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A Therapeutic Silencing RNA Targeting
Hepatocyte TAZ Prevents and Reverses

Fibrosis in Nonalcoholic Steatohepatitis

in Mice

Xiaobo Wang,1 Mark R. Sommerfeld,? Kerstin _]ahn—Hofmann,2 Bishuang Cai,! Aveline Filliol,! Helen E. Remotti,’

Robert F. Schwabe,! Aimo Kannt,”* and Ira Tabas "= 133

Nonalcoholic steatohepatitis (NASH) is emerging as a major public health issue and is associated with significant
liver-related morbidity and mortality. At present, there are no approved drug therapies for NASH. The transcrip-
tional coactivator with PDZ-binding motif (TAZ; encoded by WW domain-containing transcription regulator
1 [WWTRI]) is up-regulated in hepatocytes in NASH liver from humans and has been shown to causally pro-
mote inflammation and fibrosis in mouse models of NASH. As a preclinical test of targeting hepatocyte TAZ
to treat NASH, we injected stabilized TAZ small interfering RNA (siRNA) bearing the hepatocyte-specific li-
gand N-acetylgalactosamine (GalNAc-siTAZ) into mice with dietary-induced NASH. As a preventative regimen,
GalNAc-siTAZ inhibited inflammation, hepatocellular injury, and the expression of profibrogenic mediators, ac-
companied by decreased progression from steatosis to NASH. When administered to mice with established NASH,
GalNAc-siTAZ partially reversed hepatic inflammation, injury, and fibrosis. Conclusion: Hepatocyte-targeted siTAZ

is potentially a novel and clinically feasible treatment for NASH. (Hepatology Communications 2019;0:1-14).

onalcoholic ~ steatohepatitis (NASH) has

emerged as the leading cause of chronic liver

disease worldwide due to the ongoing epi-
demic of obesity. " This trend is expected to acceler-
ate, particularly with regard to advanced NASH and
its devastating consequence, liver fibrosis.**) Because
there are no U.S. Food and Drug Administration
(FDA)-approved drugs to treat NASH, there is
a critical need for novel therapies that can halt or
reverse the progression to hepatic fibrosis, cirrhosis,

and hepatocellular carcinoma (HCC).(6’8) We have
reported that hepatocytes in human and mouse
NASH liver have elevated levels of transcriptional
coactivator with PDZ-binding motif (TAZ; encoded
by WW domain-containing transcription regulator
1 [WWTRI]), a paralogue of yes-associated protein
(YAP) and a transcriptional coactivator of the Hippo
pathway that plays a key role in the regulation of organ
growth and cell fate. "% We demonstrated that silenc-
ing hepatocyte TAZ suppresses steatosis to NASH

Abbreviations: +, positive; a-SMA', smooth muscle a-actin”; AAVS, adeno-associated virus 8; ALT, alanine aminotransferase; ANOVA, analysis of
variance; BUN, blood urea nitrogen; Coll/3al, collagen type I/3, alpha 1; DMEM, Dulbeccos modified Eagle medium; FBS, fetal bovine serum; FDA,
U.S. Food and Drug Administration; GalNAc, N-acetylgalactosamine; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HGE, hematoxylin and
eosing HCG, hepatocellular carcinoma; HSC, hepatic stellate cell; IC;;, median inhibitory concentration; IFN, interferon; Ihh, Indian hedgehog; IP-
10, interferon-y-induced protein 10; IVC, inferior vena cava; MCP-1, monocyte chemoattractant protein 1; MMP, matrix metalloproteinase; mRINA,
messenger RNA; NASH, nonalcoholic steatohepatitis; NPC, nonparenchymal cell; PBMG, peripheral blood mononuclear cell; PBS, phosphate-buffered
saline; RNAi, RNA interference; siRNA, small interfering RINA; sq, subcutaneous; TAZ, transcriptional coactivator with PDZ-binding motif; TGE
transforming growth factor; Timpl, tissue inhibitor of metalloproteinase 1; TUNEL, terminal deoxynucleotidyl transferase—mediated deoxyuridine
triphosphate nick-end labeling; vol, volume; WWTRI1, WW domain-containing transcription regulator 1; YAR yes-associated protein.
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and NASH-induced fibrosis progression.'V The
mechanism of TAZ-induced fibrosis in NASH is as
follows: TAZ in hepatocytes induces the synthesis and
secretion of Indian hedgehog (Ihh), and Ihh activates
hepatic stellate cells (HSCs) to promote fibrosis. ™
RNA interference (RNAI) technology is a powerful
tool for sequence-specific silencing of disease-related
gene expression and has important clinical applica-
tions in diseases for which existing therapies remain
insufficient.">'®  Small interfering RNA (siRNA)
can direct sequence-specific degradation of messen-
ger RNA (mRNA), leading to suppression of synthe-
sis of the corresponding proteins. Nonviral carriers
of siRNAs, including polymeric nanospheres and
lipid nanoparticles, can deliver nucleic acid molecules

(13,14) However, the clinical

and silence genes in vivo.
development of nucleic acids as cell type-specific tar-
geted therapeutics has been stalled because most sys-
temic delivery methods lack organ specificity. Recent
studies in mice have shown that siRNA conjugated
to N-acetylgalactosamine (GalNAc), a ligand for
the hepatocyte-specific asialoglycoprotein receptor, is
taken up specifically by hepatocytes and causes robust
RNAi-mediated gene silencing in liver after subcu-
(15 Chronic weekly dosing
has been shown to be tolerated well in mice. These
studies have now moved into humans. In view of the
relative instability of siRNA, a key advance has been
to chemically modify the RNA structure to enhance

taneous administration.
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stability.'®!”) For example, in subjects with hyper-

cholesterolemia, a single injection with stabilized
GalNAc-siRNA targeting the hepatocyte propro-
tein convertase subtilisin/kexin type 9 (PCSK9) was
effective at lowering low-density lipoprotein for at
least 6 months.""”) More recently, the first hepatocyte-
targeted siRNA, patisiran, has been approved for clin-
ical use by the FDA for the treatment of hereditary
transthyretin amyloidosis. 5%

We now show that a stabilized GalNAc-siRNA
targeting hepatocyte TAZ suppresses the progression
of steatosis to NASH and partially reverses fibro-
sis and inflammation in a dietary mouse model of

NASH.

Materials and Methods

CELL CULTURE STUDIES

Mouse hepatoma Hepal-6 cells were purchased
from ATCC (CRL-1830). The cells were grown
in Dulbecco’s modified Eagle medium (DMEM)
(31966047, Gibco) supplemented with 10% fetal
bovine serum (FBS), 100 pg/mL streptomycin, and
100 U/mL penicillin and were incubated at 37°C,
5% CO,, and 95% relative humidity. A total of 48
siRNA sequences against mouse Wawfrl transcript

NM_001168281.1 were screened using Hepal-6
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cells seeded at 1.5 x 10° cells/well in 96-well plates.
Transfections were carried out in quadruplicate at
a final siRNA concentration of 10 nmol/L using
Lipofectamine 2000 (LP2000) per the manufac-
turer’s instructions (Invitrogen/Life Technologies,
Karlsruhe, Germany). The data were normalized to
glyceraldehyde 3-phosphate dehydrogenase (Gapdh)
and expressed as percentage of Wwitrl expression
relative to the mean value of three control siRNAs.
For dose-response curves, Hepal-6 cells were plated
in 96-well plates by adding 1.5 x 10° cells/well and
cultured overnight and then transfected with siR-
NAs, as described for the initial screening. The final
concentrations of each siRNA were 6-fold dilutions
starting at 100 nmol/LL for a 10-point curve. After
24 hours of incubation, the media were removed and
the cells were lysed in 150 pL of medium-lysis mix-
ture (1 volume [vol] lysis mixture, 2 vol cell culture
medium) and then incubated at 53°C for 30 minutes.
A branched DNA assay was used to assay Wwtrl
mRNA, according to the manufacturer’s instructions.
Luminescence was read using a 1420 Luminescence
Counter (WALLAC VICTOR Light; Perkin Elmer,
Rodgau-Jiigesheim, Germany) following a 30-minute
incubation at room temperature in the dark.

Silencing efficiency of siRNA6 and siRNAS on
TAZ protein was also analyzed as GalNAc conju-
gates (named siTAZ-1 and siTAZ-2, respectively) in
Hepal-6 cells. Cells were plated at 6.9 x 10° cells/well
in six-well plates and incubated with siRNAs or con-
trols for 48 hours as above. Cell lysates were generated
using radio immunoprecipitation assay (RIPA) buffer
(#89900; Thermo Fisher Scientific), and subsequent
TAZ protein levels were analyzed by immunoblotting,
as described below. The gene-silencing activity of
siTAZ-1 and siTAZ-2 was also tested using primary
mouse hepatocytes (HepaCur Mouse Hepatocytes
[C57BL/6]; Yecuris Corp., OR), which were seeded
at 3 x 10" cells/well in 96-well plates. Using a 7-point
dose-response curve in 10-fold dilutions starting at
10 pumol/L, the cells were incubated with siRNA in
the absence of a transfection reagent. After 24 hours,
Wwitrl mRNA was assayed as above.

PRIMARY CELL ISOLATION

Primary hepatocytes and nonparenchymal cells
(NPCs) were isolated from 8-9-week-old C57Bl/6]

mice. For hepatocytes, the inferior vena cava (IVC)
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was cannulated, the portal vein was cut, and the IVC
was perfused with solution 1 (8g/L NaCl, 0.4g/L
KCl, 0.12¢g/L. Na,HPO,, 0.09 g/L. NaH,PO,H,0,
2.38g/L 4-(2-hydroxyethyl)-1-piperazine ethanesul-
fonic acid [Hepes], 0.35 g/L. NaHCO,, 0.19 g/L
ethylene glycol tetraacetic acid, and 0.9 g/L glucose,
pH 7.35) at 5 mL/minute flow rate for 2-3 minutes.
The liver was then perfused with solution 2 (8g/L
NaCl, 0.4g/L KCl, 0.12g/L. Na,HPO,, 0.09 g/L
NaH,PO,-H20, 2.38 g/L. Hepes, 0.35 g/L, NaHCO;,
and 0.56 g/L. CaCl,2H,O, pH 7.35) containing
0.3 mg/mL collagenase type 1 (Worthington) for
20 minutes. Hepatocytes were filtered through a
100-pm filter and harvested after two centrifugations
at 90g for 1 minute and an additional purification of
viable cells on a Percoll cushion. Cells were seeded
on plates coated with collagen type 1 (#354236;
Corning) in Williams’ E medium supplemented with
10% (vol/vol) FBS, 2mM glutamine, and 5pg/mL
insulin. Seeding medium was removed after a 5-hour
period and replaced with a Williams’ E medium with-
out FBS but with 1mg/mL bovine serum albumin.
NPCs were isolated as described,(zo) with a few mod-
ifications. Briefly, the IVC was perfused sequentially
with solutions containing protease (P5147; Sigma
Aldrich) and collagenase D (11088866001; Roche).
The perfusates were subjected to 17% Nycodenz
(#1002424; Accurate Chemical) gradient centrifu-
gation to isolate the NPCs, which were then plated
in tissue culture dishes in DMEM containing 10%
FBS. Five hours after seeding, cells were washed with
the same medium to remove unattached cells. HSCs
were isolated from 5-6-month-old BALB/C mice, as
described.?? Briefly, the perfusion was carried out as
with NPCs, but the perfusates were subjected to 9.7%
Nycodenz gradient centrifugation to isolate HSCs,
which were then plated in tissue culture dishes and
used the next day. For bone marrow-derived macro-
phages, mice were euthanized with CO, and hind legs
were removed. Femurs were flushed using a 26-gauge
needle with DMEM containing 4.5 g/L glucose; 20%
L-cell media, which is a source of macrophage-colony
stimulating factor; 10% heat-inactivated FBS; and 1%
penicillin/streptomycin. Cell suspensions were passed
over a 40-pm filter, centrifuged at 500g, resuspended
in 50 mL of media, and plated into five 100-mm
dishes. Cells were incubated for 4 days, after which
nonadherent cells and debris were aspirated, followed

by addition of fresh medium. After 7 to 10 days of
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differentiation, the macrophages were harvested and
replated for experiments.(zl)

IFN-a AND IFN-y-INDUCED
PROTEIN 10 DETERMINATION

Interferon-a (IFN-a) and IFN-y-induced protein
10 (IP-10; [also known as C-X-C motif chemokine
ligand 10 (CXCL10)]) protein concentrations were
quantified in the conditioned media of human periph-
eral blood mononuclear cells (PBMCs) from three
different donors. Resuspended PBMCs (1 x 105) in
serum-free Roswell Park Memorial Institute 1640
medium were reversed transfected by incubation for
24 hours at 37°C, 5% CO,, and 95% relative humid-
ity with Lipofectamine 2000 and 100 nmol/LL of the
indicated targeting siRNA and nontargeting siRNA,
negative control siRNA, or positive control RNAs
(Mock, LEF2000 only; negative control 1, 2" O-methyl
oligo-modified siRNA; positive control 1, unmodified
siRNA; positive control 2, CpG oligodeoxynucleotides;
positive control 3, unmodified single-stranded RNA).
Cell culture medium (25 pL) was used for measurement
of IFN-a or IP-10 concentrations, using MesoScale
Discovery’s  electrochemiluminescence  technology
(Rockville, MD). A human IFN-oa2a isoform-specific
assay (K151VHK) and a human IP-10-specific assay
(K151UFK) were applied, using MesoScale’s U-PLEX

platform and according to the supplier’s protocol.

ANIMAL STUDIES
Male wild-type C57BL/6] mice (#000664,

8-10 weeks old) were obtained from Jackson
Laboratory (Bar Harbor, ME). The mice were
housed in Columbia University Medical Center
Institute of Comparative Medicine standard cages
at 22°C in a 12-12-hour light—dark cycle, with typ-
ically three to four mice per cage. After adaptation
for 1 week, the mice were assigned randomly to
experimental groups and fed the NASH diet (Teklad
diet, 160785; Teklad) with drinking water contain-
ing 23.1 g/L fructose and 18.9 g/L glucose for the
times indicated in the figure legends. Nontargeting
GalNAc siRNA (siControl), siTAZ-1, or siTAZ-2
from Axolabs (Kulmbach, Germany) or phosphate-
buffered saline (PBS) were delivered as a single sub-
cutaneous injection 9 weeks after the initiation of
the NASH diet or as once-weekly injections between

HEPATOLOGY COMMUNICATIONS, Month 2019

8 and16 weeks or 16 and 28 weeks of NASH-diet
teeding, using the doses indicated in the individ-
ual figures. Three days after the last injection, the
mice were killed, and blood, plasma, and selected
organs were harvested for further analysis. All ani-
mal experiments were performed by following insti-
tutional guidelines and regulations and approved by
the Institutional Animal Care and Use Committee
at Columbia University.

BLOOD AND PLASMA ASSAYS

Fasting blood glucose was measured using a glu-
cose meter (One Touch Ultra; LifeScan, Inc.) in
mice that were fasted for 5 hours with free access to
water. The following plasma assay kits were used in
this study: cholesterol (#439-17501) and triglyceride
(#465-09791, #461-09891) from Wako; and alanine
aminotransferase (ALT} #A526-120) from TECO
Diagnostics. Plasma albumin, total bilirubin, blood
urea nitrogen (BUN), and creatinine were assayed
in the diagnostic laboratory of the Institute of
Comparative Medicine at Columbia University Irving

Medical Center.

IMMUNOBLOTTING OF TISSUE
PROTEINS AND ENZYME-LINKED
IMMUNOSORBENT ASSAY

Protein from liver and other tissues was extracted
using RIPA buffer (#89900; Thermo Fisher Scientific),
and the protein concentration was measured by a bicin-
choninic acid assay (#23227; Thermo Fisher Scientific).
Proteins were separated by electrophoresis on 4%-20%
Tris gels (EC60285; Life Technologies) and trans-
ferred to nitrocellulose membranes (#1620115; Bio-
Rad). The membranes were blocked for 30 minutes
at room temperature in Tris-buffered saline and 0.1%
Tween 20 containing 5% (weight/vol) nonfat milk
and then incubated with primary antibody in the
same buffer at 4°C overnight, using 1:1,000 dilution.
The following antibodies were used: TAZ (#8418),
YAP (#4912), GAPDH (#3683), and fB-actin (#5125)
from Cell Signaling and anti-GAPDH from Sigma
(G9295). The protein bands were detected with horse-
radish peroxidase-conjugated secondary antibodies
(Cell Signaling) and Supersignal West Pico enhanced
chemiluminescent solution (#34080; Thermo Fisher
Scientific). Cultured cells were lysed in Laemmli
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sample buffer (#161-0737; Bio-Rad) containing 5%
B-mercaptoethanol, heated at 100°C for 5 minutes,
and then electrophoresed and immunoblotted as
above. ELISA kits were used to assay liver transform-
ing growth factor (TGF)-p1 (DY1679-05; R&D) and
monocyte chemoattractant protein 1 (MCP-1) (88-
7391-22; Invitrogen) according to the kit instructions.
The matrix metalloproteinase (MMP) activity kit was
from Abcam (ab112146).

IMMUNOFLUORESCENCE
MICROSCOPY

Paraffin sections were rehydrated, subjected to
antigen retrieval by placing in a pressure cooker for
10 minutes in Target Retrieval Solution (51699;
Dako), and then blocked with serum. Sections were
labeled with primary antibodies overnight, using a
1:150 dilution for a-smooth muscle actin (a-SMA)
(F3777; Sigma) and F4/80 (MCA497G, Bio-Rad),
tollowed by incubation with a fluorophore-conjugated
secondary antibody (not for a-SMA) for 1 hour.
Stained sections were mounted with 4’,6-diamidino-
2-phenylindole-containing mounting medium (P36935;
Life Technologies) and then viewed on an Olympus
IX 70 fluorescence microscope.

HISTOPATHOLOGICAL ANALYSIS

Inflammatory cells in hematoxylin and eosin
(H&E)-stained liver section images were quantified
as the number of mononuclear cells per field (20x
objective). For other parameters involving various
stains, computerized image analysis (Image]) was used
to quantify the stained area as a percentage of the
total area of view; the same threshold settings were
used for all analyses. For all analyses, we quantified
eight randomly chosen fields per section using three
sections per mouse, with 1 mm between sections.
Liver fibrosis was assessed by picrosirius (sirius) red
(#24901; Polysciences) and by fibrous stage scoring
of sirius red-stained sections by a trained patholo-
gist (H.R.) who was blinded to the identity of the
samples as follows: stage 1-2, patchy sinusoidal fibro-
sis; stage 2, generalized sinusoidal fibrosis; and stage
2-3, generalized sinusoidal fibrosis with focal bridg-
ing fibrosis. Terminal deoxynucleotidyl transferase—
mediated deoxyuridine triphosphate nick-end labeling
(TUNEL) staining was conducted using a kit from
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Roche (#12156792910). The images were randomly
captured, and quantification was conducted without
knowledge of mouse cohort assignment.

QUANTITATIVE REVERSE-
TRANSCRIPTION POLYMERASE
CHAIN REACTION

Total RNA was extracted from liver tissue using the
RNeasy kit (74106; Qiagen). Complementary DNA
was synthesized from 1 pg total RNA using oligo (dT)
and Superscript II (Invitrogen). Quantitative poly-
merase chain reaction (QPCR) was performed with a
7500 Real-Time PCR system (Applied Biosystems),
using SYBR Green chemistry (#4367659; Life
Technologies); hypoxanthine-guanine phosphoribo-
syltransferase (Hprz) served as the internal control.
Primer sequences are listed in Supporting Table S1.

STATISTICAL ANALYSIS

Data were tested for normality using the
Kolmogorov-Smirnov test, and statistical significance
was determined using GraphPad Prism software. All
data presented in the figures were normally distrib-
uted except for the fibrosis-stage data. Unless oth-
erwise indicated in the figure legends, the normally
distributed data were analyzed using the Student
¢ test for two groups with one variable tested and equal
variances; one-way analysis of variance (ANOVA)
with Tukey’s posttest for multiple groups with only
one variable tested; or two-way ANOVA with Sidak’s
posttests for more than two groups with multiple vari-
ables tested. Data are shown as mean values + SEM
or + SD, as indicated in the figure legends. Difterences
were considered statistically significant at P < 0.05. In
graphs with no symbols indicating statistical signifi-
cance, the P value was > 0.05.

Results

GalNAc-siTAZ STRUCTURE AND
EFFICACY OF SILENCING IN
Hepal-6 CELLS

For identification of siRNAs targeting murine
TAZ, which is encoded by the Waw¢rI gene, a screen-

ing library comprising 48 sequences was designed
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FIG. 1. Taz siRNA screen in mouse liver cells. (A) Forty-eight siRNAs designed against mouse Taz (Ww#rl) were transfected into
mouse Hepal-6 cells using an siRNA concentration of 10 nM; Wwsrl mRNA was assayed 24 hours later. Data were normalized to
Gapdh, and the values in the graph are shown as percentage of Wawtrl expression relative to the mean value of three nonspecific control
siRNAs (= 100%). The average of four biological replicas + SD is shown. (B) Dose-response curves of siRNA6 and siRNAS; the
average of four biological replicas + SD is shown. (C) Hepal-6 cells were left untreated (-) or incubated under mock conditions with
siCtrl or with 5 or 50 nM siTAZ-1 or siTAZ-2, which are the GalNAc conjugates of siRNA6 and siRNAS, respectively. Taz protein
was analyzed by immunoblot and quantified by densitometry. (D) Primary mouse hepatocytes were incubated with the indicated
concentrations of siTAZ-1 and siTAZ-2 and then assayed for Waw¢r? mRNA. The average of four biological replicas + SD is shown.
(E) Primary mouse hepatocytes, bone marrow-derived macrophages, and HSCs were incubated with 100 nM siControl or siTAZ-2
(shown as 2) and then assayed for Waw#rI mRNA. The average of four biological replicas + SEM is shown. (F) Human PBMCs were left
untreated (-); incubated under mock conditions; with a negative control or three positive controls, as defined in Materials and Methods;
with siCtrl; or with 100 nM siTAZ-2. After 24 hours, IFN-a2a and IP-10 were assayed. Data are shown for PBMCs from three
healthy donors as mean average of two to six biological replicas + SD; *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: C, siControl;
Ctrl, control; HC, primary hepatocyte; HSC, hepatic stellate cell; Mac, bone marrow-derived macrophage.

against transcript NM_001168281.1. In order to
evaluate Taz siRNA silencing activity in vitro, oli-
gonucleotides were synthesized and transfected
into Hepal-6 hepatoma cells. At a concentration
of 10 nmol/L,18 out of 48 siRNAs resulted in a
greater than 50% reduction of Wwsrl mRNA and
four showed greater than 80% Ww¢rl knockdown
(Fig. 1A). Dose-response experiments were per-
formed for the top 11 siRNAs to verify the initially
observed mRNA reduction and to determine median
inhibitory concentration (IC,) values. The two most
potent Taz siRNAs with IC,, values of 0.25 nmol/L
(siRNA6) and 0.34 nmol/L (siRNAS8) (Fig. 1B)
were selected, GalNAc-modified, and scaled up
for additional in witro and in wvive experiments.
The GalNAc-modified conjugates of siRNA6 and
siRNAS8 were named siTAZ-1 and siTAZ-2, respec-
tively (sequences in Table 1).

The silencing efficiencies of siTAZ-1 and siTAZ-2
were tested in Hepal-6 cells with Lipofectamine
2000 as the transfection reagent and showed a reduc-
tion in TAZ protein of 80%-90% (Fig. 1C). In pri-
mary mouse hepatocytes, siTAZ-1 and siTAZ-2
in the absence of any transfection reagent dose
dependently lowered Wws1 mRNA with 1C,, val-
ues of 0.14 nmol/L and 0.095 nmol/L, respectively
(Fig. 1D). siTAZ-2 was selected for further in vitro
and in vivo characterization. In vitro, we showed
that GalNAc-siTAZ-2 did not lower Wwtrl mRNA
in macrophages and HSCs (Fig. 1E). To test for
an immune response, PBMCs from three different
donors were incubated with siTAZ-2 or nontargeting
siRNA, followed by assay of the media for secreted
IFN-a and IP-10. In this assay, three different pos-

itive controls showed a response, but there were no

signs of immune stimulation with either siTAZ-2 or
the nontargeting siRNA (Fig. 1F).

GalNAc-siTAZ DECREASES TAZ IN
THE LIVERS OF NASH MICE

In a previous study, we characterized and validated
a model of diet-induced obesity, insulin resistance,
and NASH in C57BL/6] mice."! The diet, which is
rich in fructose, palmitic acid, and cholesterol, causes
steatosis after 8 weeks and increased TAZ, inflam-
mation, cell death, and early stage fibrosis between 8
and 16 weeks."'? Mice were fed the NASH diet for
9 weeks to induce TAZ expression in liver and then
injected subcutaneously with GalNAc-siTAZ-1 or
-siTAZ-2 (5 and 15 mg/kg), nontargeting GalNAc-
siRNA (siControl; 15 mg/kg), or PBS. Organs were
harvested 3 days after injection (Fig. 2A). We found
that TAZ protein was ~90% lower in the livers of all
four groups of mice injected with GalNAc-siTAZ,
while the related protein YAP was not affected by
GalNAc-siTAZ (Fig. 2B). GalNAc-siTAZ did not
alter TAZ expression in the heart, lung, muscle, spleen,
or kidney (Supporting Fig. SIA-E).

Further, we isolated hepatocytes and NPCs from
C57BL/6] mice from mice treated with GalNAc-
siControl or GalNAc-siTAZ-2 and assayed TAZ
and YAP. GalNAc-siTAZ-2 inhibited TAZ expres-
sion in hepatocytes but not in NPCs, and YAP was
not decreased in either cell type (Fig. 2C,D). Thus
GalNAc-siTAZ efficiently and specifically low-
ers liver hepatocyte TAZ in NASH diet-fed mice.
We also tested TAZ silencing efficiency after one
injection of GalNAc-siTAZ in mice fed a high-fat/

cholesterol/fructose diet enriched in transfatty acids



WANG ET AL. HEPATOLOGY COMMUNICATIONS, Month 2019
TABLE 1. SEQUENCES OF siTAZ-1 AND siTAZ-2

SIRNA Strand Direction Sense Strand* Antisense Strand*

SITAZ-] 5 -3 cscsaGgGeUuGuAgUuUcUuUaAs(GalNAc3) UsUsaAaGaAaCuAcAaGeCesdTsdT

SITAZ-2 5 -3 cscsaGuUaAuUuAaGuUuCgAcAs(GalNAc3) UsGsuCgAaAcUuAaAuUaAcsdTsdT

*Small letters (a, ¢, g, u), 2 O-methyl oligo modification; capital letters, 2’-F modification; s, phosphorothioate.

B siControl siTAZ-1  siTAZ-1  siTAZ-2 siTAZ-2
0 weeks 9 weeks 3 days later livers PBS (15 mg/kg) (15 mg/kg) (5 mglkg) (15 mglkg) (5 mg/kg)
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started on . PBS(P) |‘. o8 . h ; | Tz
NASH diet « siControl (nontargeting) 15 mg/kg (C) ‘ AT T Y Y 1
+ SiTAZ-15 and 15 mglkg (1) s ——— | P
« siTAZ-2 5 and 15 mg/kg (2) Liver
Cc . . D . .
siCtrl SiTAZ-2 siCtrl SiTAZ-2
I'in i o |TAZ (- o0 G 68 &8 &8 |TAZ
(o> o0 @ o= oo & | YAP

[ - - ————] 5 _actin

I — e —— —— a— | GAPDH
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Nonparenchymal cells

FIG. 2. TAZ silencing using GalNAc-siTAZ in NASH mice. (A) Experimental scheme. Male C57BL/6] mice were fed the NASH
diet for 9 weeks and injected with PBS, GalNAc-siControl, or GalNAc-siTAZ-1 or GalNAc-siTAZ-2 at the indicated doses.
(B) Immunoblots of YAP and TAZ in the livers of the treated mice. (C,D) Immunoblots of TAZ and YAP in primary hepatocytes and
NPCs isolated from mice treated with GalNAc-siControl or GalNAc-siTAZ-2. Abbreviations: Ctrl, control; HC, primary hepatocyte.

(amylin liver NASH [AMLN] diet) for 61 weeks,
which induces substantial fibrotic NASH after long-
term feeding.*” As with the NASH model above,
GalNAc-siTAZ was very effective at silencing
liver TAZ protein and Wwsrl mRNA (Supporting
Fig. S2).

GalNAc-siTAZ DECREASES THE
PROGRESSION FROM STEATOSIS
TO NASH IN MICE

To test the efficacy of TAZ siRNAs in NASH
development, we fed male C57BL/6] mice with the
NASH diet for 8 weeks, which we showed previously
causes steatosis but not NASH.'Y The mice were
then injected once weekly with 10 mg/kg GalNAc-
siTAZ-1, GalNAc-siTAZ-2, or siControl or an equal
volume of PBS subcutaneously for an additional
8 weeks while still on the NASH diet (Fig. 3A).

Liver TAZ protein was significantly decreased by
GalNAc-siTAZ-1 and -siTAZ-2 but not by siControl
(Fig. 3B,C). Serum ALT, a marker of liver injury, was
unexpectedly decreased by nontargeting siControl, but
it was decreased to a greater extent by GalNAc-siTAZ
(Fig. 3D). Body weight, liver:body weight ratio, fast-
ing blood glucose, plasma triglycerides, plasma cho-
lesterol, and liver triglyceride were similar among the
four groups of mice (Supporting Fig. S3A-F).

We next evaluated the livers from these mice. As
expected,™? livers from PBS-treated mice that were fed
the NASH diet for 16 weeks accumulated inflammatory
cells and demonstrated early fibrosis, and both of these
parameters were decreased by GalNAc-siTAZ (Fig. 4A;
Supporting Fig. S4A,B). Consistent with the plasma
ALT data (above), there was slightly lower inflamma-
tion and fibrosis in livers from siControl-treated mice
than in livers from PBS-treated mice. At the mRNA
level, GaINAc-siTAZ caused a marked decrease in the
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FIG. 3. Mice treated with GalNAc-siTAZ during steatosis to NASH progression have markedly lower liver TAZ without affecting
metabolic endpoints, liver triglyceride, or plasma lipids. (A) Experimental scheme. Male C57BL/6] mice were fed the NASH diet for
8 weeks and then injected once weekly for 8 additional weeks with PBS, GalNAc-siControl, GalNAc-siTAZ-1, or GalNAc-siTAZ-2
at 10 mg/kg. (B,C) Immunoblots of liver TAZ in mice from the various experimental groups. (D) Assay of plasma ALT. For panel D,
n = 8 mice/group, and values shown are mean + SEM; *P < 0.05 using one-way ANOVA. Abbreviations: 1, siTAZ-1; 2, siTAZ-2; C,

siControl; P, phosphate-buffered saline.

expression of mRNAs related to both hepatic inflam-
mation (tumor necrosis factor a [77fa] and McpI) and
fibrosis (tissue inhibitor of metalloproteinase 1 [7impI],
collagen, type I, alpha 1 [Co/lal], Col3al, and Tgfb1)
(Fig. 4B). These changes were accompanied by decreases
in both F4/80-positive (+) macrophages and smooth
muscle a-actin® (a-SMA”) cells (Fig. 4C; Supporting
Fig. S4C,D). In addition, MCP-1 and TGF-p1 pro-
tein levels were decreased in GalNAc-siTAZ-treated
livers (Fig. 4D). There was also a decrease in TUNEL"
cells in the livers of GalNAc-siTAZ-treated livers
(Fig. 4E; Supporting Fig. S4E), indicating that TAZ
silencing reduced cell death. Thus, treatment of mice
having established steatosis with GalNAc-siTAZ
decreases the progression to NASH.

GalNAc-siTAZ DECREASES
INFLAMMATION AND FIBROSIS
IN MICE WITH ESTABLISHED
NASH

NASH treatment in humans would have to be
effective in halting the progression of NASH or
reversing NASH in subjects that present with early

NASH. To test the efficacy of GalNAc-siTAZ in
this scenario, we placed mice on the NASH diet for
16 weeks to allow development of early stage NASH
and then injected them with PBS or 10 mg/kg
GalNAc-siTAZ-2 subcutaneously each week for an
additional 12 weeks while still on the NASH diet
(Fig.5A). GalNAc-siTAZ-2 efficiently lowered TAZ
protein and Wwsrl mRNA but not YAP protein in
the livers of these mice (Fig. 5B). Body weight, fast-
ing blood glucose, plasma cholesterol, and plasma
triglyceride were similar among the two groups of
mice (Supporting Fig. S5A-D). As expected for
28 weeks of NASH diet feeding, the control PBS-
treated mice had substantial hepatic inflammation
and fibrosis as assessed by inflammatory cell content,
sirius red area, and fibrosis grading by a liver pathol-
ogist, and both of these key endpoints were mark-
edly improved by GalNAc-siTAZ-2 (Fig. 5C,D;
Supporting Fig. S6A,B). These changes were accom-
panied by decreases in hepatic mRNAs encoding
proteins that mediate inflammation and fibrosis in
NASH (Fig.5E).In addition, GaNAc-siTAZ caused
decreases in both F4/80" macrophages and a-SMA”"
area (Fig. 5F; Supporting Fig. S6C,D). MCP-1
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FIG. 4. Mice treated with GalNAc-siTAZ during steatosis to NASH progression show improvements in liver inflammation and
fibrosis and less liver cell death. (A) Livers of the mice described in Fig. 3 were stained with H&E (upper row of images) and sirius
red (lower row of images) and then quantified for inflammatory cells per field and percentage sirius red area. Scale bar, 200 pm;
*indicates difference from P. (B-E) The following endpoints were assayed in the livers of these mice: (B) indicated mRNAs; (C) percent
of F4/80" cells and a-SMA" area; (D) MCP-1 and TGF-p1 concentration; and (E) percentage of liver cells that stained for TUNEL.
For all panels, n = 8 mice per group; values shown are means + SEM; *P < 0.05 using one-way ANOVA. Abbreviations: 1, siTAZ-1; 2,
siTAZ-2; C, siControl; P, phosphate-buffered saline; 77z, tumor necrosis factor a mRNA.

and TGF-P1 protein levels were also decreased
in  GalNAc-siTAZ-2-treated livers (Fig. 5G).
GalNAc-siTAZ also decreased TUNEL" cells in
the liver and plasma ALT (Fig. 5H,I; Supporting
Fig. S6E), indicating less liver damage.

A key mechanism through which hepatocyte
TAZ promotes fibrosis is by inducing the expression
and secretion of Ihh, which then activates HSCs to
produce collagen.(ll) In line with this mechanism,
GalNAc-siTAZ-2 lowered the expression of hepatic
Ihbh (Fig. 5]). In addition, MMP activity was increased

10

in GalNAc-siTAZ-treated livers (Fig. 5K), which
may indicate that siTAZ promotes collagen degra-
dation during NASH regression. GalNAc-siTAZ-2
did not increase hepatic expression of IP-10 with
tetratricopeptide repeats 1 (Ifiz1), Cxc/10, Ifna, or Ifnb
(Supporting Fig. SSE), which, like the PBMC data
in Fig. 1F, suggests absence of an immune response
to the siRNA. GalNAc-siTAZ-2 also did not alter
thymus cell antigen 1 (7%y7) mRNA, which encodes
the HCC-specific cancer stem cell marker clusters
of differentiation (CD)90%® (Supporting Fig. S5F).
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Further, mice treated with GalNAc-siTAZ-2 had

similar plasma concentrations of albumin, total bil-
irubin, creatinine, and BUN as PBS-treated mice

(Supporting Fig. S5G), and GalNAc-siTAZ treat-
ment was not associated with overt signs of toxicity,
e.g., body weights and activity levels were similar to
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FIG.5. GalNAc-siTAZ treatment after the development of NASH reduces liver inflammation and fibrosis. (A) Experimental scheme.
Male C57BL/6] mice were fed the NASH diet for 16 weeks and then injected once weekly for 12 additional weeks with PBS or
GalNAc-siTAZ-2 at 10 mg/kg. (B) Livers were immunoblotted for TAZ and B-actin and assayed for Waw¢rz7 mRNA. (C) Livers were
stained with H&E (upper row of images) and sirius red (lower row of images) and then quantified for inflammatory cells per field and
percentage sirius red area. Scale bars, 200 pm. (D) Livers were scored for fibrosis stage as described in Materials and Methods. P value
was calculated from the average score for each group using the Wilcoxon rank-sum test. (E-K) The following endpoints were measured
in the livers or plasma from these mice: (E) indicated mRNAs; (F) percentage of F4/80" cells and the a-SMA”™ area; (G) MCP-1
and TGF-p1 concentrations; (H) percentage of liver cells that stained for TUNEL; (I) plasma ALT; (J) I4h mRNA; and (K) MMP
activity. For all graphs, n = 7 (PBS) and n = 8 (GalNAc-siTAZ-2) mice. Values shown for all graphs except panel D are means + SEM;
*P < 0.05 using the two-tailed Student # test. Abbreviations: 2, siTAZ-2; Acta2, smooth muscle aortic a-actin; AU, arbitrary unit; Dpt,
dermatopontin; Opn, osteopontin; P, phosphate-buffered saline.

those of control mice. In summary, GalNAc-siTAZ
treatment improves hepatic inflammation and fibrosis
and liver damage even in mice with pre-established

NASH.

Discussion

Understanding the pathophysiology of steatosis to
NASH progression at a deep mechanistic level has
the potential to identify novel therapeutic targets for
this widespread and devastating disease for which no
FDA-approved drugs currently exist. Our previous
work has identified hepatocyte TAZ as a potential
NASH target based on multiple pieces of evidence,
including mechanistic and causation studies using
human and mouse primary hepatocytes; causation
studies in several mouse models of NASH; and sup-
portive evidence from the analysis of liver specimens
from humans with various stages of nonalcoholic fatty
liver disease.') The fact that this target is in hepato-
cytes provides the potential for cell-specific targeting
as siRNA-based therapies targeting hepatocyte genes
have shown efficacy in humans for a variety of dis-
cases, >+ including hemophilia,(27) hypercholes-
terolemia and atherosclerotic heart disease,(17) and
hard to cure cancers.?® Most importantly, the FDA
has recently approved the first hepatocyte-targeted
RNAI drug, patisiran, for the treatment of hereditary
transthyretin amyloidosis.(ls) In this context, we have
shown here that GalNAc-siTAZ inhibited several key
parameters that drive NASH, including fibrogenesis,
inflammation, and cell death, and that GalNAc-siTAZ
reduced fibrosis, the main determinant of outcomes
in human NASH,®? both in a preventative setting
as well as a therapeutic setting with more advanced
fibrosis, i.e., F2-F3 stage, after 28 weeks. Our previous
study showed that the ability of adeno-associated virus
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8 histone H1 (AAV8-H1)-siTaz to inhibit NASH
fibrosis was mechanistically linked to suppression of
hepatocyte Thh,™” and we show here that GalNAc-
siTAZ lowers hepatic Ihh. However, cell death and
inflammation were also lowered by GalNAc-siTAZ,
and these processes have been shown in other studies
to contribute to liver fibrogenesis.***? Although our
previous study presented detailed mechanistic work
linking TAZ to NASH fibrosis,’” the mechanism
linking TAZ to cell death and inflammation remains
to be investigated.

For hepatocyte targeting, GalNAc has been proven
to be effective owing to its being a highly efficient
ligand for the hepatocyte asialoglycoprotein recep-
tor. 123233 15 the case of TAZ, hepatocyte-specific
targeting is critical as it has other functions in other
cell types that would likely introduce safety concerns
to the use of systemic TAZ-inhibitory therapy.®*>%
Moreover, previously developed small molecule inhib-
itors target not only TAZ but also the related tran-
scription regulator YAP or the TAZ-YAP common
cofactors TEA domain transcription factor (TEAD)1-
4,394 thus further limiting specificity. Although
there could be safety concerns even about targeting
only TAZ specifically in hepatocytes, TAZ expres-
sion in healthy liver is very low or undetectable.!)
Moreover, we observed no changes in body weight or
activity level and no other physical signs of illness in
NASH mice using three different methods of hepato-
cyte TAZ targeting (AAV8-H1-short hairpin [sh]
Taz and treatment of Wawsr?* " mice with AAVS-
thyroxine binding globulin promoter-Cre [TBG-cre]
in our previous study'” and GalNAc-siTAZ here).
Moreover, the mice treated with GalNAc-siTAZ-2 in
the fibrosis reversal experiment showed no decrease
in plasma albumin and no increases in total bilirubin,
creatinine, or BUN. Nonetheless, safety issues related

to both the target TAZ and the therapeutic agent
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(hepatocyte-specific stabilized siRNA) will need to be
closely monitored. A limitation of our study is that
our NASH model induced mild to moderate fibrosis,
which equated F2-F3 fibrosis at 28 weeks at the end
of our intervention study. Most studies on NASH-
induced fibrosis focus on patients with F3-F4 fibro-
sis in order to measure changes in clinical outcomes.
Hence, studying the effect of GalNAc-siTAZ in
mouse models of NASH with F3-F4 NASH fibro-
sis may be desirable to confirm that TAZ inhibition
leads to fibrosis regression even in these very advanced
stages. In the current study, we were also surprised
to see a benefit, albeit modest, with nontargeting
GalNAc-siControl versus PBS in certain endpoints
(Figs. 3 and 4). This finding will require further inves-
tigation as more advanced formulations of hepatocyte-
targeted siTAZ are investigated.

Systemically delivered therapy can be a challenge
in humans, but stabilization of siRNA using enhanced
stabilization chemistry enables therapeutic siRNAs to
be administered at relatively infrequent intervals, e.g.,
once every 6 months, depending also on the half-life
of the targeted protein.!”) In the current study, we
used once weekly injections as these were tool com-
pounds that were not yet optimized for a long half-
life. Moreover, the subcutaneous route of therapeutic
siRNAs, i.e., rather than intramuscular or intrave-
nous administration, further favors good compliance.
Finally, future developments in this field may lead to
the possibility of enteral administration.*?

In summary, we have demonstrated in a preclin-
ical model that silencing hepatocyte TAZ using a
platform shown so far to be safe and effective in
humans can both block steatosis to NASH progres-
sion and help reverse features of already established
NASH. The importance of further work in this area
is underscored by the fact that NASH is emerging
worldwide as the leading cause of liver transplanta-
tion and HCC"¥ and that no drugs are currently
approved to treat this devastating illness.
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