

hypothesis. This is a limitation in our study because

patients with MODY3 have heterozygous mutations in

the HNF1α gene. Although the majority of the mutations

in the HNF1α gene identified in individuals with

MODY3 result in loss of function of HNF1α protein,

the clinical manifestation is highly variable in MODY3,

which may not be explained only by loss of function of

HNF1α.57 Another limitation is that we investigated this

molecular mechanism in vitro and it should be further

confirmed in vivo. Data of liver function and lipid

profiles in animal studies will help us further understand

the nature of MODY3. Further studies are warranted to

elucidate the underlying mechanism.

Conclusion
In summary, our study revealed that loss of HNF1α func-

tion in hepatocytes led to increased hepatocyte prolifera-

tion and abnormal hepatic cholesterol metabolism by

downregulating the expression of miR-122. Low levels

of miR-122 partially explain the abnormal lipid metabo-

lism and increased risk of liver neoplasms in patients with

MODY3. Thus, miR-122 may be a potential therapeutic

target for the treatment of MODY3.
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