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SUMMARY

The co-presence of I148M Patatin-like Phospholipase
Domain-containing 3 (PNPLA3), the rs641738 close to
Membrane Bound O-acyltransferase Domain-containing 7
(MBOAT7) and the E167K Transmembrane 6 Superfamily
Member 2 (TM6SF2) at-risk variants impacts on nonalco-
holic fatty liver disease (NAFLD) course, in both patients and
experimental models. They affect lipid droplets accumula-
tion, mitochondrial functionality and metabolic reprogram-
ming leading to hepatocarcinogenesis.

BACKGROUND & AIMS: The I148M Patatin-like Phospholipase
Domain-containing 3 (PNPLA3), the rs641738 in the Membrane
bound O-acyltransferase domain containing 7-transmembrane
channel-like 4 (MBOAT7-TMC4) locus, and the E167K Trans-
membrane 6 Superfamily Member 2 (TM6SF2) polymorphisms
represent the main predisposing factors to nonalcoholic fatty
liver disease (NAFLD) development and progression. We pre-
viously generated a full knockout of MBOAT7 in HepG2 cells
(MBOAT7-/-), homozygous for I148M PNPLA3. Therefore, we
aimed to investigate the synergic impact of the 3 at-risk vari-
ants on liver injury and hepatocellular carcinoma (HCC) in a
large cohort of NAFLD patients, and create in vitro models of
genetic NAFLD by silencing TM6SF2 in both HepG2 and
MBOAT7-/- cells.

METHODS: NAFLD patients (n ¼ 1380), of whom 121 had HCC,
were stratified with a semiquantitative score ranging from 0 to
3 according to the number of PNPLA3, TM6SF2, and MBOAT7 at-
risk variants. TM6SF2 was silenced in HepG2 (TM6SF2-/-) and
MBOAT7-/- (MBOAT7-/-TM6SF2-/-) through Clustered regularly
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interspaced short palindromic repeats and CRISPR-associated
protein 9 (CRISPR/Cas9).

RESULTS: In NAFLD patients, the additive weight of these
mutations was associated with liver disease severity and an
increased risk of developing HCC. In HepG2 cells, TM6SF2
silencing altered lipid composition and induced the accumula-
tion of microvesicular lipid droplets (LDs), whereas the
MBOAT7-/-TM6SF2-/- cells showed a mixed microvesicular/
macrovesicular pattern of LDs. TM6SF2 deletion strongly
affected endoplasmic reticulum and mitochondria ultrastruc-
tures, thus increasing endoplasmic reticulum/oxidative stress.
The mitochondrial number was increased in both TM6SF2-/-

and MBOAT7-/-TM6SF2-/- models, suggesting an unbalancing in
mitochondrial dynamics, and the silencing of both MBOAT7 and
TM6SF2 impaired mitochondrial activity with a shift toward
anaerobic glycolysis. MBOAT7-/-TM6SF2-/- cells also showed
the highest proliferation rate. Finally, the re-overexpression of
MBOAT7 and/or TM6SF2 reversed the metabolic and tumori-
genic features observed in the compound knockout model.

CONCLUSIONS: The co-presence of the 3 at-risk variants im-
pacts the NAFLD course in both patients and experimental
models, affecting LD accumulation, mitochondrial functionality,
and metabolic reprogramming toward HCC. (Cell Mol Gastro-
enterol Hepatol 2022;13:759–788; https://doi.org/10.1016/
j.jcmgh.2021.11.007)

Keywords: NAFLD; HCC; TM6SF2; ER Stress; Mitochondrial
Dynamics.

onalcoholic fatty liver disease (NAFLD) is a
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Ngrowing burden on global health care, and it is
considered the most relevant liver disease of the 21st cen-
tury, affecting both adults and children. It is predicted to
become the leading cause of hepatocellular carcinoma (HCC)
and the most common indication for liver transplantation by
2030.1 NAFLD encompasses a wide spectrum of hepatic
conditions ranging from simple steatosis (hepatic fat, >5%)
to nonalcoholic steatohepatitis (NASH), fibrosis, cirrhosis,
and HCC.2 The pathogenesis of NAFLD is closely intertwined
with increased adiposity, insulin resistance, and dyslipide-
mia.3 Besides environmental factors, the 50%–70% of
hereditable traits contributed to NAFLD susceptibility and
its interindividual phenotypic variability.4 Three main
single-nucleotide polymorphisms (SNPs) have been identi-
fied in the PNPLA3, MBOAT7, and TM6SF2 genes through
genome-wide association studies and have been associated
with the NAFLD spectrum.5–7

Intracellular fat accumulation and aberrant lipid meta-
bolism represent the earliest events occurring in NAFLD and
genetics may participate to hasten steatosis development
and its transition to NASH and eventually to HCC.8 The
rs738409 C>G variant in the PNPLA3 gene, encoding
isoleucine to methionine amino acidic substitution at posi-
tion 148 (I148M), is the strongest genetic variant predis-
posing from fatty liver to HCC and its frequency ranges from
17% to 49% according to ethnicity and the geographic
distribution of NAFLD.9 PNPLA3 localizes on the surface of
lipid droplets (LDs) and functions as triacylglycerol (TAG)
lipase. The I148M mutation leads to the accumulation of
mutant PNPLA3 on LD surfaces, thus inhibiting TAG hy-
drolysis. The rs641738 C>T variant close to the MBOAT7
gene (w35%–40% T-allele frequency) was associated with
cirrhosis development in alcohol abusers,7 and, afterward,
with NAFLD severity in European descendents.10 MBOAT7
enzymatically remodels acyl chains of phospholipids on
cellular membranes by transferring polyunsaturated fatty
acids to lysophosphatidylinositols. Both hyperinsulinemia
and the presence of the rs641738 polymorphism reduced
the expression of hepatic MBOAT7, determining changes in
phosphatidylinositol (PI) species toward saturated ones,
precursors of TAG synthesis, and favoring fat accumula-
tion.11 Finally, Kozlitina et al5 identified the rs58542926
C>T genetic variant in the TM6SF2 gene, whose allele fre-
quency hovers 7.2% in individuals of European ancestry,
4.7% in Hispanics, and 3.4% in African Americans, thereby
showing a lower minor allele frequency in the general
population compared with PNPLA3 and MBOAT7 mutations.
TM6SF2 localizes in the endoplasmic reticulum (ER) and
ER-Golgi compartments,12 and participates in TAG-rich li-
poprotein lipidation and assembly in the ER cisternae.5,13

The rs58542926 C>T variant in TM6SF2 encoding lysine
instead of glutamate at residue 167 (E167K) causes the
retention of very-low-density lipoprotein (VLDL) in the liver
and increases the intrahepatic TAG content, but it protects
against cardiovascular complications.5,14 However, differ-
ently from I148M PNPLA3 and rs641738 MBOAT7 variants,
the E167K TMS6F2 variant was associated with fatty liver,
but its role in cell injury and carcinogenesis remains
uncharted.

It is well established that the I148M PNPLA3, the
rs641738 in MBOAT7, and the E167K TM6SF2 SNPs pre-
dispose to NAFLD and advanced liver injury. Recently, the
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opportunity has emerged to translate the genetics into
clinics by aggregating these genetic variants in polygenic
risk scores for the assessment of fatty liver development
and progression.15 However, the additive weight of the 3
at-risk mutations on liver disease severity and the related
mechanisms need further investigation.16 Therefore, we
aimed to explore the synergic effects of the I148M
PNPLA3, rs641738 MBOAT7, and E167K TM6SF2 variants
on clinicopathologic features and liver disease severity in a
large cohort of patients with NAFLD. Moreover, to repro-
duce in vitro a condition that parallels human genetic
NAFLD in vitro, we silenced hepatoma cells in HepG2 ho-
mozygous for the I148M PNPLA3 variant, the TM6SF2 and
MBOAT7 genes by exploiting Clustered regularly inter-
spaced short palindromic repeats and CRISPR-associated
protein 9 (CRISPR/Cas9) technology. We previously
generated a full knockout of MBOAT7 (MBOAT7-/-) in
HepG2 cells, which spontaneously developed LDs.11 In this
study, we silenced TM6SF2 in both HepG2 (TM6SF2-/-) and
MBOAT7-/- (MBOAT7-/-TM6SF2-/-) cells to elucidate
whether TM6SF2 ablation, alone or in combination with
that of MBOAT7, may induce pathologic features resem-
bling human NAFLD.
Table 1.Demographic, Anthropometric, and Clinical Features o
Service Cohort (n ¼ 1259) and the NAFLD-HCC Coho

Overall cohort
(n ¼ 1380)

Hepa
coh

Sex, male 739 (53.5)

Age, y 50.3 ± 13.5 4

BMI, kg/m2 34.3 ± 8.7

IFG/T2D, yes 369 (26.7)

HOMA-IR 5.26 ± 7.96

Insulin, IU/mL 20.9 ± 24.0

Total cholesterol, mmol/L 5.14 ± 1.07

LDL cholesterol, mmol/L 3.15 ± 0.97

HDL cholesterol, mmol/L 1.29 ± 0.38

Triglycerides, mmol/L 1.62 ± 1.00

ALT, IU/L 4.49 {2.99–4.04} 3.4

AST, IU/L 3.21 {2.94–3.61} 3.

Risk variants, n
0 172 (12.46)
1 574 (42.03)
2 552 (40)
3 82 (5.94)

NOTE. Values are reported as means ± SD, number (%), or m
participants were compared across class enrollment criteria usin
regression model (for categoric characteristics).
ALT, alanine aminotransferase; AST, aspartate aminotransfer
model assessment-estimated insulin resistance ; IFG, impaire
diabetes.
aModels were adjusted for sex, age, BMI, IFG/T2D, class enrollm
TM6SF2, and the rs641738 C>T MBOAT7). Bold P < .05 was c
vs the NAFLD-HCC cohort.
bThe frequencies for each risk variant subgroup were compare
statistically significant. 0, absence of risk variants; 1–3, total num
NAFLD-HCC cohort.
Results
The I148M PNPLA3, rs641738 MBOAT7, and
E167K TM6SF2 Genetic Variants Have a
Synergic Effect on Liver Damage

In the overall cohort, 172 patients were wild type
(12.46%); 574 were heterozygous or homozygous for the
I148M PNPLA3, the rs641738 MBOAT7, or the E167K
TM6SF2 (42.03%); 552 carried at least 2 different risk SNPs
in variable combinations (40%); and 82 had all 3 at-risk
variants (5.94%). In the NAFLD-HCC cohort the percent-
age of patients who carried 2 or 3 risk variants was higher
compared with the Hepatology Service cohort (52% and
11.5% vs 38.84% and 5.4%, respectively; P ¼ .004 and
.006) (Table 1).

In a generalized linear model adjusted for age, sex, body
mass index (BMI), and type 2 diabetes (T2D), the co-
presence of the 3 risk variants in the overall cohort was
associated with increased levels of markers of liver damage
(P ¼ .003, b ¼ .07, 95% CI, -0.02 to 0.11; and P < .0001, b ¼
.07, 95% CI, -0.04 to 0.11) (Table 2). At ordinal logistic
regression analysis adjusted as described earlier, the co-
presence of the 3 at-risk variants was associated with a
f the Overall Cohort (n ¼ 1380), Including the Hepatology
rt (n ¼ 121), Stratified for Enrollment Criteria

tology service
ort (n ¼ 1259)

NAFLD-HCC
cohort (n ¼ 121) P value*a

650 (51.6) 89 (73.5) .06

7.86 ± 12.6 67.64 ± 10.0 <.0001
34.7 ± 8.8 28.7 ± 5.14 .01

293 (23.3) 76 (62.8) .005

5.01 ± 5.49 12.4 ± 31.3 <.0001
20.3 ± 16.9 39.4 ± 91.6 .0003

5.18 ± 1.04 4.28 ±.1.18 <.0001
3.19 ± 0.95 2.4 ± 0.99 <.0001
1.29 ± 0.37 1.31 ± 0.51 .44

1.63 ± 0.94 1.41 ± 1.81 .03

6 {2.99–4.04} 3.61 {3.29–3.98} .77

21{2.89–3.58} 3.62 {3.22–4.04} .0074

P value*b

164 (13.02) 6 (4.9) .009
538 (42.73) 38 (31.4) .01
489 (38.84) 63 (52) .004
68 (5.4) 14 (11.5) .006

edian {interquartile range}, as appropriate. Characteristics of
g linear regression model (for continuous variables) or logistic

ase; HDL, high-density lipoprotein; HOMA-IR, homeostasis
d fasting glucose; LDL, low-density lipoprotein; T2D, type 2

ent, and number of 3 at-risk variants (I148M PNPLA3, E167K
onsidered statistically significant. *Hepatology service cohort

d using the chi-squared test. Bold P < .05 was considered
ber of risk variants carried. *Hepatology service cohort vs the



Table 2.Demographic, Anthropometric, and Clinical Features of the Overall Cohort (n ¼ 1380) Stratified for Number of
PNPLA3 I148M, MBOAT7 rs641738, and TM6SF2 E167K Risk Variants

Number of risk variants

P valuea0 (n ¼ 172) 1 (n ¼ 574) 2 (n ¼ 552) 3 (n ¼ 82)

Sex, male 78 (45.9) 304 (52.9) 305 (55.3) 51 (62.2) .27

Age, y 49.02 ± 12.17 48.69 ± 13.17 49.71 ± 13.96 52.33 ± 14.70 .80

BMI, kg/m2 35.77 ± 8.37 34.15 ± 8.68 34.48 ± 8.85 31.71 ± 8.26 .02

IFG/T2D, yes 42 (24.41) 138 (24.04) 159 (28.8) 29 (35.36) .10

HOMA-IR 4.34 ± 3.30 4.98 ± 3.82 5.81 ± 11.57 5.25 ± 3.92 .16

Insulin, IU/mL 18.7 ± 13.03 20.08 ± 13.96 22.63 ± 34.01 20.50 ± 11.3 .16

Total cholesterol, mmol/L 5.21 ± 1.09 5.24 ± 1.07 5.07 ± 1.08 4.77 ± 0.80 .006

LDL cholesterol, mmol/L 3.23 ± 0.94 3.20 ± 0.98 3.13 ± 0.99 2.87 ± 0.70 .06

HDL cholesterol, mmol/L 1.36 ± 0.37 1.33 ± 0.41 1.25 ± 0.34 1.22 ± 0.35 .001

Triglycerides, mmol/L 1.51 ± 0.96 1.69 ± 1.07 1.59 ± 0.95 1.54 ± 1.02 .57

ALT, IU/L 3.33 {2.91–3.97} 3.40 {2.94–3.97} 3.58 {3.07–4.13} 3.67 {3.25–4.14} .003

AST, IU/L 3.46 {3.17–3.79} 3.17{2.89–3.55} 3.29 {2.99–3.66} 3.46 {3.17–3.79} <.0001

NOTE. Values are reported as means ± SD, number (%), or median {interquartile range}, as appropriate. Characteristics
of participants were compared across the increasing number of at-risk variants (I148M PNPLA3, E167K TM6SF2, and
the rs641738 in TMC4/MBOAT7 locus) using linear regression model (for continuous variables) or logistic regression model
(for categoric characteristics).
ALT, alanine aminotransferase; AST, aspartate aminotransferase; HDL, high-density lipoprotein; HOMA-IR, homeostasis
model assessment-estimated insulin resistance; IFG, impaired fasting glucose; LDL, low-density lipoprotein; T2D, type 2
diabetes.
aModels were adjusted for sex, age, BMI, IFG/T2D, and the number of 3 at-risk variants. 0, absence of risk variants; 1–3, total
number of risk variants carried. Bold P < .05 was considered statistically significant.
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higher grade of steatosis (P < .0001; b ¼ .40; 95% CI,
0.27–0.55) (Figure 1A), lobular inflammation (P < .0001;
b ¼ .29; 95% CI, -0.15 to 0.44) (Figure 1B), ballooning
(P ¼ .004; b ¼ .25; 95% CI, 0.07–0.42) (Figure 1C), fibrosis
(P < .0001; b ¼ .42; 95% CI, 0.28–0.56) (Figure 1D), and
NAFLD activity score (P < .0001; b ¼ .37; 95% CI,
0.24–0.51) (Figure 1E) in the overall cohort. At nominal
logistic regression analysis adjusted for age, sex, BMI, and
T2D, carriers of the 3 SNPs had an increased risk of devel-
oping NAFLD (odds ratio [OR], 1.40; 95% CI, 1.06–1.83;
P ¼ .01) (Figure 1F), NASH (OR, 1.53; 95% CI, 1.30–1.78;
P < .0001) (Figure 1G), fibrosis greater than 1 (OR, 1.57;
95% CI, 1.30–1.89; P < .0001) (Figure 1H), fibrosis greater
than 2 (OR, 1.54; 95% CI, 1.22–1.95; P ¼ .0003) (Figure 1I),
cirrhosis (OR, 1.62; 95% CI, 1.22–2.14; P ¼ .0007)
(Figure 1J), and an approximately 2-fold higher risk of
developing HCC (OR, 1.73; 95% CI, 1.09–2.74; P ¼ .01)
(Figure 1K) even after the adjustment for the presence of
fibrosis. In addition, at bivariate analysis we found that the
prevalence of the 3 risk variants was approximately 2.5-fold
enriched in patients in the NAFLD-HCC cohort compared
with those in the Hepatology Service cohort (P < .0001)
(Figure 1L).
CRISPR/Cas9-Mediated Gene Editing in
Hepatocytes to Model NAFLD

To explore whether TM6SF2 and MBOAT7 loss-of func-
tion in the context of the I148M PNPLA3 genetic background
may exert an additive effect in hepatocytes in terms of fat
accumulation, lipid metabolism, hepatocellular stress, and
carcinogenesis, we exploited CRISPR/Cas9 technology to
induce genetic deficiency of the MBOAT7 (MBOAT7-/-),11

TM6SF2 (TM6SF2-/-), or both (MBOAT7-/-TM6SF2-/-) in
HepG2 cells. Sanger sequencing confirmed TM6SF2 silencing
resulting from a deletion of 202 nucleotides (D202) cutting
the ATG site in both TM6SF2-/- and MBOAT7-/-TM6SF2-/-

clones compared with the wild-type reference sequence
(Figure 2A). As expected, TM6SF2 messenger RNA (mRNA)
and protein levels were reduced in TM6SF2-/- and
MBOAT7-/-TM6SF2-/- cells compared with Cas9þ and
MBOAT7-/- cells (P < .0001 at ANOVA; adjusted P < .05 vs
Cas9þ and MBOAT7-/-) (Figure 2B). Likewise, the MBOAT7
expression was lower only in MBOAT7-/- and
MBOAT7-/-TM6SF2-/- cells (P ¼ .0002 at ANOVA; adjusted P
< .05 vs Cas9þ and TM6SF2-/-) (Figure 2C), thus recapitu-
lating the human condition of genetic NAFLD in which the
rs641738 and the E167K variants cause a reduction of
MBOAT7 and TM6SF2 levels, respectively.

To assess whether TM6SF2 deletion impacted its func-
tional role, we evaluated both apolipoprotein B-100 (ApoB)
protein levels and TAG-rich lipoprotein export in cell su-
pernatants. MBOAT7-/- cells highly enhanced the ApoB and
TAG-rich lipoproteins secretion, probably as a compensa-
tory mechanism to remove intracellular lipids (Figure 2D
and E). Conversely, both TM6SF2-/- and
MBOAT7-/-TM6SF2-/- reduced ApoB levels (adjusted P < .05
vs Cas9þ and P < .01 vs MBOAT7-/-) (Figure 2D) and



Figure 1. The co-
presence of the PNPLA3
rs738409, MBOAT 7
rs641738, and TM6SF2
rs58542926 variants
correlated with NAFLD
severity and HCC risk.
(A–E) At ordinal regression
analysis adjusted for age,
sex, BMI, and T2D, the co-
presence of I148M
PNPLA3, MBOAT7
rs641738, and E167K
TM6SF2 SNPs was asso-
ciated with steatosis,
lobular inflammation,
ballooning, fibrosis, and
NAFLD activity score
(NAS). (F–I) At nominal lo-
gistic regression analysis
adjusted for age, sex, BMI,
and T2D, the co-presence
of 3 SNPs increased the
risk of developing NAFLD,
NASH, fibrosis score > 1,
and fibrosis score > 2.
(J and K) The increasing
number of at-risk variants
correlated with cirrhosis at
nominal logistic regression
analysis adjusted for age,
sex, BMI, and T2D and
with HCC after further
adjustment for the pres-
ence of fibrosis. (L) The co-
presence of the 3 SNPs
was enriched significantly
in the NAFLD-HCC cohort
vs the Hepatology Service
cohort (P < .0001). 0, in-
dicates the absence of risk
variants; 1–3 indicate the
total number of risk vari-
ants (NRVs) carried.
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completely abrogated TAG-rich lipoprotein release
compared with both Cas9þ and MBOAT7-/- cells (P ¼ .0005
at ANOVA, adjusted P < .05 vs control and P < .01 vs
MBOAT7-/-, respectively) (Figure 2E), thereby supporting
that lipoprotein synthesis and export was affected by
TM6SF2 silencing.
TM6SF2 Deletion Alters LD Size in Hepatocytes
We investigated whether genetically edited clones could

reliably reproduce in vitro human steatosis. We assessed
intracellular fat content through Oil Red O (ORO) staining.
Consistent with our recent findings,11 MBOAT7-/- cells
spontaneously accumulated giant LDs (Figure 3A–C). Here,
we found that TM6SF2-/- cells developed small LDs at
baseline, whereas the MBOAT7-/-TM6SF2-/- clones pre-
sented a mixed pattern with either large or small LDs
(Figure 3A–C), thus suggesting that TM6SF2 loss-of-function
may diversely affect LD formation compared with that
exerted by MBOAT7 deletion. According to the qualitative
results, measurement of ORO-positive areas and intracel-
lular TAGs showed approximately 30- to 40-fold higher
enrichment of lipids in TM6SF2-/- and MBOAT7-/-TM6SF2-/-

cells compared with controls (P ¼ .0002 at ANOVA,
adjusted P < .01 vs Cas9þ; Figure 3D and E), while in the
MBOAT7-/- cells the increase was approximately 50-fold,



Figure 2. CRISPR/Cas9-mediated TM6SF2 ablation in HepG2 cells. (A) Schematic representation of the TM6SF2 sequence
(gene ID: 53345; referred to as transcript variant 1: NM_001001524.3) highlighted the same clonal Cas9-induced indel mu-
tations in both TM6SF2-/- and MBOAT7-/-TM6SF2-/- clones (blue) of 202 nucleotides (D202). The Cas9 cutting site is indicated
by the symbol “|” (red), and the transcription start site (ATG) of the protein coding sequence (NP_001001524.2) is shown in
green. (B) mRNA and protein expression of TM6SF2 was evaluated through reverse-transcription quantitative PCR and
Western blot, respectively. TM6SF2 reduction was detected in TM6SF2-/- and MBOAT7-/-TM6SF2-/- cells. (C) MBOAT7 mRNA
and protein levels were lower in MBOAT7-/- and MBOAT7-/-TM6SF2-/- cells compared with Cas9þ and TM6SF2-/- cells.
(D) ApoB protein was assessed in cell supernatants by Western blot and normalized to the entire lane of the Ponceau stain.
Either TM6SF2-/- or MBOAT7-/-TM6SF2-/- showed low ApoB levels. (E) TAG-rich lipoprotein secretion was measured in cell
supernatants and normalized to levels of total cholesterol by using the Cholesterol Colorimetric Assay Kit–HDL and LDL/VLDL
(Abcam). Both TM6SF2-/- and MBOAT7-/-TM6SF2-/- dampened TAG-rich lipoprotein release. Data were normalized to the
b-actin housekeeping gene for reverse-transcription quantitative PCR and Western blot and they are expressed as means and
SE. At least 3 independent experiments were conducted. Adjusted *P < .05 and **P < .01 vs Cas9þ and/or vs MBOAT7-/-.
WT, wild-type.
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Figure 3. TM6SF2 dele-
tion induced sponta-
neous LD accumulation.
(A and B) Spontaneous
development of LDs in
TM6SF2-/- and
MBOAT7-/-TM6SF2-/- cells
assessed by ORO staining
(magnification, 630� and
200�, respectively). (C)
Alkaline phosphatase
(ALP) stained the LD sur-
face in MBOAT7-/-,
TM6SF2-/-, and MBOAT7-/-

TM6SF2-/- clones, high-
lighting in yellow the dif-
ferences in LD size for
each condition. (D) ORO
positive (þve) areas were
quantified by ImageJ in 10
random nonoverlapping
micrographs per condition
by calculating the per-
centage of pixels above
the threshold value in
respect to total pixels per
area. (E) Measurement of
TAG content in cell lysates.
Data are expressed as
means and SE. At least 3
independent experiments
were conducted. Adjusted
**P < .01 vs Cas9þ.
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supporting that MBOAT7 deletion exerted the largest in-
fluence on lipid handling.

Therefore, we deeply examined intracellular fat content
through high-resolution transmission electron microscopy
(TEM) imaging, which highlighted remarkable differences
in LD size (Figure 4A). Although Cas9þ cells showed scarce
and quite small lipid bodies, which were undetectable with
ORO staining, the MBOAT7-/-, TM6SF2-/-, and
MBOAT7-/-TM6SF2-/- clones differed in fat deposit vol-
umes. Indeed, MBOAT7-/- showed the largest LD circum-
ference and area (median size: 6.51 mm2 vs 0.11 mm2;
adjusted P < .01 vs Cas9þ and TM6SF2-/-)
(Table 3 and Figure 4B and C, respectively). Conversely,
TM6SF2-/- cells had clustered areas enriched in much
smaller LDs (median size: 0.87 mm2 vs 0.11 mm2; P < .0001
at ANOVA, adjusted P < .01 vs Cas9þ and MBOAT7-/-)
(Table 3 and Figure 4B and C, respectively).
MBOAT7-/-TM6SF2-/- cells show features between
MBOAT7-/- and TM6SF2-/- cells showing areas with a
mixed pattern of greater or smaller LDs (median size: 4.60
mm2 vs 0.11 mm2; P < .0001 at ANOVA, adjusted P < .01 vs
Cas9þ) (Table 3 and Figure 4B and C, respectively). These
results support that MBOAT7 and TM6SF2 differently
impact lipid handling and could lead to a diverse distri-
bution of microvesicles and macrovesicles.
TM6SF2 Ablation Alone or Combined With
MBOAT7 Impacts Lipid Composition

To investigate whether differences in LD dimensions are
correlated with changes in lipid species, we performed a
lipidomic analysis of each experimental group. Principal



Figure 4. TM6SF2 defi-
ciency promotes small
LD budding in hepato-
cytes. (A) Representative
TEM images of LDs ob-
tained by ultrathin 70-nm
sections of hepatocytes.
Black arrows indicate LDs.
(B and C) The average of
LDs’ circumference and
area was calculated from
10 random non-over-
lapping micrographs
(scale bar: 1 mm) by
ImageJ. At least 3 inde-
pendent experiments
were conducted. Data are
expressed as median and
interquartile range.
Adjusted *P < .05 and **P
< .01 vs Cas9þ, vs
MBOAT7-/-, and vs
TM6SF2-/-. ER, endo-
plasmic reticulum; M,
mitochondria; N, nucleus.
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component analysis (PCA) identified a different lipid profile
among MBOAT7-/-, TM6SF2-/-, and MBOAT7-/-TM6SF2-/-

cells (Figure 5A). Specifically, levels of saturated/mono-
unsaturated TAGs (Figure 5B and Supplementary Table 1)
were laden in MBOAT7-/- cells, possibly owing to enhanced
de novo lipogenesis.11 TM6SF2-/- cells were strongly
enriched in highly saturated diacylglycerols (DAGs)
(Figure 5C) and TAGs (Figure 5D and E and Supplementary
Table 1), and less in unsaturated TAGs compared with the
control group (Figure 5F and Supplementary Table 1).

The MBOAT7-/-TM6SF2-/- model showed an in-between
lipid profile among MBOAT7-/- and TM6SF2-/- cells
(Figure 5A). Similar to the single-knockout cells, the com-
pound knockout increased saturated/monounsaturated
DAGs (Figure 5G) and TAGs (Figure 5H and I and
Supplementary Table 1) rather than long-chain poly-
unsaturated TAGs compared with controls (Figure 5J and
Supplementary Table 1). Notably, we found that TM6SF2
deletion rather than MBOAT7 affected the amount of DAGs
in the MBOAT7-/-TM6SF2-/- cells by increasing mono-
unsaturated/di-unsaturated DAG 32:1, DAG 34:1, and
DAG 34:2 (Figure 6A and Supplementary Table 2). Among
the unsaturated TAGs, TAG 54:5, TAG 56:2, TAG 56:6, and
TAG 58:7 were influenced by a TM6SF2 genetic background
(Figure 6B and Supplementary Table 2). However, the
down-regulation of most of the polyunsaturated TAGs did
not show a prevailing impact between MBOAT7 and
TM6SF2 deficiency (Figure 6C and Supplementary Table 1).

In attempt to identify whether the MBOAT7-/-TM6SF2-/-

model may be characterized by peculiar TAG species, we



Table 3.Diameter, Circumference, and Areas of LDs Evaluated by TEM Analysis and Stratified According to the Genetic
Background of the HepG2 Cells

Diameter ANOVA Student t test P valuea

Cas9þ 0.38 {0.33–0.43} <0.0001

MBOAT7-/- 2.88 {2.59–3.18} <0.0001 <0.0001 <.0001
TM6SF2-/- 1.05 {0.91–1.16} <0.0001 <0.0001 <.0001
MBOAT7-/-TM6SF2-/- 2.42 {2.04–2.72} <0.0001 <0.0001 <.0001

Circumference, mm

Cas9þ 1.19 {1.05–1.35} <0.0001

MBOAT7-/- 9.09 {8.13–10.0} <0.0001 <0.0001 <.0001
TM6SF2-/- 3.31 {2.87–3.65} <0.0001 <0.0001 <.0001
MBOAT7-/-TM6SF2-/- 7.60 {6.42–8.55} <0.0001 <0.0001 <.0001

Area, mm2

Cas9þ 0.11 {0.09–0.14} <0.0001

MBOAT7-/- 6.51 {5.26–7.98} <0.0001 <0.0001 <.0001
TM6SF2-/- 0.87 {0.65–1.06} <0.0001 0.003 <.0001
MBOAT7-/-TM6SF2-/- 4.60 {3.28–5.82} <0.0001 <0.0001 <.0001

NOTE. Values are reported as median {interquartile range}.
aBold P values are adjusted at post hoc Dunn’s multiple comparison test and compared with the Cas9þ control group.
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found that the compound knockout markedly expressed the
saturated TAG 50:0 and TAG 52:0 compared with Cas9þ,
MBOAT7-/-, and TM6SF2-/- models (Figure 6D,
Supplementary Tables 1 and 2), potentially mirroring the
hepatic lipid profile of NAFLD patients and the most up-
regulated TAGs observed in HCC specimens.17,18
TM6SF2 Silencing Markedly Induces ER Stress in
TM6SF2-Silenced Models

ER stress perturbs lipid metabolism, and it may play a
crucial role in the NAFLD to NASH transition. Therefore, we
assessed whether TM6SF2 and MBOAT7 deletion influenced
ER morphology and function. We observed ultrastructural
differences among each experimental group in the organi-
zation and width of the ER lumen, which are signs of cellular
stress. In normal conditions, Cas9þ showed regular
arrangement of the ER cisternae, whose parallel tubules
appeared continuous and randomly distributed throughout
the cytoplasm (Figure 7A). In the MBOAT7-/- model, we
found significant enlargement of the ER lumen, but its ar-
chitecture still was preserved (median width, 0.18 mm vs
0.09 mm; P < .0001 at ANOVA; adjusted P < .01 vs Cas9þ)
(Table 4 and Figure 7A and B, respectively) and increased
GRP78 mRNA expression (P ¼ .0002 at ANOVA; adjusted P
< .05 vs Cas9þ) (Figure 7C), suggesting that a mild unfolded
protein response is associated with MBOAT7 deletion as a
possible consequence of intracellular fat content.

Notably, the ER lumen appeared remarkably dilatated in
cells lacking the TM6SF2 gene (median width, 0.30 and 0.35
mm vs 0.09 and 0.18 mm) (Table 4), showing extremely
disorganized tubules and fragmented cisternae compared
with both Cas9þ and MBOAT7-/- (P < .0001 at ANOVA;
adjusted P < .01 vs Cas9þ and MBOAT7-/-) (Figure 7A and
B). According to these morphologic changes, TM6SF2-/-

clones strongly up-regulated markers of ER stress and
unfolded protein response as ATF4 (P ¼ .0008 at ANOVA;
P < .05 vs Cas9þ) (Figure 7C), XBP1 (P ¼ .0001 at ANOVA;
adjusted P < .05 vs Cas9þ and MBOAT7-/-) (Figure 7C), and
GRP78 (P ¼ .0002 at ANOVA; adjusted P < .05 vs Cas9þ)
(Figure 7C). MBOAT7-/-TM6SF2-/- cells showed an even
more exacerbated breakage and enlargement of ER tubules,
high local curvature of ER membranes (Figure 7A and B),
and increased mRNA levels of ATF4 (P ¼ .0008 at ANOVA;
adjusted P < .05 vs MBOAT7-/- and P < .01 vs Cas9þ)
(Figure 7C), ATF6 (P ¼ .03 at ANOVA; adjusted P < .05 vs
Cas9þ) (Figure 7C), XBP1 (P ¼ .0001 at ANOVA; adjusted P
< .05 vs Cas9þ and MBOAT7-/-) (Figure 7C), and GRP78
(P ¼ .0002 at ANOVA; adjusted P < .05 vs Cas9þ)
(Figure 7C).

Lacking TM6SF2 Gene Affects
Phosphatidylcholine Metabolism, Leading to
Shapeless ER

Phospholipids exert a central role to maintain ER func-
tions, membrane fluidity, and ER-mitochondria contact sites.
Deletion of the MBOAT7 gene reduced the amount of
phosphatidylcholine (PC) conjugated with arachidonoyl-
Coenzyme A (ie, PC 36:4, PC 38:6, PC 40:6) (Figure 7D and
Supplementary Table 1), reinforcing previous data from our
group.11 Here, we found that TM6SF2 silencing caused both
lysophosphatidylinositol (lyso)–PC and PC depletion with
either high or low side-chain saturation grade (Figures 7E–H
and 8A and B, Supplementary Table 1) in both single and
double knockouts compared with Cas9þ. In particular, the
compound knockout model dramatically reduced levels of
saturated lyso-PC 14:0, PC 28:0, and PC 30:0 compared with
both controls (Figure 8A and B and Supplementary Table 1)



Figure 5. The impact of
TM6SF2 deletion on LD
composition. (A) PCA of
the lipidomic profile of
MBOAT7-/-, TM6SF2-/-,
and MBOAT7-/-TM6SF2-/-

models. (B) Heatmap of
TAG species was gener-
ated by calculating the log2
fold change (log2FC) ratio
between MBOAT7-/-/
Cas9þ quantification. (C)
Relatively enriched DAGs
in TM6SF2-/- vs Cas9þ. (D)
Heatmaps of TAGs were
generated by calculating
the log2FC ratio between
TM6SF2-/-/Cas9þ. (E and
F) Relative abundance
of saturated/mono-
unsaturated and poly-
unsaturated TAGs in
TM6SF2-/- vs Cas9þ. (G)
Enrichment of DAG spe-
cies in
MBOAT7-/-TM6SF2-/- cells
compared with Cas9þ

cells. (H) Heatmaps of
TAGs were generated by
calculating the log2FC ra-
tio between
MBOAT7-/-TM6SF2-/-/Cas9þ

quantification. (I and J)
Relative abundance
of saturated/mono-
unsaturated and poly-
unsaturated TAGs in
MBOAT7-/-TM6SF2-/- cells
vs Cas9þ. For heatmaps,
red and blue boxes indi-
cate overexpression or
repression, respectively.
For bar graphs, data are
expressed as the percent-
age means and SE of DAG
or TAG species compared
with the total DAGs or
TAGs. Adjusted *P < .05 or
**P < .01 vs Cas9þ.
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and MBOAT7-/- (Figure 8C and D and Supplementary
Table 2), and this effect was amenable to a TM6SF2
shortage. Such evidence supports the pivotal role of TM6SF2
deletion to drive ER morphologic alterations and, in the
double knockout, ER stress may be additively worsened by
the presence of MBOAT7 ablation.
Remarkable Changes in Golgi Compartments:
A Possible Consequence of ER Stress

In an attempt to provide a detailed overview of al-
terations involving ER dysfunctions, we stained Cas9þ,
MBOAT7-/-, TM6SF2-/-, and MBOAT7-/-TM6SF2-/- cells
with 3 types of dyes selective for Golgi bodies



Figure 6. The contribution of TM6SF2 or MBOAT7 deletion on lipid composition in the compound knockout model.
(A) Relative enriched DAGs in MBOAT7-/-TM6SF2-/- cells compared with MBOAT7-/-. (B–D) Relative abundance of saturated/
monounsaturated and polyunsaturated TAGs in MBOAT7-/-TM6SF2-/- cells vs MBOAT7-/- and TM6SF2-/-. Data are expressed
as the percentage means and SE of DAG or TAG species compared with the total DAGs or TAGs. Adjusted *P < .05 or
**P < .01 vs MBOAT7-/- or TM6SF2-/-.
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(fluorescein isothiocyanate, green), ER (Texas Red), and
nucleus (40,6-diamidino-2-phenylindole, blue) to evaluate
ER–Golgi communications. In addition, we acquired 10
random micrographs at TEM to both obtain high-
resolution images of Golgi architecture and to measure
the area of Golgi compartments. At fluorescence micro-
scopy, Golgi apparatus was well arranged in disc-shaped
cisternae and co-localized with the ER (orange-yellow
corpuscles) close to the nuclei of Cas9þ cells (Figure 8E).
Conversely, recognition of the ER–Golgi complex resulted
challenging in MBOAT7-/-, TM6SF2-/-, and
MBOAT7-/-TM6SF2-/- models because they showed an
uneven pattern of ER–Golgi staining, suggestive of
architectural disorganization of these structures
(Figure 8E). Consistently, evaluation of Golgi morphology
by TEM showed that Golgi vesicles were approximately 4-
fold enlarged in all mutated models (0.026, 0.03, and
0.036 vs 0.007 mm2) (Table 4), with the largest area
observed in the compound knockout (P < .0001 at
ANOVA; adjusted P < .01 vs Cas9þ, MBOAT7-/-, and
TM6SF2-/-) (Figure 8F and G and Table 4). Taken
together, these aberrancies may be suggestive of inter-
ruption of ER–Golgi interplay in genetically edited
models, possibly contributing to cell damage.
TM6SF2 Silencing Influences Mitochondrial
Morphology, Number, and Oxidative Stress

Because mitochondrial dysfunction is a hallmark of hu-
man hepatic steatosis and its progression, we analyzed
mitochondrial morphology and investigated oxidative injury
in our in vitro models. By using TEM, we observed features
suggestive of mitochondrial damage and derangement in all
knockout cell lines. In the control group, we found normal-



Figure 7. TM6SF2
silencing affects ER
stress, morphology, and
ER membrane fluidity. (A)
Representative TEM im-
ages of ER cisternae ob-
tained by ultrathin 70-nm
sections of hepatocytes.
Black arrows indicate ER
tubules. (B) ER width was
obtained by taking at least
3 measurements per ER
lumen (n ¼ 15 nonoverlap-
ping micrographs for each
condition, scale bar: 1 mm).
(C) The expression of
ATF4/6, XBP1 GRP78 was
evaluated by reverse-
transcription quantitative
PCR and normalized to the
b-actin housekeeping
gene. (D–F) Heatmaps of
PCs were generated by
calculating the log2 fold
change ratio between
MBOAT7-/-/Cas9þ, TM6SF2-/-/
Cas9þ, and
MBOAT7- / -TM6SF2- / - /
Cas9þ quantification. Red
and blue boxes indicate
overexpression or repres-
sion, respectively. (G and
H) Relative enriched PCs
in TM6SF2-/- and
MBOAT7-/-TM6SF2-/- cells
vs control. For reverse-
transcription quantitative
PCR, data are expressed
as means and SE. For lip-
idomic analysis, data are
expressed as the percent-
age means of PC species
and SE compared with the
total PC species. At least 3
independent experiments
were conducted. Adjusted
*P < .05 or **P < .01 vs
Cas9þ and/or vs
MBOAT7-/-. M, mitochon-
dria; N, nucleus.
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shaped mitochondria with densely packed cristae, many of
which were oriented longitudinally, and a few others were
smaller in size, probably resulting from mitochondrial
fusion–fission balancing (mitobiogenesis) (Figure 9A). In
MBOAT7-/- cells, we found swollen and irregular mito-
chondrial cristae that still maintained a quite normal
morphology (Figure 9A). Conversely, both TM6SF2-/- and
MBOAT7-/-TM6SF2-/- cells showed several areas enriched in
mitochondria with small and globular shape, loss of cistern
architecture, and ultrastructural electron density, which
may indicate mitochondrial failure and degeneration
(Figure 9A).

In keeping with these results, MBOAT7-/-, TM6SF2-/-,
and MBOAT7-/-TM6SF2-/- models hugely boosted reactive
oxygen species (ROS) production compared with Cas9þ

(P < .0001 at ANOVA; adjusted P < .05 vs control)



Table 4.ER Cisternae Width and Area of Golgi Apparatus Calculated From TEM Micrographs and Stratified According to the
Genetic Background of the HepG2 Cells

ER width, mm ANOVA Student t test P valuea

Cas9þ 0.09 {0.07–0.13} <0.0001

MBOAT7-/- 0.18 {0.14–0.25} <0.0001 <0.0001 <.0001
TM6SF2-/- 0.30 {0.23–0.37} <0.0001 <0.0001 <.0001
MBOAT7-/-TM6SF2-/- 0.35 {0.27–0.44} <0.0001 <0.0001 <.0001

Golgi body area, mm2

Cas9þ 0.007 {0.005–0.010} <0.0001

MBOAT7-/- 0.026 {0.023–0.028} <0.0001 <0.0001 <.0001
TM6SF2-/- 0.030 {0.027–0.033} <0.0001 <0.0001 <.0001
MBOAT7-/-TM6SF2-/- 0.036 {0.033–0.039} <0.0001 <0.0001 <.0001

NOTE. Values are reported as median {interquartile range}.
aBold P values are adjusted at post hoc Dunn’s multiple comparison test and compared with the Cas9þ control group.
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(Figure 9B and C), and it was worsened in the compound
knockout (adjusted P < .05 vs MBOAT7-/- and TM6SF2-/-)
(Figure 9B and C). The latter augmented the expression of
Manganese superoxide dismutase (MnSOD2) (P ¼ .002 at
ANOVA; P < .01 vs Cas9þ and MBOAT7-/-) (Figure 9D),
possibly as a compensatory mechanism to dampen ROS
overflowing. We dug deeper into ROS-induced cellular
damage and found that all mutated models showed a
conspicuous increase in lipid peroxidation (P < .0001 at
ANOVA, adjusted P < .05 vs Cas9þ; P ¼ .002 at ANOVA; P
< .05 vs Cas9þ) (Figure 9E and F, respectively).
Furthermore, TM6SF2-/- remarkably increased apurinic/
apyrimidinic sites, the main ROS-induced DNA damage (P
< .05 vs Cas9þ) (Figure 9G), whose levels were higher in
the double knockout (P < .01 vs Cas9þ and MBOAT7-/-)
(Figure 9G). Lower Peroxisome proliferator-activated re-
ceptor alpha (PPARa) expression was observed only in
the compound knockout (P < .0001 at ANOVA; adjusted P
< .01 vs Cas9þ; P < .05 vs MBOAT7-/- and TM6SF2-/-

cells) (Figure 9D), supporting that the co-existence of
MBOAT7 and TM6SF2 loss-of-function may jointly affect
lipid synthesis and catabolism, contributing to progres-
sive damage.

In parallel with the presence of degenerated mitochon-
dria, the abundance of morphologically normal organelles
was increased significantly in TM6SF2-/- (P ¼ .003 at
ANOVA; adjusted P < .05 vs Cas9þ) (Figure 9A) and
MBOAT7-/-TM6SF2-/- cells (P ¼ .003 at ANOVA; adjusted
P < .05 vs MBOAT7-/-; and P < .01 vs Cas9þ) (Figure 9H), as
well as Peroxisome proliferator-activated receptor-g
(PPARg) coactivator-1a (PGC1a) protein levels, the master
regulator of mitobiogenesis (P < .01 vs Cas9þ and
MBOAT7-/-) (Figure 9I). At immunocytochemistry, PGC1a
markedly localized in the cytoplasm and in several nuclei of
TM6SF2-/- and MBOAT7-/-TM6SF2-/- clones compared with
Cas9þ and MBOAT7-/- cells (Figure 9J), supporting its acti-
vation in response to unbalancing in mitochondrial
fusion–fission events.
MBOAT7-/-TM6SF2-/- Model Switches Oxidative
Respiration Toward Anaerobic Glycolysis

To explore mitochondrial functionality in NAFLD
models, we measured the mitochondrially encoded cyto-
chrome c oxidase subunit 1 (MT-COX1) levels, the main
mitochondrially DNA–encoded subunit of the complex IV,
which were normalized on succinate dehydrogenase com-
plex flavoprotein subunit A (SDHA) levels, a nuclear-
encoded subunit of complex II. In MBOAT7-/- clones, the
MT-COX-1/SDHA ratio was reduced compared with control
(Figure 10A). In both TM6SF2-/- and MBOAT7-/-TM6SF2-/-

cells, the MT-COX-1/SDHA ratio was even lower (P < .05
and P < .01 vs Cas9þ and MBOAT7-/-) (Figure 10A). The
MT-COX-1 and SDHA expression were evaluated indepen-
dently by enzyme-linked immunosorbent assay, which
confirmed the significant reduction of the MT-COX-1/SDHA
ratio in TM6SF2-/- clones (P < .0001 at ANOVA; P < .05
and P < .01 vs Cas9þ and MBOAT7-/-) (Figure 10B) and
the double knockout cells (P < .0001 at ANOVA; P < .01 vs
Cas9þ and MBOAT7-/-) (Figure 10B).

The enzymatic activity of complex I was compromised
significantly in TM6SF2-/- and MBOAT7-/-TM6SF2-/- cells,
suggesting that TM6SF2 silencing may directly interfere with
the mitochondrial respiratory chain (P < .05 and P < .01 vs
Cas9þ and MBOAT7-/-) (Figure 10C). In keeping with these
results, we provided a quantitative measurement of the total
adenosine triphosphate (ATP) rate derived from mitochon-
drial and glycolytic pathways. We observed an equal
contribution of mitochondria and glycolysis to total ATP
production in all cell lines, excluding the
MBOAT7-/-TM6SF2-/- ones. The latter significantly reduced
the total amount of ATP (P < .01 vs Cas9þ, MBOAT7-/-, and
TM6SF2-/-) (Figure 10D), but further showed that 87.1% of
the ATP rate derived from glycolysis and only 12.9% derived
from oxidative phosphorylation (Figure 10D). Consistently,
by measuring lactate production, the end-product of anaer-
obic glycolysis, in cell supernatants, we found that TM6SF2-/-

clones increased lactate release and up-regulated



Figure 8. Changes in ER–
Golgi morphology upon
MBOAT7 and/or TM6SF2
silencing. (A and B) Rela-
tive enrichment of lyso-
PCs in TM6SF2-/- and
MBOAT7-/-TM6SF2-/- cells
vs Cas9þ. (C and D) Rela-
tive enrichment of lyso-PC
and PC species in
MBOAT7-/-TM6SF2-/- cells
vs MBOAT7-/-. (E) Repre-
sentative cyto-staining of
ER (Texas Red, red) and
Golgi (fluorescein isothio-
cyanate [FITC], green)
structures showing differ-
ences in ER–Golgi
bodies (orange-yellow) in
MBOAT7-/-, TM6SF2-/-,
and MBOAT7-/-TM6SF2-/-

models. Nuclei were
stained with 40,6-
diamidino-2-phenylindole
(DAPI) (blue). (F) Repre-
sentative TEM images of
Golgi architecture ob-
tained by ultrathin 70-nm
sections of hepatocytes.
Black arrows indicate
Golgi (G) compartments.
(G) The area of Golgi
bodies was obtained by
taking at least 3 mea-
surements per Golgi
lumen and compared with
Cas9þ Golgi width (n ¼ 10
nonoverlapping micro-
graphs for each condi-
tion, scale bar: 1 mm). For
lipidomic analysis, data
are expressed as the
percentage means of
lyso-PC or PC species
and SE compared with
the total lyso-PC or PC
species. Data are
expressed as median and
interquartile range for
Golgi area. Adjusted *P <
.05 or **P < .01 vs Cas9þ

and/or vs MBOAT7-/-. M,
mitochondria; N, nucleus.
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Figure 9. Alterations of mitochondrial degeneration and renewal in TM6SF2 knockout models. (A) Representative TEM
images of degenerative mitochondria (M) and mitochondrial biomass obtained by ultrathin 70-nm sections of hepatocytes are
indicated by black arrows. (B) ROS content was measured in live cells through MitoSOX Red reagent. (C) The H2O2 levels were
measured in cell lysates through DCF ROS/RNS Colorimetric Assay Kit (Abcam). (D) The MnSOD2 and PPARa mRNA
expression was assessed by reverse-transcription quantitative PCR and normalized to the b-actin housekeeping gene.
(E) Lipid peroxides were quantified in live cells by BODIPY 581/591 C11. (F) The malondialdehyde (MDA) secretion was
colorimetrically measured in cell supernatants following the manufacturer’s instructions. (G) Number of apurinic/apyrimidinic
(AP) sites was obtained by isolating total DNA from each model. (H) The number of mitochondria per cell was counted from 15
random nonoverlapping micrographs (§P < .05 and §§P < .01 vs Cas9þ; #P < .05 vs MBOAT7-/-; scale bar: 2 mm). (I) PGC1a
protein levels were assessed by Western blot and normalized to b-actin. (J) Cytoplasmatic and nuclear localization of PGC1a
protein was assessed in in vitro models. For the box plot, data are expressed as means and SE. Adjusted *P < .05 and
**P < .01 vs Cas9þ and/or vs MBOAT7-/-.
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Figure 10. TM6SF2
silencing affects oxy-
dative phopshorylation
(OXPHOS) and when
combined with MBOAT7
deletion switches up to
metabolic reprogram-
ming. (A) MT-COX1 levels
were evaluated by West-
ern blot and normalized to
SDHA. (B) MT-COX1 pro-
tein expression was
measured by enzyme-
linked immunosorbent
assay (l ¼ 600 nm) and
normalized to SDHA levels
(l ¼ 405 nm). (C) Complex
I enzymatic activity was
evaluated biochemically
and normalized to citrate
synthase (CS). (D) The total
ATP rate was obtained by
Seahorse XF Analyzers in
live cells. (E and F)
Biochemical measure-
ments of lactate (mmol/L)
and LDH (mmol/L) were
assessed in cell superna-
tants and lysates, respec-
tively. (G) Inverse
correlation between
secreted lactate levels
and pH values. (H) The
mRNA levels of Glucoki-
nase (GCK), Phosphofruc-
tokinase (PFK), and
Glyceraldehyde-3-phos-
phate dehydrogenase
(G3PDH) were evaluated
by reverse-transcription
quantitative PCR and
normalized to the b-actin
housekeeping gene. At
least 3 independent ex-
periments were conduct-
ed. For the box plot, data
are expressed as means
and SE. Adjusted *P < .05
and **P < .01 vs Cas9þ

and/or vs MBOAT7-/-.
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intracellular lactate dehydrogenase (LDH), which catalyzes
the conversion of pyruvate to lactate and back (P < .05 vs
control) (Figure 10E and F). No differences in lactate pro-
duction were detected in the MBOAT7-/- cells, albeit it
augmented LDH (P < .05 vs control) (Figure 10E and F).

In MBOAT7-/-TM6SF2-/-, lactate secretion was still more
increased than the other clones (P < .01 vs Cas9þ and
MBOAT7-/-) (Figure 10E) and correlated inversely with pH
values (Figure 10G). The compound knockout model further
showed the highest intracellular LDH levels (w20-fold more
than control; P < .05 vs Cas9þ) (Figure 10F) and mRNA
expression of glycolytic enzymes as Glucokinase (GCK)
(adjusted P < .05 vs Cas9þ) (Figure 10H), whose increasing
levels were possibly owing to MBOAT7 deficiency, Phos-
phofructokinase (PFK), and Glyceraldehyde-3-phosphate de-
hydrogenase (G3PDH) (adjusted P < .05 vs Cas9þ)
(Figure 10H), thus supporting enhancement of the glycolytic
pathway.
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In sum, we found that the combined silencing ofMBOAT7
and TM6SF2 markedly impairs mitochondrial dynamics and
shift towards metabolic reprogramming, possibly contrib-
uting to progression to malignant transformation.

MBOAT7-/-TM6SF2-/- Cells Increase Cell
Survival, Proliferation, and Invasiveness

To fulfill our hypothesis that TM6SF2 and MBOAT7
deletion in the background of PNPLA3 mutation may sustain
the carcinogenic phenotype, we evaluated growth potential
and migration in our models. MBOAT7-/-, TM6SF2-/-, and the
compound knockout hepatocytes had a higher proliferation
rate compared with Cas9þ at 72 hours (adjusted P < .01 vs
control) (Figure 11A). MBOAT7-/-TM6SF2-/- clones further
showed the greatest growing ability at 1 week (adjusted
P < .01 vs Cas9þ, MBOAT7-/-, and TM6SF2-/-) (Figure 11A).
In the scratch assay, both MBOAT7-/- and TM6SF2-/- cells
showed greater wound healing capacity at 24 and 48 hours
compared with Cas9þ, whereas MBOAT7-/-TM6SF2-/- was
able to almost completely repair the scratch after just
24 hours (Figure 11B), thereby showing the largest
proliferative and invasiveness power. Consistently, TM6SF2-
silenced cells showed aberrant activation of the Phosphati-
dylinositol-3-kinase/Protein kinase B/Mammalian target of
rapamycin (PI3K/Akt/mTOR) cascade in the absence of any
stimuli (Figure 11C–F), with the strongest effect in the
compound knockout cells, which may support its more
proliferative and aggressive phenotype.

Loss of the TM6SF2 Gene Impacts the
Abundance in Dihydroceramide Species

Dihydroceramides are precursors of ceramides and both
exert different biological roles as modulators of cell fate.
The percentage of dihydroceramides was strongly
increased in TM6SF2-/- cells (Figure 12A), especially those
species consisting of saturated sphingosine analog (d18:0)
and incorporating long-chain fatty acids with no double
bonds (adjusted P < .05 and P < .01 vs Cas9þ)
(Figure 12B). An in-between sphingolipid phenotype was
observed in the compound knockout model (Figure 12A), in
which ceramides (Cer) (d18:0/16:0) and Cer (d18:0/22:0)
showed the highest levels compared with Cas9þ (P < .0001
at ANOVA, P ¼ .0002 and P ¼ .002, respectively)
(Figure 12C) and were probably driven by TM6SF2 rather
than MBOAT7 silencing (P < .0001 at ANOVA, adjusted P ¼
.02 and P ¼ .01 vs MBOAT7-/-) (Figure 12D). Therefore, the
dramatic increase in dihydroceramides owing to TM6SF2
deletion is partially retained in the double-knockout model
and may contribute to the prosurvival phenotype observed
in MBOAT7-/-TM6SF2-/- cells.

Synergic Contribution of MBOAT7 and TM6SF2
Silencing to Sorafenib Response

We investigated whether the co-presence of Cas9-
induced mutations in HepG2 cells also may affect the
pharmacologic response to sorafenib, a multikinase inhibi-
tor approved for the treatment of advanced HCC. Therefore,
we exposed Cas9þ, MBOAT7-/-, TM6SF2-/-, and
MBOAT7-/-TM6SF2-/- models either to sorafenib (5 mmol/L)
or vehicle for 24, 48 and 72 hours and 1 week. Although just
after 24 hours the proliferation rate of Cas9þ was reduced
remarkably at MTS assay, MBOAT7-/- or TM6SF2-/- cells
delayed cell death in response to sorafenib (adjusted P <
.05 vs Cas9þ) (Figure 12E), and survival was even higher in
clones bearing both mutations (adjusted P < .01 vs Cas9þ)
(Figure 12E). In addition, the MBOAT7-/-TM6SF2-/- cells
showed significant resistance to sorafenib cytotoxicity until
48 hours (adjusted P < .05 vs Cas9þ) (Figure 12E). Simi-
larly, after 24 hours of sorafenib (5 mmol/L) exposure, the
MBOAT7-/-, TM6SF2-/-, and MBOAT7-/-TM6SF2-/- cells were
able to migrate from one side to the other side of the wound
healing to repair the scratch area, and the major effect was
observed in the MBOAT7-/-TM6SF2-/- model (Figure 12F).
MBOAT7 and/or TM6SF2 Overexpression
Rescued Metabolic and Tumorigenic Aberrancies

Finally, we overexpressed MBOAT7 and/or TM6SF2 in
the MBOAT7-/-TM6SF2-/- model, attempting to validate the
nature of metabolic aberrancies observed in hepatocytes
after MBOAT7 and/or TM6SF2 silencing. Both mRNA and
protein levels of MBOAT7 and TM6SF2 were strongly
increased after lentiviral transfection, supporting that we
obtained stable cell lines overexpressing the wild-type forms
of the following: (1) MBOAT7–green fluorescent protein (GFP)
but silenced for TM6SF2 gene (MBOAT7þ/þTM6SF2-/-); (2)
TM6SF2-GFP but without MBOAT7 (MBOAT7-/-TM6SF2þ/þ);
or (3) both MBOAT7þ/þTM6SF2þ/þ (P ¼ .001 at ANOVA,
adjusted P< .01 vs MBOAT7-/-TM6SF2-/-) (Figure 13A and B).

At ORO staining, the up-regulation of MBOAT7 and/or
TM6SF2 reduced lipid content compared with the com-
pound knockout model and the largest effect on LD disposal
likely was owing to the introduction of the MBOAT7 wild-
type protein (Figure 13C). Notably, the MBOAT7þ/

þTM6SF2-/- and the MBOAT7-/-TM6SF2þ/þ cells showed a
mirror-effect because those overexpressing MBOAT7 but
not TM6SF2 accumulated small LDs, while those over-
expressing TM6SF2 but knockout for MBOAT7 gene showed
large lipid bodies (Figure 13C), thereby showing a similar
phenotype of TM6SF2-/- and MBOAT7-/- single-knockout
models, respectively (Figure 4A). Such findings may
strengthen the notion that MBOAT7 and TM6SF2 loss-of-
function may induce a different pattern of fat accumula-
tion in hepatocytes. Moreover, the reduction of lipid content
in these models was accompanied by an improvement of ER
stress. Indeed, the ATF4/6 mRNA levels were dramatically
lower in the MBOAT7þ/þTM6SF2-/- cells (P ¼ .0004 at
ANOVA, adjusted P ¼ .003; P ¼ .006 at ANOVA, adjusted P ¼
.004) (Figure 13D), MBOAT7-/-TM6SF2þ/þ (P ¼ .0004 at
ANOVA, adjusted P < .0001; P ¼ .006 at ANOVA, adjusted
P ¼ .04) (Figure 13D), and in MBOAT7þ/þTM6SF2þ/þ

models (P ¼ .0004 at ANOVA, adjusted P ¼ .001; P ¼ .006 at
ANOVA, adjusted P ¼ .004) (Figure 13D) compared with the
compound knockout.

Interestingly, we found that the growth rate was awfully
diminished after the insertion of the MBOAT7 and/or



Figure 11. TM6SF2 lack-
ing promotes cell sur-
vival and carcinogenesis.
(A) Cell growth was
assessed through MTS
assay for 24, 48, 72 hours
and 1 week (l ¼ 490 nm).
Data are expressed as fold
increase vs control. (B)
Representative images of
wound healing assay were
acquired at 0, 24, 48 hours
(magnification, 100�). The
dotted lines indicate the
scratch width. (C) Phos-
phorylation of Akt at serine
437 residue (P[S437]-Akt),
mTOR at serine 2448 res-
idue (p[S2448]-mTOR),
phosphorylation of 4E-BP1
at threonine 37/46 residues
P[Thr37/46]-4E-BP1, and
total Akt, mTOR, and
4E-BP1 were evaluated by
Western blot. (D–F) Quan-
tification of P(S437)-Akt/
total Akt, p(S2448)-mTOR/
total mTOR, and P(Thr37/
46)-4E-BP1/total 4E-BP1
ratios were measured
through ImageJ software
and normalized to the b-
actin housekeeping gene.
At least 3 independent ex-
periments were conducted.
For bar graphs, data are
expressed as means and
SE. Adjusted *P < .05 and
**P < .01 vs Cas9þ and/or
vs MBOAT7-/-. AU, arbi-
trary unit.
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TM6SF2 wild-type at 48 hours (P ¼ .001 at ANOVA;
adjusted P ¼ .001; P ¼ .005 and P ¼ .02 vs
MBOAT7-/-TM6SF2-/-) (Figure 13E), and even more at 72
hours (P ¼ .001 at ANOVA; adjusted P ¼ .007; P ¼ .002 and
P ¼ .02 vs MBOAT7-/-TM6SF2-/-) (Figure 13E), and after 1
week later (P < .0001 at ANOVA; adjusted P ¼ .0009; P ¼
.0004 and P ¼ .005 vs MBOAT7-/-TM6SF2-/-) (Figure 13E).
Consistently, the MBOAT7þ/þTM6SF2-/-,
MBOAT7-/-TM6SF2þ/þ, and the MBOAT7þ/þTM6SF2þ/þ

models showed a slowdown of wound healing repair, while
the compound knockout cells confirmed their ability to
almost close the scratch entirely after just 24 hours
(Figure 13F). Therefore, preliminary results in vitro sup-
ported that the overexpression of the wild-type form of
MBOAT7 and/or TM6SF2 could improve lipid accumulation
and hepatocellular stress. Surprisingly, the up-regulation of
these 2 genes remarkably ameliorated the proliferation rate
and migration, reinforcing that both may be implicated in
carcinogenic processes.
Discussion
In the present study, we performed a comprehensive

analysis in a large cohort of biopsy-proven NAFLD patients
(n ¼ 1380), including 121 NAFLD-HCC individuals, to
investigate the potential interactions among PNPLA3,
MBOAT7, and TM6SF2 variants on liver disease severity and
HCC development. Polygenic risk scores combining genetic



Figure 12. TM6SF2 silencing dramatically increases dihydroceramides and confers sorafenib resistance. (A) Heatmap of
dihydro-Cers was generated by calculating the log2 fold change (log2FC) ratio between MBOAT7-/-/Cas9þ, TM6SF2-/-/Cas9þ,
and MBOAT7-/-TM6SF2-/-/Cas9þ quantification. Red and blue boxes indicate overexpression or repression, respectively.
(B and C) Relative abundance of dihydro-Cers in TM6SF2-/- and MBOAT7-/-TM6SF2-/- cells vs Cas9þ. (D) Relative abundance
of dihydro-Cers in MBOAT7-/-TM6SF2-/- cells vs MBOAT7-/-. (E) Cells were exposed to sorafenib (5 mmol/L) and cell growth
was monitored through MTS assay for 0, 24, 48, 72 hours and 1 week. MBOAT7-/-TM6SF2-/- cells showed a significant
resistance to sorafenib cytotoxicity at 24 and 48 hours. MTS absorbance (l ¼ 490 nm) was recorded at 0, 24, 48, 72 hours and
1 week. (F) Representative images of wound healing assay were acquired at 0, 24 and 48 hours (magnification, 100�) upon
sorafenib (5 mmol/L) administration. The dotted lines indicate the scratch width. At least 3 independent experiments were
conducted. For lipidomic analysis, data are expressed as the percentage means of dihydro-Cer species and SE compared with
the total Cer species. For bar graphs, data are expressed as means and SE. Adjusted *P < .05 and **P < .01 vs Cas9þ or vs
MBOAT7-/-. AU, arbitrary unit.
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predictors associated mainly with NAFLD have been pro-
posed to improve diagnostic accuracy and to personalize
therapeutic options.15 Here, we showed that the co-
presence of the I148M PNPLA3, rs641738 close to
MBOAT7, and E167K TM6SF2 SNPs were associated signif-
icantly with liver function tests and the histologic degree of



Figure 13. Recovery of
metabolic and carcino-
genic anomalies upon
MBOAT7 and/or TM6SF2
overexpression. (A and B)
The mRNA expression of
MBOAT7 and TM6SF2
was evaluated by reverse-
transcription quantitative
PCR and normalized to
the b-actin housekeeping
gene. The protein levels of
MBOAT7 and TM6SF2
tagged with GFP
(MBOAT7-GFP and
TM6SF2-GFP) were
assessed by Western blot
and normalized to the
vinculin housekeeping
gene. (C) LD accumulation
was assessed in
MBOAT7- / -TM6SF2- / - ,
MBOAT7þ/þTM6SF2-/-,
MBOAT7-/-TM6SF2þ/þ,
and MBOAT7þ/þ

TM6SF2þ/þ by ORO
staining (magnification,
630�). (D) The expression
of ATF4 and ATF6 was
evaluated by reverse-
transcription quantitative
PCR and normalized to the
b-actin housekeeping
gene. (E) The proliferation
rate was examined
through MTS assay for 0,
24, 48, 72 hours and 1
week (l ¼ 490 nm). (F)
Representative images of
wound healing assay were
acquired at 0, 24 and 48
hours (magnification,
100�). The dotted lines
indicate the scratch width.
At least 3 independent
experiments were con-
ducted. For bar graphs,
data are expressed as
means and SE. Adjusted
*P < .05 and **P < .01 vs
MBOAT7-/-TM6SF2-/-.
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steatosis, lobular inflammation, hepatocellular ballooning,
and fibrosis. In addition, the risk of developing HCC in the
overall cohort was approximately 2 in the presence of all 3
at-risk variants to the extent that the co-presence of the
3 SNPs was enriched significantly in NAFLD-HCC patients
compared with those affected by NAFLD. Previously, the
additive effect of the E167K TM6SF2 and I148M PNPLA3
variants on hepatic steatosis was explored by Xu et al19 in
158 NAFLD subjects and matched controls, in whom fatty
liver was diagnosed noninvasively by Fibroscan. They found
that the prevalence of NAFLD was more than 5-fold higher
in patients carrying both mutations compared with patients
with none or a single variant. In a multicenter biopsy-based
study including 515 patients with NAFLD who were
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genotyped for the 3 variants, Krawczyk et al20 showed a
significant association between serum aspartate amino-
transferase levels and the increasing number of risk
alleles, and the latter was correlated further with high HCC
risk.16

We generated stable full knockouts of MBOAT7, TM6SF2,
or both genes in HepG2 cells carrying the I148M PNPLA3
variant through CRISPR-Cas9 to investigate the mechanisms
related to NAFLD pathogenesis in genetically edited in vitro
models. We previously showed that MBOAT7 deletion
reduced MBOAT7 expression and affected its enzymatic
activity leading to fat accumulation in HepG2 cells,11 thus
mirroring the condition observed in NAFLD carriers of the
rs641738 T risk allele. Likewise, TM6SF2 silencing alone or
combined with MBOAT7 deficiency led to a 50% reduction
in TM6SF2 levels similarly to what was reported by Ruha-
nen et al,21 Smagris et al,13 and O’Hare et al,22 who induced
stable TM6SF2 knockdown in HuH7 hepatoma cells, hepatic
Tm6sf2 inactivation in mice, and CRISPR/Cas9-mediated
tm6sf2 silencing in zebrafish, respectively. The role of
TM6SF2 in lipoprotein metabolism, occurring in the
ER–Golgi compartments, has been described previously in
both experimental and clinical studies. In human hepatic
3-dimensional spheroids obtained from E167K donors,
APOB-100 secretion was decreased.23 Smagris et al13

showed that hepatic Tm6sf2 deficiency impaired the bulk
phase lipidation of VLDL. According to these findings, our
TM6SF2-/- and MBOAT7-/-TM6SF2-/- models suppressed
APOB and TAG-rich lipoprotein release, recapitulating fea-
tures of patients carrying the E167K variant.14

To evaluate whether TM6SF2 deletion alone or combined
with MBOAT7 may reliably model in vitro human hepatic
steatosis, we performed an in-depth characterization of fat-
storing power and the intracellular lipid profile. Both
MBOAT7 and TM6SF2 silencing spontaneously developed
LDs in hepatocytes, further corroborating their involvement
in steatosis onset. However, the different impact on LD size
according to the genetic background is currently lacking.
MBOAT7 deficiency induces giant LD development, which
resembles human macrovesicular steatosis, by shunting
saturated PI toward the synthesis of saturated/mono-
unsaturated TAG, thus favoring de novo lipogenesis (DNL)
and perturbing membrane dynamics.11 Conversely, TM6SF2
deletion may induce the formation of smaller, clustered LDs,
with a median size of 0.87 mm2 as assessed by TEM, and that
may resemble microvesicular steatosis in human beings.
According to our data, Smagris et al13 found that LD dis-
tribution, evaluated through ORO staining, was detectable in
the smallest size range consisting of 1–2 mm2 in liver sec-
tions of Tm6sf2-/- mice. Although further studies are
required to investigate the role of microvesicular steatosis
in the progression of liver disease, it has been shown that
the presence of microsteatosis rather than macrosteatosis
correlated with hepatocellular ballooning, the presence of
Mallory–Denk bodies, and mitochondrial dysfunction.24

Notably, because of the contribution of both MBOAT7 and
TM6SF2 loss-of-function, the compound knockout showed a
mixed pattern of LD content closely reflecting
microvesicular–macrovesicular steatosis, which mainly
characterizes the liver histology of NAFLD patients. The
lipidomic analysis showed that TM6SF2-silenced cells
mostly overexpressed TAG, incorporating saturated/mono-
unsaturated fatty acid chains at the expense of poly-
unsaturated TAG, reflecting the lipidomic data obtained in
experimental models21,25 and liver biopsy specimens of
E167K carriers.25 In addition, the up-regulation of TAG 50:0
and TAG 52:0, lipid biomarkers featuring the serum and
hepatic signature of NAFLD patients,17 and, even more, in
those who developed HCC, were observed in the double
knockout, thus supporting the deleterious effects caused
synergically by the co-presence of MBOAT7 and TM6SF2
genetic deficiencies. Therefore, our findings, supported by
conspicuous evidence in vitro, in vivo, and in human beings,
suggest that TM6SF2-/- cells may trustworthily be used as a
genetic NAFLD in vitro model because it fairly summarizes
the phenotypic traits of patients carrying the E167K variant.
TM6SF2 deletion induced the accumulation of micro-LDs
compared with those developed by MBOAT7 knockout
cells, and the mechanism underlying intracellular fat storage
probably takes account of the increase in DAG/TAG with a
high degree of saturation and, overall, from the reduction of
polyunsaturated TAG besides the retention of TAG-rich li-
poproteins. Regarding the MBOAT7-/-TM6SF2-/- model, it
showed a pattern of LD volumes and lipid signature be-
tween MBOAT7-/- and TM6SF2-/-, thus representing the first
model generated in vitro which may fully reproduce fea-
tures of NAFLD individuals bearing all 3 at-risk variants.

ER and mitochondrial dysfunction are hallmarks of
NAFLD because they may promote its progression to NASH
and HCC. Genetic risk variants may participate actively in
disease progression within hepatic cells, although it has not
been investigated whether and to what extent they can lead
to organelle impairment. In the present study, we showed
that ER tubules and mitochondrial cristae were modestly
enlarged in MBOAT7-/- cells but still maintained their
morphologic architecture, and this condition was coupled
with both ER/oxidative damage, probably resulting from
lipotoxicity induced by the presence of large LDs.

The impact of TM6SF2 silencing on ER morphology has
been described by O’Hare et al22 in human enterocytes, in
small intestine, and liver of zebrafish larvae, in which
TM6SF2 was acutely down-regulated. Here, we found that
the distance among ER tubules was more than 3-fold larger
in cells lacking the TM6SF2 gene, which also presented
enhanced ER stress and a dramatic reduction in PC abun-
dance. PCs represent one of the main components of cellular
membranes and their depletion has been associated with
changes in ER morphology,26 and, most recently, as hepatic
lipid signature of NAFLD patients carrying the TM6SF2 T
risk allele.25 Consistent with the biological role of TM6SF2,
inhibition of PC production affects the amount of VLDL
particles trafficking in the ER–Golgi compartments27 and it
could be speculated that micro-LDs developed by TM6SF2-/-

and MBOAT7-/-TM6SF2-/- models may arise from low PC
abundance, whose levels impact LD expansion.28

Errors in mitochondrial dynamics have been pointed out
in NAFLD human and experimental models, because they
may drive both the switching from simple steatosis towards
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NASH and the metabolic reprogramming and malignant
transformation leading to HCC. Notwithstanding, studies
still are controversial, and none reported the effect of
MBOAT7 or TM6SF2 silencing on mitobiogenesis. As
mentioned previously, MBOAT7-/- cells affected mitochon-
drial morphology and oxidative stress as a possible result of
the huge amount of intracellular fat accumulation, but
without altering the number of mitochondria. Intriguing
findings emerged in the TM6SF2 knockout cells where we
found both mitochondrial degeneration and high mito-
chondrial biomass, suggestive of an unbalance in fusion,
fission, and mitophagic processes. Alterations in the mito-
chondrial life cycle also were supported by increasing pro-
tein levels of PGC1a and also may take into account the loss
of ER ultrastructure, which actively participates in mito-
chondrial dynamics and oxydative phopshorylation
(OXPHOS) activity, thereby suggesting that TM6SF2 down-
regulation may directly intervene to prompt mitochondrial
dysfunction.

Changes in lipid composition (DAGs, TAGs, cholesterol
esters) and increases in lactate production may be a sign of
the Warburg effect, the metabolic shifting toward anaerobic
glycolysis and mitochondrial derangement.29–31 Min et al32

showed that overexpression of the mutant I148M PNPLA3
in HuH-7 cells was associated with enhanced levels of
lactate. Similarly, in our study the double knockout showed
additional aspects related to mitochondrial failure because
it suppressed both b-oxidation and ATP production, whose
levels mostly derived from anaerobic glycolysis (87.7%),
and showed the highest expression of glycolytic enzymes,
lactate release, and growth potential. In addition, increased
levels of dihydroceramides in the livers of obese NASH
individuals have been correlated with mitochondrial fail-
ure,33 and the ratio of dihydroceramides to ceramides ap-
pears crucial to determine cell fate.34,35 Recently, Banini
et al36 found that high levels of DAG, TAG, and Cer species
were associated with metabolic reprogramming in NAFLD
rodents expressing the I148M mutation. Here, we reported
that TM6SF2 silencing heavily enhanced dihydroceramides
(d18:0) binding saturated long-chain fatty acids (ie, palmitic
acid [16:0]), which is consistent with the increase in
shorter-chain saturated DAGs and TAGs, and suggestive of a
prosurvival phenotype. However, the co-presence of
MBOAT7 and TM6SF2 deletion did not induce a higher
increment of dihydroceramide content, suggesting that
MBOAT7 may diversely contribute to the carcinogenesis in
the double knockout. As occurs in carriers of all 3 at-risk
alleles which show the most increased HCC prevalence,
loss of both MBOAT7 and TM6SF2 synergistically promote
an aggressive phenotype involving different mechanisms,
but whether the I148M PNPLA3 genetic background of the
HepG2 cells participate in metabolic switching cannot be
ruled out. Nonetheless, the overexpression of previously
deleted genes, either MBOAT7 or TM6SF2, ameliorated not
only lipid accumulation and cellular stress in the double
knockout model, but also reversed the tumorigenic pheno-
type, suggesting that, despite the known effects of PNPLA3,
both MBOAT7 and TM6SF2 genes exert a relevant role in
progressive liver damage and cancer development.
Several limitations should be acknowledged in this
study. First, we provided an overview of the main alter-
ations in lipid composition and morphologic and functional
derangements occurring in our in vitro models according to
their genetic background. We highlighted which aspects of
hepatocellular metabolism were mostly bothered by
MBOAT7 or TMS6F2 deletion and which became dysregu-
lated after silencing of both genes. However, identification of
cell mediators (ie, proteins, small molecules) that orches-
trate cell damage and are associated with genetic deficiency
of MBOAT7 and TMS6F2 genes currently is lacking and it
will be required to increase knowledge of disease patho-
genesis and to introduce novel therapeutic perspectives for
NAFLD management. Furthermore, the study was per-
formed entirely in HepG2 cells, which are used commonly to
study lipid metabolism in vitro and represent a suitable
model for CRISPR/Cas9 technology, whose long-term use
would not be applicable in primary hepatocytes. Neverthe-
less, the effects of MBOAT7/TM6SF2 down-regulation might
be confirmed in other cell types with a different genetic
background (ie, Hep3B, which are wild-type for the PNPLA3
gene), as well as the evaluation of the interplay among he-
patocytes and other hepatic cell types (Kupffer cells, hepatic
stellate cells) through complex culture systems (co-cultures,
3-dimensional cultures, organoids) could provide informa-
tion about how these genetic-based alterations could pro-
mote advanced stages of liver injury, such as fibrosis and
cirrhosis. Future validation of our results in preclinical ge-
netic models of NAFLD and, possibly, in patients, will be
crucial to shed light on drivers of disease progression and to
stress the importance of genetic screening in NAFLD
subjects.

To conclude, this study highlighted how MBOAT7 and
TM6SF2 silencing diversely impact lipid metabolism,
ER/mitochondrial dynamics, and tumorigenesis. These re-
sults may explain on one hand the impact of the I148M
PNPLA3,MBOAT7 rs641738, and E167K TM6SF2 variants on
steatosis development, and, on the other, how they can
promote the switch to NASH up to HCC. Moreover, we
proposed that MBOAT7 and TM6SF2 deletion may be deci-
sive in developing a different macro-LD and/or micro-LD
pattern in hepatocytes. If MBOAT7 deficiency predomi-
nantly induces large LD formation by affecting PI meta-
bolism with a mechanism boosting DNL, the small LDs
observed in TM6SF2-silenced cells probably involve ER
dysfunction and PC depletion, which potentially affect LD
swelling. We also showed that TM6SF2 loss-of-function un-
balances hepatic mitochondrial biogenesis, interferes with
the activity of multi-enzymatic complexes of the respiratory
chain, thus extolling the oxidative and inflammatory status,
and accumulates dihydro-Cer species, possibly enhancing its
growth potential. Finally, preliminary in vitro results sup-
ported that the re-overexpression of MBOAT7 and/or
TM6SF2 could improve lipid accumulation and hepatocel-
lular stress and remarkably ameliorated the proliferation
rate and migration, reinforcing that both may be implicated
in carcinogenic processes.

In sum, we showed that the accrual of at-risk variants in
PNPLA3, MBOAT7, and TM6SF2 genes predisposes to



2022 Role of genetic synergism from NAFLD up to HCC 781
NAFLD and its progression toward cancer. Moreover, by
exploiting a novel in vitro model we proposed some
mechanisms through which these mutations impact disease
onset and severity. Notably, the compound knockout
showed matched characteristics of both single knockouts
with regard to lipid composition and organelle derange-
ment, which together may contribute to the Warburg effect,
attempting to assume a prosurvival phenotype as occurs
during hepatocarcinogenesis.

Patients and Methods
Overall Cohort

The overall cohort consisted of 1380 patients with
NAFLD and was subdivided into the Hepatology Service
cohort (n ¼ 1259) and the NAFLD-HCC cohort (n ¼ 121).
The Hepatology Service cohort included 1259 unrelated
patients of European descent who were enrolled consecu-
tively at the Metabolic Liver Diseases outpatient service
(Liver Clinic; n ¼ 692) and bariatric surgery center (Bar-
iatric Surgery; n ¼ 567) at Fondazione IRCCS Cà Granda,
Ospedale Maggiore Policlinico Milano (Milan, Italy). Inclu-
sion criteria were the availability of a liver biopsy specimen
for suspected NASH or severe obesity, DNA samples, and
clinical data. Individuals with excessive alcohol intake (men,
>30 g/d; women, >20 g/d), viral and autoimmune hepati-
tis, or other causes of liver disease were excluded. The study
conformed to the Declaration of Helsinki and was approved
by the Institutional Review Board of the Fondazione Ca’
Granda IRCCS of Milan and relevant institutions. All partic-
ipants provided written informed consent.

The NAFLD-HCC patients of Italian descent (n ¼ 121)
were enrolled between January 2008 and January 2015 at
the Milan, Udine, and Rome hospitals. The diagnosis of HCC
was based on the European Association for the Study of the
Liver–European Organization for Research and Treatment
of Cancer Clinical Practice Guidelines.37 In the absence of a
liver biopsy specimen, diagnosis of NAFLD-HCC required
detection of ultrasonographic steatosis plus at least 1 cri-
terion of the metabolic syndrome.

The Hepatology Service cohort and the NAFLD-HCC
cohort both were stratified according to the number of
risk variants, as follows: 0 for patients who had no risk al-
leles; 1 for the presence of 1 risk allele heterozygous or
homozygous in either PNPLA3, MBOAT7, or TM6SF2; 2 for
carriers who had 2 risk variants among PNPLA3, MBOAT7,
or TM6SF2 in variable combinations; 3 for subjects carrying
all 3 at-risk variants either heterozygous or homozygous.
Demographic, anthropometric, and clinical features of the
overall cohort stratified according to class enrollment
criteria or the number of PNPLA3 I148M, MBOAT7
rs641738, and TM6SF2 E167K risk variants are shown in
Tables 1 and 2.

Histologic Evaluation
Steatosis was divided into the following 4 categories

based on the percentage of affected hepatocytes: 0, 0%–4%;
1, 5%–32%; 2, 33%–65%; and 3, 66%–100%. Disease ac-
tivity was assessed according to the NAFLD activity score,
with systematic evaluation of hepatocellular ballooning and
necroinflammation; fibrosis also was staged according to
the recommendations of the NAFLD Clinical Research
Network.38 The scoring of liver biopsy specimens was per-
formed by independent pathologists unaware of patient
status and genotype.14,39 NASH was diagnosed in the pres-
ence of steatosis, lobular necroinflammation, and hepato-
cellular ballooning.

Genotyping
The overall cohort was genotyped for the rs738409 C>G

(PNPLA3 I148M), rs58542926 C>T (TM6SF2 E167K), and
rs641738 C>T MBOAT7 risk variants as previously
described.10,12 Genotyping was performed in duplicate us-
ing TaqMan 5’-nuclease assays (QuantStudio 3; Thermo
Fisher, Waltham, MA). Results of rs738409, rs58542926,
and the rs641738 genetic frequencies were compared with
those obtained in non-Finnish European healthy individuals
included in the 1000 Genome project.40

CRISPR/Cas9 Gene Silencing
TM6SF2 silencing was induced by exploiting CRISPR/

Cas9 genome editing after nonhomologous end joining in
both HepG2 hepatoma cells (ATCC-HB-8065, which are ho-
mozygous for the I148M PNPLA3 variant, and in HepG2
knockout for the MBOAT7 gene (MBOAT7-/-)11 already
available in our laboratory, allowing us to obtain a double
stable model to study NAFLD. The reduced activity and
expression of both MBOAT7 and TM6SF2 lead to an additive
risk to develop NAFLD when combined with the I148M
PNPLA3 variant,10,16,20,41,42 making the HepG2 cells an ideal
model to study in vitro the impact of MBOAT7 and TM6SF2
loss-of functions coupled to the influence of I148M PNPLA3
on lipid metabolism, hepatocellular damage, and
carcinogenesis.

HepG2 cells were transfected with a lentiviral vector
(Edit-R Inducible Lentiviral hEF1a-Blast-Cas9 Nuclease
Particles; GE Healthcare Dharmacon, Inc, Lafayette, CO)
containing Cas9 under the control of doxycycline-inducible
promoter and blasticidin resistance as selection marker.
Concurrently, 2 single-strand DNAs were designed using the
free online CRISPR Design Tool (available: http://crispr.mit.
edu) (forward: 5’-AAACACGCGCTCAACCACGTCTCG-3’;
reverse: 5’-CCGGCGAGACGTGGTTGAGCGCGT-3’) to
construct a small guide RNA (sgRNA). Double-stranded
oligos were subcloned using T4 DNA ligase
(ThermoFisher, Carlsbad, CA) into the pGL3-U6-sgRNA-
phosphoglycerate kinase (PGK)-puromycin plasmid
(Addgene plasmid 51133; available: http://n2t.net/addg-
ene:51133; RRID: Addgene_51133; acquired from Addg-
ene)43 and digested with Fastdigest Eco31I (ThermoFisher).
The identity of the sgRNA constructs was verified by Sanger
sequencing (Table 5). The sgRNA was designed to induce
TM6SF2 cut by Cas9 transcription star site (ATG) in the first
codifying exon of the TM6SF2 gene (isoform 1, transcript
variant 1, NM_001001524.3) to induce TM6SF2 knockout
altering its mRNA transcription. After doxycycline-induced
Cas9 expression, HepG2/Cas9-positive clones (Cas9þ)

http://crispr.mit.edu
http://crispr.mit.edu


Table 5.Sequence of Primers Used in Quantitative Real-Time PCR Experiments

Forward 5’/3’ Reverse 5’/3’

ATF4 AAACCTCATGGGTTCTCCAG GGCATGGTTTCCAGGTCACT

ATF6 AATTCTCAGCTGATGGCTGT TGGAGGATCCTGGTGTCCAT

GRP78 CTTGCCGTTCAAGGTGGTTG CTGCCGTAGGCTCGTTGAT

MnSOD2 CAAATTGCTGCTTGTCCAAA TCTTGCTGGGATCATTAGGG

PPARa ATGGCATCCAGAACAAGGAG TCCCGTCTTTGTTCATCACA

MnSOD2 CAAATTGCTGCTTGTCCAAA TCTTGCTGGGATCATTAGGG

TM6SF2 exon Ia GGCTGCCTATGCTCTCACCTT TGCCTCCAGCAAACACCAA

U6-sgRNAa TTTCTTGGGTAGTTTGCAGTTTT CGACTCGGTGCCACTTTT

XBP1 GAAGCCAAGGGGAATGAAGT GCCCAACAGGATATCAGACTC

b-actin GCTACAGCTTCACCACCACA AAGGAAGGCTGGAAAAGAGC

aHuman primers used for Sanger sequencing.
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were transfected (Lipofectamine 3000 transfection reagent;
ThermoFisher, Carlsbad, CA) with pGL3-U6-sgRNA-PGK-
puromycin plasmid containing the sgRNA under the control
of cytomegalovirus promoter (U6), which previously was
subcloned in Dh5a competent cells. Positive clones carrying
the TM6SF2 mutations were selected, exploiting puromycin
resistance gene as selection marker (GE Healthcare Dhar-
macon, Inc). After single-cell clonal expansion and single-
clone–derived colony formation generated by the limiting
dilution, the efficiency of gene editing was tested by Sanger
sequencing (approximately 100 clones per condition were
screened). Potential off-target modifications were checked
in the genome region of interest. We identified the same
TM6SF2 deletion of 202 nucleotides (D202) in homozygosis
in both CAS9þ and MBOAT7-/- cells-/-,11 allowing us to
obtain either a single (TM6SF2-/-) or a compound knockout
stable model (MBOAT7-/-TM6SF2-/-) to study genetic
NAFLD in vitro. Cas9þ cells wild type in the MBOAT7 and
TM6SF2 genes were used as the control group.
TEM
Cas9þ, MBOAT7-/-, TM6SF2-/-, and MBOAT7-/-TM6SF2-/-

cells were cultured as monolayer (70%–80% confluent) and
trypsinized to obtain cell suspension. Cells were fixed with
an aldehyde mixture (4% paraformaldehyde þ 2.5%
glutaraldehyde in cacodylate buffer: pH 7.4) at 4�C over-
night. After primary fixation, cells were washed repeatedly
with cacodylate buffer and were postfixed in 1% osmium
tetroxide (OsO4) for 2 hours in the dark. Next, samples were
left in 1.5% potassium ferrocyanide dissolved in 0.1 mol/L
cacodylate for 1 hour on ice. Each sample was stained with
0.5% 5-uranyl acetate in water overnight. Finally, samples
were dehydrated with increasing ethanol series, embedded
in an Epon resin, and polymerized in an oven at 60�C for
48 hours. Ultrathin (70–90 nm) sections were collected on
nickel grids and observed with a Zeiss Leo 912 AB Omega
TEM (Freiburg, Germany).44 LD size was obtained by
measuring at least 4 random diameters per LD through
ImageJ software (National Institutes of Health, Bethesda,
MD). The mean of diameters was used to calculate the
average of both circumference (C ¼ pd) and area (A ¼ pR2)
of LDs for each condition (Table 3). Quantification of ER
width was obtained through ImageJ software by acquiring at
least 3 measurements per ER lumen (Table 4). Mitochondria
were counted by ImageJ software in 15 random nonover-
lapping micrographs containing at least a whole single cell.

ORO Staining
Cells were plated on a 6-well plate (5 � 105 cells/well)

in duplicate and left overnight in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS),
1% L-glutamine, and 1% penicillin/streptomycin. After
24 hours, growth media was removed and cells were kept
for 24 hours in quiescent medium, containing 0.5% bovine
serum albumin (BSA), 1% L-glutamine, and 1% penicillin/
streptomycin. The day after, we performed ORO staining,
which is a soluble red powder with high affinity for neutral
TAGs and lipids stored in the LDs. Quiescent medium was
removed, and the 6-well plates were gently rinsed with
2 mL sterile phosphate-buffered saline 1�. Next, cells were
fixed with 4% formalin for 1 hour at room temperature.
After fixation, each sample was washed with sterile water
and 60% isopropanol was added for 5 minutes. Concur-
rently, we prepared ORO working solution by mixing 3 parts
of ORO stock solution (300 mg of Red Oil powder in 100 mL
di-isopropanol 100%) and 2 parts of sterile water, after
filtration. ORO working solution (1 mL/well) was added to
each sample and left for 40 minutes. Finally, plates were
rinsed with tap water, paying attention not to disrupt the
monolayer. LD content was visualized in pink-red color. The
ORO-positive area was quantified by ImageJ software in 10
random micrographs (magnification, 200�) by calculating
the ORO-positive area as a percentage of pixels above the
threshold value with respect to the total pixels per area.

Lipidomic Analysis
For lipidomic analysis, lipid classes were separated with

ultra-high-pressure liquid chromatography equipped with
ZORBAX Eclipse Plus C18 2.1 � 100 mm 1.8 mm columns
(Agilent, Santa Clara CA), and lipid concentrations were



Table 6.List of TaqMan Probes Used in Quantitative Real-
Time PCR Experiments

Probes Catalog number

TM6SF2 ThermoFisher Hs00403495_m1

MBOAT7 ThermoFisher Hs00383302_m1

GCK ThermoFisher Hs01564555_m1

PFK ThermoFisher Hs01036347_m1

G3PDH ThermoFisher Hs02786621_g1

Table 7.List of Antibodies and Relative Dilutions Used in
Western Blot and Immunocytochemistry
Experiments

Antibody Catalog number

TM6SF2 (1:1000 WB) ThermoFisher PA5-69304
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measured by MS-QTOF (Agilent Ultra-High-Pressure Liquid
Chromatography 1290 Infinity-6540 QTOF, Santa Clara, CA)
in both positive (for Cer, sphingomyelins, phosphatidyleth-
anolamines, lyso-phosphatidylethanolamines, PCs, lyso-PCs,
DAGs, and TAGs) and negative electrospray ionization for
PIs. Mobile phase A consists of water with 0.1% formic acid
in positive mode and 5 mmol/L ammonium acetate in
negative mode; mobile phase B consists of acetoni-
trile:isopropanol (1:1) with 0.1% formic acid in positive
mode and 5 mmol/L ammonium acetate in negative mode.
Analysis of the lipid profiles was performed by Mass
Hunter Profinder software coupled with PCDL Manager
(Agilent, Santa Clara, CA) that allows extraction, identifi-
cation, and quantification of selected lipid compounds on
the bases of the accurate mass m/z, retention time, and ion
abundance. The software calculates the area under the
curve of identified ions. For the lipid species, ions are
extracted as adducts [M þ H]þ and [M þ Na]þ when
samples were run in positive mode and as [M-H]- and [M þ
HAc-H]- when samples were run in negative mode (HAc ¼
CH3COO-). All sets of samples were run together to avoid
batch differences. Standard Reference Materia SRM 1950
(National Institute of Science and Technology NIST, US)
was run as quality control during each run (positive and
negative).

Lipids measured in positive mode concentrations were
quantified using internal standards, that is, sphingomyelin
(d18:1/17:0), Cer (d18:1/17:0), phosphatidylethanolamines
(17:0/17:0), PC (17:0/17:0), lyso-PC 17:0, DAG (17:0/17:0),
and TAG (15:/15:0/15:0) (Avanti Polar Lipids, Alabaster,
AL, and Larodan, Solna, Sweden). PIs and lyso-PIs were
quantified using either phosphatidylglycerol (34:0) or Cer
(d18:1/17:0) as internal standards, which are visible in
negative mode and have a retention time close to PI and
lyso-PI. Both internal standards gave similar concentration
values for PIs and lyso-PIs.

Data were analyzed as the log2 fold change ratio
considering the chain length and number of double bonds
(ie, degree of unsaturation). PCA (Figure 5A) was performed
on the log2 fold change ratios between MBOAT7-/-,
TM6SF2-/-, MBOAT7-/-TM6SF2-/-, and Cas9þ lipidomic data,
using R package FactoMineR.1,45 Because PCA is an unsu-
pervised method based on a linear combination of features,
it allows evaluation of the different changes induced by the
mutations on the whole lipidomic profile, even with a small
number of samples.
MBOAT7 (1:500 WB) Sigma-Aldrich AV49811

ApoB-100 ThermoFisher HYB0690202

P(Ser473)-Akt (1:1000 WB) Cell Signaling 9271S

Akt (1:1000 WB) Cell Signaling 2938S

P(Thr37/46)-4E-BP1 (1:1000 WB) Cell Signaling 2855S

4E-BP1 (1:1000 WB) Cell Signaling 9644S

P(Ser2448)-mTOR (1:1000 WB) Cell Signaling 5536S

mTOR (1:1000 WB) Cell Signaling 2983S

PGC1-a Novus Biologicals NBP1-04676

COX-I
SDHA

Abcam ab110216
Abcam ab110216

b-actin (1:5000 WB) Abcam ab6276
DNA Extraction and Sanger Sequencing
DNA was extracted using the phenol/chloroform

method. Next, DNA concentration and quality were assessed
by a Nanodrop 1000 microvolume 42 spectrophotometer
(ThermoFisher Scientific). A total of 1 mL DNA was used to
verify sgRNA insertion in the pGL3-U6-sgRNA-PGK-puro-
mycin plasmid,43 and to detect TM6SF2 mutations in exon I
of the TM6SF2 sequence. Polymerase chain reaction (PCR)
products were electrophoretically run on 3% agarose gel,
purified with a vacuum pump, and used to perform the
Sanger sequencing protocol (Big Dye mix; Applied
Biosystems, Waltham, MA). Primers used for amplification
and sequencing are listed in Table 5.

Gene Expression Analysis
RNA was extracted from cell cultures using TRIzol reagent

(Life Technologies–ThermoFisher, Carlsbad, CA). Total RNA
(1 mg) was retrotranscribed with the VILO random hexamers
synthesis system (Life Technologies–ThermoFisher, Carlsbad,
CA). Quantitative real-time PCR was performed by an ABI
7500 fast thermocycler (Life Technologies), using the
TaqMan Universal PCR Master Mix (Life Technologies–
ThermoFisher, Carlsbad, CA) and TaqMan probes for human
MBOAT7, TM6SF2, GCK, PFK, and G3PDH. SYBR Green
chemistry (Fast SYBR Green Master Mix; Life
Technologies–ThermoFisher, Carlsbad, CA) was used for all
other genes. All reactions were delivered in triplicate. Data
were normalized to b-actin housekeeping gene and results
were expressed as mean and standard error (SE). Primers are
listed in Tables 5 and 6.

Western Blot Analysis
Total protein lysates were extracted from 2 cell cultures

using RIPA buffer containing 1 mmol/L Na-orthovanadate,
200 mmol/L phenylmethyl sulfonyl fluoride, and
0.02 mg/mL aprotinin. Samples were pooled before
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electrophoretic separation and all reactions were performed
in duplicate. Then, equal amounts of proteins (50 mg) were
separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis, transferred electrophoretically to a nitro-
cellulose membrane (Bio-Rad, Hercules, CA), and incubated
with specific antibodies overnight. At least 3 independent
lots of freshly extracted proteins were used for experiments.
Antibodies and concentration used are listed in Table 7.
Immunocytochemistry
A total of 1 � 106 cells were seeded on coverslips lodged

in a 6-well plate in duplicate and kept overnight in DMEM
containing 10% FBS, 1% L-glutamine, and 1% penicillin/
streptomycin. Next, hepatocytes were fixed in 4% formalin
for 1 hour and permeabilized in 0.3% Triton X-100 (Sigma-
Aldrich, St Louis, MO). Cells were incubated in 5% BSA for
30 minutes and with anti-PGC1a primary antibody over-
night at 4�C. Then, each sample was incubated with anti-
rabbit horseradish-peroxidase–conjugated antibody, and
3,30-diaminobenzidine was provided as chromogen. Nucleus
were counterstained with hematoxylin. Finally, samples
were mounted with a drop of aqueous VectaMount AQ
Mounting Medium (Maravai LifeSciences, Inc, San Diego,
CA).
Evaluation of MT-COX1 Expression
The MitoBiogenesis In-Cell Enzyme-Linked Immunosor-

bent Assay Kit (Abcam, Cambridge, UK) uses quantitative
immunocytochemistry to measure MT-COX1 and nuclear-
encoded SDHA protein levels in cultured cells and it was
performed following the manufacturer’s instructions.46

Briefly, cells were seeded in a 96-well plate (3 � 105/
well) in triplicate, fixed with 4% paraformaldehyde. and
permeabilized through 1� Triton X-100. Targets of interest
are detected with a highly specific, well-characterized
cocktail of monoclonal antibodies, which were incubated
overnight at 4�C. Then, apurinic/apyrimidinic-labeled and
horseradish-peroxidase–labeled secondary antibodies are
used to generate a colorimetric reaction that could be
measured at 405 and 600 nm, respectively.
Evaluation of ROS and Lipid Peroxidation
Cas9þ, MBOAT7-/-, TM6SF2-/-, and MBOAT7-/-TM6SF2-/-

cells were cultured as monolayer. At 70%–80% of conflu-
ence, they were stained with MitoSOX Red (1.25 mmol/L;
Invitrogen–ThermoFisher, Carlsbad, CA) for 30 minutes at
37�C, and subsequently harvested for fluorescence-
activated cell sorter analysis (excitation, 488 nm;
emission, 690/50 nm; Acea Bioscience). Increased red
fluorescence was correlated with ROS formation. Data were
collected from at least 20,000 cells and 6 replicates per
condition. Lipid peroxidation was analyzed by staining cells
with BODIPY 581/591 C11 (2 mmol/L; Thermo Fisher Sci-
entific, Darmstadt, Germany) for 1 hour at 37�C. Cells then
were harvested for fluorescence-activated cell sorter anal-
ysis (excitation, 488 nm; emission, 525/30 nm and 585/50
nm), and the shift from red to green fluorescence was used
to evaluate lipid peroxidation. Data were collected from at
least 20,000 cells and 6 replicates per condition.

Evaluation of Complex I Enzymatic Activity
A total of 106 cells were resuspended in proper buffer

(pH 7.2). Protein extraction was performed by sonicating
cell pellets at 50 W (10 s) 3 times. Lysates were centrifuged
at 750 � g for 10 minutes and supernatant was recovered.
The Lowry method was used for protein quantification. A
Lambda 2 Perkin Elmer spectrophotometer (Waltham, MA)
was used to assess enzymatic activities. Analyses were
performed at specific wavelengths for each enzymatic ac-
tivity after preparing proper solutions as previously
described.47,48 Nicotinamide adenine dinucleotide (NADH)
dehydrogenase (340 nm) consisted of the following: H2O
(455 mL), K-phosphate, pH 7.5, 0.1 mol/L (340 mL), K3
[Fe(CN)6] 17 mmol/L (100 mL), NADH 2 mmol/L (100 mL),
and homogenate (5 mL). NADH ubiquinone 1 reductase (340
nm) consisted of the following: H2O (610 mL), K-phosphate,
pH 7.5, 0.1 mol/L (200 mL), albumin 1% (100 mL), NADH
2 mmol/L (70 mL), homogenate (10 mL), sodium azide 100
mmol/L (10 mL), and CoQ10 6 mmol/L (5 mL); activity
measured after rotenone administration (1 mmol/L, 5 mL)
was subtracted. Citrate synthase (412 nm) consisted of the
following: H2O (800 mL), disulfide, 5,50-dithio-bis-2-nitro-
benzoic acid (DTNB) 1 mmol/L (100 mL), oxaloacetic acid
10 mmol/L (50 mL), acetyl-CoA 10 mmol/L (30 mL), and
homogenate (20 mL). Experiments were performed at 30�C.
Analyses were performed with Perkin Elmer software.
Measurements were normalized over the activity level of
citrate synthase, a stable matrix mitochondrial enzyme; this
latter step was performed to normalize respiratory chain
activity over mitochondrial mass.

Measurement of ATP Rate
ATP production in live cells was measured by an Agilent

Seahorse XF Real-Time ATP Rate Assay (Agilent Technolo-
gies), which quantifies the rate of ATP from glycolysis and
mitochondria in real time. The assay uses a sequential in-
jection of specific mitochondrial activators and inhibitors
and reports multiple parameters, including glycolytic ATP
production rate, mitochondrial ATP production rate, total
ATP production rate, and the XF ATP rate index. Briefly,
cells were plated on a Seahorse XF24-well microplate
(40,000 cells per well) and on the day of the assay the cell
culture growth medium was replaced by the assay medium,
supplemented with glucose, pyruvate, and glutamine, and
cells were incubated at 37�C for 60 minutes. The oxygen
consumption rate and extracellular acidification rate were
measured using the XFe24 analyzer, with 3 baseline mea-
surements recorded before and after adding oligomycin
(ATP synthase inhibitor; 1.5 mmol/L) and a mix of rotenone
and antimycin A (complex I and III inhibitors, respectively;
0.5 mmol/L).

In Vitro Treatments
When specified, Cas9þ, MBOAT7-/-, TM6SF2-/-, and

MBOAT7-/-TM6SF2-/- were treated with either sorafenib
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(Santa Cruz Biotechnology, Dallas, TX) at a final concentra-
tion of 5 mmol/L or dimethyl sulfoxide (DMSO) vehicle for
24, 48, 72 hours and 1 week. Treatments were freshly
prepared and administered daily.

Cell Proliferation Assay
Cas9þ, MBOAT7-/-, TM6SF2-/-, and MBOAT7-/-TM6SF2-/-

(2.5*102 cells/well) were seeded in a 96-well plate in
quadruplicate and incubated under normal culture condi-
tions overnight. Cell proliferation was measured at both
baseline and upon sorafenib exposure using the CellTiter
96-Aqueous One Solution Cell Proliferation Assay (MTS:3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium)) kit (Promega Corporation,
Fitchburg, WI) according to the manufacturer’s instructions.
A dose-response curve was performed by testing 1, 2.5, 5, 10
and 50 mmol/L of sorafenib treatments to determine the
minimum concentration required to evaluate cell viability.
Administration of sorafenib at very low concentrations (1
and 2.5 mmol/L) was e effective to modulate cell survival,
whereas the higher concentrations (10 and 50 mmol/L)
showed a high mortality rate. Therefore, after a day, cells
were treated with either sorafenib at a final concentration of
5 mmol/L or vehicle (DMSO), which is further consistent with
the current literature.49,50

Fresh growth media with or without sorafenib was pro-
vided for 24-48-72 h and 1 week. MTS reagent (20 mL/well)
was added to the cells followed by incubation for 4 hours in
a 5% CO2 humidified incubator at 37�C, and the absorbance
was measured at 490 nm, at 0, 24, 48, and 74 hours, and
after 1 week. At least 3 independent experiments were
performed.

Wound Healing Assay
Cas9þ, MBOAT7-/-, TM6SF2-/-, and MBOAT7-/-TM6SF2-/-

models were plated on 6-well plate (8 � 105/well) and
incubated with DMEM containing 10% FBS, 1% L-glutamine,
and 1% penicillin/streptomycin. A fine scratch was intro-
duced using a sterile pipette tip in a monolayer of cells at
approximately 90% confluency. Cells then were treated with
sorafenib at a final concentration of 5 mmol/L or vehicle
(DMSO) for 24 and 48 hours. The wounds were photo-
graphed (objective, 100�) at 24 and 48 hours. Each
experiment was performed in triplicate.

Lentiviral Overexpression
MBOAT7 and/or TM6SF2 were overexpressed in

MBOAT7-/-TM6SF2-/- cells through pLenti-C-mGFP-P2A-
Puro lentiviral vectors, which were engineered to express
a complete open reading frame (ORF) fused with a GFP tag
(henceforth MBOAT7-GFP and TM6SF2-GFP). We seeded
3*104 cells in 24-well plates and they were incubated at
37ºC and 5% CO2 overnight. Multiplicity of infection was
set at 2.5 and the amount of lentiviral particles for the
transduction were calculated according to the manufac-
turer’s instructions (OriGene, Rockville, MD). Lentiviral
particles were added to prewarmed cultured media for
24 hours. To introduce MBOAT7-GFP–tagged protein,
MBOAT7-/-TM6SF2-/- cells were transduced with the
LENG4 (MBOAT7) Human Tagged ORF Clone Lentiviral
Particle (OriGene) containing a molecular sequence that
aligns with the MBOAT7 mRNA (gene accession numbers:
NM_024298.2 and NP_077274.2). To insert the TM6SF2-
GFP, MBOAT7-/-TM6SF2-/- cells were transfected with
TM6SF2 Human Tagged ORF Clone Lentiviral Particle
(OriGene) carrying the molecular sequence that aligns with
the TM6SF2 mRNA (gene accession numbers:
NM_001001524.2 and NP_001001524.2). Stable cell lines
carrying the wild-type form of MBOAT7 (MBOAT7þ/

þTM6SF2-/-), TM6SF2 (MBOAT7-/-TM6SF2þ/þ), or both
(MBOAT7þ/þTM6SF2þ/þ) were selected using the puro-
mycin resistance gene as a selection marker (GE Healthcare
Dharmacon, Inc).

Statistical Analysis
For descriptive statistics, continuous variables were re-

ported as means and SD or as the median and interquartile
range for highly skewed biological variables. Variables with
skewed distribution were logarithmically transformed
before analyses. The frequencies for each risk variant sub-
group were compared using the chi-squared test. Differ-
ences between groups were calculated by 1-way
nonparametric ANOVA (Kruskal–Wallis), followed by post
hoc t test (2-tailed) when 2 groups were compared, or the
Dunn multiple comparison test when multiple groups were
compared, adjusted for the number of comparisons. Lip-
idomic analyses were performed using the R package. P
values less than .05 were considered statistically significant.
Statistical analyses were performed using JMP 14.0 (SAS,
Cary, NC) and Prism software (version 6, GraphPad Soft-
ware, San Diego, CA).

Chemicals
Sorafenib was acquired from Santa Cruz Biotechnology

(Dallas, TX). Doxycycline, anti-MBOAT7, and BSA were
purchased from Sigma-Aldrich (St Louis, MO). Anti–P-
Ser473 Akt, Akt, P(Thr37/46)-4E-BP1, 4E-BP1,
P(Ser2448)-mTOR, and mTOR antibodies were acquired
from Cell Signaling Technology (Danvers, MA). Anti–b-
actin was purchased from Abcam. Anti-Cas9 and anti-
PGC1a were obtained from Novus Biologicals (Littleton,
CO). TM6SF2 and APOB-100 antibodies were purchased
from Life Technologies–ThermoFisher Scientific (Waltham,
MA). DMEM, FBS, phosphate-buffered saline, L-glutamine,
penicillin/streptomycin, Trypsin/EDTA, Hank’s balanced
salt solution, fast SYBR green master mix, Lipofectamine
3000 transfection reagent, blasticidin, T4 DNA ligase,
Fastdigest Eco31I, ampicillin, and DH5a competent cells
were obtained from Life Technologies–ThermoFisher Sci-
entific (Waltham, MA). PCR Master Mix 2� was purchased
from BiotechRabbit (Hennigsdorf, Germany). Clarity
Western ECL substrate was obtained from Bio-Rad Labo-
ratories. CellTiter 96 AQueous One Solution Cell Prolifera-
tion Assay (MTS) was purchased from Promega
Corporation. The pGL3-U6-sgRNA-PGK-puromycin was a
gift from Xingxu Huang (Addgene plasmid 51133; http://
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n2t.net/addgene:51133; RRID:Addgene_51133; acquired
from Addgene).43 Puromycin and Edit-R Inducible Lenti-
viral hEF1a-Blast-Cas9 nuclease particles were obtained
from GE Healthcare Dharmacon, Inc.51 The TAG quantifi-
cation kit was purchased from BioVision, Inc (Milpitas,
CA). The Cholesterol Colorimetric Assay Kit– high density
lipoprotein (HDL) and Low-density lipoprotein/ very
low-density lipoprotein (LDL/VLDL), Dichlorodihydro-
fluorescin (DCF) Reactive oxygen species/Reactive nitro-
gen species (ROS/RNS) Colorimetric Assay Kit, Hydrogen
Peroxide Assay Kit, Lipid Peroxidation (malondialdehyde)
Assay Kit (colorimetric/fluorimetric), DNA Damage
Colorimetric Assay Kit (apurinic/apyrimidinic (AP) sites),
and MitoBiogenesis In-Cell Enzyme-Linked Immunosor-
bent Assay Kit were purchased from Abcam. VectaMount
AQ Mounting Medium was obtained from Maravai Life
Sciences, Inc.
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