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SUMMARY

The rs58542926C >T (E167K) variant of the transmembrane 6 superfamily mem-
ber 2 gene (TM6SF2) is associated with increased risks for nonalcoholic fatty liver
disease (NAFLD) and type 2 diabetes (T2D). Nevertheless, the role of the TM6SF2
rs58542926 variant in glucose metabolism is poorly understood. We performed a
sex-stratified analysis of the association between the rs58542926C >T variant
and T2D in multiple cohorts. The E167K variant was significantly associated
with T2D, especially in males. Using an E167K knockin (KI) mouse model, we
found that male but not the female Kl mice exhibited impaired glucose tolerance.
As an ER membrane protein, TM6SF2 was found to interact with inositol-
requiring enzyme 1 o (IRE1a), a primary ER stress sensor. The male Tmésf2 Kl
mice exhibited impaired IRE1a signaling in the liver. In conclusion, the E167K
variant of TM6SF2 is associated with glucose intolerance primarily in males,
both in humans and mice.

INTRODUCTION

Metabolic diseases including nonalcoholic fatty liver disease (NAFLD), type 2 diabetes (T2D), and obesity
coexist regularly. NAFLD has been recognized to increase the incidence of T2D, and in turn, T2D aggra-
vates NAFLD, including steatohepatitis, cirrhosis, and hepatocellular carcinoma (Firneisz, 2014; Lang
et al., 2019). Recent studies focusing on the genetic basis of metabolic diseases identified the association
of specific gene variants with lipid and glucose traits, thereby leading to these diseases (Lang et al., 2019).

In humans, transmembrane 6 superfamily member 2 (TM6SF2) is highly expressed in the small intestine and
liver (Kozlitina et al., 2014; Mahdessian et al., 2014). Genetic and biological studies reported different out-
comes of the TM6SF2 coding variant in lipid metabolism and potential consequences for coronary artery
disease and liver disease (Kahali et al., 2015). The minor allele at a nonsynonymous variant (rs58542926,
c.449C >T, encoding p. E167K) in the human TM&SF2 gene is associated with lower levels of blood total
cholesterol (TC) and reduced risk of myocardial infarction and cardiovascular disease (Dongiovanni
etal., 2015; Holmen et al., 2014; Sookoian et al., 2015). In contrast, carriers of the minor allele (encoding
lysine at codon 167) have an increased risk for NAFLD, steatosis, fibrosis, and cirrhosis (Kozlitina et al.,
2014; Liv et al., 2014; Mahdessian et al., 2014; Sookoian et al., 2015). These phenotypes were recapitulated
in previously reported animal models. Tmésf2-deficient mice exhibited a decrease in TC (Fan et al., 2016)
but an increase in hepatic steatosis (Smagris et al., 2016). In a zebrafish model, Tmésf2 deficiency increased
lipid accumulation in the small intestine in response to dietary lipids (O'Hare et al., 2017).

Although genetic studies suggest that the T allele at rs58542926 is positively associated with T2D (Kim
etal., 2017; Liu et al., 2017), the biological function of TM&SF2 in diabetes and glucose metabolism needs
to be further elucidated. Such studies could lead to the development of a feasible therapeutic strategy har-
nessing the protective effects, while minimizing the adverse effects by targeting TM&SF2. In the present
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Figure 1. Inverse variance weighted fixed-effect meta-analysis of additive model association analysis at
rs58542926

The single-variant association (see STAR Methods) for binary traits (chronic liver disease without alcoholic cirrhosis [liver
disease] and type 2 diabetes [T2D]) and quantitative traits (blood glucose and HbA1c¢). Estimated effect sizes are shown as
odds ratios for binary traits and estimated beta coefficients for quantitative traits with 95% confidence intervals. The null
hypothesis of an odds ratio of 1 and beta coefficient of 0 is indicated by the vertical black line.

metabolism. We found that the T allele at rs58542926 is significantly associated with an increased incidence
of T2D, primarily in males. Using a Tmésf2 KI mouse model, we demonstrated that the coding variant im-
pairs glucose tolerance in males but not in females and investigated the underlying molecular mechanisms.

RESULTS
TM6SF2 E167K is associated with cardiometabolic diseases in humans

We studied the TM6SF2 missense variant rs58542926-T through inverse variance weighted fixed-effects
meta-analysis of single variant association results from two predominantly European ancestry cohorts—
Trendelag Health Study (HUNT, N = 69,635) and UK Biobank (UKB, N = 408,595). The rs58542926-T variant
was found to be significantly associated with increased risk of chronic liver disease without alcoholic
cirrhosis in males (odds ratio = 1.53, 95% Cl [1.29,1.81], pvalue = 1.24 x 107%) and females (odds ratio =
1.33, 95% CI [1.12,1.59], pvalue = 1.31 x 1073) at Bonferroni corrected alpha = 0.00278 (Figure 1 and
Table 1). Insingle variant association results from a large meta-analysis by the DIAGRAM consortium (effec-
tive N = 224,421) (Mahajan et al., 2018), the rs58542926-T variant was found to be significantly associated
with T2D in males (odds ratio = 1.11, 95% CI[1.09,1.14], pvalue = 1.79 x 10" and in females (odds ratio =
1.06, 95% CI [1.03,1.09], pvalue = 1.56 x 1079 (Figure 1 and Table 1). Of note, in a typical genome-wide
association study with a genome-wide significance threshold of 5% 1078, this variant would not have
been reported as significant for females but would for males. The difference in this variant's effect size be-
tween males and females was found to be nominally significant (pvalue = 0.023) but does not meet the Bon-
ferroni threshold for significance (Table 1).

Furthermore, we analyzed the association of rs58542926-T with traits related to glycemia, obesity, and
lipids among a combination of UKB, HUNT, and the Genetic Investigation of Anthropometric Traits
(GIANT) consortium (Tables 1 and S10). Using a Bonferroni significance threshold of 0.00278, our analysis
revealed that the variant is significantly associated with increased blood glucose and Hb1Ac in males but
not females (Figure 1 and Table 1). The missense variant is also significantly associated with decreased TC,
triglycerides (TGs), and low-density lipoprotein cholesterol (LDL-c) in both males and females (Table 1). The
difference in effect size between males and females was significantly different (pvalue < 0.00278) for
HbA1C, TC, TG, and LDL. The sex-specific effect sizes were nominally significantly different (pvalue <
0.05) for blood glucose (Table 1). Collectively, the rs58542926-T variant is associated with increased risk
of chronic nonalcoholic liver disease and T2D with related quantitative traits (blood glucose and
Hb1Ac), demonstrating statistically significant differences in effect size between the sexes.
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Table 1. Single variant associations between rs58542926 and quantitative and binary traits in males and females in biobanks (UKB and HUNT) and
consortia (GIANT and DIAGRAM)

Females Males

Quantitative Difference in effect
trait Study Beta (SE) N P Beta (SE) N p-value p-value
HbAlc UKB + HUNT  0.008 (0.006) 211,545  0.16 0.041 (0.007) 179,942 154 x 10 1.49 x 1075
Blood glucose ~ UKB + HUNT  0.006 (0.005) 226,793  0.26 0.027 (0.007) 196,310 3.29x 107>  0.01
BMI GIANT + UKB  —0.008 (0.006) 221,863 0.15 —0.002(0.005) 262,817 0.67 0.43
WHR adjusted ~ GIANT + UKB  0.014 (0.006) 221,804 0.01 0.027 (0.005) 262,759 875x10°%  0.08
BMI
TC UKB + HUNT ~ —0.11(0.006) 247,079 6.69 x 10774  —0.20(0.006) 211,499  1.43x 1072 1.54 x 107'¢
TG UKB + HUNT ~ —0.088(0.006) 247,095 1.34x 10™>° —0.14(0.006) 211,420 1.49x 107"  7.64 x 107*
HDL UKB + HUNT ~ —0.015(0.006) 227,859  0.01 0.013 (0.006) 197,707 0.05 0.25
LDL UKB + HUNT  —0.094(0.006) 246,210 3.84x 107  —0.19(0.006) 209,848 7.71x 1072 3,03 x 107"®

Odds ratio Odds ratio Difference in effect
Binary trait  Study (95% ClI) N P (95% ClI) N p-value p-value
T2D DIAGRAM 1.06 (1.03,1.09) 96,460° 1.56 x 1073 1.11(1.09,1.14)  127,961° 1.79 x 107>  0.02
IHD UKB + HUNT  0.99 (0.94, 1.03) 257,557 5.35x 107" 0.94(0.91,0.98 220,076 1.32x107°  0.12
Liver disease  UKB + HUNT  1.34 (1.12, 1.59) 254,076 1.31x 107> 1.53(1.29,1.81) 216,884 1.24x10°% 0.29
MI UKB + HUNT  1.0036 (0.93,1.08) 250,127 9.89 x 10°' 0.93(0.89,0.98) 207,523 855x 10>  0.10

Hemoglobin Alc (HbA1c), United Kingdom Biobank (UKB), Nord-Trgndelag Health Study (HUNT), body mass index (BMI), waist-hip ratio (WHR), total cholesterol
(TQ), triglyceride (TG), high-density lipoproteins (HDL), low-density lipoproteins (LDL), homeostasis model assessment 2 for insulin resistance (HOMA2-IR), type 2
diabetes (T2D), ischemic heart disease (IHD), confidence interval (Cl) and myocardial infarction (MI) are the abbreviations used in Table 1. The p values for sig-
nificant difference are indicated in bold. Uncorrected p-values are shown, p-values significant after Bonferroni correction for multiple testing (p < 0.003) are indi-
cated in bold. See also Tables S1-S10.

“Effective sample size calculated in DIAGRAM.

Male Tmé6sf2KI mice exhibited higher glucose levels on a chow diet

To explore the mechanistic aspects underlying the complex biology at this locus, we generated Tmésf2
E167K knock-in (Tmésf2 KlI) mice (C57BL/6J background) using CRISPR/Cas9 technology. The variant
knock-in was validated by DNA sequencing (Figure STA). The expression of Tmésf2 at the mRNA level
was not changed in the Tmésf2 KI mice when compared with the wild-type (Wt) mice (Figure S1B).
Tmésf2 KI had no significant effect on lipid accumulation in the liver, assessed by H&E staining and Oil
Red O staining of liver sections from male mice on a chow diet (Figures S2A and S2B). We also measured
the effects of the Tmésf2 Kl variant on the plasma lipid profile. The male Tmésf2 Kl mice displayed reduced
plasma TC and TGs (Figure S2C). To evaluate whether the coding variant affects insulin sensitivity and
glucose tolerance in vivo, we performed insulin tolerance test (ITT) and oral glucose tolerance test
(OGTT) in the male Tmésf2 Kl mice and Wt mice (Figures S2D and S2E). On chow diet, the male Tmésf2
KI mice exhibited significantly higher glucose levels, as shown by increased blood glucose level at the
time point of 15 min and the corresponding area under the curve (AUC) during OGTT (Figure S2D). How-
ever, the incremental AUC shows no significant difference between the two groups. Although Tmésf2 Kl
increased glucose levels during ITT at the time points of 60 and 90 min and the corresponding AUC, there
was no significant difference in the incremental AUC (Figure S2E). When blood glucose levels were ex-
pressed as a percentage of the baseline, the AUC has no significant difference between the two groups
(Figure S2F). These findings suggest that the Tmésf2 E167K variant has modest effects on glucose and in-
sulin tolerance in male mice fed a standard chow diet.

Aggravated glucose intolerance in male Tmésf2Kl mice on a high-fat diet

Next, we evaluated the effects of the E167 variant on hepatic steatosis, lipid, and glucose metabolism dur-
ing a high-fat diet (HFD) challenge. H&E and Oil Red O staining revealed a significant increase in hepatic
steatosis in male Tmésf2 Kl mice (Figures 2A and 2B). Furthermore, male Tmésf2 Kl mice showed a signif-
icant decrease in plasma TG without significant differences in TC, HDL-C, and LDL-C (Figure S3). Starting
from week 11 on HFD, the male Tmésf2 KI mice showed increased fasting glucose (fasted 16 h) compared
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Figure 2. Impaired glucose tolerance in the male Tmésf2 Kl mice fed a high-fat diet (HFD)

Tmésf2 KI mice and Wt male mice were fed an HFD.

(A) H&E staining of the liver. Scale bar represents 100 um.

(B) Oil red O (ORO) staining for the liver and corresponding quantification (n = 5/group). Scale bar represents 50 pm.
(C) The fasting glucose levels (fasted 16 h) were higher in male Tmésf2 KI mice compared with male Wt mice at the
indicated time points after HFD feeding (n = 13-14/group).

(D and E) Higher glucose levels in male Tmésf2 KI mice compared with male Wt mice assessed by (D) OGTT (n = 7-11/
group) and (E) ITT (n = 11/group), with the corresponding AUC (area under the curve) and incremental AUC plots in (D and
E) on the right side. Values are mean + SEM, *p < 0.05, **p < 0.01. Analysis in (B) used unpaired two-tailed t-test. Analysis
in (C) and the left images of (D) and (E) used two-way analysis of variance (ANOVA) with Bonferroni correction and those
for AUC in (D) and (E) used unpaired two-tailed t-test.

See also Figures S3 and S4.

with male Wt mice (Figure 2C). Notably, after 18 weeks on HFD, the male Tmésf2 KI mice displayed signif-
icantly aggravated glucose intolerance evidenced by increased blood glucose levels at the time points of
15, 30, 60, and 90 min during OGTT as well as by an increased AUC and incremental AUC compared to Wt
mice (Figure 2D). Tmésf2 E167K Kl also increased blood glucose levels at the time points of 15, 30, and
60 min and corresponding AUC during ITT (Figure 2E). However, the incremental AUC shows no significant
difference between the two groups. Similarly, when blood glucose levels were expressed as a percentage
of the baseline, there is no significant difference in insulin sensitivity between the Tmésf2 KI mice and Wt
mice (Figure S4). Our data suggest that the Tmésf2 coding variant induces both hepatic steatosis and
glucose intolerance in the male mice on HFD.

Female Tmé6sf2KI mice do not exhibit glucose intolerance either on chow diet or on HFD

To determine whether the coding variant affects hepatic steatosis and glucose tolerance in a sex-specific
fashion in vivo, we measured hepatic lipid accumulation and blood glucose levels in the female Tmésf2 Ki
mice. H&E staining and Oil Red O staining showed that Tmésf2 K| had no significant effect on lipid accu-
mulation in the liver of female mice on chow diet (Figures S5A and S5B). Female Tmésf2 KI mice only
showed decreased plasma TG (Figure S5C). No significant difference in glucose tolerance was observed
in the female Tmésf2 Kl mice on chow diet (Figures S5D and S5E).
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Figure 3. No changes in glucose tolerance in female Tmésf2 Kl mice were fed an HFD

Tmésf2 KI mice and Wt female mice were fed an HFD.

(A) H&E staining of the liver. Scale bar represents 100 um.

(B) ORO staining for the liver and corresponding quantification (n = 5-6/group). Scale bar represents 50 um.

(C) The fasting glucose levels (fasted 16 h) were not significantly different in female Tmésf2 Kl mice at the indicated time
points after HFD feeding (n = 12-13/group).

(D and E) No significant differences in glucose levels were observed in the female Tmésf2 Kl mice assessed by (D) OGTT
(n=11/group) and (E) ITT (n = 12-13/group), with the corresponding AUC and incremental AUC plots in (D) and (E) on the
right side. Values are mean + SEM, *p < 0.05. Analysis in (B) used unpaired two-tailed t-test. Analysis in (C) and the left
images of (D) and (E) used two-way ANOVA with Bonferroni correction and those for AUC in (D) and (E) used unpaired
two-tailed t-test.

See also Figure S6.

On HFD, female Tmésf2 Kl mice showed increased hepatic steatosis (Figures 3A and 3B) and decreased
plasma TG (Figure Sé) as found in male Tmésf2 KI mice. However, unlike the male Tmésf2 Kl mice, no
significant differences in fasting blood glucose (Figure 3C) were observed in the female Tmésf2 Ki
mice when compared with Wt mice, even after extended HFD feeding (22 weeks). Moreover, no signif-
icant differences in OGTT and ITT were found in the female Tmésf2 KI mice (Figures 3D and 3E). Insulin is
crucial to maintain glucose homeostasis in vivo. We measured the plasma insulin level in the male and
female Tmésf2 Kl mice fasted 16 h. There was no significant difference in plasma insulin in the male
or female Tmésf2 Kl mice fed either a chow diet or an HFD when compared with the Wt mice (Figure S7).
Taken together, our data indicate that the Tmésf2 E167K variant did not significantly affect glucose toler-
ance in females.
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Figure 4. Impaired IRE10-XBP1 signaling in male Tmé6sf2 Kl mice were fed an HFD

(A) TM6SF2 subcellular localization was measured by immunofluorescence of TM6SF2 fused with GFP protein (TM6SF2-
GFP) and TM6SF2-GFP containing E167K variant. After transfection of TM6SF2 expression vector, Huh-7 cells were
treated with ethanol (control) or oleic acid (OA, 400 pM) for 18 h. Colocalization was quantified by Pearson’s correlation
coefficient (PCC). KDEL, an ER C-terminal tetrapeptide retention signal (Lys-Asp-Glu-Leu), was used an ER marker. Scale
bar represents 20 um.

(B and C) The male Tmésf2 Kl mice and (D and E) female Tmésf2 Kl mice were fed an HFD. (B) and (D) Total and
phosphorylated IRE1a. in the liver was determined by western blot (n = 5/group). The band intensity of phosphorylated
IRE1a was analyzed quantitatively and normalized to total IRE1a. (C) and (E) Unspliced X-box-binding protein 1 (XBP1u)
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Figure 4. Continued

and spliced Xbp1 (Xbp1-s) were determined by quantitative PCR (C, n = 9-11/group for male and E, n = 12-13/group
for female). Values are mean + SEM, *p < 0.05, **p < 0.01. Analysis in (B-E) used unpaired two-tailed t-test.

(F and G) TM6SF2 interacted with IRE1a and E167K mutant attenuated the interaction in Huh-7 cells in the presence of
oleic acid (OA) (F). The input of IRE1a protein for immunoprecipitation (IP)-western blot (WB) and the levels of GAPDH
were determined as input controls (lysate WB). The pulled-down TM6SF2 was quantitatively analyzed in (G). Values are
mean + SD, *p < 0.05. Analysis in (G) used two-way ANOVA with Bonferroni correction.

See also Figure S8.

Impaired ER to nucleus signaling 1 (IRE1a) - X-box binding protein 1 (XBP1) signaling in male
Tmésf2KI mice on HFD

TMé6SF2 is a transmembrane protein localized at the ER membrane (Mahdessian et al., 2014), whereby it
reduces VLDL and ApoB secretion (Smagris et al., 2016). Consistent with previous results (Mahdessian
etal., 2014), TM6SF2 is localized at the ER membrane measured by immunostaining in Huh-7 cells, a human
hepatocyte established from male hepatoma tissue. However, the E167K variant did not alter the cellular
localization of TM6SF2 (Figure 4A). High oleic acid (OA) can induce lipid overload in hepatocytes. OA treat-
ment did not change the localization of either TM6SF2 or TM6SF2 E167K (Figure 4A). IRE1a, an ER-resident
protein kinase and endoribonuclease, mediates the primary branch of the unfolded protein response (UPR)
through splicing and enabling the mRNA encoding XBP1, a potent transcription factor (Hetz et al., 2020).
The UPR signaling mediated through the IRE1a-XBP1 branch is critical to regulate hepatic lipid metabolism
and insulin signaling (Herrema et al., 2016; Shao et al., 2014; Wang et al., 2018; Zhou et al., 2011). Although
no significant changes in mRNA levels of ER stress-related genes were observed in male and female Tmésf2
Kl mice on chow diet (Figures S8A and S8B), our data indicate that the levels of IreTa mRNA (Figure S8C)
and phosphorylated IRE1a protein (Figure 4B), the activated form of IRE1a, were decreased in the liver from
male Tmésf2 Kl mice on HFD. XBP1 is not only a critical component of the UPR but also an important tran-
scription factor to facilitate energy metabolism (Herrema et al., 2016; Shao et al., 2014; Wang et al., 2018;
Zhouetal., 2011). Upon ER stress, XBP1 is spliced by IRE1a.to generate functional spliced XBP1 (XBP1s). We
found that Xbp 1s was suppressed in the liver from Tmésf2 Kl male mice (Figure 4C). There were no differ-
ences in IreTa mRNA, IRE1a phosphorylation, and Xbp 1 splicing between the two genotypes in the females
(Figures 4D, 4E, and S8D).

Both IRETa and TM6SF2 are ER membrane proteins. To determine whether IRE1a directly interacts with
TMé6SF2, we performed co-immunoprecipitation assays in Huh-7 cells in the absence or presence of OA.
We found that IRE1a interacts with TM6SF2 in Huh-7 cells, and this interaction was reduced by the
TMé6SF2 E167K mutation under lipid overload conditions (Figures 4F and 4G), indicating a central role
for this variant in TM6SF2-dependent regulation of glucose and lipid metabolism.

Gene expression analysis in the liver of Tmé6sf2KI mice

The E167K variant perturbs IRE1a-XBP1 signaling and leads to hepatic steatosis and glucose intolerance in
male mice, in which transcriptome changes can be involved. To identify the altered genes induced by the
E167K variant, we performed a microarray analysis on liver samples from the Tmésf2 Kl and Wt male mice on
HFD (Figure 5A). Through analysis of the genes with altered expression in the liver of male Tmésf2 Kl mice,
we found glucose metabolism-related genes and further validated the microarray results by quantitative
PCR (Figure 5B). Among these genes, two key metabolic genes, Lpin 1 and Ide, were dysregulated in
the liver of male Tmésf2 KI mice on HFD. LIPIN 1, an enzyme promoting TG biosynthesis and concurrently
contributing to insulin resistance (Reue and Wang, 2019; Ryu et al., 2009), was upregulated, whereas insulin-
degrading enzyme (IDE), an enzyme suppressing insulin resistance (Pivovarova et al., 2016; Villa-Perez
et al.,, 2018), was downregulated at both the mRNA and protein levels in the liver of male Tmésf2 Kl
mice fed an HFD (Figures 5B and 5C). The expression of other glucose metabolism-related genes including
nicotinamide nucleotide transhydrogenase (NNT) and ubiquitin-specific protease 2 (USP2) were also
increased in the liver of male Tmésf2 Kl mice. However, except for NNT which was also upregulated, the
expression of IDE, LIPIN 1, and USP2 was not significantly changed in the liver of female Tmésf2 K| mice
on HFD (Figures 5D and 5E).

Impaired AKT serine/threonine kinase 1 signaling in male Tmésf2KI mice fed an HFD

AKT and glycogen synthase kinase 3 beta (GSK3B) are critical mediators for the intracellular signaling of
insulin (Manning and Toker, 2017). In the liver of Tmésf2 KI male mice fed an HFD, the phosphorylation
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Figure 5. Transcriptome analysis in the liver of male Tmésf2 KI mice on HFD

(A) Transcriptomic analysis of gene expression in the liver of male Tmésf2 KI mice on HFD for 20 weeks (n = 4/group).
Glucose metabolism-related genes are shown in heatmap.

(B) The expression of genes shown in (A) were determined by quantitative PCR (n = 11/group).

(C) The expression of IDE and LIPIN 1 in the liver of male Tmésf2 KI mice fed an HFD was significantly changed as
determined by western blot and quantitatively analyzed (n = é/group).

(D) Glucose metabolism-related genes were determined by quantitative PCR (n = 11/group) in the liver of female Tmésf2
KI' mice on HFD for 22 weeks.

(E) The expression of IDE and LIPIN 1 in the liver of female mice fed an HFD was not significantly changed as determined
by western blot (n = é/group).

The band intensity in (C) and (E) was analyzed quantitatively and normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Values are mean + SEM, *p < 0.05, **p < 0.01. Analysis in (B-E) used unpaired two-tailed
Student'’s t-test.

of AKT at Ser473 and the phosphorylation of GSK3p at Ser9 were significantly attenuated after insulin
administration (Figures 6A and 6B), indicating increased hepatic insulin resistance. Unlike the male
Tmésf2 KI mice, female Tmésf2 KI mice on HFD showed no change in the phosphorylation of AKT and
GSK3B (Figures 6C and 6D). Our data indicate impaired insulin signaling in the liver of male Tmésf2 Kl mice.

DISCUSSION

In the present study, we investigated the causal role of the TM6SF2 rs58542926C >T variant in the devel-
opment of glucose intolerance and the underlying mechanisms using a newly generated mouse model.
Our data revealed that the variant leads to the development of hepatic steatosis and altered sex-specific
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Figure 6. Attenuated AKT signaling in the male Tmésf2 Kl mice fed an HFD

(A and B) Male Tmésf2 KI mice and (C and D) female Tmésf2 KI mice and their Wt counterpart mice were fed an HFD for
20 weeks. The phosphorylation of AKT and GSK3pB was decreased in the liver of male Tmésf2 Kl mice, whereas there were
no significant differences in AKT and GSK3B phosphorylation in female Tmésf2 Kl mice administered insulin. The total and
phosphorylated AKT and GSK3p were determined by (A and C) western blot (n = 3-4/group). The band intensity of
phosphorylated AKT and GSK3B was analyzed quantitatively and normalized to total AKT or GSK3B, respectively (B and
D). Values are mean + SEM, *p < 0.05. Analysis in (B) and (D) used two-way ANOVA with Bonferroni correction.

glucose metabolism. Mouse and human TMé6SF2 proteins are approximately 78% identical, and E167 is
conserved in humans and mice. Consistent with the findings observed in human TM6SF2 E167K variant
carriers, Tmésf2 E167K mice showed glucose intolerance and hepatic steatosis after HFD feeding, primarily
in males. Interestingly, Tmésf2 K| causes glucose intolerance in male mice but not in female mice. This
phenotype exhibiting sex-specific effects on glucose tolerance is consistent with our genetic analyses in
human populations. Additional molecular analysis revealed important mechanisms underlying this
phenotype.

In addition to environmental factors, common genetic variation in the form of single nucleotide polymor-
phisms may predispose individuals to T2D (Hirschhorn, 2009; Klein et al., 2010; Meyre, 2017). Our human
genetic studies revealed that the TM6SF2 coding variant is associated with an increased risk of T2D, blood
glucose, and Hb1Ac, especially in males. The role of sex is a fundamental component in the incidence and
evolution of diabetes (Kautzky-Willer et al., 2016; Mauvais-Jarvis, 2015). Multiple lines of evidence indicate
that the T allele at the rs58542926 variant is associated with an increased risk of T2D (Kim et al., 2017; Liu
etal., 2017; Musso et al., 2017). Here, we used knock-in mice of the T allele to study the sex-related asso-
ciation of rs58542926 with T2D and the functional role of TM6SF2 in glucose metabolism. We monitored the
blood glucose changes in Tmésf2 Kl mice under normal chow and HFD. Since TM6SF2 is highly expressed
in the liver (Fan et al., 2016; Holmen et al., 2014; Kozlitina et al., 2014; Mahdessian et al., 2014), we focused
on the molecular alterations in the liver, which contribute to the regulation of lipid and glucose metabolism.
The potential effects of the Tmésf2 coding variant on other metabolically active tissues such as skeletal
muscle, adipose tissue, and small intestine warrant further investigation.

¢? CellPress

OPEN ACCESS

iScience 24, 103196, November 19, 2021 9




¢? CellPress

OPEN ACCESS

Both TM6SF2 and IRE1a are ER transmembrane proteins. IRE1a-XBP1 is one of the major UPR signaling
pathways that have diverse effects on cellular processes (Lindholm et al., 2017; Salvado et al., 2015).
Irelo deficiency induces inflammatory responses and hepatic steatosis in mice (Wang et al., 2018).
Xbp1s acts as a marker and downstream effector of IRETa (Piperi et al., 2016). XBP1s reduces lipogenic
gene expression and attenuates insulin resistance in mice (Herrema et al., 2016; Zhou et al., 2011).
Increased TG accumulation and insulin resistance were found in the liver from Xbp1s-deficient mice
(Shao et al., 2014). Thus, inhibition of IRE1a-XBP1s could act as a molecular mechanism underlying the
Tmésf2 Kl-induced hepatic steatosis and insulin resistance. We further found that, as an ER membrane pro-
tein, TM6SF2 interacts with IRE1a and that interaction was attenuated by the E167K coding variant (Fig-
ure 6E), suggesting that E167 is critical to maintain the physical interaction between TM6SF2 and IRE1a
in the ER and that E167K leads to inhibition of IRE1a-XBP1 signaling.

Since TM6SF2 is an ER membrane protein, it cannot directly regulate gene expression. The E167K-depen-
dent transcriptomic changes can be regulated by attenuated IRE1a-XBP1 signaling, be secondary to he-
patic steatosis, or be genetic compensation. Our transcriptome analysis revealed potential genes that
contribute to glucose intolerance in the Tmésf2 KI mice. LIPIN 1 is a critical enzyme that promotes TG
biosynthesis. It is highly expressed in the liver and adipose tissue and catalyzes the conversion of phospha-
tidic acid into diacylglycerol (DAG) (Reue and Dwyer, 2009). LIPIN 1 overexpression increases the TG accu-
mulation in the liver and adipose tissue, whereas Lpin 1-deficient mice show attenuated insulin resistance
and TG accumulation after HFD feeding (Pivovarova et al., 2016; Villa-Perez et al., 2018). Another critical
gene responsive to the Tmésf2 coding variant is Ide. IDE is highly expressed in the brain, liver, and pancreas
(Pivovarova et al., 2016). Severe accumulation of amyloid B-protein (AB) in the brain is a feature of Alzheimer
disease (AD) (Ohyagi et al., 2019). IDE is a potential candidate enzyme responsible for the degradation and
clearance of AB. Liver-specific Ide-deficient mice showed glucose intolerance and impaired AKT signaling
(Villa-Perez et al., 2018). In our study, blood insulin levels were not significantly changed in either male or
female Tmésf2 Kl mice. However, AKT signaling was significantly attenuated in the liver of male Tmésf2 Kl
mice. The upregulated LIPIN 1 and downregulated IDE could lead to the decreased AKT signaling in the
liver of male Tmésf2 Kl mice.

Our data suggest that in addition to upregulated Lpin 1 and downregulated Ide, other glucose meta-
bolism-related genes including NNT and USP2 were also altered in the liver of male Tmésf2 Kl mice.
NNT activity is positively correlated with increased susceptibility to severe diabetes after becoming obese
in mice (Aston-Mourney et al., 2007). USP2 increases hepatic gluconeogenesis and exacerbates glucose
intolerance in diet-induced obese mice (Molusky et al., 2012). Thus, these dysregulated glucose meta-
bolism-related genes in the liver could at least partially account for the hepatic insulin resistance caused
by Tmésf2 K.

In conclusion, we provide evidence that the TM6SF2 E167K variant is associated with T2D, specifically in
male humans and mice. Tmésf2 E167K Kl causes impaired glucose tolerance in male mice. We uncovered
molecular mechanisms underlying the Tmésf2 KI-dependent glucose disorders in mice. Our results have
relevance for the treatment of T2D and would lead to a deep understanding of the TM6SF2 coding variant,
a potential target for precise treatment of fatty liver diseases and T2D.

Limitations of the study

It should be noted that the challenge of HFD is commonly used to induce glucose intolerance and insulin
resistance in mouse models (Winzell and Ahrén, 2004). High-fat high-sucrose diet challenge can rapidly
induce metabolic alterations, including obesity, glucose intolerance, insulin resistance, and liver lipid accu-
mulation in mice (Burchfield et al., 2018; Yang et al., 2012), serving as an alternative mouse model for meta-
bolic syndrome. The effects of rs58542924C >T variant on glucose metabolism and fatty liver diseases in
this model deserve future studies. The effect of Tmésf2 coding variant on nonalcoholic steatohepatitis
and cirrhosis will be determined in follow-up studies using appropriate animal models and diets (Friedman
etal., 2018; Rom et al., 2019, 2020). In this study, we cannot exclude that the plasma insulin may be relatively
higher in female mice compared to males during OGTT. The potential effects of Tmésf2 coding variant on
insulin secretion and pancreatic B-cell function after HFD feeding warrant further investigation. In addition,
whether sex steroid hormones such as estrogen, progesterone, and androgen mediate the sex-specific ef-
fect of Tmésf2 Kl on glucose metabolism will be explored in future studies.
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Antibodies

Lipin 1 (D2W9G) Rabbit mAb Cell Signaling #14906; RRID: AB_2798644
Akt (pan) (C67E7) Rabbit mAb Cell Signaling #4691, RRID: AB_915783
Phospho-Akt (Ser473) (D9E) Rabbit mAb Cell Signaling #4060; RRID: AB_2315049
GSK-3B (D5C5Z) Rabbit mAb Cell Signaling #12456; RRID: AB_2636978
Phospho-GSK-3 (Ser9) (D85E12) Rabbit mAb Cell Signaling #5558; RRID: AB_10013750
IRE1a (14C10) Rabbit mAb Cell Signaling #3294; RRID: AB_823545
GAPDH (6C5) mouse mAb Santa Cruz sc-32233; RRID: AB_627679
human TMéSF2 polyclonal rabbit Ab This paper N/A

phospho-IRE1a Ser724 polyclonal rabbit Ab

Novus Biologicals

NB100-2323; RRID: AB_10145203

IDE Polyclonal Rabbit Ab Origene TA327113; RRID: N/A
KDEL Abcam ab12223; RRID: AB_298945
Bacterial and virus strains

Ad-GFP This paper N/A

Ad-TM6SF2 This paper N/A

Ad-TM6SF2 E167K This paper N/A

Chemicals, peptides, and recombinant proteins

Trypsin-EDTA solution 10X Thermo Fisher Scientific 25300054

DPBS Thermo Fisher Scientific 14040133

PhosStop phosphatase inhibitor Roche 4906845001
cOmpleteTM protease inhibitor mixture Roche 11836170001

RIPA Buffer (10X) Thermo Fisher Scientific 89900

Methanol Fisher Scientific BPA4124, CAS 67-56-1
Ethanol Fisher Scientific AC615090040
Glucose Sigma G7021

Humulin R (Insulin) Humulin Humulin R U-100

DMEM, low glucose
DMEM, high glucose
Penicillin-Streptomycin
Protein A-agarose beads
TRIzol reagent

SYBR Green Supermix
Oil Red O

Oleic acid

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Santa Cruz

Thermo Fisher Scientific
Bio-Rad

Sigma

Cayman Chemical

Cat# 11885084
Cat# 11995065
Cat# 15070063
sc-2001
15596026
#1708880
00625

90260

Critical commercial assays

Blood glucose meter/strps Contour Contour next
RNeasy Mini Kit Qiagen Cat# 74106
SuperScript IlI Thermo Fisher Scientific 18080051
Ultra-Sensitive Mouse Insulin ELISA Kit Crystal Chem #90080
Deposited data

microarray analysis GEO GSE146146
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental models: Cell lines

Huh-7 cells

JCRB Cell Bank

JCRB0403; RRID: CVCL_0336

Experimental models: Organisms/strains

Mouse: Wild type, Tmésf2 KI mice, C57BL/6J This paper N/A

background

Oligonucleotides

Primers used for quantitative analysis, see Sigma N/A

Table S10

Genotyping DNA primer for endogenous Sigma N/A

Tmésf2 allele, forward, 5'- ATTCAGGCA

GGCCAGGGTAAGGA-3'

Genotyping DNA primer for endogenous Sigma N/A

Tmésf2 allele, reverse, 5'- AAGAGCAGGG

CAGCAAGGCAGACT-3".

Recombinant DNA

TM6SF2-GFP Origene RG214298

TM6SF2-GFP-E167K This paper N/A

Software and algorithms

affy Bioconductor package in R https://bioconductor.org/packages/release/
bioc/html/affy.html

GraphPad Prism 8.3.0 GraphPad https://www.graphpad.com/scientific-

METAL
SAIGE v0.29.4.3

EZColocalization in Image J

Original Code

PMID: 20616382
PMID: 30104761
PMID: 30361629

Zenodo

software/prism/
http://csg.sph.umich.edu/abecasis/Metal/
https://github.com/weizhouUMICH/SAIGE
https://github.com/DrHanLim/

EzColocalization

https://doi.org/10.5281/zenodo.5508385

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Y. Eugene Chen (echeum@umich.edu), Cardiovascular Center, Department of Internal
Medicine, University of Michigan Medical Center, Ann Arbor, MI 48109, USA

Materials availability

All the plasmid generated in this study is available from the Lead Contact without restriction. For the
Tmésf2 Kl mouse, please submit a Materials Transfer Form to the University of Michigan.

Data and code availability

® The raw microarray data has been deposited in the Gene Expression Omnibus (GEO) database:
GSE146146.

® Software used for analysis is available from https://github.com/weizhouUMICH/SAIGE and https://
genome.sph.umich.edu/wiki/METAL. Original code has been deposited at Zenodo and the DOl is listed
in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Tmésf2 (C>T variant) knock-in (KI) mice in the C57BL/6J background were generated with clustered regu-
larly interspaced short palindromic repeat (CRISPR)/Cas9 technology (Fan et al., 2016). The guide RNA
targeted the mouse Tmésf2 coding region sequence 5'- GTAAATACAGTTCAGAGATGAGG -3’ was intro-
duced with the Cas9 protein and a single strand DNA oligo containing the intended point mutation and a
silent mutation onthe AGG PAM sequence (AGG to AGA) as Kl template. The genomic DNA containing the
variant was amplified by polymerase chain reaction (PCR) with the following primers: forward, 5'- ATTCA
GGCAGGCCAGGGTAAGGA-3'; and reverse, 5'- AAGAGCAGGGCAGCAAGGCAGACT-3'. The amplified
DNA fragments (779 base pairs) containing the variant (C>T variant) were sequenced with the reverse
primer. Tmésf2 KI mice and age-matched littermate wild type (Wt) mice on C57BL/6J background were
fed a high-fat diet (HFD) (20% protein, 60% fat, 20% carbohydrate by calories; D12492, Research Diets,
New Brunswick, NJ), or normal chow diet (22.5% protein, 11.8% fat, and 52% carbohydrate by mass) as indi-
cated. Both male and female animals were used. All mice were maintained in a controlled environment at
22°C with a 12-hour light/dark cycle and had access to water and food ad libitum. All animal studies were
approved in accordance with the University of Michigan Animal Care and Use Committee.

Cell lines and primary cultures
Huh-7 cells (RRID: CVCL 0336) were used in the study

Origin: Human hepatocyte-derived cellular carcinoma cell line.

Culture media and conditions: Huh-7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, and 1 % penicillin-streptomycin in a 5% CO, atmosphere at
37°C. We did not authenticate this cell line in our laboratory.

Binary trait genetic association studies

Sex-stratified single variant association results under an additive model from European-ancestry samples in
the DIAbetes Genetics Replication And Meta-analysis (DIAGRAM) consortium (effective Ntemale=96,460
and effective Np,e=127,961) were used for type 2 diabetes (T2D) (Small et al., 2018). Association testing
was also performed in the Nord-Trendelag Health Study (HUNT) and the United Kingdom Biobank
(UKB) for T2D, chronic liver disease without cirrhosis, ischemic heart disease (IHC), and myocardial infarc-
tion (MI). The Nord-Trendelag Health Study (HUNT) is a population-based health survey conducted in the
county of Nord-Trgndelag, Norway, since 1984 (See supplemental information). The European ancestry
subset passing quality control (N=69,635) was analyzed with N¢emale=36,887 and N,,1.=32,748. The UK Bio-
bank (UKB) is a prospective cohort with genetic and phenotypic data for 500,000 individuals (Bycroft et al.,
2018). The white British subset (N=408,595) was analyzed with Ntemale=220,896 and Na1=187,699. HUNT
phenotypes are defined as a customized collection of relevant ICD9/10 codes (Table S1), and UKB pheno-
types are defined as groupings of ICD9/10 codes, known as phecodes (Wei et al., 2017) (Table S2). The sam-
ple sizes for phenotypes within these cohorts are in Table S3. Standard quality control for genotyping and
imputation was performed in each cohort, and the single nucleotide polymorphisms of interest have ex-
pected quality metrics (Table S4).

Association analysis was performed on chromosome 19, specifically focusing on the missense variant of in-
terest, rs58542926, using a mixed logistic model implemented in SAIGE v0.29.4.2 (Zhou et al., 2018). SAIGE
uses a genetic relationship matrix from common variants (Myunt= 249,749 and Mygg= 340,447 to account
for population stratification and cryptic relatedness.

Combined and sex-stratified association analyses were performed in UKB and HUNT. The variant was
tested under additive, dominant, and recessive models for all binary phenotypes (Tables S5-58). Neither
recessive nor dominant inheritance demonstrated optimal model fit or significant association consistently
across the traits, so we moved forwards with an additive inheritance model, with accounts for both. In UKB,
the binary outcome was tested using genotype array, birth year, and first five genetic principal components
as covariates. In HUNT, batch, birth year and first four genetic principal components were used as covari-
ates. In both studies, the combined association analysis included sex as a covariate. Inverse-variance
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weighted fixed-effect meta-analysis was performed with HUNT and UKB summary statistics for rs58542926
using METAL (Willer et al., 2010) (Table S9).

Quantitative trait genetic association studies

The summary statistics for the BMI were acquired from the GIANT Consortium data bank (Pulit et al., 2019)
and for glucose and insulin related traits from MAGIC (Dupuis et al., 2010; Mann et al., 2003). For the gly-
cemic traits and blood lipids, the analysis was run separately for males and females in UKB and HUNT using
alinear mixed model implemented in SAIGE under an additive model as described above. The cohort-spe-
cific summary statistics (Table S10) were combined using inverse variance weighted meta-analysis.
HOMAZ2-IR and HOMA2-B were calculated in HUNT using the HOMA2 Calculator and fasting glucose
and fasting C-peptide measurements (https://www.dtu.ox.ac.uk/homacalculator/) (Bethel et al., 2020).

The Nord-Trondelag Health Study (HUNT)

The Nord-Trendelag Health Study (HUNT) is a population-based health survey conducted in the county of
Nord-Trendelag, Norway, since 1984. Individuals were included at three different time points during
approximately 20 years (HUNT1 [1984-1986], HUNT2 [1995-1997], and HUNT3 [2006-2008]). In total, DNA
from 71,860 HUNT samples was genotyped using one of three different lllumina HumanCoreExome arrays
(HumanCoreExome12v1.0, HumanCoreExome12 v1.1 and UM HUNT Biobank v1.0). We excluded samples
that failed to reach a 99% call rate, had contamination > 2.5% as estimated with BAF Regress, large chro-
mosomal copy number variants, lower call rate of a technical duplicate pair and twins, gonosomal constel-
lations other than XX and XY, or whose inferred sex contradicted the reported gender. Samples that passed
quality control were analyzed in a second round of genotype calling following the Genome Studio quality
control protocol described elsewhere. Genomic position, strand orientation and the reference allele of
genotyped variants were determined by aligning their probe sequences against the human genome
(Genome Reference Consortium Human genome build 37 and revised Cambridge Reference Sequence
of the human mitochondrial DNA; http://genome.ucsc.edu) using BLAT. PLINK v1.90 was then used to
exclude variants if their probe sequences could not be perfectly mapped, cluster separation was < 0.3,
Gentrain score < 0.15, showed deviations from Hardy Weinberg equilibrium in unrelated samples of Euro-
pean ancestry with p-value < 0.0001), had a call rate < 99% or another assay with higher call rate genotyped
the same variant. Ancestry of all samples was inferred by projecting all genotyped samples into the space of
the principal components of the Human Genome Diversity Project (HGDP) reference panel (938 unrelated
individuals; downloaded from http://csg.sph.umich.edu/chaclong/LASER/), using PLINK. Recent Euro-
pean ancestry was defined as samples that fell into an ellipsoid spanning exclusively European population
of the HGDP panel. The different arrays were harmonized by reducing to a set of overlapping variants and
excluding variants that showed frequency differences > 15% between data sets, or that were monomorphic
in one and had MAF > 1% in another data set. The resulting genotype data were phased using Eagle2
v2.3.Imputation was performed on samples of recent European ancestry using Minimac3 (v2.0.1, http://
genome.sph.umich.edu/wiki/Minimac3) and a merged reference panel that was constructed by combining
the Haplotype Reference Consortium panel (release version 1.1) and a local reference panel based on 2,202
whole- genome sequenced HUNT study participants. We excluded variants with rsq < 0.3 resulting in over
24.9 million well-imputed variants for single variant association analysis.

Statistical analysis of genetic association studies

The calculation of the difference of effect size between male and female analyses was calculated as
described by Winkler et al. (Winkler et al., 2017) and hypothesis testing performed with a two-sided p-value
in R. Principal components analysis was performed in 63,681 samples in HUNT on quantitative and binary
traits (except fasting glucose and HbA1C which greatly limited sample size) to determine the number of
independent traits being tested. 8 components explained 99.5% of the variance. When considering the
two related but excluded blood traits, we determined the number of independent traits tested to be 9.
Considering association testing across traits in males and females as replication and testing for the differ-
ence in effect size between the sexes as 9 additional tests, we set a Bonferroni threshold of 0.05/18
(0.00277778) account for multiple testing.
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METHOD DETAILS

Glucose tolerance test and insulin tolerance test

Glucose tolerance test and insulin sensitivity were measured in 14-week-old male Tmésf2 KI mice or 12 to
14-week-old female Tmésf2 KI mice on chow diet. Oral glucose tolerance test (OGTT) was performed in the
Tmésf2 KI mice and Wt mice fasted for 5 h. At time 0, blood glucose was measured, and immediately after
that, 2 g of glucose (dissolved in water)/kg body weight were delivered by oral gavage. Insulin tolerance
test (ITT, 0.8 U/kg body weight, i.p.) was conducted in the mice fasted for 5 h.

Fourteen-week-old male Tmésf2 Kl mice or twelve to fourteen-week-old female Tmésf2Kl mice and respec-
tive control mice were fed a HFD. ITT (fasted for 5 h, insulin 1 U/kg, i.p.) and OGTT (fasted for 5 h, glucose
1g/kg, gavage), were performed after 18-week HFD feeding in male mice or 20-week HFD feeding in fe-
male mice. Blood glucose was measured using a blood glucose meter (Contour Next) at the indicated
time points.

Liver samples, plasma insulin measurement and Lipid Profiles

The liver samples for H&E, Oil Red O staining and phosphorylation of AKT and GSK38, plasma insulin and
lipid profiles including total cholesterol (TC), low-density lipoprotein cholesterol (LDL-c), high-density lipo-
protein cholesterol (HDL-c), and triglyceride (TG) were measured after 20-week HFD feeding in male mice
or 22-week HFD feeding in female mice. Mice were fasted 5 hours before sample collection. Plasma insulin
and Lipids were measured with a Cobas Mira Plus chemistry analyzer (Roche Diagnostics, Indianapolis, IN)
at the Michigan Diabetes Research Center Chemistry Laboratory (University of Michigan) in a double-
blinded manner. The plasma insulin collected from mice fasted for 5 h was measure by Ultra-Sensitive
Mouse Insulin ELISA Kit (Crystal Chem, #90080).

Quantitative PCR

Total RNA from the mouse liver was extracted using TRIzol reagent (Thermo Fisher Scientific) according to
the manufacturer’s instructions. RNA was reverse transcribed into cDNA with SuperScript Il (Thermo Fisher
Scientific) and random primers (Thermo Fisher Scientific). The abundance of transcripts was measured by a
real-time PCR system (Bio-Rad) using SYBR Green Supermix (Bio-Rad). The relative expression for
each gene of interest was normalized with the internal control, 18S. The primer sequences are shown in
Table S11.

Western blot

Tissue extracts were prepared with RIPA lysis buffer (25mM Tris-HCI pH 7.6, 150mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS) supplemented with a PhosStop phosphatase inhibitor and cOmplete™
protease inhibitor mixture (Roche). Protein extracts were resolved by SDS PAGE. Blots were incubated
overnight at 4°C with antibodies against the following proteins (source, catalog number, and dilution of
the antibody are given in parentheses): IDE (Origene, TA327113, 1:1000), LIPIN1 (Cell Signaling, #14906,
1:1000), IRE1e. (Cell Signaling, #3294, 1:1000) , phospho-IRE1a Ser724 (Novus Biologicals, NB100-2323,
1:1000 ), AKT (Cell Signaling, #4691, 1:2000), phosphor-AKT Ser473 (Cell Signaling, #4060, 1:1000),
GSK3B (Cell Signaling, #12456, 1:2000), phospho-GSK3p Ser? (Cell Signaling, #5558, 1:1000), GAPDH
(Santa Cruz, sc-32233, 1:2000). A polyclonal rabbit anti-human TM6SF2 antibody was raised against a pep-
tide corresponding to the C-terminal 15 amino acids of human TMéSF2 CPPPSDPLALHKKQH (YenZym
Antibodies, LLC, CA). After washing, membranes were incubated with an IRDye-conjugated IgG (LI-COR
Biosciences, Lincoln, NE) secondary antibody diluted 1:5000 for 1 h. The intensity of the protein bands
was quantified using an image processing program (LI-COR Biosciences, Lincoln, NE).

Immunofluorescence

Huh 7 cells were transfected with plasmid encoding Wt TM6SF2 fused with GFP (TMé6SF2-GFP) or TMéSF2-
GFP containing E167 variant. After 24 hours of transfection, cells were treated with ethanol (control) or OA
(400 um) for 18 hours. Cells were fixed and immunostained with anti-KDEL antibody (Abcam, ab176333,
1:200). Colocalization of TM6SF2-GFP and KDEL was quantified by Pearson’s correlation coefficient
(PCC) using Image J EzColocalization plugin.
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Cell culture and oleic acid (OA) treatment

The human hepatocyte-derived cellular carcinoma cell line Huh-7 was cultured in Dulbecco’s modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, and 1 % penicillin-streptomycin in
a 5% CO2 atmosphere at 37°C. Upon 80% confluence, Huh-7 cells were infected with adenovirus (Ad) ex-
pressing human TM6SF2, TM6SF2-E167K knock-in (KI) mutant or green fluorescent protein (GFP) control, in
combination with adenovirus expressing IRETa at multiplicity of infection (MOI) of 100. Human IRETa. is a
low abundant protein in Huh-7 cells. After infection, the Huh-7 cells were incubated with DMEM containing
vehicle (PBS) or 400 uM oleic acid (OA) for 18 h to induce lipid accumulation in vitro (Moravcova et al., 2015).

Co-immunoprecipitation (Co-IP) analysis

Huh-7 cells were harvested and used for Co-IP with a rabbit polyclonal anti-IRE1a antibody (Cell Signaling,
#3294), followed by immunoblotting with the anti-TMé6SF2 antibody to detect the association between
IRETec and TM6SF2 in Huh-7 cells under the normal or lipid overload conditions. In brief, 300 pg of protein
extracts were incubated with 20 pl of protein A-agarose beads, and 3 pg of anti-IRE1a antibody at 4°C for
overnight with rotation. After centrifugation, the supernatant containing non-bound protein was removed,
and the eluted proteins were separated by SDS-PAGE. The blots were incubated with anti-TMéSF2 anti-
body overnight at 4°C, then incubated with secondary antibody conjugated to horseradish peroxidase
(1: 10,000) for 1 h at room temperature. Signals were detected using ECL Western Blotting Substrate on
X-ray film.

Histology

The mouse liver sections were routinely counterstained with hematoxylin and eosin (H&E) staining and Oil
Red O staining (ORO). For ORO, frozen liver sections (8 pm) were stained with 5% ORO (Sigma-Aldrich, St.
Louis, MO) and then counter-stained with hematoxylin. Histological staining was performed by the In Vivo
Animal Core at the University of Michigan. The H&E and Oil Red O sections were examined under light mi-
croscopy. A total of 6 tissue sections were analyzed for each animal.

Microarray analysis

The microarray analysis was performed by the DNA sequencing core at the University of Michigan. Briefly,
RNA from the liver was extracted and hybridized on Human U133 Plus 2.0 GeneChips (Affymetrix) and then
scanned using the Affymetrix 3000 7G GeneChip Scanner with Autoloader. Log2 expression values were
calculated using RMA from the affy Bioconductor package in R.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism version 8.0 (GraphPad Software, San Diego,
CA). Unless indicated otherwise, values are presented as mean =+ standard error of the mean (SEM)
showing all points. All data were tested for normality and equal variance. If the data passed those tests,
Student t-test or two-way ANOVA with Bonferroni correction was used to compare two groups. One-
way ANOVA followed by Bonferroni post hoc test was used for comparisons among >2 groups. If
the data did not pass those tests, nonparametric tests (Mann-Whitney U or Kruskal-Wallis) were used.
P-value < 0.05 was considered statistically significant. P values were shown on the figures as asterisks:

*, P <0.05 **, P <0.01.
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