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Abstract

Background and Aims: Human TM6SF2 variant rs58542926 is associated with nonalcoholic
fatty liver disease (NAFLD) and hepatocellular cancer (HCC). However, conflicting reports in
germline 7mésf2knockout mice suggest no change or decreased VLDL secretion and either
unchanged or increased hepatic steatosis, with no increased fibrosis. We generated liver specific
Tm6Sf2 knockout mice (Tm6 LKO) to study VLDL secretion and the impact on development and
progression of NAFLD.

Approach and Results: Two independent lines of Tm6 LKO mice exhibited spontaneous
hepatic steatosis. Targeted lipidomic analyses showed increased triglyceride (TG) species

whose distribution and abundance phenocopied findings in mice with liver specific deletion

of microsomal triglyceride transfer protein. VLDL TG secretion was reduced, with small,
underlipidated particles and unchanged or increased APOB. Liver-specific adeno-associated viral
(AAV8-TBG) rescue using either wild type (WT) or mutant E167K-Tm6 reduced hepatic steatosis
and improved VLDL secretion. Tm6 LKO mice fed a high milk-fat diet for 3 weeks exhibited
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increased steatosis and fibrosis and those phenotypes were further exacerbated when mice were
fed fibrogenic, high fat/fructose diets for 20 weeks. In two models of HCC, either neonatal

mice injected with streptozotocin (NASH/STAM) and high fat fed or with diethylnitrosamine
(DEN) injection plus fibrogenic diet feeding, Tm6 LKO mice exhibited increased steatosis, greater
tumor burden and increased tumor area versus Tm6 flox controls. Additionally, DEN-injected and
fibrogenic diet fed Tm6 LKO mice administered WT Tm6 or E167K-mutant Tm6 AAV8 revealed
significant tumor attenuation, with tumor burden inversely correlated with Tm6 protein levels.

Conclusions: Liver-specific 7mé6sf2 deletion impairs VLDL secretion, promoting hepatic
steatosis, fibrosis and accelerated development of HCC, which was mitigated with AAV8-
mediated rescue.
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The relentless global increase in obesity has produced a parallel increase in important
comorbidities, including type 2 diabetes and nonalcoholic fatty liver disease (NAFLD),
which is now the most prevalent liver disease worldwide (1). The incidence and progression
of NAFLD, however, is influenced by both environmental and genetic factors (2—4) which
has focused interest on identifying factors that would merit early intervention to prevent

the development of progressive disease including nonalcoholic steatohepatitis (NASH) with
fibrosis and also hepatocellular cancer (HCC). Among the genetic risk factors, defects in the
assembly and secretion of hepatic VLDL -- including mutations in either of two gatekeeper
genes, APOBand MTTP, encoding the structural VLDL protein apolipoproteinB (apoB)

or the endoplasmic reticulum (ER) protein microsomal triglyceride transfer protein (Mttp)
respectively -- produce hepatic steatosis and NAFLD that may progress to fibrosis with
development of HCC (5, 6). Among the distinctive characteristics of NAFLD accompanying
APOB and MTTP defects are that patients are not typically obese, do not exhibit type 2
diabetes and, most distinctively, manifest very low plasma cholesterol and triglyceride (TG)
levels as a result of impaired VLDL secretion (6).

A search for other genetic causes of NAFLD led to the identification by three groups

of an exonic variant in 7TM6SF2, p.E167K (c449>T, rs58542926) which was associated
with hepatic steatosis and reduced plasma cholesterol and TG levels (7-9). Those studies
and others (10) demonstrated that subjects with the rs58542926 variant exhibited reduced
VLDL secretion, hepatic steatosis and increased susceptibility to progressive NAFLD,
including NASH with fibrosis and increased incidence of HCC (11-14). Those findings,
replicated in most but not all studies (15), have driven intense interest in understanding

the mechanisms and pathways underlying the development and progression of NAFLD in
subjects harboring the TM6SF2 variant. Because the rs58542926 variant likely functions as
a loss-of-function allele (16), attempts to replicate key features of the human phenotypes

in preclinical models have focused on germline knockout and liver specific transgenic

or viral-mediated overexpression of Tm6sf2 (17, 18). However, the phenotypes observed

in 7Tmé6sf2 knockout mice have been inconsistent, with one report of germline deletion
showing spontaneous hepatic steatosis and defective VLDL secretion (18), while another
report showed no increase in baseline hepatic steatosis and increased serum TG, even when
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those 7mé6sr2 knockout mice were fed a high fat diet (17). Yet another study showed that
adeno-associated viral (AAV) overexpression of mouse TM6SF2 produced defective VLDL
secretion and paradoxically recapitulated phenotypes observed in 7mé6sf2knockout mice
(19), while liver transgenic overexpression of human TM6SF2 resulted in increased plasma
cholesterol levels and increased hepatic cholesterol and TG content (17).

Because of those inconsistencies and because our prior findings in which mice with
intestine-specific Mttp deletion demonstrated compensatory increases in hepatic VLDL
secretion (20), we reasoned that examination of a distinctive loss-of-function phenotype for
hepatic 7mé6sf2required development of a liver-specific knockout allele. Here we report
findings in two independent lines of mice engineered with CRISPR-Cas9 to produce liver-
specific 7m6sf2 deletion (Tm6 LKO). Our findings showed that Tm6 LKO mice manifest
hepatic steatosis with decreased hepatic VLDL TG secretion yet similar or increased APOB
secretion, consistent with observations from one of those germline knockout mice (18). In
addition, we show that Tm6 LKO mice exhibit progressive NAFLD with fibrosis when

fed fibrogenic diets and, using two different models of experimental hepatocarcinogenesis,
display accelerated and more extensive HCC. Finally, we demonstrate that adeno-associated
viral (AAV8) rescue with wild type (WT) TM6SF2, but not AAV8 encoding LacZ, mitigates
HCC in Tm6 LKO mice.

METHODS

Animals:

All animal studies were approved by the Washington University Institutional Animal Care
and Use Committee (IACUC #20180266, 20190028). Mice were housed in ventilated cages
on a 12 hour light/dark cycle with corncob bedding, and ad libitum access to rodent chow
(PicoLab Rodent Diet 20, LabDiet, St Louis, MO) and water unless otherwise noted. Mtip-
LKO and Apobec1 knockout mice (C57BL/6J congenic) were characterized previously (21,
22)

Conditional Tm6sf2 knockout mice were generated by the Genome Engineering and

iPSC Center (Washington University) using CRISPR-Cas9 mediated insertion of Lox P
recombination sites into intronic regions flanking Exon 2 (Figure 1A). Guide RNAs were
selected, tested for off target effects, and injected with Cas9 mRNA into B6/CBA embryos
(#100011, The Jackson Laboratory, Bar Harbor, ME). Chimeric founders were identified by
deep sequencing and bred to C57BL/6J (#000664, Jax) mice to generate two separate lines
of floxed 7mé6sf2mice (hereafter Tm6 Flox mice) from independent chimeric founders.
Integrity of the lox P sites was confirmed by sequencing and Cre-mediated recombination,
and the sequence of Exon 2 was verified. Each Tm6 flox strain was bred to Albumin CreTg
mice (#003574, Jax) to generate 2 lines with liver specific deletion (LKO) of Tm6sf2.
Because our initial studies revealed both lines of Tm6 flox/LKO mice exhibit similar
phenotypes, only data from one line will be presented, with reproducibility noted in the

text or figure legend. Mice are C57BL/6J:CBA, with non-transgenic floxed mice of the same
gender used as controls.
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HCC models.

STAM (23): Streptozotocin (AdipoGen Life Sciences, AG-CN2-0046) was administered
on postnatal day 2 (0.4mg/mouse, subcutaneous) and male mice were weaned to a 60%

lard diet (TD.06414, Envigo) (23). Blood glucose was checked at 6 and 9 weeks of age
(Glucocard Vital glucometer) and animals with consistently low glucose (<400mg/dL)
were excluded. Tissue and serum were collected at 12 or 18 weeks of age following a

4h fast and 2h after injection of BrdU (200ul/IP, 18mg/ml bromodeoxyuridine, 1.8mg/ml
fluorodeoxyuridine). DEN/TFF: Male mice were injected with diethyl nitrosamine (DEN,
#N0258, Sigma-Aldrich) at P14 (25mg/kg, IP) (24) and fed high transfat, fructose diet (TFF
TD.06303, Envigo) (25). Serum and tissue were collected at 4 or 7 months of age and 2h
after injection of BrdU. In some studies, mice were injected with AAV at 2—-4 weeks of

age (IP) as indicated. For all HCC studies, animals were weighed weekly and monitored for
signs of distress.

Additional reagent information and experimental protocols including details of dietary
studies, electron microscopy, histological assessment and untargeted lipidomics are provided
in Supplemental Methods.

Data were analyzed using GraphPad Prism 7.02 by unpaired t-test or Mann-Whitney

test and are presented as mean + standard error of mean (SEM). For multigroup
comparisons, statistical differences were performed by one-way ANOVA and Tukey’s
multiple comparison post-hoc test. The level of significance was set at p<0.05 and indicated
using *p<0.05; **p<0.01.

Spontaneous hepatic steatosis in Tm6 LKO mice:

Tm6sf2 mMRNA was significantly (>95%) decreased in both lines of chow fed Tmé LKO
mice (L1, L2 Figure 1A) compared to controls. Hepatic TG was increased in 3 month old
Tm6 LKO mice, females greater than males (Figure 1B), with no difference in hepatic
cholesterol and only minor differences in FFA levels (Supplemental Table 1). Hepatic TG
content in both lines of female Tm6 LKO mice was similar to levels observed in mice with
liver specific Mtip deletion (Mitp LKO, Figure 1B) (21), but no sexual dimorphism was
observed in Mttp LKO mice. Tm6 mRNA abundance was ~50% higher in female wild type
liver (Supplemental Figure 1A), which might contribute to the dimorphic effects of 7mé6sf2
deletion. A similar sexual dimorphism in TG content was found in primary hepatocytes
from adult male and female Tm6 LKO mice (Supplemental Figure 1B). Hepatic steatosis
was noted as early as 21 days in Tm6 LKO mice (Supplemental Figure 1C). In general, we
found no dramatic differences in body or liver weight, serum or hepatic lipids in either of the
LKO lines (Supplemental Table 1), although serum TG was lower in adult Tm6 LKO mice
(Tm6 Flox, 45.9 £ 2.8 mg/dL; Tm6 LKO, 31.5 + 2.7; n=26-30/genotype, sexes combined,;
p<0.001. See Supplemental Table 1 for individual gender data).
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Distinct changes in Lipid droplet (LD) abundance and size in Tm6 LKO and Mttp LKO mice:

Transmission EM revealed increased numbers of large droplets in Tm6 LKO mice but no
change in small LDs compared to controls (Figure 1C). By contrast, the abundance of small
LDs increased in Mtfp LKO mice, with only a slight increase in the number of LDs > 5uM?2,
Total calculated LD area (Figure 1C, right panel) was increased in both Tm6 LKO and
Mittp LKO mice compared to controls, with overall droplet area lower in Mitp LKO vs Tm6
LKO. We also surveyed the expression of LD proteins by genotype. Expression of Fitm1
was increased, while Pnpla3 mRNA abundance was significantly reduced in Tm6 LKO mice
(Figure 1D), consistent with findings in germline 7mé6sf2knockout mice (18). However,
despite the presence of large LDs in Tm6 LKO mice, mRNA expression of perilipins and
other LD proteins were unaltered compared to Tm6 Flox mice, while Mttp LKO mice
demonstrated increased expression of Cidec/Fsp27 and Plin 4, with increased expression

of Atgl/Pnpla2 and reduced expression of Pnpla3 compared to Tm6 Flox mice (Figure

1D). Moreover, we found no compensatory alteration in the expression of genes related to
hepatic VLDL production, including ApoB and Mttp, but subtle changes in expression of
genes related to cholesterol metabolism, particularly in female Tmé LKO mice (Figure 1E,
compare left and right panels).

Overlapping changes in untargeted lipidomic profiles in Tm6 LKO and Mttp LKO mice:

All major TG and DAG species were significantly increased in livers of both Tm6 and

Mittp LKO mice with similar relative abundance of each species in both knockout genotypes
(Figure 2A-B). A similar increase in abundance of all TG species was also observed in Tm6
LKO and Mitp LKO mice fed a high transfat fructose (TFF) diet (Supplemental Figure 2).
The profile of FFA species was also similar among genotypes (Figure 2C). Subtle changes
were observed in the abundance of several minor PC species, while the abundance of several
lysoPC species (16:0, 18:1, 18:2) was decreased in both Mtto and Tm6 LKO genotypes
(Figure 2D). Lipidomic analysis of serum TG species reflects reduced abundance of almost
all TG species in Mttp LKO mice, with a similar, albeit less dramatic reduction in Tmé
LKO mice (Figure 2E), consistent with a defect in VLDL secretion in both genotypes.

To investigate if alterations in fatty acid metabolism contribute to steatosis in Tmé LKO
mice, we surveyed the expression of genes related to TG synthesis and fatty acid oxidation.
Expression of mRNAs related to hepatic de novo lipogenesis and desaturation was reduced
in both Tm6 LKO and Mty LKO mice (Figure 2F). Expression of genes related to fatty
acid p-oxidation (Cptla, Acadm, Acox1) were unchanged in Tm6 LKO mice (Figure 2F),
although serum B-hydroxybutyrate levels showed a trend to increase in Tmé LKO mice
(Tm6 Flox, 0.270 + 0.021 mm; Tm6 LKO 0.330 + 0.030, p=0.113, n=13-14, genders
combined. See Supplemental Table 1 for data by gender) suggesting a moderate increase in
ketogenesis in the setting of increased steatosis. In comparison, Mitp-LKO mice displayed
both an increase in serum ketones (Mttp Flox, 0.350 £ 0.019 mm; Mitip-LKO, 0.459 +
0.048, n=9-10, p=0.043) and FAO gene expression (Figure 2F). Together these data suggest
that increased TG content in Tm6 LKO mice is primarily due to decreased secretion, not
increased lipogenesis or reduced fatty acid oxidation.
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Altered hepatic VLDL secretion kinetics and composition in Tm6 LKO mice:

Chow fed Tm6 LKO mice revealed decreased hepatic TG secretion compared to Tm6 flox
controls (Figure 3A) with similar abundance of APOB isoforms in the two genotypes (Right
panel, Figure 3A). Note that hepatic VLDL secretion was virtually eliminated in Mtip

LKO mice (Figure 3A), as observed earlier (26). FPLC fractionation to separate nascent
lipoprotein particles by size revealed reduced TG in VLDL fractions from Tm6 LKO mice,
and a slight shift (peak 29-31) in distribution of TG, cholesterol and APOB protein (Figure
3B), but no decrease in the total amount of APOB in Tm6 LKO mice (lower panel),
consistent with secretion of smaller, underlipidated VLDL particles. VLDL particles were
then isolated by density centrifugation and examined by EM, which confirmed increased
abundance of small particles and a corresponding decrease in larger particles in Tm6 LKO
mice (Figure 3C). In vitro studies using isolated primary hepatocytes showed no difference
in TG synthesis in Tm6 LKO hepatocytes, following [3H] oleate incorporation (Figure 3D,
left panel), and no decrease in lipogenesis (acetate incorporation, data not shown), but a
~75% reduction in TG secretion (right) in Tm6 LKO hepatocytes. Importantly, as suggested
by /n vivo studies, secretion of APOB was increased in Tm6 LKO hepatocytes, with no
difference in APOB synthesis (Figure 3E). Taken together these data demonstrate that
Tm6-deficient hepatocytes synthesize and secrete APOB containing VLDL particles that are
smaller and contain less TG than WT mice.

Because APOB and VLDL TG secretion in Tm6 LKO mice occurs predominantly with
APOBA48 (Figure 3A) while VLDL secretion in humans is exclusively associated with
APOB100 production (27), we generated a compound line of Tm6 LKO mice (Apobecl
-/~ Tm6f/f AAV Cre) where only APOB100 is produced (22). Interestingly, the effect

of Tm6sf2 deletion on VLDL secretion was significantly less dramatic in Apobect~
(APOB100) only mice compared to wild-type (ApobecI*'*) mice, both in mice fed a chow
diet (Supplemental Figure 3A) and in mice fed a high milk fat diet (HMFD) for 3 weeks
(Figure 3F). As observed in mice fed a chow diet (Figure 3A), levels of APOB protein

in serum were not markedly changed with Tm6sf2 deletion (Figure 3F, middle panel),
suggesting secretion of smaller VLDL particles. Consistent with this, we observed reduced
VLDL size in Apobec1™- Tm6ff AAV Cre mice compared to Apobec mice, using both
density gradient centrifugation (Figure 3F, right) and FPLC fractionation (Supplemental
Figure 3B). These findings suggest that VLDL secretion is impaired in Tm6 LKO mice, but
with greater impact in mice with both APOB100 and APOB48. These findings differ from
studies with hepatic Mttp deletion where secretion of APOB100 containing VLDL is more
severely impaired (28).

Impact of high fat feeding on hepatic lipid secretion, steatosis and fibrosis in Tm6 LKO

mice:

Hepatic TG was significantly increased in both male and female Tm6 LKO mice fed HMFD
(Figure 4A), with no difference in body weight or serum glucose by genotype (Supplemental
Table 2). AAV rescue with exogenous Tm6ésf2 — both WT and E167K mutant variants
containing carboxy-terminal FLAG tag - resulted in similar levels of Tm6 mRNA, but

only WT Tm6 protein was detectable by anti-FLAG western blot (Figure 4B), consistent
with the Tm6 E167K mutation yielding an unstable protein (16, 19). Despite this, AAV8
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rescue with either WT or mutant Tmé reduced steatosis to levels comparable to Tm6 Flox
mice (Figure 4C, left) and reduced intracellular LD size (Figure 4C, right). In contrast,
VLDL secretion was only partially restored upon AAV8 rescue both in HMFD-fed mice
(Figure 4D), and in mice fed a chow diet (Supplemental Figure 4A), and although AAV8
Tm6 (WT or mutant) increased the number of large VLDL particles, neither isoform fully
restored VLDL size distribution (Supplemental Figure 4B). Expression of genes related to
FA synthesis (FASN, SCD1) was increased in mice with AAV8 Tm6 rescue (Figure 4E).
These findings show a disconnect between levels of hepatic steatosis and VLDL secretion
and imply either that there are additional compensatory mechanisms that account for the
reduced hepatic steatosis or that the in-vivo measures of VLDL export are insufficiently
sensitive to discern an adequate threshold for effective rescue. We observed early, relatively
mild hepatic fibrosis following high fat feeding (Figure 4F), with a trend to increased
fibrogenic mRNA expression (Supplemental Figure 4C). AAVS rescue with either WT or
E167K Tm6 reduced fibrosis in Tm6 LKO mice (Figure 4F).

To more fully characterize the effect of Tm6 deletion on hepatic fibrosis we turned to

two established, long term dietary fibrogenic models. First, mice were fed a high transfat,
fructose (TFF) diet for 20 weeks (21). Both male and female Tm6 LKO mice displayed
increased hepatic steatosis (Figure 5A), with increased fibrogenic mMRNA expression (Figure
5B) and increased Sirius red staining (Figure 5C), but no difference in body weight
compared to controls (Supplemental Table 2). In the second model, mice were fed a palm
oil diet containing fructose and cholesterol (PFC diet) for 26 weeks (29). Both hepatic
triglyceride and cholesterol were increased in Tm6 LKO mice (Figure 5D, Supplemental
Table 2), with a corresponding increase in fibrotic area, assessed using both Sirius staining
and Second Harmonic Generation microscopy (30, 31), with increased expression of
fibrogenic mRNAs (Figure 5 E-F). Tm6 LKO mice had increased liver/body ratio, but no
difference in body weight or serum glucose compared to controls (Supplemental Table 2).

Because fibrosis was most extensive in livers of mice fed the cholesterol enriched PFC

diet, we measured total and free cholesterol in livers of mice fed various fibrogenic diets.
Cholesterol levels were significantly higher in female Tm6 LKO mice fed HMFD and in
Tm6 LKO males fed PFC compared to respective controls, with a trend to increase in all
Tm6 LKO mice fed TFF diet and Tm6 LKO females fed PFC diet (Supplemental Table

2). Overall, we found that tissue cholesterol levels, both free and total, correlated with
cholesterol content of the diet, and in general with levels of fibrosis in both Tm6 Flox and
LKO mice. Together, these findings show that increased hepatic steatosis in Tm6 LKO mice
is accompanied by increased fibrosis, as inferred from several different dietary models.

Altered susceptibility to HCC in Tm6 LKO mice:

Recent studies suggest that the rs58542926 Tm6sf2 variant may correlate not only with
increased NAFLD but may also be linked to an increased incidence of HCC (11-13). To
this end, we examined whether Tm6 LKO mice are more susceptible to HCC (initiation,
progression) using two mouse tumorigenesis models. First, we employed a STAM model
(32), in which mice develop steatosis and NASH by 12 weeks and HCC by 18 weeks. In
our hands, mice that did not exhibit high blood glucose (>400mg/dL) at 6 weeks (~50% of
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flox mice) had smaller livers and significantly fewer tumors (Supplemental Figure 5). We
therefore confined our observations to mice that met the threshold of hyperglycemia at 6
weeks of age. We found that STAM Tm6 LKO mice manifest increased hepatic steatosis

at 12 weeks (Figure 6A), with increased numbers and size of visible tumors (Figure 6B),
along with increased dysplasia and proliferation (Figure 6C). Tm6 LKO mice had increased
body weight and liver weight at sacrifice (Supplemental Table 2), but no difference in serum
glucose, ALT, or AST by genotype (ALT: STAM Tm6 flox, 137.6 + 31.1 IU/L; STAM Tmé6
LKO, 145.3 + 30.4; AST: STAM Tmé6 Flox, 66.9 + 10.8 U/L; STAM Tm6 LKO, 74.6 +
12.6; n=8-9/genotype) although ALT/AST levels were significantly increased in STAM
animals compared to chow controls (Supplemental Table 1), consistent with increased
NAFLD activity score (NAS). At 18 weeks, Tm6 LKO mice again exhibited increased
steatosis (Figure 6D), with significantly increased body and liver weight (Supplemental
Table 2). Tm6 LKO mice had increased tumor burden compared to Flox controls, assessed
both visually at sacrifice and histologically by measurement of tumor area in H&E stained
sections (Figure 6E-F).

To investigate whether there is a correlation between tumorigenesis and inflammation, we
surveyed the expression of several inflammatory genes (111b, Ccl2, Cxcl10 and Cd44) in
control (chow diet) mice versus STAM, at several time points after streptozotocin (8, 12 and
18 weeks) and found increased expression of these genes in Tmé LKO livers, particularly
at the later time points, with a trend to increased expression at 8 weeks (Supplemental
Figure 6A). F4/80 immunostaining at 12 weeks showed increased macrophage infiltration
in a subset of Tm6 LKO livers (Supplemental Figure 6B). In contrast, hepatic fibrosis

was not different by genotype, either histologically or in fibrogenic mRNA expression
(Supplemental Figure 6C). These findings suggest that inflammation tends to be a feature
of tumorigenic progression at later time points but further work will be required in order to
determine the signaling pathways involved.

We also assessed HCC susceptibility using a second model in which male mice received
postnatal injection of DEN followed by high fat, fructose feeding to promote tumorigenesis.
At 4 months, Tm6 LKO mice again exhibited increased liver size and steatosis compared
to Tm6 flox mice (Figure 7A), with a trend to increased tumor burden (Figure 7B).
Hepatocyte BrdU incorporation was significantly increased in Tm6 LKO livers, suggesting
increased proliferation (Figure 7C), though we observed minimal changes in proliferative
gene expression (Supplemental Figure 6D). At 7 months, differences in liver size and
steatosis by genotype were more dramatic (Figure 7D), with a significant increase in the
number of visible tumors in each size range in Tm6 LKO mice (Figure 7E). Tumor area
(H&E stained sections) was markedly increased, with increased proliferation as evidenced
by BrdU incorporation (Figure 7F).

HCC initiation and progression following AAV8 mediated rescue of Tm6:

Based on our observations above regarding rescue of the hepatic steatosis phenotype with
exogenous rescue, we asked whether long term expression of exogenous Tmé6 could reduce
DEN-induced tumor burden or progression in Tm6 LKO mice. As an additional control

for these experiments, we found that transduction with AAV8-LacZ into Tm6 Flox or Tm6
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LKO mice appeared to increase tumorigenesis, with increased liver size and overall tumor
burden (compare Figure 8A vs Figure 7D). In comparison, Tm6é LKO mice transduced
with WT Tm6 AAV had dramatically decreased liver size and tumor burden compared

to LacZ AAV-injected Tm6 LKO mice (Figure 8A-C), but no reduction in hepatic TG
content (Figure 8A, right panel). We observed an intermediate phenotype in Tmé LKO
mice transduced with AAV E167K particles (Figure 8B, C) where some mice had few
tumors while others exhibited a significant tumor burden. To explain this observation, we
examined Tm6 mRNA and protein expression in mice transduced with either WT or mutant
AAV (Figure 8D) and found that protein expression was greatly, albeit variably, reduced

in Tm6 LKO mice transduced with the E167K compared to the WT AAV8 construct, and
independent of MRNA expression levels. Tumor burden in Tm6 LKO mice receiving either
AAV8 WT or E167K particles was inversely correlated with expression of Tm6 protein
(Figure 8E). These findings suggest that even low levels of Tm6 expression following AAV
rescue mitigates tumor development and progression in DEN-treated Tm6 LKO mice.

DISCUSSION

The current findings establish an unequivocal role for liver-specific deletion of 7m6sf2

in decreasing hepatic VLDL secretion and further show that Tm6 LKO mice exhibit
increased fibrosis when challenged with high fat diets and exhibit accelerated development
and progression of HCC. Our findings bring clarity to unresolved issues regarding loss-of-
function alleles for 7mésr2, where earlier reports from siRNA knockdown (7-9) found
impaired VLDL secretion in mouse hepatocytes, suggesting that genetic deletion strategies
would reveal an unambiguous loss-of-function phenotype. However, one report of germline
Tmé6sf2 deletion found no hepatic steatosis in knockout mice fed either chow or high fat
diets (17), while another report demonstrated impaired VLDL secretion and hepatic steatosis
(18), findings similar to those reported here. In addition, as alluded to above, none of those
earlier studies undertook to examine the longer-term consequences of decreased Tm6sf2
expression, specifically the development of progressive features of NAFLD (inflammation,
fibrosis) and the development of HCC. These are important questions in light of the findings
that, among subjects with histologically confirmed NAFLD, those harboring the 7TM6SF2
rs58542926 variant exhibit greater steatosis, inflammation, ballooning and fibrosis even after
adjusting for obesity, diabetes and age (14, 16, 33). In addition, other studies demonstrate
that the TAM6SF2 variant predisposes subjects to HCC in the setting of NAFLD (34) and
alcohol use disorder associated liver disease (13). Accordingly, these findings have particular
relevance because HCC is increasingly recognized as a complication of NAFLD (35).

Among the strengths of this study are that we undertook CRISPR deletion of 7mé6sf2

and developed two distinct lines of liver-specific Tm6 knockout mice, characterized the
loss-of-function phenotype in both sexes and confirmed our observations regarding steatosis
and fibrosis using multiple different diets. Our finding that hepatic fibrosis in some of the
dietary models tended to align with increased hepatic total and free cholesterol in Tm6
LKO mice is in agreement with other studies implicating cholesterol accumulation in the
progression of murine NASH (36, 37). In addition, we confirmed our findings regarding
HCC development using two different models of tumorigenesis. We believe this approach
brings experimental rigor to our conclusions, several elements of which merit expanded
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discussion. We undertook to compare the phenotypes associated with impaired VLDL
secretion caused by inactivation of Mttp (Mttp LKO) in which there is an almost complete
block in VLDL assembly within the ER lumen (26) to the partial (~50%) impairment
observed in Tm6 LKO mice. Those findings demonstrate subtle differences between the
genotypes, including a shift to accumulation of smaller LDs and enhanced p-oxidation

in Mtip LKO mice, though overall, we observed similar patterns of both triglyceride and
other hepatic lipid species accumulation with inactivation of either Mttp or Tm6sf2. In
attempting to reconcile the shift in LDs we examined expression of LD associated genes.
We observed decreased mRNA abundance for Pnpla3 in both LKO genotypes, increased
Cidec in Mttp LKO mice and increased Fltm1 in Tm6 LKO mice, the functional impact

of which will require further study. However, we found no difference in Cideb mRNA
expression in either LKO genotype. This was an important consideration because previous
studies demonstrated that Cideb knockout mice exhibit impaired lipidation of hepatic VLDL
with null mice secreting smaller, underlipidated particles but no change in APOB secretion
(38). Accordingly, we conclude that the phenotypes observed in Tm6 LKO mice are unlikely
to be explained by loss of Cideb. However, it is possible that Tm6sf2 deletion impairs the
ability of nascent APOB to interact with ER membrane proteins (including Cideb) in the
dynamic remodeling processes of VLDL assembly.

Our findings hint at there being a functional “threshold” on VLDL secretion capacity and
hepatic steatosis where partial impairment, as observed in Tmé LKO mice, produces an
indistinguishable pattern of steatosis as observed in Mtto LKO mice, which exhibit almost
complete impairment of VLDL secretion. This discrepancy may be linked to differences

in the upregulation of FA oxidation in Mtfp LKO vs Tm6 LKO mice. Our findings show
several important distinctions between hepatic Tm6sf2 and Mitp deletion. Liver specific
deletion of Tm6sf2 impacts APOB48 VLDL secretion more dramatically than APOB100
secretion in both chow and high fat diet fed mice (Figure 3F), yet still results in secretion of
smaller VLDL particles in the background of either APOB100 or APOB48. Previous studies
have shown that Mttp is involved in lipidating nascent APOB [reviewed in (39)] and that
impaired expression or function of Mttp produces a disproportionate effect on APOB100
stability and secretion from hepatoma cells (28) and conditional lethality in intestinal Mito
knockout mice crossed into an APOB100-only background (40). Those earlier findings,
considered with our current observations, suggest that Tmésf2 functions in hepatic VLDL
assembly at a point downstream of Mttp when the nascent APOB protein has been initially
lipidated and a primordial VLDL particle is being formed. We would predict that combined
deletion of both Mttpand Tmésf2would completely eliminate VLDL secretion, but that
prediction is yet to be tested.

We undertook AAV8 mediated rescue of the Tm6 LKO phenotype, with an a priori
expectation that the WT protein would rescue the defect in VLDL secretion and reverse
the hepatic steatosis in Tm6 LKO mice. However, this prediction was not entirely fulfilled.
Administration of either WT or mutant Tm6 reduced hepatic steatosis in high fat diet fed
Tm6 LKO mice and reduced the mild fibrosis occurring in this model (Figure 4), yet
produced almost no effect on VLDL secretion. Among the possibilities to explain this
discrepancy is that our AAV8 rescue results in high levels of Tm6 protein, likely exceeding
endogenous levels by orders of magnitude, which may be associated with a “dominant

Hepatology. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Newberry et al.

Page 11

negative” effect on VLDL secretion as implied by other gain-of-function approaches (19).
This explanation may at least partially account for the observation that mice with transgenic
overexpression of WT Tm6sf2 appeared to develop hepatic steatosis with overexpression of
cholesterogenic pathway genes (17).

Our findings highlight another important question in the function of Tm6sf2. Why does the
mutant protein reduce hepatic steatosis and mitigate tumor development? We suspect, as
previously noted, that the mutant protein is unstable because mMRNA expression levels of
(exogenous) WT and mutant Tm6 mRNAs were comparable (and considerably higher than
endogenous), yet the mutant protein product was barely and variably detectable (Figures

4, 8). We speculate that the partial rescue of the tumorigenic phenotype in Tmé LKO

mice receiving AAV8 E167K Tm6 reflects low levels of functional Tm6 mutant protein,
again suggesting a minimal “threshold” effect for rescue. However, as alluded to above,
the mechanisms by which even low levels of Tm6sf2 mitigate tumor development in

DEN treated Tm6 LKO mice remain to be explored. Likewise, the observation that tumor
mitigation following AAV8 rescue appears independent of an effect on hepatic steatosis in
those Tm6 LKO mice is also unexplained. We suspect that resolution of these unanswered
issues will require an alternative genetic approach, similar to the more nuanced approaches
taken with resolving the function of Pnpla3, where mice with germline deletion of Pnpla3
did not develop hepatic steatosis (41, 42) but a knockin allele with the variant Pnpla3
permitted elucidation of a pathogenic phenotype (43). Those and other questions regarding
the function of Tm6sf2 as a genetic regulator of lipid export will be the focus of future
reports.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BSA bovine serum albumin
Brdu bromodeoxyuridine
DAG diacylglycerol
DEN diethyl nitrosamine
EM electron microscopy
ER endoplasmic reticulum
FA fatty acid
FPLC fast pressure liquid chromatography
HCC hepatocellular carcinoma
HMFD high milkfat diet
LD lipid droplet
LysoPC lysophosphatidylcholine
MTTP microsomal triglyceride transfer protein
NAFLD nonalcoholic fatty liver disease
NASH nonalcoholic steatohepatitis
PC phosphatidylcholine
PFC palm oil, fructose, cholesterol diet
TFF transfat fructose diet
TG triglyceride
TM6SF2 transmembrane 6 superfamily 2
VLDL very low density lipoprotein
WT wild type
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Figure 1:
Targeting strategy and baseline characterization of Tmé LKO mice. A. Schematic diagram

of Tmé6sf2 gene showing the location of Lox P recombination sites (triangles) in intronic
regions surrounding Exon 2 (Ex2). Also shown is the translation initiation site (arrow) and
the location of primers used to detect Tm6sf2 mRNA (blue bars). Lower panel: Relative
expression of Tm6sf2 mRNA in the liver of two distinct conditional knock out lines of

Tm6 Flox and Tm6 LKO mice (L1, L2; n=5-7 females/group). B. Hepatic triglyceride
levels in male and female, Tm6 flox and Tm6 LKO mice from 2 distinct Tm6sf2 LKO

lines (left, middle). Right panel shows hepatic triglyceride levels in male and female Mttp
LKO mice for comparison. All mice are 12-14 weeks of age, fed chow diet. C. Left:
Representative TEM images of intracellular lipid droplets in chow fed Tm6 Flox, Tmé LKO
and Mrtp LKO liver tissue (2000x, scale bar = 2uM). Middle: Quantitation of lipid droplet
size distribution in Tm6 Flox (n=2), Tm6 LKO (n=4) and Mty LKO (n=3) female mice (6
images/mouse). Right: Average total lipid droplet area in 6 images/animal. D. Relative gene
expression of lipid droplet associated proteins in Tmé Flox, Tm6 LKO, Mttp Flox and Mtto
LKO liver (chow diet females, n=4/genotype), with expression normalized to respective flox
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control samples. E. Baseline expression of genes involved in TG secretion, fibrogenesis, and
inflammation in male and female Tm6 LKO and control mice (n=5/genotype, 12-14 weeks,
chow diet). For all panels, * indicates p<0.05, ** indicates p<0.01.
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Figure 2:

Untargeted lipidomic characterization of indicated genotypes. A. Levels of major
triglyceride species in Tm6 Flox, Tmé LKO, Mttp Flox and Mtip LKO liver tissue. All

TG species shown are significantly more abundant in mice with liver specific deletion of
Tmé6sr2 or Mittp versus respective control livers. N= 5-6/genotype, chow diet fed females,
12-15 weeks of age. Species shown represent >85% percent of total TG species peak area.
B. Diacylglyceride species in Tm6 Flox, Tm6 LKO, Mt Flox and Mtip LKO liver tissue.
All species shown are significantly more abundant in Tm6 LKO and Mttp LKO liver tissue
versus respective control livers. C. Free fatty acid species in above genotypes. Significant
differences are indicated. D. Phosphatidyl choline (left panel) and lyso-phosphatidylcholine
(Lyso PC) species E. Abundance of triglyceride species in serum of Tm6 Flox, Tm6 LKO,
Mittp Flox and Mttp LKO mice following a 4h fast (chow diet, females). . F. Expression of
genes related to fatty acid synthesis, B-oxidation and modification in Tm6 LKO and Miip
LKO liver (n=4 females/genotype, chow diet). For all panels, data are presented as mean +
SEM,; asterisks indicate p<0.05 and ns indicates not significant.
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Figure 3:
VLDL secretion characteristics of Tm6 LKO mice. A. Serum triglyceride levels at 0, 2 and

4 hours after injection of Pluronic =127 in Tm6 Flox, Tmé LKO, and Mtfp LKO mice
(n=4-5/genotype). Inset shows average area under curve for Tmé Flox and LKO genotypes.
Right: Western blot of APOB protein in 4h serum of individual Tm6 Flox and Tm6 LKO
mice, with densitometric quantification shown below. B. Serum from 4h bleed (Panel

A) was pooled by genotype and fractionated by FPLC to separate lipoprotein particles.
Column fractions were assayed for triglyceride and cholesterol to identify VLDL- and
HDL-containing fractions (Fractions 27-32 and 48-55, respectively). Lower panel: Western
blot showing APOB100 and APOB48 protein in VLDL FPLC fractions. C. Size distribution
of negatively stained VLDL particles isolated from Tm6 Flox and Tm6 LKO mice. Serum
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was pooled from 3—-4 mice per genotype 4h after Pluronic injection and fractionated by
density centrifugation. Data are presented as percent of total droplets in each size range

and was generated from 2 independent isolations per genotype. Representative images of
negatively stained VVLDL particles are shown (50,000x; scale bar=100nm). D. Synthesis and
secretion of [3H]-labeled triglyceride in isolated primary hepatocytes. Left: Cellular [3H]-TG
levels in Tm6 Flox and LKO hepatocytes at Oh, 4h and 18 hours after labeling, normalized
to cellular protein. Right: [3H]-TG in media collected 4 or 18 hours after labeling. E.
Synthesis and secretion of APOB in primary hepatocytes. Top left: Newly synthesized
APOB100 and APOB48 in cells or medium 15, 60 or 120 minutes after pulse labeling of
Tmé6 Flox (WT) and LKO hepatocytes. Bottom left: APOB synthesis in isolated hepatocytes.
Right: Quantitation of APOB100 and APOB48 secretion in 3 independent experiments,
normalized to APOB secretion in WT hepatocytes in each experiment. F. Effect of Tm6sf2
deletion on VVLDL secretion and particle size in APOB100 and APOB48 mice. Left: Serum
triglyceride in HMFD-fed Apobec1*/* Tm6ff, Apobec1~- Tm6"f, Apobec1*/* Tmé /f Cre
and Apobec1~- Tm6ff Cre mice at 0, 2 and 4 hours after Pluronic F-127 injection. Deletion
of Tm6sf2 was induced by AAV Cre in Apobec1 ™ mice and with Alb CreT9 in Apobec1*/*
mice. Tm6f mice received control AAV (null or LacZ). N=4-5 animals/group, mixed
genders. Middle: Serum from 4 hour timepoint was analyzed by western blot analysis to
monitor levels of APOB100 and APOBA48 protein, and by density centrifugation to examine
VLDL particle size in Apobec1 ™ Tm6%f and Apobec1 ™ Tm6f AAV Cre mice fed chow
diet. Representative images of negatively stained VLDL particles are shown (50,000x, scale
bar=100nm), with quantitative size distribution presented as percent of total droplets in each
size range (right). For all panels, asterisks indicate p<0.05 versus Tmé Flox controls.
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Impact of high fat diet on hepatic lipid content of Tm6 LKO mice and rescue with AAV8
Tm6sf2. A. Hepatic triglyceride content in male and female Tm6 Flox and Tm6 LKO mice
fed HMFD for 3 weeks (female, n=6/genotype; male, n= 11-15). A similar phenotype was
found using Tm6 LKO line 2. B. AAV-mediated expression of Flag Tm6sf2. Left: Relative
expression of Tm6 mRNA in livers of Tm6 LKO mice (n=6-8/group) transduced with LacZ
AAV, WT Tm6 AAV, or E167K AAV, normalized to expression of endogenous Tm6sf2 in
Tm6 Flox livers. All groups are significantly different compared to flox controls. Right:
Western blot showing expression of Flag tagged Tm6 in AAV transduced liver tissue using
anti-Flag antibody. Expression of Gapdh protein is shown as a loading control. C. Left:
Hepatic TG content in liver of HMFD- fed Tm6 Flox and Tm6 LKO mice transduced with
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AAV constructs (n=6-10 males/group). Right: Quantitation of lipid droplet size in Tm6
LKO mice transduced with Lac Z or WT Tm6 AAV. D. VLDL secretion in HMFD- fed male
and female Tm6 Flox and Tm6 LKO mice transduced with Lac Z, Tm6 WT, and E167K
AAV (n=3-4/group). E. Expression of lipogenic genes in Tm6 Flox and AAV-transduced
LKO mice fed HMFD (n=5-7 animals/group). F. Sirius red stained fibrotic area in Tm6 Flox
and Tm6 LKO mice transduced with AAV (n=5-6/group). Representative images are shown
(400x magnification, scale bar = 20uM). For all panels, asterisks indicate p<0.05.
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Figure5:
Impact of high fat, fibrogenic diet on Tm6 LKO mice. A. Hepatic triglyceride in male

and female (left) Tm6 Flox and Tm6 LKO mice fed a transfat fructose (TFF) diet for 20
weeks (n=5-8/group). Similar findings were obtained using an independent line of Tm6
LKO mice (not shown) B. Fibrogenic and inflammatory gene expression in female mice
fed TFF diet (n=5-6/genotype). C. Sirius red stained fibrotic area in male and female mice
fed TFF diet (n=5-6/group), with representative images shown (40x, scale bar= 20um). D.
Hepatic triglyceride in male and female (left) mice fed a palm oil/ fructose/ cholesterol
(PFC) containing diet for 20 weeks (n=5-8/group). E. Representative images of periportal
fibrosis in PFC fed femaleTm6 Flox and LKO livers using Sirius red staining and second-
harmonic generation microscopy (middle) to visualize collagen fibers. Fibrotic area (right)
was quantitated from the Sirius red stained sections (n=7/genotype, scale bar = 20um). F.
Fibrogenic and inflammatory gene expression in livers of female Tm6 Flox and LKO mice
fed PFC diet (n=5/genotype). For all panels, asterisks indicate p<0.05 versus flox controls.
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Figure®6.
Effect of STAM model on hepatic tumorigenesis in Tm6 LKO mice. A. Hepatic triglyceride

content in STAM model Tm6 Flox and Tm6 LKO mice at 12 weeks of age (n=5-7mice/
genotype). B. Distribution of visible tumors in Tm6é Flox and LKO STAM mice at 12

weeks (n=10-12/genotype). Representative images are shown (right). C. H&E staining (left)
and BrdU immunohistochemistry in STAM liver tissue (12 weeks) showing regions of
dysplasia and proliferation (H&E images at 100x, scale bar = 100uM; BrdU images at 200x,
scale bar= 50uM). Right panel shows BrdU positive nuclei, expressed as percent of total
hepatocyte nuclei, per field. Nuclei were counted in at least 10 images per animal, taken
from 3-4 distinct pieces of tissue. D. Hepatic triglyceride content in STAM model mice at
18 weeks of age (n=5/genotype). E. Distribution of visible tumors at 18 weeks of age. N=12/
genotype. F. Tumor area expressed as a percent of total tissue area (n=6-7 mice/genotype,
with 10-12 images per animal). Representative images are shown (100x, scale bar=100uM).
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Figure7.

Effect of DEN induced tumorigenesis in Tm6 LKO mice. A. Liver size and triglyceride
content in Tm6 Flox and Tm6 LKO mice in the DEN high fat diet model at 4 months of
age (n=20 flox, 13 LKO for liver size; n=8/genotype for TG). B. Average number of visible
tumors at 4 months (n=13-20/genotype), with representative livers and H&E images shown
(100x, scale bar = 100uM). C. BrdU incorporation in liver tissue of DEN treated animals

at 4 months. Left: BrdU images at 400x, scale bar=20uM. Right: Quantitation of BrdU

positive hepatocytes, expressed as a percent of total hepatocyte nuclei per field. D. Liver size
and triglyceride content of mice in DEN high fat model at 7 months of age (n=30 flox, 23
LKO for liver size; n=6/genotype for TG). E. Size distribution of visible tumors in DEN
high fat mice at 7 months, with representative livers and H&E images shown (100x, scale
bar=100um). F. Quantitation of tumor area and BrdU positive nuclei in Tm6 Flox and Tm6é
LKO mice in DEN high fat model at 7 months. For all panels, asterisks indicate p<0.05 vs
controls.
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Figure8.

Relative Tm6 Protein

Rescue of DEN induced hepatic tumorigenesis with AAV8 delivery of Tm6sf2.

A. Liver size (left, normalized to body weight) and hepatic TG content in DEN high fat

diet mice injected with AAV. N=3 Tm6 Flox + LacZ AAV, n=6-10 Tm6 LKO mice + AAV,
sacrificed at 7 months. B. Distribution of larger visible tumors at 7 months. Tumors smaller
than 2mm were too numerous to precisely count. Representative images of livers are shown,
including livers of 2 Tm6 LKO + E167K AAV to show variability. C. Average tumor area
(left) and BrdU incorporation in DEN high fat diet Tm6 Flox and Tm6 LKO mice + AAV at
7 months. D. Western blot with anti-FLAG antibody showing expression of Tm6sf2 protein
in livers of DEN high fat Tm6 LKO mice injected with WT Tm6 or E167K Tm6 AAV.
Gapdh protein is shown as a loading control. Relative exogenous Tm6sf2 mRNA levels are
shown below the blot, with expression of both protein and mMRNA normalized to expression
in 2 reference samples (marked with asterisks on western blot, and loaded on both gels).

In reference samples, exogenous Tm6sf2 mRNA is expressed at levels that are 60- and
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74-fold higher (respectively) than endogenous Tm6sf2 (data not shown). Lower panel shows
direct correlation between abundance of Tm6sf2 mRNA and protein in mice receiving WT
AAV (closed triangles), but not in mice expression E167K AAV (open triangles). E. Inverse
correlation between Tm6sf2 protein expression and tumor area in both Tm6é LKO + WT
Tm6 AAV (left) and Tm6 LKO + E167K Tm6 AAV.
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