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Abstract

The prevalence of nonalcoholic steatohepatitis (NASH) and liver cancer is increasing. De novo
lipogenesis and fibrosis contribute to disease progression and cancerous transformation. Here,

we found that B2-spectrin (SPTBN1) promotes sterol regulatory element (SRE)-binding protein
(SREBP)-stimulated lipogenesis and development of liver cancer in mice fed a high-fat diet (HFD)
or a western diet (WD). Either hepatocyte-specific knockout of SPTBN1 or siRNA-mediated
therapy protected mice from HFD/WD-induced obesity, and fibrosis, lipid accumulation, and
tissue damage in the liver. Biochemical analysis suggested that HFD/WD induces SPTBN1 and
SREBP1 cleavage by CASPASE-3 and that the cleaved products interact to promote expression of
genes with sterol response elements. Analysis of human NASH tissue revealed increased SPTBN1
and CASPASE-3expression. Thus, our data indicate that SPTBN1 represents a potential target for
therapeutic intervention in NASH and liver cancer.

Single sentence summary:
Targeting SBPTN1 with siRNA has the potential to treat NASH and prevent HCC.

Sci Transl Med. Author manuscript; available in PMC 2022 March 23.
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Introduction

Nonalcoholic fatty liver diseases (NAFLD) and nonalcoholic steatohepatitis (NASH) arise
from obesity and metabolic disorders and affect up to a third of the world’s population (1,
2). These diseases comprise a spectrum including lipid accumulation in the liver (steatosis),
injury, inflammation, hepatocyte ballooning (cell death), and progressive fibrosis (cirrhosis),
ultimately leading to carcinogenesis (3, 4). Lipid accumulation in the liver promotes chronic
oxidative and endoplasmic reticulum (ER) stress, cell death, immune cell infiltration,

and fibrogenesis, and these changes ultimately lead to cirrhosis and increased risk of
hepatocellular carcinoma (HCC). These effects are exacerbated by factors such as increased
intake of free fatty acids (FFAS), sedentary lifestyle, and hyperinsulinemia. Depending on
whether NASH occurs with or without cirrhosis, liver cancer incidence can vary from 2.4%
(without cirrhosis) to 12.8% (with cirrhosis) (1, 4). Obesity increases the risk of liver cancer
mortality twofold, and together with NASH, accounts for the alarming increase in this
cancer (5, 6). Despite new therapeutic approaches targeting NASH, few single agents reverse
both fibrosis and steatosis, thus NASH presents a major clinical challenge (5, 7). Therefore,
understanding the molecular mechanisms that converge on abnormal lipid accumulation,
fibrosis, and the fatal switch to hepatocarcinogenesis could lead to new approaches targeting
NASH in specific groups of patients who are susceptible to the progression of the disease.

Initiation of NAFLD is considered to involve de novo lipogenesis with abnormal
accumulation of free fatty acids, triglycerides (TG), and cholesterol. Activation of
hepatocyte death receptor pathways, for example by tumor necrosis factor (TNF), and
caspases contribute to tissue injury and steatohepatitis observed in NASH (8, 9). De

novo lipogenesis is stimulated by activation of the transcription factors sterol regulatory
element (SRE)-binding proteins (SREBPs) and repression of energy-sensing pathways,

such as the pathway involving adenosine monophosphate (AMP)-activated protein kinase
(AMPK). SREBP1 is a master lipogenic transcription factor that drives fatty acid synthesis
and contributes to liver steatosis (10). SREBP proteins are maintained in the ER through
interactions with the proteins INSIG (insulin-induced gene) and SCAP (SREBP-cleavage
activating protein). SREBP activation in response to sterol depletion or ER stress requires
dissociation of INSIG and SCAP-induced cleavage of SREBP by site-1 protease (S1P)
followed by a second cleavage by site-2 protease (S2P) to produce the mature form of the
SREBP proteins that translocate into the nucleus and regulate target gene transcription (11).
In stressed cultured cells with activated CASPASE-3, SREBP1 and SREBP?2 are cleaved and
activated by CASPASE-3, but the physiological context for this is unknown (12). We refer to
the cleaved, nuclear form as n-SREBP and the full-length, ER-localized form as pre-SREBP.

The degree of fibrosis is considered the strongest predictive factor for the progression

of NAFLD to NASH and ultimately HCC (1, 13, 14). Critical to hepatic fibrosis is
activation of the transforming growth factor g (TGF-p) pathway (15-17). TGF-B1 is the
founding member of this family, and this ligand signals through two serine-threonine kinase
receptors (TGFBR1 and TGFBRZ2), which activate the SMAD transcriptional regulators,
SMAD?2 and SMAD3. SMAD complexes containing SMAD3 are central to the progression
of fibrosis by causing excessive extracellular matrix gene expression, such as those
encoding collagens COL1A1, COL1A2, COL3AL, COL5A2, COL6AL, and COL6A3, and
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stimulating genes encoding the protease inhibitors tissue inhibitor of metalloproteinases
(TIMP) and plasminogen activator inhibitor-1 (PAI-1) (16). SMAD3 complexes also
repress the gene encoding peroxisome proliferator-activated receptor gamma coactivator

la (PGC-1a) (18); thereby affecting glucose homeostasis and oxidative phosphorylation.
Pro-fibrotic effects of TGF-B1 through SMAD3 involve multiple mechanisms and cell
types, including enhanced infiltration or proliferation (or both) of tissue-resident fibroblasts,
generation of myofibroblasts, induction of epithelial-mesenchymal transition (EMT), and
inhibition of collagenolysis (19).

SPTBNL1 (also called p2-spectrin, B2SP) is a multidomain adaptor protein with functions

in the cytoplasm and nucleus (20-22). In particular, SPTBN1 promotes TGF-f receptor
activation of SMAD3 in the cytosol (23) and interacts with SMAD3 in the nucleus to
regulate specific target genes (24, 25). SPTBNL1 is a dynamic, tetrameric protein consisting
of two antiparallel dimers of alpha and beta subunits. SPTBN1 binding partners include
ankyrin, which functions to connect proteins at the cell membrane to the spectrin-containing
cytoskeleton, and lamins and the chromatin modulator CTCF (CCCTC-binding factor),
which function in the nucleus to organize chromatin and regulate gene expression (20,

24, 26, 27). SPTBNL1 is a substrate for CASPASE-3 and -7, and cleavage at the SPTBN1
1454pEVDI457 peptide sequence produces two fragments (160 and 80 kDa) with distinct and
separate functions in apoptosis and transcription (28). The importance of SPTBN1 in liver
disease arises from the finding that mice treated with shRNA targeting SPTBN1 exhibit less
acetaminophen-induced hepatotoxicity (28).

Increased amounts of liver SMAD3 and SPTBNL1, as well as TGF-B pathway members
associated with pro-fibrotic pathways, are observed in ~40% of HCCs, and many HCCs

are associated with NASH (25, 29). Here, we investigated the role of SPTBNL1 in liver
tumorigenesis by generating liver-specific Sptnb1 knockout (LSKO) mice. We showed that
LSKO mice or mice treated with Sprbni-targeted siRNA were protected from detrimental
effects of a high-fat diet (HFD), as well as a NASH diet (western diet, WD), through a
mechanism involving reduction of the expression of pro-fibrotic genes and genes involved
in de novo lipogenesis. The mice did not become obese or develop NASH or HCC. The
translational importance of our results was confirmed by analysis of the expression of
SPTBNI in human NASH and HCC and finding that siRNA targeting SPTBNI reversed
transcriptional changes in genes involved in fatty acid metabolism and fibrosis induced

in a human 3-dimensional (3D) culture model of NASH. Thus, our results identified a
previously unknown role for SPTBNL1 in regulating SREBP activity induced by CASPASE-3
in response to stress conditions caused by HFD/WD. These findings suggested potential
therapeutic NASH options and HCC prevention strategies in patient populations susceptible
to liver disease progression.

Liver-specific Sptbn1l knockout protects mice from HFD-induced NASH

We generated liver-specific Sptbn1 conditional (Sptbni-flox) knockout mice (LSKO) that
are devoid of hepatocyte-specific SPTBN1 (fig. S1A, B) by intercrossing with Albumin-Cre
mice. LSKO mice are viable and fertile. We confirmed hepatocyte-specific deletion of
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SPTBN1 by immunoblot or immunohistochemical (IHC) staining, showing no detectable
protein in hepatocytes (fig. S1, B and C), and characterized the liver histology and metabolic
status of the LSKO mice fed a normal chow diet (NC) (Fig. 1, A and B, fig. S1D). On

NC, the LSKO mice were similar in body weight to the Flox control mice (fig. S1D), but
the LSKO displayed significantly decreased concentrations of serum triacylglycerol (TG) (p
< 0.05) (Fig. 1A) and blood glucose (p < 0.05) with slightly increased insulin sensitivity

in an insulin tolerance test (ITT) (fig. S1D) and improved glucose tolerance test (GTT)
(fig.S1D). Histologically, the livers of the LSKO mice appeared to have similar or slightly
reduced lipid accumulation (Fig. 1B, Oil Red O staining) compared to the livers of Flox
mice. Additionally, the LSKO mice and control mice had similar food and water intake and
urine output (fig. S1E, left).

We used the LSKO mice to evaluate the systemic metabolic and liver-specific effects of
high-fat diet (HFD) and western diet (WD), another diet-induced NASH model in which
NASH was induced by 42% kcal derived from fat together with a high fructose-glucose
solution (23.1 g/L d-fructose +18.9 g/L d-glucose) (30) which we refer to as western diet
(WD). The HFD derives 60% of calories from fat. We initially selected HFD, following

up on similar studies performed with mice deficient in SMAD3, revealing that SMAD3
deficiency protected mice from obesity induced by this diet (HFD) (18, 31, 32), and because
LSKO mice revealed reduced serum glucose concentrations compared with control mice

fed a NC diet (fig.S1D). In addition, HFD induces a mild form of NASH, enabling the
evaluation of not only effects on obesity but also NAFLD and NASH (33-35). We placed 10
to 12-week-old male and female Flox control and LSKO mice on a HFD for 12 to 16 weeks
(Fig. 1, C and D). Food and water intake and urine output were similar between the Flox
control and LSKO mice after 12 weeks on a HFD (fig. S1E, right). However, after 10 weeks
of HFD, LSKO mice gained less weight, had less visceral fat, and were protected from
HFD-induced obesity (fig. S2A). Metabolic profiling indicated that the HFD-fed LSKO
mice had lower serum TG concentrations (Fig. 1C) but were similar to the HFD-fed Flox
control mice for serum glucose and total cholesterol concentrations (fig. S2B). Livers from
HFD LSKO mice were on average smaller with significantly reduced amounts of TG (Fig.
1C, p < 0.05) than those of HFD- Flox control mice. The livers of HFD mice of both
genotypes had comparable Ki67 labeling, indicating similar numbers of proliferating cells in
their livers (fig. S2C). Analysis of liver injury by measuring serum aspartate transaminase
(AST) and alanine transaminase (ALT) concentrations showed reduced concentrations in
LSKO mice, suggesting lesser liver damage in HFD LSKO mice compared to HFD Flox
control mice (Fig. 1C).

Consistent with lesser liver damage in HFD LSKO mice, liver histology of these mice
revealed a normal liver architecture, minimal lipid accumulation, and absence of possible
ballooning (36) or signs of inflammation in the liver (Fig. 1D, fig. S2D). In the livers

of the HFD-fed Flox mice, Sirius red staining (Fig.1D) and electron microscopy (fig.
S2E) revealed fibrogenesis, indicated by early, fine collagen deposition at the extracellular
matrix, and steatosis, indicated by accumulation of lipid droplets; these changes were not
present in livers of LSKO mice fed HFD (Fig. 1D). Compared with livers from the Flox
mice fed a HFD for 16 weeks, livers from the LSKO mice had decreased expression of
TGF-p/SMAD3-regulated genes associated with liver fibrosis, altered expression of genes
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associated with inflammation, and reduced expression of genes encoding proteins involved
in fatty acid metabolism (fig. S2F), which is consistent with lower NAFLD Activity Score
(NAS) score in these mice (Fig. 1D, bottom, fig. S2G, left).

The changes in the Flox control mice indicated that these mice developed steatosis with
progression to NASH by 16 weeks of HFD. Furthermore, the LSKO mice were protected
from this diet-induced liver condition. Similar results were observed in another diet-induced
NASH model in which NASH was induced by western diet (WD). We found that the
response of LSKO mice to WD was similar to their response to HFD. LSKO mice gained
less weight than control mice fed WD (fig. S2H) and LSKO mice were also protected from
WD-induced NASH as indicated by significantly reduced serum TG (p < 0.05) (Fig. 1E) and
glucose concentrations (fig. S21), reduced liver steatosis, inflammation, and fibrosis (Fig.
1F), consistent with the lower NAS score in LSKO mice (Fig.1F, bottom, fig. S2G, right).

SPTBN1 regulates SREBP pathways and fatty acid metabolism

To understand how liver-specific loss of SPTBN1 protected mice from liver disease, we
examined key regulators of metabolism and performed global liver transcript analysis of
RNA-sequencing (RNA-seq) data to explore differences in gene expression in the livers

of Flox and LSKO mice after 16 weeks of HFD (Fig. 2A). We examined transcript and
protein abundance of the transcriptional regulator C/EBPa., which regulates adipogenesis
(37), and uncoupling protein 2 (UCP2), which reduces mitochondrial ATP production and is
associated with NASH (38). Neither of these were different in the livers of the HFD-fed Flox
and LSKO mice at the level of transcript or protein abundance (fig. S3A). However, LSKO
mice displayed increased body temperatures (fig. S3B). Livers from LSKO mice revealed
increased expression of Fgf21, that encodes a liver-produced hormone that protects mice
against diet-induced obesity (39), and Cipla, encoding an enzyme that is critical for fatty
acid oxidation, but no difference from that of livers from control mice for Gdf15, encoding a
hormone that limits food intake and is induced by liver injury (40) (fig. S3C).

To gain insight into pathways altered with liver-specific deficiency in SPTBN1, we
performed bioinformatic analysis Ingenuity Pathway Analysis (IPA) and Ingenuity
“Upstream Regulator” (including only those regulators with Z scores > 2 or < -2) comparing
livers from LSKO mice and Flox mice. LSKO mice had changes in gene expression that
were significantly enriched in pathways or regulators associated with stress or infection
—LPS/IL-1 mediated inhibition of retinoid X receptor (RXR) function, unfolded protein
response (UPR), and endoplasmic reticulum stress pathway, STAT6, STAT4, and TP53—
and with reduced or low activity of transcription factors that control lipid metabolism—Iipid
sensor protein PPARa and PPARYy (peroxisome proliferator-activated receptor a and -y)
(Fig. 2A). We were intrigued by finding a pathway associated with decreased RXR function
because RXR is a transcription factor that stimulates SREBPI expression (41) and we had
found SREBP1 coimmunoprecipitated with VV5-tagged SPTBNL1 in stressed HEK293T cells
(table S1) through mass spectrometry analysis. Thus, we hypothesized that SPTBN1 could
influence liver physiology by interacting with SREBP1.

Because SPTBNL1 has scaffolding functions in both the cytoplasm and the nucleus, we
evaluated if SREBP1 distribution or abundance in the liver was altered in LSKO mice

Sci Transl Med. Author manuscript; available in PMC 2022 March 23.
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either fed NC, HFD or WD. In the livers of Flox mice fed HFD, SREBP1 had an

intense punctate distribution with some cells showing nuclear labeling. Zone 1 surrounding
the portal tract appeared to demonstrate intense nuclear labeling in non-hepatocytes

(Fig. 2B, HFD). In mice fed NC, most hepatocytes in the livers from Flox mice had
cytoplasm-localized SREBP1, whereas some hepatocytes and non-hepatocytes showed
nuclear SREBP1. Compared to SREBP1 labeling in HFD/WD Flox mice in which most
hepatocytes were positive for nuclear SREBP1, SREBP1 staining was less intense in both
cytoplasm and nucleus of the liver cells from LSKO mice fed HFD or WD, suggesting
reduced SREBP1 activity (Fig. 2B, fig. S3D) in LSKO mice.

There are 2 genes that encode the related proteins SREBP1 and SREBP2. Thus, we
evaluated the abundance of pre-SREBP (ER-localized, full-length SREBP) and n-SREBP
(cleaved, nuclear SREBP) for both proteins, as well as for their ER-localized regulators
SCAP, INSIG1, and INSIG2 in the livers of Flox and LSKO mice fed NC or HFD for 12 to
16 weeks. The abundance of SCAP and both INSIG proteins was similar between Flox and
LSKO mice in the NC or HFD groups, although the results were variable among mice within
each group (fig.S3, E and F). Consistent with these findings, siRNA-mediated knockdown
of SPTBN1 in Huh7 human liver cancer cells did not affect INSIG1 and INSIG2 abundance
(fig. S3G). Although variable in the individual mice, when compared with the abundance in
the livers of Flox mice, the abundance of n-SREBP1 appeared reduced in the livers of LSKO
mice on NC, HFD diet, and to a lesser extent on WD (Fig. 2C). In contrast, the amount of
n-SREBP2 appeared similar or slightly less in the LSKO mouse livers (fig.S3E). Thus, these
results indicated that the decrease in SREBP1 abundance detected by immunohistochemistry
and immunoblot in LSKO mouse livers was not the result of altered abundance of SREBP
ER-localized regulators.

To determine whether the reduction in SREBP1 in LSKO mouse livers corresponded to a
decrease in SREBP1 target gene expression, we analyzed transcript and protein abundance
of products of de novo lipogenesis genes and performed luciferase reporter assays using
sterol-responsive element (SRE)-containing promoters. In the livers of mice fed NC or
HFD, transcripts of SREBP1 targets— AccZ (encoding acetyl-CoA carboxylase 1), Scd?
(encoding stearoyl-CoA desaturase-1), and Fasn (encoding fatty acid synthase)— were
decreased in LSKO tissues, and these changes were reflected in less protein (Fig. 2, D

and E). Thus, we detected reduced expression of SREBPL1 target genes in the absence of
SPTBNL. The promoter of LDLR contains a sterol-responsive element (SRE) that binds to
both SREBP1 and SREBP2 (42-44). However, in liver tissues, LDLR is primarily regulated
by SREBP2 (45, 46). We found no difference in the abundance of LDLR in mouse livers
for either genotype on either diet (Fig. 2E). The data suggest that SPTBN1 predominantly
regulates SREBP1, not SREBP2, in the liver tissues.

Because SREBP1 also hinds to the LDLR SRE (42-44), we used SREBP-responsive
luciferase reporters containing wild-type SRE from the L DL R promoter region (LDLR-luc),
an SREBP-unresponsive mutant SRE (mut-LDLR-luc), and SCD-luc to confirm SREBP-
dependent changes in gene expression in mouse embryonic fibroblasts (MEFs) cells isolated
from wild-type mice or global null Sptbni~'~ mice. In response to serum starvation, which
activates SREBP in cultured cells (44), SRE-dependent LDL-luc activity increased in wild-
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type MEFs, but little to no SRE-dependent luciferase activity was detected in Sptbnl-
cells (Fig. 2F). Re-expressing SPTBN1 in Sptbni'~ MEF cells restored SRE-dependent
luciferase activity (Fig. 2G).

SPTBN1 interacts with SMAD3 and influences TGF-p—mediated gene regulation (24). Next,
we evaluated TGF-p-stimulated SRE-dependent gene expression. We found that TGF-B
stimulated SRE-dependent luciferase activity, but this regulation occurred in Smad3™'~
MEFs, indicating that the mechanism was independent of SMAD3 (Fig. 2H). Thus, the

data indicated that SPTBN1 regulated de novo lipogenesis independently from its interaction
with SMAD3.

SPTBNL1 binds to SREBP1

To verify mass spectrometry data showing that SPTBN1 and SREBP1 were part of the same
complex (table S1), we immunoprecipitated SPTBN1 from 3 HCC cell lines. Although the
signal was weak, we detected pre-SREBP1 and n-SREBP1 in immunoprecipitates from all 3
cell lines (Fig. 3A, fig. S4A).

To explore the structural basis of SPTBN1 and SREBP1 binding and map their potential
interaction sites, we modelled three-dimensional structures of SPTBN1 and SREBP1c and
then performed structure-based molecular docking simulations. There are 2 splice variants
of SREBP1: SREBP1a and SREBP1c (47). We selected SREBP1c for molecular docking
simulations because this is the form that specifically stimulates fatty acid synthesis and is
associated with liver steatosis (48).

SPTBNL1 is comprised of 2,364 amino acid residues and characterized by multiple
homologous tandem spectrin repeats, each composed of three antiparallel helices, flanked
by a pair of calponin-homology (CH) domains at the N-terminal side and a pleckstrin
homology (PH) domain at the C-terminal side (Fig. 3B). SPTBN1 has a CASPASE-3
cleavage site (14°4DEVD!4%7) in the 11 spectrin repeat. SREBP1c is comprised of
1,047 amino acid residues that form an N-terminal DNA binding domain (bHLH), two
transmembrane domains each with a cleavage site in the middle, and a regulatory domain
at the C-terminus. SREBP1c has a CASPASE-3 cleavage site before the transmembrane
domains (*33SEPDSP*38) (12) (Fig. 3B).

For our modeling, SPTBN1 was examined in three fragments covering D50-T975 (Fig.
3C), Q1132-T2155 (Fig. 3D), and A2198-K2364 (fig. S4B); SREBP1c was modelled in
two fragments covering Q295-K374 (Fig. 3, C and D) and P546-S705. We could not

dock SREBP1c P546-S705 onto SPTBN1. However, we successfully simulated interactions
between the SREBP1c Q295-K374 fragment and SPTBN1 (Fig. 3, C and D, fig. S4B, table
S2).

The models predicted that SREBP1c Q295-K374 has a high-affinity conformational fit
within a binding cavity on SPTBN1 and that the interactions are stabilized by multiple
hydrogen bonds and Van der Waals interactions (table S2). On the basis of the lowest
interaction energy values (49, 50), we ranked the predicted models as having the following
affinities (table $2): SREBP1c Q295-K374/SPTBN1 Q1132-T2155 (Fig. 3D) > SREBP1c

Sci Transl Med. Author manuscript; available in PMC 2022 March 23.
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Q295-K374/SPTBN1 D50-T975 (Fig. 3C) >> SREBP1c Q295-K374/SPTBN1 A2198-
K2364 (fig. S4B). Overall, the docking analysis predicted SPTBN1 fragments D50-T975
and Q1132-T2155 as preferred SREBP1c Q295-K374 binding sites.

To test predicted models and identify regions required for their interaction biochemically,
we generated SREBP1 fragments and SPTBN1 fragments. For n-SREBP1 (amino acids

M1 — L466), we generated 4 fragments (Fig. 3E). Fragment 2 of SREBP1 corresponds

to the modeled portion (Q295 — K374) and was most effectively coimmunoprecipitated
with full-length V5-tagged mouse SPTBN1 (Fig. 3E), which shares 98.3% sequence
identity with human SPTBN1. CASPASE-3 cleaves SPTBNL1 into two products, N-SPTBN1
(amino acids M1 — D1454) and C-SPTBN1 (E1455 — K2364), which are detected in
acetaminophen-damaged livers (28). We found that only N-SPTBN1 coimmunoprecipitated
with Flag-tagged n-SREBP1 (Fig. 3F). We found the interaction between N-SPTBN1 and
endogenous pre-SREBP1 occurred predominantly in the cytoplasm, whereas the interaction
between N-SPTBN1 and endogenous nSREBP1 occurred predominantly in the nucleus (fig.
S4C). These data suggest SPTBN1 and SREBP1 can interact directly. We confirmed the
interaction between N-SPTBN1 and nSREBP1 through proximity ligation assays (PLA) in
Huh7 cells overexpressing tagged forms of N-SPTBN1 and n-SREBP1 (Fig. 3G).

To evaluate functional consequences of interfering with the SPTBN1-SREBP1 interaction,
we generated 2 N-SPTBN1 mutants, a mutant with a deletion of the Actin binding motif
(NSPTBN1-ABD) and a mutant with deletion of the entire SREBP1 binding interface
(SBD; human L552-E708, mouse L539-E695). Because SPTBN1 Actin binding motif
seems to negatively regulate SPTBN1 stability (51) and interferes with SPTBN1 binding
with other proteins (fig. S4D, Fig.3H), we generated a double mutant with deletions

of both SREBP1 binding interface SBD and the ABD (NSPTBN1-ABD & SBD). We
compared NSPTBN1-ABD with NSPTBN1-ABD & SBD, a mutant carrying deletions of
both the entire SREBP1 binding interface (SBD; human L552-E708, mouse L539-E695)
and the ABD (NSPTBN1-ABD & SBD). Compared with either wild-type N-SPTBN1 or
NSPTBN1-ABD, the double mutant NSPTBN1-ABD & SBD not only abrogates binding to
SREBP1, but also significantly inhibits SREBP1 activity as demonstrated by significantly
reduced expression of SREBP1 target genes including SCD1, FASN, and ACC (p < 0.005)
in cells with overexpression of different forms of NSPTBN1 (Fig.3H).

From the modeling and fragment interaction analyses, we hypothesized that conditions
causing activation of CASPASE-3 in cells result in cleavage of SPTBN1. The resulting
N-SPTBN1 interacts with n-SREBP1.

Cell stress induces CASPASE-3-dependent cleavage of both SREBP1 and SPTBNL1 in
human hepatocytes and HCC cells

Stress-induced caspase activation is linked to the NASH phenotype (8, 9). Our RNA-seq
data revealed alteration in ER stress and UPR pathways in the livers of HFD-fed LSKO mice
(Fig. 2A). Because both SREBP1 and SPTBN1 are CASPASE-3 substrates (12, 28) and

our interaction data suggested that their cleavage products interact (Fig. 3F), we explored

the relationship among CASPASE-3, SPTBN1, and SREBP1 in the immortalized human
hepatocyte cell line THLE2 and the HCC cell line, Huh7. We used TNFa and cycloheximide
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or palmitic acid (PA) to induce CASPASE-3 activation. TNFa and PA induce CASPASE-3
activation in liver cells (52, 53) and are associated with NASH development (54, 55).
THLE?2 cells exposed to TNFa and cycloheximide exhibited CASPASE-3 activation
(cleaved CASPASE-3), SREBP1 activation (n-SREBP1), and cleavage of SPTBN1 to
produce both N-SPTBNL1 and C-SPTBNL1 (Fig. 4A). Consistently, we observed increased
interaction between NSPTBN1 and nSREBP1 in the nucleus by proximity ligation assays
(PLA) in cells treated with TNFa and cycloheximide (Fig. 3G, bottom panel). Analysis

of the cytosolic and nuclear distribution of N-SPTBN1 and C-SPTBNL1, expressed as V5-
tagged proteins in THLE? cells, showed that N-SPTBN1 was present in both the cytoplasm
and nucleus, whereas C-SPTBN1 was only detected in the cytoplasm (Fig. 4B). Knockdown
of SPTBN1 in Huh7 cells did not prevent CASPASE-3 activation in cells exposed to TNFa
and cycloheximide and appeared to reduce the amount of both preSREBP1 and nNSREBP1
under both control and stress conditions (Fig. 4C). However, expression of LDLRand
SCD1, SREBP target genes, was reduced (Fig. 4D).

CASPASE-3 activation in Huh7 cells exposed to PA was reduced by CASPASE-3 inhibitor
(Z-DEVD-FMK) (Fig. 4E). PA also triggered cleavage of SPTBN1, which was also
reduced by the CASPASE-3 inhibitor, indicating that SPTBN1 cleavage depends on
CASPASE-3 activity (Fig. 4E). We found that pre-SREBP1, and SPTBN1 and N-SPTBN1
coimmunoprecipitated from Huh7 cells exposed to PA, consistent with an interaction
between SREBP1 and SPTBNL1 occurring with the CASPASE-3 cleavage product N-
SPTBN1 (Fig. 4F). n-SREBP1 was reduced in PA-treated cells in which SPTBN1 was
knocked down even though CASPASE-3 activation was unaffected, suggesting that the
interaction with SPTBN1 may stabilize n-SREBP1 (Fig. 4G). Consistent with this, we did
not detect any difference in SREBPI transcript abundance in the livers from Flox control
and LSKO mice (fig. S4E), indicating that the reduction in SREBP1 abundance was not
mediated at the level of gene expression.

Human NASH is associated with increased SPTBN1 and CASPASE-3 expression and
increased TGF- pathway and SREBP1 activity

To gain insight into the clinical relevance of our findings implicating SPTBN1 and a
pathway involving the CASPASE-3-mediated interaction between cleavage products of
SPTBNL1 and SREBP1 in steatosis, we performed immunohistochemical labeling (IHC) of
cleaved CASPASE-3, SREBP1, and SPTBN1 in human liver samples from healthy control
and NASH patients. As expected, a subset of NASH liver samples showed increased cleaved
CASPASE-3 labeling in hepatocytes where we also observed significantly increased nuclear
staining of SPTBN1 (p < 0.05) and SREBP1, that are predominantly cytoplasmic in healthy
controls (Fig. 5, A and B).

Because NASH represents a high risk for progression to HCC (1), we performed single-
nucleus RNA-seq (sSnRNA-seq) for SPTBNI expression in liver tissue from patients with
both NASH and HCC but without cirrhosis. We identified a subset of cells with high
SPTBN1 expression (Fig. 5, C and D): 6 subtypes of hepatocytes (Hep-11, Hep-13, Hep-18,
Hep-20, Hep-5 and Hep-8), and 2 liver sinusoidal endothelial cells of the portal vein
(HSEC-5, and HSEC-6). Hep-18, the cluster with the highest expression of SPTBN1, also
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showed increased expression of FADSI, an SREBPL1 target gene. Analysis of the SnRNA-
seq data showed that the hepatocytes with high SPTBNI expression clustered together when
plotted on a UMAP (Fig. 5C).

We also analyzed data from publicly available databases by comparing liver tissue data
from healthy obese with that from NASH patients for transcripts of SPTBNI1, CASPASE-3,
SREBPI, as well as for SREBP1 target genes involved in lipogenesis. Both SP7BNI and
CASPASE-3transcripts were increased in NASH patients, whereas no differences were
observed for SREBPI (Fig. 5E). However, we found significantly increased expression of
FASN (p < 0.05), SCD1 (p < 0.05), and AACS (p < 0.005) (Fig. 5E), indicating increased
SREBP1 activity.

In addition, we used Ingenuity “Upstream Regulator” analysis to evaluate proteins
associated with differences in gene expression between early stages of NASH1-2 (NASH1
and 2) and NAFLD and between late stages of NASH3-4 (NASH3 and 4) and NAFLD.
Consistent with the involvement of TGF-p signaling in fibrosis, a key indicator of the
progression of NASH from NAFLD (56, 57), the upstream regulators with increased activity
included several proteins in the TGF-B pathway, and the only downregulated protein was
SMADY7, an inhibitor of TGF- signaling (Fig. 5F).

Collectively, this evaluation of human NASH liver data is consistent with the findings from
our HFD-fed mice that implicate SPTBN1 in progression of this condition. Furthermore,
these data confirmed increased SPTBN1 and CASPASE-3, along with increased activity of
TGF-p/SMAD signaling and SREBP1-dependent gene expression, in NASH.

Targeting SPTBN1 by siRNA in vivo attenuates HFD-induced NAFLD

Liver diseases are one of the few that have Food and Drug Administration-approved siRNA-
based treatments (58). Therefore, we tested if sSiRNA-mediated knockdown of SPTBN1

in Flox mice protected them from HFD-induced NAFLD. Flox mice (10-12 weeks old)
were fed a HFD for 12 weeks. One week after the start of the HFD, mice were injected
hydrodynamically with either siRNA targeting Sptbn1 (siSptbnl) or an equivalent volume of
SiRNA negative control (siCtrl) every two weeks for a total of 3 injections (fig. S5A). We
monitored mice weekly for body weight gain and survival. We confirmed the knockdown

of SPTBNL1 by siSptbnl in the livers of the Flox mice (fig. S5A, right). For each of the
parameters we monitored, the siSptbnl-treated mice responded to HFD similarly to the
LSKO mice. Compared to the siCtrl-treated mice, the siSptbnl-treated mice gained less
weight (fig. S5B, p < 0.05), accumulated less visceral body fat (fig. S5C, p < 0.05), and had
similar blood TG concentrations and blood glucose concentrations (fig. S5D). Expression
of pro-fibrotic genes and inflammatory genes in the livers of the siSptbn1-treated mice

were significantly less than in the livers from siCtrl-treated mice (fig. S5E) (p < 0.05), and
siSptbn1-treated mice had normal liver architecture and low lipid accumulation without any
signs of NAFLD or NASH (fig. S5, F and G). We observed the same benefit of siSptbnl in
female Flox mice (fig. S5H).

In addition to disease prevention, we explored the therapeutic effects of siSptbnl on already
established NASH induced by WD containing 42% kcal from fat combined with a high
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fructose-glucose solution (Fig. 6, A to G). We dissected 2 littermates from each group

at 12 weeks of WD feeding and verified the development of NASH. For the remaining
animals, we started the siRNA treatment. We found that 4 injections of siSptbn1 ameliorated
NASH but did not significantly affect body weight as compared with control siRNA (Fig.6,
A and B). siSptbn1 treatment group showed significantly reduced serum TG and glucose
concentrations (p < 0.05), but not cholesterol concentrations(Fig.6C). Targeting Sptbnl with
siRNA therapy significantly improved liver histology and inhibited NASH development as
demonstrated by significantly reduced liver weight (p < 0.05) (Fig.6D) and NAFLD Activity
Score (NAS) (Fig.6E) with reduced hepatic steatosis, lobular inflammation, ballooning, and
fibrosis (Fig.6F), blindly assessed by an independent pathologist. Consistently, we observed
significantly reduced expression of MmpZ2 (p < 0.05), a pro-fibrotic gene, in the livers from
mice treated with siSptbnl (Fig. 6G).

SPTBN1 knockdown in a human 3D-culture NASH model reduces transcriptional changes
associated with NASH

Our mouse experiments showed that SPTBN1 knockdown prevented HFD-induced NAFLD
and progression to NASH. We also tested this potential therapy in a newly developed 3D
perfused microphysical system that enables the co-culture of primary human hepatocytes,
hepatic Kupffer cells, and stellate cells in medium enriched in fatty acids, sugars, and insulin
for 2 weeks as a culture model of human NASH (59, 60). The 3D cultures were exposed to
different concentrations of siSPTBN1 and equivalent concentrations of siCtrl, applying the
SiRNA every 2 days concurrent with medium changes from day 4 (Fig. 7A). We observed

> 90% decrease in SPTBNI transcripts after 96 h (day 8) with the 25 nM siRNA treatment
without significant changes in cell viability (LDH activity) or hepatic function (albumin
production) (Fig. 7B). Oil-Red O staining showed a slight but not significant decrease in
lipid accumulation at day 8 (4 days after the addition of the siRNA (Fig. 7B).

RNA-seq analysis of cultures exposed to siSPTBN1 (25 nM or 50 nM) or siCtrl was
performed on samples collected 96 h after the siRNA treatment. Pathway analysis revealed
significant decreases in the siSPTBN1-treated cultures in transcripts encoding proteins
involved in fatty acid metabolism, including those involved in lipid transport, triglyceride
and glycogen metabolism, and lipoprotein catabolism as well as SREBP1 target genes (fig.
S6A). We also found a reduction in the transcripts encoding proteins involved in fibrosis
and altered inflammatory gene expression in the siSptbn1-treated cultures (Fig. 7C). These
changes indicated that siSPTBN1 treatment reduced de novo lipogenesis, inflammation,
and fibrosis. As expected, we noted a marked decrease in a gene expression signature
associated with TGF- signaling in siSPTBN1-treated cultures (fig. S6B), consistent with
the mouse models, showing that this profile was reduced in LSKO and was activated in
mouse (HFD-induced NASH) and human NASH (fig. S6B).

“Upstream Regulators™ analysis with IPA indicated that regulators with higher activity in
human NASH compared to NAFLD were uniformly associated with lower activity in the
siSPTBN1-treated cultures compared to the siCtrl-treated cultures (Fig. 7D). Furthermore,
upstream regulators with lower activity in NASH versus NAFLD had higher activity in

the siSPTBN1-treated cultures versus the siCtrl-treated cultures (Fig. 7D). Thus, siSPTBN1
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appeared to reverse or counter NASH-associated regulatory changes, further supporting the
concept of sSiSPTBN1 as a potential therapy.

LSKO mice are protected from HCC

Our data indicated that the complete liver-specific loss of SPTBN1 protects mice from
HFD-induced NASH, a well-established risk factor for HCC (1). Here, we evaluated the
impact of the homozygous loss of hepatic SPTBN1 on the occurrence of HCC. First, we
explored the HCC incidence in LSKO mice and control mice including both Flox and

liver Sptbn1 heterozygous mice fed a HFD for 28 weeks. Whereas we found two tumor
nodules in one of four HFD-fed control mice, we did not find any liver tumors in any of the
age-matched, HFD-fed LSKO mice (Fig. 8A).

Because HCC development did not occur with sufficient frequency in this experimental
condition, we switched to a chemically induced HCC model known to result in a greater
frequency of HCC using diethylnitrosamine (DEN) to induce HCC with WD feeding
(WD+DEN) or without WD feeding (DEN alone) (Fig.8, B to G). We evaluated liver tumor
development within 22 weeks and found that DEN injections with WD feeding induced
liver tumors in Flox mice but not in LSKO mice (Fig. 8C). Flox mice demonstrated an
increase in liver weight, visible tumor nodules, and features of severe liver injury that
included steatosis, inflammation, and regenerative nodules with bridges of fibrosis. These
features were much less evident in the LSKO mice with far fewer visible liver nodules (Fig.
8, B and C, fig.S7A). Liver histology in the Flox mice compared to LSKO mice revealed
evidence of increased cellular proliferation in the regenerative nodules, as demonstrated by
immunolabeling with Ki67 (Fig. 8D). There was also evidence of preneoplastic changes in
the form of hepatocellular dysplasia in all Flox mice, including enlarged cells and nuclei
with high nuclear: cytoplasmic ratio, multinucleated cells, and nuclear pleomorphism with
focal nuclear inclusions (Fig.8D, fig.S7A). Thus, LSKO mice are protected against DEN and
WD-induced liver steatosis, fibrosis, and tumor development.

Analyzing 24 weeks or 40 weeks after a single injection of DEN without WD, we found
that all mice developed tumors in this model. However, LSKO mice had less severe disease
(Fig. 8, E to G). We found small nodules in the livers 24 weeks after DEN injection (fig.
S7B), and tumors developed by 40 weeks (Fig. 8E). Most of the LSKO mice had a lower
tumor burden indicated by lower tumor numbers, smaller tumor sizes, and improved liver
pathology when compared with the Flox control mice (Fig. 8, E and F). Furthermore,

we observed fewer proliferating cells, indicated by Ki67 labeling, in LSKO mouse livers
compared with livers of Flox control mice (Fig. 8G). However, no significant differences
were observed in cleaved CASPASE-3 labeling, a marker for apoptosis, suggesting that
the reduced tumor burden in LSKO mice is not due to increased apoptosis (fig. S7C). In
agreement to the LSKO HCC protection phenotype, STAT4, an inhibitor of HCC (61, 62),
was identified as an activated upstream regulator of the differentially regulated genes in
livers of LSKO mice fed a HFD (Fig. 2A).

To validate whether complete loss of SPTBN has a protective effect in human HCC, we
first analyzed snRNA-seq data to find differences in cell type-specific mMRNA abundance of
SPTBNI between matched tumor and adjacent non-tumor tissue in the three individuals. We
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found SPTBNI present in all cell types and showed a downward trend in the NASH-HCC
tumors in a hepatocyte-specific manner, but this was not significant (p = 0.14; fig. S7D). We
also analyzed the frequency of SPTBN1 homozygous loss (deep deletion) in human HCC.
In data from The Cancer Genome Atlas (TCGA), only one HCC patient (1/440, 0.2%) had a
homozygous loss of SPTBNI; whereas the heterozygous deletion occurred in 7.8% (30/440)
of HCC patients. The human data of the heterozygous deletion of SPTBN/1 is not surprising
to us because mice with whole body Sptbn1 heterozygous deletion (Sptbni*!~) are more
susceptible to tumor development (24). To better understand the homozygous deletion of
SPTBNI in human cancer, we evaluated copy number alterations in SP7BN in 30 different
cancer types within TCGA data and found that homozygous loss of SPTBN1 is rare with

an overall frequency of 0.1% across 30 cancer types, representing 33,039 cancer patients
(fig. STE). Because of the regulation between SREBP1 and SPTBN1, we also stratified
HCC patients in TCGA by SREBP1 activity and found that increased SREBP1 target gene
expression in HCC patients correlated with significantly reduced overall survival as well

as disease-free survival (p < 0.05, fig. S7F). Thus, our results showing that LSKO mice
(homozygous deletion of Spinb1 in the liver) were protected against HCC are consistent
with the lack of homozygous deletion of SP7BNI in the TCGA human cancer database.

Discussion

Obesity and HFD are associated with fatty liver, hepatocyte death, and liver fibrosis (63-65).
With the increase in obesity throughout the world, liver disease and HCC are also increasing
(63). Treatments to prevent the progression from NAFLD to NASH and the development of
HCC (66) are urgently needed. Collectively, our results indicate that SPTBN1 is a molecular
target for therapeutic intervention both in NASH development and treatment. First, we
found hepatocyte-specific loss of SPTBN1 prevents NASH development in response to 2
different diet-induced models in mice. Targeting SPTBN1 by siRNA in mice prevented
HFD-induced obesity and the development of NASH. Finally, we showed the therapeutic
effects of siSptbn1 on established NASH in mice. Mechanistically, our data indicated that
these effects related to reducing SPTBN1-mediated promotion of SREBP activity induced
by CASPASE-3 in response to stress conditions caused by HFD (fig. S8). These findings
can lead to potential therapeutic options for NASH and HCC prevention strategies in

patient populations susceptible to progression. Indeed, through single-nucleus analysis, we
identified subsets of hepatocytes with increased SPTBN1 expression, indicating that patients
with NASH and HCC and this biomarker could benefit from targeting SPTBN1. Our results
with a human 3D NASH model strongly supported the beneficial effects of SIRNA targeting
of SPTBN1, which reversed the NASH transcriptomic signature. Additionally, our results
provide a mechanism for the predictive association between increased plasma concentrations
of cytokeratin-18, which is cleaved by activated hepatocyte CASPASE-3, and NASH in
human subjects (67, 68).

In particular, we found that the LSKO mice fed a HFD were protected from development

of obesity and NAFLD and progression to NASH, as well as the development of HCC.
Furthermore, treatment of mice fed a HFD with siRNA targeting Sptbn1 also protected

the mice from obesity and NAFLD/NASH. Not only was the expression of pro-fibrotic TGF-
B-SMAD3-regulated genes reduced by loss of SPTBN1 function, but also SRE-regulated
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genes involved in de novo lipogenesis and responsive to SREBP1 were decreased in
expression. We determined that, in stressed hepatocytes or hepatocytes cultured with

high amounts of PA, CASPASE-3 cleaved both SREBP1 and SPTBN1 and that the

cleaved products interacted. We proposed that the interaction between the cleaved products
stabilized the nuclear form of SREBPL1, thereby promoting de novo lipogenesis. We cannot
rule out an effect of cleaved SPTBN1 on the recruitment of nNSREBPL1 to target gene
promoters or the interaction with other transcriptional regulators or with ubiquitin ligases.
Those potential effects remain for future study.

Our results placed SPTBNL1 as a central player in both steatosis and fibrosis in response

to HFD: As a participant in TGF-B/SMAD3 signaling, SPTBN1 promotes fibrosis and, as

a participant in stress-activated SREBP1 signaling, SPTBN1 promotes de novo lipogenesis
and steatosis. With regard to HCC, the effect of SPTBNL1 on the liver may be dose dependent
or may involve cells other than hepatocytes. Studies of mice with global heterozygosity of
Sptbnl exhibit increased inflammatory signaling (69) and increased susceptibility to HCC
through effects on cyclin-dependent kinase 4 (70), genome stability (71), and p-catenin
activity (72). Encouragingly, hepatocyte-specific absence of SPTBN1 had no obvious
detrimental effects on liver morphology or function, and siRNA targeting Sptbni was an
effective therapeutic in a preclinical mouse NASH model and reduced HCC development in
a chemically induced mouse model.

Additionally, acetaminophen is a liver-toxic, commonly used over-the-counter medication
(73). Low doses of acetaminophen induce phosphorylation of TGFBR2 and SMAD
signaling with higher toxic doses promoting caspase activation and leading to production
of caspase-cleaved SPTBN1 and severe hepatotoxicity (28). Our data suggest that targeting
SPTBNL1 could be a useful therapy to prevent acetaminophen liver toxicity, although we did
not investigate this in this study.

Our biochemical data provide a mechanistic link between nonapoptotic CASPASE-3 activity
(74, 75) and de novo lipogenesis through formation of NSREBPs and stabilization of
nSREBP1 by interaction with caspase-cleaved N-SPTBNL. This provides a second pathway,
in addition to ER stress-induced activation of SREBPs, for aberrant activation of de novo
lipogenesis that results in steatosis and development of NAFLD (fig. S8). Our data suggest
that caspase-mediated activation of SREBP1 is independent of changes in SCAP and INSIG,
the ER-localized regulators of SREBP activation, further supporting previous findings by
others (64, 76); thereby bypassing the normal controls that limit de novo lipogenesis under
conditions of sufficient or excess lipids.

Our result that siSptbn1 ameliorated NASH without affecting body weight suggests that
loss of SPTBN1 protects mice against HFD-induced NASH mainly through body weight-
independent effects, largely through SREBP1-dependent effects. A limitation of our study
is that the mechanism by which LSKO mice are protected from weight gain induced by
HFD remains a puzzle. Our data suggested involvement of an increased metabolism that is
linked with increased body temperature, and increased expression of genes involved in fatty
acid oxidation and energy expenditure (Ciplaand Fgr21, respectively). Another limitation
is that the therapeutic analysis was performed with mice that had liver-specific knockout of
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SPTBNL in hepatocytes from birth, which could have produced adaptive changes that differ
from the effects of an inducible system. Finally, our study also does not include analysis of
potential therapeutic benefit in human subjects with NAFLD or NASH.

Future studies will explore the link between SPTBN1 and other aspects of metabolism,
especially that outside of liver tissues. Other areas of ongoing investigation include
evaluation of SPTBN1 depletion in reversing steatosis and continued exploration into the
crosstalk between TGF-f signaling and de novo lipogenesis. Because some SiRNA therapies
are approved for diseases of the liver (77), we anticipate that our preclinical findings in mice
and human 3D culture NASH model system can be translated for clinical application to help
prevent the progression of NAFLD to NASH in patients.

Materials and Methods

Study design

The goal of this study was to evaluate the role of SPTBN1 specifically in the liver and
determine its roles in diet-induced liver disease and HCC. We used hepatocyte-specific
knockout of SPTBNI in mice exposed to a normal diet, a HFD, or a Western diet and
evaluated the effect on the development of NAFLD, NASH, and HCC. We also evaluated
the effects of siRNA-targeted therapy (siSPTBN1) on diet-induced NAFLD/NASH mouse
models. The relevance to human disease was determined with a human 3D-NASH culture
model, analysis of HCC data in TCGA, and evaluation of NASH, NAFLD, and HCC
patient liver tissues or gene expression data. Molecular mechanisms of the functional
effects of SPTBN1 on de novo lipogenesis were examined by RNA-seq analysis and
bioinformatic-based molecular pathway analysis in liver tissues as well as in the 3D culture
model. Interactions and binding sites between SPTBN1 and SREBP1 were examined by
biochemical studies in cultured cells. All experimental data were evaluated in two or more
individual biological replicates. Sample sizes, biological replicates, and statistical methods
are provided in the corresponding figure legends.

Study population (patients with NASH)

The Cambridge cohort consisted of 58 NAFLD patients (NAFL: 19; NASH F0-2: 24;
NASH F3-4: 15) recruited at NASH Service at the Cambridge University Hospital. All

the patients had a clinical and biopsy-proven diagnosis of NAFLD (patients with alternate
diagnoses and fatty liver from different etiologies were excluded), histology scored by

a trained human pathologist according to the NASH CRN Scoring System (NAS1), and
snap-frozen tissue for research purposes (Gene Expression by Next Generations Sequencing,
see below). All the comparisons have been carried out against the NAFLD group. This study
was approved by the local Ethics Committee; the principles of the Declaration of Helsinki
were followed. All patients gave their informed consent for the use of clinical/omics data
and samples for research purposes.

Single-nucleus RNA-seq of human liver

The study was approved by the Institutional Review Board (#20-001319) of the University
of California, Los Angeles. All participants provided informed consent and the study
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was approved by the local ethics committee. Archived liver biopsies were obtained

from tumor and adjacent non-tumor tissue at the time of surgical resection in three

patients with hepatocellular carcinoma (HCC). The samples were snap-frozen, placed in

an Optimal Cutting Temperature compound, and kept at —80°C until nuclei extraction.
Clinical characteristics of these patients are presented in table S3. Frozen biopsies were then
processed for nuclei isolation and single-nucleus RNA-seq (ShRNA-seq). Briefly, frozen
biopsies were homogenized in ice-cold lysis buffer consisting of 0.1% IGEPAL, 10 mM
Tris-HCI, 10 mM NaCl, and 3 mM MgCl,. After a 10 minute incubation period, the lysate
was gently homogenized using a Dounce homogenizer and filtered through a 70 pm MACS
smart strainer (Miltenyi Biotec #130-098-462) to remove debris. Nuclei were centrifuged
at 500 x g for 5 minutes at 4°C and resuspended in a wash buffer consisting of 1X PBS,
1.0% BSA, and 0.2 U/ul RNase inhibitor. We further filtered nuclei using a 30 um MACS
smart strainer (Miltenyi Biotec #130-098-458) and centrifuged at 500 x g for 5 minutes at
4°C. Pelleted nuclei were resuspended in wash buffer and immediately processed with the
10X Chromium platform (78) following the Single Cell 3' v3 protocol. Libraries were then
sequenced on the lllumina platform targeting 300—400 million reads per sample.

Before alignment, we trimmed template switch oligos, primers, and polyA sequences greater
than 20 base pairs from the fastq reads using cutadapt: Reads were aligned to the GRCh38
human genome reference and Gencode (79) v26 gene annotations using STARSolo in
STAR v2.7.3a (80). Gene counts were taken from the full pre-mRNA transcript using

the “—soloFeatures GeneFull” option. Empty and contaminated droplets were filtered out
using DIEM (81) where we further adapted estimation of the multinomial mixture model
parameters by adding a prior count of 1 to the gene mean estimates and the cluster
membership estimates to avoid overfitting. To further remove doublets and contaminated
clusters, we separately clustered parenchymal hepatocytes and non-parenchymal nuclei.
Clusters showing evidence of doublet markers were removed. The parenchymal and non-
parenchymal nuclei were then re-clustered separately to identify cell subtypes with higher
resolution. After cell type assignment, the parenchymal and non-parenchymal nuclei and
their assignments were merged. All clustering was performed with Seurat v3 (82) using
SCT normalization (83) and CCA integration using the top 3,000 variable genes and 30
principal components. Clustering was performed with the Seurat FindClusters function with
the resolution parameter set to 1. For cell type marker and tumor/non-tumor differential
expression, we normalized the counts by scaling the total droplet counts to 1,000, as this
was the approximate median total across the six samples, and log-transformed. Differential
expression was run with the Seurat FindMarkers function using a logistic regression test.
Cell types were assigned based on known marker genes.

Mouse models and histology

All animal experiments were performed according to the guidelines for the care and use

of laboratory animals and were approved by the Institutional Biomedical Research Ethics
Committee of The George Washington University for Biomedical Research. C57BL/6 mice
were purchased from The Jackson Laboratories and were engineered. Both male and female
mice were used in our study. To generate liver-specific deletion of Sptbnl mice, Flox

sites were inserted into the flanks of exon 24 to 26 of Sptbn1 gene locus, with Neo
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cassette. Neo cassettes were then removed by intercrossing with Flp mice. Sptbn1-Flox
mice were then intercrossed with Albumin-Cre to generate liver-specific deletion of Sptbnl
mice. Blood glucose, TG, and cholesterol concentrations were measured by a glucometer,
CardioChek PA analyzer, and PTS Panels Lipid Panel test strips (pts Diagnostics, #1710).
For glucose tolerance testing, mice were fasted overnight and measure the concentration of
blood glucose before glucose injection as time 0. After intraperitoneal injection of 2 g/kg
of glucose, blood glucose concentrations were measure at 15, 30, 60, 90, 120 min after
injection. An infrared Thermometer (Animal Care Equipment & Services, #TEMP-1) was
used to measure the resting body temperature of mice and at least 3 times measurements
were performed in each mouse. We measured food intake by weight difference, water
intake, and urine amount by volume and weight for 24h by housing a single mouse in

a metabolic cage. Liver tissues were excised and weighed. Routine tissue processing and
histologic techniques were used for tissue sections stained with H&E and Sirius red and for
frozen sections stained with Oil-Red-O. Liver triglycerides were quantified by colorimetric
measurements using a Triglyceride Quantification kit (BioVision #K622) according to the
manufacturer's instructions. Colorimetric measurements were performed at 570 nm using a
Biotek Synergy 2 plate reader and liver TG concentrations were normalized against protein
concentration.

For HFD-induced liver steatosis, 10- to 12-week-old male and female mice were fed the
control diet or HFD (ENVIGO, Cat. TD.06414) for 12 to 28 weeks. For the Western- diet
(WD)—-induced NASH model, 10- to 12-week-old male and female Flox mice or LSKO
mice were fed a diet containing 42% kcal from fat (Harlan TD.88137) together with a high
fructose-glucose solution (SW, 23.1 g/L d-fructose +18.9 g/L d-glucose) for 12 to 20 weeks
(30). For DEN-induced liver cancer models, 25 mg/kg DEN was injected in 14 — 15 day old
male and female mice. Tumor development was analyzed 6 — 10 months later. For DEN plus
WD diet-induced NASH associated HCC, 10 — 12 week old male mice were injected weekly
with 50 mg/kg DEN for two consecutive weeks followed by a one week break for a total of
6 cycles over a total of 18 weeks. WD was started 1 week after the first DEN injection and
animals received WD for a total of 21 — 22 weeks.

Cell lines and cell culture

Sptbn1™=, Sptbn1*'=, and WT MEFs were generated from Sptbn1 intercrossed mice. Human
liver cancer cell lines, HepG2, Huh7, and Hep3B, as well as the mouse immortalized liver
cell line, AML12, were purchased from ATCC and cultured in a complete culture medium,
DMEM/F12 medium (Corning, Cat. 10-090-CV) supplemented with 1% Streptomycin-
Penicillin and 10% Fetal Bovine Serum (FBS) (Hyclone, Cat. SH30396.03). The human
immortalized liver cell line THLE-2, purchased from ATCC, was cultured in BEGM
medium (Lonza/Clonetics Corporation, Cat. CC3170) supplemented with 10% FBS (Sigma-
Aldrich, Cat. F2442), 40 ug phosphor-ethanolamine (Sigma-Aldrich, Cat. P0503), and

3 ug human recombinant EGF (Corning, Cat. 354052) in addition to BPE (Bovine

Pituitary Extract), hydrocortisone, human recombinant EGF (Corning, Cat. 354052), insulin,
triiodothyronine, transferrin, and retinoic acid from the BEGM culture medium kit (Lonza/
Clonetics Corporation, Cat. CC3170). THLE-2 cells were cultured in collagen-coated flasks
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(Cat. 132707) or plates pre-coated with a mixture of 0.01 mg/ml fibronectin and 0.01 mg/ml
bovine serum albumin.

Targeting SPTBN1 by siRNA in mice and human 3D NASH model

For hydrodynamic injection of siRNA to mouse tails, siSptbn1 and siCtrl were resuspended
in Nuclease-free Water (Life Technologies) to 0.25 mM, and incubated with RNAIMAX
transfection reagent (Invitrogen) at a 1:1 ratio at room temperature for 20 minutes. The
complexes were diluted in TransIT-QR hydrodynamic delivery solution (Mirus to 0.625 pM.
Mice received 2.0 mL of diluted siSptbn1 (1.25 nmol) or siCtrl through hydrodynamic tail
vein injection as previously described (84, 85). For the prevention experiment, 1 week after
HFD, mice received the tail vein injection of siRNA 3 times with two weeks intervals. The
experiment proceeded for 12 weeks total under HFD. For the therapeutic experiment, mice
were on 12 weeks of WD containing 42% kcal from fat (Harlan TD.88137) together with a
high fructose-glucose solution [23.1 g/L d-fructose (Sigma) +18.9 g/L d-glucose (Sigma)] to
induce NASH (30). Then these mice received the tail vein injection of SiRNA 4 times with
two-week intervals; the experiment proceeded for 22 weeks total under the WD diet and
fructose-glucose drinking.

For the human 3D NASH model, a perfused microphysical system composed of primary
human hepatocytes, hepatic Kupffer cells, and stellate cells was used. The cells were co-
cultured in the PhysioMimix OOC platform (CN-Bio Innovations) in a medium enriched

in fatty acids, sugars, and insulin to mimic NASH conditions. After 4 days of culture in
NASH conditions, the cells were transfected with siSPTBN1 and siCtrl in a 1:3 ratio with
RNAIMAX transfection reagent (Invitrogen). RT-PCR and RNA sequencing were performed
on samples taken after 8 days in NASH conditions, and lipid accumulation was measured
using Oil Red O and normalized to a total protein on samples taken at day 8 and day 13.

Statistics

Differences between 2 groups were evaluated using 2-tailed Student’s t-tests using
GraphPad Prism. We performed a pairwise comparison for body weight gain measured
weekly. For multiple comparisons, one-way ANOVA with posthoc Bonferroni’s test was
used. In vitro experiments were performed 2 — 4 times. All luciferase experiments were
performed in triplicate. Results are expressed as mean + SEM unless otherwise indicated.
For all statistical analyses, p < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Liver-specific knockout of SPTBN1 protects mice from HFD-induced obesity, NAFLD,
and NASH.

(A, C, E) Serum TG, liver TG, liver weight presented as gram or percentage of body weight,
and liver enzyme concentrations in serum in Flox control (n=4 —-10) and LSKO mice (n=4
— 8) at 28-40 weeks of normal chow diet (NC) (A), 16 weeks of high-fat-diet (HFD) (C)
and 16 weeks of Western diet (WD) (E). AST, aspartate aminotransferase; ALT, alanine
aminotransferase.

(B, D, F) Liver histology, lipid content, and NAS score from Flox and LSKO mice after NC
(B), HFD (D), WD (F). Top two images are H & E stained images from male age-matched
Flox and LSKO mice. An example of a ballooning hepatocyte is indicated by the arrowhead
in HFD-fed Flox mice liver (D). Inflammation (yellow arrows) and macro-vesicular lipid
(red arrows) are indicated on the WD-fed Flox mouse liver image (F). Micro-vesicular lipid
(black arrows) is indicated on the WD fed LSKO mouse liver images. Third row Oil Red O
stained images showing fat droplets (red, open arrowheads) are from male mice. Fourth row

Sci Transl Med. Author manuscript; available in PMC 2022 March 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Rao et al.

Page 27

Sirius Red stained images showing early, fine fibrosis (arrowheads in Flox liver images) are
from male mice fed with HFD or WD (D, F). Bottom bar graphs are NAFLD Activity Score
(NAS) in Flox and LSKO mice (n =5 — 7 from each group).

Quantitative data are shown as mean + SEM. Statistical significance was determined by
2-sided t-test for weekly changes in body weight and for all other quantitative data (*, p <
0.05; **, p < 0.005).
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Fig. 2. SREBP1 signaling isreduced in L SKO mouse liversin both the normal chow and HFD
conditions.
(A) Bioinformatic analysis by Ingenuity Pathway Analysis of differentially regulated genes

in livers from LSKO mice compared to Flox mice after 16 weeks of HFD. Differentially
regulated genes were determined from RNA-seq data from 5 mice in each group. Upper:
Pathway enrichment analysis. Lower: Upstream regulator analysis for regulators with
activation (z score =2) or inhibition (z score < 2), showing those with p < 0.05.

(B) Immunohistochemistry of SREBP1 in liver sections from Flox and LSKO mice after

16 weeks of feeding with NC, HFD, or WD using anti-SREBP1 from Abcam (ab191857).
Black arrowheads indicate hepatocytes nuclear localization, black arrow indicates labeling in
non-hepatocytes. C-central vein; P-portal vein.

(C) Analysis of livers from Flox and LSKO mice fed NC, HFD or WD by Western blot

for full-length SREBP1 and the active cleaved forms (n-SREBP1) using anti-SREBP1 from
Abcam (ab191857). Each lane represents samples from a single mouse (n = 2 or 3).
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(D) Relative mRNA and protein abundance for products of SREBP1 target genes from
livers of LSKO and Flox mice after 12 to 16 weeks of feeding with HFD. RNA data are
normalized to 185 (n = 6 — 7 for each group). Western blot data show results from individual
mice.

(E) Relative mRNA and protein abundance for products of SREBP1 target genes (Fasn,
Accl, Scdl) and a SREBP2 target gene (Ldlr) from livers of LSKO and Flox mice fed
normal chow (NC). RNA data are normalized to 185 (n = 3 — 5 for each group for). Western
blot data show results from individual mice.

(F) SRE-driven luciferase activity from the LDLR-luc, mutant LDLR-luc, and SCD-luc
reporters in WT and Sptbni~'~ MEF cells after 24 hours in medium with 10% fetal bovine
serum (FBS) or serum-free medium with or without TGF-1 (200 pM) for 24 hours.

(G) SRE-driven luciferase activity from the LDLR-luc reporter in WT and Sptbn1~'~ MEF
cells expressing empty vector or SPTBN1 and cultured for 24 hours in 10% FBS or serum-
free medium.

(H) Luciferase activity from the SCD-luc and LDLR-luc reporters (SREBP-responsive) and
3TP-luc reporter (SMAD3-responsive) in WT and Smad3~ MEF cells after 24 hours in
medium with 10% fetal bovine serum (FBS) or serum-free medium with or without TGF-p1
(200 pM) for 24 hours.

Quantitative data shown as mean + SEM in panels D to H are representative performed

in triplicate or summarized from 2—3 independent experiments performed in triplicate.
Statistical significance was determined by 2-sided t-test or one-way ANOVA (*, p < 0.05;
** p < 0.005).
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Fig. 3. SPBTN1 and SREBP1 interact.
(A) Coimmunoprecipitation of endogenous nSREBP1 and pre-SREBP1 with SPTBN1 from

Huh7 cells. 1gG served as a negative control for nonspecific binding. Space indicates input
samples were analyzed separately because of the need for a shorter exposure. Data are
representative of 1 of 3 experiments. IP, immunoprecipitation.

(B) Schematic of the domain organization of SPTBN1 and SREBP1c. CH, calponin
homology; PH, pleckstrin homology; CASPASE-3 with cleavage site in parentheses; bHLH,
basic helix loop helix; S1P and S2P, intramembrane cleavage sites.

(C) Structural model predicted by molecular docking simulations for the SPTBN1 fragment
from amino acid residues D50 — T975 and SREBP1c amino acid residues Q295 — K374,
encompassing the bHLH domain. Enlarged region shows predicted interacting residues.

(D) Structural model predicted by molecular docking simulations for the SPTBN1 fragment
from amino acid residues Q1132 — T2155 and SREBP1c amino acid residues Q295 — K374,
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encompassing the bHLH domain. Enlarged region to the right shows predicted interacting
residues; enlarged region to the left shows the CASPASE-3 cleavage site in SPTBNL.

(E) Coimmunoprecipitation of the indicated fragments of human nSREBP1 expressed as
Flag-tagged peptides in Hep3B cells coexpressing full-length VV5-tagged SPTBN1. Upper
diagram shows the fragments (F1, fragment 1; F2, fragment 2; F3, fragment 3; F2 +3,
fragment containing both parts of fragment 2 and fragment 3). Lower blot shows the input
and immunoprecipitated (IP). The immunoprecipitation blot was exposed for longer than the
input blot to enable visualization of low abundance fragments. Data are representative of 1
of 3 experiments.

(F) Coimmunoprecipitation of the indicated V5-tagged fragments of mouse SPTBN1
expressed with Flag-tagged peptides in SNU398 cells coexpressing Flag-tagged human
NSREBP1. Upper diagram shows the fragments. Lower blot shows the input and
immunoprecipitated (IP) proteins by Western blot. EV, empty vector for SPTBN1-V5;

FL, full-length SPTBN1; N, N-terminal CASPASE-3 cleavage fragment of SPTBN1; C,
C-terminal CASPASE-3-cleavage fragment of SPTBN1. VINCULIN and 1gG served as
negative controls. Data are representative of 1 of 3 experiments.

(G) Proximity ligation assay (PLA) to show the interaction between NSPTBN1-V5 with
Flag-nSREBP1 in Huh7 cells in 10% FBS, 0%FBS, and in 10%FBS but treated with TNFa
(20ng/ml) or cycloheximide (10mg/ml) for 3 hrs. Red fluorescent dots indicate NSPTBN1
and nSREBP1 are in close association in both cytoplasm (white arrows) and nucleus (yellow
arrows). Scale bar = 20uM.

(H) Coimmunoprecipitation of the indicated V5-tagged fragments of mouse SPTBN1 with
a deletion in SREBP1 binding region and/or actin-binding motif in Huh7 cells coexpressing
Flag-tagged human nSREBP1 F2+3 fragment. Upper diagram shows the fragments. Lower
left blot shows the input and immunoprecipitated (IP) proteins by Western blot, lower

right shows the transcripts of SREBP1 target genes (n=3) in cells transfected with

indicated N-STPBN1 deletion mutants. WT, wildtype; ABD, Actin binding domain; SDB,
SREBP1 binding domain. Data shown as mean + SEM are representative of 2 independent
experiments performed in triplicate. Statistical significance was determined by one-way
ANOVA Bonferroni’s multiple comparisons test between WT and mutant (**, p < 0.005).
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Fig. 4. CASPASE-3-induced SREBP1 activation but not cleavageisreduced in HCC cellswith

SPTBN1 knockdown.

(A) Western blot of the indicated proteins or protein cleavage products in THLEZ2 cells
exposed to the indicated concentrations of TNFa or cycloheximide for 3 hrs.
(B) Abundance of V5-tagged N-SPTBN1 or C-SPTBN1 expressed in THLEZ cells in the

cytoplasmic or nuclear fractions.

(C) Western blot of the indicated proteins or protein cleavage products in Huh7 cells
transfected with the indicated siRNAs and exposed to vehicle or TNFa (20 ng/ml) +

1duosnuely Joyiny

cycloheximide (10 pg/ml) for 3 hrs. Black vertical line indicates samples were analyzed on a
same blot separated by other samples.

(D) Relative mRNA abundance for the SREBP1 target gene (SCDZI) and the SREBP2 target
gene (LDLR) in Huh7 cells as described in C. Data are normalized to 185 and shown as
mean £ SEM (n = 3). Significance was determined by 2-sided t-test (**, p < 0.005).
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(E) Western blot of the indicated proteins or protein cleavage products in Huh7 cells exposed
to the indicated concentrations of PA or the caspase inhibitor Z-DEVD-FMK.

(F) Coimmunoprecipitation of SPTBN1 and detection of pre-SREBP1, N-SPTBN1, and
SPTBNL1 in Huh7 cells exposed to PA (0.33 mM) for the indicated times.

(G) Western blot of the indicated proteins or protein cleavage products in Huh7 cells treated
with indicated siRNA and exposed to the indicated concentrations of PA or the caspase
inhibitor Z-DEVD-FMK.

Western blot data are representative of 1 of 2-3 experiments. CHX, cycloheximide; IP,
immunoprecipitate; siCtrl, control siRNA; siSPTBN1; siRNA against SPTBNL1. For B, C,
E, G, quantification of 2 independent experiments were shown on the right. Each band was
quantified by Image J and normalization to loading control. Treatment group was setas 1 in
panel C, E, G; cytoplasm group was set as 1 in panel B.
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Fig. 5. SPTBN1 and CASPASE-3 expression and SREBP1 activity areincreased in patientswith

NASH.

(A) Cleaved CASPASE-3, SPTBN1, and SREBP1 immunohistochemistry in liver tissues
from normal healthy subjects and patients with NASH. Black arrow indicates cytoplasmic

labeling and black arrowhead indicates nuclear labeling.

(B) Quantification of hepatocytes with positive nuclear labeling of cleaved CASPASE-3,
SPTBNL1, and SREBP1 in liver tissues from normal healthy individuals (n=2) and NASH
patients (n=6 — 12). Average number of hepatocytes with positive nuclear labeling were

counted under 40x field from 5 random fields of each sample. Data are shown as mean +

SEM. Significance was determined by 2-sided t-test (*, p < 0.05).

(C) Phenograph (UMAP) representation of the cells identified by single-nucleus sequencing.
(D) Analysis of SPTBN1 expression by single-nucleus sequencing of liver samples
(n=6) from 3 patients with NASH mixed with HCC. Hep-1 through 20, hepatocyte
subpopulations; HSEC, hepatic sinusoidal endothelial cells; Chol-1 to Chol-3, 3 populations
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of cholangiocytes; T-1 to T-3, 3 populations of T cells; Kupffer-1 to Kupffer-3, 3 populations
of Kupffer cells (a type of macrophage); Stellate-1 to Stellate-2, 2 populations of hepatic
stellate cells.

(E) Relative mRNA abundance of SPTBNI1, CASPASE-3, SREBPI, and SREBP1 target
genes in liver tissue samples from human healthy obese individuals (n=16) and NASH
patients (n=17) from a public data set (GSE48452).

(F) Bioinformatic analysis by Ingenuity Pathway Analysis for Upstream Regulators of
differentially regulated genes in livers from patients with stage 1 or 2 NASH (NASH1-2) or
stage 3 or 4 NASH (NASH3-4) compared to patients with NAFLD. Gene expression was
profiled by RNA-seq with differentially regulated genes determined by t-test. Regulators
with activation (z score > 0) or inhibition (z score < 0) and p < 0.05 are shown.
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Fig. 6. SPTBN1 siRNA protects mice from WD-induced NAFLD and NASH.
(A) Left: Diagram of the experimental protocol. Flox mice were started on the western

diet (WD) and high fructose-glucose water for 12 weeks to induce NASH development,

then Flox mice received hydrodynamic injection of either control siRNA (siCtrl) or siRNA
targeting Sptbni (siSptbnl) at a dosage of 1.25 nmol/mice each time for 4 times every 2
weeks. Body weight was evaluated weekly and mice were euthanized at the end of 20 weeks
on the WD.

(B) Body weight measurements are presented as percent increase from basal weight before
start of the WD (n = 4 — 5 mice per group).

(C) Serum TG, glucose, cholesterol concentrations, and visceral fat of mice as % of body
weight (BW) in mice receiving the indicated treatments (n = 4 — 5 per group).

(D) Gross picture of liver tissue and liver weight as % of BW from mice treated with siCtrl
or siSptbn1(n=4). Quantification on right.

(E) NAFLD Activity Score (NAS) in Flox mice treated with siCtrl or siSptbnl (n=4 — 5 from
each group).

(F) Liver histology (H &E), lipid accumulation (Oil Red O), and fibrosis (Sirius Red) in
Flox mice receiving the indicated treatment. Yellow arrow indicates inflammation; black
arrow indicates ballooning cell; black arrowhead indicates fine fibrosis.

(G) Relative mRNA abundance of pro-fibrotic genes in mice treated with siCtrl or siSptbn1
(n=3 - 4 from each group).
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Figure 7. SPBTN1 siRNA reversestranscriptional changes associated with NASH in a human 3D
culture model.

(A) Diagram and representative brightfield microscopy images of the cells scaffolds from
3D human NASH co-culture model system used to evaluate the effect of siSPTBN1
treatment.

(B) Left: Relative mRNA abundance of SP7BNI in 3D human NASH co-culture model

96 h after the second addition of the indicated siRNAs. Middle: Quantification of Oil-Red
O staining on day 8 in cultures treated with the indicated siRNAs. Right: LDH (lactate
dehydrogenase) activity and albumin production in the medium of cultures treated with
indicated siRNA (n=3).

(C) Heat map of changes in the expression of genes in fatty acid metabolism and genes
associated with fibrosis and inflammation in the 3D culture treated with 25 nM siSPTBN1
or 50 nM siSPTBN1 compared to siCtrl. Cultures were collected 96 h after SIRNA treatment
and transcripts were evaluated by RNA-seq. Blue, downregulated; red, upregulated.

(D) Heat map of changes in upstream regulators significantly associated with differentially
expressed genes in human NASH stages 3 and 4 compared with human NAFLD and the
changes in these regulators in the 3D culture for sSiSPTBN1 compared to siCtrl. Cultures
were collected 96 h after sSiRNA treatment and transcripts were evaluated by RNA-seq.
Upstream regulator activity was determined with Ingenuity Pathway Analysis of “Upstream
Regulators”.

Quantitative data are shown as mean £ SEM. Statistical significance was determined by
2-sided t-test for weekly changes in body weight and for all other quantitative data (*, p <
0.05; **, p < 0.005).
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Fig. 8. LSKO mice develop fewer liver tumors.
(A) Diagram of the experimental procedure of HFD-induced HCC (top). One of 4 control

female control mice developed liver tumors after 28 weeks of HFD. Top: Gross morphology
of the liver of that animal and morphology of the liver from an LSKO female littermate
fed HFD for 28 weeks are shown. Inset shows excised liver. Circles show tumors. Middle
and bottom: Liver histology by H & E staining. Tumor (HCC) is circled and bottom shows
enlargement of tumor tissue.

(B) Diagram of the experimental procedure of chemical (DEN) plus WD-induced HCC
(top). Gross morphology and H & E stained sections of livers in Flox or LSKO mice 22
weeks after DEN and WD. Inflammation (black arrows) sites are indicated.

(C) Top: Liver weight as percentage of body weight (BW) from Flox or LSKO mice 22 of
weeks after DEN and WD (top). Bottom: Number of visible liver nodules observed in the
liver tissues from Flox and LSKO mice. Flox, n=5; LSKO, n=7-8.
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(D) Representative H & E stained sections and Ki67 immunohistochemistry and
quantification of positive cells in liver sections from Flox and LSKO mice under 20X
magnification. Arrowheads indicate abnormal hepatocytes with evidence of dysplasia
Arrows indicate cells with positive staining of Ki67 staining. Flox, n=3; LSKO, n=5.

(E) Diagram of the experimental procedure of DEN-induced HCC (top). Gross pictures and
H & E of liver tumors from Flox and LSKO mice 40 weeks after DEN injection. Upper:
gross liver morphology. Middle: H & E stained sections with HCC tissue circled. Lower: H
& E stained sections through tumor tissue circled.

(F) Liver weight as % of total body weight (BW), total number of tumors number, and
number of tumors with a size > 5 mm in livers from Flox and LSKO mice at 40 weeks after
DEN injection (n =6 - 8).

(G) Representative Ki67 immunohistochemistry and quantification of positive cells in liver
sections from Flox and LSKO mice under 20X magnification (n = 4 mice per group).
Quantitative data are shown as mean + SEM. Statistical significance was determined by
2-sided t-test (*, p < 0.05; **, p < 0.005).
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