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Lack of evidence supporting a
‘role of TMC4-rs641738 missense
‘variant—MBOAT7- intergenic
e, downstream variant—in the
et Susceptibility to Nonalcoholic Fatty
Liver Disease
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Martino®, Gustavo O. Castafio’ & Carlos J. Pirola'®

. Current knowledge on the genetic basis of nonalcoholic fatty liver disease (NAFLD) suggests that

© variants contributing not only to the disease predisposition but histological severity as well are

. located in genes that regulate lipid metabolism. We explored the role of rs641738 C/T located in
TMC4 (transmembrane channel-like 4) exon 1 (p.Gly17Glu) and 500 bases- downstream of MBOAT7
gene (TMC4/MBOAT7), in the genetic risk for developing NAFLD in a case-control study. Our sample
included 634 individuals (372 patients with NAFLD diagnosed by liver biopsy and 262 control subjects);

: genotyping was performed by a Tagman assay. Genotype frequencies in controls (CC: 84, CT: 137, TT:

. 41)and patients (CC: 134, CT: 178, TT: 60) were in Hardy-Weinberg equilibrium; minor allele frequency

. 40.8%. Our sample had 84-99% power if an additive genetic model is assumed for estimated odds ratios
of 1.3-1.5, respectively. We found no evidence of association between rs641738 and either NAFLD
(Cochran-Armitage test for trend, p=0.529) or the disease severity (p =0.61). Low levels of MBOAT7
protein expression were found in the liver of patients with NAFLD, which were unrelated to the
rs641738 genotypes. In conclusion, the role of rs641738 in the pathogenesis of NAFLD is inconclusive.

Current understanding of the genetic basis of nonalcoholic fatty liver disease (NAFLD) suggests that variants
. contributing not only to the disease susceptibility but also histological severity are located in genes that regulate
- lipid metabolism. Specifically, the missense p.Ile148Met (rs738409) variant located in PNPLA3 (patatin-like phos-
. pholipase domain-containing 3) has been consistently associated with increased liver fat content and NAFLD
© severity, including fibrosis, across different populations around the world'=>. The risk effect of rs738409 on devel-
oping NAFLD is the strongest ever reported for a common variant modifying the genetic susceptibility of the
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Figure 1. Genomic location of rs641738 in the forward strand of chromosome 19: 54,173,068. Figure shows
the genomic assembly as a blue bar composed of individual contigs; rs641738 (outlined by a vertical red line)
is shown in a 5kb region along with surrounding variations. TMC4 locus is located in chromosome

19: 54,160,168-54,173,171; MBOAT7 locus is located in chromosome 19: 54,173,412-54,189,443.

disease, representing ~5.3% of the total variance** and a moderate odds ratio (OR) of NAFLD and NASH of ~
3.3%. Likewise, the missense p.Glu167Lys (rs58542926) variant located in TM6SF2 (transmembrane 6 superfamily
member 2) gene, while protecting against cardiovascular disease (CVD)**, has been associated with a modest risk
of liver fat accumulation (OR ~2.13)%, NAFLD, and the NAFLD severitys-'!.

Interestingly, a missense (p.Gly17Glu, rs641738 C/T) variant located in exon 1 of TMC4 (transmembrane
channel-like 4) gene and intergenic downstream of MBOAT? gene has been associated with a modest risk of
developing NAFLD (OR ~1.37), NASH, and fibrosis'?. However, these findings were based on a large report
involving patients of European descent!?. Nonetheless, the authors observed that the effect of rs641738 was
restricted to European-Caucasian individuals, while not being significant in African American and Hispanic
population'?. Unfortunately, the association of rs641738 and NAFLD could not be replicated in other populations
around the world, including Europeans from different cohorts, except for a small study that included cases-only
(n=125)". For instance, a recent study including a large sample (n = 515) of patients with NAFLD recruited
from several centers across Germany showed that rs641738 was associated with a marginal effect on liver fibrosis
(p =0.046) without any effect on NAFLD or liver function test'4. Similarly, results yielded by analyzing the data
pertaining to a small cohort of patients that underwent bariatric surgery in two European centers failed to con-
firm any association of rs641738 and NAFLD'. Likewise, studies from Asia failed to find an association of the
variant with NAFLD or NASH'¢-18,

The rs641738 variant is mapped 500 bases downstream of MBOAT7 (membrane-bound O-acyltransferase
domain-containing 7) locus (https://www.ncbi.nlm.nih.gov/snp/rs641738). Likewise, data from the genome
assembly shows this variant located in exon 1 of the TMC4 genomic region (19:54173068, GRCh38.p7 assembly)
(Fig. 1). Annotation details provided by The Exome Aggregation Consortium (ExAC) (http://exac.broadinsti-
tute.org/), shows that rs641738 as a transcript variant of TMC4 locus. For that reason, previous reports refer to
rs641738 as MBOAT?7 variant or TMC4/MBOAT? (https://www.ncbi.nlm.nih.gov/snp/rs641738).

In addition, speculations on the putative biological role of MBOATY? in the pathogenesis of NAFLD still persist
because the protein encoded by this gene is a lysophosphatidylinositol acyltransferase, which has specificity for
arachidonoyl-CoA as an acyl donor.

Combined, available evidence suggests that associations of rs641738 with NAFLD and NASH remain to be
either confirmed or refuted. Hence, we performed a hospital-based case-control study to explore the association
between rs641738 and NAFLD, including adult patients in whom the histological disease severity was confirmed
by liver biopsy.

In addition, we explored the protein expression pattern of MBOATY7 in the liver of patients with NAFLD to
provide evidence of whether the protein encoded by this locus might be involved in the biology of the disease.
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Variables Control subjects | NAFL NASH
Number of subjects 241 113 153
Female, % 46 56 67

Age, years 47+14 54+0.8 50£0.9
BMI, kg/m? 25+4.2 31.5+5.4% 34+6.0""
Fasting plasma glucose, mg/dL 84+15 97 +22* 129£119%"
Fasting plasma insulin, WU/ml 6.8+4.7 13+9* 16£11+"
HOMA-IR index 14+1.0 3+2.1% 51+£6.6""
Total cholesterol, mg/dL 205442 207453 211443
HDL-cholesterol, mg/dL 57+16 53+25 50+ 14
LDL-cholesterol, mg/dL 123 +£38 126 £48 125+42
Triglycerides, mg/dL 120+77 154 +76* 1924119+
ALT, U/L 20+6.0 56 +60° 73454+
AST, U/L 17.5+6.6 35+17* 51+£33+"
Histological Features

Degree of steatosis, % — 47 +25 61+£21%
Lobular inflammation (0-3) — 0.6+0.6 1.2+0.6*
Hepatocellular ballooning (0-2) | — 0.03+0.19 | 0.9+0.6%
Fibrosis Stage — 0.03+0.3 1.44+1.24*
NAFLD activity score (NAS) — 2.6+1.1 4.5+ 1.4%

Table 1. Clinical and biochemical features of patients and controls in the cross-sectional study of patients with
NAFLD and Metabolic Syndrome (MetS). NAFL: nonalcoholic fatty liver, NASH: nonalcoholic steatohepatitis
BMI: body mass index; HOMA: homeostatic model assessment; ALT and AST: Serum alanine and aspartate
aminotransferase. Results are expressed as mean 4= SD. *p < 0.001 Indicates NAFL vs. controls, “p < 0.001
indicates comparisons between NAFL and NASH, and *p < 0.001 denotes comparisons between NASH and
control subjects. P value stands for statistical significance using Mann-Whitney U test, except for female/male
proportion that p value stands for statistical significance using Chi-square test.

Results
The rs641738 is not associated with NAFLD or the histological disease severity. Clinical and
biochemical features of patients and controls are disclosed in Tables 1 and 2.

Genotype frequencies in controls (n=CC: 84, CT: 137, TT: 41, p=0.22) and patients (CC: 134, CT: 178, TT:
60, p=0.94) were in Hardy-Weinberg equilibrium (HWE). The minor allele frequency (MAF) in our sample
was 40.8%, in line with that reported in the 1000 Genomes Project for the T allele in all populations (37%) and
Europeans (44%) (1000 Genomes Project, Phase 3, http://www.ensembl.org).

The association analysis of rs641738 and NAFLD showed no effect of the variant on the susceptibility of
NAFLD (Cochran-Armitage test for trend x?=0.397, p=0.529). The variant was associated with neither NASH
nor the disease severity (p =0.61). No association was found with fibrosis status (fibrosis yes/no) (p =0.95), lobu-
lar inflammation (p = 0.46), or NAFLD- NAS score (p = 0.25). However, in univariate analysis we observed a sig-
nificant association with circulating triglycerides (TG) (p = 0.004). The rs641738 was not associated with glucose
metabolism, HOMA-index, total, HDL, LDL-cholesterol or other MetS components.

Genotype frequencies of rs641738 according to the disease status (control subjects, patients with simple
steatosis-NAFL and NASH) in the two studied groups are shown in Fig. 2A,B.

MBOAT?7 is expressed in the liver of patients with NAFLD at low levels. In order to provide evi-
dence supporting a putative role of MBOAT? in the biology of NAFLD, we further explored whether the protein
encoded by this gene is expressed in the liver.

As positive control tissues, we included a sample of testis and a sample of gastrointestinal stromal tumor
retrieved from the collection of our Pathology Department in which we observed a strong immunoreactivity
of MBOAT?7 (Fig. 3A,B). In contrast, in the liver of patients with NAFLD, we found very low expression levels
of the protein assessed by immunohistochemistry (Fig. 3C,D). Thus, our results are comparable to the informa-
tion displayed in the Human Protein Atlas (http://www.proteinatlas.org/ENSG00000125505-MBOAT?7/tissue).
Furthermore, we found no differences in the liver MBOAT7 expression pattern between rs641738 genotypes (CC
0.8+0.27 vs. TT 0.940.22, p=0.69) (Fig. 3C,D).

Discussion

In this study, we explored the role of the missense rs641738 variant in the susceptibility of NAFLD and the disease
severity. We did not find statistically significant differences in genotypic or allelic frequencies for the variant in
either the predisposition of NAFLD or NASH, or other related histological features. Genotype frequencies in
controls and cases were in HWE, and sample size estimation showed at least 84% power for the additive genetic
model even if a very modest effect (OR: 1.3) is considered. Power calculation based on a OR of 1.3 is justified by
previous evidence of association of the variant and NAFLD (OR 1.37)'2 or liver fibrosis (OR 1.41)'? in European
American population; in fact, our entire sample is composed of individuals of self-reported European ancestry. In
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Number of subjects 21 54 52

Female, % 75 67 59

Age, years 382410 3949 46112
BMI, kg/m? 53+11 53+13 48+12
Fasting plasma glucose, mg/dL | 95.5+13.4 105430% | 146£76""
Fasting plasma insulin, pU/ml 12+£5.5 13+6.5% 33+56""
HOMA-IR index 2.64+14 32£1.6° |19.6+52""
Total cholesterol, mg/dL 187 +37 185435 197 54
HDL-cholesterol, mg/dL 40+9 45410 41+6.7
LDL-cholesterol, mg/dL 122+£32 124£27 | 135447
Triglycerides, mg/dL 130£57 149+54 | 200+£119F
ALT, U/L 21+6 34425° 40+18*
AST, U/L 15.7+5 26+18* 3013
Histological Features

Degree of steatosis, % — 36.54+26 | 51427
Lobular inflammation (0-3) — 0.340.54 | 1.5+0.96
Hepatocellular ballooning (0-2) | — 020+£04 | 1.14+0.6
Fibrosis Stage — 03+1.67 |15+14"
NAFLD activity score (NAS) — 224137 |48+1"

Table 2. Clinical and biochemical features of morbid obese patients recruited from the bariatric surgery
cohort. NAFL: nonalcoholic fatty liver, NASH: nonalcoholic steatohepatitis BMI: body mass index; HOMA:
homeostatic model assessment; ALT and AST: Serum alanine and aspartate aminotransferase. Results are
expressed as mean =+ SD. *p < 0.001 Indicates NAFL vs. controls, ‘p < 0.001 indicates comparisons between
NAFL and NASH, and *p < 0.001 denotes comparisons between NASH and control subjects. P value stands for
statistical significance using Mann-Whitney U test, except for female/male proportion that p value stands for
statistical significance using Chi-square test.
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Figure 2. Genotype frequencies of rs641738 according the disease status (control subjects, patients with simple
steatosis-NAFL and NASH). (A) Results from the cross-sectional study of patients with NAFLD and Metabolic
Syndrome. (B) Results from a cohort-study of morbid-obese patients that underwent bariatric surgery.

addition, for polymorphisms with minor allele frequencies >0.2 (like the one observed for rs641738 MAF 0.40),
the ORs are expected be in the range of 1.1-1.5'. However, our study is underpowered for ORs 1.2-1.25 and for
all histological features analyses.

In contrast to some reports in the literature indicating a significant association of the variant with NASH, liver
damage and fibrosis in individuals of European descent but not other ethnicities'?, our study suggests that it is
highly unlikely that rs641738 plays a role in the genetic susceptibility of NAFLD, at least in our population. A note
of caution regarding the lack of association of the variant and liver fibrosis in our sample should be added because
it could be explained by insufficient power.

Likewise, Krawczyk and coworkers failed to detect an association of the rs641738 and NAFLD or liver func-
tion test'!, while a marginal but positive effect of the variant on liver fibrosis (OR 1.41 95% CI 1.003-1.982,
p=0.048) was observed.

Meanwhile this manuscript was under the peer review process, several reports on the role of rs641738 were
published!¢-1820; specifically, there were large studies that included well characterized patients diagnosed by liver
biopsy!'®'”. Interestingly, these studies showed a negative association of the variant with NAFLD¢-1%20 and NASH
or liver fibrosis'®!7.
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Figure 3. Expression profile of MBOATY? in the liver tissue of patients with NAFLD. (A) A representative
sample of testis and (B) A representative sample of gastrointestinal stromal tumor, which were used as positive
control tissues; arrows denote strong immunoreactivity. (C) and (D) A representative sample of a patient

with NAFLD carrying the rs641738 CC and T'T genotype, respectively. Protein expression was assessed by
imunohistochemistry in ten patients with NAFLD (CC n =5 vs. TT n=5) by two independent Pathologists and
a semiquantitative score (0-4). As the samples presented very low levels of staining no sample was classified as
having an score higher than 1. Mann-Whitney U test was used to analyse statistical significance.

A detailed summary of the available evidence is shown in Table 3.

While the reasons behind these discrepancies are unclear, several potential explanations should be considered.

The first explanation relates to putative discrepancies at the population level and the design of the extant
studies on the effect of rs641738 on either hepatic steatosis or hepatic triglyceride content (HTGC)—as meas-
ured by liver spectroscopy—both of which contribute to inconsistencies among different datasets. For example,
in their analyses, Mancina et al. stratified the data by ethnic groups of the population-based Dallas Heart Study
(DHS), and observed a positive significant effect (p=0.019) of rs641738 on HTGC content (continuous variable)
that was restricted to African Americans. In contrast, association with hepatic steatosis (NAFLD as a disease
trait) remained significant in European Americans (OR: 1.37; 95% CI: 1.09-1.72; p=0.007) but not in African
Americans'. The biological reasons behind such discrepancies, while interesting, are certainly hard to explain.

A second explanation could be a false positive association between the variant and NAFLD ascribed to devi-
ations from HWE or insufficient genotyping accuracy. Mancina et al. showed that rs641738 was associated with
NASH and the disease severity in European population; however, genotype frequencies deviated from HWE
(p=0.017)"2. Nevertheless, HWE is statistically a null hypothesis as it assumes there is no evolution in the pop-
ulation. In fact, disease-associated allele can be deviated from HWE in a disease population (cases) but not in
controls.

A third but yet unexplored explanation relates to a putative gene x environment interaction, the occurrence of
which seems to be limited to the European cohort of Mancina et al’s study'>. Nevertheless, this possibility is hard
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MBOAT?7 (ENSG00000125505.12)

ENSG00000125505.12 rs11668882 8.80E-10 —0.43
ENSG00000125505.12 rs8736 1.00E-09 —0.43
ENSG00000125505.12 1s2576452 1.10E-09 —0.43
ENSG00000125505.12 1s372932354 1.40E-09 —0.42
ENSG00000125505.12 rs641738 2.80E-09 —0.42
ENSG00000125505.12 rs626283 2.80E-09 —0.42
ENSG00000125505.12 rs4806498 3.60E-09 —0.42
ENSG00000125505.12 rs60204587 4.10E-09 —0.43
ENSG00000125505.12 rs10416555 5.90E-08 —0.61
ENSG00000125505.12 1536656 0.0000011 —0.34
ENSG00000125505.12 rs77215230 0.0000012 —0.6
ENSG00000125505.12 151050527 0.0000012 —0.6
ENSG00000125505.12 rs11084313 0.0000018 —0.58
ENSG00000125505.12 158100978 0.0000043 —0.36
TMC4 (ENSG00000167608.7)

ENSG00000167608.7 15776138589 6.80E-20 1.6
ENSG00000167608.7 rs43211 2.80E-08 —0.67
ENSG00000167608.7 rs117643023 3.60E-08 14
ENSG00000167608.7 154806716 6.20E-08 —0.67
ENSG00000167608.7 rs8100978 1.30E-07 —0.63
ENSG00000167608.7 1536663 1.40E-07 —0.65
ENSG00000167608.7 1$36659 1.40E-07 —0.65
ENSG00000167608.7 rs42319 2.10E-07 —0.64
ENSG00000167608.7 1s36642 2.20E-07 —0.65
ENSG00000167608.7 rs36641 2.30E-07 —0.64
ENSG00000167608.7 1s593073 3.80E-07 —0.64
ENSG00000167608.7 rs3816129 3.90E-07 —0.63
ENSG00000167608.7 1s36658 4.10E-07 —0.64
ENSG00000167608.7 rs8101186 4.40E-07 —0.6
ENSG00000167608.7 15653560 4.60E-07 —0.64
ENSG00000167608.7 rs40168 6.90E-07 —0.61
ENSG00000167608.7 rs36624 8.10E-07 —0.59
ENSG00000167608.7 rs40167 0.000001 —0.6
ENSG00000167608.7 rs635608 0.0000012 —0.6
ENSG00000167608.7 1rs7595 0.0000012 —0.6
ENSG00000167608.7 rs36621 0.0000012 —0.6
ENSG00000167608.7 1rs12975696 0.0000013 —0.59
ENSG00000167608.7 rs40357 0.000002 —0.59
ENSG00000167608.7 rs183716 0.000002 —0.59
ENSG00000167608.7 rs39714 0.000002 —0.59
ENSG00000167608.7 rs36623 0.000002 —0.59
ENSG00000167608.7 rs36622 0.0000027 —0.6

Table 5. Significant Single-Tissue eQTLs for MBOAT7 (ENSG00000125505.12) and TMC4 (ENSG00000167608.7)
in the liver tissue. eQTL: expression quantitative trait loci. Data Source: The Genotype-Tissue Expression (GTEx)
project (Data Source: GTEx Analysis Release V7 (dbGaP Accession phs000424.v7.p2). The eQTL effect allele is
the alternative allele relative to the reference allele in the human genome reference, not the minor allele. Query
was specifically done on MBOAT?7 locus (ENSG00000125505.12).

Using the CaTS power calculator for genetic association studies® and assuming a prevalence of NAFLD of
0.30, minor allele frequency (MAF) T'=0.40 and an odds ratio (OR) of 1.3-1.5, our sample had 84-99% power,
respectively, for the additive genetic model.

Liver Immunohistochemistry. Four-micrometer sections were mounted onto silane coated glass slides
to ensure section adhesion through subsequent staining procedures. Briefly, sections were deparaffinized, rehy-
drated, washed in phosphate buffer solution (PBS), and treated with 3% H,O, in PBS for 20 min at room tem-
perature to block endogenous peroxidase. Following microwave heat-induced epitope retrieval in 0.1 M citrate
buffer at pH 6.0 for 20 min, the slides were incubated with a dilution of 1:100 of rabbit polyclonal antibody for
Human Anti-MBOAT?7 (ARP49811_T100, Aviva Systems Biology, San Diego, CA 92121 USA). Immunostaining
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Query SNP LD-eQTL exGene Association LD Study

rs641738 rs641738 TMC4 6.00E-11 1 LV: Caucasian liver donors
rs641738 15641738 MBOAT7 3.65E-12 1 LV: Caucasian liver donors
rs641738 rs641738 TFPT 3.88E-03 1 LV: Caucasian liver donors
15641738 15641738 MBOAT7 9.364 1 LV2: Liver donors
rs641738 rs641738 TMC4 2.001e-08 1 EGEUV_EUR: 1000 Genome-EUR
15641738 152576452 TMC4 7.283e-09 0.923 MuTHER_Fat

rs641738 1r$626283 TMC4 6.631e-09 1 MuTHER_Fat

15641738 rs641738 TMC4 7.858e-09 1 MuTHER_Fat

rs641738 rs8736 TMC4 5.979e-09 0.92 MuTHER_Fat

rs641738 152576452 TMC4 1.234e-19 0.923 MuTHER_Skin

15641738 15626283 TMC4 3.031e-20 1 MuTHER_Skin

15641738 rs641738 TMC4 5.080e-20 1 MuTHER_Skin

15641738 158736 TMC4 1.052e-19 0.92 MuTHER_Skin

Table 6. Analysis of eQTLs (expression quantitative trait loci) denoting correlations between rs641738

and cell tissue-specific gene expression levels. Table shows tissue-specific eQTL associations were identified
by comparing eQTL data from six cell types: LCLs, B cells, Monocytes, Brain, Liver, and Skin. Data was
extracted from the integrated eQTL database, which is available at: http://www.exsnp.org/LDeQTL. Query
was specifically done on rs641638. All eQTL association data in this database were collected from 16 publicly
available studies that had been performed on various human tissues and populations. MuTHER: Multiple
Tissue Human Expression Resource.

was performed using the VECTASTAIN Elite ABC Kit (Vector Lab. CA, USA) detection system. Subsequently,
slides were immersed in a 0.05% 3,3’-diaminobenzidine solution in 0.1 M Tris buffer, pH 7.2, containing 0.01%
H,0,. After a brown color developed, slides were removed and the reaction was stopped by immersion in PBS.
Negative controls were carried out with rabbit serum diluted to the same concentration as the primary antibody.
MBOAT?7 immunostaining was evaluated in a blinded fashion regarding any of the histological and clinical char-
acteristics of the patients. The extent of staining was scored according to its amount and intensity by a 4-point
scoring system as follows: 0 = no staining, 1 = positive staining in less than 20% of cells, 2 =21-50% of positive
cells, and 3 = positive staining in more than 50% of cells. The sections were observed in bright field microscopy
with a microscope Axiostar plus (Carl Zeiss, Germany) at a magnification of X400. As control tissue we used a
sample of testis retrieved from the collection of tissues of the Pathology Department.

Statistical analysis. Quantitative data were expressed as mean = SD unless otherwise indicated. As a signifi-
cant difference in SD was observed between the groups in most of the variables and the distribution was significantly
skewed in most cases, we chose to be conservative and assessed the differences between the groups using nonpara-
metric Mann-Whitney U or Kruskal-Wallis tests. The Cochran-Armitage test for trend was used in the categorical
data analysis to assess the presence of association between the variant and disease severity and a regression anal-
ysis for an ordinal multinomial distribution (Probit as the Link function) with disease severity as the dependent
(response) variable coding controls; NAFL and NASH subjects as 0, 1, and 2, respectively; age, HOMA, and BMI as
continuous predictor variables; and sex and rs641738 genotypes (0, 1, 2) as grouping variables. Moreover, logistic
regression analysis was included for the evaluation of the association between genotypes and histological disease
severity (NAS, ballooning, fibrosis, and inflammation: present coded as 1 or absent coded as 0). To assess the asso-
ciation between genotypes with NAFLD or quantitative traits, we used a chi-square test and logistic regression or
ANCOVA and multiple regression, adjusting for co-variables, such as age, HOMA, BMI, and rs738409. For ordinal
multinomial analysis, logistic analysis, or ANCOVA, we adjusted for co-variables that were not normally distributed
through log-transformation. Correlation between two variables was done using the Spearman’s rank correlation test.
The CSS/Statistica program package version 6.0 (StatSoft, Tulsa, OK, USA) was used in these analyses.

Data availability. All data generated or analyzed during this study are included in this published article.
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