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Non-alcoholic fatty liver disease (NAFLD) culminates in insulin
resistance and metabolic syndrome. Because there are no
approved pharmacological treatment agents for non-alcoholic
steatohepatitis (NASH) and NAFLD, different signaling path-
ways are under investigation for drug development with the
focus onmetabolic pathways. Hepatocyte nuclear factor 4-alpha
(HNF4A) is at the center of a complex transcriptional network
where its disruption is directly linked to glucose and lipid meta-
bolism. Resetting HNF4A expression in NAFLD is therefore
crucial for re-establishing normal liver function. Here, small
activating RNA (saRNA) specific for upregulating HNF4A was
injected into rats fed a high-fat diet for 16 weeks. Intravenous
delivery was carried out using 5-(G5)-triethanolamine-core pol-
yamidoamine (PAMAM)dendrimers.We observed a significant
reduction in liver triglyceride, increased high-density lipopro-
tein/low-density lipoprotein (HDL/LDL) ratio, and decreased
white adipose tissue/bodyweight ratio, all parameters to suggest
that HNF4A-saRNA treatment induced a favorable metabolic
profile. Proteomic analysis showed significant regulation of
genes involved in sphingolipid metabolism, fatty acid b-oxida-
tion, ketogenesis, detoxification of reactive oxygen species,
and lipid transport. We demonstrate that HNF4A activation
by oligonucleotide therapy may represent a novel single agent
for the treatment of NAFLD and insulin resistance.

INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is the most prevalent form
of chronic liver disease in the world, elevating its epidemic status to
that of obesity and type 2 diabetes mellitus.1 Metabolic syndrome
plays a central role in the histological progression of NAFLD, where
disruption of key liver transcription factors greatly influences the nat-
ural history of this disease.
Molecular The
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Hepatocyte nuclear factor-4 alpha (HNF4A) is a transcriptional fac-
tor expressed in the kidney, intestine, pancreatic islets cells, white
adipose tissue, and liver.2 During development, HNF4A is essential
for normal liver architecture and organization of the sinusoidal endo-
thelium. In the adult, its expression is crucial for the morphological
and functional differentiation of hepatocytes, accumulation of hepatic
glycogen stores, and generation of hepatic epithelium.3 HNF4A con-
trols the expression of numerous hepatic genes including albumin
and those involved in glucose, fatty acid, cholesterol, and drug
metabolism.

Two promoters expressed in different tissues drive several isoforms of
HNF4A: P1 promotes the expression of isoforms 1 and 2, usually in
mature hepatocytes, whereas P2 regulates the expression of isoforms
7 and 8 in the embryonic liver.4 In this study, we focus on the expres-
sion of HNF4A driven by the P1 promoter.

The importance of HNF4A is highlighted from linkage analysis for
metabolic syndrome and inflammatory bowel disease. Patients in
high-risk groups with elevated serum lipid levels and chronic kidney
rapy: Nucleic Acids Vol. 19 March 2020 ª 2019 The Author(s). 361
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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failure have polymorphisms in HNF4A, whereas patients with loss-
of-function mutations in HNF4A have defective secretion of liver-
specific proteins, such as apolipoproteins and lipoproteins.5

Animals lacking HNF4A have high lipid accumulation within the
liver and show an impairment of liver gluconeogenesis during fasting.
Loss of HNF4A reduces the secretion of serum bile acid, cholesterol,
and triglycerides (TGs) levels, most likely because of defects in lipid
transport and metabolism.6 In non-alcoholic steatohepatitis
(NASH) and HFD (high-fat diet)-fed diabetic models, liver expres-
sion of HNF4A is significantly reduced.7 In rats with advanced
cirrhosis, reduction in HNF4A expression correlates with worsening
of liver function.8 In view of its crucial role in regulating metabolism
and proliferation, and in maintaining hepatocyte differentiation, all
evidence suggests that restoration of HNF4A expression would likely
be beneficial in the treatment of severe liver dysfunction such as
NAFLD, liver cirrhosis, and even hepatocellular carcinoma (HCC).

With the same approach previously described,9 we generated small
activating RNA (saRNA) oligonucleotides linked with dendrimer
nanoparticles. The poly(amidoamine) molecules self-assemble with
saRNA to form nanoscale particles for intravenous delivery with
high tropism to the liver. Here we delivered these linked saRNA nano-
particles to increase liver transcript levels of HNF4A in obese rats fed
on HFD for 16 weeks. We demonstrate that enhancing liver expres-
sion of HNF4A in diet-induced NAFLD rats led to a significant
improvement in serum lipids, glucose homeostasis, and body compo-
sition. HNF4A showed pleiotropic effects on genes involved in
sphingolipid metabolism, fatty acid beta-oxidation, ketogenesis,
detoxification of reactive oxygen species, and lipid transport.

HNF4A activation by liver-targeted oligonucleotides may represent a
novel single agent in the treatment of fatty liver disease and diabetes.

RESULTS AND DISCUSSION
HNF4A-saRNA Induced HNF4A Expression in HCC Cells

To test for saRNA target activation of HNF4A, the commonly used
HepG2, Hep3B, and PLCPRF5HCC lines were transiently transfected
with a mammalian-specific saRNA. A non-specific double-stranded
RNA (dsRNA) (Scramble), which does not have significant homology
with any known human sequences, was used as a negative control.
50 nM of double-stranded Scramble-RNA or HNF4A-saRNA was
transfected into HepG2, Hep3B, and PLCPRF5 cells. HNF4A expres-
sion was evaluated 72 h later. HNF4A mRNA expression was signifi-
cantly induced by HNF4A-saRNA in all three cell lines as demon-
Figure 1. HNF4A-saRNA Induced Effects on Hepatocytes

(A–C) HepG2 (A), Hep3b (B), and PLCPRF5 (C) cells were transfected with HNF4A-saR

harvested and RNA extracted. HNF4A-PR1 was normalized to GAPDH. Statistical signifi

95% confidence interval). (D) Top: schematic representation of transfection protocol an

HNF4A, and HSP90 expression. (E–G) Quantification of western blot in (D) for protein

housekeeping gene. (H–J) HepG2 cells treated with DMSOor rifampicin and transfected

cells were harvested and RNA extracted. CYP3A4 (H), CYP3A5 (I), and CYP3A7 (J) were

test, 95% confidence interval); all data represents mean ± (SEM).
strated by quantitative RT-PCR analysis (Figure 1). HNF4A-saRNA
caused a 3-fold increase in HNF4A mRNA levels (p < 0.0001)
compared with untransfected HepG2 cells (Figure 1A), a 6-fold in-
crease in Hep3B cells (p = 0.0022) (Figure 1B), and a 2-fold increase
in PLCPRF5 cells (p = 0.0087) (Figure 1C). Scramble oligonucleotide
did not cause an induction of HNF4AmRNA levels (Figures 1A–1C).
Cell viability following saRNA transfection was also assessed by per-
forming a WST-1 assay to confirm that hepatocytes tolerated
HNF4A-saRNA transfection (Figure S1A). HNF4-saRNA was also
transfected into primary rat hepatocytes showing a significant 1.5-
fold increase in HNF4A mRNA expression (p = 0.03) and a 1.9-fold
increase in albumin (p = 0.014) (Figures S1B and S1C). HNF4A
expression at the protein level was verified by western blotting (Fig-
ure 1D). HNF4A-saRNA increased HNF4A expression 3-fold relative
to untransfected control. In the presence of 10 mM rifampicin (a cyto-
chrome p450 [CYP450] inducer), HNF4A-saRNA enhanced the abil-
ity of HepG2 cells to further increase HNF4A protein expression up to
a 5-fold change when the protein bands were quantified by densitom-
etry (Figure 1E). HNF4A-saRNA induced a 15-fold increase in albu-
min, which was further augmented (35-fold) upon 10 mM rifampicin
treatment (Figure 1F). Protein expression of CYP3A43 increased 5.6-
fold (Figure 1G) when compared with untransfected HepG2 cells.
HNF4A-saRNA transfection also increased CYP450 activity as
demonstrated by a luciferase assay (Figure S1D). CYP450 upregula-
tion was measured by qPCR, where we observed a significant 1.5-
fold increase in CYP3A4 (p = 0.05) (Figure 1H), a 2-fold increase in
CYP3A5 (p = 0.05) (Figure 1I), and a 3.6-fold increase in CYP3A7
levels (p = 0.05) (Figure 1J).

HNF4A Increases the Activity of Signaling Pathways and

Transcriptional Factors Known to Promote Metabolic

Regulation

Using mass spectrometry analysis of protein lysates from HNF4A-
saRNA-transfected HepG2, Hep3B, and PLCPRF5 cell lines, we
investigated the global protein expression and phosphoprotein
changes that occurred downstream of HNF4A expression.

Over-representation analysis of the genes that showed significant pro-
tein level changes in HNF4A-saRNA-treated cell lines was enriched
for pathways that regulate glucose transport (Figures 2A, lipid meta-
bolism, and 2B; Figure S2) and energy production (Figure 2C). A
search tool for the retrieval of interacting protein-protein interaction
(STRING) using the top 18 enriched proteins demonstrated a strong
interaction with HNF4A that linked with metabolism of lipids and
glucose signaling pathways (Figure S3).
NA or Scramble-RNA. Seventy-two hours after the second transfection, cells were

cance compared with control: *p < 0.05; **p < 0.01; ***p < 0.0001 (two-tailed t test,

d rifampicin treatment. Bottom: protein extracts analyzed for CYP3A43, ALBUMIN,

expression levels of HNF4A (E), Albumin (F) and CYP3A43 (G). HSP90 was used a

with sa-HNF4-RNA or Scramble-RNA. Seventy-two hours after second transfection,

normalized to actin. Asterisks denote significance as follows: *p < 0.05 (one-tailed t
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Figure 2. Protein Expression and Phosphoprotein

Changes Are Displayed as a Heatmap for HNF4A-

saRNA-Treated Cell Lines (HepG2, Hep3B, and

PLCPRF5)

Increases (red) and decreases (blue) in protein levels are

displayed as the log2 fold over the scramble control,

which was set at 0 (n = 3). Proteins that showed signifi-

cant changes in pathways related to (A) glucose trans-

port, (B) lipid metabolism, and (C) metabolic signaling

are displayed. Asterisks denote significance as follows:

*p < 0.05, **p < 0.01, ***p < 0.001.
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We observed increased protein expression in genes involved in fatty
acid b-oxidation and ketogenesis. Our observed changes in liver TG
levels (Figure 3I) concurrent to in vitro changes in mediators of lipid
transport P4HB and SEC24C (Figure S2) have also previously been
documented in an HFD-fed animal study where a decrease in fatty
acid b-oxidation was proposed to contribute to hepatic lipid accumu-
lation, whereas ketogenesis was reported to prevent fatty liver injury
and hyperglycemia.10 P4HB is involved in hepatic very low-density li-
poprotein (VLDL) assembly and lipid homeostasis, whereas SEC24C is
the rate-limited step in transporting dietary fat across the intestinal
absorptive cells. A reduction in protein expression of YAP1 and
dephosphorylation at multiple sites was also observed across all
HNF4A-saRNA-treated cell lines (Figure 2B). YAP1 is a downstream
target of the Hippo signaling pathway and is thought to play a role in
organ size. Prolonged activation of YAP1 has been shown to lead to an
364 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
increase in liver size in adult mice, an effect that
was, however, reversible upon inhibition of
YAP1 expression.11

We also observed an increase in the expression
of protein kinases in metabolic signaling path-
ways (Figure 2C). These included glycogen
synthase kinase-3 beta (GSK3b) and two
isoforms of cAMP-dependent protein kinase
A (PKA) regulatory subunits (PRKAR1A
and PRKAR1B), as well as cAMP-responsive
element-binding protein 1 (CREB1). Reduction
of these factors is held accountable for the path-
ophysiological changes that cause NAFLD.12

HNF4A-saRNA-Dendrimer Treatment

Increases Liver Expression of HNF4A

Because upregulation of HNF4A by saRNA
causedpredicted changes in lipid and cholesterol
metabolic pathways, we next sought to investi-
gate the physiological effects of delivering thera-
peutic amounts of HNF4A-saRNA-dendrimer
(0.6 mg/kg) or Scramble oligonucleotide control
(Scramble-dendrimer) into a rat model sus-
tained on an HFD. PAMAM dendrimer com-
plex with saRNA for intravenous delivery has
previously been validated by our group.9 Eighteen male Wistar rats
(6–8 weeks old) were fed for 16 weeks with HFD. The animals were
divided into three groups of six animals each.Groups 1–3were injected
at days 1, 3, 5, 12, and 17. The control group 1 was injected with 600 mL
of PBS, control group 2 with 600 mL Scramble-dendrimer, and exper-
imental group 3 with 600 mL HNF4A-saRNA-dendrimer. Blood sam-
ples were collected at day 22 prior to animal sacrifice for analysis. The
liver lobes were immediately extracted at the end of the study. Each re-
sected liver lobe within the groups were divided into two sections, one
for flash freezing (for RNA isolation) and the second for formalinfixing
followed by paraffin embedding (Figure S4A).

To confirm target engagement of the saRNA in the liver samples, we
analyzed total RNA from tissue sections for HNF4A transcript
expression using HNF4A-P1 promoter-specific FAM-labeled probes.
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A 1.5-fold increase in HNF4A transcript was detected from the
treated liver relative to Scramble control (p = 0.0411) (Figure 3A).
No change in albumin transcript levels was detected across each of
the treatment groups, suggesting that either there was no pathological
requirement for albumin release from the animals, or that steady-
state levels of albumin were simply maintained through a feedback
regulation that is known to occur in rats (Figure 3B). No significant
changes in liver function parameters (aspartate aminotransferase
[AST], alanine aminotransferase [ALT], and ammonia), including al-
bumin, were observed when measured on a VITROS FS ELISA plat-
form, indicating that HNF4A-saRNA-dendrimer injections caused
no liver-specific contraindications (Figures 3C–3E).When circulating
markers of inflammation were measured from the treated rats,
we observed a significant 1.3-fold reduction in interleukin-1 beta
(IL-1b; p = 0.0411) (Figure 3F), suggesting a reduction in inflamma-
tion, and a 1.8-fold decrease in alpha-2 macroglobulin (a2M;
p = 0.0260) (Figure 3G), suggesting a decrease in at least one of the
factors that contribute to insulin resistance. No abnormal changes
in white blood cells (WBCs) were observed (Figures S4C and S4D).

HNF4A Effect on Serum Lipid Profile

HNF4A-saRNA-dendrimer treatment significantly reduced levels of
liver cholesterol by over 40% (p = 0.0022; Figure 3H) in treated
animals compared with the control groups despite the animals
continuously being fed an HFD. Furthermore, we observed a
1.3-fold reduction in liver TG (p = 0.0388; Figure 3I) and 1.4-fold in-
crease inHDL/LDL ratio in the treated animals (p = 0.0465; Figure 3J).
This correlates very well with humans where normalization of the
HDL/LDL ratio is seen with a dyslipidemic diet. FFPE tissue sections
were processed and stained with hematoxylin and eosin (H&E) for ul-
trastructural observation of fat deposits. H&E staining appeared more
fulminant in the HNF4A-saRNA-treated groups when compared
with the control groups (PBS and Scramble) where punctate un-
stained areas were observed (Figure 4A). Loss in total body
weight was also significantly greater by 3.5-fold in the HNF4A-
saRNA-dendrimer-treated groups when compared with untreated
control (p = 0.0263) (Figure 4B). The white adipose tissue/body
weight and the liver/body weight ratios also showed a significant
1.15-fold decrease and 1.2-fold decrease, respectively, in
the HNF4A-saRNA-dendrimer-treated animals (p = 0.0411 and
p = 0.0260, respectively) (Figures 4C and 4D). No significant reduc-
tion in pancreas weight and brown fat content was noted (Figures
S4C and S4D).

HNF4A Normalized Glucose Homeostasis

HNF4A-saRNA-dendrimer treatment caused a significant 1.3-fold
decrease in serum glucose levels when compared with the control
groups (p = 0.0129) (Figure 3E). Circulating insulin level was not
Figure 3. The Effects of HNF4-saRNA Treatment in the Liver and Blood of HFD

(A and B) RNA extracted from liver tissue was analyzed for (A) HNF4A-P1 and (B) album

GAPDH. (C–E) Serum levels of (C) aspartate aminotransferase (AST), (D) alanine amin

saRNA treatment. (F and G) Interleukin-1 beta (IL-1b) (F) and alpha-2 macroglobulin (a2

HDL/LDL (J) changes upon HNF4A-saRNA treatment. Asterisks denote significance as
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affected by HNF4A-saRNA (Figure 4F), indicating that glucose
clearance by pancreatic secretion of insulin was unlikely. Reducing
IL-6 levels (Figure 4G) and a 1.9-fold decrease in TG/HDL ratio
(p = 0.0411) (Figure 4H) suggest improved metabolic profile, which
likely contributes to decreased insulin resistance following HNF4A-
saRNA treatment.

In summary, NAFLD encompasses a wide spectrum of histology from
asymptomatic hepatic steatosis to cirrhosis. In the absence of liver
inflammation or fibrosis, most patients with NAFLD have simple
steatosis. The progression of NAFLD to NASH is of great significance
because it can evolve to cirrhosis, liver failure, and HCC. Obesity, dia-
betes, and insulin resistance are the crucial risk factors for the pro-
gression of NASH. It is therefore vital to understand the key factors
that are central to lipid and glucose metabolism in order to prevent
ormanage progression of NASH. HNF4A is at the center of a complex
network of transcriptional control where its disruption has directly
been linked to several human diseases including diabetes and
steatosis.5 Insight into the transcription regulatory network of
HNF4A highlights the importance of this transcription factor in regu-
lating liver-specific genes involved in glucose, cholesterol, and fatty
acid metabolism.

In this study, we demonstrated the importance of resetting the tran-
scriptional network of HNF4A with HNF4A-saRNA in a NAFLD rat
model where TG biosynthesis, phospholipid metabolism, and arach-
idonic acid metabolism network were engaged (Figure 4I).

Analysis of the global phosphoprotein changes caused by HNF4A-
saRNA showed significant alteration to glucose transport and insulin
resistance.

Glucose Transport

Regulation of ARSA, PSAP, GBA3, and CDC42 interacting protein 4
by HNF4A in hepatocytes suggested that more efficient glucose trans-
port contributed to the decrease in glucose serum level in the HNF4A-
saRNA-treated animals.

Insulin Resistance

Regulation of factors for lipid transport (P4HB and SEC24C), lipid
metabolism (YAP1), and oxidation of fatty acid (HADHB, ACADVL)
by HNF4A-saRNA, together with reduction in IL-6, liver cholesterol,
liver TG, HDL/LDL ratio, and TG/HDL ratio, all point toward
HNF4A-saRNA-induced increase in HNF4A reducing insulin
resistance.

HNF4A-saRNA treatment in a model of fatty liver disease (HFD-fed
animal) caused changes in a collective network of factors that
Rats

in expression. HNF4A-PR1 was normalized to HPRT. Albumin was normalized to

otransferase (ALT), and (E) ammonia showed no significant change upon HNF4A-

M) (G) showed a significant reduction. (H–J) Liver cholesterol (H), triglyceride (I), and

follows: *p < 0.05 (two-tailed t test, 95% confidence interval); mean ± (SEM).
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culminated in significant improvement in the metabolic profile.
Because there are no approved pharmacological treatment agents
for NASH and NAFLD, management entails a multi-targeted
approach with several drugs and even surgery to treat the metabolic
risk factors and improve insulin sensitivity.

We demonstrate that activation of HNF4A by saRNA/nanoparticle
conjugates may represent a novel single agent in the treatment or
management of fatty liver disease and insulin resistance.

MATERIALS AND METHODS
All authors had access to these study data, and reviewed and approved
the final manuscript.

Design of saRNA Oligonucleotides and Transfection

The design for selecting saRNA for targeted gene activation has been
previously described by our group.9

Dendrimer-Based siRNA Delivery In Vivo

The G5 dendrimer was synthesized starting with the triethanolamine
core and following the iterative “addition” and “amidation” method
as previously described.9 To form HNF4A-saRNA-G5 coated den-
drimer complexes, the dendrimers were mixed with saRNAs at a ratio
of 5:1 (dendrimer : saRNA) and incubated at 37C for 30min. The re-
sulting complexes were then injected intravenously. (Note G5 here
refers to the 5th generation of PAMAM dendrimers containing 96
end-amine groups).

Animal Model, Experimental Design, and Sample Collection

The animals used for this study were 6- to 8-week-old male Wistar
rats. This study was approved by the University of Taiwan animal
welfare committee. In order to induce the HFD phonotype, the an-
imals were fed for 16 weeks with HFD consisting of 83% standard
diet (Catalog Number [Cat. No.] 5001; LabDiet), 15% lard oil (Cat.
No. L0657; Sigma), and 2% cholesterol (Cat. No. C8503; Sigma).
Animals were housed in groups of three per cage in the vivarium
for the duration of the experiment. Standard controlled environ-
ment of 22�C ± 3�C, 50% ± 20% humidity, and night/dark cycle
of 12 h every day was maintained with 15–20 fresh air changes
per hour. Eighteen male Wistar rats of 300 ± 20 g body weight
were obtained from the animal center of National Taiwan Univer-
sity. The rats were fed a high-fat and high-cholesterol diet for
16 weeks. At 16 weeks, rats were randomized into three groups
and injected via tail vein with either PBS, 0.6 mg/kg of HNF4A
saRNA + dendrimer (HNF+D), or 0.6 mg/kg of Scramble saRNA +
dendrimer (SC+D), in 600 mL of PBS final volume. Animals were
Figure 4. The Effects of HNF4-saRNA Treatment in HFD Rats and Its Consequ

(A–D) H&E staining of paraffin-embedded liver section (A), animal body weight loss (B),

Serum glucose (E), insulin (F), interleukin-6 (IL-6) (G), and TG/HDL ratio (H) after treatme

two-tailed t test, 95% confidence interval); mean ± (SEM). (B, C, and E) One-tailed t te

expression in HNF4A-saRNA-treated cells lines are depicted in the context of lipid metab

decreases were observed in the expression of protein products of the genes (from Figure

the Illumina Body Map), and the color of the gene names correspond with the presenc
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injected three times per week at week 1 followed by one injection
every 2 weeks. At week 19, the animals were weighed and
euthanized. Blood samples were collected; the liver and pancreas
were removed, weighed, and processed for downstream analysis
(RNA extraction, formaldehyde fixed, and paraffin embedded).
White and brown fat content were also evaluated. The liver,
pancreas, and fat weight are expressed in relation to the total
body weight.

Serum Biochemical Profiles

Serum levels of ALT, AST, cholesterol, TG, HDL, LDL, ammonia,
WBCs, glucose, insulin, a2M, IL-1b, and IL-6 were measured
with VITROS 5.1 FS Chemistry Systems (Ortho-Clinical Diagnos-
tics). For lipid analysis, blood samples were collected for the deter-
mination of total cholesterol and TG content using commercial kits
(Sigma, St. Louis, MO, USA). Insulin resistance was evaluated
through the TG/HDL ratio. A TG/HDL ratio R3 is considered as
an index of insulin resistance. The following ELISA kits were
used according to the manufacturer’s protocol: Rat Insulin, Merco-
dia Cat. No. 10-1250-01; Rat IL-1 beta, RayBiotech Cat. No. ELR-
IL1b; Rat Alpha-2-Macroglobulin, Cloud-Clone Cat. No. SEB017Ra;
Rat IL-6, Cloud-Clone Cat. No. SEA079Ra; Rat TNF-a, BioLegend
Cat. No. 438207; and Rat Albumin, Bethyl Laboratories, Cat. No.
E110-125.

Liver Lipid Extraction and Quantification

For liver cholesterol measurement, 10 mg liver tissue was extracted
with 200 mL of chloroform/isopropanol/Nonidet P-40 (NP-40;
7:11:0.1). Cholesterol extracted from liver was quantified enzymati-
cally using a Cholesterol/Cholesteryl Ester Quantitation Kit
(K603-100; Biovision) following the manufacturer’s instructions.

For TGs extraction, tissues (�100 mg) were homogenized in 1 mL
water solution containing 5% NP-40. After a slow heat-up to 80�C–
100�C in the water bath, samples were maintained in the water bath
for 2–5 min or until the NP-40 became cloudy, then cooled down to
room temperature. The heating was subsequently repeated. The
samples were then centrifuged for 2 min at top speed in a micro-
centrifuge to remove any insoluble material. TGs extracted from
liver were quantified enzymatically using a Triglycerides Quantita-
tion Kit (K622-100; Biovision) following the manufacturer’s
instructions.

Histology

Samples from liver were fixed in 10% phosphate-buffered formalin,
embedded in paraffin, and stained with H&E.
ence on Lipid Metabolism

white fat body weight ratio (C), and liver body weight ratio (D) after treatment. (E–H)

nt. Asterisks denote significance as follows: *p < 0.05, **p < 0.01 (in A, F–H, and K,

st, 95% confidence interval. (I) Genes showing significant increase or decrease in

olism in the liver. Blue “up” arrows indicate increases and red “down” arrows indicate

2). Asterisks note genes that have levels of expression >20 in the liver (according to

e of HNF4a binding sites upstream of the gene (see Figure S1 for further details).



Table 1. SYBR Probes and FAM-Labeled Probes Used for Transcript Levels

Analysis

PROBE NAME CATALOGUE NUMBER MANUFACTURER

ACTB_1_SG QT00193473 QIAGEN

ALB_1_SG QT00189679 QIAGEN

CEBPA_1_SG QT00395010 QIAGEN

HNF4A_1_SG QT00188223 QIAGEN

GAPD_1_SG QT00199633 QIAGEN

HNF4A-P1 Rn 00696984m1 Applied Biosystems

HPRT Rn 01526840m1 Applied Biosystems

www.moleculartherapy.org
Proteomics Analysis

Phosphoproteomics experiments were performed using mass spec-
trometry as previously reported.13 In brief, cells were lysed in urea
lysis buffer (8M urea, 10 mM Na3VO4, 50 mM NaF, 100 mM
b-glycerol phosphate, and 25 mM Na2H2P2O7), and proteins
reduced and alkylated by sequential addition of 1 mM DTT and
5 mM iodoacetamide. Immobilized trypsin was then added to digest
proteins into peptides. After overnight incubation with trypsin, pep-
tides were desalted by solid-phase extraction (SPE) using OASIS
HLB columns (Waters) in a vacuum manifold following manufac-
turer’s guidelines with the exception that the elution buffer con-
tained 1M glycolic acid. Phospho-peptides were enriched from the
resulting peptide mixture using TiO2 chromatography with the
modifications described by Montoya.14 TiO2 chromatographic me-
dia were added to the SPE eluted peptides and incubated 5 min
with rotation. The TiO2 media were then packed in empty spin-
tips and washed three times with 1M glycolic acid, 5% trifluoroace-
tic acid (TFA). Phospho-peptides were eluted with 5% NH4OH and
dried in a vacuum concentrator.

Dried phospho-peptide extracts were dissolved in 0.1% TFA and
analyzed by nanoflow liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) in an LTQ-orbitrap as described before.13

Gradient elution was from 2% to 35% buffer B in 90 min with buffer
A (0.1% formic acid in water and buffer B was 0.1% formic acid in
acetonitrile) being used to balance the mobile phase. MS/MS was ac-
quired in multistage acquisition mode. MS raw files were converted
into Mascot Generic Format using Mascot Distiller (version 1.2)
and searched against the SwissProt database (Database: 2013.03)
restricted to human entries using the Mascot search engine (version
2.3). Allowed mass windows were 10 ppm and 600 mmu (millimass
units) for parent and fragment mass-to-charge values, respectively.
Variable modifications included in searches were oxidation of
methionine, pyro-glu (N-term), and phosphorylation of serine, thre-
onine, and tyrosine. Results were filtered to include those with a po-
tential for false discovery rate less than 1% by comparing with
searches against decoy databases. Quantification was performed by
obtaining peak areas of extracted ion chromatographs (XICs) for
the first three isotopes of each peptide ion using Pescal.15 Mass
and retention time windows of XICs were 7 ppm and 1.5 min,
respectively.
Transfection Reaction

For analyzing gene activation and protein expression, hepatocytes
were seeded into 24-well plates at a density of 1 � 105 cells/well.
Transfection was performed with Lipofectamine 2000 following the
manufacturer’s instructions (Cat. No. 11668019; Life Technologies).
HNF4A-saRNAs or Scramble saRNAs were added to the cells at a
final concentration of 50 nM. Transfection was repeated 24 h later,
and the cells were harvested at the 72-h time point. All experiments
with rifampicin were treated at a final concentration of 10 mM.

RNA Extraction

Total RNA was extracted for reverse transcription (QuantiFast
Reverse transcription; QIAGEN) and target cDNA amplification by
real-time PCR (QuantiFast SYBR Green Master mix). The cDNA
probes used are listed below using QuantiTect SYBR Probes from
QIAGEN.

Real-Time PCR Probes

Real-time PCR was performed with the SYBR/FAM probes according
to the manufacturer (QIAGEN, Applied Biosystems) (Table 1).

Protein Extraction for Western Blotting

Total protein was extracted using a conventional radioimmunopreci-
pitation assay (RIPA) buffer (50 mM Tris-HCl, 150 mM sodium
chloride, 1.0% Igepal, 0.5% sodium deoxycholate, and 0.1% SDS).
The total protein content was then quantitated using a Bradford assay,
following the manufacturer’s instructions (Bio-Rad). Total protein
extracts were separated by SDS-PAGE and transferred onto polyviny-
lidene fluoride (PVDF)membranes, thenwere probed with antibodies
against HNF4A (Cat. No. ab92378; Abcam), CYP3A4 (Cat. No.
ab124921; Abcam), albumin (Cat. No. ab131176; Abcam), and heat
shock protein 90 (HSP90; Cat. No. SPA-846; Stressgene). The proteins
of interest were detected with a horseradish peroxidase (HRP)-conju-
gated secondary antibody (1:5000) and visualized with LI-CORWest-
ern Sure ECL substrate, according to the manufacturer’s protocol.

Luciferase Assay

Luciferase assays were carried out according to the manufacturer’s in-
structions (Promega p450-Glo, TB325).

Data Analysis

All values were represented as a mean ± standard error or mean
(SEM). Statistical comparison between groups was done using the
Student’s t test, confidence interval 95%; p < 0.05 was considered to
be statistically significant (SPSS version 17.0; IBM Corporation, Ar-
monk, NY, USA).
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