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Abstract

Non-alcoholic fatty liver disease (NAFLD) is a metabolic disorder characterized by excess
lipid accumulation in the liver without significant consumption of alcohol. The transmem-
brane 6 superfamily member 2 (TM6SF2) E167K missense variant strongly associates with
NAFLD in humans. The E167K mutation destabilizes TM6SF2, resulting in hepatic lipid
accumulation and low serum lipid levels. However, the molecular mechanism by which
TM6SF2 regulates lipid metabolism remains unclear. By using tandem affinity purification in
combination with mass spectrometry, we found that apolipoprotein B (APOB), ER lipid raft
protein (ERLIN) 1 and 2 were TM6SF2-interacting proteins. ERLINs and TM6SF2 mutually
bound and stabilized each other. TM6SF2 bound and stabilized APOB via two luminal
loops. ERLINSs did not interact with APOB directly but still increased APOB stability through
stabilizing TM6SF2. This APOB stabilization was hampered by the E167K mutation that
reduced the protein expression of TMB6SF2. In mice, knockout of Tm6sf2 and knockdown of
Tmésf2 or Erlins decreased hepatic APOB protein level, causing lipid accumulation in the
liver and lowering lipid levels in the serum. We conclude that defective APOB stabilization,
as a result of ERLINs or TM6SF2 deficiency or E167K mutation, is a key factor contributing
to NAFLD.

Author summary

Non-alcoholic fatty liver disease (NAFLD) is a very common liver disorder that occurs in
people who do not drink too much alcohol. It initiates from extra fat storage in the liver
and can advance to hepatitis, fibrosis, liver failure and liver cancer. NAFLD is often associ-
ated with other health problems such as obesity, diabetes, and hyperlipidemia. The
TMG6SF2 gene variant is a strong risk factor for NAFLD in humans. However, the mecha-
nism by which loss of TM6SF2 protein causes NAFLD is unclear. Here, we demonstrate
that TM6SF2 forms a complex with ERLINs and APOB. ERLINs and TM6SF?2 stabilize
each other, and TM6SF?2 stabilizes APOB. In mice, ablating the expression of ERLINs or
TM6SF2 lowers APOB protein level, causing lipid accumulation in the liver while decreas-
ing lipid levels in the blood. These phenotypes resemble the symptoms of NAFLD patients
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carrying TM6SF2 mutations. We conclude that TM6SF2 promotes APOB stability via
complex formation and that defective APOB stabilization is one of the underlying causes
of NAFLD.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most common liver disorders affecting
20-30% of adults worldwide and higher of certain ethnic groups [1]. It covers a wide degree of
liver damage, including simple fat deposition (steatosis), inflammation (non-alcoholic steato-
hepatitis), and scarring (fibrosis and cirrhosis) [2-4]. NAFLD increases the risks of hepatocel-
lular carcinoma [5, 6], and is often associated with comorbidities such as obesity, insulin
resistance, hypertension, and hyperlipidemia [7]. However, no consensus has been reached on
the causal relationship between NAFLD and the metabolic complications [8, 9].

Both environmental and genetic factors contribute to the pathogenesis and progression of
NAFLD. By using genome-wide association studies, multiple NAFLD-related risk variants
have been identified, among which include rs58542926 in the transmembrane 6 superfamily
member 2 (TM6SF2) gene that causes a nonsynonymous glutamate-to-lysine substitution at
the amino acid residue 167 (E167K) [10, 11]. TM6SF2 is a transmembrane protein mainly
localized in the endoplasmic reticulum (ER), ER-Golgi intermediate compartment and Golgi
of hepatocytes and enterocytes [12, 13]. It critically regulates lipid metabolism in the liver [11].
The E167K mutation markedly reduces TM6SF2 protein level through enhancing its turnover
rate [11, 14], and the TM6SF2 E167K carriers exhibit high hepatic triglyceride (TG) content
but low plasma low-density lipoprotein cholesterol (LDL-C) levels with improved cardiovascu-
lar outcomes [10, 11]. In mice, knockout or knockdown of Tm6sf2 recapitulates the human
NAFLD phenotypes [10, 11, 13, 15], whereas liver-specific overexpression of TM6SF2 elevates
plasma total cholesterol (TC) and LDL-C levels with, however, mixed results on hepatic TG
content [10, 15]. TM6SF2 is shown to facilitate the secretion of TG-rich very low-density lipo-
proteins (VLDLs), and to a lesser extent, that of apolipoprotein B (APOB) in human hepatoma
cell lines [12]. The hepatocyte spheroids derived from the TM6SF2 E167K carriers are less
capable of secreting APOB than those from wild-type (WT) controls [16]. However, another
study proposes that TM6SF2 is required for VLDL assembly but not APOB-containing lipo-
protein secretion [13]. The exact roles of TM6SF2 in APOB metabolism and NAFLD remain
unclear.

ER lipid raft protein (ERLIN, also known as stomatin-prohibitin-flotillin-HflC/K domain-
containing protein) 1 is an ER-resident, single-pass transmembrane glycoprotein that forms a
heteroligomeric complex with its closely related ERLIN2 towards the ER lumen to mediate
degradation of 1,4,5-trisphosphate receptors and 3-hydroxy-3-methylglutaryl CoA-reductase,
the latter of which is the rate-limiting enzyme in the cholesterol biosynthetic pathway [17-19].
ERLIN1 and ERLIN2 also suppress cholesterol production by blocking the export of sterol reg-
ulatory element-binding proteins from the ER to the Golgi under high cholesterol conditions
[20]. Interestingly, a missense mutation in ERLINT is recently suggested to confer protection
against fatty liver and hepatic inflammation [21, 22]. How ERLINSs are implicated in NAFLD is
yet to be established.

In this study, we employed tandem affinity purification (TAP) coupled with mass spec-
trometry to identify TM6SF2-interacting proteins. We found that TM6SF2, ERLIN1 and
ERLIN2 formed a protein complex with APOB, which is mainly produced by the intestine and
liver [23]. TM6SF2 could stabilize and be stabilized by ERLIN1 and ERLIN2. The two luminal
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loops of TM6SF2 were critical for APOB48 binding and stabilization. The E167K mutation
hampered APOB4S8 stabilization by reducing the expression of TM6SF2. Whole-body knock-
out of Tmé6sf2 and adeno-associated virus serotype 8 (AAV8)-mediated knockdown of Tm6sf2
or Erlins decreased hepatic APOB expression, increased TC and TG levels in the liver and
reduced lipids in the serum. We conclude that TM6SF2 promotes APOB stability via complex
formation and that defective APOB stabilization is one of the underlying causes of NAFLD.

Results

Identification of APOB and ERLINs as TM6SF2-associated proteins
regulating lipid droplet (LD) content in the cell

We first sought to identify the proteins that interact with TM6SF2. Since TM6SF2 is a multi-pass
transmembrane protein, we employed a tandem affinity purification strategy to improve purifi-
cation specificity. A construct containing the mouse Tmé6sf2 gene followed by the sequences
encoding a 3xFLAG epitope tag, a tobacco etch virus (TEV) cleavage site and a 2xProtein A epi-
tope tag was generated (TM6SF2-TAP; S1A Fig) and transfected into CRL1601 cells, a rat hepa-
toma cell line. Consistent with the previous results [12], cells transiently expressing
TM6SF2-TAP had less LDs compared with neighboring non-expressing ones (S1B Fig), suggest-
ing that the TM6SF2-TAP fusion protein is functional. To obtain a single cell clone stably
expressing TM6SF2-TAP, transiently transfected cells were subjected to about one-week antibi-
otic selection and surviving colonies were isolated and expanded. Compared with the parental
CRL1601 cells, the stable clone (CRL1601/TM6SF2-TAP) had much higher expression of
TM6SF2 (S1C Fig). We next pulled down TM6SF2 and the associated proteins from the
CRL1601/TM6SF2-TAP stable cells using the IgG-coupled agarose. After digesting with the
TEV protease, supernatants were further immunoprecipitated using the anti-FLAG beads fol-
lowed by elution using the FLAG peptides (S1D Fig). The eluent was resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (S1E Fig) and analyzed by tandem mass spectrometry.
The top 14 proteins including TM6SF2 were subjected to further investigation (S1F Fig).

We next knocked down each of the 14 candidate genes using RNA interference (Fig 1A) and
examined the LD content in Huh?7 cells, a human hepatocellular carcinoma cell line. TM6SF2
absence was used as a positive control. Robust LD accumulation was detected upon APOB,
ERLINI or ERLINZ deficiency (Fig 1B and 1C). Knockdown of GPI transamidase component
PIG-S (PIGS) produced a modest phenotype, whereas of others was ineffective (Fig 1B and 1C).

We next evaluated the epistatic relationship between TM6SF2, ERLIN1, ERLIN2 and
APOB in regulating LD secretion. Huh7 cells were co-transfected with siRNAs targeting one
gene and plasmids encoding each of the other genes (Fig 2). An siRNA-resistant plasmid that
carries a synonymous mutation in the gene of interest was also used to exclude the off-target
effects of siRNAs (Fig 2A-2D, first row). In TM6SF2-knockdown cells, LD buildup was effec-
tively alleviated by overexpression of ERLIN1, ERLIN2 or APOB48 (Fig 2A). The ectopically
expressed TM6SF2, ERLIN1, ERLIN2 and APOB48 also reduced the LD areas in ERLINI- or
ERLIN2-knockdown cells (Fig 2B and 2C). Of note, neither TM6SF2 nor ERLINs was able to
revert LD accumulation in APOB-knockdown cells, contrasting to the rescue effect by
APOB48 (Fig 2D). These results suggest that TM6SF2 and ERLINSs function upstream of
APOB to regulate LD metabolism.

TM6SF2 forms a protein complex with ERLINs and APOB

To investigate whether these proteins physically interact with each other, we immunoprecipi-
tated APOB48 from Huh?7 cells co-transfected with the plasmids encoding FLAG-tagged
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Fig 1. Knockdown of TM6SF2, APOB, ERLINI or ERLIN2 increases cellular LD content. Huh7 cells were transfected with the indicated siRNAs. After 48 h, cells
were harvested for quantitative real-time PCR (A) or Oil Red O staining (B-C). (A) Knockdown efficiency of the indicated siRNA duplexes. Data are presented as
mean+SD (n = 3 independent experiments). Student’s t-test. **P<0.01, ***P<0.001, ****P<0.0001. (B) Representative Oil Red O staining showing LDs in Huh7 cells
transfected with the indicated siRNAs. NC, negative control. Scale bars, 20 um. (C) Quantification of Oil Red O-stained LD area per cell number in (B). Data are
normalized to control cells and presented as mean+SD (n = 2 independent experiments; 30-40 cells per experiment). Student’s ¢-test. *P<0.05, **P<0.01,
**P<0.001, ****P<0.0001, NS, no significance.

https://doi.org/10.1371/journal.pgen.1008955.9001

APOB48 and Myc-tagged TM6SF2 or ERLIN1 or ERLIN2. A significant amount of TM6SF2
was detected in the APOB48 pellet (Fig 3A). ERLIN1 and ERLIN2 were efficiently co-immu-
noprecipitated with TM6SF2 (Fig 3B) but not with APOB48 (Fig 3A).

We next immunoprecipitated endogenous APOB100 and APOB48 from CRL1601 cells
using protein A/G beads coupled with the anti-APOB antibody. Fig 3C showed that TM6SF2,
ERLIN1 and ERLIN2 were present in the pellets. To rigorously demonstrate that TM6SF2,
ERLINs and APOB form a protein complex, we performed a sequential immunoprecipitation
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Fig 2. TM6SF2, ERLIN1 and ERLIN2 function upstream of APOB. Huh7 cells were transfected with siRNAs targeting TM6SF2 (A), ERLIN1 (B), ERLIN2
(C) or APOB (D) and the indicated plasmids, among which included an siRNA-resistant plasmid that carries a synonymous mutation in the knocked down
gene to exclude siRNA off-target effects. After 48 h, cells were fixed, with LDs stained with Bodipy (green) and the transiently expressed proteins with the anti-
FLAG antibody (Red). Nuclei were counterstained with DAPI (blue). Scale bars, 10 um. Cells overexpressing the transfected protein (o/e) and neighboring un-
transfected ones (yellow stars) are indicated. Quantification of Bodipy-stained area per cell area is shown on the right. Data are normalized to control cells and
presented as mean+SD (n = 2 independent experiments; at least 15 cells per experiment). Student’s ¢-test. **P<0.01, ***P<0.001, ****P<0.0001, NS, no
significance.

https://doi.org/10.1371/journal.pgen.1008955.9002

experiment using Huh?7 cells transfected with the plasmids encoding FLAG-tagged APOB48,
Myc-tagged TM6SF2 and EGFP-tagged ERLINI. The first immunoprecipitation was per-
formed using the anti-FLAG beads. After elution with the 3xFLAG peptide, eluent was sub-
jected to a secondary immunoprecipitation with the anti-Myc beads. TM6SF2, ERLIN1 and
APOB48 were detected in the second pellet (Fig 3D), suggesting that these proteins are in fact
in the same complex.

To further determine the specific domains mediating TM6SF2-APOB48 interaction, we
generated TM6SF2 truncations lacking the large cytosolic loop (A89-103) or two luminal
loops (A205-214 and A294-310). Compared with the WT protein, TM6SF2 (A89-103) still,
albeit to a lesser extent, bound to APOB48, whereas TM6SF2 (A205-214) or TM6SF2 (A294-
310) failed to do so (Fig 3E). These results suggest that TM6SF2 can form a protein complex
with APOB48 via two luminal loops as well as with ERLIN1 and ERLIN2, which, however, do
not interact with APOB48 (Fig 3F).

We next set out to determine how each component of the ERLINs-TM6SF2- APOB48 pro-
tein complex affects the stability of one another. ERLIN1 and ERLIN2 increased the protein
level of TM6SF2 in a dose-dependent manner and vice versa (Fig 4A and 4B). TM6SF2 and
APOB48 could stabilize each other (Fig 4C and 4D). The two luminal loops that mediate
TM6SF2-APOB48 interaction were also critical for APOB48 stabilization by TM6SF2 (Fig
4E). ERLINs and APOB48 had little, if any, effects on one another (Fig 4D and 4F). Knock-
down of Tmé6sf2 or Erlins nearly eliminated the endogenous APOB100 and APOB48 levels
without, however, interfering APOB mRNA abundance (Fig 4G). Cycloheximide chase analy-
sis of CRL1601 cells transfected with FLAG-tagged APOB48 together with control siRNA or
siRNAs targeting Tm6sf2 or Erlins showed that degradation of APOB48 was accelerated in
Tmé6sf2- or Erlins-depleted cells (Fig 4H), excluding the possibility that decreases in APOB
protein levels might result from reduced APOB biosynthesis.

We also examined the effects of TM6SF2 E167K mutation on APOB48 stability. In line with
the previous findings that TM6SF2 (E167K) is unstable [11, 15], we observed less protein level
of the E167K mutant than that of the WT form transfected in equal amounts (Fig 5A). The
proteasome inhibitor MG132 effectively reverted the expression defect caused by E167K muta-
tion (Fig 5A). Compared with the WT protein, the E167K mutant was less potent in stabilizing
APOBA48 (Fig 5B). However, the E167K mutation did not affect the stabilizing effects of APOB
(Fig 5C) and ERLINs (Fig 5D) on TM6SF2.

Together, these results suggest that APOB48 can be stabilized by directly associated
TMG6SF2 as well as by ERLINs via TM6SF2. Such stabilizing effects on APOB48 are attenuated
by E167K mutation that decreases protein expression of TM6SF2.

Deficiency of Tm6sf2 or Erlins causes LD accumulation in mouse liver

To gain insight into the in vivo function of TM6SF2, we generated Tm6sf2 knockout mice
(Tmé6sf2”") by introducing a deletion at the coding nucleotide 67 that causes an 123 frameshift
mutation in Tm6sf2 (c.66_68del:p.L23fs) using the TALEN strategy (Fig 6A). Mice were fed a
standard chow diet for 13 weeks. Consistent with the results in Fig 4G, the protein levels of
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Fig 3. TM6SF2 interacts with ERLIN1, ERLIN2 and APOB48. (A) APOB48 binds TM6SF2 but not ERLIN1 or ERLIN2. Huh?7 cells were transfected as
indicated. After 48 h, cells were harvested, and APOB48 was immunoprecipitated using the anti-FLAG coupled agarose followed by probing for the indicated
antibodies. (B) TM6SF2 binds ERLIN1 and ERLIN2. Huh?7 cells were transfected as indicated. After 48 h, cells were harvested, and TM6SF2 was
immunoprecipitated using the anti-MYC coupled agarose followed by probing for the indicated antibodies. (C) Endogenous APOB, TM6SF2 and ERLINSs bind
each other. APOBs were immunoprecipitated from CRL1601 lysates using protein A/G beads coupled with the anti-APOB antibody and analyzed by
immunoblotting with the anti-TM6SF2, anti-ERLIN1 and anti-ERLIN2 antibodies. Protein A/G beads (Ctr IgG) were used as a control. (D) Sequential
immunoprecipitation analysis of Huh7 cells transfected as indicated. Lysates were first immunoprecipitated using the anti-FLAG beads and analyzed by
immunoblotting with the indicated antibodies. Proteins were then eluted with the 3xFLAG peptide and subjected to a secondary immunoprecipitation
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followed by immunoblotting analysis. Asterisk indicates non-specific band. (E) APOB48 binds TM6SF2 via two large luminal loops. Huh7 cells were
transfected as indicated. After 48 h, cells were harvested, and APOB48 was immunoprecipitated using the anti-FLAG coupled agarose followed by
immunoblotting with the indicated antibodies. (F) Schematic showing the ERLIN1/2-TM6SF2-APOB complex.

https://doi.org/10.1371/journal.pgen.1008955.9003

APOBI100, APOB48, ERLIN1 and ERLIN2 were substantially lowered in the Tm6sf2”" livers
(Fig 6B). Loss of TM6SF2 did not alter body weight (Fig 6C) but significantly reduced serum
levels of TC and TG (Fig 6D) as seen in human TM6SF2 E167K carriers. Cholesterol levels in
low- and high-density lipoprotein fractions were also decreased in Tm6sf2”” mice as measured
by fast-performance liquid chromatography (Fig 6E). Moreover, Tmé6sf2”” mice had apparent
lipid accumulation in the liver as revealed by Oil Red O staining (Fig 6F).

To investigate the in vivo functions of ERLINs in APOB and lipid metabolism, we selec-
tively knocked down Tmé6sf2 or both Erlinl and Erlin2 (Erlins) in mouse liver using AAV8-ex-
pressing short hairpin RNAs (shRNAs). AAV8 administration via tail vein injection has been
widely used for efficient gene delivery to the mouse liver [11, 24, 25]. AAV8 expressing control
shRNA (AAV-shCtr) was used as a control. In line with previous results [11], the Tm6sf2
mRNA abundance in the liver but not adipose tissues or small intestine was profoundly abol-
ished by AAV-shTmé6sf2 (S2 Fig). Mice receiving AAV-shTm6sf2 or AAV-shErlins injections
showed markedly reduced APOB protein levels in the liver (Fig 7A). Silencing of Tmé6sf2 also
diminished ERLIN protein expression and vice versa (Fig 7A). Neither body weight (Fig 7B)
nor aspartate aminotransferase level (Fig 7C) was altered upon Tmé6sf2 or Erlins deficiency,
suggesting no obvious toxicity after knocking down Tmé6sf2 or Erlins. The serum TC and TG
were substantially decreased whereas the hepatic TC and TG were significantly increased in
Tmé6sf2- and Erlins-knockdown mice (Fig 7D and 7E). Similar to those lacking Tmé6sf2 (Fig
6F), hepatic lipid accumulation was evident in mice injected with AAV-shTm6sf2 or AAV-
shErlins (Fig 7F). Together, these results suggest that both TM6SF2 and ERLINs contribute to
APOB stabilization in vivo, and that depletion of TM6SF2 or ERLINS causes lipid accumula-
tion in the liver and lowers lipid levels in the blood.

Discussion

NAFLD is a multifactorial disease that, in the context of metabolism, results from increased
lipid biosynthesis, excessive fat uptake, reduced fatty acid oxidation or decreased lipid secre-
tion. In addition to the established risk factors such as age, body mass index and gender,
genetic variants in TM6SF2, patatin-like phospholipase domain containing 3 (PNPLA3), glu-
cokinase gene regulator, and many others also confer susceptibility to NAFLD [11, 26-31].
The effects of TM6SF2, PNPLA3 and glucokinase gene regulator on NAFLD are additive in
some individuals [32, 33] and can be augmented by obesity [34]. Interestingly, TM6SF2 is also
a critical determinant of plasma lipid levels, which are lower in human TM6SF2(E167K) carri-
ers [10, 11, 33, 35]. How TM6SF2 underlies such a clinical paradox is poorly understood.

The TM6SF2 E167K missense mutation has been reported to reduce plasma APOB levels in
human populations [35, 36], at least in part, by decreasing its secretion [16]. TM6SE2 silencing
also inhibits APOB secretion in two human hepatoma cell lines [12]. However, a recent study
reports impaired VLDL lipidation but normal APOB secretion in Tm6sf2”” mice [13]. We
hereby show that ERLIN1 and ERLIN2 are the interacting partners of TM6SF2, which also
binds APOB via two luminal loops. The ERLINs-TM6SF2-APOB complex promotes APOB
stabilization. Deficiency of TM6SF2 and ERLINs decreases APOB protein levels and induces
fat accumulation in the liver, as well as reduces lipids in the blood. The E167K mutation
reduces TM6SF2 levels and, therefore, cannot stabilize APOB as the WT form does. This desta-
bilization of APOB may account for defective lipidation or secretion of APOB-containing
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Fig 4. Stabilization of the ERLINs-TM6SF2-APOB complex. (A-F) Huh7 cells were transfected as indicated. After 48 h, cells were harvested for
immunoblotting analysis. The densitometry of indicated protein in the first row of each panel was normalized to that of corresponding actin. The normalized
value in the control group is defined as 1. (A-B) TM6SF2 is stabilized by increasing concentrations of ERLINs (A) and vice versa (B). (C) TM6SF2 is stabilized by
increasing concentrations of APOB48. (D) APOB48 is markedly stabilized by increasing concentrations of TM6SF2 but not ERLINs. (E) TM6SF2 stabilizes
APOB48 via two large luminal loops. (F) APOB48 cannot stabilize ERLINs. (G) CRL1601 cells were transfected with the indicated siRNAs and harvested for
immunoblot and quantitative real-time PCR analysis. NC, negative control. Data are normalized to control cells and presented as mean+SD (n = 3 independent
experiments). One-way ANOVA with Dunnett’s post hoc test. NS, no significance. (H) CRL1601 cells were transfected with FLAG-tagged APOB and the
indicated siRNAs. Cells were then treated with 100 uM cycloheximide (CHX) for indicated periods and harvested for immunoblotting. Densitometric analysis of

APOB4S8 levels was on the right. AU, arbitrary unit.
https://doi.org/10.1371/journal.pgen.1008955.9004

lipoprotein particles as reported in other studies. Moreover, we show that, while ERLINs do
not bind APOB directly (Fig 3A) and ERLIN overexpression has no effect on APOB level (Fig
4D), depletion of ERLINS is sufficient to eliminate APOB expression in an extent similar to
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Fig 5. The E167K mutation reduces TM6SF2 protein level and destabilizes APOB. (A-B) Huh?7 cells were transfected with increasing concentrations of plasmids
expressing WT and E167K mutant form of TM6SF2. After 48 h, cells were treated without or with 10 uM MG132 for 2 h and then harvested for immunoblotting. (C)
Huh?7 cells were transfected as indicated. After 48 h, cells were harvested for immunoblotting and quantitative real-time PCR. Data are normalized to cells transfected
with TM6SF2 only and presented as mean+SD (n = 3 independent experiments). (D) Huh7 cells were transfected as indicated and harvested 48 h later for

immunoblotting.

https://doi.org/10.1371/journal.pgen.1008955.g005
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Fig 6. Generation and characterization of whole-body Tm6sf2 knockout mice. (A) Genomic structure of mouse Tm6sf2 gene. The spacer region for TALEN is in
blue. TALEN-based genome editing was used to introduce 1 bp deletion at the site 67 in exon 1, which results in an L23 frameshift (fs) mutation and premature
translation termination that occurs in exon 2. (B-F) Thirteen-week-old male WT (Tm6sf" /") and Tmé6sf2 knockout (Tm6sz'/ ") mice (n = 3 per group) maintained on
a chow diet were used. Mice were fasted for 4 h and sacrificed for various assays. (B) Representative blots showing the expression of APOB, TM6SF2, ERLIN1 and
ERLIN2 in the livers of Tm6sf2*"* and Tmé6sf2”” mice. Clathrin heavy chain (CHC) was used as a loading control. Asterisk indicates non-specific bands. (C) Body
weight. (D) Serum total cholesterol (TC) and triglyceride (TG) levels. Data are presented as mean+SD. Student’s -test. *P<0.05, **P<0.01, NS, no significance. (E)
Cholesterol distribution in serum lipoprotein fractions determined by fast-performance liquid chromatography. (F) Oil Red O staining of liver sections from
Tm6sf2*"* and Tm6sf2”" mice. Boxed areas are shown at a higher magnification on the right. Scale bars, 20 um (main), 10 ym (inset).

https://doi.org/10.1371/journal.pgen.1008955.9006

that of TM6SF2 (Fig 4G). These results suggest that the optimal stabilizing activity may require
a specific ratio of APOB, TM6SF2 and ERLINS, and a disruption of the stoichiometric balance

can compromise the complex function. This may also explain a recent result that APOB secre-

tion is attenuated in mice with AAV8-mediated overexpression of Tm6sf2 [14].

Notably, we found that hepatic APOB100 and APOB48 proteins were decreased in mice
with global deficiency or hepatic knockdown of Tm6sf2 (Figs 6B and 7A), contrasting to the
unaltered APOB levels previously found in Tm6sf2”" mice [13]. We hypothesize such a dis-
crepancy may be attributed to the procedure difference between Smagris’ work and ours,
where they fasted mice from 7:00 am to 11:00 am (Procedure #1) but we did from 10:00 am to
2:00 pm (Procedure #2). When these two paradigms were compared side by side, slight but not
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Fig 7. AAV8-mediated knockdown of Tmésf2 or Erlins induces lipid accumulation in the liver and reduces lipid levels in
the serum. Eight-week-old BALB/c male mice on a chow diet were intravenously injected with AAV8-expressing control (Ctr)
shRNA, or Tm6sf2- or Erlins-specific ShRNAs (n = 5 per group) and subjected to various analyses 2 weeks later. Mice were
fasted for 4 h and sacrificed for various assays. (A) Representative blots showing the expression of APOB, TM6SF2, ERLIN1
and ERLIN2 in the livers of mice receiving indicated injections. CHC was used as a loading control. (B) Body weight. (C)
Serum aspartate aminotransferase (AST) levels. (D) Serum TC and TG levels. (E) Liver TC and TG levels. Data are presented
as mean+SD. One-way ANOVA with Dunnett’s post hoc test. **P<0.01, ***P<0.001, ****P<0.0001, NS, no significance. (F)
H&E (Top) and Oil Red O (Bottom) staining of liver sections from mice receiving indicated injections. Scale bars, 30 um.

https://doi.org/10.1371/journal.pgen.1008955.9007
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significant decreases in APOB levels were detected in Tm6sf2”” mice under Procedure #1, and
more prominent under Procedure #2 (S3A Fig). Under both conditions, TC and TG were
increased in the liver and decreased in serum upon Tmé6sf2 deficiency, respectively (S3B and
S3C Fig).

Our results show that reduced APOB stabilization and secretion can enhance lipid accumu-
lation in the liver and may underlie a subclass of NAFLD. Very recently, APOE destabilization
caused by PNPLA?7 deficiency was reported to inhibit hepatic VLDL secretion and exacerbate
fatty liver in db/db mice [37]. PNPLA7, akin to TM6SF2, directly binds and stabilizes APOE,
and knockdown of PNPLA?7 increases ubiquitination of APOE and that of APOB in an APOE-
dependent manner [37]. Whether formation of the ERLINs-TM6SF2-APOB complex may
inhibit ubiquitination and degradation of APOB is worthy of further investigation. Neverthe-
less, these results suggest that increasing hepatic TG clearance by promoting APOB and VLDL
secretion may serve as a promising strategy for the treatment of NAFLD.

Given that deficiency of TM6SF2 impairs TG transportation from the liver to circulation,
one might assume high-fat diet (HFD) challenge could increase hepatic lipid accumulation
and aggravate hepatic steatosis. A study by Fan and colleagues showed that liver TG content
was markedly elevated by 12-week HFD feeding, but the increases were indistinguishable in
WT and Tm6sf2’/ “mice [15]. These results may be attributable to the attenuated TM6SF2
expression following HFD [15], which mitigates the impact of TM6SF2 deficiency on hepatic
lipid metabolism. In addition, under 12-week HFD feeding, their WT mice already exhibited
drastic LD accumulation in the liver, suggesting that the feeding period might be too long to
distinguish the difference between WT and Tmé6sf2”" mice. In fact, Kozlitina et al. used a high-
sucrose diet and found much more LDs in Tm6sf2-knockdown mouse liver [11]. We also
observed dramatic lipid accumulation in Tm6sf2-knockout mouse liver under chow diet (Fig
6F). The effects of different diets on NAFLD under different genetic backgrounds need further
investigation.

It has been demonstrated that ectopically expressed TM6SF2 increases cholesterol biosyn-
thesis via activation of 7-dehydrocholesterol reductase, the last enzyme in the Kandutsch-Rus-
sell pathway [15, 38]. However, mice lacking Tm6sf2 show no changes in the cholesterol
content or cholesterogenic gene expression in the liver [13, 15], but demonstrate increased
hepatic cholesteryl esters as human E167K carriers [13, 39]. Although the role of TM6SF2 in
cholesterol metabolism under physiological conditions warrants further characterization,
ERLINs can reduce cholesterol production by inhibiting SREBP-2 processing and promoting
3-hydroxy-3-methylglutaryl CoA-reductase degradation [17, 18, 40]. As ERLINs define the
lipid-raft-like microdomains in the ER [15], we hypothesize that ERLINs recruit TM6SF2 and
the associated APOB to the sterol-rich ER membrane microdomains, where newly synthesized
cholesteryl esters and TG are added to nascent APOB-containing lipoproteins.

Taken together, we show that ERLIN1 and ERLIN2 are TM6SF2-interacting proteins by
TAP coupled with mass spectrometry. TM6SF2 regulates APOB metabolism by binding and
stabilizing APOB. ERLIN1 and ERLIN2 also promote APOB stabilization through stabilizing
TMG6SF2. Our study suggests that defective lipoprotein secretion, for example as a result of
TM6SF2 E167K-induced APOB destabilization, underlies a class of NAFLD.

Materials and methods
Ethics statement

All procedures and care of animals were carried out in accordance with the guidelines and pro-
tocols approved by the Institutional Animal Care and Use Committee at the Wuhan University
under protocol number WDSKY0201408.
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Reagents

Q5 high-fidelity DNA polymerase and T7E1 were from New England Biolabs. Bodipy (#3922)
and colloidal blue staining kit (#LC6052) were from ThermoFisher Scientific. Oil Red O
(#00625) was from Sigma. Aspartate aminotransferase assay kit (#C010) was from Nanjing
Jiancheng Bioengineering Institute. Total cholesterol assay kit and triglyceride assay kit were
from Shanghai Kehua Bio-engineering. Hematoxylin and eosin (H&E) staining kit (#C0105)
was from Beyotime.

Plasmids

The coding region of mouse Tm6sf2 gene was amplified from mouse liver and cloned into a
p3xFLAG-TEV-2xProtein A-CMV-14 vector or a pcDNA3 vector containing a MYC epitope
tag at the C terminus. The coding regions of ERLINI and ERLIN2 were amplified from Huh?7
cells and cloned into a p3XFLAG-CMV-14 vector or a pcDNA3 vector containing a MYC epi-
tope tag. TM6SF2 truncations were performed using a PCR-based strategy with KOD DNA
polymerase (Takara).

Cell culture

CRL1601 (McArdle RH7777 rat hepatoma cell), Huh7 and HEK293 cells were from ATCC
and grown in Dulbecco’s modified Eagle’s medium supplemented with 100 units/mL penicil-
lin, 100 pg/mL streptomycin sulfate and 10% fetal bovine serum (medium A) at 37°C with 5%
CO,. CRL1601/TM6SF2-TAP stable cell line was generated by transiently transfecting
CRL1601 cells with the TM6SF2-FLAG-TEV-Protein A construct using FuGENE HD (Pro-
mega). After 48 h, cells were switched to medium A supplemented with 200 pg/mL G418.
Media were replaced every 2-3 days until single colonies were formed.

Antibodies

Primary antibodies used for this study were as follows: rabbit anti-APOB (ab20737, Abcam);
mouse anti-CHC (610500, BD Transduction Laboratories); rabbit anti-ERLIN1 (17311-1AP,
proteintech); rabbit-anti ERLIN2 (14781-1-AP, proteintech); mouse anti-FLAG (F9291,
Sigma); rabbit anti-FLAG (20543-1-AP, proteintech); mouse anti-MYC (sc-40, Santa Cruz
Biotechnology); rabbit anti-MYC (06-549, Millipore); rabbit anti-TM6SF2 (AAS00444C, Anti-
body Verify). Horseradish peroxidase-conjugated goat anti-rabbit IgG (31460) and donkey
anti-mouse IgG (715-035-150) antibodies were from Pierce and Jackson ImmunoResearch,
respectively.

Animals

All animal experiments were performed under the protocols approved by the Institutional
Animal Care and Use Committee of Wuhan University. Eight-week-old BALB/c male mice
were purchased from Hunan SJA Laboratory Animal Co. Tm6sf2 heterozygous (Tm6sf2*")
mice were generated by introducing a one-base deletion (67delC) in exon 1 using TALEN
technique on a C57BL/6] background (Shanghai SIDANSAI Biotechnology). Male and female
Tm6sf2*" mice were crossed to generate Tm6sf2”~ mice and WT littermates. Mice were housed
in a specific pathogen-free, temperature-controlled room with a 12-h light, 12-h dark-cycle.
Mice were allowed ad libitum access to water and a standard laboratory diet (Beijing HFK Bio-
science 1026, protein >18%, fat >4%, fiber <5%, ash <8%, moisture <10%, lysine >0.82%,
calcium = 1.0%-1.8%, phosphorus = 0.6%-1.2%, and salt = 0.3%-0.8%). The feeding periods
were indicated in the figure legends.
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Tandem affinity purification

CRL1601/TM6SF2-TAP stable cells were set up at a density of 1 x 10° per 10-cm dish. After 48
h, cells were harvested and lysed in 1 mL of buffer A (1 x PBS, 5 mM EDTA, 5 mM EGTA,1%
digitonin, plus protease inhibitor cocktail composed of 10 pM MG132, 10 pg/mL leupeptin,

5 ug/mL pepstatin A, 25 pg/mL ALLN and 1 mM PMSEF), followed by preclear with protein A/
G beads. Supernatants were incubated with IgG beads (sc-2003, Santa Cruz Biotechnology) at
4°C for 2 h. Beads were washed with buffer A five times and incubated with the TEV cutting
buffer (PBS, 1% digitonin, 5 mM EDTA, 5 mM EGTA, 0.2 pg/uL TEV protease with 5 x prote-
ase inhibitors) at room temperature for 1 h. After centrifugation at 1,000 x g for 5 min, super-
natants were collected and incubated with the anti-FLAG beads at 4°C for 2 h. Beads were
washed five times with buffer A, and bound proteins were eluted using the FLAG peptides.
Proteins were then subjected to mass spectrometry analysis using the Orbitrap analyzer (Ther-
moFisher Scientific).

RNA Interference

Duplexes of siRNA were synthesized by Genepharma. The siRNA targeting human TM6SF2,
APOB, ERLIN1, ERLIN?Z are as follows: 5-GGTCTACAGCTTGTCCCAT-3’, 5-GCATGTG
GCTGGTAACCTA-3; 5-GCTCTGCAGAAAGACTTAA-3; 5-GCCCTGGTTTCCATCTC
AT-3, respectively. Transfection of siRNAs was carried out as previously described [41].

Quantitative real-time PCR

Total RNA was extracted from cells or mouse livers using Trizol (T9424, Sigma). The equal
amounts of RNA from the same treatment were pooled for cDNA synthesis with oligo dT and
reverse transcriptase MLV (Promega). Gene expression was analyzed by quantitative real-time
PCR on a BioRad CFX96 Real-Time System.

Oil Red O staining

Oil Red O was dissolved in propylene glycol at a working concentration of 0.5% (w/v). Cells
were grown on glass coverslips and fixed with 4% paraformaldehyde in PBS at room tempera-
ture for 30 min. After PBS wash, cells were stained in Oil Red O solution for 20 min. Cells
were washed thoroughly under the running tap water and counterstained with hematoxylin
for 10 s. Cells were examined and imaged under an Olympus BX53 microscope. Images were
analyzed using Image] software (National Institutes of Health). The average area of Oil Red O-
stained LDs was normalized by the number of cells in the same field.

Immunofluorescence

Cells were grown on glass coverslips and fixed with 4% paraformaldehyde at room temperature
for 20 min. After PBS wash, cells were permeabilized with 0.1% digitonin in PBS for 5 min and
blocked in 10% fetal bovine serum in PBS for 1 h. Cells were then incubated with primary anti-
bodies for 1 h at room temperature, washed with PBS three times and incubated with secondary
antibodies for 1 h. For LD analysis, cells were stained with BODIPY 493/503 for 15 min and
then DAPI for 5 min. Cells were examined and imaged under a Leica SP8 confocal microscope.
The average area of BODIPY stained-LDs was normalized by the residing cell area.

Immunoprecipitation

Triplicates of cells for each treatment were harvested and lysed in the immunoprecipitation
buffer (1 x PBS, 0.1% NP-40 plus protease inhibitors). Whole cell lysates were incubated with
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anti-MYC or anti-FLAG beads at 4°C for 2 h. Beads were washed five times with the immuno-
precipitation buffer, and the bound proteins were eluted in the 4 x loading buffer (150 mM
Tris-HCI, pH 6.8, 12% SDS, 30% glycerol, 6% 2-mercaptoethanol, and 0.02% bromophenol
blue) at 95°C for 10 min.

Immunoblotting

Cells were harvested and lyzed with 120 pL of RIPA buffer supplemented with protease inhibi-
tors. The protein concentration of lysates was determined using the BCA kit (ThermoFisher
Scientific). Lysates were mixed with the membrane protein solubilization buffer (62.5 mM
Tris-HCI, pH 6.8, 15% SDS, 8 M urea, 10% glycerol, and 100 mM DTT) plus the 4 x loading
buffer and incubated at 37°C for 30 min. Proteins were resolved by SDS-PAGE and transferred
to PVDF membrane. Blots were blocked with 5% bovine serum albumin in TBS plus 0.075%
Tween (TBST) and probed with primary antibodies overnight at 4°C. After TBST wash, blots
were incubated with secondary antibodies for 1 h at room temperature.

AAVS8-mediated knockdown

The shRNAs targeting mouse Tm6sf2 (5-CCGGGTGGCCTACCCAAAGTTGCCTCGAGGC
AACTTTGGGTAGGCCACTTTTTG-3), Erlinl (5- CCGGGGTGGAGTCATGATCTATAT
TCTCGAGAATATAGATCATGACTCCACCTTTTTG-3), Erlin2 (5- CCGGGGTCCCAA
ATGCAGTGTATGACTCGAGTCATACACTGCATTTGGGACCTTTTTG-3’) were inserted
into the pLKO.1 vector followed by recombination with pAAV8-CAG-GFP. Adenovirus was
packaged in HEK293 cells and purified with CsCl ultracentrifugation. Virus was tittered and
administrated via caudal vein injection at a dose of 1 x 10'! viral genome per mouse. One
week after injection, serum and livers were collected for analysis.

Serum and liver chemistry

Mice were fasted for 4 h before sacrifice. Serum was prepared by centrifuging blood at 1,500 x g
for 10 min. Forty milligrams of liver were harvested and homogenized three times in a mixture
of chloroform and methanol (2:1, v/v) using Precellys 24 (Bertin) at 5,500 rpm for 10 s each.
Extracts were shaken at 1,000 x g for 1 h at 37°C and centrifuged at 2,000 x g for 10 min. Super-
natants were collected, mixed with double-distilled H,O, followed by centrifugation at 2,000 x g
for 10 min. The organic phase was dried under N, and then reconstituted in ethanol. Total cho-
lesterol and triglyceride levels in the serum and liver were determined using the cholesterol
assay kit and triglyceride assay kit [42].

Hematoxylin and eosin staining

Liver samples were fixed in 4% paraformaldehyde for 24 h and placed in 30% sucrose solution
overnight. After dehydration, samples were embedded in OCT compound and cut into

10 pm-thick sections. Sections were wash by double-distilled H,O for 2 min and stained with
the hematoxylin and eosin staining kit [43]. Sections were examined and imaged under an
Olympus BX53 microscope.

Supporting information

S1 Fig. Identification of TM6SF2-interacting proteins using tandem affinity purification
(TAP) coupled with tandem mass spectrometry (MS). (A) Schematic of the construct
expressing TM6SF2-3xFLAG-tobacco etch virus (TEV) cleavage site-2xProtein A fusion pro-
tein (TM6SF2-TAP). (B) CRL1601 cells were transfected with the plasmid encoding
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TMG6SF2-TAP. After 48 h, cells were fixed, with lipid droplets stained with Bodipy (green) and
the transiently expressed TM6SF2-TAP with the anti-FLAG antibody (Red). Nuclei were coun-
terstained with DAPI (blue). Scale bars, 25 pm (main), 10 um (inset). Cell overexpressing the
transfected protein (o/e) and neighboring un-transfected one (yellow star) are indicated. (C)
Immunoblotting analysis showing robust expression of TM6SF2 in the CRL1601/TM6SF2-TAP
stable cells compared with the parental CRL1601 cells. (D) Strategy for identifying TM6SF2-in-
teracting proteins using TAP-MS. (E) Colloidal blue staining showing the purified TM6SF2-TAP
protein. (F) List of TM6SF2-interacting proteins identified from MS analysis from high to low
abundance.

(TIF)

S2 Fig. Knockdown efficiency of shRNA in various tissues. Eight-week-old, chow-fed BALB/
¢ male mice were injected with 1 x 10 AAV expressing control sShRNA (AAV-shCtr) or
shRNA targeting Tm6sf2 (AAV-shTmé6sf2) (n = 5 per group, the same cohorts as used in Fig
7). After 2 weeks, mice were sacrificed after a 4-h fast and subjected to quantitative real-time
PCR analysis. The mean levels of Tm6sf2 transcript in each tissue of mice receiving AAV-
shCtr were set to 1. Data are presented as mean+SD. Student’s t-test. ***P<0.001, NS, no sig-
nificance. BAT, brown adipose tissue; E-WAT, epididymal white adipose tissue; I-WAT, ingui-
nal white adipose tissue; SI, small intestine.

(TIF)

S3 Fig. Time-of-day effect of TM6SF2-mediated APOB stabilization. Eight-week-old,
chow-fed male Tm6sf2*"+ and Tmé6sf2”" mice (n = 3 per group) were deprived of food at 7:00
a.m. for 4 h (Procedure #1), or at 10:00 a.m. for 4 h (Procedure #2), and then sacrificed for var-
ious assays. (A) Representative blots showing the expression of APOB and TM6SF2 in the
liver. Clathrin heavy chain (CHC) was used as a loading control. Densitometry of APOB48
and APOB100 was normalized to that of CHC. Data are presented as mean+SD. (B) Serum
total cholesterol (TC) and triglyceride (TG) levels. (C) Liver TC and TG levels. Data are pre-
sented as mean+SD. Student’s ¢-test. *P<0.05, **P<0.01, NS, no significance.

(TTF)

Acknowledgments

We thank Jian Xiao, Ao Hu, and Lu-Yi Jiang for helpful comments on the manuscript and Bi-
Yu Xiang for cell culture support.

Author Contributions

Conceptualization: Bo-Tao Li, Bao-Liang Song.

Data curation: Bo-Tao Li.

Formal analysis: Bo-Tao Li.

Funding acquisition: Bao-Liang Song, Jie Luo.

Investigation: Bo-Tao Li, Ming Sun, Yun-Feng Li, Ju-Qiong Wang, Zi-Mu Zhou.
Methodology: Bo-Tao Li.

Project administration: Bo-Tao Li, Bao-Liang Song, Jie Luo.

Resources: Bao-Liang Song, Jie Luo.

Software: Bo-Tao Li.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008955  August 10, 2020 17/20


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008955.s002
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008955.s003
https://doi.org/10.1371/journal.pgen.1008955

PLOS GENETICS

APOB is stabilized by TM6SF2-ERLINs

Supervision: Bao-Liang Song, Jie Luo.

Validation: Bo-Tao Li.

Visualization: Bo-Tao Li.

Writing - original draft: Bo-Tao Li, Bao-Liang Song, Jie Luo.

Writing - review & editing: Bo-Tao Li, Bao-Liang Song, Jie Luo.

References

1.

10.

1.

12

13.

14.

15.

16.

Younossi Z, Anstee QM, Marietti M. Hardy T, Henry L, Eslam M, et al. Global burden of NAFLD and
NASH: trends, predictions, risk factors and prevention. Nature Reviews Gastroenterology & Hepatology
2018; 15:11-20.

Trico D, Caprio S, Rosaria Umano G, Pierpont B, Nouws J, Galderisi A, et al. Metabolic features of non-
alcoholic fatty liver (NAFL) in obese adolescents: Findings from a multiethnic cohort. Hepatology 2018;
68: 1376—1390. https://doi.org/10.1002/hep.30035 PMID: 29665034

Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M, et al. Global epidemiology of nonal-
coholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatol-
ogy 2016; 64:73-84. hitps://doi.org/10.1002/hep.28431 PMID: 26707365

Chen L, Chen XW, Huang X, Song BL, Wang Y, Wang Y. Regulation of glucose and lipid metabolism in
health and disease. Science China-Life Sciences 2019; 62:1420-1458. https://doi.org/10.1007/
$11427-019-1563-3 PMID: 31686320

Michelotti GA, Machado MV, Diehl AM. NAFLD, NASH and liver cancer. Nature Reviews Gastroenterol-
ogy & Hepatology 2013; 10:656—665.

Kanwal F, Jennifer R Kramer, Srikar Mapakshi, Natarajan Y, Chayanupatkul M, Richardson PA, et al.
Risk of hepatocellular cancer in patients with non-alcoholic fatty liver disease. Gastroenterology 2018;
155:1828-1837 e1822. https://doi.org/10.1053/j.gastro.2018.08.024 PMID: 30144434

Lonardo A, Ballestri S, Marchesini G, Angulo P, Loria P. Nonalcoholic fatty liver disease: a precursor of
the metabolic syndrome. Digestive and Liver Disease 2015; 47:181—-190. https://doi.org/10.1016/j.dId.
2014.09.020 PMID: 25739820

Yki-Jarvinen H. Non-alcoholic fatty liver disease as a cause and a consequence of metabolic syndrome.
Lancet Diabetes & Endocrinology 2014; 2:901-910.

Yilmaz Y. NAFLD in the absence of metabolic syndrome: different epidemiology, pathogenetic mecha-
nisms, risk factors for disease progression? Seminars In Liver Disease 2012; 32:14—21. https://doi.org/
10.1055/s-0032-1306422 PMID: 22418884

Holmen OL, Zhang H, Fan Y, Hovelson DH, Schmidt EM, Zhou W, et al. Systematic evaluation of cod-
ing variation identifies a candidate causal variant in TM6SF2 influencing total cholesterol and myocar-
dial infarction risk. Nature Genetics 2014; 46:345-351. https://doi.org/10.1038/ng.2926 PMID:
24633158

Kozlitina J, Smagris E, Stender S, Nordestgaard BG, Zhou HH, Tybjeerg-Hansen A, et al. Exome-wide
association study identifies a TMBSF2 variant that confers susceptibility to nonalcoholic fatty liver dis-
ease. Nature Genetics 2014; 46: 352—356. https://doi.org/10.1038/ng.2901 PMID: 24531328

Mahdessian H, Taxiarchis A, Popov S, Silveira A, Franco-Cereceda A, Hamsten A, et al. TM6SF2is a
regulator of liver fat metabolism influencing triglyceride secretion and hepatic lipid droplet content. Pro-
ceedings of the National Academy of Sciences of the United States of America 2014; 111:8913-8918.
https://doi.org/10.1073/pnas. 1323785111 PMID: 24927523

Smagris E, Gilyard S, BasuRay S, Cohen JC, Hobbs HH. Inactivation of Tm6sf2, a gene defective in
fatty liver disease, impairs lipidation but not secretion of very low density lipoproteins. Journal of Biologi-
cal Chemistry 2016; 291:10659—-10676. https://doi.org/10.1074/jbc.M116.719955 PMID: 27013658

Ehrhardt N, Doche ME, Chen S, Mao HZ, Walsh MT, Bedoya C, et al. Hepatic Tm6sf2 overexpression
affects cellular ApoB-trafficking, plasma lipid levels, hepatic steatosis and atherosclerosis. Human
Molecular Genetics 2017; 26:2719-2731. https://doi.org/10.1093/hmg/ddx159 PMID: 28449094
FanY Lu, Haocheng, Guo Yanhong, Zhu T, Garcia-Barrio MT, Jiang Z, et al. Hepatic transmembrane 6
superfamily member 2 regulates cholesterol metabolism in mice. Gastroenterology 2016, 150: 1208—
1218. https://doi.org/10.10583/j.gastro.2016.01.005 PMID: 26774178

Prill S, Caddeo A, Baselli G, Jamialahmadi O, Dongiovanni P, Rametta R, et al. The TM6SF2 E167K
genetic variant induces lipid biosynthesis and reduces apolipoprotein B secretion in human hepatic 3D

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008955  August 10, 2020 18/20


https://doi.org/10.1002/hep.30035
http://www.ncbi.nlm.nih.gov/pubmed/29665034
https://doi.org/10.1002/hep.28431
http://www.ncbi.nlm.nih.gov/pubmed/26707365
https://doi.org/10.1007/s11427-019-1563-3
https://doi.org/10.1007/s11427-019-1563-3
http://www.ncbi.nlm.nih.gov/pubmed/31686320
https://doi.org/10.1053/j.gastro.2018.08.024
http://www.ncbi.nlm.nih.gov/pubmed/30144434
https://doi.org/10.1016/j.dld.2014.09.020
https://doi.org/10.1016/j.dld.2014.09.020
http://www.ncbi.nlm.nih.gov/pubmed/25739820
https://doi.org/10.1055/s-0032-1306422
https://doi.org/10.1055/s-0032-1306422
http://www.ncbi.nlm.nih.gov/pubmed/22418884
https://doi.org/10.1038/ng.2926
http://www.ncbi.nlm.nih.gov/pubmed/24633158
https://doi.org/10.1038/ng.2901
http://www.ncbi.nlm.nih.gov/pubmed/24531328
https://doi.org/10.1073/pnas.1323785111
http://www.ncbi.nlm.nih.gov/pubmed/24927523
https://doi.org/10.1074/jbc.M116.719955
http://www.ncbi.nlm.nih.gov/pubmed/27013658
https://doi.org/10.1093/hmg/ddx159
http://www.ncbi.nlm.nih.gov/pubmed/28449094
https://doi.org/10.1053/j.gastro.2016.01.005
http://www.ncbi.nlm.nih.gov/pubmed/26774178
https://doi.org/10.1371/journal.pgen.1008955

PLOS GENETICS

APOB is stabilized by TM6SF2-ERLINs

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

spheroids. Scientific Reports 2019; 9:11585. https://doi.org/10.1038/s41598-019-47737-w PMID:
31406127

Browman DT, Resek ME, Zajchowski LD, Robbins SM. Erlin-1 and erlin-2 are novel members of the
prohibitin family of proteins that define lipid-raft-like domains of the ER. Journal of Cell Science 2006;
119:3149-3160. https://doi.org/10.1242/jcs.03060 PMID: 16835267

Pearce MM, Wormer DB, Wilkens S, Wojcikiewicz RJ J. An endoplasmic reticulum (ER) membrane
complex composed of SPFH1 and SPFH2 mediates the ER-associated degradation of inositol 1,4,5-tri-
sphosphate receptors. Journal of Biological Chemistry 2009; 284:10433—10445. https://doi.org/10.
1074/jbc.M809801200 PMID: 19240031

Jo'Y, Sguigna PV, Debose-Boyd RA. Membrane-associated ubiquitin ligase complex containing gp78
mediates sterol-accelerated degradation of 3-hydroxy-3-methylglutaryl-coenzyme A reductase. Journal
of Biological Chemistry 2011; 286:15022—15031. https://doi.org/10.1074/jbc.M110.211326 PMID:
21343306

Huber MD, Vesely PW, Datta K, Gerace L. Erlins restrict SREBP activation in the ER and regulate cellu-
lar cholesterol homeostasis. Journal of Cell Biology 2013; 203:427—-436. https://doi.org/10.1083/jcb.
201305076 PMID: 24217618

Feitosa MF, Wojczynski MK, North KE, Zhang Q, Province MA, Carr JJ, et al. The ERLIN1-CHUK-
CWF19L1 gene cluster influences liver fat deposition and hepatic inflammation in the NHLBI Family
Heart Study. Atherosclerosis 2013; 228:175-180. https://doi.org/10.1016/j.atherosclerosis.2013.01.
038 PMID: 23477746

Edelman D, Harmit Kalia, Maria Delio, Alani M, Krishnamurthy K, Abd M, et al. Genetic analysis of non-
alcoholic fatty liver disease within a Caribbean-Hispanic population. Molecular Genetics & Genomic
Medicine 2015; 3:558-569.

Greeve J, Altkemper |, Dieterich JH, Greten H, Windler E. Apolipoprotein B mRNA editing in 12 different
mammalian species: hepatic expression is reflected in low concentrations of apoB-containing plasma
lipoproteins. Journal of Lipid Research 1993; 34:1367—1383. PMID: 8409768

Koornneef A, Maczuga P, van Logtenstein R, Borel F, Blits B, Ritsema T, et al. Apolipoprotein B knock-
down by AAV-delivered shRNA lowers plasma cholesterol in mice. Molecular Therary 2011; 19:731-
740.

Wang YJ, Bian 'Y, Luo J, Lu M, Xiong Y, Guo SY, et al. Cholesterol and fatty acids regulate cysteine ubi-
quitylation of ACAT2 through competitive oxidation. Nature Cell Biology 2017; 19:808-819. https://doi.
0rg/10.1038/ncb3551 PMID: 28604676

Donati B. Motta BM, Pingitore P, Meroni M, Pietrelli A, Alisi A, et al. The rs2294918 E434K variant mod-
ulates patatin-like phospholipase domain-containing 3 expression and liver damage. Hepatology 2016;
63:787-98. https://doi.org/10.1002/hep.28370 PMID: 26605757

Gong XM, Li YF, Luo J, Wang JQ, Wei J, Wang JQ, et al. Gpnmb secreted from liver promotes lipogen-
esis in white adipose tissue and aggravates obesity and insulin resistance. Nature Metabolism 2019; 1:
570-583. https://doi.org/10.1038/s42255-019-0065-4 PMID: 32694855

Liu TF, Tang JJ, Li PS, Shen Y, Li JG, Miao HH, et al. Ablation of gp78 in liver improves hyperlipidemia
and insulin resistance by inhibiting SREBP to decrease lipid biosynthesis. Cell Metabolism 2012;
16:213-25. https://doi.org/10.1016/j.cmet.2012.06.014 PMID: 22863805

Romeo S, Kozlitina J, Xing C, Pertsemlidis A, Cox D, Pennacchio LA, Boerwinkle E, et al. Genetic varia-
tion in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. Nature Genetics 2008;
40:1461-1465. https://doi.org/10.1038/ng.257 PMID: 18820647

Speliotes EK, Laura M, Yerges-Armstrong, Hernaez R, Kim LJ, Palmer CD, et al. Genome-wide associ-
ation analysis identifies variants associated with nonalcoholic fatty liver disease that have distinct
effects on metabolic traits. PLOS Genetics 2011; 7:3.

Tang JJ, Li JG, Qi W, Qiu WW, Li PS, Li BL, et al. Inhibition of SREBP by a small molecule, betulin,
improves hyperlipidemia and insulin resistance and reduces atherosclerotic plaques. Cell Metabolism
2011; 13:44-56. https://doi.org/10.1016/j.cmet.2010.12.004 PMID: 21195348

Wang X, Liu Z, Wang K, Wang Z, Sun X, Zhong L, et al. Additive effects of the risk alleles of PNPLAS3
and TM6SF2 on non-alcoholic fatty liver disease (NAFLD) in a Chinese population. Frontiers in Genet-
ics 2016; 7:140. https://doi.org/10.3389/fgene.2016.00140 PMID: 27532011

Goffredo M, Sonia Caprio, Ariel E Feldstein, D’Adamo E, Shaw MM, Pierpont B, et al. Role of TM6SF2
rs58542926 in the pathogenesis of nonalcoholic pediatric fatty liver disease: A multiethnic study. Hepa-
tology 2016; 63:117—125. https://doi.org/10.1002/hep.28283 PMID: 26457389

Stender S, Kozlitina J, Nordestgaard BG, Tybjeerg-Hansen A, Hobbs HH, Cohen JC, et al. Adiposity
amplifies the genetic risk of fatty liver disease conferred by multiple loci. Nature Genetics 2017;
49:842—-847. https://doi.org/10.1038/ng.3855 PMID: 28436986

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008955  August 10, 2020 19/20


https://doi.org/10.1038/s41598-019-47737-w
http://www.ncbi.nlm.nih.gov/pubmed/31406127
https://doi.org/10.1242/jcs.03060
http://www.ncbi.nlm.nih.gov/pubmed/16835267
https://doi.org/10.1074/jbc.M809801200
https://doi.org/10.1074/jbc.M809801200
http://www.ncbi.nlm.nih.gov/pubmed/19240031
https://doi.org/10.1074/jbc.M110.211326
http://www.ncbi.nlm.nih.gov/pubmed/21343306
https://doi.org/10.1083/jcb.201305076
https://doi.org/10.1083/jcb.201305076
http://www.ncbi.nlm.nih.gov/pubmed/24217618
https://doi.org/10.1016/j.atherosclerosis.2013.01.038
https://doi.org/10.1016/j.atherosclerosis.2013.01.038
http://www.ncbi.nlm.nih.gov/pubmed/23477746
http://www.ncbi.nlm.nih.gov/pubmed/8409768
https://doi.org/10.1038/ncb3551
https://doi.org/10.1038/ncb3551
http://www.ncbi.nlm.nih.gov/pubmed/28604676
https://doi.org/10.1002/hep.28370
http://www.ncbi.nlm.nih.gov/pubmed/26605757
https://doi.org/10.1038/s42255-019-0065-4
http://www.ncbi.nlm.nih.gov/pubmed/32694855
https://doi.org/10.1016/j.cmet.2012.06.014
http://www.ncbi.nlm.nih.gov/pubmed/22863805
https://doi.org/10.1038/ng.257
http://www.ncbi.nlm.nih.gov/pubmed/18820647
https://doi.org/10.1016/j.cmet.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21195348
https://doi.org/10.3389/fgene.2016.00140
http://www.ncbi.nlm.nih.gov/pubmed/27532011
https://doi.org/10.1002/hep.28283
http://www.ncbi.nlm.nih.gov/pubmed/26457389
https://doi.org/10.1038/ng.3855
http://www.ncbi.nlm.nih.gov/pubmed/28436986
https://doi.org/10.1371/journal.pgen.1008955

PLOS GENETICS

APOB is stabilized by TM6SF2-ERLINs

35.

36.

37.

38.

39.

40.

41.

42,

43.

Dongiovanni P, Salvatore Petta, Cristina Maglio, Fracanzani AL, Pipitone R, Mozzi E, et al. Transmem-
brane 6 superfamily member 2 gene variant disentangles nonalcoholic steatohepatitis from cardiovas-
cular disease. Hepatology 2015; 61:506-514. https://doi.org/10.1002/hep.27490 PMID: 25251399

Kim DS, Anne U Jackson, Yatong KLi, Stringham HM, FinMetSeq Investigators, Kuusisto J, et al. Novel
association of TMBSF2 rs58542926 genotype with increased serum tyrosine levels and decreased
apoB-100 particles in Finns. Journal of Lipid Research 2017; 58:471-1481.

Wang X, Guo M, Wang Q, Wang Q, Zuo S, Zhang X, et al. The patatin-like phospholipase domain con-
taining protein 7 facilitates VLDL secretion by modulating ApoE stability. Hepatology 2020; https://doi.
org/10.1002/hep.31161 PMID: 32103509

Chen L, Ma MY, Sun M, Jiang LY, Zhao XT, Fang XX, et al. Endogenous sterol intermediates of the
mevalonate pathway regulate HMGCR degradation and SREBP-2 processing. Journal of Lipid
Research 2019; 60:1765—-1775. https://doi.org/10.1194/jlr.RA119000201 PMID: 31455613

Luukkonen PK, Zhou Y, Nidhina Haridas PA, Dwivedi OP, Hy6tylainen T, Ali A, et al. Impaired hepatic
lipid synthesis from polyunsaturated fatty acids in TM6SF2 E167K variant carriers with NAFLD. Journal
of Hepatology 2017; 67:128—136. https://doi.org/10.1016/j.jhep.2017.02.014 PMID: 28235613

Luo J, Yang H, Song BL. Mechanisms and regulation of cholesterol homeostasis. Nature Reviews
Molecular Cell Biology 2020; 21:225-245. https://doi.org/10.1038/s41580-019-0190-7 PMID:
31848472

Ge L, Wang J, Qi W, Miao HH, Cao J, Qu YX, et al. The cholesterol absorption inhibitor ezetimibe acts
by blocking the sterol-induced internalization of NPC1L1. Cell Metabolism 2008; 7:508-519. https://doi.
org/10.1016/j.cmet.2008.04.001 PMID: 18522832

Zhang YY, Fu ZY, Wei J, Qi W, Baituola G, Luo J, et al. A LIMA1 variant promotes low plasma LDL cho-
lesterol and decreases intestinal cholesterol absorption. Science 2018; 360:1087—1092. https://doi.org/
10.1126/science.aao06575 PMID: 29880681

Xiao J, Luo J, Hu A, Xiao T, Li M, Kong Z, et al. Cholesterol transport through the peroxisome-ER mem-
brane contacts tethered by PI(4,5)P2 and extended synaptotagmins. Science China-Life Sciences
2019; 62:1117-1135. https://doi.org/10.1007/s11427-019-9569-9 PMID: 31144242

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008955  August 10, 2020 20/20


https://doi.org/10.1002/hep.27490
http://www.ncbi.nlm.nih.gov/pubmed/25251399
https://doi.org/10.1002/hep.31161
https://doi.org/10.1002/hep.31161
http://www.ncbi.nlm.nih.gov/pubmed/32103509
https://doi.org/10.1194/jlr.RA119000201
http://www.ncbi.nlm.nih.gov/pubmed/31455613
https://doi.org/10.1016/j.jhep.2017.02.014
http://www.ncbi.nlm.nih.gov/pubmed/28235613
https://doi.org/10.1038/s41580-019-0190-7
http://www.ncbi.nlm.nih.gov/pubmed/31848472
https://doi.org/10.1016/j.cmet.2008.04.001
https://doi.org/10.1016/j.cmet.2008.04.001
http://www.ncbi.nlm.nih.gov/pubmed/18522832
https://doi.org/10.1126/science.aao6575
https://doi.org/10.1126/science.aao6575
http://www.ncbi.nlm.nih.gov/pubmed/29880681
https://doi.org/10.1007/s11427-019-9569-9
http://www.ncbi.nlm.nih.gov/pubmed/31144242
https://doi.org/10.1371/journal.pgen.1008955

