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LXRa Promotes Hepatosteatosis in Part
Through Activation of MicroRNA-378
Transcription and Inhibition of Ppargclf

Expression

Tianpeng Zhang,"* Jiangyan Duan,”* Lei Zhang,® Zhuoyu Li,* Clifford J. Steer,* Guigin Yan,? and Guisheng Song™**

Nonalcoholic fatty liver disease (NAFLD) is a major risk factor of many end-stage liver diseases. Alterations in
microRNA expression have been reported in patients with NAFLD. However, the transcriptional mechanism(s) of
dysregulated microRNAs under the state of NAFLD is poorly described, and microRNAs that regulate the patho-
genesis of NAFLD synergistically with their regulators remain unknown. Here we report that microRNA-378
expression is significantly increased in fatty livers of mice and patients with NAFLD. Although microRNA-378
locates within the intron of Ppargclp (peroxisome proliferator-activated receptor y coactivator 1-beta), there was a
significant uncoupling of Ppargc1f mRNA and microRNA-378 levels in both sources of fatty livers. Further studies
identified a full-length primary transcript of microRNA-378. LXRa (liver X receptor alpha) functioned as a tran-
scription activator of microRNA-378 and a repressor of Ppargclf transcription. It is known that miR-378 is an
inhibitor of fatty acid oxidation (FAO) and the function of Ppargclf is opposite to that of miR-378. GW3965 treat-
ment (LXRa agonist) of murine hepatocytes and mice increased microRNA-378 and reduced Ppargclf}, which sub-
sequently impaired FAO and aggravated hepatosteatosis. In contrast, additional treatment of miR-378 inhibitor or
Ppargclf, which knocked down increased miR-378 or recovered expression of Ppargclf, offset the effects of GW3965.
Liver-specific ablation of Lxra led to decreased miR-378 and increased Ppargclff, which subsequently improved FAO
and reduced hepatosteatosis. Conclusion: Our findings indicated that miR-378 possesses its own transcription ma-
chinery, which challenges the well-established dogma that miR-378 transcription is controlled by the promoter of
Ppargc1p. LXRa selectively activates transcription of miR-378 and inhibits expression of Ppargclf, which synergisti-
cally impairs FAO. In addition to lipogenesis, impaired FAO by miR-378 in part contributes to LXRa-induced
hepatosteatosis. (HepaToLoGY 2019;69:1488-1503).

he incidence of nonalcoholic fatty liver disease  proportion of patients progress to nonalcoholic ste-
(NAFLD) is estimated to be 20%-45% in the atohepatitis (NASH) and later cirrhosis with the risk
general population of the Western world due  of hepatocellular carcinoma (HCC).? It is estimated
to the prevalence of obesity.”) Although NAFLD that NASH accounts for more than 13% of HCC

carries a relatively benign prognosis, a significant cases in the United States.®) Several mechanisms may
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lead to hepatosteatosis, including increased fat supply,
decreased fat export in the form of very low density
lipoprotein-triglyceride (VLDL), decreased fatty acid
oxidation (FAO), and increased de novo lipogene-
sis.”) Although the pathogenesis of NAFLD has
been studied extensively, its underlying mechanism(s)
remains speculative.

The discovery of a class of naturally occurring
small noncoding RNAs, termed microRNAs (miR-
NAs),(S) has stimulated a new field of research on the
mechanism of NAFLD. miRNAs function primarily
by binding to the 3’-untranslated regions of mRNAs,
which leads to either mRNA cleavage or translational
pausing.(s) Alterations in miRNA expression have
been reported in patients with NAFLD.®” Although
most studies focus on the role of miRNAs in regulat-
ing the pathogenesis of NAFLD/NASH,® few are
designed to understand the basic mechanisms of tran-
scriptional control of miRNAs that are dysregulated
in NAFLD.

miRNA genes are categorized based on genomic
location, including intronic miRNAs in noncoding
transcripts, exonic miRNAs in noncoding transcripts,
intronic miRNAs in protein-coding transcripts, and
exonic miRNAs in protein-coding transcripts.”) Tt is
widely accepted that both exonic and intronic miR-
NAs in protein-coding transcripts share the tran-
scription machinery with their host genes.*!” One
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such miRNA is miR-378, which is embedded within
the first intron of Ppargclf (peroxisome proliferator-
activated receptor y coactivator 1-beta).1? Ppargclp
encodes peroxisome proliferator-activated receptor y
coactivator 1 (PGC1p), a transcriptional coactivator
that regulates mitochondrial biogenesis, thermogene-
sis, and glucose and fatty acid metabolism.® Liver-
specific deficiency of Ppargclff leads to reduced FAO
and hepatosteatosis.'? Lack of PGC1p also impaired
secretion of VLDL, resulting in hepatosteatosis.(l3’14)
In contrast, hepatocyte-specific expression of Ppargclf}
leads to improved mitochondrial oxidative phosphor-
ylation, FAO, and VLDL secretion.™ All of these
findings indicate that PGC1f plays a key role in the
pathogenesis of hepatosteatosis.

It is widely accepted that miR-378 is co-tran-
scribed with Ppargclf, and a high fat diet (HFD)
induces expression of both Ppargclf and miR-378.10
However, miR-378 functions as a promoter of hep-
atosteatosis by impairing FAO,"” which is opposite
to that of PGC1p. Based on the opposing functions
of PGC1p and miR-378 in regulating energy metab-
olism in the liver, miR-378 levels should be inversely
correlated with those of Ppargclp mRNA. Thus, we
hypothesized that miR-378 possesses its own tran-
scriptional machinery that is independent of Ppargclf.
In the present study, we investigate the regulatory
mechanism of miR-378 biogenesis in fatty livers and
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determine how miR-378 and Ppargclf synergistically

modulate the pathogenesis of hepatosteatosis.

Materials and Methods
HUMAN LIVER BIOPSIES

Human liver biopsies were obtained during liver
transplantation for histological analysis by full trained
pathologists and surgeons (University of Kansas
Medical Center [KUMC] and Union Hospital,
Tongji Medical College, China). A total of 24 spec-
imens with NAFLD/NASH and 19 control subjects
(normal liver) were used for our study. Tissues were
obtained and handled in accordance with the guide-
lines set by the medical ethical committees of KUMC
and Tongji Medical College. This project used only
pathological specimens that were de-identified and
publicly available; hence, the research meets the defi-
nition of “exempt” under exemption 4 (page 213 [III-
30]) on SF424. The etiology of NAFLD and normal
livers is available in Supporting Table S1.

PREPARATION OF MINICIRCLE
EXPRESSION VECTORS

Parental minicircle (MC) vectors were purchased
from System Biosciences (Cat. MN511A-1, Palo
Alto, CA). We inserted miR-378 precursor, Lxra
(liver X receptor alpha) short hairpin RNA (shRNA),
Lxra open reading frame (ORF), or Ppargc1p ORF
into the minicircle parental plasmid. A transthyretin
gene (77TR) promoter was used to ensure their liv-
er-specific expression.’® This construct was referred
to as MC-TTR-miR-378, MC-TTR-Lxra-shRNA,
MC-TTR-Lxra, or MC-TTR-Ppargclf. To pre-
pare the minicircle, a parental minicircle vector
was transformed into a special host E. co/i bacterial
strain  ZYCY10P3S2T (Cat. MN900A-1; System
Biosciences). Minicircles were prepared based on the
manufacturer’s instruction.

GW3965 TREATMENT OF MICE

Eight-week-old male C57Bl6 mice kept on stan-
dard diet (Open Source D12450B: 10% Kcal fat) were
divided into four groups. Group I (n = 9) received
dimethylsulfoxide (DMSO) and scramble (control);
group II (n = 9) received GW3965; group III (n = 9)
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received GW3965 and miR-378-ASO (antisense oli-
gonucleotide) (25 mg/kg); and group IV (n = 9) received
miR-378-ASO and MC-T"TR-Pparge1. GW3965 (30
mg/kg) was intraperitoneally injected into mice daily
for 8 weeks. Mice were injected with miR-378-ASO
(25 mg/kg body weight) and MC-TTR-Ppargc1f (1.5
mg/kg body weight) weekly by tail vein for 8 weeks.
Before sacrifice, mice were fasted for 8 hours. Blood
and livers were then harvested for further analysis.

MINICIRCLE VECTOR INJECTION
OF MICE

Eight-week-old male C57Bl/6 mice were kept
on the HFD (Open Source D12492: 60% Kcal fat)
for 8 weeks. At 16 weeks of age, mice were injected
with MC-TTR-Lxra-shRNA Mis-matched (IMM)
(control, n = 10), MC-TTR-Lxra-shRNA (n = 10),
or a combination of MC-TTR-Lxra-shRNA and
MC-TTR-miR-378. Mice received a dose of 1.5
pg/g MC-TTR-Lxra-shRNA complexed with in vivo
jetPEI (Polyplus Transfection, Strasbourg, France)
weekly for 8 weeks through tail vein injection. Before
sacrifice, mice were fasted for 8 hours. Mice were then
anesthetized, and blood was collected by way of car-
diac puncture. Livers were harvested for gene expres-
sion and histological analysis.

PRIMARY HEPATOCYTE
ISOLATION

Primary hepatocytes were isolated from mouse
livers through sequential perfusion of the portal
vein with perfusion buffer (1x Hanks' balanced salt
solution (HBSS) containing 0.5 mmol/L. ethylene
diamine tetraacetic acid and 5 mmol/LL. HEPES
[4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid],
pH 7.2) and collagenase buffer (1 mg/mL collagenase
type IV in 1x HBSS, 0.5 mmol/L. CaC1,, 5 mmol/L
HEPES, pH 7.2). After perfusion, lobes of the liver
were torn apart and the liver was mostly dissolved into
the collagenase buffer. The remaining solid particles
were discarded and the suspension was filtered through
a 70-pm membrane. Hepatocytes were washed 3 times
at 4°C at 50 g for 2 minutes using Dulbecco’s modi-
fied Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS). Cell viability was assessed by 0.4% Trypan
Blue staining. Freshly isolated hepatocytes were used to
determine the oxygen consumption rate (OCR).
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MEASUREMENT OF OCR

Primary mouse hepatocytes were seeded into col-
lagen-coated XF24 plates (Seahorse Bioscience,
Billerica, MA) at 4x10* cells/well in DMEM with 10%
FBS. After 2 hours of adherence, OCR of hepatocytes
was measured using the XF24 extracellular flux ana-
lyzer from Seahorse Bioscience. Detailed methods and
reagent are available in the Supporting Information.

STATEMENT ON INSTITUTIONAL
APPROVAL FOR MICE
EXPERIMENTATION

Eight-week-old wild-type (WT) male C57BL/6]
mice (Jackson Laboratory, Bar Harbor, ME) were used
for the experiments. Mice were housed in a barrier facil-
ity on a 12-hour light cycle with free access to water and
diet. Animal care, plasmid injection, and surgical proce-
dures were conducted in compliance with an approved
Institutional Animal Care and Use Committee protocol
by the University of Minnesota and those set forth in the
“Guide for the Care and Use of Laboratory Animals” as
published by the National Research Council.

STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad
Prism Software (La Jolla, CA). Statistical significance
between two groups was assessed by a two-tailed
Student # test. Analysis of variance (ANOVA) was
used to compare the statistical difference among mul-
tiple groups, followed by the Tukey posz hoc test. All
of the experiments were repeated at least 3 times on
separate occasions. P < 0.05 was considered to be sta-
tistically significant.

Results

MiR-378 IS ROBUSTLY INDUCED
IN FATTY LIVERS OF DIETARY
OBESE MICE AND PATIENTS
WITH NAFLD

Because hepatocytes represent the major site for
lipid metabolism in the liver, we initially attempted
to identify miRNAs that were highly and specifically
expressed in hepatocytes by comparing miRNA profiles
of livers of hepatocyte-specific Dicerl knockout and
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WT mice. DICERI is a critical enzyme for miRNA
maturation and its ablation impairs biogenesis of miR-
NAs.? Among miRNAs that were reduced after
Dicer] knockout, miR-378 was reduced by at least
3-fold in Dicer1 knockout mice, suggesting that hepato-
cytes represent a major source of miR-378 expression
(Fig. 1A). To study the role of miR-378 in NAFLD,
we treated C57Bl/6 mice with a HFD to induce hep-
atosteatosis (Supporting Fig. S1AB). As expected,
miR-378 expression was robustly increased in livers
of HFD-treated mice (Fig. 1B). Oleic acids (OAs) are
the most abundant unsaturated fatty acids in liver tri-
glycerides in human individuals."® Human hepatoma
HepG2 cells were used for our in vitro models because
of their increased sensitivity to fat accumulation. OA
treatment increased intracellular lipids in HepG2 cells
(Supporting Fig. S1C), which were associated with
increased miR-378 (Fig. 1C). In human NASH tissues
(n = 24), miR-378 expression was also elevated com-
pared with normal liver samples (n = 19) (Fig. 1D).

Because Ppargclf is the only identified host gene
of miR-378, we measured the change in expression
of Ppargclf in fatty livers of HFD-treated mice,
HepG2 cells with accumulated lipid, and patients
with NAFLD. As shown in Fig. 1B,C, a slight
decrease (not statistically significant) in mRNA lev-
els of Ppargclf} was detected in fatty livers of mice
and HepG2 cells with accumulated lipid. No signif-
icant change in PPARGCIf mRNA was observed in
24 human NASH samples compared with 19 human
normal liver samples (Fig. 1E). Together, our studies
indicated that expression of miR-378 is uncoupled
with that of Ppargclf in fatty livers.

COPY NUMBER OF MATURE
miR-378 IS SIGNIFICANTLY
GREATER THAN THAT OF Ppargcif
mRNAs IN FATTY LIVERS

To confirm our observation, we used an absolute
real-time quantitative-PCR approach to measure the
copy numbers of miR-378 and Ppargclp mRNA in
livers of HFD-treated mice. Consistent with our pre-
vious observation (Fig. 1B), the copy number of miR-
378 was 3-fold higher in livers of HFD-treated than
standard diet (SD)-treated mice (Fig. 2A), whereas
no significant change in the copy number of Ppargclf}
mRNA was observed (Fig. 2B). If Ppargc and miR-

378 share the same promoter, the copy numbers of
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FIG. 1. Expression of miR-378 is uncoupled with levels of Ppargc1p mRNA. (A) Levels of miR-378 in livers of Dicer! deficiency mice (n
= 6) compared with WT mice (n = 6). (B) Levels of miR-378 and Ppargc1f in livers of HFD-fed mice (n = 6) compared with SD-fed mice
(n=6). (C) Levels of miR-378 and PPARGC1p in HepG2 cells treated with oleate (0.5 mM). HepG2 cells treated with DMEM medium
without oleate served as the control. (D,E) Levels of miR-378 and PPARGC1p in livers from healthy individuals (n = 19) and patients
with NASH (n = 24). The data shown are representative of an experiment repeated 3 times and conducted in triplicate. Data represent
the mean + SEM. Student # test was used for statistical analysis. **P < 0.01. Abbreviations: NL, normal liver; NS, no significance.

Ppargc1p mRNA and miR-378 should be the same or
at least similar. In fact, the copy number of miR-378
was approximately 20 or 80 times higher than that of
Pparge1p mRNAs in the livers of SD-treated or HFD-
treated mice, respectively (Fig. 2C,D). Furthermore,
no significant change in PGC1 protein was observed
in the fatty livers of HFD-treated mice versus control
mice, oleate-treated HepG2 cells, and human fatty
livers versus normal livers (Supporting Fig. S2A-F).
In muscles of HFD-treated mice, mRINA levels of
Ppargclf were also inversely correlated with the levels
of miR-378 (Fig. 2E,F). This phenomenon was also
observed in humans with diabetes and obesity.!**
In summary, despite being located in the intron of
Ppargclf in the forward direction of transcription,
the copy number of miR-378 was substantially higher
than that of Ppargc1p mRNA.

HEPATIC LIPID ACCUMULATION
DID NOT SIGNIFICANTLY
CHANGE THE EXPRESSION OF
Dgcr8 AND Dicer1

Biogenesis of miRNAs is tightly controlled by tran-
scription of miRNA primary transcript or their host
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genes and miRNA maturation. As NAFLD is known
to affect gene transcription and protein synthesis, lev-
els of the microprocessor complexes could be altered
by NAFLD, leading to changes in the expression pat-
terns of miRNAs. To test this possibility, we examined
the mRNA levels of DGCRS (DiGeorge syndrome
critical region gene 8) and DICERI that encode
two critical enzymes of miRNA maturation.*" No
changes in mRNA and protein levels of DICER1 and
DGCRS were observed in HepG2 cells with accu-
mulated lipid, fatty livers of mice, and NASH sam-
ples from patients (Fig. 3A-C). Thus, we speculated
that maturation of miR-378 was not responsible for
increased miR-378 in fatty livers.

MiR-378 TRANSCRIPTION IS
INDEPENDENT OF Ppargcip
AND REGULATED BY ITS OWN
PROMOTER

Uncoupled expression of miR-378 and Ppargclp
led us to hypothesize that transcription regulation
of miR-378 is responsible for increased miR-378
in fatty livers, which is independent of the tran-
scription machinery of PpargeIf. Many miRNAs
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FIG. 2. The copy number of miR-378 is substantially higher than that of Ppargc1p mRNA in fatty livers of mice. (A) Copy numbers of
miR-378 in livers of HFD-treated (n = 6) and SD-fed mice (control, n = 6). (B) Copy numbers of Ppargclp mRNA in livers of HFD-
treated (n = 6) and SD-fed mice (control, n = 6). (C) Comparison of the copy numbers of miR-378 and Ppargclp mRNA in livers of
SD-fed mice. (D) Comparison of the copy numbers of miR-378 and Ppargc1p mRNA in livers of HFD-fed mice. (E) Relative levels
of miR-378 and Ppargclf} in muscles of HFD-treated (n = 6) and SD-fed mice (control, n = 6). (F) An inverse correlation of Ppargclfp
mRNA and miR-378 levels in HFD-treated mice (Spearman correlation analysis). The y axis represents the log, fold change of gene
expression. Student 7 test was used for statistical analysis. Data represent the mean + SEM. **P < 0.01; and ***P < 0.001.

are transcribed by RNA polymerase II, and primary
transcripts of miRNAs appear as mRNA-like RNAs
(miRNA primary tmnscript).(5 ) Thus, we attempted to
identify a full-length primary transcript of miR-378
(Pri-miR-378), allowing us to identify the promoter
of miR-378. Specifically, we used a database-mining
approach to search a mouse non-RefSeq RNA data-
base and identified an expressed sequence tag (EST)
(AK045690.1) that contained the miR-378 precur-
sor (Fig. 4A). We next conducted a 5’RACE (rapid
amplification of cDNA end) to ascertain the 5'-end
of the transcript (Supporting Fig. S3A). Sequencing of
a strong SRACE PCR product (Fig. 4B, Supporting
Fig. S3B) confirmed the transcription start site of
Pri-miR-378, which was located 1,770 nt upstream
of the miR-378 precursor (Supporting Fig. S3A).
Through an EST extension approach and 3RACE,
we identified the 3’ end and polyA tail of the Pri-
miR-378 (Supporting Fig. S3C). Based on the EST
sequence, 5’RACE, and 3’'RACE, the full-length of
Pri-miR-378 was 3,279 bp (Supporting Fig. S3A).
To confirm the length of Pri-miR-378, we performed
northern blot analysis with a probe designed based
on the AK045690.1. A large transcript (> 3 kb) was

detected in RNAs from livers of HFD-treated mice
(Fig. 4C). This likely corresponded to Pri-miR-378
and confirmed our database mining and RACE
results. Northern blot also confirmed that levels of
Pri-miR-378 were significantly higher in livers of
HFD-treated than SD-treated mice (Fig. 4C). Levels
of Pri-miR-378 were also increased in patients with
NAFLD (Fig. 4D), indicating that miR-378 primary
transcript exists in human livers. Together, although
miR-378 locates within the intron of Ppargclf, our
findings indicated that miR-378 possesses its own
transcription machinery (Fig. 4E).

We then determined whether the putative miR-
378 promoter can initiate transcription of Pri-
miR-378. Two reporter vectors were generated, in
which the transcription of luciferase gene in Hepal-6
cells was driven by the promoter for either miR-378
or Ppargclp. Consistent with the different copy num-
bers of miR-378 and Ppargc1p mRNA in fatty livers,
the transcriptional activity of Pri-miR-378 promoter
was significantly higher than that of Ppargclp (Fig.
4F). Together, transcription of miR-378 and Ppargc1p
was modulated by two separate and independent
promoters.
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FIG. 3. mRNA levels of DICERI and DGCRS in fatty livers of mice and patients with NAFLD. (A) mRNA and protein levels
of DICERI and DGCRS in human HepG2 cells treated with oleate. (B) mRNA and protein levels of Dicerl and Dger8 in livers of
HFD-fed mice (n = 6) compared with SD-fed mice (n = 6). (C) mRNA levels of DICERI and DGCRS in normal liver tissues (n = 19)
compared with NASH samples from patients (n = 24). Protein levels of DICERI and DGCRSE were determined in normal liver tissues
(n = 3) compared with NASH samples from patients (n = 3). Student # test was used for statistical analysis. Data represent the mean +

SEM. Abbreviations: NL, normal liver.

LXRa EXERTS THE OPPOSITE
EFFECTS ON TRANSCRIPTION OF
miR-378 AND Ppargcif

To investigate the mechanisms for the uncou-
pled expression of miR-378 and Ppargcif, we pre-
dicted the potential binding sites for transcription
factors within the promoter regions of Pri-miR-378
and Ppargc]ﬂ.m) The analysis revealed a highly con-
served binding motif for LXRa within the promoter
of Pri-miR-378 (Fig. 5A). Accordingly, the mRNA
level of Lxra was increased in fatty livers of HFD-
treated mice (Fig. 5B). In part, because of its impor-
tance in regulating lipogenesis,(23) we investigated
whether Lxra was able to modulate the transcription
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of Pri-miR-378 and Ppargc1p. The action of LXRa
on the promoters of Ppargclfp and Pri-miR-378 was
then examined by luciferase assay. Overexpression of
Lxra increased the activity of the Pri-miR-378 pro-
moter while decreasing that of the Ppargclf} promoter
(Fig. 5C). In contrast, knockdown of Lxra led to an
opposite effect (Fig. 5C). These results indicate that
LXRa was able to increase the promoter activity of
Pri-miR-378 but reduced that of the Ppargclf pro-
moter. To test whether the binding motif for LXRa
within the Pri-miR-378 promoter was essential for
increased expression of miR-378, we introduced a
mutation into the LXRa binding motif. Indeed,
the mutation impaired the ability of LXRa to pro-
mote transcription of Pri-miR-378 (Fig. 5D). Lxra
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overexpression significantly increased the levels of
mature miR-378 and Pri-miR-378 and reduced the
expression of Ppargclff, whereas inhibition of endog-
enous Lxra resulted in opposite effects (Fig. 5E). To
examine whether LXRa physically interacts with the
promoter of Pri-miR-378, we performed chromatin
immunoprecipitation (ChIP). DNA fragments con-
taining LXRa binding sites within the Pri-miR-378
promoter were immune-precipitated from the
genomic DNA of mouse livers by an LXRa antibody
(Fig. 5F). Although LXRa impaired the transcription
of Ppargc1p (Fig. 5C), we did not identify any binding
site for LXRa within the promoter of Ppargclf.

To validate our findings, we used the dCas9-
KRAB system to insert a “block” within the promoter

of miR-378 in the genome of Hepal-6 cells,?” which
blocks the transcription of miR-378. We then overex-
pressed Lxra in W'T Hepal-6 cells and Hepal-6 cells
treated with dCas9-KRAB. Real-time quantitative
PCR revealed that overexpression of Lxra increased
miR-378 and repressed the expression of Ppargclff in
WT Hepal-6 cells (Supporting Fig. S4A). In contrast,
in Hepal-6 cells treated with dCas9-KRAB, overex-
pression of Lxra failed to activate miR-378 but still
repressed the expression of Ppargclff (Supporting Fig.
S4B), indicating that miR-378 has its own promoter.

In summary, LXRa can physically bind to the
promoter of miR-378 and induce miR-378 tran-
scription. In contrast, LXRa significantly inhibited
the transcription of Ppargclf through an unknown
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FIG. 5. LXRa acts as a transcription activator of miR-378 and a repressor of Ppargclf} expression. (A) Schematic representation of
LXRa binding site within the promoter of miR-378. (B) mRNA levels of Lxra in livers of HFD-fed mice (n = 6) compared with SD-fed
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Hepal-6 cells received the luciferase vector, and empty vector served as the control. (D) Luciferase activity of miR-378 promoter with
the mutated binding site after Lxra overexpression. Hepal-6 cells received the luciferase vector with the mutated binding site serving as
the control. (E) Levels of mature miR-378, Pri-miR-378, and Ppargclp mRNA in Hepal-6 cells after overexpression or knockdown of
Lxra. Overexpression of Lxra reduced mRNA levels of Ppargclfp and increased Pri-miR-378 and mature miR-378, whereas knockdown
of Lxra led to an opposite effect. Hepal-6 cells were transfected with MC-TTR-Lxra or MC-TTR-Lxra-shRNA to overexpress or
knock down Lxra. (F) In vivo ChIP assays were performed using genomic DNA isolated from mouse livers, and binding of LXRa
to the endogenous promoter of miR-378 was detected using specific LXRa antibodies. Data represent the mean + SEM. The data
shown are representative of an experiment repeated 3 times and conducted in triplicate. **P < 0.01. Student # test was used for statistical
analysis. Abbreviations: N.S., nonspecific control using primers of approximately 10 kb downstream of miR-378 promoter, which
served as negative control. Abbreviations: IgG, immunoglobulin G.

mechanism. Notably, these findings provided an
explanation for uncoupled expression of miR-378 and

Ppargclp.

LXRa AGONIST IMPAIRED FAO BY
SIMULTANEOUSLY FACILITATING
TRANSCRIPTION OF miR-378 AND
INHIBITING EXPRESSION OF
Ppargclp

We next determined the functional contribution
of pathways of LXRa-miR-378 and LXRa-PGC1p
to the pathogenesis of NAFLD. Despite the role of
LXRa in activating sterol regulatory element-binding
proteins (Srebplc)-mediated lipogenesis,(zs) its func-
tion in regulating FAO was unknown. Because LXRa
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induces miR-378 and inhibits Ppargclf, two criti-
cal regulators of FAO, we hypothesized that LXRa
impairs FAO by increasing miR-378 and inhibit-
ing Ppargc1p. GW3965 is a widely used agonist to
activate LXRa.?? GW3965 treatment reduced the
mRNA levels of Ppargclpp (Fig. 6A) and increased
miR-378 expression in Hepal-6 cells and the livers
of mice (Fig. 6B).

To further test our hypothesis, Hepal-6 cells incu-
bated with oleate were treated with either GW3965
or a combination of miR-378-ASO and GW3965.
Such a design allowed us to determine whether
miR-378 mediates the inhibitory effect of LXRa
on FAO. As expected, GW3965 treatment impaired
FAQO, whereas additional treatment of miR-378-
ASO, which antagonized elevated miR-378 due to
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FIG. 6. LXRa agonist treatment reduced the mRNA levels of Ppargclfp and increased the expression of miR-378 in livers of mice and
Hepal-6 cells. (A) mRNA levels of Ppargc1f in Hepal-6 cells and livers of mice treated with GW3965. Hepal-6 cells treated with 2%
DMSO served as control. C57B1/6 mice (n = 6) was treated with 30 mg/kg GW3965, and the control mice received 2% DMSO, serving
as the control (n = 6). (B) Levels of miR-378 in Hepal-6 cells and livers of mice treated with GW3965. (C) FAO rate and intracellular
lipid content in three groups of Hepal-6 cells treated with scramble and 2% DMSO (control), GW3965, and a combination of GW3965
and miR-378-ASO. OCR statistical analysis: GW3965 versus control (*P < 0.05) and a combination of GW3965 and miR-378-ASO
versus GW3965 (*P < 0.05). (D) FAO rate and intracellular lipid content in Hepal-6 cells that are treated with empty vector and 2%
DMSO, GW3965, or a combination of GW3965 and MC-TTR-Ppargc1f. OCR statistical analysis: GW3965 versus control (*P<0.05)
and a combination of GW3965 and MC-T"TR-Ppargc1fp versus GW3965 (*P < 0.05). Data represent the mean + SEM. The data shown
are representative of an experiment repeated 3 times and conducted in triplicate. Student # test was used for statistical analysis in (A)

and (B); and ANOVA was used for statistical analysis in (C) and (D).

GW3965 treatment, offset the inhibitory effect of
GW3965 on FAO (Fig. 6C). Consistent with the
impaired FAO, GW3965 significantly increased intra-
cellular lipid content in Hepal-6 cells, whereas addi-
tional treatment of miR-378-ASO reduced the levels
of lipid accumulation (Fig. 6C). Based on these obser-
vations, our attention was drawn to genes controlling

FAO. GW3965 treatment impaired the expression

of FAO genes encoding carnitine palmitoyltransfer-
ase 1 alpha (CPT1la), acyl-coenzyme A oxidase 1
(ACOX1), peroxisome proliferator-activated recep-
tor alpha (PPAR), acyl-coenzyme A dehydrogenase
1 (ACAD1), and acyl-CoA dehydrogenase, very
long chain (VLCAD),??® and expression of these
genes recovered after miR-378-ASO was introduced
into Hepal-6 cells (Supporting Fig. S5A). Together,
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LXRa negatively controls the FAO primarily through
activation of miR-378.

We next introduced MC-TTR-Ppargclf} into
Hepal-6 cells treated with GW3965. The results
showed that GW3965 treatment dramatically
impaired the ability of Hepal-6 cells to oxidize fatty
acid and increased intracellular lipid content, while
re-introduction of Ppargclf} partially rescued the abil-
ity of Hepal-6 cells to oxidize fatty acid, which sub-
sequently decreased intracellular lipid content (Fig.
6D). Additional treatment of Ppargclf also recovered
expression of FAO-related genes that were repressed
by GW3965 (Supporting Fig. S5B). Together, in
addition to facilitating lipogenesis, LXRa exerts the
inhibitory effect on FAO by facilitating transcription
of miR-378 and inhibiting the expression of Ppargc1p.

BOTH Ppargc1f AND miR-378
MEDIATE THE DEVELOPMENT
OF HEPATOSTEATOSIS IN
GW3965-TREATED MICE

We hypothesized that both Ppargclff and miR-
378 contribute to the development of hepatosteato-
sis in GW3965-treated mice. To test this hypothesis,
8-week-old C57Bl6 mice kept on SD were treated
with either 2% DMSO (control), GW3965, a com-
bination of GW3965 and miR-378-ASO, or a com-
bination of GW3965 and MC-TTR-Ppargclf for
8 weeks. GW3965 treatment increased miR-378,
and additional treatment of miR-378-ASO knocked
down elevated miR-378 (Fig. 7A). Phenotypically,
GW3965 treatment increased liver weight and plasma
triglycerides and reduced blood glucoses (Supporting
Table S2), whereas additional treatment of miR-378-
ASOQO partially offset the effects of GW3965 on liver
weight and plasma lipid but failed to recover reduced
glucose level (Supporting Table S2). No significant
change was observed in body weight and plasma cho-
lesterol among the three groups of mice (Supporting
Table S2). OCR analysis showed that GW3965 treat-
ment impaired FAO in hepatocytes, while further
knockdown of miR-378 offset the inhibitory effect
of GW3965 (Fig. 7B). These findings suggest that
GW3965 functions as an inhibitor of FAO by induc-
ing expression of miR-378. We next compared three
groups of mice treated with either 2% DMSO (con-
trol), GW3965, or a combination of GW3965 and
Ppargc1p. Additional treatment of Ppargclf exhibited
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similar effects to those of miR-378-ASO on body and
liver weight, plasma triglycerides, and levels of glucose
(Supporting Table S2). Furthermore, GW3965 treat-
ment reduced the expression of Ppargclff and impaired
FAO, whereas additional treatment of MC-7TR-
Ppargclf offset the effects of GW3965 (Fig. 7C,D).
These findings indicate that both PpargcIff and miR-
378 are not involved in LXRa-modulated insulin
signaling and gluconeogenesis, at least in fasted mice
treated with SD.

GW3965 treatment promoted hepatic lipid accu-
mulation and hepatocyte ballooning, and additional
treatment of miR-378-ASO or MC-TTR-Ppargclp
counteracts the effects of GW3965 (Fig. 7E,F).
However, no significant change in inflammatory infil-
trates and fibrosis was observed (Fig. 7E,F, Supporting
Fig. S6A,B). GW3965 treatment also significantly
reduced the ratio of glutathione/oxidized glutathi-
one, and additional treatment of miR-378-ASO or
Ppargclf offset the effect of GW3965 (Supporting Fig.
S6C), suggesting that both miR-378 and Ppargclf are
the important players of GW3965-regulated reactive
oxygen species. In summary, miR-378 and Ppargclf
mediate the promoting effect of GW3965 on hepa-

tosteatosis and hepatocyte ballooning.

miR-378 WAS NOT INVOLVED IN
LXRa-MEDIATED LIPOGENESIS
AND PGC1B-MEDIATED VLDL
SECRETION

LXRa facilitates lipogenesis and reverse cholesterol
transport (RCT).(25’29) We next determined whether
miR-378 is involved in LXRa-mediated lipogenesis
and RCT by examining the mRNA levels of some
typical “canonical” targets of LXRa in mice treated
with GW3965, and a combination of GW3965
and miR-378-ASO. As shown in Supporting Fig.
S7A, GW3965 treatment induced expression of
genes encoding ABCA1 (adenosine triphosphate—
binding cassette transporter subfamily Al) and
ABCG1, whereas additional treatment of miR-378-
ASO exhibited no effect on expression of these two
genes. GW3965 induced expression of Srebplc and
the lipogenic genes encoding SCD1 (stearoyl-CoA
desaturase-1), fatty acid synthesis, GPAT (glycer-
ol-3-phosphate acyltransferase) and INSIG1 (insu-
lin-induced gene 1), whereas additional treatment

of miR-378-ASO and Ppargclp failed to offset the
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ZHANG, DUAN, ET AL.

expression of these genes (Supporting Fig. S7B,C).
These findings indicate that both Ppargc7f and miR-
378 are not involved in LXRa-mediated lipogenesis
and RCT, which is consistent with unaltered expres-
sion of lipogenic genes in liver-specific Ppargclf
knockout mice.1?

LXRa is a repressor of hepatic gluconeogenesis
by facilitating AKT1 (v-akt murine thymoma viral
oncogene homolog 1) phosphorylation.®>*" We
next determined whether LXRa-miR-378 or LXRa-
PGCI1p axis is involved in insulin signaling. Serum
analysis showed that GW3965 treatment reduced lev-
els of blood glucose (Supporting Table S2). If LXRa
represses hepatic gluconeogenesis by inducing miR-
378 or repressing Ppargclf, antagonizing miR-378
or additional treatment of Ppargclf} should lead to
recovered levels of blood glucose. In fact, additional
treatment of miR-378-ASO and PpargcIf failed to
recover levels of blood glucose (Supporting Table
S2), indicating that miR-378 and Ppargclp, at least
in fasted SD-treated mice, did not mediate the inhib-
itory effect of LXRa on gluconeogenesis (Supporting
Table S2).To test our speculation, we determined the
levels of phosphorylated AKT1. GW3965-facilitated
phosphorylation of AKT1 and additional treatment
of Ppargclf and miR-378-ASO failed to counter-
act the effect of GW3965 (Supporting Fig. S7D).
Although LXRa is a regulator of Ppargclf} and miR-
378, Ppargclf and miR-378 are not involved in glu-
cose homeostasis regulated by LXRa in SD-treated
mice. Despite reduced Ppargclf expression, levels of
Ppargcla were not increased due to the compensa-
tion effect of Ppargclf loss after GW3965 treatment
(Supporting Fig. S7E).

Impaired VLDL secretion is an important con-
tributor of hepatosteatosis.(32) PGC1p can facili-
tate VLDL secretion by inducing expression of Mip
(microsomal transfer protein).(32) Therefore, reduced
Ppargc1ff by GW3965 might promote lipid to be
trapped in the liver. GW3965 treatment reduced levels
of Mtp (Supporting Fig. S7F,G), and re-introduction
of Ppargclf recovered expression of Mzp (Supporting
Fig. S7G). However, additional treatment of miR-
378-AS0 failed to recover levels of Mzp (Supporting
Fig. S7F). These findings indicate that impaired
VLDL secretion due to the Ppargclff reduction might
contribute to hepatosteatosis, and miR-378 is not

involved in MTP-medicated VLDL secretion.
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LIVER-SPECIFIC KNOCKDOWN
OF Lxra INCREASED Ppargclf
AND REDUCED miR-378, WHICH
SUBSEQUENTLY PROMOTED
HEPATOSTEATOSIS

We speculated that Lxra knockdown should
lead to reduced miR-378 and increased expres-
sion of Ppargclf}, which subsequently promotes
hepatosteatosis. For this purpose, we generated
two vectors that express Lxra shRNA or miR-
378 using an episomal DNA minicircle vector.®®
This construct was referred to as MC-77R-Lxra-
shRNA or MC-7T7TR-miR-378 (Fig. 8A). Eight-
week-old C57Bl6 mice, which had been on a
HFD for 8 weeks, were injected with MC-7T7TR-
Lxra-shRNA (control), MC-TTR-Lxra-shRNA,
or a combination of MC-TTR-Lxra-shRNA and
MC-TTR-miR-378 for 8 weeks. Such a design
allowed us to determine whether recovered lev-
els of miR-378 that were presumably repressed by
Lxra knockdown should partially mediate the inhib-
itory effect of Lxra shRNA on hepatosteatosis.
Lxra knockdown decreased miR-378 and increased
Ppargc1p (Fig. 8B). Lxra knockdown led to reduced
liver weight and plasma triglycerides and increased
glucose (Supporting Table S3). However, additional
treatment of miR-378 only offset the effects of Lxra
knockdown on liver weight and plasma triglycerides
and failed to knock down increased blood glucose
(Supporting Table S3).

Mechanistically, Lxra inactivation improved FAO
in hepatocytes, whereas re-introduction of miR-378
counteracted the effect of Lxra shRNA (Fig. 8C).
Consistent with the increased FAQO, knockdown of
Lxra increased the expression of genes controlling
FAO, whereas additional treatment of miR-378
impaired the expression of these genes (Supporting
Fig. S8A). Compared with control mice, Lxra inac-
tivation significantly reduced hepatosteatosis and
hepatocyte ballooning, and additional treatment of
miR-378 offset the effects of Lxra knockdown (Fig.
8D,E, Supporting Fig. S8C,D). However, no signif-
icant change in inflammatory infiltrates and fibrosis
was observed in the three groups of mice (Fig. 8D,
Supporting Fig. S8B,E). In addition to inducing lipo-
genesis, LXRa showed a function to impair FAO by

inducing miR-378 transcription.
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FIG. 8. Lxra knockdown resulted in increased mRNA levels of Ppargclff and reduced miR-378, which subsequently impaired hepatic
lipid accumulation. (A) Diagram of hepatic-specific expression vector construction of Lxra shRNA (MC-7TR-Lxra-shRNA). (B)
Levels of mature miR-378 and Ppargclp in livers of HFD-fed mice received MC-T'TR-Lxra-shRNA (control, n = 10), MC-T'TR-
Lxra-shRNA (n = 10), and a combination of MC-77R-Lxra-shRNA and MC-7"7R-miR-378 (n = 10). (C) FAO rate of hepatocytes
from three groups of mice. OCR statistical analysis: Lxra shRNA versus control (*P = 0.040) and a combination of Lxra shRNA and
miR-378 versus Lxra shRNA (*P = 0.034). (D,E) Hematoxylin and eosin and Oil Red O staining of livers excised from these three
groups of mice. The number under the Oil Red O staining photos represents the hepatic lipid content (mg/g). Data represent the mean
+ SEM. *P < 0.01; *P < 0.001 (ANOVA test). Abbreviations: H&E, hematoxylin and eosin.

Discussion

PGC1p is a major regulator in maintaining energy
and lipid homeostasis, and miR-378 is embedded
within the first intron of Ppargc]ﬂ.(lo’ll) Our study
would suggest, however, that miR-378 possesses its
own promoter and its transcription is independent
of Ppargclf. It is now established that LXRa acti-
vates transcription of miR-378 and inhibits Ppargc1p
expression. PGC1p facilitates FAO, and miR-378
impairs FAQ.10M Ag expected, antagonizing Lxra
alleviated hepatosteatosis in HFD-treated mice,
which simulated part of the phenotypes due to miR-
378 knockdown and overexpression of Ppargclp.
Together, our results—combined with those of oth-
ers—challenged the accepted notion that miR-378 is
cotranscribed with Ppargclf.

It was reported that expression of both Ppargc1f
and miR-378 were up-regulated in livers of HFD-
treated mice.*¥ However, PGC1p is a strong acti-
vator of mitochondrial biogenesis and FAO in
hepatocytes, and whole-body knockdown of Ppargclf
induced mitochondrial dysfunction and hepatosteato-
sis.®®) Liver-specific deficiency of P, argclf leads to
impaired FAO and hepatosteatosis.'? In addition,
PGCI1p is a transcription activator of NrfI (nuclear
respiratory factor 1), another promoter of FAO.C9 1If
HFD treatment induces expression of Ppargclf in liv-
ers, the mRNA level of Nrf7 should be up-regulated.
Conversely, HFD treatment reduced the expression of
Nrf1 (Supporting Fig. §9). Together with the func-
tional studies, these findings indicate that expression
of Ppargclff and miR-378 should be inversely cor-

related or at least uncoupled.
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Combining database mining, EST extension, and
5RACE and 3RACE, we confirmed that miR-378
possesses its own transcription machinery. We further
established that LXRa functioned as an activator of
miR-378 transcription and a repressor of Ppargclff
expression, which was consistent with the uncoupled
expression of miR-378 and Ppargclf in steatotic liv-
ers. Both overexpression of Lxra and LXRo agonist
repressed the expression of Ppargclff. However, we
did not identify any binding sites for LXRa within
the promoter of Ppargclf, suggesting that an indirect
mechanism potentially is involved in LXRa-mediated
repression of Ppargclf transcription. Given that the
underlying mechanism(s) of metabolic disorders is
complex and both Ppargclff and miR-378 are two key
regulators of energy metabolism, our findings represent
a pathway for LXRa to promote hepatosteatosis by
facilitating transcription of miR-378 that impairs FAO.

Lxra-deficient mice have lower hepatic and plasma
lipid levels, and are unable to properly synthesize
fatty acids and triglycerides.* These defects are
caused by the LXRa’s role as a regulator of hepatic
Srebplc transcriptional cascade that is almost entirely
absent in Lxra-deficient mice. However, compared
with Srebplc-deficient mice,(zs) Lxra null mice have
much lower hepatic lipid content, suggesting that
other defects such as impaired FAO is responsible
for this observation. In this study, we have estab-
lished that LXRa is a transcriptional activator of
miR-378. Indeed, miR-378 showed the capacity to
impair FAO and aggravate hepatosteatosis. 10) Thus,
in addition to activating the Sresplc pathway, LXRa
increases hepatic lipid accumulation through impair-
ing miR-378-mediated FAO. We and others estab-
lished that decreased PGC1p after LXRa activation
impairs VLDL secretion, thereby contributing to the
development of hepatosteatosis. However, our find-
ings show that miR-378 is not involved in MTP-
mediated VLDL secretion. Together, we posit that
reduced Ppargclff and increased miR-378 by LXRa
coordinately and collaboratively exert their effects
on FAO and hepatosteatosis. Another finding is that
miR-378 robustly increased the serum levels of ala-
nine aminotransferase and aspartate aminotransferase
(Supporting Table S3), suggesting its potential role in
regulating liver injury. Currently, we are investigating
the role of miR-378 in regulating NASH progression.

Several types of preclinical models of NAFLD,

including dietary, chemical, nutrition deficiency and
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genetic models, have been proposed.®” Both nutri-
tion deficiency and chemical NAFLD models do not
mirror the etiology and natural history of NASH
and fail to induce the metabolic comorbidities that
are observed in human NAFLD (insulin resistance
and obesity).(37_39) Although genetic models pres-
ent certain advantages for experimental duration and
NAFLD severity,(4 ) these mutations are very rare
in humans. HFD models resemble human NAFLD,
both pathophysiologically and phenotypically, but the
main disadvantage is the extended experimental dura-
tion and lesser degree of NAFLD severit}/.(41) miR-
378 is a naturally occurring miRNA in the livers of
mice and humans. HFD treatment induces expression
of miR-378, and its overexpression promotes hepatos-
teatosis. Our findings, combined with those of oth-
ers, urged us to select a mouse model that is treated
with miR-378 and HFD to study the pathogenesis of
hepatosteatosis.

In summary, we have used database mining and
molecular and genetic approaches to demonstrate that
Ppargc1fp and miR-378 display two distinct regulatory
systems, while located within the same genomic locus.
LXRa impairs FAO by increasing transcription of
miR-378 and reducing expression of Ppargc1f, which
provides a line of function in regulating FAO in addi-
tion to its well-established function as a promoter of
lipogenesis. The insights obtained from this study
turther advance our understanding of the physiolog-
ical roles of miRNA and the multilayer regulation of
miRNA biogenesis to address the complexity of lipid
homeostasis.
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