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Abstract

Background & Aims—The paradox of selective hepatic insulin resistance, wherein the insulin-
resistant liver fails to suppress glucose production but continues to produce lipids, has been central
to the pathophysiology of hepatosteatosis and hyperglycemia. Our study was designed to
investigate the mechanism(s) by which microRNA-206 alleviates the pathogenesis of
hepatosteatosis and hyperglycemia.

Methods—Dietary obese mice induced by a high fat diet were used to study the role of
microRNA-206 in the pathogenesis of hepatosteatosis and hyperglycemia. A mini-circle vector
was used to deliver microRNA-206 into the livers of mice.

Results—Lipid accumulation impaired biogenesis of microRNA-206 in fatty livers of dietary
obese mice and human hepatocytes (p <0.01). Delivery of microRNA-206 into the livers of dietary
obese mice resulted in the strong therapeutic effects on hepatosteatosis and hyperglycemia.
Mechanistically, miR-206 interacted with the 3" untranslated region of P7PNI (protein tyrosine
phosphatase, non-receptor type 1) and induced its degradation. By inhibiting P7PNI expression,
microRNA-206 facilitated insulin signaling by promoting phosphorylation of INSR (insulin
receptor) and impaired hepatic lipogenesis by inhibiting SrebpIctranscription. By simultaneously
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modulating lipogenesis and insulin signaling, microRNA-206 reduced lipid (p = 0.006) and
glucose (p = 0.018) production in human hepatocytes and livers of dietary obese mice (p <0.001
and p <0.01 respectively). Re-introduction of PipnI into livers offset the inhibitory effects of
microRNA-206, indicating that 27PN mediates the inhibitory effects of microRNA-206 on both
hepatosteatosis and hyperglycemia.

Conclusions—MicroRNA-206 is a potent inhibitor of lipid and glucose production by
simultaneously facilitating insulin signaling and impairing hepatic lipogenesis. Our findings
potentially provide a novel therapeutic agent for both hepatosteatosis and hyperglycemia.

Insulin signaling; Lipogenesis; Hyperglycemia; NAFLD; MicroRNAs; Phosphorylation; Diet;

Introduction

Results from the American Heart Association showed that nearly 73% of U.S adults are
overweight or obese. Obesity and its associated co-morbidities are among the most prevalent
and challenging conditions confronting the medical profession in the past century. A major
metabolic consequence of obesity is insulin resistance, which is a major risk factor of type 2
diabetes (T2D) and non-alcoholic fatty liver disease (NAFLD) [1]. NAFLD is the
accumulation of excessive amounts of lipids within hepatocytes that is not caused by
alcohol. It is estimated that 90% of obese patients have some form of fatty liver, ranging
from hepatosteatosis to more severe forms of NASH (non-alcoholic steatohepatitis), which
can give rise to fibrosis, cirrhosis, and hepatocellular carcinoma (HCC) [2]. Until recently,
T2D was a disease that primarily afflicted adults. However, there is now a growing number
of children who are being diagnosed with obesity-related T2D [1]. Although the
pathogenesis of NAFLD and T2D has been studied extensively, the molecular mechanisms
underlying these two co-morbid disorders are still under investigation. A better
understanding of their pathogenesis and the development of new therapeutic strategies will
be required to combat the epidemic of both disorders [2].

It is widely accepted that insulin resistance is central to the pathogenesis of NAFLD and
T2D [3]. The principal function of insulin in the liver is to suppress glucose production
when blood glucose concentrations increase. This process is impaired in hepatic insulin
resistance and contributes to hyperglycemia. In the normal state, insulin can potently induce
de novo lipogenesis by modulating SREBPs (sterol regulatory element-binding protein) at
multiple levels, including SREBP1c mRNA, the proteolytic processing of SREBP1c, and the
stability and abundance of nuclear SREBP1c [4]. In the insulin-resistant state, compensatory
hyper-insulinemia is postulated to activate SREBPIc transcription and cleavage, thereby
increasing expression of lipogenic genes, enhancing fatty acid synthesis, and promoting
triglyceride accumulation in the liver [5]. Based on the role of insulin in promoting
lipogenesis, it is hard to use insulin resistance to explain hepatic lipid accumulation, and the
molecular mechanisms regarding this observance have remained elusive.
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MicroRNAs (miRNAs) are naturally-occurring small non-coding RNAs that function by
binding to the 3’-untranslated regions (3" UTR) of specific mRNAs, which leads to either
mMRNA or translational pausing [6]. Given their critical role in lipid metabolism and
carcinogenesis [7,8], miRNAs now represent novel therapeutic agents for human cancers
and metabolic diseases. Many dysregulated miRNAs have been identified to modulate the
pathogenesis of NAFLD, hyperlipidemia and T2D [7,9,10]. However, the specific miRNAs
that have the capacity to prevent both NAFLD and hyperglycemia remain unknown. In this
study, we investigated the underlying mechanisms by which miRNAs inhibit hepatic
lipogenesis and glucose production, in part to explain the insulin resistance paradox.

Materials and methods

Establishment of dietary obese mice

Eight-week-old wild-type male C57BI/6 mice (Jackson Laboratory, n = 6) were maintained
on either a normal chow diet (Open Source D12450B: 10% kCal fat) or a high fat diet
(HFD) (Open Source D12492: 60% kCal fat) for 8 weeks as described [11]. After 8 weeks
of HFD administration, livers were collected for miRNA and gene expression analysis.

Preparation of mini-circle expression vectors for miR-206 and Ptpnl

We generated an /n7 vivo expression vector of miR-206 by cloning human miR-206 precursor
into mini-circle vectors purchased from System Biosciences (Cat. MN511A-1). A
transthyretin gene (77F) promoter was inserted into the upstream of miR-206 precursor to
ensure liver-specific expression of miR-206 [12]. To rule out non-specific effects of the
plasmid, we generated a miR-206 mismatched-expression vector by mutating the seed
region of miR-206, termed MC- 77TR-miR-206-MM. We inserted the coding region of mouse
Ptpnl into a mini-circle vector and the 77R promoter was used to ensure hepatic expression
of Ptpnl. This vector was referred as to MC- 7TR-Ptpn1. Parental MC- 7TR-miR-206 or
MC- TTR-Pipn1 vector was transformed into a special host £. colibacterial strain
ZYCY10P3S2T (System Biosciences, Cat: MN900A-1). Mini-circles were generated based
on the manufacturer’s instructions.

MC-TTR-miR-206 treatment of dietary obese mice

Two-month-old wild-type C57BI/6 mice were kept on HFD for 8 weeks. At 16 weeks of age,
mice were divided into two groups: one group (n = 10) treated with MC- 77R-miR-206 and
the other with MC- 77R-miR-206-MM (control, n = 10). Mice received a dose of 1.5 pug/g
MC- TTR-miR-206 or MC- 7TR-miR-206-MM complexed with /n7 vivo-jetPEI® (Polyplus
Transfection, Strasbourg, France) weekly for eight weeks via tail vein injection. At that time
point, the mice were anesthetized, and blood was collected by cardiac puncture. The livers
were harvested and immediately frozen in liquid nitrogen for gene expression and
histological analysis.

To examine whether Pton mediates the inhibitory effect of miR-206 on NAFLD and
hyperglycemia, two-month old wild-type C57BI/6 mice were maintained on the HFD (Open
Source D12492: 60% kCal fat) for 8 weeks. At 16 weeks of age, mice were divided into
three groups, in which group | (control group, n = 10) was injected with a combination of
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1.5 pg/g MC- TTR-miR-206-MM; group 11 (n = 10) was injected with 1.5 pg/g MC- TTR-
miR-206; and group 111 (n = 10) received a combination of 1.5 ug/g MC- 77/R-miR-206 and
1.5 ug/g MC-TTR-Plpnl. Group Il was also used to determine whether additional treatment
of Ptpn1 could reverse the inhibitory effects of miR-206 on the development of NAFLD and
hyperglycemia. All mice were maintained on the HFD as described above. Mice were
housed, fed, and monitored in accordance with protocols approved by the committee for
animal research at the University of Minnesota.

Fatty acid treatment of HepG2 cells and primary human hepatocytes

Human hepatocytes were purchased from Invitrogen. Sodium oleate was obtained from
Sigma-Aldrich and was dissolved in DMEM medium with 1% fatty acid free bovine serum
albumin (BSA) (Sigma). Oleate treatment of HepG2 cells was carried out as previously
described with minor revision [13,7]. Specifically, HepG2 cells or human hepatocytes were
plated in 4-well chamber slides with DMEM medium supplemented with 10% FBS
(Invitrogen). After 24 h, cells were treated with either control medium (DMEM
supplemented with 1% fatty acid free BSA), or medium containing oleate (0.5 mM). The
cells were cultured for another 24 h, after which lipid accumulation and miR-206 expression
were determined by Oil-Red O staining (Sigma-Aldrich) and gRT-PCR, respectively.

To determine whether PTPNI mediates the effect of miR-206 on lipogenesis, HepG2 cells
cultured in the DMEM containing 0.5 mM oleate were transfected with MC- 77TR-miR-206
(200 ng in 4-well chamber slides), or a combination of MC- 77R-miR-206 and PTPN1
Target Protector (TP) (20 nM in 4-well chamber slides). The P7TPN1 TP and control TP were
designed and generated by Exigon. Lipofectamine 2000 was used for transfection of MC-
TTR-miR-206 and PTPNI TP. After another 24 h of culture, lipid accumulation was
assessed by Oil-Red O staining, microfluorimetry or imaging.

Gluconeogenic assay

HepG2 cells were maintained in the minimum Eagle’s medium with low glucose
(Invitrogen) in 24 wells plate overnight. 12 h later, cells were washed three times using cold
PBS to remove glucose and incubated for 16 h in a 0.5 ml of glucose production medium
(phenol and glucose free DMEM containing gluconeogenic substrates including 20 mM
sodium lactate and 2 mM sodium pyruvate). Insulin was added into medium within the last 3
h; and glucose levels measured with an Amplex Red Glucose/Glucose Oxidase Assay Kit
(Invitrogen). Glucose concentrations in the media were normalized with cellular protein
concentrations [14].

Statistical analysis

Statistical analysis was performed using GraphPad Prism Software®. Data derived from cell-
line experiments were presented as mean + SEM and assessed by a two-tailed Student’s ¢
test. Mann-Whitney U'test was used to evaluate the statistical significance for mouse
experiments. All experiments were repeated at least three times. p <0.05 was considered to
be statistically significant.
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Full details of these and other methods can be found in the Supplementary materials and
methods.

Lipid accumulation impaired biogenesis of miR-206 in livers of dietary obese mice and
human hepatocytes

We measured expression of miR-206 in livers of wild-type mice on HFD, which led to
increased hepatic lipid accumulation and blood glucose (Supplementary Fig. 1A-D). gRT-
PCR revealed that miR-206 was significantly reduced in fatty livers of dietary obese mice
compared to mice treated with standard diet (Fig. 1A). We then determined whether
intracellular lipid accumulation can decrease expression of miR-206 in primary human
hepatocytes and HepG2 cells [15]. Oleic acids are the most abundant fatty unsaturated acids
in liver triglycerides in both normal subjects and patients with NAFLD. As expected, oleate
treatment significantly increased intracellular lipids in HepG2 cells, which further reduced
expression of miR-206 (Fig. 1B and C). In normal human hepatocytes, oleate treatment
displayed the same phenotype as seen in HepG2 cells (Fig. 1D and E). Together, our studies
indicated that miR-206 expression is reduced in fatty livers of dietary obese mice and human
liver cells with accumulated lipid.

PTPN1 is a direct target of miR-206

We firstly predicted target genes of miR-206 by combining several miRNA target prediction
algorithms including TargetScan [16], Pictar [17], and Starbase [18]. To increase the
prediction accuracy, only hits from TargetScan or PicTar algorithm that were confirmed by
Ago HITS-CLIP (high-throughput sequencing of RNAs isolated by crosslinking
immunoprecipitation from Argonaute protein complex) were selected as potential targets of
miR-206. We identified putative binding sites for miR-206 within 3" UTRs of six genes that
are important regulators of lipogenesis, insulin resistance, and carcinogenesis
(Supplementary Table 1). Among six potential targets of miR-206, PTPN1 is a negative
regulator of insulin signaling and a therapeutic target for T2D and obesity [19]. Liver-
specific deletion of Pipn1 improves insulin sensitivity and impairs lipogenesis by inhibiting
Srebpictranscription [20,21]. Notably, P7PN1 3’ UTR contains two miR-206 binding sites
that are conserved between human and mouse (Fig. 2A), suggesting that miR-206 should
have strong inhibitory effect on expression of PTPNI. Indeed, overexpression of miR-206 in
HepG2 cells robustly decreased both mRNA and protein levels of P7TPNI (Fig. 2B), while
antagonizing miR-206 increased PTPNI levels (Fig. 2C). To establish that miR-206 directly
recognizes the predicted target sites within the 3° UTR of PTPNZ, its 3" UTR was cloned
into a luciferase reporter vector. Inclusion of the 3’ UTR of PTPN into a luciferase reporter
construct reduced luciferase activity upon co-transfection with miR-206 into Hepal,6 cells
(Fig. 2D). In contrast, mutation of the miR-206 binding sites was necessary to completely
offset the inhibitory effects of miR-206 on luciferase activity (Fig. 2E). In mice, delivery of
miR-206 into livers also reduced both protein and mRNA levels of Pipni (Fig. 2F).
Together, these experiments indicated that miR-206 is able to inhibit expression of PTPN1
by directly interacting with its 3'UTR.
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MiR-206 impairs lipogenesis and facilitates insulin signaling by modulating PTPN1-
INSR/IRS and PTPN1-PP2A-SP1-Srebplc pathways respectively

PTPNL1 impairs insulin signaling by dephosphorylating INSR (insulin receptor) and IRS1
(insulin receptor substrate 1) but enhances lipogenesis by de-phosphorylating PP2A
(phosphatase 2A). Dephosphorylated PP2A activates transcription of SrebpIc by
dephosphorylating Sp1, a transcription factor of SrebpZc[19]. These findings led us to
speculate that miR-206 has the capacity to simultaneously facilitate insulin signaling
through a PTPN1-INSR/IRS axis and prevent lipogenesis via a PTPN1-PP2A-SP1-
SREBP1C pathway. To test our hypothesis, HepG2 cells were incubated with oleate or
gluconeogenic substrates and transfected with either miR-206 expression vector or a
combination of miR-206 and P7TPN1 TP morpholinos. The morpholino is complimentary to
the miR-206 binding sites within the 3"UTR of PTPNI mRNA and prevents miR-206 from
binding to P7PN13"UTR [22]. This design allowed us to determine whether PTPN1
mediates the effects of miR-206 on inhibiting lipogenesis and facilitating insulin signaling.
MiR-206 overexpression led to reduced P7PNI and the additional treatment of P7TPNI TP
recovered expression of PTPNI (Supplementary Fig. 2A).

This observation indicated that /7PN TP was able to prevent miR-206 from binding to
PTPNI13’UTR. Transfection of miR-206 into HepG2 cells incubated with oleate led to
reduced protein levels of P7TPNI, increased phosphorylated PP2A and SP1 and subsequently
reduced mRNA levels of SREBPIC and the lipogenic genes including SCD (stearoyl-CoA
desaturase-1), FASN (fatty acid synthase) and GPAT (glycerol-3-phosphate acyltransferase)
(Fig. 3A). The additional treatment of P7PNI TP offset the inhibitory effects of miR-206 on
PP2A-SP1-SREBP1C pathway and expression of the lipogenic genes (Fig. 3A). However,
miR-206 treatment did not change protein levels of total SP1 and PP2A (Fig. 3A), indicating
that alteration of phosphorylated PP2A and SP1 due to miR-206 overexpression accounts for
reduced expression of lipogenic genes in HepG2 cells. Consistent with the impaired PP2A-
SP1-SREBP1C pathway and the reduced expression of the lipogenic genes, miR-206
significantly reduced intracellular lipid content in HepG2 cells, and the prevention of the
interaction of miR-206 with PTPNI recovered lipogenesis (Fig. 3B and C). This observation
indicated that PTPN1 potentially mediates the role of miR-206 in inhibiting lipogenesis
through the PTPN1-PP2A-SP1-SREBP1C pathway.

The same strategy as described above was used to evaluate the potential of miR-206 to
facilitate insulin signaling and subsequently inhibit gluconeogenesis (Supplementary Fig.
2B). Transfection of miR-206 into the HepG2 cells maintained in medium containing
gluconeogenic substrates led to reduced protein levels of PTPN1, increased levels of
phosphorylated INSR and IRS and decreased mRNA levels of the gluconeogenic genes
encoding rate-limiting enzymes including glucose-6-phosphatase (G6PC) and
phosphoenolpyruvate carboxykinase (PEPCK), and the additional treatment of PTPNI TP
counteracted the effects of miR-206 (Fig. 3D and E). However, miR-206 treatment has no
effect on protein levels of total INSR and IRS1 (Fig. 3D) All these observations indicated
that miR-206 had the capacity to facilitate insulin signaling through PTPN1-mediated
phosphorylation of INSR and IRS1. Phenotypically, miR-206 treatment reduced glucose
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content, and the combined treatment of miR-206 and PTPNI TP recovered glucose levels in
HepG2 cells (Fig. 3F).

Liver-specific expression of miR-206 exhibits the robust therapeutic effects on obesity,
NAFLD and hyperglycemia

We next assessed the functional contribution of increased miR-206 expression to the
development of NAFLD and hyperglycemia in dietary obese mice. For this purpose, we
generated a miR-206 /n vivo expression system using a mini-circle episomal DNA vector
[23]. A TTRpromoter was used to ensure hepatocyte-specific expression of miR-206 [7,24]
(Fig. 4A), and the construct referred to as MC- 77R-miR-206 (Fig. 4A). Injection of MC-
TTR-miR-206 into mice led to high levels of miR-206 in liver, but no significant change in
other tissues (Fig. 4B). C57BI/6 mice, which had been on a HFD for eight weeks to induce
hepatosteatosis and hyperglycemia, were treated with either MC- 77/R-miR-206 or MC-
TTR-miR-206-MM for eight weeks (Supplementary Fig. 3A). Delivery of miR-206 into
dietary obese mice led to a significant decrease in body and liver weight (Fig. 4C and D).
Consistent with the ability of miR-206 to improve insulin sensitivity and inhibit hepatic
lipogenesis, liver-specific expression of miR-206 reduced hepatic lipid content and blood
glucose (Fig. 4E-G). In summary, miR-206 is a strong suppressor of both hepatosteatosis
and hyperglycemia.

MiR-206 facilitates insulin signaling and inhibits Srebplc-mediated lipogenesis in dietary

obese mice

The strong inhibitory effects of miR-206 on hepatosteatosis and hyperglycemia led us to
hypothesize that miR-206 was able to simultaneously facilitate insulin signaling and reduce
lipogenesis by interacting with Pzon in livers of dietary obese mice. To test this hypothesis,
we analyzed two pathways of Ptpn1-PP2A-Spl-Srebplc and Ptpnl-Insr/lrsl as described
above. As expected, MC- 77R-miR-206 treatment had no effects on total Sp1 and PP2A but
led to increased phosphorylated Sp1 and PP2A (Fig. 5A), which subsequently reduced
MRNA levels of SrebpIcand the lipogenic genes including Scdl, Fasnand Gpat (Fig. 5B).
In addition, delivery of miR-206 into livers of dietary obese mice also led to increased
phosphorylated Insr and Irs1 (Fig. 5C), which subsequently inhibited expression of two
genes encoding ratelimiting enzymes of gluconeogenesis G6pcand Pepckl (Fig. 5D). All
these findings indicate that miR-206 has the capacity to facilitate insulin signaling and
inhibit lipogenesis through modulating pathways of Ptpn1-PP2A-Sp1-Srebplc and Ptpnl-
Inst/Irsl in vivo.

It is known that impaired fatty acid oxidation contributes to the pathogenesis of
hepatosteatosis [25]. To further exclude the role of fatty acid oxidation in reduced NAFLD
after miR-206 treatment, we measured mRNA levels of genes encoding critical enzymes and
regulators that control fatty acid oxidation in livers of mice treated with or without miR-206.
gRT-PCR revealed that miR-206 overexpression had no significant effect on expression of
these key genes involved in fatty acid oxidation including peroxisome proliferator-activated
receptor alpha (Ppara.), acyl-coenzyme A dehydrogenase 1 (Acadl), carnitine
palmitoyltransferase 1A (Cptl), acyl-CoA dehydrogenase, very long chain (V/cad), acyl-
coenzyme A oxidase 1 (Acox), and pyruvate dehydrogenase kinase, isozyme 4 (Pdk4)
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(Supplementary Fig. 4) [26], indicating that impaired lipogenesis rather than fatty acid
oxidation is the major contributor in miR-206-inhibited NAFLD. Together, these findings
indicate that miR-206 is a critical regulator to facilitate insulin signaling and inhibit
Srebplc-mediated lipogenesis /n vivo.

PTPN1 mediates the inhibitory effect of miR-206 on the pathogenesis of NAFLD and
hyperglycemia

To investigate whether PfpnI mediates the inhibitory effects of miR-206 on both NAFLD
and hyperglycemia, we re-introduced PipnI into livers of dietary obese mice treated with
MC- 7TR-miR-206 (Supplementary Fig. 3B). Indeed, MC- 77R-miR-206 treatment led to
reduced body and liver weight as well as decreased hepatic lipid content and blood glucose,
and re-introduction of Pfpn1 offset the effects of miR-206 (Fig. 6A-E). This observation
indicated that the interaction between miR-206 and Ptpn1 contributes to the pathogenesis of
both hepatosteatosis and hyperglycemia. We then analyzed the components of the Ptpn1-
PP2A-Spl and Ptpnl-Insr/Irsl pathways in livers of three groups of mice treated with either
MC- 77TR-miR-206, a combination of MC- 77R-miR-206 and MC- 77TR-Plpnl, or MC-TTR-
miR-206-MM (control). Livers of dietary obese mice treated with MC- 77R-miR-206 had
significantly reduced mRNA levels of Srebpicand the lipogenic genes, and the additional
treatment of MC- T7R-Pton1 recovered expression of the lipogenic genes inhibited by
miR-206 (Fig. 6F). MC- TTR-miR-206 treatment also facilitated phosphorylation of Insr and
Irs1 and reduced mRNA levels of Pepck and G6pc controlling gluconeogenesis, while the
re-introduction of Ptpn1 offset the effects of miR-206 (Fig. 6G and H). Together, miR-206 is
a critical regulator that improves insulin sensitivity and reduces lipogenesis simultaneously
by interacting with Pptn1, which subsequently alleviates highly-associated NAFLD and high
blood glucose. Although the mechanism(s) on how miR-206 modulates NAFLD and
hyperglycemia requires further investigation, our study reveals an important role of miR-206
in simultaneously facilitating insulin signaling via the PTPN1-INRS/IRS axis, inhibiting
lipogenesis through the PTPN1-PP2A-Srebplc axis (Fig. 7).

Discussion

It is widely considered that insulin resistance is central to the pathogenesis of T2D and
NAFLD [3]. However, the phenomenon of selective hepatic insulin resistance, in which
hepatic glucose metabolism becomes unresponsive to insulin but hepatic lipogenesis
continues unabated, is a long-standing paradox. Since hepatic insulin resistance is
considered to promote lipogenesis, the standard of care approach begs the question of
whether treating T2D patients with insulin might in turn exacerbate NAFLD. MiR-206
represents the first reported miRNA that has strong therapeutic effects on both NAFLD and
hyperglycemia. Notably, we also identified two unique pathways by which miR-206
simultaneously facilitates insulin signaling and prevents Srebplc-mediated lipogenesis.
These novel findings not only address the mechanisms of selective hepatic insulin resistance
in the pathogenesis of NAFLD and hyperglycemia but also potentially provide a novel
therapeutic agent for two distinct but co-morbid disorders.
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Although miR-206 is widely considered a muscle-specific miRNA [27], it is also expressed
in livers [28]. Importantly, miRNA profiling revealed that miR-206 was one of the most
downregulated miRNAs in fatty livers of mice with ablated SHP (small heterodimer partner)
[28]. SHP is a critical gate-keeper of hepatosteatosis and its knockout in livers promotes the
pathogenesis of hepatosteatosis [29,30]. These observations indicated that miR-206 might
play an important role in regulating lipid and glucose homeostasis. A drawback, however, is
that the SHP knockout mouse model does not address the complexity of NAFLD and
hyperglycemia initiation and progression and their interactions with the microenvironment.
Therefore, in this study, we investigated the role of miR-206 in regulating NAFLD and
hyperglycemia in a dietary obese mouse model.

With the development of HITS-CLIP technique [31,32], many targets of miR-206 have been
identified [33—-35]. MiRNAs can simultaneously target many genes, indicating the
importance to elucidate which target mediates the physiological function(s) of a specific
miRNA. In this study, we used TP to prevent the interaction of miR-206 with its targets [22],
and validated Pfpn1 as a functional target of miR-206 in modulating insulin signaling and
lipogenesis. Recently, an /n vitro study identified L XRa as another target of miR-206 [36].
LXRa is a transcription activator of ATP-binding cassette transporter (ABCAI), ATP-
binding cassette sub-family G member 1 (ABCGI), apolipoprotein E (ApoE), and

SREPB1C - important regulators of cholesterol and triglyceride homeostasis [37]. As
expected, miR-206 treatment reduced expression of Lxra,, Abcal, ApoE, Srebplcand 3-
hydroxy-3-methylglutaryl-CoA reductase (Hmgcr) in livers of dietary obese mice
(Supplementary Fig. 5A). Based on the role of LXRa in promoting lipogenesis and
promoting reverse cholesterol transfer [38], delivery of miR-206 into livers should increase
blood cholesterol levels by inhibiting Lxra. In fact, our results showed that miR-206
significantly reduced levels of both hepatic and blood cholesterol in mice (data not shown).
It is known that cholesterol transfer is mediated by macrophages; and both cholesterol and
triglyceride synthesis occurs primarily in hepatocytes. In addition, miR-206 was able to
induce expression of Lxra, Abcal, and ApoE in macrophage cells (Supplementary Fig. 5B).
These observations suggested that miR-206 inhibits synthesis of triglycerides and
cholesterol in hepatocytes but promotes cholesterol transfer in macrophages. These findings
led us to believe that the interaction between miR-206 and Lxra. might also contribute to
reduced hepatosteatosis and hyperglycemia, which needs further investigation.

In this study, we used mini-circle vectors to generate a miR-206 /n vivo expression system;
and a 77R promoter was used to reduce off-target effects. A single injection of MC- 77TR-
miR-206 maintained a >2-fold expression of miR-206 in livers for two weeks compared to
the control mice (Supplementary Fig. 6). Notably, miR-206 treatment had negligible effects
on aspartate aminotransferase (AST) and dramatically reduced alanine aminotransferase
(ALT) levels (Supplementary Fig. 7), suggesting low hepatic toxicity of miR-206. Although
safety and off-target concerns have been taken into consideration in our study, further studies
are required to increase delivery efficiency of miR-206 and further evaluate the toxicity and
off-target effects of miR-206 before bringing these findings to the bedside.

In summary, our study reveals a novel and important mechanism by which miR-206
simultaneously facilitates insulin signaling via the PTPN1-INRS/IRS axis and inhibits
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lipogenesis via the PTPN1-PP2A-SP1-Srebplc axis. Our findings also provide the strong
evidence that miR-206 has therapeutic potential for both NAFLD and hyperglycemia. To
provide a comprehensive and accurate explanation on the miR-206"s role in NAFLD and
hyperglycemia, we next will use modified HITS-CLIP and biotin-labelled miR-206 mimics
to identify the targetome of miR-206. The comprehensive study of miR-206 targets will not
only provide an insight into the mechanisms underlying insulin resistance, NAFLD and
hyperglycemia, but also obtain more evidence to bring miR-206 to the bedside.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Lay summary

The epidemic of obesity is causing a sharp rise in the incidence of insulin resistance and
its major complications, type 2 diabetes and non-alcoholic fatty liver disease (NAFLD).
However, there are no effective treatments because the mechanisms underlying both
disorders are not well described.We identified microRNA-206 as a novel and effective
inhibitor for both glucose and lipid production in liver and potentially provide a unique
therapeutic drug for both hepatosteatosis and hyperglycemia
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Fig. 1. miR-206 expression is reduced in livers of dietary obese mice and in human liver cells with
accumulated lipid

(A) Levels of miR-206 in livers of a high fat diet (HFD)-fed mice (n = 6) compared to
standard diet-fed control mice (n = 6). (B and C) Oil-Red O staining reveals increased
intracellular lipid accumulation in HepG2 cells treated with oleate (0.5 mM), which
subsequently led to decreased expression of miR-206 as shown by qRT-PCR. (D and E) Oil-
Red O staining reveals increased intracellular lipid accumulation in human hepatocytes
treated with oleate (0.5 mM), which subsequently led to decreased expression of miR-206 as
detected by qRT-PCR. Data represent mean + SEM. Student’s #test was used for statistical
analysis. *p<0.05; ™ p <0.01.
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Fig. 2. PTPN1 is a direct target of miR-206
(A) Graphic representation of the conserved miR-206 binding motifs within the 3'UTR of

PTPNI. Complimentary sequences to the seed regions of miR-206 within the 3'UTR mRNA
are conserved among three species (highlighted in green). (B) gRT-PCR and immunoblot
analysis of PTPNI after MC- TTR-miR-206 or MC- 7T7R-miR-206-MM transfection into
HepG2 cells. (C) gRT-PCR and Western blot analysis of P7PNI after miR-206-ASO (anti-
sense oligonucleotide) transfection into HepG2 cells (20 nM). The control HepG2 cells
received scramble (20 nM). (D and E) Luciferase activity of the luciferase reporter
constructs containing either wild-type or mutated 3"UTR of murine Pton1 after miR-206
mimics treatment. Luciferase activity was normalized to the activity of B-galactosidase.
Hepal,6 cells treated with scramble and the luciferase reporter constructs served as controls.
PTPNImu-3'UTR: PTPNI mutated 3" UTR. (F) Western blot and gRT-PCR revealing
reduced protein and mRNA levels of Pipni after MC- 77TR-miR-206 injection into dietary
obese mice (1.5 pg/g body weight). The control mice were treated with the same dose of
MC- 7TR-miR-206-MM. Data represent mean + SEM. Student’s #test was used for
statistical analysis. **p <0.01.
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Fig. 3. Ptpnl mediates the roles of miR-206 in facilitating insulin signaling and inhibiting
lipogenesis simultaneously

(A) (a) Western blot analysis of PTPN1, phosphorylated SP1, total SP1, phosphorylated
PP2A, and total PP2A; and (b) mRNA levels of SREBPIC and the lipogenic genes including
SCD1, GFAT, and FASN in three groups of HepG2 cells transfected with either MC-77TR-
miR-206 (miR-206), a combination of MC- 7TR-miR-206 and P7PNI TP or MC-TTR-
miR-206-MM (control). HepG2 cell were maintained on DMEM medium containing 0.5
mM oleate. (B) Oil-Red O staining of three groups of HepG2 cells. (C) Intracellular lipid
content in three groups of HepG2 cells. (D and E) Protein levels of phosphorylated INSR,
total INSR, phosphorylated IRS1, and total IRS1 as well as mMRNA levels of the
gluconeogenic genes including PEPCK and G6PC in HepG2 cells transfected with MC-
TTR-miR-206, a combination of MC- 77R-miR-206 and P7TPN1 TP or MC- TTR-miR-206-
MM (control). HepG2 cells were kept in medium containing gluconeogenic substrates, 20
mM sodium lactate and 2 mM sodium pyruvate in the presence of 1 nM insulin. (F) Glucose
levels in HepG2 cells treated with MC- 77R-miR-206, a combination of MC- 7TR-miR-206
and PTPNI TP or MC- TTR-miR-206-MM (control). Glucose concentration was normalized
with cellular protein concentration. Data represent mean £ SEM. Student’s #test was used
for statistical analysis. 0 <0.05; **p <0.01.
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Fig. 4. Delivery of miR-206 into livers alleviates NAFLD and hyperglycemia
(A) Diagram of liver-specific miR-206 expression vector construction. (B) miR-206 levels

after intravenous injection of MC- 77R-miR-206 into HFD-fed mice (n = 6). The control
mice received MC- 77R-miR-206-MM (n = 6). (C) Impaired weight gain of HFD-fed mice
after MC- 7T7TR-miR-206 administration. C57BI/6 mice at 8 weeks of age were kept on HFD
for 8 weeks. At 16 weeks of age, two groups of mice received a dose of 1.5 ug/g MC-77R-
miR-206 (n = 10) or MC- 77R-miR-206-MM (n = 10, control) weekly for eight weeks. (D)
Liver weight of dietary obese mice after MC- 77R-miR-206 or MC- 7 TR-miR-206-MM
treatment (n = 10). (E) Fasting glucose levels in two groups of dietary obese mice. (F)
Hepatic lipid content in dietary obese mice treated with MC- 77TR-miR-206 or MC-7TR-
miR-206-MM. (G) Oil-Red O and H&E staining of livers excised from two groups of mice.
Data represent mean + SEM. Mann-Whitney Utest was used for statistical analysis. “p
<0.05; ™ p<0.01; and " p<0.001. LW, liver weight.
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Fig. 5. Liver-specific expression of miR-206 facilitates insulin signaling and impairs Srebplc-

mediated lipogenesis

(A) Western blot analysis of phosphorylated Sp1, total Sp1, phosphorylated PP2A and total
PP2A; and (B) mRNA levels of SreppIcand the lipogenic genes including Scdl, Fasn, and
Gpatin livers of dietary obese mice treated with MC- 77/R-miR-206 or MC- 7 TR-miR-206-
MM. (C) Protein levels of phosphorylated and total Insr and Irs1; and (D) mRNAs of the
gluconeogenic genes including Peock and Gépcin livers of two groups of mice. Data
represent mean + SEM. Student’s ¢test was used for statistical analysis. *p <0.05; **p <0.01.
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Fig. 6. Ptpn1 mediates the inhibitory effects of miR-206 on NAFLD and hyperglycemia
(A) Body weight gain of HFD-treated mice received MC- 77TR-miR-206 (n = 10), a

combination of MC- 7T7TR-miR-206 (n = 10) and MC- 7T TR-Pipn1 or MC- T TR-miR-206-MM
(n =10, control). C57BI/6 mice at 2-months of age were kept on HFD for 8 weeks. At 16
weeks of age, mice received a dose of 1.5 ug/g MC- 77R-miR-206, a combination of MC-
TTR-miR-206 and MC- 7TR-Pipn1 or MC- TTR-miR-206-MM (control) weekly for eight
weeks via tail vein injection. (B) Liver weight of dietary obese mice after treatment of MC-
TTR-miR-206, a combination of MC- TTR-Ptpn1 or MC- TTR-miR-206. (C) Blood glucose
levels in three groups of dietary obese mice. (D) Hepatic lipid content in three groups of
dietary obese mice. (E) Oil-Red O and H&E staining of livers excised from three groups of
mice. (F) mRNA levels of SrebpIcand lipogenic genes including Scdl, Fasn, and Gpatin
livers of three groups of mice. (G) Protein levels of phosphorylated and total Insr and Irs1.
(H) mRNAs of the gluconeogenic genes including Pepck. Mann-Whitney U'test was used
for statistical analysis. *p <0.05; **p <0.01.
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Fig. 7. A Proposed mechanism by which miR-206 impairs lipogenesis and facilitates insulin

signaling

HFD treatment impairs miR-206 biogenesis. PipnI encodes a non-receptor phospho-tyrosine
protein phosphatase (Ptplb), which can dephosphorylate Insr, Irs and PP2A (phosphatase
2A). By targeting Pfonl, miR-206 prevents dephosphorylation of Insr and Irs1, which
subsequently improves insulin sensitivity and prevents gluconeogenesis. PP2A is able to
activate SreppIctranscription by dephosphorylating Spl, a transcription factor of Srebplic.
Thus, miR-206 is able to inhibit lipogenesis via the Ptpn1-PP2A-Spl-Srebplc pathway.
Thus, miR-206 can simultaneously improve insulin sensitivity through Ptpn1-Insr/Irs1 and

inhibit lipogenesis via Ptpn1-Pp2a-Spl-Srebplc axis.
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