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Abstract
Background & Aims—There is little data available from genome-wide association studies
(GWAS) of liver histology in patients with non-alcoholic fatty liver disease (NAFLD). We conducted
a pilot GWAS in patients with NAFLD, characterized by histology, who were enrolled in the NASH
CRN Database Study.

Methods—We studied clinical, laboratory, and histological data from 236 non-Hispanic Caucasian
women with NAFLD. We analyzed 324,623 single nucleotide polymorphisms (SNPs) from the 22
autosomal chromosomes. Multivariate-adjusted logistic regression analyses were conducted for
binary outcomes and linear regression analysis was applied for quantitative traits. A P-value <
1×10−6 was considered to be significant.

Results—In multivariate models adjusted for age, body mass index, diabetes, waist:hip ratios, and
levels of hemoglobin A1c, the NAFLD activity score was associated with the SNP rs2645424 on
chromosome 8 in farnesyl diphosphate farnesyl transferase 1 (FDFT1) (P=6.8×10−7). The degree
of fibrosis was associated with the SNP rs343062 on chromosome 7 (P=2.7×10−8). SNPs associated
with lobular inflammation included SNP rs1227756 on chromosome 10 in COL13A1
(P=2.0×10−7), rs6591182 on chromosome 11 (P=8.6×10−7), and rs887304 on chromosome 12 in
EFCAB4B (P=7.7×10−7). SNPs associated with serum levels of alanine aminotransferase included
rs2499604 on chromosome 1 (P=2.2×10−6), rs6487679 on chromosome 12 in PZP (P=1.3×10−6),
rs1421201 on chromosome 18 (P=1.0×10−5), and rs2710833 on chromosome 4 (P=6.3×10−7). There
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were no significant associations between genotypes and steatosis, ballooning degeneration, portal
inflammation, or other features of NAFLD.

Conclusions—A GWAS significantly associated genetic variants with features of hepatic
histology in patients with NAFLD. These findings should be validated in larger and more diverse
cohorts.
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Introduction
Nonalcoholic fatty liver disease (NAFLD) is a common liver condition affecting up to 35% of
adults in the United States.1 It generally occurs in the context of obesity, type 2 diabetes mellitus
and dyslipidemia.2 It is broadly categorized into steatosis, which is largely benign and
nonalcoholic steatohepatitis (NASH), which can progress to cirrhosis and liver failure.3 The
pathogenesis of NASH is not well understood. It remains unclear why some patients with
NAFLD exhibit NASH, whereas patients with same set of co-morbidities and known risk
factors have fatty liver only. There are data to provide evidence that genetic factors play an
important role in the pathogenesis of and disease progression in NAFLD. Studies have shown
that there is familial clustering of NAFLD, and in fact it is highly heritable.4,5 Schwimmer et
al. have estimated that the heritability of liver fat fraction (assessed by magnetic resonance
[MR] spectroscopy) as a continuous trait after controlling for age, gender, race and BMI was
39%.6 There is a striking ethnic variability in the prevalence of NAFLD, even after controlling
for confounding risk factors. In the Dallas Heart Study where MR spectroscopy was performed
on 2,287 multiethnic adults, Hispanics had significantly higher and Blacks had significantly
lower prevalence of hepatic steatosis, in comparison to whites.1 Despite this strong suspicion
and suggestive data, studies evaluating the genetic basis for NAFLD and NASH are limited.
Most studies have been hypothesis-driven and have tested candidate genes in relevant pathways
such as hepatic free fatty acid load, oxidative stress, response to endotoxin, release or effect
of adipocytokines, and severity of hepatic fibrosis.7 Many of these studies have undoubtedly
yielded interesting and important results but they have generally suffered from small sample
size and insufficient statistical power.

Genome-wide association studies (GWAS) provide a broader and unbiased approach for
discovery of genes involved in complex genetic traits. For example, the association between
complement factor H gene and macular degeneration,8–10 TNFSF15 conferring susceptibility
to Crohn’s disease,11 and association of coronary heart disease with loci near the CDKN2A
and CDKN2B genes on chromosome 9 were all identified through GWAS.12 But GWAS with
any pertinence to NAFLD are quite limited, and none have been performed in patients with
histologically characterized NAFLD. In one study, Yuan et al. conducted a GWAS of plasma
liver-enzyme levels in three populations with replication in three additional cohorts.13 The
previously reported associations between the GGT1 locus and gamma glutamyl transpeptidase
(GGT) levels and between the ABO locus and alkaline phosphatase (ALP) levels were
confirmed. In addition, CPN1-ERLIN1-CHUK on chromosome 10 and PNPLA3-SAMM50 on
chromosome 22 were found to influence plasma levels of alanineaminotransferase (ALT),
HNF1A on chromosome 12 influenced GGT levels, and three loci influenced ALP levels
(ALPL on chromosome 1, GPLD1 on chromosome 6, and JMJD1C-REEP3 on chromosome
10). In a more recent study, Romeo et al reported the relationship between genome-wide survey
of 9,229 nonsynonymous single nucleotide polymorphisms (SNPs) and hepatic fat detected by
MR spectroscopy in 1,032 African-American, 696 European-American and 383 Hispanic
adults residing in Dallas County.14 This study found that variation in PNPLA3 contributes to
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ethnic and inter-individual differences in hepatic fat content and susceptibility to NAFLD. An
allele in PNPLA3 (rs738409; I148M) was strongly associated with increased hepatic fat levels
(P=5.9×10−10) and with alanine aminotransferase levels (P=3.7×10−4). But this study did not
have liver histology data and furthermore it may have included a number of individuals with
moderate alcohol consumption. A pilot GWAS was conducted in a cohort of patients with
histologically characterized NAFLD who were enrolled into the NAFLD Database Study
conducted by the NASH Clinical Research Network (CRN). While prior studies were geared
towards finding genetic determinants of prevalent NAFLD, imaging parameters, and/or liver
enzymes, the current study focused on genetic influences on histologic parameters in subjects
with well characterized NAFLD.

Methods
Study Subjects

This GWAS was conducted on a subset of patients who were enrolled into the NAFLD
Database Study (Supplemental Figure 1). The NAFLD Database Study is an ongoing
multicenter, observational study conducted by the National Institute of Diabetes and Digestive
and Kidney Diseases (NIDDK) funded NASH CRN. Initiated in 2004, this longitudinal
observational study enrolled 1,215 adults and children with suspected NAFLD, definite
NAFLD (confirmed by liver histology) or cryptogenic cirrhosis. Individuals enrolled into the
NAFLD Database Study were evaluated for the absence of significant alcohol consumption
and for competing etiologies of chronic liver disease (e.g., hepatitis B, hepatitis C,
hemochromatosis) and alternate etiologies for steatosis (e.g., drugs, jejunoileal bypass).
Eligibility criteria for the NAFLD Database Study are shown in Supplemental Table 1. From
this cohort, non-Hispanic, Caucasian, female adults with NAFLD were selected whose liver
biopsy specimens were reviewed and scored centrally by the NASH CRN Pathology Sub-
committee. Features of liver histology were scored according to its published NAFLD
histology scoring system.15 In brief, the severity of steatosis was graded from 0 to 3,
inflammation from 0 to 2, hepatocyte ballooning degeneration from 0 to 2 and fibrosis was
staged from 0 to 4. In addition, each sample was assessed for the presence or absence of NASH
by pattern recognition and for the NAFLD Activity Score (NAS) which is the sum of steatosis,
inflammation and hepatocyte ballooning. Additionally, all eligible subjects had liver biopsy
within 6-months prior to their enrollment into the NAFLD Database Study. The NAFLD
Database Study was reviewed and approved by all participating clinical centers and the data
coordinating center, and all participants signed an informed consent which included specific
approval for genetic studies. In addition, this GWAS ancillary study was reviewed and
approved by the NASH CRN Steering Committee and by the Institutional Review Board at
Cedars-Sinai Medical Center, Los Angeles, CA.

Genotyping and Quality Control (QC)
Genotyping was performed at the Medical Genetics Institute at Cedars–Sinai Medical Center
using Infinium HD technology (HumanCNV370-Quadv3 BeadChips; Illumina, San Diego,
CA, USA; Gunderson et al. 2005; 2006). Genotypes were determined based on clustering of
the raw intensity data for the two dyes using Illumina BeadStudio software. Two samples
performed in duplicate yielded 100% concordance. The average sample call rate for samples
which were genotyped successfully was 99.81%.

As shown in Supplemental Figure 1, this ancillary study was approved for conducting genome-
wide genotyping on 250 adult females with NAFLD and all were genotyped for 373,397 SNPs.
Six samples were removed due to lack of central liver biopsy reading. Five additional samples
failed genotyping, yielding 239 individuals with central histology reading and GWAS data.
We also checked missing data rate for each subject and set an exclusion criterion as 0.1. No
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individuals were filtered out by this criterion. We found one individual with gender mismatch
based on chromosome X and Y SNPs data. Two other samples were identified as outliers via
principal components analysis and were therefore removed from further analysis. The
remaining 236 patients constituted our study group and detailed clinical, laboratory,
histological, and genotyping data were available on all these subjects. The total number of
successfully genotyped SNPs was 345,111, including 334,556 autosomal SNPs. 145 SNPs with
a HWE test p-value < 1e-008 were removed; 725 SNPs with missing rate > 0.1 were removed;
and 9319 SNPs were removed due to minor allele frequency (MAF) < 0.02 (PLINK v1.07;
Purcell et al 2007). This led to a total of 324,623 SNPs analyzed from the 22 autosomal
chromosomes. Association analysis was performed on 236 samples that had their liver
histology reviewed and scored centrally. Two hundred and two patients belonging to this study
were also included in two other genetic studies recently accepted for publication (references
40 and 41) but neither is a GWAS.

Power calculation
We evaluated the ability to detect an association between a SNP and NAS score by power
calculation implemented in QUANTO version 1.0 (3). Based on the mean and standard
deviation of NAS (mean 4.27, SD 1.69) in a preliminary sample of patients enrolled into the
NAFLD Database Study, we tested the power using 250 independent individuals under
dominant and additive genetic models (Supplemental Table 2). For detectable effect size βG
greater than 0.5, a sample size of 250 will have enough power (>0.85) to identify the association
under additive model with disease allele frequency greater than 0.20.

Data Analysis
Principal components analysis (PCA) was performed using the program Eigenstrat and all
GWAS SNPs to evaluate genetic homogeneity. None of the PCs explains a large proportion
of the genetic variance. Outliers identified through principal component analysis (greater than
6 standard deviation) were removed from further association analysis (n=2). The scatter plot
demonstrated that there was no apparent sub-cluster in the sample; therefore, all samples (after
excluding the 2 outliers) were analyzed together.

End points evaluated were NAFLD Activity Score (NAS) and its individual components
(steatosis, inflammation, and ballooning), fibrosis, presence of steatohepatitis and
aminotransferase levels. Genotype association with trait was considered statistically significant
with a p value < 1.0e-06.

The NAS was analyzed as both a quantitative trait with range from 0 to 8, and as a binary trait,
defined as 0 if the activity score was less than 5, and 1 if greater than or equal to 5 (individuals
with scores of 5–8 have strong evidence of NASH15). Both ALT and AST values were log
transformed for association testing for normalization of the data distribution. The association
between various genotypes and end-points of interests were evaluated in two different models;
the first included age and BMI as covariates, and the second included age, BMI, presence of
type2 diabetes, waist hip ratio, and HbA1c as covariates to adjust for potential confounders.
In PLINK, logistic regression analysis was carried out for qualitative traits (NAS binary,
fibrosis binary, ballooning (yes/no)), and linear regression analysis was applied for quantitative
traits (NAS quantitative score, aspartate aminotransferase [AST] and alanine aminotransferase
[ALT] levels, and individual histological scores for fibrosis, lobular inflammation, ballooning
degeneration and steatosis). When the minor allele was rare, a dominant genetic model was
assumed, and p-value and regression coefficient beta based on a dominant genetic model were
obtained. For other SNPs, analysis were run for three different genetic models (additive,
dominant, recessive) and the smallest p-value out of the 3 models was obtained, alone with the
regression coefficient under the particular genetic model. Manhattan plots which presents the
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−log10(p-value) along with the 22 autosomal chromosomes were generated for the primary
trait NAS and secondary end points with SNPs that reached our selection criterion of a p value
< 1.0e-06.

Multiple testing is inevitable because of the large number of markers involved in this study.
Given the fact that many markers are in LD, the typical Bonferroni correction is not appropriate
(too conservative, resulting in loss of power). Numerous methods have been suggested for
controlling the family-wise type I error rate (FWER), which is the probability of committing
at least one type I error at or below a specified level in the family of hypotheses.16,17 Based
on positive FDR (rate that discoveries are false, i.e. pFDR = E[V/R |R > 0]),18 q-value has been
proposed as a more appropriate measure than FDR. The q-value of an individual hypothesis
test is the minimum FDR at which the test may be called significant. Utilizing the software
QVALUE 18 we estimated q-values corresponding to each of the p-values we reported in this
study.

To obtain gene annotations for the top SNPs identified from GWAS, the software SNAP was
utilized.19 The gene annotations in SNAP are from GeneCruiser, which are based on the
Ensembl database. Ensembl automatically annotates and indexes data from several sources
such as Entrez, RefSeq, EMBL, Uniprot/SWISS-PROT, Affymetrix, and Gene Ontology (GO).
Regional plots were then generated which presents −log10(p-value) from association analysis
for all SNPs in the region around the top SNP (50 kb on each side). In addition, the regional
plots demonstrate the locations of all candidate genes located in the region.

Results
Table 1 shows selected clinical and laboratory characteristics of 236 patients included in the
genotype-phenotype association analyses. All individuals were non-Hispanic, Caucasian, adult
females. The age and body mass index (BMI) presented as median (interquartile range, IQR)
were 53 years (46–60) and 36 kg/m2 (31–40). Median (IQR) AST and ALT values were 42 U/
L (28–60) and 51 U/L (31–76). Forty two percent of patients had type 2 diabetes and their
median (IQR) fasting glucose at enrollment was 98 mg/dL (88–119).

All individuals had liver biopsy performed within 6-months prior to their enrollment and liver
histology was reviewed centrally. The histological characteristics are shown in Table 1. Fifty-
five percent of patients were deemed to have definite NASH by pattern recognition and 22%
had biopsy findings that were suspicious of NASH./ The median (IQR) NAS was 4 (3–6) (Table
1). There was no fibrosis in 24%, mild zone 3 and/or periportal fibrosis in 39%, bridging fibrosis
in 22% and cirrhosis in 15% of patients.

Primary outcome: Novel association between NAS (NASH activity score) and FDFT1
(Farnesyl diphosphate farnesyl transferase 1) gene

The SNPs with the most significant evidence for association (p<1.0e-06) with nonalcoholic
fatty liver disease-related measures are summarized in Table 2. The quantitative histologic
activity score (NAS) was the primary outcome of interest. The most significant association
with NAS was with rs2645424 on chromosome 8 in the FDFT1 gene (p = 8.0e-07 when
adjusting for age and BMI only; and 7.0e-07 when further adjusting for diabetic status (yes/
no), waist-hip ratio, and HbA1c) (Figure 1a). Upon further examination of SNPs in the FDFT1
gene, we found one additional SNP had p-value less than 1.0e-04, and several more with p-
value <0.01 (Figure 2a). This relationship between FDFT1 gene variants and NAS generally
persisted even when NAS was treated as a binary variable, although none of the associations
reached our cutoff p-value 1.0e-06. A strong association was observed between SNP rs2645424
and NAS as a binary variable with a p-value of 1.03e-05 after adjusting for age and BMI only
and a p-value of 8.39e-06 after further adjusting for diabetes, waist-hip ratio, and HbA1c. The
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details of the association analysis results for binary NAS score and SNPs in the FDFT1 gene,
including genotype frequencies in cases and controls, odd ratio, 95%CI, and corresponding p-
values for each of the two models are given in Supplementary Table 2.

Secondary outcomes
There were several genetic variants associated with secondary outcomes. The most significant
was between SNP rs343062 on chromosome 7 and the degree of fibrosis (Figure 1b. p=5.0e-08
when adjusting for age and BMI; 3.0e-08 after further adjusting for diabetic status, waist hip
ratio, and HbA1c). As shown in the regional plot for rs343062 (Figure 2b), an additional SNP
in the region, rs867177, also had modest association with fibrosis (p<0.0001). Three SNPs
were associated with the lobular inflammation phenotype: SNP rs1227756 on chromosome 10
in the COL13A1 gene, rs6591182 on chromosome 11, and rs887304 on chromosome 12 in the
EFCAB4B gene (p≤9.0e-07, Figure 1c). Three more SNPs in the COL13A1 gene (rs7077164,
rs2763341, rs1227771) had p-values less than 0.0001 (regional plot, Supplemental figure 2).
Four SNPs met the selection criterion for an association with AST levels: rs2499604 on
chromosome 1 (p1 = 9.0e-07, p2 = 2.0e-06), rs6487679 on chromosome 12 in the PZP gene
(p1 = 9.0e-07, p2 = 1.0e-06), rs1421201 on chromosome 18 (p1 = 7.0e-07, p2 = 1.0e-05), and
rs2710833 on chromosome 4 (p1 = 2.0e-06, p2 = 6.0e-07) (Supplemental Figure 3), where p1
and p2 represent p-values calculated from two different covariate models previously defined.
Several additional SNPs in the PZP gene also showed modest evidence of association with
AST, with one having a p-value of less than 1.0e-04 (Supplemental Figure 4).

No SNPs were identified at the pre-specified significance level of 1.0e-06 for degree of steatosis
or ballooning degeneration, presence or absence of NASH, and for ALT levels. A number of
SNPs manifested a modest level of evidence of association (0.05 < p value < 1.0e-06) for each
of the histologically assessed nonalcoholic fatty liver disease measures, as summarized in
Supplementary Tables 3 and 4: 46 SNPs for NAS, 38 for fibrosis, 60 for lobular, 72 for AST,
43 SNPs for steatosis, 56 for ALT, 27 SNPs for balloon, 23 SNPs for fibrosis as a qualitative
trait, 38 SNPs for NAFLD when the full covariate adjustment model was applied.

Fifteen SNPs in the patatin-like phospholipase domain-containing protein 3 (PNPLA3) gene
were evaluated in this GWAS. SNP (rs738409) was not captured by the GWAS so genotypic
association could not be assessed. However, five out of the 15 genotyped SNPs in the PNPLA3
gene were in complete linkage disequilibrium (D′ = 1) with rs738409, but none of the genotypes
showed significant association with any of the outcome variables.

QQ plots for NAS, fibrosis, lobular inflammation, and AST are shown as Supplementary
Figures 5a–5d.

Discussion
In this pilot GWAS in non-Hispanic, Caucasian, women with liver biopsy proven NAFLD, a
novel association was found between NAS and SNPs within the FDFT1 gene locus on
chromosome 8. The FDFT1 gene is a key regulator of cholesterol biosynthesis.20,21 These
findings indicate potential role of lipid metabolism and possibly lipotoxicity in the pathogenesis
of NASH.22 A significant association was also found between various SNPs and fibrosis,
lobular inflammation and AST levels. To our knowledge, this is the first genome wide
association study of histologic features of NAFLD and NASH in a well-characterized cohort
derived from geographically diverse eight centers within United States.

In this study, fibrosis was associated with SNP rs343062 on chromosome 7. Although the exact
function of this SNP is unknown, it is in close proximity of the platelet-derived growth factor-
alpha (PDGFA) gene that appears to play a role in regulation of liver inflammation and fibrosis
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in animal models.23 Lobular inflammation was found to be associated with LTBP3 (latent
transforming growth factor-beta-protein 3), EF-hand calcium binding domain 4B (EFCAB4B)
and collagen, type XIII, alpha 1 (COL13A1) gene. LTBP3 secretion is known to be dependent
upon co-expression of TGF-beta24 which is a key pro-fibrogenic cytokine that is activated in
chronic inflammation and leads to collagen deposition.25,26 COL13A1 has been previously
linked with modifying inflammatory response genes in intestine.27 A recent GWAS study
showed that EFCAB4B is associated with hypertension in Chinese population.28 This
pleiotropy may explain genetic bases of co-occurrence of hypertension among individuals with
NAFLD.

AST levels were associated with SNPs in the pregnancy zone protein (PZP) gene on
chromosome 12. PZP is a proteinase that is strongly related to alpha-2-macroglobulin and is
involved in clearance of TGF-β clearance from human plasma, which plays an important role
in hepatic fibrogenesis.29

Biological rationale and proposed mechanism
In this GWAS, a novel association was found between the NAS (NASH activity score) and the
FDFT1 gene, which is involved in lipid metabolism and cholesterol biosynthesis. FDFT1
encodes squalene synthase (FDFT1) that catalyzes the production of squalene from farnesyl
pyrophosphate and is the first step in the sterol biosynthesis pathway. Inhibitors of squalene
synthase can decrease plasma cholesterol levels.30 The nuclear hormone receptor, liver X
receptor (LXR) α, regulates cholesterol biosynthesis by silencing the expression of squalene
synthase via negative response elements (nLXREs) located in each of the FDFT1 genes. LXR
is activated by dietary sugars and then induces fatty acid synthesis.31 LXR agonists are being
considered in the therapy of dyslipidemia and NAFLD.32

Furthermore, an association was identified between the PDGFA gene and the degree of fibrosis
in NAFLD. A recent study showed that transgenic mice over-expressing PDGF develop
significant hepatic fibrosis spontaneously.33 Previous studies have shown that PDGFA mRNA
expression is increased in mononuclear and ductular cells and that 23 PDGF expression
correlates with ductular proliferation.23 Recent human studies have confirmed that ductular
reaction and proliferation is linked to advanced fibrosis in patients with NASH.34 Although
type 1, 3 and 4 collagen production has been linked to hepatic fibrogenesis,35 the association
between collagen type 13 and liver disease has not been previously reported. The COL13A1
gene is linked to intestinal inflammatory response and it may play a role in liver inflammation
that has yet to be appreciated. Serum AST was linked to the PZP gene. PZP is structurally
closely related to alpha-2-macroglobulin, which is a non-invasive biomarker for predicting
hepatic fibrosis.36 PZP binds to TGF-beta 1 and 2 in a manner that is similar to binding of the
TGF-beta and alpha 2-macroglobulin. PZP binds to TGF-beta 1 preferentially over TGF-beta-2
and regulates it’s plasma clearance.37 TGF-beta signaling is strongly linked to hepatic
fibrogenesis and carcinogenesis and is involved in the pathogenesis of NASH fibrosis. These
multiple associations require further studies to confirm the linkage and to elucidate the
biological basis for the associations.

Strengths and limitations of the study
The strengths of this study include that patients were derived from diverse geographic areas
within United States, well-characterized liver histology, prospectively collected and measured
laboratory and recorded demographic variables, and biological plausibility of findings. A
significant strength of the study includes well-characterization of liver histology using a
validated scoring system derived from this dataset. Additionally, the study was able to exclude
individuals who may have alcoholic liver disease because of stringent entry criteria. However,
limitations of the study include that the study population was exclusively White (non-Hispanic)
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women residing in the United States. Thus, these results need to be validated in larger cohorts
that include men, and participants of other ethnicities and nationalities.

It is noteworthy that this study did not find significant association between PNPLA3 genetic
variants and liver histology in patients with NAFLD. Since the seminal observation by Romeo
et al.,14 that showed a very strong relationship between rs738409 C→G polymorphism of
PNPLA3 and hepatic steatosis, several studies have examined the relationship between genetic
variability in PNPLA3 and liver histology in patients with NAFLD.38–41 In a study that
combined 321 NAFLD patients from UK and 253 NAFLD patients from Italy, Valenti et al.,
have shown that PNPLA3 genotype was associated with severity of steatosis, presence of
steatohepatitis, and severity of fibrosis. However, these associations could not be reproduced
entirely in the subset of NAFLD patients from Italy, presumably due to small sample size.
More recently, Rotman et al., reported the association between genetic variability in PNPLA3
and liver histology in 1197 individuals with NAFLD (96% from the NASH CRN studies, 19%
children). This study showed a statistically significant relationship between PNPLA3 genotype
and degree of steatosis, inflammation, NAS, and fibrosis (but not steatohepatitis). Interestingly,
in a subgroup analysis, investigators did not find any significant relationship between PNPLA3
genotype and liver histology in pediatric patients with NAFLD. In another study that consisted
of 678 NAFLD patients (also from the NASH CRN), PNPLA3 genotype was significantly
associated with the degree of inflammation and fibrosis, but not with steatosis severity,
ballooning or the presence of steatohepatitis. It is unclear why we did not find any relationship
between PNPLA3 genetic variability and liver histology in this study, but this may be a
reflection of our modest sample size and highly select group of patients (i.e., adult Caucasian
women).

Conclusions
In this GWAS, novel associations were found between genes involved in lipid metabolism,
growth factors and collagen deposition and with histologic and biochemical features of NAFLD
in a well-characterized cohort of non-Hispanic, Caucasian women participants of the NASH
CRN. These findings suggest that several complex genes are involved and interlinked in the
pathogenesis of NAFLD and NASH. The specific histologic phenotype may be regulated by
genes involved in diverse metabolic pathways. This pilot study provides preliminary data that
GWAS approach may lead to identification of novel genes involved in the pathogenesis of
NAFLD and NASH. In future, large, international, collaborative studies including
geographically and ethnically diverse population with well-characterized liver histologic
features of NAFLD are needed to confirm and validate these findings.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

NAFLD Nonalcoholic Fatty Liver Disease

NASH Nonalcoholic steatohepatitis

NASH CRN Nonalcoholic Steatohepatitis Clinical Research Network

NAS NAFLD Activity Score

SNP Single nucleotide polymorphism

AST Aspartate aminotransferase

ALT Alanine aminotransferase
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Figure 1.
Figure 1a. Manhattan Plot NASH activity score (NAS)
Figure 2a shows the Manhattan plot for NAS. X-axis is chromosome number, and Y-axis is
−log10(p-value) from GWAS. Each point represents a profiled SNP.
Figure 1b. Manhattan plot for fibrosis
Figure 2b shows the Manhattan plot for fibrosis. X-axis is chromosome number, and Y-axis
is −log10(p-value) from GWAS. Each point represents a profiled SNP. The arrow indicates the
SNP with a p-value less than 1.0e-06.
Figure 1c. Manhattan plot for lobular
Figure 2c shows the Manhattan plot for lobular. X-axis is chromosome number, and Y-axis is
−log10(p-value) from the GWAS. Each point represents a profiled SNP. The arrow indicates
the SNP with a p-value less than 1.0e-06.
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Figure 2.
Figure 2a. Regional plot for NASH activity score (NAS)
Figure 3a shows −log10(p-value) from association analysis for all SNPs in the region around
the top SNP rs2645424 for NAS (50 kb on each side). X-axis shows position of the SNPs along
chromosome 8; Y-axis in the left gives −log10(p-value). P-values were obtained from
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association analysis when including age and BMI as covariates and assuming an additive
genetic model. Y-axis in the right shows recombination rate (cM/Mb). r2 shows measure of
the LD between this SNP and target SNP. The genes (NEIL2, FDFT1, and CTSB) are located
in the region as indicated at the bottom portion of the figure.
Figure 2b. Regional plot for fibrosis
Figure 3b shows −log10(p-value) from association analysis for all SNPs in the region around
the top SNP rs343064 for fibrosis (50 kb on each side). X-axis shows position of the SNPs
along chromosome 7; Y-axis gives −log10(p-value). P-values were obtained from association
analysis which included age, BMI, diabetic status, waist-hip-ratio and HbA1c as covariates
and assuming a recessive genetic model. Y-axis in the right shows recombination rate (cM/
Mb). r2 shows measure of the LD between this SNP and target SNP.
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Table 1

Baseline characteristics of the population (white, non-Hispanic, adult females, N=236)

Patient demographic and clinical characteristics

 Age at enrollment, median years (IQR) 53 (46–60)

 Diabetes mellitus, n (%) 99 (42%)

 BMI, median kg/m2 (IQR) 36 (31–40)

 Waist to hip ratio, median (IQR) 0.91 (0.86–0.95)

Laboratory measures, median (IQR)

 ALT, U/L 51 (31–76)

 AST, U/L 42 (28–60)

 HbA1c, % 5.9 (5.5–6.6)

 Triglycerides, mg/dL 152 (112–202)

 Total cholesterol, mg/dL 196 (172–224)

 HDL cholesterol, mg/dL 46 (38–53)

 LDL cholesterol, mg/dL 122 (96–145)

 Serum glucose, mg/dL 98 (88–119)

 Serum insulin, μU/mL 17 (11–26)

Histologic characteristics

 Steatosis, n (%)

  <5% 11 (5%)

  5–33% 101 (43%)

  34–66% 76 (32%)

  >66% 48 (20%)

 Lobular inflammation, n (%)

  0 1 (<1%)

  <2 under 20x mag 125 (53%)

  2–4 under 20x mag 78 (33%)

  >4 under 20x mag 32 (14%)

 Ballooning, n (%)

  None 83 (35%)

  Few 44 (19%)

  Many 109 (46%)

 Fibrosis, n (%)

  None 57 (24%)

  Mild, zone 3, perisinusoidal 22 (9%)

  Moderate, zone 3, perisinusoidal 20 (9%)

  Zone 3 and periportal, any combination 43 (18%)

  Bridging 51 (22%)

  Cirrhosis 34 (15%)

 NASH diagnosis, n (%)

  No NASH 54 (23%)

  Suspicious/borderline/indeterminate: Zone 3 or Zone 1 52 (22%)

  Yes, definite 129 (55%)
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 NAS (range 0–8), median (IQR)† 4 (3–6)

†
NAS is the NAFLD Activity Score, a sum of scores for steatosis, lobular inflammation, and ballooning.
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