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Abstract

Objective—To assess the association between the single-nucleotide polymorphism (SNP)
rs58542926 in the transmembrane 6 superfamily member 2 (TM6S-2) gene and fatty liver disease
in obese youth.

Research and Methods—We genotyped the TM6S-2 rs58542926 SNP in a multiethnic cohort
of 957 obese children and adolescents (42% Caucasians, 28% African Americans, 30%
Hispanics). All underwent an oral glucose tolerance test, a liver panel and a lipid profile. Of them,
454 children underwent a MRI study to assess hepatic fat content (HFF%), 11 children underwent
liver biopsy to assess the degree of disease severity.

Results—The minor allele of the rs58542926 SNP was associated with high HFF% in
Caucasians and African Americans (all P<0.05), with high ALT levels in Hispanics (P<0.05) and
with a more favorable lipoprotein profile (lower LDL, small dense LDL and very small LDL) in
Caucasians and Hispanics (all P<0.05). The liver biopsy showed a higher prevalence of fibrosis
(P=0.04) and a higher NAFLD Activity Score (P=0.05) in subjects carrying the minor allele than
in those homozygous for the common allele. Moreover, we observed a joint effect among the
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TM6SF2 rs58542926, the PNPLA3 rs738409 and the GCKR rs1260326 SNPs in determining
intrahepatic fat accumulation (P<0.05).

Conclusions—The rs58542926 SNP in the TM6SF2 gene is associated with pediatric NAFLD,
but may confer protection against cardiovascular risk.

Keywords
obesity; youth; GCKR; PNPLAS; LDL

Non-alcoholic fatty liver disease (NAFLD) is the most common form of chronic liver
disease in pediatrics affecting between 3% and 11% of the pediatric population reaching the
rate of 46% among overweight and obese children and adolescents (1).

Recently, an exome-wide association study in a multi-ancestry adult population has
identified a non-synonymous single nucleotide polymorphism (SNP) in the Transmembrane
6 Superfamily Member 2 (TM6S-2) gene, to be associated with fatty liver disease, but a
clinically favorable lipid profile (low LDL and cholesterol levels) (2, 3). This variant is
characterized by a C-to-T substitution in the nucleotide 499, encoding a glutamate with
lysine change at the codon 167 (E167K) (2). In vitro studies have shown that the E167K
variant form is misfolded and undergoes accelerated intracellular degradation (2), causing an
increased intra hepatic fat accumulation and a defect in VLDL secretion (2). Subsequent
clinical studies have shown that the molecular defect translates into 1) a higher risk of the
progression to NAFLD/NASH (4), and into 2) a lower incidence of cardiovascular events
due to the low levels of circulating LDL (5).

Very little is known about the potential effect of the TM6S-2 rs58542926 variant in the
pathogenesis of fatty liver in US obese youth. Therefore, in this study, we aimed at
determining the role of TM6SF2 rs58542926 in the development of NAFLD in a multiethnic
group of obese youth and at verifying whether there is a joint effect on the fatty liver
phenotype of the TM6SF2 rs58542926, PNPLA3 rs738409 and GCKR rs1260326 variants,
the latter two previously shown to predispose to fatty liver (6, 7); and (4) to explore the
effect of the rs58542926 variant on plasma lipoproteins subclasses.

Materials and Methods

We studied 957 obese children and adolescents (42% Caucasians, 28% African Americans,
and 30% Hispanics), recruited from the Yale Pediatric Obesity Clinic (Table 1). Our patients
were followed by our clinical staff, who monitored glucose, liver function and lipid
metabolism and gave standard nutrition counseling and physical activity recommendations.
A fast gradient magnetic resonance imaging to assess hepatic fat content (HFF%) and
abdominal fat distribution was performed in the subjects who gave their consent to
participate to the imaging study. To be eligible for this study, subjects could not be on
medications known to affect liver function or alter glucose or lipid metabolism. Information
relating to alcohol consumption was obtained in all subjects using our clinical lifestyle
questionnaire. Autoimmune hepatitis, Wilson disease, alpha-1-antitrypsin deficiency,
hepatitis B and C, and iron overload were excluded with appropriate tests in subjects with
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persistent elevation in alanine aminotransferase (>6 months). Written informed consent was
obtained from the parents and assent from the children and adolescents. The study was
approved by the Yale University Human Investigation Committee.

Genotyping

Genomic DNA was extracted from peripheral blood leukocytes. To genotype the
rs58542926 SNP, the following pair of primers was used: forward = 5-AAA GTT CAG
GCA CAT TGG GAC AAG GC-3 and reverse = 5-AGC CAA GAT TGC ATC ACT GCA
C-3’. Polymerase chain reaction (PCR) was carried out using the annealing temperature of
65.0°C. PCR products were analyzed by automated sequencing through the Yale W.M.
Keck facility.

Metabolic Studies

All metabolic studies were done at the Yale Clinical Center Investigation at 8:00 AM
following a 10-hour to 12-hour overnight fast. Subjects were studied at the Hospital
Research Unit (HRU) of the Yale New Haven Hospital.

Oral Glucose Tolerance Test

A standard OGTT (1.75 g/kg body weight, up to 75 g) was conducted to determine glucose
tolerance (8). Blood samples for determination of glucose, insulin and C-peptide were drawn
at -15, 0, 30, 60, 90, 120 and 180 min. The Matsuda index was used to calculate insulin
sensitivity (9) (whole-body insulin sensitivity index [WBISI]).

Imaging Studies

Abdominal Magnetic Resonance Imaging—Magnetic resonance imaging (MRI)
studies were performed on a GE or Siemens Sonata 1.5 Tesla system (10). The measurement
of the liver fat content was performed by MRI using the two-point Dixon (2PD) method as
modified by Fishbein et al. Using the MRIcro software program, five regions of interest
were drawn on each image and the mean pixel signal intensity level was recorded (11). The
HFF was calculated in duplicate from the mean pixel signal intensity data using the formula:
[(Sin — Sout)/(2 x Sin)] x 100. The imaging parameters were: matrix size = 128 x 256, flip
angle (a) = 30°, TR = 18 ms, TEs = 2.38/4.76 ms out-of-phase and in-phase, respectively,
bandwidth = 420 Hz/pixel, six averages, slice thickness = 10 mm, one slice, 2.3 seconds/
slice (for 2 points), scan time = 14 seconds in a single breath-hold (11).

Liver Biopsy—Liver Biopsy was performed in 11 subjects (5F) because of persistent
elevation in Alanine Aminotransferase (ALT) (mean ALT 130; 95%CI 80-213). Biopsies
were formalin-fixed, paraffin embedded, stained with Hematoxyllin & Eosin, trichrome and
Gordon's reticulin techniques. All biopsies were 2 cm or more in length and were reviewed
by a pediatric pathologist according to the Brunt approach. In detail, steatosis was assessed
as the percentage of hepatocytes involved within a lobule (0%-100%, steatosis score) and
by using a 4-grade classification modified from Kleiner et al (12): 0, absent; 1, <5%; 2, 5%—
33%); 3, 33%—-66%; 4, >66%. Staging and grading were performed according to Brunt et al
(13). The NAFLD activity score (NAS) was calculated according to Kleiner et al (12). The
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score is defined as the sum of the scores for steatosis (0, <5%; 1, 5%-33%; 2, 33%—66%; 3,
>66%), lobular inflammation (0, none; 1, <2 foci/x200 magnification field; 2, 2—4 foci/x200
magnification field; 3, >4 foci/x200 magnification field), and ballooning (0, none; 1, few; 2,
many).

Biochemical Analyses—Plasma glucose was determined using a glucose analyzer by the
glucose oxidase method (Beckman Instruments, Brea, CA). Plasma insulin was measured by
the Linco RIA, lipid levels were determined with an Auto-Analyzer (model 747-200), and
liver enzymes were measured, using standard automated kinetic enzymatic assays. All
assays were performed in duplicate, and the absorbance was determined using a microplate
reader (molecular Devices M2, Sunnyvale, CA).

Statistical Analyses

Results

The chi-square test was used to assess whether the genotypes were in Hardy Weinberg
equilibrium and to test differences in genotype distribution among different ethnic groups.
Prior to data analysis, all variables were tested for normality, with non-normally distributed
variables log transformed to be better approximated by normality, except for HFF% for
which a square root transformation was used. Within each ethnic group, the association
between the genotypes and quantitative traits was evaluated by coding the genotype with an
additive model of inheritance, i.e. the genotype is coded with O, 1, or 2 corresponding to the
number of minor alleles carried by each individual; age, sex, and BMI z-score were used as
covariates when appropriate. To assess whether the effect of the genotype on the degree of
liver injury and on lipoprotein profile might be influenced by the presence of the intra-
hepatic fat content, we divided the subjects who underwent a fast-MRI in two groups
according to the degree of liver fat (<5.5% and >5.5%) and assessed the interaction between
the rs58542926 and NAFLD in modulating the levels of ALT, triglycerides, HDL, LDL and
total cholesterol in each ethnic group.

The genetic score among the rs58542926 in the TM6SF2, the rs738409 in the PNPLA3 and
the rs1260326 in the GCKR was calculated by risk allele counting. In each ethnic group, the
association between the genetic score and the main outcome (HFF%) was assessed by a
general linear model using an additive model, and age, sex, and BMI z-score were used as
covariates. Data are shown as mean and standard deviation.

The minor allele (T) frequency was 0.061 in Caucasians, 0.033 in African Americans and
0.089 in Hispanics; these frequencies were similar to those observed previously (2). The
genotype distribution was in Hardy Weinberg equilibrium in all the ethnic groups (all
P>0.05).

In all ethnicity the genotype groups had similar age, gender, BMI and glucose tolerance (all
P>0.05) (Table 1). Moreover, the two groups showed similar fasting glucose, fasting insulin,
HbAlc and WBISI (all P>0.05) (Table 2).
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Association of the TM6SF2 rs58542926 with hepatic fat content and liver injury

The data in according to the genotype in the whole population are shown in the
supplemental tables 1 and 2. Subjects carrying the minor allele of the rs58542926 SNP
showed a higher hepatic fat content in Caucasian (P=0.02) and in African American patients
(P=0.02), although not statistically significant, a similar trend was observed in Hispanics
(P=0.602). (Figure 1). The ALT and AST levels were higher in subjects carrying the T allele
in Hispanics (P=0.029 and P=0.009, respectively) and a similar trend was seen in
Caucasians (P=0.094 and P=0.195, respectively) (Table 1). In the subgroup of patients who
underwent a liver biopsy, 6 carried the CC genotype and 5 the CT genotype. Fibrosis stage >
1 was present in 20% of the CC and 80% of the CT (P=0.05); (Figure 2). Moreover, the two
groups of genotype differed for the NAFLD activity score, with the CT genotype showing a
significantly higher NAS compared to the CC patients (P=0.04).

We did not observe any interaction between the rs58542926 SNP and NAFLD in
modulating the levels of ALT, total cholesterol, LDL, HDL and triglycerides (all P>0.05).
The associations between the rs58542926 SNP and these outcomes according to the
presence of NAFLD and the interactions between the rs58542926 SNP and NAFLD are
shown in the supplemental tables 3A, 3B, 3C and 4.

Joint effect of PNPLA3 and GCKR on increased HFF and ALT

Because PNPLA3 rs738409 and GCKR rs1260326 were previously associated with pediatric
NAFLD (14-16), we evaluated whether there was a joint effect between the rs58542926 in
the TM6S-2 and the variants in the PNPLA3 and in the GCKR. In all ethnic groups we
observed that HFF % increased as the risk score was higher independent of age, gender and
BMI z-score (P<0.001) (Figure 3).

Plasma Lipoproteins: effect of rs58542926 TM6SF2 gene variant

In the group of Caucasians, subjects carrying the T allele showed lower cholesterol levels
(P=0.013), LDL particles (P=0.007), large LDL particles (P=0.819), small LDL particles
(P=0.022), medium small LDL particles (P=0.057), and very small LDL particles (P=0.021),
than C homozygous. Also in the Hispanic group, compared to the CC, the T allele carriers
showed significantly lower levels of total cholesterol (P=0.002), VLDL (P<0.001), and LDL
total particles (P=0.001), large LDL particles (P=0.017), small LDL particles (P=0.024),
medium small LDL particles (P=0.005), very small LDL particles (P=0.044) and
triglycerides (P=0.002) (Figure 4). We did not observe any differences in African American
population for what concerns the lipoprotein subclasses.

Discussion

In this study, we found that obese children and adolescents carrying the minor allele for
rs58542926 SNP have higher risk of showing hepatic steatosis and marked liver damage.
We also calculated for the first time a genetic risk score for fatty liver by using three SNPs
found associated with NAFLD in our population (PNPLA3 rs738409, GCKR rs1260326,
TM6SF2 rs58542926) and observed that the higher the risk score, the higher the amount of

Hepatology. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Goffredo et al.

Page 6

intra-hepatic fat. Moreover, the carriers for the risk allele for the rs58542926 SNP showed a
favorable lipid profile with significantly lower total cholesterol and LDL levels.

It is interesting to note that we did not observe an association between the TM6S-2 variant
and the intra-hepatic fat in Hispanics, while the same variant in this group showed a strong
association with ALT levels. In fact, although we observed a trend toward a higher hepatic
fat content in subjects homozygous for the minor allele in Hispanics, this was far from being
statistically significant (P=0.602). These data are consistent with what shown by Kozlitina et
al. in the Dallas Heart Study (2) and can be explained by the fact that Hispanics show the
highest prevalence of NAFLD among the studied population, meaning that to observe an
association between the TM6S-2 SNP, which is a low frequency variant, and the phenotype
a much larger sample size might be needed. Moreover, the fact that the association between
this SNP and the ALT levels was strong in both studies independent from the degree of
intra-hepatic fat content might suggests that in the Hispanic population the effect of the
TM6SF2 variant could play a major role in liver injury more than in intra-hepatic fat
accumulation.

Furthermore, we compared the results of our Caucasian children (n=402) with those shown
by Grandone et al. (n=1010) (3). Our patients were slightly older and the prevalence of girls
was higher (Supplemental table 5). For a better comparison of the data, we contacted the
authors who kindly provided us with the r2 for the associations between the TM6S-2
rs58542926 and the ALT and lipids. As shown in the supplemental table 3, the variance of
ALT and lipids explained by the rs58542926 SNP was similar in the two groups of children
(American Caucasians and Italians) (Anna Grandone and Emanuele Miraglia del Giudice
personal communication).

The TM6SF2 encodes a protein of 351 amino acids with 7-10 predicted transmembrane
domains (17). The rs58542926 is characterized by a C-to-T substitution in the nucleotide
499 resulting in a Glutamic Acid to Lysine substitution at the codon 167 in the TM6SF2
gene (E167K). Protein subcellular localization studies demonstrated that the TM6S-2
protein is localized in the endoplasmic reticulum and in the ER-Golgi intermediate
compartment of human liver cells (17). The rs58542926 variant is likely to cause a loss of
function of the TM6S~2 encoded protein. In fact, in vitro and animal studies have shown
that the TM6SF2 is a polytopic membrane protein and that the K167 variant form is
misfolded and undergoes accelerated intracellular degradation (2). This results in the
TM6SF2 loss of function, which in turn causes a reduced triglycerides secretion and an
increased intra-hepatic triglycerides accumulation within multiple large lipid droplets in the
liver tissue (2). The clinical consequence of the TM6S-2 loss of function is a higher risk of
liver fat accumulation and liver damage (given the massive intra-hepatic accumulation of
TGs) (4, 18), but a favorable lipid profile (given the low concentration of plasma TGs and
LDL) (7, 19).

In fact, consistent with adult data (2, 5) we observed that obese children and adolescents also
have a favorable lipid profile characterized by lower total cholesterol, VLDL, total LDL
particles, large LDL particles, small LDL particles, medium small LDL particles and very
small LDL particles, which are strong risk factors for myocardial infarction (20). Of note,
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we did not observe a statistically significant association between the subclasses of
lipoproteins and the rs58542926 variant in African Americans. This might be due to the fact
that African Americans tend to accumulate lower amounts of lipids in the liver probably
owing a lower lipolysis from adipose tissue (21). Therefore, the effect of the rs58542926
SNP on lipoprotein accumulation in the hepatocytes is probably less marked in this ethnic

group.

The rs58542926 variant confers protection against myocardial infarction and carotid plaques
formation as it is linked to lower circulating lipoproteins (in particular small LDL and very
small LDL) (22). Dongiovanni and colleagues extended these findings in a large,
prospective cohort of morbidly obese individuals at high risk of cardiovascular diseases
(CVD) with long-term follow-up and showed that carriers of the rs58542926 minor allele
are protected against long term CVD by the reduced circulating levels of atherogenic
lipoproteins (5). These findings might have therapeutic implications; in fact, recently, in a
large cross-sectional cohort of at risk adults, it has been demonstrated that statin use is
associated with protection against the liver damage related to NAFLD by down-regulation
of the sterol regulatory element-binding protein 1c (SREBP1c), a key regulator of
triglycerides synthesis (23), but the presence of the 1148M PNPLA3 risk variant reduced
statin beneficial effect, while rs58542926 TM6SF2 did not influence the beneficial effect of
statins on NASH (23), which makes wonder about the possibility of treating T allele carriers
with statin to inhibit liver damage, even if the lipid profile of these patients does not justify
this treatment.

Strengths and limitations

This study has several strengths, such as 1) the extensive characterization of the metabolic
phenotype of our cohort, 2) the young age of the patients, and therefore the absence of risk
factors linked to alcohol consumption, aging and other comorbidities of obesity, and 3) the
use of magnetic resonance imaging (MRI) measurement to assess HFF%. The major
limitation of this study is the sample size: the rs58542926, in fact, is a rare variant, which is
why we studied only a small number of patients carrying the risk allele within each
ethnicity. Moreover, the follow-up time was not long enough to assess whether or not obese
children carrying the rs58542926 variant might be protected in the long term from the
development of CVD or whether the long exposition to obesity and its complications might
negatively affect the beneficial effect of the genotype.

Conclusions and future directions

The rs58542926 variant is associated with early onset fatty liver disease and liver injury, but
with a favorable cardiovascular profile. Further studies would help us to better understand
the primary mechanism by which this mutation changes the structure of the protein and
possibly to use it as a target to prevent liver damage and to ameliorate cardiovascular
comorbidity in obese children and adolescents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Association of the TM6SF2 rs58542926 with hepatic fat content
Association between TM6SF2 rs58542926 SNP and hepatic fat content (%HFF) in (A)

Caucasians, (B) African Americans, and (C) Hispanics. White bars represent the CC and
black bars represent CT/TT. P values are adjusted for age, sex, and BMI. Data are shown as
mean with SD.
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Figure 2. Association between TM6SF2 rs58542926 SNP and liver histology
The TM6SF2 rs58542926 minor allele is associated with liver fibrosis (panel A) and

NAFLD Activity score (NAS) (panel B). Data of NAS are shown as mean with SD.
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Figure 3. Joint effect of PNPLA3 and GCKR on increased HFF
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Association between the genetic risk score calculated adding the risk alleles of rs58542926
in the TM6SF2, the rs738409 in the PNPLA3 and the rs1260326 in the GCKR and the
hepatic fat content (%HFF in the overall population (A), in Caucasians (B), in African
Americans (C), in Hispanics (D). P values adjusted for age, sex, BMI. Data are shown using
the mean % within each group.
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Figure 4. Plasma Lipoproteins: effect of rs58542926 TM6SF 2 gene variant
Association in Caucasians, African Americans and Hispanics between TM6SF2 rs58542926

SNP and total LDL Particles (panel A-C) and Very Small LDL Particles (panel D-F). White
bars indicate the CC and black bars indicate the T allele carriers. P values are adjusted for
age, sex, and BMI. Data are shown as mean with SD.
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