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Abstract

Nonalcoholic steatohepatitis (NASH) is a malady of multiple cell types associated with
hepatocyte triglyceride (TG) accumulation, macrophage inflammation, and stellate cell-
induced fibrosis, with no approved therapeutics yet available. Here, we report that stellate
cell fatty acid synthase (FASN) in de novo lipogenesis drives the autophagic flux that is
required for stellate cell activation and fibrotic collagen production. Further, we employ a
dual targeting approach to NASH that selectively depletes collagen through selective
stellate cell knockout of FASN (using AAV9-LRAT Cre in FASN" mice), while lowering
hepatocyte triglyceride by depleting DGAT2 with a GalNac-conjugated, fully chemically
modified SIRNA. DGAT?2 silencing in hepatocytes alone or in combination with stellate cell
FASNKO reduced liver TG accumulation in a choline-deficient NASH mouse model, while
FASNKO in hepatocytes alone (using AAV8-TBG Cre in FASN" mice) did not. Neither
hepatocyte DGAT?2 silencing alone nor FASNKO in stellate cells alone decreased fibrosis
(total collagen), while loss of both DGAT2 plus FASN caused a highly significant
attenuation of NASH. These data establish proof of concept that dual targeting of DGAT2
plus FASN alleviates NASH progression in mice far greater than targeting either gene

product alone.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a malady associated with excess triglyceride
accumulation within hepatocytes (hepatic steatosis) and affects nearly 1 billion people
globally 1. Recent data suggest that by 2040, more than half the adult population will be
afflicted by NAFLD, a 43.2% increase from the 2020 prevalence %2. Presented by itself,
NAFLD can be relatively benign; however, it is often associated with comorbidities such
as obesity and type 2 diabetes and therefore varies in severity and impact on health.
Importantly, it is estimated that 20-25% of NAFLD patients will progress to develop
nonalcoholic steatohepatitis (NASH), characterized by hepatic steatosis in conjunction
with severe inflammation and fibrosis 4°. NASH is largely driven by proinflammatory
immune cells such as macrophages and Kupffer cells and by stellate cells that secrete
collagens and other extracellular matrix proteins 571011 While lifestyle improvements
such as weight loss can alleviate NASH, behavioral modifications are often challenging
to execute and have not yielded a definitive solution. Furthermore, clinical trials of dozens
of potential therapeutics for NASH have failed and no current treatment is approved for

this disease, 26:10,12-15

Evidence has emerged supporting the hypothesis that hepatic steatosis is the major
independent initiator of NASH. Multiple human genome-wide association studies show
strong links between the incidence of NASH and single-nucleotide polymorphisms in
genes specifically related to lipid metabolism, such as PNLP3, TM6SF2, LYPLAL1,

GCKR, and PPP1R3. Not only do these gene variants track with steatosis, but also with
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steatohepatitis and hepatic fibrosis 1523, Based on these findings, our laboratory ?* and
others 2> have investigated the potential of diacylglycerol O-acyltransferase 2 (Dgat2),
a crucial enzyme in the synthesis of triglycerides 3132, as a therapeutic target. Some
alleviation of NASH by inhibiting liver DGAT2 has been achieved in mice 25272930 gnd
humans 2528, In our studies, subcutaneous injection of a fully chemically modified, small
interfering RNA (siRNA) targeting Dgat2 (denoted Dgat2-1473) significantly reduced the
fatty liver phenotype in a NASH mouse model with obesity, as detected by reduced
triglyceride accumulation (>85%, p < 0.0001). However, this improvement in steatosis did
not translate into a similar reduction of liver fibrosis, as collagen proteins and expression
of genes related to inflammation remained elevated in sdDgat2-injected NASH mice 24,
Thus, these and other data % suggest that inhibiting triglyceride synthesis alone is not
sufficient to fully reverse NASH, but rather targeting one or more genes in the pathways

of inflammation and fibrosis may also be necessary 83334,

One promising set of candidate genes that control stellate cell fibrosis and could be
targeted in combination with hepatocyte DGATZ2 include acetyl-CoA carboxylase (ACC),
and fatty acid synthase (FASN) in the de novo lipogenesis pathway (DNL). Selective
inhibitors of ACC and FASN were found to significantly decrease both procollagen
synthesis and DNL in cultured LX2 stellate cells 3%, suggesting a surprising relationship
between the lipogenesis and fibrosis pathways in these cells. In rat models of NASH,
inhibiting both DGAT2 and ACC enzymes reduced liver fat and collagen levels as well as
circulating ALT/AST enzymes, although some elevation of serum triglyceride (TG) was

observed upon ACC inhibition 26. In addition, major inflammatory pathways were
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attenuated by FASN blockade through diminished production of Th17 cells in human
primary peripheral blood mononuclear cells (PBMCs) in vitro 36. Results in preclinical
models 3¢ and two recent clinical trials 372 using FASN inhibitors have achieved
significant decreases in NASH indicators without detectable complications or increased
plasma TGs. Although early-stage and preliminary, these advances indicate that targeting
de novo lipogenesis may have significant, direct effects on the fibrosis aspect of NASH
as well as lipid accumulation. However, the mechanism through which DNL regulates

stellate cell activation has remained a key unresolved question in the field.

Based on the above considerations, the present studies had two aims: First, we
addressed the mechanism by which FASN is required for stellate cell activation. A major
clue came from our recent report 3° indicating that DNL and FASN fuels autophagy flux in
cells by providing fatty acids in phospholipids for rapid expansion of autophagic
membranes. Autophagy is known to be required for stellate cell activation 4°-43. We show
here that blockade of palmitate synthesis by FASN inhibition indeed blunts the activation
of stellate cells and their synthesis of collagen in association with attenuation of
autophagy progression. A second aim was to test whether selectively inhibiting
hepatocyte DGAT2 and stellate cell FASN maximally alleviates NASH development in
mice. Here we report proof of concept that such dual targeting is indeed a powerful
strategy for alleviating NASH, using a choline-deficient high-fat diet (CDAHFD) mouse
model. Overall, our data demonstrate that DGAT2-FASN dual-targeting in the liver can

alleviate both steatosis and fibrosis in a well-validated mouse model of NASH.
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Results & Discussion:

We first tested the hypothesis that FASN promotes Tgf-B-driven activation of human
stellate cells in vitro. To investigate the role of palmitate production in stellate cell
activation, LX2 human stellate cells were treated with a validated, potent, and specific
small molecule inhibitor of FASN, TVB-3664 364445 at a final concentration of either 1nM
or 100nM for 4 hours. Cells were then subjected to 5ng/ml Tgf-B, a strong stimulator of
stellate cell activation #6. Forty-eight hours later, the morphology of activated stellate cells,
with increased cell size and elongation of spindle-like structures 46, was easily observed
in Tgf-B treated cells. In contrast, TVB-3664 severely inhibited this morphological change
in LX-2 cells that were exposed to Tgf-$ (Fig.1A). Moreover, FASN inhibition also blocked
Tgf-B-induced type 1 collagen protein expression, aligning with a previous publication3®
(Fig.1B). Surprisingly, this reduction of collagen 1 protein in response to FASN inhibition
correlates with reduced phosphorylated SMAD3 protein, a major driver of collagen
production. Taken together, these results suggest that blocking palmitate synthesis
attenuates downstream elements in Tgf- signaling that promote fibrosis, as supported
by the reduction in mRNA levels of Collal (Fig 1B) and Acta2(Fig 1C) by TVB-3664.
Further analysis of these experiments showed that FASN inhibition leads to a reduction
in expression of several genes that have been associated with NASH, including Cptla 4’
and Hsp4748, consistent with a more quiescent stellate cell phenotype (Fig.1C).
Strikingly, FASN inhibition in Tgf-B activated stellate cells induced remarkable
upregulation of Pgc-1a, Ppara, Sirt1, and Nrf2 (Fig 1D), suggesting possible overall

improvements in mitochondrial biogenesis as well as a reduction in oxidative stress.
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Interestingly, Nrf2 has previously been reported to have an inhibitory role in profibrotic
SMADZ2/3 phosphorylation in stellate cells 4°. Our findings related to p-SMAD3 levels
(Fig.1B) and increased Nrf2 gene expression upon FASN inhibition are consistent with a
strong anti-fibrotic effect of TVB-3664. Upregulation of Nrf2 was also correlated with the
reduction in expression of Nox4, a major enzyme in the ROS production pathway 0,
supporting a possible lower oxidative stress state upon FASN inhibition in activated

stellate cells (Fig.1D).

Although it is established that inhibition of DNL enzymes blunts stellate cell activation, the
underlying mechanisms were unknown. To investigate how inhibition of DNL blocks
stellate cell activation, we developed fully chemically modified siRNAs, targeting the
human FASN transcript. These compounds were designed and synthesized as previously
described 245153 (Fig.2A). To identify FASN sequences susceptible to potent silencing
capability in vitro, several test sequences targeting different regions of human FASN
MRNA were generated by a custom algorithm designed to optimize predicted silencing
efficiency of chemically modified RNAs. This panel of compounds was synthesized and
initially screened for silencing efficacy in LX2 human stellate cells by direct addition to the
culture medium to a final concentration of 1.5 pM. Silencing effects on levels of FASN
MRNA and housekeeping (B2M) gene mRNA after 48 h of treatment was assessed with
the QuantiGene assay. Six compounds achieved greater than 70% silencing in the initial
screen (Fig.2B). To investigate the potency of sequences identified in the initial screening,
dose-response relationship assays were carried out with LX2 cells treated with 8

concentrations of either compound 2314, 5428,8323 or 8324 (1.5 pM to 0.023 uM) for
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48h. These potency tests revealed IC50 values of 111.2 nM, 49.1 nM, 147 nM, and 20.4
nM compounds 2314, 5428,8323, or 8324 for silencing human FASN mRNA, respectively

(Fig.2C).

Additionally, transmission electron microscopy imaging was utilized to view cellular
changes in response to FASN silencing (Fig 2D). LX2 human stellate cells were plated in
6 well plates and serum-starved overnight. After 6-hour pre-treatment with either
Cholesterol conjugated non-targeting control compound (Chol-NTC) or Cholesterol
conjugated FASN-2314 (Chol-FASN-2314), stellate cell activation was initiated with the
addition of recombinant human Tgf- (5ng/ml final concentration). Forty-eight hours later,
cells were fixed and sectioned for transmission electron microscopy (TEM). The TEM
imaging shown in Fig 2D is in line with previous findings showing increased numbers of
autolysosomes during stellate cell activation 4%-43, indicated with black arrows, in Tgf-B +
Chol-NTC treated cells. Strikingly, TEM imaging also revealed that FASN silencing in
stellate cells resulted in the accumulation of autophagosomes, indicated with black arrows
(Fig.2D), similar to our previous work in adipocytes 2°. To investigate this issue further,
we assessed autophagic activity markers, LC3, and p62, along with fibrogenic markers
under the same conditions (Untreated, Tgf-B + Chol-NTC and Tgf-B + Chol-FASN-2314).
A strong FASN protein silencing was achieved with Chol-FASN-2314 and this led to
strong inhibition of type 1 collagen protein expression and p-Smad3 protein levels
(Fig.2E), similar to pharmacological inhibition of FASN shown in Fig.1. Also, p62 and
LC3II protein levels were decreased upon activation of stellate cells in Tgf-B + Chol-NTC

group compared to non-activated stellate cells (Fig.2E), suggesting increased
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autophagosome degradation and flux®. This conclusion is also supported by the
increased number autolysosome presence in the Tgf-B + Chol-NTC group in Fig.2D
(Black arrows). FASN silencing resulted in a marked increase in levels of LC3Il and p62
(Fig.2E), suggesting the autophagosome-lysosome fusion is blocked under these
conditions, which is also supported by increased accumulation of autophagosomes in
Fig.2D (Red arrows). Altogether, these data strongly support the concept that DNL
inhibition blocks fibrogenesis in stellate cells through blockade of autophagic flux that is

known to be required for stellate cell activation.

We next investigated the effects of single and dual hepatic targeting of FASN and DGAT2
in mice placed on a NASH-inducing diet (Fig 3). The aim of these studies was two-fold:
1.) to test the effects of selective depletion of FASN in hepatocytes vs liver stellate cells
in vivo, and 2.) to test the effects of these selective FASNKO perturbations in combination
with DGAT2 depletion in hepatocytes in vivo. In order to induce such cell-selective
FASNKO and DGAT2-depleted mice, FASN"! mice were injected with the following
reagents: non-targeting control sdRNA plus control AAV (denoted NTC mice); hepatocyte
selective sdDgat2-1473 (sdDgat2) compound for DGAT2 silencing 2*; AAV8-TBG-Cre for
hepatocyte selective FASN KO (FASN HepKO); AAV9-LRAT-Cre for stellate cell selective
FASNKO (FASN StelKO); both AAV8-TBG-Cre and AAV9-LRAT-Cre for hepatocyte plus
stellate cell-specific FASNKO (FASN HepKO + StelKO). Combinations of these injections
were also used to deplete both FASN and DGAT?2 in selective cell types, as depicted in

Figure 3A. The sdDgat2 compound was injected once subcutaneously, while AAVs were
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injected once intravenously. One week following injections, mice were placed on a
choline-deficient high-fat diet (CDHFD) for 7 weeks (Fig.3A).

Shear wave elastography (SWE) enabled quantitative measurements of liver stiffness, a
biomarker for estimating inflammation and fibrosis, without sacrificing the mice (Fig 3B).
SWE was performed at week 5 as well as at the end of the study. At week 8, SWE
measurements revealed that the combined depletions of FASN (in stellate cells or in
stellate cells plus hepatocytes) plus DGAT2 in hepatocytes (sdDgat2+StelKO as well as
sdDgat2+StelKO+HepKO, denoted Triple group) caused significantly less liver stiffness
compared to NTC, sdDgat2, and FASN HepKO groups (Fig 3B). Furthermore, no stiffness
difference was detected between the combined DGAT2 plus FASN depletion groups.
Additionally, circulating indicators of liver damage and inflammation were measured,
showing plasma ALT activity (Fig.3C) and bilirubin (Fig 3D) were significantly lower in
mice that were depleted in both stellate cell FASN and DGAT2. Interestingly, all groups
showed less plasma TNFa levels compared to the NTC group, suggesting depletions of
either DGAT2 or FASN can attenuate inflammation by reducing lipotoxicity (Fig.3E).
Interestingly, combined depletions of FASN plus DGAT2 significantly lowered plasma

MCP1, while single depletions of FASN or DGAT?2 did not (Fig.3F).

Analysis of livers from the mice described in Figure 2 showed Dgat2 mRNA was strongly
silenced by the sdDgat2 compound under all conditions in which it was administered
(Figure 4A). Fasn mRNA levels were normal upon knockdown of Dgat2 under the
conditions of these experiments. Marked Fasn mRNA depletion was detected in livers of

the FASN HepKO groups, but not in FASN StelKO groups, as stellate cells comprise only
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5 to 8% of the whole liver. Dgat2 mRNA was not affected in FASNKO groups in which
sdDgat2 was not administered. In a separate study, we confirmed that the AAV9-LRAT-
Cre construct efficiently and selectively depletes MCT1 in stellate cells when injected into
MCT1% mice®®. Consistent with our previous results?4, total liver triglycerides were
significantly lowered in all sdDgat2 treated groups (Fig.4B). Immunohistochemical
analysis of liver sections with an antibody against type 1 collagen revealed a striking
prevention of fibrosis development in the Triple KO group (Fig.4C). Type 1 collagen
quantified in liver sections from all mice in the NTC and Triple KO groups showed
significantly lower collagen signal in the sdDgat2 plus FASN StelKO group and the Triple
group compared to the NTC. Total hydroxyproline (OH-Pro) content was also significantly
lower in these same two combinations DGAT2 plus FASN KO groups. Taken together,
these results demonstrate a remarkable efficacy in preventing NASH development by
combining FASNKO in liver stellate cells with DGATZ2 depletion in hepatocytes in the

CDHFD mouse model.

In summary, our studies reported here sought to address two major issues: 1) the
mechanism by which DNL inhibition blocks fibrogenesis in stellate cells and 2) the
contradictory results extrapolated from previous studies 2237 on FASN and DGAT2 single
targeting strategies. Our findings reveal that the inhibition of autophagic flux is likely an
underlying mechanism by which FASN depletion blocks fibrogenesis in stellate cells.
Importantly, we also show that dual targeting hepatic steatosis in combination with the
stellate fibrotic pathway is likely to be a stronger approach compared to monotherapy

strategies. The fact that FASN depletion alone in stellate cells or in hepatocytes plus
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stellate cells does not alleviate progression of the fibrosis in vivo suggests that significant
attenuation of hepatocyte steatosis is critical for FASN depletion to be maximally effective.
Future studies are designed to optimize such dual targeting strategies for NASH

therapeutics.

Materials and Methods

Human Stellate Cell Activation Studies

In vitro screening of LX2 human stellate cells was executed by plating 500,000 cells/well
in 6-well plates overnight at 37°C, 5% COz2in 0% FBS DMEM medium (11885-076,
Gibco). Following a 4-hour pre-treatment with 1nM or 100 nM FASN inhibitor (TVB-3664-
S8563, Selleck Chemicals), stellate cell activation was initiated by adding recombinant
human Tgf- (240-B-002, R & D Systems) for a 5ng/ml final concentration. After 48 hours,

protein and mMRNA were isolated from the cells and further analysis was performed.

In vitro screening of chemically modified siRNAs

The initial in vitro screening was carried out by plating 20K cells/well in a 96 well plate.
The cells were treated with the candidate compounds in final concentration of 1.5 pM.
Cells were treated for 48 hours at 37 °C, 5% CO2 in 0% FBS DMEM medium. After
48hours, mRNA levels were quantified using the QuantiGene 2.0 assay kit (Affymetrix,
QS0011. Briefly, cells were lysed in 300 pL diluted lysis mixture composed of one-part
lysis mixture (Affymetrix, QG0503), 2 parts H20, and 0.167 pg/pL proteinase K
(ThermoScientific, EO0491) for 1 hour at 55 °C. Cell lysates were mixed thoroughly, and

20 pL/well of each lysate was added to the capture plate with 60 uL diluted lysis mixture
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without proteinase K. Probe sets for FASN and B2M (Affymetrix; 80246, 80003) were
used according to the manufacturer’'s recommended protocol. Datasets were
normalized to B2M. The dose response assessments were done using serially diluted
doses of the two candidate compounds (1.500, 0.750, 0.375, 0.188, 0.094, 0.047,
0.023, 0.012 pM), each condition in triplicate and the QuantiGene 2.0 Assay was

performed.

AAV Constructs
AAV8-TBG-Cre and Control AAV constructs were produced by UMass Chan Viral Core,
as previously described °¢. AAV9-Lrat-Cre was designed in house % and produced by

Vector BioLabs.

Animal studies

Animal experiments were performed in accordance with animal care ethics approval and
guidelines of University of Massachusetts Medical School Institutional Animal Care and
Use Committee (protocol number: A-1600-19). For in vivo studies, ten-week-old, male,
FASN"" mice were each injected with either AAV8-TBG-Cre (hepatocyte specific KO),
AAV9-Lrat-Cre (stellate cell specific KO), or a combination of the two constructs via
intravenous injection. Each mouse was injected with 3 x 10'! GC/mL. Specifically,
hepatocyte-specific KO mice received 1 x 10** AAV8-TBG-Cre and 2 x 10! Control AAV,
stellate cell-specific KO received 2 x 10 AAV9-LRAT-Cre and 1 x 10! Control AAV, and
the multiple-KO groups were given both 1 x 10! AAV8-TBG-Cre and 2 x 10! AAVO-

LRAT-Cre. Following administration of the AAV constructs, the mice were placed on a
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Chow diet for one week before transitioning to HFD for the remaining 7 weeks. On weeks

5 and 8, liver stiffness was measured via shear-wave elastography.

Oligonucleotide synthesis

Oligonucleotides were synthesized using modified (2'-F, 2'-O-Me) phosphoramidites with
standard protecting groups. 5'-Vinyl Tetra phosphonate (pivaloyloxymethyl) 2'-O-Methyl
Uridine 3'-CE phosphoramidite (VP) was used for the 5’-Vinyl-phosphonate coupling
when needed. All amidites were purchased from (Chemgenes, Wilmington, MA).
Phosphoramidite solid-phase synthesis was done on MerMadel2 (Biosearch
Technologies, Novato, CA) wusing modified protocols. GalNAc conjugated
oligonucleotides were grown on a 500A LCAA custom aminopropanediol-based trivalent
GalNAc-CPG (Centernauchsnab, Minsk, Belarus). Phosphoramidites were prepared at
0.1 M in anhydrous acetonitrile (ACN), with added dry 15% dimethylformamide in the 2'-
OMe-Uridine amidite. 5-(Benzylthio)-1H-tetrazole (BTT) was used as the activator at
0.25 M. Detritylations were performed using 3% trichloroacetic acid in dichloromethane.
Capping reagents used were CAP A, 20% n-methylimidazole in ACN and CAP B, 20%
acetic anhydride, 30% 2,6-lutidine in ACN (Synthesis reagents were purchased at AIC,
Westborough, MA). Sulfurization was performed with 0.1 M solution of 3-
[(dimethylaminomethylene)amino]-3H-1,2,4-dithiazole-5-thione  (DDTT) in pyridine

(Chemgenes, Wilmington, MA) for 3 min. Phosphoramidite coupling times were 4 min.
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Deprotection and purification of oligonucleotides

Conjugated oligonucleotides were cleaved and deprotected 28-30% ammonium
hydroxide and 40% ag. methylamine (AMA) in a 1:1 ratio, for 2h at room temperature.
The VP containing oligonucleotides were cleaved and deprotected as previously
described %’. Briefly, CPG with VP-oligonucleotides was treated with a solution of 3%
Diethylamine in 28-30% ammonium hydroxide at 35°C for 20h.

The solutions containing cleaved oligonucleotides were filtered to remove the CPG and
dried under vacuum. The resulting pellets were re-suspended in 5% ACN in water.
Purifications were performed on an Agilent 1290 Infinity Il HPLC system. VP and GalNAc
conjugated oligonucleotides were purified using a custom 20x150mm column packed with
Source 15Q anion exchange resin (Cytiva, Marlborough, MA); run conditions: eluent A,
10 mM sodium acetate in 20% ACN in water; eluent B, 1 M sodium perchlorate in 20%
ACN in water; linear gradient, 10 to 35% B 20 min at 40°C. Flow was 40mL/min and peaks
were monitored at 260 nm. Fractions were analyzed by liquid chromatography mass
spectrometry (LC—MS), pure fractions were dried under vacuum. Oligonucleotides were
re-suspended in 5% ACN and desalted by size exclusion on a 50250 mm custom column

packed with Sephadex G-25 media (Cytiva, Marlborough, MA), and lyophilized.

LC-MS analysis of oligonucleotides.

The identity of oligonucleotides was verified by LC—-MS analysis on an Agilent 6530
accurate mass Q-TOF using the following conditions: buffer A: 100 mM 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) and 9 mM triethylamine (TEA) in LC—MS grade water;

buffer B:100 mM HFIP and 9mM TEA in LC-MS grade methanol; column, Agilent
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AdvanceBio oligonucleotides C18; linear gradient 0-30% B 8min (VP and GalNAc);
temperature, 60°C; flow rate, 0.5ml/min. LC peaks were monitored at 260nm. MS
parameters: Source, electrospray ionization; ion polarity, negative mode; range, 100—
3,200 m/z; scan rate, 2 spectra/s; capillary voltage, 4,000; fragmentor, 180 V.

Deprotection, purification and LC-MS reagents were purchased from Fisher Scientific,

Sigma Aldrich and Oakwood Chemicals

RNA isolation and RT—quantitative PCR

Frozen liver tissue punches (25-50 mg) were homogenized in TRIzol (15596018, Thermo
Scientific) using the Qiagen TissueLyser Il. Chloroform was added to the homogenate
and centrifuged for 15 minutes at maximum speed. The clear upper layer was added to
an equal volume of 100% isopropanol and incubated for 1 h at 4 °C. After 10 min of
centrifugation at maximum speed, the supernatant was discarded, and 70 to 75% ethanol
was added to wash the pellet. After 5 min of centrifugation at maximum speed, the
supernatant was discarded, and the pellet was briefly dried in the hood prior to
resuspension in double-distilled water. RNA concentration was measured via the Thermo
Scientific  NanoDrop2000 spectrophotometer. Complementary DNA was then
synthesized from 1 ug of total RNA using iScript cDNA Synthesis Kit (1708890, Bio-Rad)
and Bio-Rad T2100 thermocycler. Quantitative RT-PCR was performed using iQ
SybrGreen Supermix (4368708, Applied Biosystems) on the Bio-Rad CFX96 C1000

Touch Thermal Cycler and analyzed.
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Transmission electron microscopy

TEM analysis was carried out by the UMass Chan Medical School Cryo-EM Core. LX2
human stellate cells were plated 500k cells/well in 6-well plates overnight at 37°C, 5%
CO2in 0% FBS DMEM medium (11995065, Gibco). Following a 6-hour treatment with
either Chol-FASN-2314, Chol-NTC or no treatment, stellate cell activation was initiated
by adding recombinant human Tgf-B (240-B-002, R & D Systems) at a 5ng/ml final
concentration. After 48 hours cells were fixed by first removing half the plate media and
then adding an equal volume of 2.5% glutaraldehyde (v/v) in 1 M Na cacodylate buffer
(pH 7.2) for 10 min before being transferred to 2.5% glutaraldehyde (v/v) in 1M Na
cacodylate buffer (pH 7.2) for 1 hour. Next, the cell plates were briefly rinsed (3 x 10 min)
in 1 M Na cacodylate buffer (pH 7.2) and post-fixed for 1 hr in 1% osmium tetroxide (w/v)
in dH20. After washing three times with dH20 for 10 mins, cells were harvested with a
soft plastic spatula, and pelleted by centrifugation. Samples were washed three times
with dH20 for 10 min and dehydrated through a graded series of ethanol (10, 30, 50, 70,
85, 95% for 20 min each) to three changes of 100% ethanol. Samples were treated first
with two changes of 100% Propylene Oxide and then with a 50%/50% propylene
oxide/SPI-Pon 812 resin mixture overnight. The next morning the cell pellets were
transferred through four changes of fresh SPI-pon 812-Araldite epoxy resin and finally
embedded in tubes filled with the same resin and polymerized for 48 hr at 70 °C. The
epoxy blocks were then trimmed, and ultrathin sections were cut on a Leica EM UC7
microtome using a diamond knife. The sections were collected and mounted on copper

support grids and contrasted with lead citrate and uranyl acetate. The samples were
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examined on a Philips CM 10 using 100 Kv accelerating voltage. Images were captured

using a Gatan TEM CCD camera.

Immunoblotting

In the analysis of protein expression, cell lysates were homogenized in a RIPA buffer (25
mM Tris, pH 7.4 0.15 M NaCl 0.1% Tween 20) with 1:100 protease inhibitor (78442,
Thermo Scientific). The lysates were denatured by boiling, separated on a 4 to 15%
SDS/polyacrylamide gel electrophoresis gel (567-1094, Bio-Rad), and transferred to a
nitrocellulose membrane (1704159, Bio-Rad). The membrane was blocked using TBS-T
with 5% BSA for 1 hour at room temperature and incubated using p-SMAD3 (ab52903,
Abcam), type | collagen (1310-30, Southern Biotech), and GAPDH (5174, Cell Signaling).
The blot was further washed in TBS-T and incubated at room temperature with its
corresponding secondary antibody for 30 minutes. Following another wash, the blot was
incubated with ECL (32106, Thermo Scientific) and visualized with the ChemiDox XRS+

image-forming system.

Plasma Measurements

Alanine transaminase levels were quantified using the Alanine Transaminase
Colorimetric Activity Assay Kit® from Cayman Chemical. The instructions found in the
user manual were followed utilizing plasma collected via retro orbital bleed prior to
sacrifice. Absorbance was read by the Tecan safire2 microplate reader. Rest of the

plasma measurements were done by UMass Chan Metabolic Core.
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Triglyceride Assay

Frozen liver punches (100-150 mg) were used to determine TG levels from tissue
homogenates. Instructions found in the booklet of Cayman’s Triglyceride Colorimetric
Assay® (10010303) were followed to quantify glycerol fluorometric measurements

resulting from the enzymatic hydrolysis of triglycerides via lipase.

Histological analysis

For the IHC, one lobe of the liver was fixed in 4% paraformaldehyde and embedded in
paraffin. Sectioned slides were then stained type | collagen (Southern Biotech) at the
UMass Medical School Morphology Core. Photos from the liver sections were taken with
an Axiovert 35 Zeiss microscope (Zeiss) equipped with an Axiocam CCI camera at the

indicated magnification.

Collagen Assay

Total Collagen was measured from frozen liver punches (200-250 mg) using Quickzyme
Total Collagen Assay® (QZBTOTCOLL1). Instructions found in this Assay package were
followed as it utilizes the presence of hydroxyproline to determine the amount of collagen

present from tissue homogenates.

Software & Statistics
All statistical analyses were performed using the GraphPad Prism 9 (GraphPad Software,

Inc.). The data are presented as mean + SEM. For analysis of the statistical significance
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between four or more groups, two-way ANOVA test was used. Ns is nonsignificant (p >

0.05), *:p < 0.05, **:p < 0.005, and ***:p < 0.0005.
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Figure Legends

Figure 1: FASN inhibition blunts human stellate cell activation and collagen
production. LX2 human stellate cell line was plated in 6 well plates and serum-starved
overnight. After 4-hour treatment with 1nM or 100 nM FASN inhibitor (TVB-3664),
stellate cell activation was initiated with the addition of recombinant human Tgf-8
(5ng/ml final concentration). (A) Cell morphology difference upon FASN inhibition (B)
Protein levels of collagen type-1 and phosphorylated Smad3 (C) Fibrotic gene
expression changes (D) Oxidative stress and mitochondrial function related gene
expression changes (ns: Not significant, *: p<0.05, **:p<0.005, ***:p<0.0005,
***%:p<0.00005)

Figure 2: Human FASN silencing blunts the activation of cultured human LX2
cells in association with inhibition of autophagic flux (A) Representative cartoon of
the chemically modified, cholesterol-conjugated siRNAs that were used for in vitro
screenings. (B) LX2 human stellate cells were treated with sSiRNA compounds (1.5 pM)
for 48 hrs prior to analysis of FASN mRNA levels to identify the most potent SiRNA
sequences (C) Dose-response relationships for the lead siRNAs that showed the
strongest silencing. The IC50 values were determined by using 8-point serially diluted
concentrations of the compounds starting from 1.5 pM. (D) TEM images, highlighting
autolysosomes (black arrow) and autophagosomes (red arrows) of stellate cells which
are Untreated, Tgf-B plus NTC treated, and Tgf-B plus cholesterol conjugated FASN-
2314 treated (E) Immunoblotting analysis of fibrotic and autophagic pathway markers in
stellate cells in a representative experiment with 3 replicates. (ns: Not significant, *:

p<0.05, **:p<0.005, ***:p<0.0005, ****:p<0.00005)
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Figure 3: Stellate cell-specific deletion of FASN, in combination with DGAT2
silencing, ameliorates liver stiffness and plasma markers of NASH in CDAHFD-fed
mice. (A)10-week-old male Fasn fl/fl mice were injected with corresponding AAVs to
obtain hepatocyte-specific KO (AAV8-TBG-Cre) and/or stellate cell-specific KO (AAV9-
Lrat-Cre) via IV injection. Additionally, for the indicated groups, sdDgat2 (10mg/kg) was
injected via a single subcutaneous injection. After one week of injections, mice were put
on CDAHFD for 7 weeks. (B) Liver stiffness measurements by shear-wave elastography
(C) Plasma ALT activity (D) Plasma total bilirubin (E) Plasma TNF alpha and (F) Plasma
MCP1 protein levels. (ns: Not significant, *: p<0.05, **:p<0.005, ***:p<0.0005,
***%:p<0.00005)

Figure 4: Stellate cell-specific deletion of FASN, in combination with DGAT2
silencing, prevents NASH in CDAHFD-fed mice. (A)mRNA levels of Dgat2 and Fasn
(B) Total liver triglyceride measurement (C) Immunohistochemical analysis of type 1
collagen (D) Quantification of type 1 collagen positive area in IHC (E) Total collagen
measurement via OH-Pro assay (F) Liver weights (ns: Not significant, *: p<0.05,

*+:p<0.005, ***:p<0.0005, ****:p<0.00005)
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