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ABSTRACT 

Dissertation Title: 

Fine-Mapping the NCAN Locus: Using Genetic Variations to 

Understand Non-Alcoholic Fatty Liver Disease 

Alexis Gorden, Doctor of Philosophy, 2014 

 

Dissertation Directed by: 

Alan Shuldiner, MD, Professor, Department of Medicine 

 

To extend the findings of the GOLD Consortium GWAS meta-

analysis, we studied a large population of bariatric 

surgery patients with intra-operatively obtained liver 

biopsies. Single nucleotide polymorphism rs2228603 

in NCAN was associated with liver steatosis, hepatocyte 

ballooning and inflammation.  Because NCAN is not highly 

expressed in liver, the rs2228603 in NCAN is likely marking 

the involvement of a nearby gene.  Therefore, to determine 

if expression of any of the genes in the NCAN locus varies 

based on liver steatosis and SNP rs2228603 genotype, 

patients with extremes of hepatic steatosis who had been 

grouped based on NCAN SNP rs2228603 genotype were 

compared.  For two of the genes in 

the NCAN locus, GATAD2A and TM6SF2, lower mRNA levels were 

associated with liver steatosis in patients with the NCAN 

rs2228603 CC genotype while higher levels were associated 



 

 
 

with liver steatosis in patients with the CT 

genotype.  These findings suggest thatNCAN SNP rs2228603 

may affect the way in which levels of the nearby 

genes GATAD2A and TM6SF2 are associated with liver 

steatosis.  To further evaluate the role of TM6SF2, a gene 

of unknown function, we performed gene silencing with 

morpholino oligonucleotides in the zebrafish model to 

demonstrate that knockdown of Tm6sf2 reproduced the liver 

steatosis phenotype and simultaneously increased hepatic 

expression of Fabp6. 
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CHAPTER 1: GENERAL BACKGROUND 

 

Non-Alcoholic Fatty Liver Disease 

 

Epidemiology 

Nonalcoholic fatty liver disease (NAFLD) is 

characterized by hepatic steatosis as determined by imaging 

or liver histology.  NAFLD ranges from simple steatosis 

(liver fat without hepatocyte injury or fibrosis) to 

steatohepatitis (lobular inflammation, hepatocyte injury 

and ballooning) to various degrees of liver fibrosis.
1
  Non-

alcoholic steatohepatitis (NASH) with fibrosis has a worse 

prognosis than NASH without fibrosis.
2
  Characteristics 

associated with increased liver fibrosis include diabetes, 

increased body mass index (BMI), cigarette smoking, and 

rising serum transaminases.
2,3
  NAFLD patients with advanced 

fibrosis and cirrhosis are at the highest risk for 

hepatocellular carcinoma.
4
  Long-term liver-related 

prognosis in NASH is correlated with severity of 

steatohepatitis and, in particular, fibrosis.  Compared 

with the general population, patients with simple steatosis 

have a good long-term prognosis and do not have an 
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increased overall mortality.  In contrast, patients with 

NASH have a three-fold increase in liver-related 

mortality.
5,6
  However, it remains difficult to predict 

which patients with simple steatosis will progress to more 

advanced disease. 

NAFLD is considered the hepatic manifestation of the 

metabolic syndrome, which is defined by the presence of 

three of the following: visceral obesity, elevated fasting 

plasma glucose, hypertension, hypertriglyceridemia or low 

serum levels of high-density lipoprotein (HDL).
7
  The global 

prevalence of NAFLD ranges from 2.8 to 46%.
8,9
  It is the 

most common cause of chronic liver disease in the United 

States and its prevalence has coincided with the rise in 

obesity and diabetes.  The National Health and Nutrition 

Examination Surveys (NHANES) revealed that the prevalence 

of NAFLD in the United States increased from 5.5 to 11% 

from 1988 to 2008.
10
  However, determining the true 

incidence and prevalence of NAFLD, specifically NASH, is a 

challenge due to the asymptomatic presentation of the 

disease and the lack of accurate, noninvasive diagnostic 

tests.  The evaluation of patients undergoing bariatric 

surgery confirmed the high prevalence rates among obese 

patients in which the prevalence of NAFLD and NASH is 91% 

and 37%, respectively.
11
  However, while NAFLD is strongly 
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associated with obesity, it can occur in non-obese patients 

and obesity does not guarantee NAFLD. 

 

Clinical Manifestations & Diagnosis 

 Patients with NAFLD are usually asymptomatic upon 

presentation, although some may describe vague, nonspecific 

symptoms like fatigue, nausea, and abdominal pain.  

Patients are often first diagnosed by mild elevations of 

the serum transaminases and/or radiographic evidence of 

liver steatosis.  With advanced fibrosis, there may also be 

elevated serum alkaline phosphatase and gamma-glutamyl 

transpeptidase levels and there may be an increase in the 

AST level as well as the AST to ALT ratio.
12
  In general, 

while very high aminotransferase levels suggest the 

presence of NASH, there is poor correlation between plasma 

liver enzymes levels and histology.
13,14

 

NASH is unequivocally diagnosed by liver biopsy with 

the identification of macrovesicular steatosis, hepatocyte 

ballooning degeneration, and lobular inflammation.
15
  

However, because liver biopsy is an invasive and risky 

procedure, imaging is the first modality used to diagnose 

NAFLD.  MRS is the gold standard with a high sensitivity 

and specificity for steatosis without involving radiation 

and allowing quantification of liver steatosis.  However, 
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it is expensive and of limited availability.  Therefore, 

ultrasound is typically the first imaging modality used, 

although it is less sensitive for detecting liver steatosis 

compared to both CT and MRS.
16
  Recently, transient 

elastography has been used for assessing liver fibrosis, 

although a high a BMI reduces the accuracy of the study.
17
 

 

Treatment 

 Since NAFLD is the hepatic manifestation of the 

metabolic syndrome, its management has focused on treating 

comorbidities such as obesity, insulin resistance/diabetes, 

and dyslipidemia.  Lifestyle modifications, like weight 

loss with dietary changes and exercise, are the first-line 

in NAFLD management.
18,19

  A weight loss of 3-7% with 

lifestyle intervention has been associated with decreased 

liver steatosis on imaging and liver histology.
20-23

  

However, it appears that intensive intervention is 

necessary to achieve sufficient weight loss to improve 

liver histology.
24
 

Currently there is no medical therapy approved by the 

Food and Drug Administration for NASH.  The use of 

medications is being researched with emphasis on drugs that 

target dyslipidemia and insulin resistance as well as 

oxidative stress, inflammatory cytokines, apoptosis and 
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other pathways that may play a role in NAFLD progression to 

hepatic fibrosis.  Weight loss agents have been 

investigated, including Orlistat, an enteric lipase 

inhibitor, and Sibutramine, a serotonin and norepinephrine 

reuptake inhibitor.
25,26

 

Diabetic medications have also been studied.  

Metformin has not been proven to be effective in improving 

liver histology in NASH so it is not currently recommended 

for treatment.
18
  Thiazolidinediones (TZDs), which are 

peroxisomal proliferator-activated receptor (PPAR)-α 

agonists, decrease hepatic lipogenesis, increase insulin 

sensitivity, and stimulate hepatic fatty acid oxidation.
27
  

However trials of TZDs for the treatment of NASH have shown 

that while they reduce hepatic steatosis, inflammation and 

hepatocyte ballooning, they do not consistently improve 

liver fibrosis.
28-31

  Incretin mimetics like exenatide are 

the most recent diabetic medications that may improve NASH.  

Animal studies of exenatide have shown improved insulin 

sensitivity and hepatic steatosis along with decreasing fat 

accumulation in the liver by inhibition of hepatic 

lipogenesis.
32
  In human case studies, exenatide decreased 

serum aminotransferases and hepatic steatosis.
33,34

 

In the past, lipid-lowering agents, particularly 

statins, were avoided in patients with liver disease for 
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fear of causing transaminitis due to liver injury.  

However, a review of case studies concluded that these 

agents are all safe for use in patient with NAFLD and may 

actually improve liver steatosis.
35
  Nevertheless, because 

studies in NASH populations have been limited to pilot 

trials that showed only modest histologic improvement, 

guidelines support the use of statins in patients with 

NAFLD only for the treatment of dyslipidemia.
18,36

 

 Since oxidative stress is considered a potential cause 

of steatohepatitis, antioxidant agents have been studied 

for the treatment of NAFLD.  Vitamin E, the most commonly 

studied agent, has shown significant improvements in 

hepatic steatosis and lobular inflammation (but no change 

in fibrosis) and is currently considered the first-line 

medical therapy for NASH.
18,31

  However, it should be noted 

that Vitamin E has been reported to increase cardiovascular 

risk, all-cause mortality, and prostate cancer.
37,38

  Other 

antioxidants such as betaine and N-acetyl-cysteine have yet 

to definitively show NAFLD improvement so they cannot be 

recommended at this time.
39,40
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Pathogenesis of Hepatic Steatosis 

 

The hallmark of NAFLD is triglyceride (TG) 

accumulation in the cytoplasm of hepatocytes as a result of 

an imbalance between lipid acquisition and removal.  Under 

normal physiological conditions, the steady state 

concentration of hepatic TG is low because the liver does 

not function as a storage depot for fat.  However, there is 

considerable trafficking of both TG and fatty acid (FA) 

into and out of the liver in response to feeding.  Dietary 

FAs are absorbed from the small intestine, assembled into 

TGs, and incorporated into chylomicrons that enter the 

plasma as TG-rich chylomicrons.  Approximately 70% of the 

FAs from these chylomicrons are delivered to peripheral 

adipose tissue, with the remainder taken up by the liver.
41
  

In the setting of excess carbohydrates, FAs are also 

synthesized de novo within the liver, where these FAs may 

be converted into other lipid species that can be packaged 

into VLDL particles and secreted into the plasma.
42
  Hepatic 

FAs that are not incorporated into VLDL particles can be 

oxidized in the liver by mitochondria.
42
 (Figure 1) 
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Figure 1: NAFLD Pathogenesis 

 

Fatty Acid Uptake 

 Fatty acid uptake into the liver contributes to the 

steady state balance of hepatic TGs but is also an 

underlying mechanism of hepatic TG accumulation.  The rate 

of FA uptake from the plasma into the liver depends on the 

plasma FA concentration and the liver’s capacity for FA 

uptake, specifically the number and activity of transporter 

proteins on the hepatocyte sinusoidal plasma membrane.
43
  

After entry into cells, FAs are rapidly activated by 

conversion to fatty acyl-CoAs.  Fatty acid transport 

proteins (FATPs) and CD36 (also known as fatty acid 

translocase, FAT) are necessary for the transmembrane 

process.  The importance of FA uptake in NAFLD was shown 
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when it was demonstrated that the majority of hepatic TGs 

in humans are derived from plasma non-esterified fatty acid 

(NEFA).
41
  In NAFLD subjects, the increase in plasma NEFAs 

is attributable to increased FA release from adipose 

tissue.
44,45

  Peripheral insulin resistance in NAFLD patient 

also contributes to increased rates of FA release from 

adipose tissue.
46
  A potential pathogenic role is suggested 

by the observation that elevated hepatic CD36 expression 

has been observed in NAFLD and appears to increase hepatic 

uptake of NEFA.
47,48

  Furthermore, hepatic overexpression of 

Cd36 in mice increases hepatic TG content,
49
 while 

adenovirus-mediated knockdown of Fatp2 or Fatp5 reduced 

hepatic TG accumulation in mice fed a high fat diet.
50,51

 

 

Triglyceride Synthesis 

 The NEFAs that are incorporated into TGs within the 

liver are either derived from the plasma or synthesized de 

novo from glucose.  In de novo lipogenesis, which produces 

26% of hepatic TGs
41
, glucose is converted to acetyl-CoA, 

which is then converted to malonyl-CoA by ACC. (Figure 2)  

Lipogenesis is controlled primarily at the transcriptional 

level.
52,53

  Postprandially, plasma glucose and insulin 

concentrations rise and activate ChREBP and SREBP1c, 

respectively.
53
  SREBP1c is a transcription factor that 
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promotes expression of lipogenic genes like FAS, ACC, and 

SCD1.
52,54

 (Figure 2)  ChREBP, binds to the promoter of 

lipogenic genes and also triggers expression of liver-type 

pyruvate kinase, thus providing more substrate for FA 

synthesis.
55,56

  Free FA then gets assembled into TG which is 

packaged to form VLDL particles that are secreted into the 

plasma.
42
 

 

 

 

Figure 2: Hepatic De Novo Lipogenesis 

 

Fatty Acid Oxidation 

 The steady state balance of hepatic TGs is also 

controlled by the consumption of FAs by mitochondrial β-

oxidation.
57
  Translocation of fatty acyl-CoAs across the 

outer mitochondrial membrane is controlled by the activity 

of CPT1. (Figure 2)   In the post-prandial state, β-



 

11 
 

oxidation in the liver is suppressed due to the anti-

lipolytic effect of insulin on white adipose tissue (which 

reduces the flux of NEFA to the liver) and the direct 

control by glucose and insulin of the rate of FA entry into 

the mitochondria.
58
  Insulin facilitates de novo lipogenesis 

through upregulation and activation of SREBP1c as well as 

through induction of ACC.  Malonyl-CoA inhibits the 

activity of CPT1 by decreasing FA availability for entry 

into mitochondria, thus decreasing the rate of β-oxidation. 

(Figure 2)  Thus malonyl-CoA is the molecular switch 

between fatty acid synthesis and oxidation.
59
  However, 

studies in human NAFLD patients have yield mixed results 

with respect to alterations in rates of FA oxidation.
60
  In 

some, impaired ATP production has been described in NAFLD 

patients.
61,62

  Others have reported evidence for increased 

rates of FA oxidation in NAFLD
63,64

 suggesting that increased 

mitochondrial activity could promote oxidative stress 

within the liver and contribute to the development of 

NASH.
65
 

 

VLDL Secretion 

 The liver secretes TGs in the form of VLDL particles 

for delivery to peripheral tissues.  VLDL is a lipoprotein 

with a hydrophobic core composed mainly of TGs and 
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cholesterol esters.  Each VLDL particle is stabilized by a 

single molecule of apoB 100, which is a long polypeptide 

lipidated with TGs within the endoplasmic reticulum (ER) 

lumen while it is being translated and translocated across 

the ER membrane.
66
  Lipidation of apoB 100 is facilitated by 

microsomal triglyceride transfer protein (MTTP), an ER 

resident protein that has both apoB 100 binding and lipid 

transfer domains.
67
  Nascent VLDL particles are transported 

from ER to Golgi; during this process, the maturing VLDL 

particles are further lipidated by MTTP.
68 

Upon maturation, VLDL particles are released from the 

liver into the plasma.  The VLDL secretion rate appears 

dependent not only on the availability of hepatic TGs but 

also on the liver’s overall capacity for VLDL assembly.   

Impaired VLDL assembly and secretion result in excessive 

lipid accumulation in the liver.  Hepatic steatosis has 

been reported in subjects with hypobetalipoproteinemia or 

abetalipoproteinemia, 
69,70

 and similar observations have 

been seen in liver-specific MTTP knockout mice
71
 while mice 

with liver-specific overexpression of MTTP have VLDL 

overproduction with elevated plasma TG levels.
72
  NAFLD is 

characterized by overproduction of VLDL particles, which 

reflects enhanced de novo lipogenesis plus lipolysis of 

intrahepatic and intra-abdominal fat.
45
  In these subjects, 
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lipid availability for VLDL assembly is increased and this 

is combined with the failure of insulin to suppress VLDL 

production.  Due to the increased availability of TGs, apoB 

100 is not degraded, and MTTP expression is increased.
73
   

Although chronic exposure to insulin drives VLDL 

overproduction
73
, augmented VLDL secretion does not 

compensate the TG overproduction in the liver, therefore 

steady state hepatic TG concentrations remain increased.  

Moreover, apoB 100 secretion is not increased in NAFLD, 

suggesting that apoB 100 production limits the liver’s 

capacity to export hepatic TGs.
45
  Prolonged exposure of the 

liver to NEFAs promotes excessive ER stress, and this leads 

to degradation of apoB 100, thus decreasing TG secretion 

and worsening steatosis.
73 

 

Steatohepatitis 

 

The biological mechanisms underlying the progression 

of fatty liver disease from simple steatosis to 

steatohepatitis remain poorly understood.  The pathogenesis 

of the NAFLD spectrum was first described by the “two-hit 

hypothesis.”
74
  The first hit refers to the development of 

hepatic steatosis due to dysregulation of fatty acid 

metabolism, which is largely determined by insulin 
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resistance.  The second hit was thought to trigger the 

progression from simple steatosis to hepatocyte 

inflammation, ballooning and fibrosis, but the factors 

involved are poorly characterized at this time.  It is 

likely that multiple pathways involving oxidative stress, 

inflammatory cytokines, cellular autodigestion and 

endotoxins leading to apoptosis play a role in NASH 

pathogenesis.
41,75,76

  Furthermore, genetic factors likely 

promote hepatic steatosis, inflammation and fibrogenesis.  

Insulin resistance is a key component of NAFLD that favors 

high rates of free FA flux to the liver from increased 

adipose tissue lipolysis.
45,77

  Whole body insulin resistance 

and the associated hyperinsulinemia results in an increase 

in hepatic lipogenic gene expression, predominantly 

mediated by sterol regulatory element-binding protein 

(SREBP)-1c and carbohydrate response element binding 

protein (ChREBP), thus triggering increased hepatic TG 

synthesis.
41,78

  In the presence of high rates of TG 

synthesis and saturated VLDL export, hepatic mitochondrial 

tricarboxylic acid cycle activity continues unchecked and 

has the potential to overload the mitochondrial electron 

transport chain and thus increase the production of 

reactive oxygen species (ROS).
79
  Hepatocellular lipid 

accumulation and high ROS production results in a cascade 
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of events leading to higher rates of lipid peroxidation, 

cytotoxic aldehyde formation and inflammatory cytokine 

production.
78
  Free fatty acid overload of the mitochondria 

also causes diversion of a small portion of free fatty 

acids (FFAs) from the normal oxidative routes (beta-

oxidation and TCA cycle) to synthesis of toxic lipid 

intermediates.
80,81

 

 

Genetic Variants Underlying NAFLD 

Genetic variation in several genes has been associated 

with NAFLD.  MTTP regulates synthesis, storage and export 

of hepatic TG and is critical for VLDL synthesis and 

secretion.
82
  The -493 G/T MTTP SNP is associated with 

elevated serum ALT levels
83
, which serves as a marker for 

steatohepatitis.  Furthermore, patients with NASH have a 

higher frequency of the G allele and the G/G genotype 

compared with controls.
83
  The G allele of this SNP is also 

associated with decreased transcription of the MTTP gene 

and is associated with increased accumulation of liver TG.
84
  

The G/G genotype was associated with more severe steatosis 

and more advanced stages of NASH compared to the G/T 

genotype.
84
  Finally, reduced methylation of the MTTP 

promoter has been shown to decrease liver steatosis in rats 

fed a high fat diet.
85
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Although expressed primarily in adipose tissue, 

Adiponutrin/patatin-like phospholipase domain-containing 3 

(PNPLA3) is also present in the liver.
86
  Its protein 

product, has both lipolytic and lipogenic activity.
87,88

  

PNPLA3 gene expression is regulated by ChREBP and SREBP, 

implicating its function in glucose and lipid metabolism.  

PNPLA3 expression is suppressed by fasting and induced by a 

carbohydrate rich diet.
89
  Thus, PNPLA3 may be involved in 

TG synthesis and storage during times of energy excess.  

However, it is unclear whether variant PNPLA3 would 

liberate more free fatty acids to be taken up by the liver.  

Alternatively, if the main function of PNPLA3 is to 

regulate lipolysis, its inactivity would favor TG 

accumulation, which is desirable in adipose tissue but 

potentiates abnormal lipid storage in the liver.  The 

PNPLA3 SNP I148M is associated with increased hepatic fat 

and inflammation
90
 and plays a strong role in NAFLD disease 

severity.
91
  Experimental approaches show that while I148M 

substitution does not alter the subcellular distribution of 

PNPLA3 between membranes and lipid droplets, it does 

abolish TG hydrolysis; thus, this variant PNPLA3 appears to 

increase hepatocellular TG content.
86
 

The Genetics of Obesity-related Liver Disease (GOLD) 

Consortium determined the genetic basis of NAFLD by 
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performing a genome-wide association (GWA) meta-analysis 

between CT hepatic steatosis and ~2.4 million SNPs in over 

7,000 individuals from 4 cohorts.  They identified three 

variants near PNPLA3, NCAN and PPP1R3B that associated with 

CT diagnosed hepatic steatosis and showed that variants 

near NCAN, GCKR, LYPLAL1, and PNPLA3 were associated with 

histological features of NAFLD.
92
  These findings suggest 

that there NAFLD pathogenesis is influenced by several 

metabolic pathways.                                               
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CHAPTER 2: OBJECTIVES 

 

The purpose of this project was to determine the role 

of the NCAN locus in NAFLD pathogenesis.  The central 

hypothesis was that NCAN SNP rs2228603 is a marker for a 

gene in the locus that plays a role in NAFLD progression.  

To test this hypothesis we proposed three specific aims: 

 Aim 1 was to replicate the association of 

rs2228603 with NAFLD that was identified by the 

GOLD Consortium.  We hypothesized that the SNP 

genotype is associated with liver steatosis.  We 

planned to determine this by genotyping rs2228603 

in an independent cohort of morbidly obese 

patients. 

 Aim 2 was to quantify hepatic expression levels 

of genes in the NCAN locus near the NAFLD-

associated variant rs2228603.  We hypothesized 

that liver expression of the putative gene(s) 

would differ between obese individuals with and 

without NAFLD.  We planned to determine this by 

measuring hepatic mRNA levels of several NCAN 

locus genes to determine if gene expression 

levels are associated with liver steatosis. 
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 Aim 3 was to use functional studies to reproduce 

the NAFLD phenotype in an animal model.  We 

hypothesized that silencing the putative NCAN 

locus gene will produce liver steatosis.  We 

planned to determine this by using morpholino 

technology in zebrafish to establish if putative 

gene knockdown produces hepatic steatosis. 

Identification of the causative variant(s)/gene(s) is 

likely to provide novel insights into NAFLD pathogenesis 

and discover new molecular targets for prevention and 

treatment of this increasingly prevalent disease. 
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CHAPTER 3: REPLICATION & EXTENSION 

 

Introduction 

Obesity is a driving force for the metabolic syndrome, 

which is a combination of cardiovascular risk factors that 

include visceral obesity, hypertension, high serum 

triglycerides, low serum high-density lipoproprotein (HDL) 

cholesterol, and glucose intolerance or diabetes.
93
  In a 

substantial number of obese individuals with metabolic 

syndrome, fatty infiltration of the liver (hepatosteatosis) 

is observed.  With the current epidemic of obesity, NAFLD 

and its progression is the leading cause of liver 

dysfunction and failure.
78,94-96

 

The prevalence rate of NAFLD increases with increasing 

BMI and abdominal fat accumulation is an independent 

predictor of hepatic steatosis.
97
  An analysis of liver 

histology samples obtained from liver donors, automobile 

crash victims, autopsy findings, and clinical liver 

biopsies revealed a prevalence of steatosis and 

steatohepatitis of approximately 15% and 3%, respectively, 

in non-obese persons, 65% and 20%, respectively, in persons 

with class I and II obesity (BMI 30.0–39.9 kg/m
2
), and 85% 

and 40%, respectively, in extremely obese patients (BMI ≥40 
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kg/m
2
).

98
  Stranges et al (2004) evaluated the relationship 

between central fat accumulation (based on abdominal 

height) relative weight (based on BMI) and liver function 

tests (ALT, AST and gamma glutamyl transferase (GGT)) in 

adult patients free from underlying hepatic disease.  

Several linear regression models were used; liver enzymes 

were the dependent variables, abdominal height and BMI were 

independent variables, and covariates included age, race, 

education, smoking, drinking.  Abdominal height was the 

most powerful independent predictor of ALT and of GGT.
96
  

These findings suggest a role for central adiposity 

independent from BMI in predicting increased liver enzyme 

levels. 

Since bariatric surgery is the most effective 

available weight loss therapy there has been speculation 

that rapid and significant weight loss may worsen NAFLD by 

increasing hepatic inflammation and fibrosis.
99
  Surgical 

series data reveal that weight loss from bariatric surgery 

actually decreases steatosis, inflammation and 

fibrosis.
100,101  Furthermore, weight loss from bariatric 

surgery has beneficial effects on liver metabolism, 

specifically decreased hepatic glucose production, 

decreased hepatic VLDL-TG secretion, and decreased hepatic 

gene expression of factors that induce hepatic inflammation 
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and fibrogenesis.
102

  Thus, bariatric surgery-induced weight 

loss appears to be beneficial for NAFLD patients with 

morbid obesity by normalizing metabolic abnormalities 

associated with NAFLD pathogenesis and by preventing the 

progression of hepatic inflammation and fibrosis. 

Despite the link between obesity and NAFLD, it is 

unknown why only a fraction of obese individuals develop 

hepatic steatosis and only a subset of those patients 

progress to NASH, fibrosis, and cirrhosis. Recently, 

genetic factors have been implicated.  In a genome-wide 

association study, a nonsynonymous variation I148M 

(rs738409) in the PNPLA3 gene was found to be associated 

with NAFLD.
90
  This variant has also been associated with 

increased serum AST and ALT levels as well as histological 

evidence of NASH.
103,104

  This is the most characterized NAFLD 

gene and has been studied specifically in the obese.  

Initial findings in cohorts with a mean BMI of 30 also 

suggest that it is associated with elevated liver 

enzymes.
105

  To determine whether this variant alters the 

susceptibility of morbidly obese subjects to develop liver 

injury, Romeo et al (2010) carried out genotyping for the 

I148M variant in 678 obese patients with a mean BMI of 41.  

Indices of liver injury (ALT and AST) were significantly 

higher in carriers of the 148M allele.
103
  Glucose tolerance 
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and insulin sensitivity were similar in all three 

genotypes, suggesting that the patients with the 148M 

allele have increased indices of liver damage independent 

from insulin resistance.  Giudice et al (2011) showed that 

the association of PNPLA3 variants with liver enzymes in 

childhood obesity is driven by the interaction with 

abdominal fat.  In a large group of obese children they 

analyzed the role of the interaction of factors such as 

BMI, WC and IR to determine the association between the 

I148M SNP and ALT levels.  Children carrying the 148M 

allele showed higher AST and ALT levels and children 

homozygous for 148M showed a stronger correlation between 

ALT and WC than those carry the other genotypes.
106

  This 

showed for the first time that the magnitude of the 

association of PNPLA3 with liver enzymes is driven by the 

size of abdominal fat.  Santoro et al (2010) genotyped the 

PNPLA3 SNP in a group of 85 obese children and measured 

hepatic fat content by magnetic resonance imaging (MRI).  A 

subset of patients underwent subcutaneous fat biopsy.  The 

prevalence of the G allele was higher in subjects showing 

hepatic steatosis and carriers of the G allele showed 

smaller adipocytes than those with the CC genotype.
107
  

However, subjects with the G allele had similar rates of 

hepatic glucose production, peripheral glucose disposal and 
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glycerol turnover as the CC homozygotes.  Thus, the PNPLA3 

SNP confers susceptibility to hepatic steatosis in obese 

children without increasing the level of hepatic and 

peripheral insulin resistance while the G allele is 

associated with morphological changes in adipocyte size.  

Guichelaar et al (2013) hypothesized that the impact of the 

PNPLA3 G allele may be exacerbated in patients with morbid 

obesity.  They investigated the interactions of rs738409 

with a variety of NAFLD characteristics in patients with 

complicated morbid obesity.  PNPLA3 GG genotype correlated 

with serum ALT and AST as well as the presence of NASH, and 

multivariate analysis showed that the rs738409 G allele 

remained an independent risk factor for NASH.
108
 

Several genes have been implicated in NAFLD in the 

obese.  The Genetics of Obesity-related Liver Disease 

(GOLD) Consortium, involving 7,176 subjects of European 

descent, performed a genome-wide association meta-analysis 

of NAFLD.
92
  In this study, three novel gene loci (NCAN, 

GCKR, and LYPLAL1) and the previously reported PNPLA3 locus 

were found to be associated with increased liver fat 

content as measured by both electron beam computed 

tomography (CT) and liver biopsy. Another gene 

locus, PPP1R3B, was associated with increased liver fat 

content by electron beam CT, but not with histologically-
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defined NAFLD. Interestingly, some of these variants were 

associated with distinct changes in serum lipid levels. 

Specifically, the T allele of rs2228603 in NCAN was 

associated with increased liver fat and, seemingly 

paradoxically, with lower serum TG and low density 

lipoprotein (LDL) cholesterol levels.
92
  These differences 

suggest that each gene locus may affect lipid metabolism 

and NAFLD through a distinct mechanism. 

To further examine the role of these gene loci in 

NAFLD in the obese, we performed association studies of 

these variants in an independent cohort of severely obese 

patients who underwent bariatric surgery and from whom 

histologically well-characterized liver samples were 

obtained. Our aim was not simply to replicate the findings 

of the GOLD Consortium, but also to determine the relevance 

of these loci in extreme obesity, a condition in which both 

strong genetic and environmental factors contribute to the 

phenotype and its metabolic complications. 
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Methods 

Study Population and Phenotyping 

The participants were 1,092 bariatric surgery patients 

(Geisinger Medical Center in Danville, Pennsylvania) with 

normal liver tissue or varying degrees of NAFLD, ranging 

from simple steatosis, to steatohepatitis, to cirrhosis 

(these subjects were not included in the original GOLD 

Consortium). (Figure 3)  The protocol was approved by the 

Geisinger Clinic Institutional Review Board, and all 

subjects provided written informed consent. Prior to 

surgery, patients were extensively phenotyped, including a 

comprehensive medical history and physical examination, 

anthropometry, fasting serum glucose and lipid leves, liver 

and kidney function tests, and documentation of medication 

usage.
109
 

 

Figure 3: Spectrum of NAFLD in the Bariatric Cohort 
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Intra-operative liver biopsy specimens were formalin fixed 

and stained with hematoxylin and eosin for routine 

histology and Masson’s trichrome for assessment of 

fibrosis.
110
  All specimens were read by experienced 

pathologists and graded according to standard NAFLD 

criteria.
15
  Steatosis was graded in severity from 0 (no 

steatosis) to 3 (severe steatosis). Scoring for lobular 

inflammation, hepatocyte ballooning, and perivenular 

fibrosis was dichotomized, with a score of 0 indicating 

absence of the feature and a score of 1 indicating any 

presence of the feature (ranging from mild to severe). 

 

SNP Genotyping 

Genomic DNA was isolated from peripheral blood 

leukocytes.
111
  The five hepatic steatosis-associated SNPs 

from the GOLD Consortium meta-analysis were genotyped using 

TaqMan
®
 SNP Genotyping Assays (Life Technologies, Carlsbad, 

CA). These included rs12137855 (C/T) on chromosome 1 near 

LYPLAL1, rs780094 (C/T) on chromosome 2 in GCKR, rs4240624 

(A/G) on chromosome 8 near PPP1R3B, rs2228603 (C/T) on 

chromosome 19 in NCAN, and rs738409 (G/C) on chromosome 22 
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in PNPLA3.  PCR amplification was performed on the GeneAMP 

PCR System 9700 thermal cycler (Applied Biosystems) under 

the following conditions: 10 min at 95°C, then 40 cycles of 

15 sec at 92°C and 1 min at 60°C.  Allelic discrimination 

was performed on the ABI Prism 7900 HT Sequence Detection 

System (SDS) and SDS Software according to the 

manufacturer’s directions. All five SNPs passed genotyping 

quality control. The average genotype call rate was 96.7%. 

The genotype concordance rate of blind replicates was 

99.2%. None of the SNP allele frequencies deviated 

significantly from the Hardy–Weinberg equilibrium. 

 

Statistical Analysis 

Statistical analyses were carried out using SAS 

version 9.2 (SAS Institute Inc., Cary, NC). For continuous 

traits (steatosis grade, and serum levels of total-, LDL- 

and HDL-cholesterol, and TG), associations between SNPs and 

phenotypes were assessed by linear regression.  Dichotomous 

traits (lobular inflammation, ballooning, perivenular 

fibrosis and cirrhosis) were analyzed using logistic 

regression. Analyses were adjusted for age, sex, and use of 

lipid-lowering medication.  Adjustment for lipid lowering 
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therapy was performed using as covariates whether the 

subject was or was not on statin therapy and was or was not 

on fibrate therapy (the vast majority of subjects on lipid-

lowering therapy were taking statins). Regression analyses 

tested for an additive SNP association between the number 

of copies (0, 1 or 2) of the NAFLD-associated allele and 

the trait of interest. Due to the relatively low minor 

allele frequency of the T allele of rs2228603 in NCAN and 

the G allele of rs4240624 in PPP1R3B (7.4% and 8.3% 

respectively), the rare homozygous and heterozygous 

genotype groups were combined into a single group and 

compared to the common homozygous genotype for analysis.  

Since a small number of SNPs were genotyped, each with a 

high posterior probability of being true positives, a two-

sided p-value < 0.05 was used as the threshold for 

statistical significance. 
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Results 

Like most bariatric surgery cohorts
112-114

, the majority 

(80%) of our cohort was female. (Table 1)  The average age 

was 46 years and the mean pre-operative BMI was 50.  

Although the BMI did not differ between patients with and 

without NAFLD (p = 0.22), those with NAFLD had greater 

waist circumferences (p < 0.0001), lower serum HDL-

cholesterol levels (p < 0.0001) and, as shown in other 

studies
115

, higher serum TG levels (p < 0.0001). (Table 1)  

In addition, more patients in the NAFLD group had diabetes 

(p = 0.0007).  About one third of all subjects were on 

statin or fibrate therapy.  However, the percentage of 

subjects on lipid-regulating medication was not 

significantly different between subjects with and without 

NAFLD or among any of the genotypes examined. (Table 1) 

 

Table 1. Bariatric Cohort Clinical Characteristics 
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Of all 1,092 obese subjects, 32% had no evidence of 

hepatic steatosis, 39% had grade 1 steatosis, 19% had grade 

2, and 10% had grade 3. 

 

Figure 4: Liver Steatosis Grade in the Bariatric Cohort 

 

Of the 748 patients with evidence of hepatic steatosis, 187 

(25%) had at least one histological feature of 

steatohepatitis. The biopsies from these 187 NASH patients 

revealed lobular inflammation (mild: 24%, moderate: 7%, and 

severe: 1%), hepatocyte ballooning (mild: 17%, moderate: 

8%, and severe: 0%) and perivenular fibrosis (mild: 11%, 

moderate: 5%, and severe: 3%). (Figure 5) 
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Figure 5: NAFLD Features in the Bariatric Cohort 

 

Of the 187 NASH patients, 12% had cirrhosis. 

Of the 5 SNPs associated with NAFLD in the GOLD 

Consortium meta-analysis, only rs780094[C] in GCKR was 

associated with higher weight (p = 0.001) and BMI (p = 

0.001) in this bariatric cohort.  SNPs rs780094[C] in GCKR 

and rs2228603[T] in NCAN were associated with increased 

waist circumference (p = 0.02 and 0.03, respectively). 

Except for rs12137855[C] near LYPLAL1, all of the SNPs 

were significantly associated with (or trended toward) 

increased steatosis in the same direction and with similar 

effect sizes as reported in the GOLD Consortium meta-

analysis.  Consistent with the results from the GOLD 

Consortium
92
, our data showed an association of PNPLA3 SNP 

rs738409[G] with both hepatic steatosis (p = 4.8 × 10
–8
) and 
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hepatocyte ballooning (p = 0.006). (Figure 4, Table 2)  

Similarly, as previously reported
92
, we found an association 

of the T allele of SNP rs2228603 in NCAN with liver 

steatosis (p = 0.03) as well as with lobular inflammation 

(p = 0.02) and perivenular fibrosis (p = 0.002). (Figures 6 

& 7,  Table 2) 

 

Table 2: Association of SNPs with NAFLD Features 
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Figure 6: Association of rs2228603 with Hepatic Steatosis 

 

 

 

Figure 7: Association of rs2228603 with NAFLD Features 

 

Though not statistically significant, rs2228603[T] also was 

associated with a trend toward increased hepatocyte 
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ballooning (p = 0.06; Figure 7; Table 2). These findings 

show that in extreme obesity, PNPLA3 rs738409[G] and NCAN 

rs2228603[T] are associated with liver steatosis and an 

increased risk for progression from simple steatosis to 

NASH. By contrast, the variants in LYPLAL1, GCKR and 

PPP1R3B did not appear to show an increased risk for 

lobular inflammation, hepatocyte ballooning or perivenular 

fibrosis. Although there was only a trend toward 

statistical significance, the PPP1R3B SNP rs4240624[A] was 

the only variant associated with cirrhosis (p = 0.06).  As 

observed in the GOLD Consortium study, the data from this 

bariatric surgery cohort revealed that some NAFLD-

associated SNPs were associated with a distinct pattern of 

serum lipid levels (Table 3).  These effects were most 

apparent in subjects with NAFLD. In NAFLD subjects, the 

NAFLD-associated G allele of rs738409 in PNPLA3 was 

associated with lower total cholesterol (p = 0.03). (Table 

3)  Similarly, in NAFLD subjects, the NAFLD-associated T 

allele of rs2228603 in NCAN was associated with decreased 

serum total cholesterol (p = 0.0002), LDL-cholesterol (p = 

0.009) and TG (p = 0.004). (Table 3)  By contrast, as in 

the GOLD Consortium meta-analysis, the NAFLD-associated T 

allele of GCKR SNP rs780094 was associated with increased 

serum TG levels; this effect was most evident in subjects 
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with NAFLD (p = 0.04). (Table 3)  Also consistent with the 

GOLD Consortium’s findings, we did not find any significant 

association between either LYPLAL1 SNP rs12137855 or 

PPP1R3B SNP rs4240624 and serum lipids.   

 

Table 3: Association of SNPs with Serum Lipid Features 
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Discussion 

Using an independent sample of 1,092 well-phenotyped 

morbidly obese subjects who underwent bariatric surgery and 

in whom liver histology was determined, we found that 

despite similar BMI values, subjects with NAFLD had a 

higher prevalence of diabetes, hyperlipidemia and a greater 

waist circumference than those without NAFLD.
116
  These data 

support that NAFLD is associated with insulin resistance 

and other features of the metabolic syndrome largely 

independent of obesity. Our association analyses of 5 

NAFLD-associated genetic variants, initially identified by 

the GOLD Consortium genome-wide association meta-analysis, 

identified a non-synonymous variant in PLPLA3 to be 

associated not only with the presence of steatosis but also 

with NASH, a more progressive and clinically ominous 

manifestation of NAFLD.
116
  These findings extend previously 

reported studies in the general population to patients with 

extreme obesity.  The results are also consistent with 

other studies in which the G allele of PLPLA3 rs738409 was 

not only associated with hepatic fat accumulation, but also 

with the degree of liver steatosis as evaluated by liver 

biopsy.
117-119

  In other studies, the same allele was 

associated with steatosis, portal inflammation, lobular 
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inflammation, Mallory-Denk bodies, NAFLD activity score, 

and fibrosis.
90,103,104

 

Furthermore, we replicated the GOLD Consortium’s 

association of the T allele of rs2228603 in NCAN with the 

degree of liver steatosis as well as with signs of lobular 

inflammation and perivenular fibrosis, which are consistent 

with NASH.
116
  For GCKR rs780094 and PPP1R3B rs4240624, 

although not statistically significantly associated with 

NAFLD, the direction of effect and the effect size in our 

cohort were similar to the GOLD Consortium’s results.
116
  It 

is likely that the inability to achieve statistical 

significance is due to a lack of power to discern the 

effect of variants of modest effect size.  The absence of 

even a trend for association of LYPLAL1 rs12137855 with 

NAFLD may be due to differences among populations, a false 

negative finding, or a false positive finding in the 

initial GOLD Consortium study.  Assuming a 24% population 

prevalence of NAFLD, our sample had 80% power to detect an 

OR of 1.48 for presence of steatosis for a variant with 

allele frequency of at least 0.05 at p < 0.05.  Using a 

higher population prevalence of 50%, which may be more 

suitable for a bariatric surgery population, our sample had 

80% power to detect an OR of 1.29 for a variant with an 

allele frequency of at least 0.05 at p < 0.05. 
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Our data revealed that the PPP1R3B SNP rs4240624 was 

not significantly associated with liver steatosis, lobular 

inflammation, or hepatocyte ballooning.
116

  However, this 

variant was the only SNP in our study that showed a trend 

toward association with cirrhosis (p = 0.07).  In the GOLD 

Consortium meta-analysis, PPP1R3B was associated with fatty 

liver identified on CT scan, but it was not associated with 

histological features of NAFLD. As hypothesized by 

Speliotes et al (2011)
92
, this may suggest that PPP1R3B is 

related to liver steatosis but not hepatocyte inflammation 

and fibrosis.  Alternatively, the SNP may be associated 

with the intrahepatic accumulation of a substance that 

resembles fat accumulation on abdominal radiographic 

imaging and causes cirrhosis (i.e. glycogen, which 

accumulates in glycogen storage disease type IV that is 

characterized by glycogen precipitation in the liver 

causing cirrhosis). 

Our data also showed distinct patterns of serum lipids 

for some NAFLD-associated variants.  The GOLD Consortium 

meta-analysis found no association between lipid levels and 

PNPLA3 rs738409[G].  Our data suggest a relationship 

between the NAFLD-associated G allele of this SNP and lower 

levels of total and HDL-cholesterol in the full cohort (p = 

0.03).
116
  This may be a type I error or alternatively due 
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to a difference in ascertainment since all subjects in our 

study were selected for extreme obesity.  With regard to 

serum TG, there was no association between this SNP and 

serum TG levels in the overall cohort, but there was a 

trend toward an association with lower TG levels in 

patients with NAFLD (p = 0.08).
116

  In support of this 

finding, the relationship between this SNP and serum TG 

levels has been reported by others.
91,120

  As in the GOLD 

Consortium meta-analysis, we found a relationship between 

NAFLD-associated NCAN rs2228603[T] and lower serum LDL-

cholesterol, total cholesterol and TG levels, particularly 

in those with NAFLD.
116
  Interestingly, this association was 

not found in equally obese patients without NAFLD, 

suggesting that NAFLD and lower serum lipids may be 

mechanistically linked in rs2228603[T] carriers. Since 

NAFLD is clinically associated with higher serum lipids, 

this seemingly paradoxical finding suggests that more than 

one NAFLD subtype may exist.  Elucidation of the causative 

gene/variant(s) at this locus may uncover a novel disease 

mechanism in which sequestration of TG in the liver, either 

as a result of increased TG uptake and/or decreased TG 

lipolysis, results in lower serum TG levels.  By contrast, 

NAFLD-associated GCKR rs780094[T] was associated with 

higher serum TG
116

; this finding is consistent with the 
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findings of the GOLD Consortium meta-analysis as well as 

other studies.
121-123

  Finally, we did not detect any 

association between the LYPLAL1 or PPP1R3B SNPs and serum 

lipids.
116

  It is possible that the lack of association is 

due to an inadequate sample size and power, especially for 

PPP1R3B, in which the GOLD Consortium reported increased 

LDL- and HDL-cholesterol. 

 One of the limitations of our study is that our cohort 

was predominantly composed of Caucasian subjects.  It would 

be important to use a more ethnically diverse population 

since studies have shown ethnic differences in hepatic 

steatosis.
124,125

 

Neurocan, the protein product of NCAN, is a 

chondroitin sulfate proteoglycan primarily expressed in the 

nervous system and is thought to be involved in cell 

adhesion and migration.
126-129

  SNP rs2228603 is located in 

exon 3 of NCAN and encodes a non-conservative non-

synonymous mutation (Pro92Ser), which is predicted by the 

software tool PolyPhen-2 to alter protein structure and 

function.
130
  While neurocan itself has not yet been shown 

to be expressed in the liver or to directly affect lipid 

metabolism or hepatic steatosis, it is becoming 

increasingly recognized that the central nervous system 

(CNS) is an important regulator of peripheral glucose and 
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triglyceride metabolism.
131-133

  The liver is highly 

innervated by both sympathetic and parasympathetic 

nerves.
134

  Bruinstroop et al. have shown that postprandial 

serum triglyceride levels were significantly elevated in 

parasympathetic or sympathetic denervated rats compared to 

sham-operated animals.
135

  Robertson et al. demonstrated 

that vagal stimulation increases hepatic secretion of very 

low density lipoprotein (VLDL) triglyceride.
136

  Since NCAN 

rs2228603 has been associated with increased liver fat and 

decreased serum triglyceride
92,137

, it is plausible that this 

variant is also associated with a brain-liver axis that, 

when deregulated, increases the risk for NAFLD.  

Furthermore, this axis may be modulated by increased 

dietary fat intake, as suggested by a 50% increase in 

hepatic VLDL synthesis after fat intake.
138
  Further 

evidence for a central control of the liver lipid 

metabolism comes from studies of neuropeptide Y (NPY), a 

36-amino acid peptide neurotransmitter secreted by the 

hypothalamus that has glucose and lipid regulatory effects 

in the liver. Fasting rats treated with 

intracerebroventricular injections of NPY had a 2.5-fold 

increased VLDL secretion into the bloodstream.
139

  

Intracerebroventricular administrations of an NPY-Y5 

receptor agonist reproduced this effect, while an NPY-Y1 
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receptor antagonist decreased VLDL secretion. These 

findings demonstrate that the CNS can control VLDL 

secretion.  However, the NCAN locus contains at least 20 

genes in a 500-kb region on chromosome 19p13.
137,140,141

   

Therefore, fine mapping of this locus and functional 

studies of the neighboring genes are needed to determine if 

they play a role in NAFLD. 

In summary, in light of the increased risk for NAFLD 

conferred by obesity, we have extended the findings by the 

GOLD Consortium to include a large population of bariatric 

surgery patients in whom liver steatosis, inflammation, and 

fibrosis had been documented histologically.  Specifically, 

we have shown that variants in PNPLA3 and NCAN are 

associated not only with liver steatosis, but also NASH, a 

more progressive and clinically ominous manifestation of 

NAFLD.  NCAN is a gene expressed in brain and thus may 

identify an untapped potential role for the CNS in the 

mechanism of fatty liver. Alternatively variants in other 

genes at this locus may be responsible for the NAFLD 

phenotype.  Fine mapping and functional studies will be 

required to identify the causative genes/variants, which 

may provide insight into a novel pathway for NAFLD 

development, leading to new strategies for the prevention 

and treatment of this disease. In addition, follow-up 
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analyses of the effects of gastric bypass surgery on liver 

steatosis, inflammation and dyslipidemia may provide 

additional insight into the potential role of these loci as 

determinants of metabolic responses to weight loss. 
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CHAPTER 4: GENE EXPRESSION 

 

Introduction 

Although the NCAN SNP rs2228603 has been associated 

with NAFLD, NCAN is not highly expressed in liver tissue.  

Therefore, we sought to determine if liver mRNA levels of 

other genes at this locus are associated with liver 

steatosis and rs2228603 genotype.  The premise that the 

NCAN locus is associated with hepatic lipogenesis is 

supported by a recent RNA interference (RNAi) study of 

genes from lipid GWA studies that implicated several genes 

from the NCAN locus in cholesterol regulatory function.
142
  

RNAi and high-content screening microscopy were used to 

profile 133 genes at 56 loci associated with blood lipid 

traits, cardiovascular disease, and/or myocardial 

infarction for roles in regulating cellular free 

cholesterol levels and LDL uptake.  A high number of trait-

associated genes were found to have conserved cholesterol-

regulatory function in cells, with several GWAS loci, 

including the NCAN locus, harboring multiple genes of 

likely functional significance.
142

  For GATAD2A, siRNA 

knockdown positively correlated with decreased cellular 

levels of LDL receptor, a major determinant of blood LDL 

levels.  For NCAN, HAPLN4, TM6SF2, and GATAD2A, siRNA 
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knockdown positively correlated with increased levels of 

cellular total free cholesterol.
142
  Therefore, we sought to 

characterize hepatic gene expression of 3 genes from the 

NCAN locus – HAPLN4, GATAD2A, and TM6SF2. (Figure 8) 

 

Figure 8: NCAN Locus Genes 

 

HAPLN4 

Hyaluronan and proteoglycan link protein 4 (HAPLN4) 

belongs to the four member HAPLN gene family.  

Collectively, the four HAPLN genes are expressed in most 

vertebrate tissues, suggesting that the hyaluronan-

dependent extra-cellular matrix is essential to the 

structure and function of various tissue types.  Each HAPLN 

gene is physically linked to one of the large aggregating 

CSPG genes and they are all organized similarly with the 

signal peptide, Ig domain and two proteoglycan tandem 

repeats encoded on separate exons.
143
  The HAPLN4 gene is 

7156 bases long, comprised of 5 exons, and is physically 

linked to the NCAN gene.
143,144

  Based on the primary amino 

acid sequence, all four HAPLN proteins are predicted to 
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bind hyaluronic acid; HAPLN1 and HAPLN2 have been shown to 

bind to hyaluronan (HA).
145
  Complexes of hyaluronan and 

chondroitin sulfate proteglycan (HA-CSPG aggregates) can 

interact with other extracellular matrix and cell surface 

components through binding interactions of the large CSPG 

core protein, the chondroitin sulfate and/or the HA chain.  

Therefore, the HA-CSPG aggregate may provide an important 

nucleus around which an extensive matrix can be organized. 

Like NCAN, HAPLN4 is expressed primarily in CNS 

tissue
143
, but it is also found in the CD44 receptor and 

mediates adhesive interactions during inflammatory 

leukocyte homing
146

.  CD44 is the primary receptor for HA 

and has several functions, including attaching the 

extracellular matrix to cell surfaces and controlling the 

migration of activated lymphocytes to sites of 

inflammation
147

.  CD44 has a single Link module that forms 

part of its HA-binding domain.
148-150

  CD44 is expressed by 

most cells, including macrophages and hepatocytes, and has 

been implicated in many biological processes, including 

cell adhesion and inflammatory cell migration.
151-153

  CD44 

has also been identified on activated hepatic stellate 

cells and therefore may reflect extracellular matrix 

metabolism and hepatic inflammatory activity.
154
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  CD44 expression is elevated in liver and white 

adipose tissue (WAT) during obesity
155
, suggesting a 

possible regulatory role for CD44 in hepatic steatosis and 

subsequent inflammation.  Kang et al (2013) showed that 

Cd44-deficient mice had a reduced susceptibility to the 

development of high fat-diet-induced hepatic steatosis.
156
  

This was associated with decreased expression of genes 

involved in FA synthesis and transport, de novo TG 

synthesis and TG accumulation as well as decreased 

expression of various inflammatory and cell matrix genes.
156

  

In addition, it has been demonstrated that mice fed a 

lipogenic diet have elevated Cd44 expression on monocytes, 

T-cells and dendritic cells, while Cd44
−/−

 mice were 

protected from inflammation when fed a lipogenic diet 

feed.
157
  HA binding of leukocytes was absent early during 

lipogenic diet feeding but significantly increased by week 

4 in the susceptible mice.
157

  Finally, it has been shown 

that hepatic expression of the CD44 gene is upregulated in 

morbidly obese NASH patients.
158
 

 

GATAD2A 

Because NAFLD alters gene expression, it may affect 

hepatic protein and enzyme levels.  The regulation of such 

abnormal patterns can be determined by epigenetic 
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mechanisms, the most studied of which is DNA methylation on 

CpG sites that are commonly present in high concentrations 

in gene promoter regions.  DNA methylation works with 

histone modification to regulate gene activity, and these 

regulatory mechanisms control the level of gene 

transcription.
159

  GATAD2A (also known as p66α) is 123,103 

bases long and encodes the GATA zinc finger domain 

containing 2A, a 68 kDa transcriptional repressor that 

interacts with the methyl-CpG-binding domain.
144,160

  The 

methyl-cytosine binding domain 2 (MBD2)-nucleosome 

remodeling and deacetylase (NuRD) complex comprises at 

least one homolog of six core proteins, including p66α.
160
  

The MBD2-NuRD complex recognizes methylated DNA and 

silences expression of associated genes via histone 

deacetylase and nucleosome remodeling functions.  

Structural work has shown that a coiled-coil interaction 

between the MBD2 and the GATAD2A/p66α proteins recruits the 

chromodomain helicase DNA-binding protein to the NuRD 

complex and is necessary for MBD2-mediated DNA methylation-

dependent gene silencing in vivo.
161
 

DNA methylation depends on the availability of methyl 

groups from S-adenosylmethinine (SAM).
162
  Dietary methyl 

groups come from foods containing folate, choline and 

betaine.  Dietary depletion of these methyl donors 
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decreases hepatocellular SAM concentration while dietary 

supplementation increases SAM concentration.
162

  Animals fed 

a diet deficient in methyl donors have hypomethylated DNA; 

these changes occur not only in global methylation but also 

in the methylation of specific genes.
163-165

  DNA methylation 

changes modulate susceptibility to obesity as well as the 

effect of diet-induced liver injury.
166,167

 

The role of epigenetic changes in the development of 

hepatic steatosis was studied by feeding mice a lipogenic 

methyl-deficient diet that causes liver injury similar to 

that seen in human NASH.  The development of hepatic 

steatosis was accompanied by prominent epigenetic 

abnormalities, including severe loss of genomic cytosine 

methylation.
168

  In another study, rats fed an obesogenic 

high-fat-sucrose diet developed liver steatosis, while 

methyl donor supplementation with a cocktail containing 

betaine, choline, vitamin B12 and folic acid exerted a 

protective effect on liver fat accumulation.
169,170

  The 

methyl donor supplementation associated decrease in liver 

steatosis was associated with increased methylation of 

genes involved in obesity and lipid metabolism, including 

Fasn, Lepr, and Srebf2.
170
  After showing that DNA 

methylation of the MTTP promoter was selectively increased 

in the livers of patients with NAFLD, Chang et al (2010) 
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demonstrated that berberine was able to reverse high fat 

diet-induced hypermethylation of the MTTP promoter, reverse 

abnormal expression of MTTP, and alleviate high-fat diet-

induced hepatic steatosis by increasing secretion of TG-

rich VLDL particles from the liver.
85
 

It has been shown that a methyl-depleted high fat diet 

can downregulate hepatic MTTP, the protein needed for 

assembly and secretion of apoB-containing lipoproteins.  

MTTP mRNA expression was negatively correlated with the DNA 

methylation of specific CpG sites.
171
  Alternatively, 

replenishing methyl stores with betaine supplementation 

decreased methylation of MTTP gene CpG sites and 

ameliorated high-fat diet-induced hepatic steatosis.
171

  

Therefore, decreased MTTP mRNA due to gene methylation may 

play a role in the pathogenesis of hepatic steatosis.   

Genome wide association studies have identified a 

single nucleotide polymorphism near GATAD2A that 

contributes to the risk for type 2 diabetes which, like 

NAFLD, is associated with the metabolic syndrome.
172
  By 

testing comprehensive liver DNA methylation profiles in a 

large group of patients with either mild or severe NAFLD 

and correlating differences in liver DNA methylation with 

differences in liver gene expression, Murphy et al (2013) 
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discovered many functionally relevant methylation 

differences that distinguish mild from severe NAFLD.
173

 

 

TM6SF2 

At the start of this research project, less was known 

about TM6SF2.  It is a 9,028 base gene that encodes a 42 

kDa protein that is a member of the transmembrane 6 

superfamily.
144

  Two isoforms of TM6SF2 are produced by 

alternative splicing; the gene product is a transmembrane 

helical protein whose function is unknown.
174

  As part of 

the EUROIMAGE Consortium sequencing project, Carim-Todd et 

al (2000) isolated and characterized a novel gene on 

chromosome 15 called TM6SF1 that encoded a 370 amino acid 

product with enhanced expression in spleen, testis and 

peripheral blood leukocytes. They also identified TM6SF2 on 

chromosome 19q12 as the paralogue to TM6SF1, with an 

overall similarity of 68% and 52% identity at the protein 

level.
174
  The corresponding orthologous genes in mouse of 

human TM6SF1 and TM6SF2 showed a high degree of amino acid 

sequence conservation.   

To further examine the role of individual NCAN locus 

genes in NAFLD, we measured hepatic mRNA levels from a 

subset of Geisinger bariatric patients with and without 

hepatic steaosis.  Our aim was to determine if gene 
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expression levels of these candidate genes are associated 

with hepatic steatosis and NCAN SNP rs2228603 genotype.  
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Methods 

 

Samples 

During bariatric surgery in 1,092 Geisinger Medical 

Center patients, a wedge biopsy (250-300 mg) was obtained 

from the right lobe of the liver (10 cm to the left of the 

falciform ligament).  A portion was flash-frozen in liquid 

nitrogen for subsequent analysis while the remainder was 

used for routine histology; NAFLD was diagnosed with 

standard histological criteria.
175

  For this phase of the 

project, we selected 69 patients with extremes of fatty 

liver disease (either grade 0 with <5% steatosis or grade 3 

with >66% steatosis) and grouped them according to NCAN SNP 

rs2228603 genotype. (Table 4) 

 

Table 4: Patients Grouped by Liver Steatosis Grade 

 & NCAN SNP Genotype 

 

Quantitative reverse transcriptase PCR (qRT-PCR) 

RNA was isolated from each liver sample with TRIzol 

and purified using the RNeasy Micro Kit (Qiagen, Venlo, 
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Netherlands).  A 2 μg aliquot of DNase treated hepatic RNA 

was reverse transcribed into cDNA using the Reverse 

Transcription System (Promega, Madison, WI).  Using Taqman 

probes, qRT-PCR was performed to determine mRNA expression 

levels of the 3 candidate genes in the NCAN locus.  ß-

actin, a housekeeping gene, served as a positive control.  

The primers were custom designed by the manufacturer 

(Roche, San Francisco, CA). (Table 5) 

 

Table 5: Candidate Gene Primers 

 

 

Standard reactions (7 μL ) were assembled as follows: 5.0μL 

of PCR buffer Master Mix, 0.5μL of primer, 3.0μL of cDNA 

template and 1.5μL of Diethylpyrocarbonate (DEPC) water.  

For the negative controls, cDNAs were replaced by DEPC 

water.  Each assay was carried out in triplicate using a 

LightCycler® 480 System real-time PCR platform (Roche, San 

Francisco, CA).  Forty amplification cycles were performed, 

with each cycle consisting of 94°C for 15 seconds followed 

by 59°C for 1 minute.  Each sample was analyzed in 
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triplicate.  Amplification and dissociation curves 

generated by the LightCycler® 480 Software application were 

used for gene expression analysis.  The 2
-ΔΔCT

 method
176
 was 

used to calculate relative differences in gene expression. 

 

Statistical Analysis 

All data were provided as the mean ± standard error of 

the mean (SEM) and analyses were performed using Microsoft 

Excel.  Student t-tests were applied to calculate 

statistical significance for the data sets; a p-value <0.05 

indicated a statistically significant difference between 

groups. 
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Results 

All 3 candidate genes in the locus – HAPLN4, TM6SF2, 

and GATAD2A – were expressed in the hepatic tissue of both 

patients with NAFLD and patients without NAFLD. 

GATAD2A mRNA levels were higher in rs2228603 genotype 

CC patients without NAFLD (Group A) than in CT patients 

with NAFLD (Group D) (p=2.97E
-3
). (Figure 9)  It was unclear 

if this difference in mRNA level was associated with NAFLD 

or with rs2228603 genotype.  If the T allele were 

associated with NAFLD, then the T allele would be 

associated with lower GATAD2A gene expression, as well.  

However, among all patients with genotype CC (Groups A and 

C), GATAD2A mRNA levels were lower in those with NAFLD 

(Group C) compared to those without NAFLD (Group A) 

(p=5.75E
-7
). (Figure 9)  This difference among CC 

homozygotes suggested that there was not a straightforward 

causal effect of the NCAN SNP T allele on liver steatosis 

phenotype or GATAD2A mRNA levels.  Furthermore, among 

patients with genotype CT (Groups B and D), GATAD2A mRNA 

levels are actually higher in NAFLD patients (Group D) 

compared to those without NAFLD (Group B) (p=8.46E
-4
). 

(Figure 9) 
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Figure 9: GATAD2A mRNA Hepatic Expression 

 

 

There was no statistically significant difference in 

TM6SF2 mRNA levels between genotype CC patient without 

NAFLD and genotype CT patients with NAFLD (p=0.058). 

(Figure 10)  However, among patients with the CC genotype 

(Groups A and C), TM6SF2 mRNA levels were lower in those 

with NAFLD (Group C) compared to those without NAFLD (Group 

A) (p=3.05E
-3
). (Figure 10)  This difference among CC 

homozygotes suggested that there was not a straightforward 

causal effect of the NCAN SNP T allele on liver steatosis 

phenotype or TM6SF2 mRNA levels.  These findings suggested 

an association between NAFLD and lower TM6SF2 mRNA levels, 

however, among patients with genotype CT (Groups B and D), 

there was no difference in TM6SF2 mRNA level between 
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patients with NAFLD (Group D) and patients without NAFLD 

(Group B) (p=0.10). (Figure 10) 

 

Figure 10: TM6SF2 mRNA Hepatic Expression 

 

 

There were no statistically significant differences in 

HAPLN4 mRNA levels between any of the groups. (Figure 11) 
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Figure 11: HAPLN4 mRNA Hepatic Expression 
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Discussion 

Since NCAN is not expressed in the liver, the NAFLD-

associated SNP rs2228603 is likely marking a neighboring 

gene that may be involved in the pathogenesis of liver 

steatosis.  By comparing patients with extremes of hepatic 

steatosis that have been grouped based on NCAN SNP 

rs2228603 genotype, we showed that rs2228603 may affect the 

way in which levels of the NCAN locus genes GATAD2A and 

TM6SF2 are associated with liver steatosis.  For GATAD2A, 

lower levels were associated with steatosis among patients 

with the CC genotype, while higher gene expression levels 

were associated with steatosis among patients with the CT 

genotype.  Similarly, lower TM6SF2 expression levels were 

associated with steatosis among patients with the CC 

genotype; there was only a trend toward statistical 

significance for the relationship between higher expression 

levels and steatosis among patients with the CT genotype.   

HAPLN4 mRNA levels did not differ among the four groups. 

These gene expression studies identified GATAD2A and 

TM6SF2 as potential contributors to liver steatosis, but 

they did not explain the underlying mechanism(s) whereby 

they promote or inhibit hepatic lipid accumulation.  It is 

possible that the NCAN SNP associated with liver steatosis 

is an expression quantitative locus (eQTL), which is a 
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genomic locus that regulates mRNA expression levels and 

pattern.  An example of this type of regulation is the 

lactase persistence phenotype that maps 5’ distal to LCT, a 

gene coding for the small intestine lactase enzyme.
177
  An 

intronic noncoding stretch of DNA without any known 

function contains a distal enhancer specific to enterocytes 

producing lactase.
178

  However, one of the greatest 

difficulties in eQTL analysis is proving a causal 

relationship between genomic variation and phenotype.  Many 

eQTL SNPs have been associated with disease phenotypes but 

the association does not indicate the role of individual 

variants.
179,180

  Nicolae et al (2010) determined that SNPs 

associated with complex human traits, like diabetes and 

obesity, are more likely to be eQTLs.
180

  Therefore, genetic 

risk factors for complex traits often affect phenotype by 

altering the amount or timing of protein production rather 

than by changing the type of protein produced. 

In a recent GWAS, Mirkov et al (2012) studied the 

potential function of nine SNPs associated with serum 

metabolomic traits.
181
  They correlated the mRNA levels and 

hepatic lipid content with genotypes in normal liver 

tissue.  They also compared their findings with the 

previously published eQTL data.  Four SNPs were identified 

that may affect the transcription of nearby genes in liver 
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tissue and two genes were identified that may influence the 

accumulation of lipids in the liver.
181

  When compared with 

published eQTL data, SNPs in four of the genes were also in 

linkage disequilibrium with eQTLs significantly affecting 

expression of these genes.
181

  These findings suggest that 

genetic variants affecting serum metabolite levels may play 

a functional role in the liver. 

Our gene expression studies favor further study of 

GATAD2A or TM6SF2.  The next step based on our gene 

expression results is to perform functional studies that 

alter the amount of protein produced by one of these 

candidate genes in order to elucidate its role in NAFLD 

pathogenesis.  TM6SF2 is further supported as a candidate 

based on a recent exome-wide association study in a multi-

ethnic population that tested 138,374 SNPs for association 

with hepatic TG content in 2,736 participants.  Only three 

SNPs reached exome wide significance: rs738409 and 

rs2281135 in PNPLA3 and rs58542926 in TM6SF2.
182
  The latter 

is an adenine-to-guanine substitution coding nucleotide 499 

that replaces glutamate at residue 167 with lysine.
182
  It 

was not associated with other hepatic steatosis risk 

factors, including BMI, insulin resistance or alcohol 

intake.
182

  Carriers of the TM6SF2 variant encoding the 

p.Glu167Lys variant had elevated hepatic TG content and the 
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association remained significant after adjusting for 

insulin resistance and alcohol intake.
182
  Furthermore, the 

effect of the TM6SF2 variant on hepatic TG content was 

independent of the effect caused by the PNPLA3 SNP 

rs738409, and there was no statistical interaction between 

the two risk alleles.
182

  Although the SNP at the locus most 

strongly associated with hepatic triglyceride content in 

GWAS was the NCAN SNP rs2228603, the TM6SF2 variant 

rs58542926 remained associated with hepatic TG content 

after conditioning on rs2228603 and other SNPs from the 

region.
182

  Conversely, conditioning on the TM6SF2 SNP 

removed the association between NCAN SNP rs2228603 and 

hepatic TG content, 
182
 suggesting that the TM6SF2 SNP is 

the variant responsible for associating the region with 

NAFLD. 

One of the limitations of the gene expression phase of 

our project is that the samples have been obtained from 

patients who have been on a pre-bariatric surgery low-

calorie diet which can result in reduced liver size.
183,184

  

Therefore, changes in hepatic mRNA levels of the candidate 

genes due to the pre-bariatric diet cannot be ruled out.  

To remove this possibility, liver biopsy would have to be 

performed prior to the preoperative diet.  Another 

limitation is that the study relies on detection of mRNA 
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level changes to identify candidate genes.  Changes in mRNA 

level do not always correspond with changes in protein 

level.  So even though HAPLN4 did not show changes in mRNA 

level between the different groups, there may still be 

variations in expression or function at the protein level. 

In summary, these gene expression results did not 

definitively establish GATAD2A as either promoting or 

inhibiting liver steatosis.  Several genome wide 

association studies have identified a relationship between 

a GATAD2A SNP and serum triglyceride levels.
5
  Therefore, 

one possible explanation for the indeterminate results is 

that serum TG levels may mediate the relationship between 

liver steatosis and gene expression.  In addition, the 

results do not establish TM6SF2 as either promoting or 

preventing liver steatosis.  Perhaps stratifying patients 

by serum TG levels or based on the presence or absence of 

diabetes may reveal a consistent association between TM6SF2 

levels and liver steatosis.  It is notable that the pattern 

is the same for both GATAD2A and TM6SF2, with high mRNA 

levels associated with steatosis for rs2228603 genotype CC 

and low mRNA levels associated with steatosis for rs2228603 

genotype CT.  This suggests that NCAN SNP rs2228603 may 

determine whether increased or decreased levels of GATAD2A 

and TM6SF2 are associated with liver steatosis. 
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CHAPTER 5: FUNCTIONAL GENE KNOCKDOWN 

 

Introduction 

 

Zebrafish Model 

 The zebrafish (Danio rerio) shares many cellular and 

physiological characteristics with other vertebrates and 

has been used as a model in vertebrate genetics since the 

1960s.  Zebrafish are freshwater fish that belong to the 

cyprinid family in the class of Actinopterygii (ray-finned 

fish).
185
  Because it has the conventional vertebrate body 

plan, the zebrafish is well suited for studies modeling 

human energy metabolism.
186
  The zebrafish digestive system 

is highly homologous to the mammalian digestive system, 

containing a liver, pancreas, gall bladder and a linear 

segmented intestinal track with both absorptive and 

secretory function.
187
  Until the zebrafish starts to feed 

around 5 days post fertilization, the sole source of energy 

is the maternally derived yolk composed of neutral lipids 

(triacyglycerol, wax and steryl esters) and polar 

phospholipids.
188,189

  Compared to mammalian models, the 

strengths of zebrafish as a model organism for studying 

vertebrate physiology include external fertilization, 
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relatively rapid development, optical transparency, 

transgenic feasibility, and genetic tractability.
190
 

Several zebrafish mutants with hepatic steatosis have 

been characterized.  Foie gras (fgr), was identified in a 

re-screening of a library of lethal mutations for liver 

size.  The fgr mutant is a null mutation and causes 

hepatomegaly with hepatocyte nuclear degeneration and 

steatosis.
191
    The Fgr protein is the zebrafish ortholog 

of human TRAPPC11, which is involved in ER-to-Golgi 

trafficking.
192

  The fgr mutation has been shown to cause 

hepatic ER stress that is linked to hepatic steatosis.
193
 

The homozygous mutant, dpt, was discovered in a 

chemical mutagen-induced screen for defects in exocrine 

pancreas.
194
  This zebrafish mutant exhibits abnormal 

pancreatic ductal network and acinar marker expression in 

addition to hepatic steatosis and liver degeneration.
195
  

The gene affected by this mutant is ahcy, which encodes S-

adenosylhomocysteine hydrolase (SAH), an enzyme needed to 

generate methyl donors for use in numerous biological 

processes.  The dpt mutation increases expression of genes 

encoding enzymes of de novo lipogenesis and activates 

inflammation by increasing TNF-α production.
195

  The hi559 

mutant contains an inactivating insertion in the cdipt gene 

and impairs the synthesis of phosphatidyl inositol 
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(PI).
188,196

  Absence of PI in the liver causes hepatocyte ER 

stress marked by activation of the unfolded protein 

response along with macrovesicular steatosis, hepatocyte 

ballooning, apoptosis and altered mitochondrial 

morphology.
196
  The red moon (rmn) mutant encodes the plasma 

membrane protein Slc16a6a, a transporter for beta-

hydroxbutyrate, the major fuel of fasting (as the fasted 

organism uses up its hepatic glycogen stores, fatty acids 

and amino acids are partially oxidized into acetoacetate 

and its reduction product β-hydroxybutyrate).  Mutation of 

this hepatocyte exporter of β-hydroxybutyrate causes 

rerouting of liver-trapped ketogenic precursors into 

triacyglycerol, which results in hepatic steatosis.
197
 

 The zebrafish is emerging as a powerful model system 

for investigating the pathways that contribute to hepatic 

lipid metabolism and NAFLD.  Several new genomic techniques 

have been developed to perform more rapid targeted gene 

disruption in the zebrafish.  Many have appreciated the 

strengths of unbiased forward genetics approaches in which 

one seeks to identify genes involved in a process through 

the screening of populations of fish that contain random 

modifications throughout the genome; carriers of 

interesting modified alleles are identified by the 

observation of specific displayed phenotypes and subsequent 
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mapping of the allele within the genome reveals genes that 

are associated with the observed biological process.
198

  But 

when a candidate gene has been identified, there is a role 

for reverse genetics, in which a gene of interest is 

altered or disrupted and the phenotypic consequences are 

observed.
199
  One powerful tool frequently used for gene 

knockdown in the zebrafish is the Morpholino 

oligonucleotide. 

 

Morpholino Oligonucleotides 

The morpholino-modified antisense oligonucleotide (MO) 

causes transient gene knockdown by binding to RNA and 

inhibiting protein synthesis.
200
  MOs are approximately 25 

bases in length and are made up of nonioinic 

phosphorodiamidate backbone with morpholine rings 

substituted for ribose.
201
  Both types of MO applications – 

splice blocking and translation blocking - inhibit protein 

synthesis.
202
  Splice blocking MOs bind and inhibit pre-mRNA 

processing by inhibiting the splicesome components that 

splice the primary transcript to mature mRNA.  

Translational blocking MOs bind complementary mRNA 

sequences in the 5’ untranslated region to interfere with 

ribosome assembly near the translation start site. 
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In the zebrafish, morpholinos are microinjected into 

the yolks of 1- to 8-cell staged embryos.
203

  MOs are water 

soluble and are very resistant to a wide range of proteases 

and nucleases; therefore, they are difficult to eliminate 

from the cell.
204

  They have excellent RNA-binding affinity 

and antisense efficacy.  MO specificity is ensured by 

reversing the effect with an RNA “rescue” in which 

synthetic mRNA encoding the protein from the targeted locus 

is injected into the yolk of 1-2 cell embryos.
205

  Embryos 

injected with both the targeting MO and with the gene-

specific mRNA, are compared to those injected with MO alone 

and those injected with mRNA constructs alone.
202

 

 MOs have been used to study liver steatosis in the 

zebrafish.  Her et al (2013) used zebrafish to explore the 

role of CHOP-10, a protein induced by the transcription 

factor YY1, in liver steatosis.  Transgenic zebrafish from 

lines expressing YY1 were injected with antisense MOs 

designed to block translation of CHOP-10 mRNAs.  Embryos 

injected with CHOP-10 morpholino showed significant hepatic 

TG accumulation (as indicated by ORO staining) compared to 

uninjected embryos and embryos injected with control CHPO-

10 MO.
206
  To rescue the knockdown phenotype, the CHOP-10 MO 

was co-injected with in vitro-transcribed zebrafish CHOP-10 

mRNA; the injection either completely or partially balanced 
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the morpholino effect on triglyceride accumulation of CHOP-

10 morphants.
206

  Moreover, hepatic FA accumulation was 

associated with induction of FA-oxidizing systems that 

increased hepatic lipogenesis and oxidative stress.
206
  This 

study successfully used gene knockdown to reproduce the 

fatty liver phenotype. 

 We performed gene knockdown studies on Tm6sf2 in the 

zebrafish to determine if we could reproduce hepatic lipid 

accumulation.  We also determined if knockdown of Tm6sf2 is 

associated with changes in the expression of genes involved 

in hepatic lipogenesis (ACC, FASN, SCD1), fatty acid 

oxidation (CPT1), and lipid transport (CD36, FABP6). 
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Methods 

 

Morpholino Sequences and Microinjection 

An antisense MO was used for translational knockdown 

of Tm6sf2 in zebrafish embryos.  The MO was designed to 

target the 5’ UTR of the zebrafish Tm6sf2 gene and was 

purchased from Gene Tools (Philomath,OR): 

ACCACTGGCCTGAAAATACAAAACA.  The MO was diluted with Danieu 

buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM 

Ca(NO3)2, 5 mM HEPES, pH 7.6) to a concentration of 0.3 mM.  

Zebrafish eggs were fixed onto a 1.5% agarose plate and the 

MOs were microinjected into the embryos at the 1- or 2-cell 

stage using a PV820 Pneumatic Pico Pump microinjector 

(World Precision Instruments, Sarasota, FL).  Uninjected 

embryos as well as embryos injected with five-nucleotide 

mismatch MOs served as negative controls.  To demonstrate 

reversal of the MO effects, embryos were coinjected with 

the Tm6sf2 MO and Tm6sf2 mRNA (Tm6sf2 from 6 days post 

fertilization (dpf) zebrafish-embryo total mRNA were cloned 

into the pGEM-T Easy vector [Promega, Milan, Italy]; the 

linearized plasmids were used as templates to transcribe 

synthetic mRNAs with the SP6 MEGAscript transcription kit 

[Ambion, Austin, TX]). 
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The efficacy of the MO was confirmed with qualitative 

PCR of Tm6sf2 in samples from uninjected control fish and 

fish injected with the Tm6sf2 MO.  Standard reactions were 

formulated with optimal amounts of PCR buffer Master Mix, 

primer, cDNA template, and DEPC water.  For the negative 

controls, cDNAs was replaced by DEPC water.  Forty 

amplification cycles were performed with the following 

cycling conditions: 2 min at 50 °C and 10 min at 95 °C, 

followed by 45 cycles of 10s at 95°C, 5s at 60°C and 7s at 

72°C.  Amplification was confirmed by agarose 

electrophoresis stained with ethidium bromide. 

 

Morphology 

For whole-mount analysis of Oil Red O (ORO) staining, 

5-10 larvae from each treatment group were fixed in 4% 

paraformaldehyde, washed with phosphate buffered saline 

(PBS), infiltrated with propylene glycol, and stained with 

0.5% ORO in 100% propylene glycol.  Stained larvae were 

washed with propylene glycol followed by several rinses 

with PBS and transferred to 80% glycerol.  The stained 

larvae were viewed on a stereomicroscope and images were 

captured using a Zeiss AxioCam camera.  Using image 

analysis software (ImageJ 1.45s, National Institutes of 
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Health, Bethesda, MD, USA), the liver was outlined and the 

percentage of liver area stained by ORO was quantified. 
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qRT-PCR of lipogenesis genes 

For each lipogenesis-related gene, 10-20 zebrafish 

embryos were pooled from each treatment group: uninjected 

embryos, control MO injected embryos, Tm6sf2 MO-injected 

embryos, and MO rescued embryos (co-injected with the 

Tm6sf2 MO and Tm6sf2 mRNA).  RNA was isolated from pooled 

hepatic tissue using TRIzol and then purified using the 

RNeasy Micro Kit (Qiagen, Venlo, Netherlands).  A 2 μg 

aliquot of DNase treated hepatic RNA was reverse 

transcribed into cDNA using the Reverse Transcriptase 

System (Promega, Madison, WI).  Using Taqman probes, qRT-

PCR was performed to determine mRNA expression levels of 5 

genes involved in lipid homeostasis and cell 

death/stress
207

; ß-actin, a housekeeping gene, served as a 

positive control. (Table 6) 

 

Table 6: Hepatic Lipid Metabolism Gene Primers 

 

Standard reactions were formulated with optimal amounts of 

PCR buffer Master Mix, primer, cDNA template, and DEPC 

water.  For the negative controls, cDNAs was replaced by 
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DEPC water.  Each assay was carried out in triplicate using 

a LightCycler® 480 System real-time PCR platform (Roche, 

San Francisco, CA).  Forty amplification cycles were 

performed with the following cycling conditions: 2 min at 

50 °C and 10 min at 95 °C, followed by 45 cycles of 10s at 

95°C, 5s at 60°C and 7s at 72°C. Each sample was analyzed 

in triplicate.  Amplification and dissociation curves 

generated by the LightCycler® 480 Software application were 

used for gene expression analysis.  The 2
-ΔΔCT

 method
176
 was 

used to calculate relative changes in gene expression. 

 

Statistical Analysis 

All data were provided as the mean ± standard error of 

the mean (SEM) and analyses were performed using Microsoft 

Excel.  Student t-tests were applied to calculate 

statistical significance for the data sets; given the small 

sample size of each treatment group, the more stringent p-

value <0.01 was used to indicate a statistically 

significant difference between groups. 

 

  



 

77 
 

Results 

 

Morphology 

Whole mount staining showed that larvae had differing 

percentages of hepatic lipid accumulation depending on the 

treatment group.  Values that differed by more than 1.5 

standard deviations from the group median percentage were 

considered outliers; one outlier was removed from the 

control MO group and one outlier was removed from the 

Tm6sf2 MO group.  The mean percentage of liver with ORO 

staining was 16.8% for the 5 uninjected larvae, 7.6% for 

the 4 control MO injected larvae, 41.8% for the 4 Tm6sf2 MO 

injected larvae, and 9.8% for the 5 rescue injected (Tm6sf2 

MO + Tmsf2 mRNA) larvae. (Table 7) 

 

Table 7: Percentage of Zebrafish Liver with ORO Staining 
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Uninjected fish had similar amounts of hepatic lipid 

staining as fish injected with the control MO (p=0.098). 

(Figures 12 & 13)  However fish injected with the Tm6sf2 MO 

had more hepatic lipid staining than uninjected fish 

(P=0.012) and more hepatic lipid staining than fish 

injected with the control MO (p=0.008). (Figures 12 & 13)  

Rescue fish injected with both the Tm6sf2 MO and Tm6sf2 

mRNA had similar hepatic lipid staining as uninjected fish 

(p=0.191) and similar hepatic lipid staining as fish 

injected with control MO (p=0.403). (Figures 12 & 13)  

Compared to rescue fish, fish injected with the Tm6sf2 MO 

had more hepatic lipid staining (p=0.006). (Figures 12 & 

13)  These findings suggest that the Tm6sf2 MO causes 

hepatic lipid accumulation in the zebrafish embryo. 
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Figure 12: Zebrafish Hepatic Whole Mount ORO Staining (120X 

magnification) 

 

 

Figure 13: Comparison of Percentage of ORO Staining 

 in Zebrafish Liver 
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The efficacy of the morpholino was confirmed by RT-PCR 

(data not shown).   

  

Expression of Hepatic Lipid Metabolism Genes 

We next examined the effect of Tm6sf2 knockdown on 

hepatic lipid metabolism gene expression.  For Cd36 mRNA 

(Figure 14), levels were higher in fish injected with 

control MO compared to uninjected fish (p=0.009); this 

suggests non-specific MO effects.  Furthermore, there was 

no difference in mRNA levels between fish injected with 

control MO and fish injected with Tm6sf2 MO, (P>0.01); this 

also suggests nonspecific MO effects on Cd36 mRNA level.  

Because of the nonspecific MO effects, the effects of 

Tm6sf2 knockdown cannot be determined. 

 

Figure 14: Zebrafish Whole Body Cd36 mRNA Expression 
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For Fabp6 mRNA (Figure 15), there was no difference 

between uninjected fish and fish injected with control MO 

(p>0.01), indicating that there were no non-specific MO 

effects.  Levels were higher in fish injected with Tm6sf2 

MO than in uninjected fish (p=0.002).  This indicates that 

Tm6sf2 knockdown increased Fabp6 expression.  There was no 

difference between uninjected fish and rescue fish 

(p>0.01), indicating that reversal of the Tm6sf2 MO effect 

with Tm6sf2 mRNA returned Fabp6 mRNA levels back to 

baseline.  Fabp6 mRNA levels were higher in fish injected 

with Tm6sf2 MO than in fish injected with control MO 

(p=0.003), confirming that specific knockdown of Tm6sf2 

increased Fabp6 expression.  There was no difference in 

Fabp6 mRNA level between fish injected with control MO and 

rescue fish (p>0.01), and levels were higher in fish 

injected with Tm6sf2 MO than in rescue fish (p=0.002).  

Overall, specific knockdown of Tm6sf2 increased Fabp6 mRNA 

level. 
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Figure 15: Zebrafish Whole Body Fabp6 mRNA Expression 

 

For Cpt1 mRNA (Figure 16), there was no difference 

between uninjected fish and fish injected with control MO 

(p=0.01).  This suggests that there were no non-specific MO 

effects.  Cpt1 levels were higher in fish injected with 

Tm6sf2 MO than in uninjected fish (p=0.0001).  This 

suggests that Tm6sf2 knockdown increased Cpt1 expression.  

There was no difference between uninjected fish and rescue 

fish (p>0.01), suggesting that reversal of the Tm6sf2 MO 

effect with Tm6sf2 mRNA returned Cpt1 mRNA levels back to 

baseline.  Cpt1 mRNA levels were higher in fish injected 

with Tm6sf2 MO than in fish injected with control MO 

(p=0.002), suggesting that specific knockdown of Tm6sf2 

increased Cpt1 expression.  Furthermore, Cpt1 mRNA levels 

were higher in fish injected with Tm6sf2 MO than in rescue 

fish (p=0.001).  However, Cpt1 mRNA levels were higher in 
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fish injected with control MO than in rescue fish 

(p=0.002), suggesting the presence of non-specific effects 

of the MO.  Because of the nonspecific MO effects, the 

effect of Tm6sf2 knockdown on Cpt1 expression cannot be 

established. 

 

Figure 16: Zebrafish Whole Body Cpt1 mRNA Expression 

 

For Acc1 mRNA (Figure 17), levels were higher in fish 

injected with Tm6sf2 MO than uninjected fish (p=0.001), 

suggesting that Tm6sf2 knockdown increased Acc1 expression.  

In addition, levels were higher in fish injected with 

Tm6sf2 MO than fish injected with control MO (p=0.001).  

This suggests that specific knockdown of Tm6sf2 increased 

Acc1 expression.  However, there were higher Acc1 mRNA 

levels in fish injected with control MO than uninjected 

fish. (p=0.001), suggesting that there were non-specific MO 

effects.  There was no difference between fish injected 
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with control MO and rescue fish (p>0.01), and levels were 

higher in fish injected with Tm6sf2 MO than in rescue fish 

(p=0.002).  However, levels were higher in rescue fish than 

in uninjected fish (p=0.001), suggesting that the mRNA did 

not completely rescue Acc1 levels.  Overall, because of the 

nonspecific MO effects, the effect of Tm6sf2 knockdown on 

Acc1 expression cannot be verified. 

 

Figure 17: Zebrafish Whole Body Acc1 mRNA Expression 

 

For Fasn mRNA level (Figure 18), there was no 

difference between uninjected fish and fish injected with 

control MO (p>0.01).  This indicates that there were no 

non-specific MO effects.  There was no difference in Fasn 

mRNA level between uninjected fish and fish injected with 

Tm6sf2 MO (p>0.01).  This indicates that Tm6sf2 knockdown 

does not increase Fasn expression.  Furthermore, there was 

no difference between fish injected with control MO and 
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fish injected with Tm6sf2 MO (p>0.01).   This suggests that 

Tm6sf2 knockdown does not increase Fasn expression.  In 

addition, there was no difference between fish injected 

with Tm6sf2 MO and rescue fish (p>0.01), which confirms a 

lack of effect of the Tm6sf2 MO on Fasn mRNA level. 

 

Figure 18: Zebrafish Whole Body Fasn mRNA Expression 

 

For Scd1 (Figure 19), mRNA levels were higher in fish 

injected with control MO than in uninjected fish (p=0.004).  

This suggests non-specific MO effects.  Therefore, 

conclusions cannot be drawn regarding the effect of Tm6sf2 

knockdown on Scd1 expression. 
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Figure 19: Zebrafish Whole Body Scd1 mRNA Expression   
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Discussion 

To further analyze the functional role of TM6SF2 in 

hepatic steatosis, we used morpholino oligonucleotides to 

perform gene knockdown studies in the zebrafish model.  We 

found that knockdown of the TM6SF2 gene reproduced the 

liver steatosis phenotype.  Along with the hepatic lipid 

accumulation, there was increased expression of Fabp6, a 

gene involved in fatty acid uptake and transport. 

Kozlitina et al (2014) recently showed that the TM6SF2 

p.Glu167Lys substitution (rs58542926) was associated with 

NAFLD.
182
  Although TM6SF2 protein is predicted to have 

seven transmembrane domains
208
, the specific biological 

function is not known.  Human wild-type and mutant TM6SF2 

proteins were expressed in HuH-7 cells to determine the 

effect of the variation on TM6SF2 expression and 

localization.  While levels of TM6SF2 mRNA were similar in 

cells expressing wild-type and mutant TM6SF2, levels of the 

mutant protein were reduced by 46%.
182
  To assess the effect 

of loss of TM6SF2 function on hepatic TG content, 

recombinant adeno-associated viral vectors expressing short 

hairpin RNAs (shRNAs) were used to selectively decrease 

Tm6sf2 transcript levels in the livers of mice.  Hepatic 

inhibition of Tm6sf2 increased hepatic TG content and 

decreased plasma total cholesterol and TG levels, while 
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mean serum ALT levels were unchanged.
182

  Because the 

combination of higher hepatic TG content and lower serum TG 

levels suggests a defect in VLDL secretion, the effect of 

Tm6sf2 knockdown on VLDL secretion was examined by 

inhibiting intravascular lipoprotein lipase, which 

hydrolyzes the TG content of VLDL.  Hepatic TG accumulation 

was markedly reduced in the knockdown mice compared to 

controls.
182
  These results suggest that wildtype TM6SF2 may 

promote VLDL secretion and that the increased hepatic TG 

content associated with the TM6SF2 variant results from a 

decrease in protein function. 

To further assess whether TM6SF2 may play a role in VLDL 

secretion from the liver, Holmen et al looked specifically 

at the functional effects of the TM6SF2 p.Glu167Lys variant 

on serum lipid levels.
209

  After using an exome array to 

genotype 80,137 coding variants in over 5,000 subjects, 18 

variants were followed up in 4,666 patients.  They 

identified ten gene loci, including TM6SF2, with coding 

variants associated with a lipid trait.
209

  Most of these 

genes had well established functional roles in lipid 

metabolism, but TM6SF2 had not been previously associated 

with blood lipid levels.  The TM6SF2 p.Glu167Lys variant 

reached genome wide significant association with serum 

total cholesterol.
209

  This SNP was in strong linkage 
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disequilibrium with the GWAS index SNP rs10401969 at the 

NCAN locus on chromosome 19p13.
209

  In this cohort, the 

TM6SF2 rs58542926[T] variant showed stronger evidence for 

association with serum cholesterol than NCAN SNP rs2228603, 

which previously had been associated with both NAFLD and 

serum lipid levels.  In this sample, the total cholesterol 

associations for the p.Glu167Lys TM6SF2 coding variant and 

the GWAS index SNP rs10401969 were considered 

indistinguishable after conditioning on the TM6SF2 variant 

since the total cholesterol association at the GWAS index 

SNP lost significance.
209

  This suggests that the TM6SF2 

variant is responsible for the association signal detected 

in the NCAN locus by the GWAS.  To further determine 

whether TM6SF2 might be the functional gene, they used 

northern blotting and western blotting to determine the 

distribution pattern of Tm6sf2 in mice.  Endogenous Tm6sf2 

mRNA and protein were both highly expressed in the liver, 

suggesting a potential role for TM6SF2 in hepatic lipid 

metabolism.
209
  In subsequent functional studies, they 

transiently overexpressed human TM6SF2 in mice using a 

liver-targeted adenovirus.  In TM6SF2-overexpressing mice 

compared to controls, total cholesterol, LDL, and TG levels 

were increased while HDL levels were decreased.
209

  They 

also tested the impact of knockdown of Tm6sf2 by transient 



 

90 
 

transduction of short hairpin RNA (shRNA) against Tm6sf2 in 

mice using an adenovirus.  The protein levels of TM6SF2 

were deceased by 49% in the liver of Tm6sf2 knockdown mice 

and fasting total cholesterol levels were decreased by 

18.2% compared to controls.
209
  Since overexpression of 

TM6SF2 increased total cholesterol and knockdown of Tm6sf2 

decreased total cholesterol, and the minor human allele is 

associated with reduced cholesterol, the results suggest 

that the variant results in decreased function of TM6SF2.  

However, neither TM6SF2 overexpression nor Tm6sf2 knockdown 

altered hepatic TG accumulation or serum ALT levels.
209

 

 Our Tm6sf2 knockdown analysis of lipogenesis-related 

genes in zebrafish suggests a role for fatty acid binding 

proteins (FABPs) in NAFLD via TM6SF2.  Because FAs are 

insoluble, they require chaperones like FABPs to transfer 

them throughout various cellular compartments.
210

  There are 

several FABP isoforms and they are expressed throughout 

tissues that are involved in FA metabolism.  Nine FABP 

protein-coding genes have been identified in the human 

genome, including liver (FABP1 or L-FABP), intestine (FABP2 

or I-FABP) and ileum (FABP6 or Il-FABP).
210
  These different 

isoforms were first named for the organ in which they were 

first identified or predominated, but their expression 

profiles are not exclusive to that specific organ. For 
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example, FABP1 is not only expressed in the liver, but also 

in the intestine, pancreas, kidney, lung and stomach.  

FABP1-3, 6 and 7 all exist on separate chromosomes in the 

human, whereas FABP4, 5, 8 and 9 all co-localize at 

chromosome 8q21.
210

 

Our functional results specifically suggest a role for 

FABP6 in hepatic steatosis.  FABP6 is highly expressed in 

the ileum, and to a lesser extent in ovaries, placenta and 

the adrenal glands.
211
. FABP6 binds both bile acids and FAs 

and interacts with the ileal bile acid transporter protein 

to aid in bile acid uptake and trafficking.
212
  Because the 

ileum plays a critical role in the enterohepatic 

circulation of bile acids, ileal FABP may affect hepatic 

lipid handling and other metabolic syndrome-related 

processes.  For instance, in a fat assimilation study a 

variant of FABP6 (Thr79Met) was the most significant marker 

associated with type 2 diabetes
213

,  with the Met allele of 

the Thr79Met substitution showing a decreased risk for 

diabetes.
214
  

Venkatachalam et al (2012) showed that feeding FAs to 

zebrafish induced the transcriptional upregulation of the 

steady-state level of Fabp2 transcripts in the intestine 

and Fabp3 transcripts in the liver.
215,216

  The modulation of 

Fabp6 transcription by FAs in zebrafish implicates control 
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of these genes by PPAR interaction with peroxisome 

proliferator response elements (PPRE), most likely 

in Fabp promoters.  Many putative PPREs were identified in 

the 5’ upstream region and introns of the zebrafish Fabp2, 

Fabp3 and Fabp6 genes by silico analysis.
215

   

Therefore, it would be worthwhile to further analyze 

FABPs that are more highly expressed in the liver, 

particularly FABP1 (L-FABP).  The promoter region of the 

FABP1 gene contains several response elements involved in 

fat metabolism.  The most understood of these is the PPRE, 

which contains a repeat sequence that binds and is 

activated by PPAR-α.
217
  FABP1 is upregulated by PPAR-α 

ligands
218

  and FABP1 has been shown function in hepatic 

LCFA uptake, oxidation, esterification and secretion.
219
  

Mammalian studies have shown that gene transcripts of FABP1 

and FABP2 in the liver and small intestine, respectively, 

are up-regulated by dietary FAs and peroxisome 

proliferators.
220-224

  A putative PPAR-binding site is located 

upstream of the FABP2 transcription initiation site, where 

gene induction by benzafibrate is PPAR-α dependent.
225
  In 

addition, a sterol response element (SRE) has been found in 

the FABP2 gene that is highly homologous with an SREBP bind 

site found in the promoters of the LDL receptor, HMG-CoA 

synthase and glycerol 3-phosphate acyltransferase.
226
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High fat feeding is a potent stimulator of hepatic 

FABP expression.
227

  FABP1
-/-

 mice were resistant to high fat 

diet induced liver TG infiltration compared to wildtype 

mice.
228
  Studies suggest that the FABP1 and hepatic MTTP 

genes share the same transcriptional regulatory sequence in 

their promoter and their transcription is coordinately 

induced by PPAR-α and RXR-α agonists
229

; coordinated 

upregulation of both proteins would delivery sufficient FAs 

to the VLDL assembly and secretion pathway while their 

inhibition would decrease VLDL secretion without causing 

hepatic FA accumulation.
230,231

  Spann et al (2006) showed 

that simultaneous transcriptional repression of the two 

lipid transfer proteins, L-FABP and MTTP, which 

cooperatively shunt fatty acids into de novo lipogenesis 

and the transfer of lipids into VLDL respectively, act 

together to maintain hepatic lipid homeostasis and prevent 

TG accumulation.
229

 

One limitation of our study is the small number of 

fish used for whole mount quantification of hepatic 

steatosis.  In addition, ORO staining of histological 

sections of zebrafish liver would provide a more precise 

quantification of lipid accumulation.  Another limitation 

of the study is that CD36 is the only other FA transport 

gene that we measured for mRNA expression.  It would be 
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beneficial to check for changes in mRNA levels of other FA 

transport genes such as slc25a10, ApoA-IV, and slc35b4. 

 In summary, our results suggest a role for TM6SF2 in 

NAFLD pathogenesis.  Since Tm6sf2-knockdown-induced liver 

steatosis was associated with increased Fabp6, a FA 

transporter, the mechanism by which TM6SF2 may cause 

hepatic lipid accumulation may involve increased FA uptake 

that overwhelms the VLDL pathway of exporting TG from the 

liver. 
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CHAPTER 6: CONCLUSION 

 

Because obesity is considered a risk factor for NAFLD, 

we extended the findings of the GOLD Consortium GWAS meta-

analysis by studying a large population of bariatric 

surgery patients with intra-operatively obtained liver 

biopsies.  We showed that genetic variation in NCAN is 

associated not only with liver steatosis but also with 

features of steatohepatitis.  Since NCAN is not highly 

expressed in liver, it is probable that the genetic variant 

in NCAN is marking the involvement of a nearby gene.  To 

determine if expression of any of the genes in the NCAN 

locus varies based on liver steatosis and NCAN SNP 

rs2228603 genotype, we compared patients with extremes of 

hepatic steatosis who had been grouped based on NCAN SNP 

rs2228603 genotype.  For two of the genes in the NCAN 

locus, GATAD2A and TM6SF2, lower mRNA levels were 

associated with liver steatosis in patients with the NCAN 

rs2228603 CC genotype while higher levels were associated 

with liver steatosis in patients with the CT genotype.  

These findings suggest that NCAN SNP rs2228603 may affect 

the way in which levels of the nearby genes GATAD2A and 

TM6SF2 are associated with liver steatosis.  To further 

analyze the role of TM6SF2, we performed functional studies 
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in the zebrafish model and found that knockdown of Tm6sf2 

reproduced the liver steatosis phenotype and simultaneously 

increased hepatic expression of Fabp6. 

 None of the human FABP proteins are located on 

chromosome 19 with TM6SF2 but our findings could be built 

upon by considering FABP SNPs associated with liver 

steatosis or serum cholesterol levels.  A highly conserved 

missense mutation in exon 3 of the human FABP1 gene results 

in a Thr  Ala substitution at position 94; carriers for 

this SNP have been shown to have higher baseline plasma 

free FA levels, lower BMI and smaller waist circumference 

than T94 homozygotes.
232

  The T94 mutant is also associated 

with elevated fasting serum TG and LDL-cholesterol 

levels.
233

  A SNP in FABP2 located at codon 54 (Ala  Thr) 

is a missense variant associated with dyslipidemia, IR and 

obesity.
234-236

  Finally, in a population study, carriers of 

the T-87C variant in the FABP4 gene had significantly lower 

fasting TGs.
237

  Although the variant of FABP6 (Thr79Met) 

showed decreased risk for T2DM, it did not show 

associations with traits related to lipid metabolism.
213
   

FABP1 in particular may be involved in the progression 

from simple liver steatosis to steatohepatitis. Chen et al 

(2013) explored a role for Fabp1 in lipid metabolism in 

both hepatocytes and stellate cells.  They found that it 
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plays a cell-specific role in regulating lipid metabolism 

in murine heptocytes and stellate cells, with implication 

for hepatic stellate cell activation and for the 

development and progression of diet-induced NAFLD.
238
  FABP1

-

/-
 mice have been shown to be protected against Western 

diet-induced obesity and hepatic steatosis through a series 

of adaptations in both hepatic and extrahepatic energy 

substrate use.
228

 

 It also would be worthwhile to return to the Geisinger 

bariatric cohort and determine if there are differences in 

hepatic expression of FABP mRNA and protein.  Specifically, 

there may be a more clear relationship between liver 

steatosis and FABPs.  These data may be further enhanced by 

evaluating patients with intermediate grades of steatosis.  

In patients with grade 1 or grade 2 steatosis, a change in 

FABP expression that corresponds with liver steatosis grade 

would support a functional role in NAFLD.  For example, in 

a microarray analysis of hepatic gene expression, Guillen 

et al (2009) studied mRNA expression of 15 genes involved 

in lipid metabolism and found that ten of them showed 

significant associations among their expressions and the 

degree of hepatic steatosis.
239
 

 However, the mechanism by which TM6SF2 affects FABPs 

to cause hepatic steatosis remains to be determined.  The 
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recent findings of Kozlitina et al (2014) suggest a role 

for TM6SF2 in decreasing VLDL secretion. The role of 

hepatic-derived VLDL is to deliver energy in the form of TG 

to peripheral tissues and this redistribution of TG to the 

periphery also protects the liver from the accumulation of 

excess TG that may be involved in lipotoxicity.  Since 

FABP1 causes increased hepatic FA uptake, it may not 

decrease VLDL secretion but instead may overwhelm the 

ability of the VLDL secretion pathway to export hepatic 

lipids and thus lead to hepatic lipid overload and 

subsequent lipotoxicity.  It has already been demonstrated 

that FA administration can increase apoB100 secretion by 

decreasing its intracellular degradation,
240,241

 but at higher 

doses for longer periods, FAs induce dose- and duration-

related induction of ER stress, which in turn inhibits 

apoB100 secretion.
73,242

  Therefore, it is possible that 

increased fatty acid uptake decreases VLDL secretion by 

inhibiting apoB100.   

 In summary, our fine mapping of the NCAN locus has 

identified a role for this locus in NAFLD that is 

associated with lower serum TG.  Our gene expression 

studies of NCAN locus candidate genes have identified 

TM6SF2 as a possible contributor to NAFLD pathogenesis and 

our functional studies are consistent with a role for 
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TM6SF2 in hepatic lipid accumulation, possibly via a FABP.  

Further study of FABPs may help to identify a mechanism for 

NAFLD in which TG is sequestered in the liver. 

  



 

100 
 

WORKS CITED 

1. Caldwell S, Argo C. The natural history of non-alcoholic fatty 

liver disease. Dig Dis. 2010;28(1):162-168. doi: 

10.1159/000282081 [doi]. 

2. Adams LA, Lymp JF, St Sauver J, et al. The natural 

history of nonalcoholic fatty liver disease: A population-

based cohort study. Gastroenterology. 2005;129(1):113-121. 

doi: S0016508505006943 [pii]. 

3. Zein CO, Unalp A, Colvin R, Liu YC, McCullough AJ, 

Nonalcoholic Steatohepatitis Clinical Research Network. 

Smoking and severity of hepatic fibrosis in nonalcoholic 

fatty liver disease. J Hepatol. 2011;54(4):753-759. doi: 

10.1016/j.jhep.2010.07.040 [doi]. 

4. Starley BQ, Calcagno CJ, Harrison SA. Nonalcoholic fatty 

liver disease and hepatocellular carcinoma: A weighty 

connection. Hepatology. 2010;51(5):1820-1832. doi: 

10.1002/hep.23594 [doi]. 

5. Soderberg C, Stal P, Askling J, et al. Decreased 

survival of subjects with elevated liver function tests 

during a 28-year follow-up. Hepatology. 2010;51(2):595-602. 

doi: 10.1002/hep.23314 [doi]. 

6. Rafiq N, Bai C, Fang Y, et al. Long-term follow-up of 

patients with nonalcoholic fatty liver. Clin Gastroenterol 

Hepatol. 2009;7(2):234-238. doi: 10.1016/j.cgh.2008.11.005 

[doi]. 

7. Alberti KG, Eckel RH, Grundy SM, et al. Harmonizing the 

metabolic syndrome: A joint interim statement of the 

international diabetes federation task force on 

epidemiology and prevention; national heart, lung, and 

blood institute; american heart association; world heart 

federation; international atherosclerosis society; and 

international association for the study of obesity. 

Circulation. 2009;120(16):1640-1645. doi: 

10.1161/CIRCULATIONAHA.109.192644 [doi]. 

8. Lazo M, Hernaez R, Eberhardt MS, et al. Prevalence of 

nonalcoholic fatty liver disease in the united states: The 

third national health and nutrition examination survey, 

1988-1994. Am J Epidemiol. 2013;178(1):38-45. doi: 

10.1093/aje/kws448 [doi]. 



 

101 
 

9. Lazo M, Clark JM. The epidemiology of nonalcoholic fatty 

liver disease: A global perspective. Semin Liver Dis. 

2008;28(4):339-350. doi: 10.1055/s-0028-1091978 [doi]. 

10. Younossi ZM, Stepanova M, Afendy M, et al. Changes in 

the prevalence of the most common causes of chronic liver 

diseases in the united states from 1988 to 2008. Clin 

Gastroenterol Hepatol. 2011;9(6):524-530.e1; quiz e60. doi: 

10.1016/j.cgh.2011.03.020 [doi]. 

11. Machado M, Marques-Vidal P, Cortez-Pinto H. Hepatic 

histology in obese patients undergoing bariatric surgery. J 

Hepatol. 2006;45(4):600-606. doi: 

10.1016/j.jhep.2006.06.013. 

12. Palekar NA, Naus R, Larson SP, Ward J, Harrison SA. 

Clinical model for distinguishing nonalcoholic 

steatohepatitis from simple steatosis in patients with 

nonalcoholic fatty liver disease. Liver Int. 

2006;26(2):151-156. doi: LIV1209 [pii]. 

13. Harrison SA, Di Bisceglie AM. Advances in the 

understanding and treatment of nonalcoholic fatty liver 

disease. Drugs. 2003;63(22):2379-2394. doi: 63221 [pii]. 

14. Ekstedt M, Franzen LE, Mathiesen UL, et al. Long-term 

follow-up of patients with NAFLD and elevated liver 

enzymes. Hepatology. 2006;44(4):865-873. doi: 

10.1002/hep.21327 [doi]. 

15. Brunt EM, Tiniakos DG. Histopathology of nonalcoholic 

fatty liver disease. World J Gastroenterol. 

2010;16(42):5286-5296. 

16. Schwenzer NF, Springer F, Schraml C, Stefan N, Machann 

J, Schick F. Non-invasive assessment and quantification of 

liver steatosis by ultrasound, computed tomography and 

magnetic resonance. J Hepatol. 2009;51(3):433-445. doi: 

10.1016/j.jhep.2009.05.023 [doi]. 

17. Myers RP, Crotty P, Pomier-Layrargues G, Ma M, Urbanski 

SJ, Elkashab M. Prevalence, risk factors and causes of 

discordance in fibrosis staging by transient elastography 

and liver biopsy. Liver Int. 2010;30(10):1471-1480. doi: 

10.1111/j.1478-3231.2010.02331.x [doi]. 



 

102 
 

18. Chalasani N, Younossi Z, Lavine JE, et al. The 

diagnosis and management of non-alcoholic fatty liver 

disease: Practice guideline by the american association for 

the study of liver diseases, american college of 

gastroenterology, and the american gastroenterological 

association. Hepatology. 2012;55(6):2005-2023. doi: 

10.1002/hep.25762 [doi]. 

19. Harrison SA, Day CP. Benefits of lifestyle modification 

in NAFLD. Gut. 2007;56(12):1760-1769. doi: gut.2006.112094 

[pii]. 

20. Promrat K, Kleiner DE, Niemeier HM, et al. Randomized 

controlled trial testing the effects of weight loss on 

nonalcoholic steatohepatitis. Hepatology. 2010;51(1):121-

129. doi: 10.1002/hep.23276 [doi]. 

21. Huang MA, Greenson JK, Chao C, et al. One-year intense 

nutritional counseling results in histological improvement 

in patients with non-alcoholic steatohepatitis: A pilot 

study. Am J Gastroenterol. 2005;100(5):1072-1081. doi: 

AJG41334 [pii]. 

22. Cowin GJ, Jonsson JR, Bauer JD, et al. Magnetic 

resonance imaging and spectroscopy for monitoring liver 

steatosis. J Magn Reson Imaging. 2008;28(4):937-945. doi: 

10.1002/jmri.21542 [doi]. 

23. Lazo M, Solga SF, Horska A, et al. Effect of a 12-month 

intensive lifestyle intervention on hepatic steatosis in 

adults with type 2 diabetes. Diabetes Care. 

2010;33(10):2156-2163. doi: 10.2337/dc10-0856 [doi]. 

24. Torres DM, Harrison SA. Current treatments in 

nonalcoholic steatohepatitis. Curr Treat Options 

Gastroenterol. 2007;10(6):425-434. 

25. Harrison SA, Fecht W, Brunt EM, Neuschwander-Tetri BA. 

Orlistat for overweight subjects with nonalcoholic 

steatohepatitis: A randomized, prospective trial. 

Hepatology. 2009;49(1):80-86. doi: 10.1002/hep.22575 [doi]. 

26. Barkeling B, Elfhag K, Rooth P, Rossner S. Short-term 

effects of sibutramine (reductil) on appetite and eating 

behaviour and the long-term therapeutic outcome. Int J Obes 

Relat Metab Disord. 2003;27(6):693-700. doi: 

10.1038/sj.ijo.0802298 [doi]. 



 

103 
 

27. Chang E, Park CY, Park SW. Role of thiazolidinediones, 

insulin sensitizers, in non-alcoholic fatty liver disease. 

J Diabetes Investig. 2013;4(6):517-524. doi: 

10.1111/jdi.12107 [doi]. 

28. Belfort R, Harrison SA, Brown K, et al. A placebo-

controlled trial of pioglitazone in subjects with 

nonalcoholic steatohepatitis. N Engl J Med. 

2006;355(22):2297-2307. doi: 10.1056/NEJMoa060326. 

29. Ratziu V, Giral P, Jacqueminet S, et al. Rosiglitazone 

for nonalcoholic steatohepatitis: One-year results of the 

randomized placebo-controlled fatty liver improvement with 

rosiglitazone therapy (FLIRT) trial. Gastroenterology. 

2008;135(1):100-110. doi: 10.1053/j.gastro.2008.03.078. 

30. Aithal GP, Thomas JA, Kaye PV, et al. Randomized, 

placebo-controlled trial of pioglitazone in nondiabetic 

subjects with nonalcoholic steatohepatitis. 

Gastroenterology. 2008;135(4):1176-1184. doi: 

10.1053/j.gastro.2008.06.047. 

31. Sanyal AJ, Chalasani N, Kowdley KV, et al. 

Pioglitazone, vitamin E, or placebo for nonalcoholic 

steatohepatitis. N Engl J Med. 2010;362(18):1675-1685. doi: 

10.1056/NEJMoa0907929. 

32. Nakajima K. Multidisciplinary pharmacotherapeutic 

options for nonalcoholic fatty liver disease. Int J 

Hepatol. 2012;2012:950693. doi: 10.1155/2012/950693 [doi]. 

33. Tushuizen ME, Bunck MC, Pouwels PJ, van Waesberghe JH, 

Diamant M, Heine RJ. Incretin mimetics as a novel 

therapeutic option for hepatic steatosis. Liver Int. 

2006;26(8):1015-1017. doi: LIV1315 [pii]. 

34. Kenny PR, Brady DE, Torres DM, Ragozzino L, Chalasani 

N, Harrison SA. Exenatide in the treatment of diabetic 

patients with non-alcoholic steatohepatitis: A case series. 

Am J Gastroenterol. 2010;105(12):2707-2709. doi: 

10.1038/ajg.2010.363 [doi]. 

35. Nseir W, Mograbi J, Ghali M. Lipid-lowering agents in 

nonalcoholic fatty liver disease and steatohepatitis: Human 

studies. Dig Dis Sci. 2012;57(7):1773-1781. doi: 

10.1007/s10620-012-2118-3 [doi]. 



 

104 
 

36. Gomez-Dominguez E, Gisbert JP, Moreno-Monteagudo JA, 

Garcia-Buey L, Moreno-Otero R. A pilot study of 

atorvastatin treatment in dyslipemid, non-alcoholic fatty 

liver patients. Aliment Pharmacol Ther. 2006;23(11):1643-

1647. doi: APT2926 [pii]. 

37. Miller ER,3rd, Pastor-Barriuso R, Dalal D, Riemersma 

RA, Appel LJ, Guallar E. Meta-analysis: High-dosage vitamin 

E supplementation may increase all-cause mortality. Ann 

Intern Med. 2005;142(1):37-46. doi: 0000605-200501040-00110 

[pii]. 

38. Klein EA, Thompson IM,Jr, Tangen CM, et al. Vitamin E 

and the risk of prostate cancer: The selenium and vitamin E 

cancer prevention trial (SELECT). JAMA. 2011;306(14):1549-

1556. doi: 10.1001/jama.2011.1437 [doi]. 

39. Abdelmalek MF, Sanderson SO, Angulo P, et al. Betaine 

for nonalcoholic fatty liver disease: Results of a 

randomized placebo-controlled trial. Hepatology. 

2009;50(6):1818-1826. doi: 10.1002/hep.23239 [doi]. 

40. Khoshbaten M, Aliasgarzadeh A, Masnadi K, et al. N-

acetylcysteine improves liver function in patients with 

non-alcoholic fatty liver disease. Hepat Mon. 

2010;10(1):12-16. 

41. Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, 

Boldt MD, Parks EJ. Sources of fatty acids stored in liver 

and secreted via lipoproteins in patients with nonalcoholic 

fatty liver disease. J Clin Invest. 2005;115(5):1343-1351. 

doi: 10.1172/JCI23621. 

42. Kawano Y, Cohen DE. Mechanisms of hepatic triglyceride 

accumulation in non-alcoholic fatty liver disease. J 

Gastroenterol. 2013;48(4):434-441. doi: 10.1007/s00535-013-

0758-5 [doi]. 

43. Bradbury MW. Lipid metabolism and liver inflammation. 

I. hepatic fatty acid uptake: Possible role in steatosis. 

Am J Physiol Gastrointest Liver Physiol. 2006;290(2):G194-

8. doi: 290/2/G194 [pii]. 

44. Holt HB, Wild SH, Wood PJ, et al. Non-esterified fatty 

acid concentrations are independently associated with 

hepatic steatosis in obese subjects. Diabetologia. 

2006;49(1):141-148. doi: 10.1007/s00125-005-0070-x [doi]. 



 

105 
 

45. Fabbrini E, Mohammed BS, Magkos F, Korenblat KM, 

Patterson BW, Klein S. Alterations in adipose tissue and 

hepatic lipid kinetics in obese men and women with 

nonalcoholic fatty liver disease. Gastroenterology. 

2008;134(2):424-431. doi: 10.1053/j.gastro.2007.11.038 

[doi]. 

46. Hwang JH, Stein DT, Barzilai N, et al. Increased 

intrahepatic triglyceride is associated with peripheral 

insulin resistance: In vivo MR imaging and spectroscopy 

studies. Am J Physiol Endocrinol Metab. 2007;293(6):E1663-

9. doi: 00590.2006 [pii]. 

47. Miquilena-Colina ME, Lima-Cabello E, Sanchez-Campos S, 

et al. Hepatic fatty acid translocase CD36 upregulation is 

associated with insulin resistance, hyperinsulinaemia and 

increased steatosis in non-alcoholic steatohepatitis and 

chronic hepatitis C. Gut. 2011;60(10):1394-1402. doi: 

10.1136/gut.2010.222844 [doi]. 

48. Greco D, Kotronen A, Westerbacka J, et al. Gene 

expression in human NAFLD. Am J Physiol Gastrointest Liver 

Physiol. 2008;294(5):G1281-7. doi: 10.1152/ajpgi.00074.2008 

[doi]. 

49. Koonen DP, Jacobs RL, Febbraio M, et al. Increased 

hepatic CD36 expression contributes to dyslipidemia 

associated with diet-induced obesity. Diabetes. 

2007;56(12):2863-2871. doi: db07-0907 [pii]. 

50. Falcon A, Doege H, Fluitt A, et al. FATP2 is a hepatic 

fatty acid transporter and peroxisomal very long-chain 

acyl-CoA synthetase. Am J Physiol Endocrinol Metab. 

2010;299(3):E384-93. doi: 10.1152/ajpendo.00226.2010 [doi]. 

51. Doege H, Grimm D, Falcon A, et al. Silencing of hepatic 

fatty acid transporter protein 5 in vivo reverses diet-

induced non-alcoholic fatty liver disease and improves 

hyperglycemia. J Biol Chem. 2008;283(32):22186-22192. doi: 

10.1074/jbc.M803510200 [doi]. 

52. Csaki LS, Reue K. Lipins: Multifunctional lipid 

metabolism proteins. Annu Rev Nutr. 2010;30:257-272. doi: 

10.1146/annurev.nutr.012809.104729 [doi]. 

53. Ferre P, Foufelle F. Hepatic steatosis: A role for de 

novo lipogenesis and the transcription factor SREBP-1c. 



 

106 
 

Diabetes Obes Metab. 2010;12 Suppl 2:83-92. doi: 

10.1111/j.1463-1326.2010.01275.x [doi]. 

54. Horton JD, Goldstein JL, Brown MS. SREBPs: Activators 

of the complete program of cholesterol and fatty acid 

synthesis in the liver. J Clin Invest. 2002;109(9):1125-

1131. doi: 10.1172/JCI15593 [doi]. 

55. Uyeda K, Repa JJ. Carbohydrate response element binding 

protein, ChREBP, a transcription factor coupling hepatic 

glucose utilization and lipid synthesis. Cell Metab. 

2006;4(2):107-110. doi: S1550-4131(06)00238-5 [pii]. 

56. Cohen JC, Horton JD, Hobbs HH. Human fatty liver 

disease: Old questions and new insights. Science. 

2011;332(6037):1519-1523. doi: 10.1126/science.1204265 

[doi]. 

57. Eaton S, Bartlett K, Pourfarzam M. Mammalian 

mitochondrial beta-oxidation. Biochem J. 1996;320 ( Pt 

2)(Pt 2):345-357. 

58. Sidossis LS, Stuart CA, Shulman GI, Lopaschuk GD, Wolfe 

RR. Glucose plus insulin regulate fat oxidation by 

controlling the rate of fatty acid entry into the 

mitochondria. J Clin Invest. 1996;98(10):2244-2250. doi: 

10.1172/JCI119034 [doi]. 

59. Foster DW. Malonyl-CoA: The regulator of fatty acid 

synthesis and oxidation. J Clin Invest. 2012;122(6):1958-

1959. 

60. Samuel VT, Shulman GI. Mechanisms for insulin 

resistance: Common threads and missing links. Cell. 

2012;148(5):852-871. doi: 10.1016/j.cell.2012.02.017 [doi]. 

61. Schmid AI, Szendroedi J, Chmelik M, Krssak M, Moser E, 

Roden M. Liver ATP synthesis is lower and relates to 

insulin sensitivity in patients with type 2 diabetes. 

Diabetes Care. 2011;34(2):448-453. doi: 10.2337/dc10-1076 

[doi]. 

62. Cortez-Pinto H, Chatham J, Chacko VP, Arnold C, Rashid 

A, Diehl AM. Alterations in liver ATP homeostasis in human 

nonalcoholic steatohepatitis: A pilot study. JAMA. 

1999;282(17):1659-1664. doi: jpc90051 [pii]. 



 

107 
 

63. Satapati S, Sunny NE, Kucejova B, et al. Elevated TCA 

cycle function in the pathology of diet-induced hepatic 

insulin resistance and fatty liver. J Lipid Res. 

2012;53(6):1080-1092. doi: 10.1194/jlr.M023382 [doi]. 

64. Sanyal AJ, Campbell-Sargent C, Mirshahi F, et al. 

Nonalcoholic steatohepatitis: Association of insulin 

resistance and mitochondrial abnormalities. 

Gastroenterology. 2001;120(5):1183-1192. doi: 

10.1053/gast.2001.23256 [doi]. 

65. Pessayre D, Fromenty B. NASH: A mitochondrial disease. 

J Hepatol. 2005;42(6):928-940. doi: S0168-8278(05)00170-4 

[pii]. 

66. Gibbons GF, Wiggins D, Brown AM, Hebbachi AM. Synthesis 

and function of hepatic very-low-density lipoprotein. 

Biochem Soc Trans. 2004;32(Pt 1):59-64. doi: 10.1042/ 

[doi]. 

67. Hussain MM, Shi J, Dreizen P. Microsomal triglyceride 

transfer protein and its role in apoB-lipoprotein assembly. 

J Lipid Res. 2003;44(1):22-32. 

68. Gibbons GF. Assembly and secretion of hepatic very-low-

density lipoprotein. Biochem J. 1990;268(1):1-13. 

69. Tanoli T, Yue P, Yablonskiy D, Schonfeld G. Fatty liver 

in familial hypobetalipoproteinemia: Roles of the APOB 

defects, intra-abdominal adipose tissue, and insulin 

sensitivity. J Lipid Res. 2004;45(5):941-947. doi: 

10.1194/jlr.M300508-JLR200 [doi]. 

70. Berriot-Varoqueaux N, Aggerbeck LP, Samson-Bouma M, 

Wetterau JR. The role of the microsomal triglygeride 

transfer protein in abetalipoproteinemia. Annu Rev Nutr. 

2000;20:663-697. doi: 10.1146/annurev.nutr.20.1.663 [doi]. 

71. Raabe M, Veniant MM, Sullivan MA, et al. Analysis of 

the role of microsomal triglyceride transfer protein in the 

liver of tissue-specific knockout mice. J Clin Invest. 

1999;103(9):1287-1298. doi: 10.1172/JCI6576 [doi]. 

72. Tietge UJ, Bakillah A, Maugeais C, Tsukamoto K, Hussain 

M, Rader DJ. Hepatic overexpression of microsomal 

triglyceride transfer protein (MTP) results in increased in 



 

108 
 

vivo secretion of VLDL triglycerides and apolipoprotein B. 

J Lipid Res. 1999;40(11):2134-2139. 

73. Ota T, Gayet C, Ginsberg HN. Inhibition of 

apolipoprotein B100 secretion by lipid-induced hepatic 

endoplasmic reticulum stress in rodents. J Clin Invest. 

2008;118(1):316-332. doi: 10.1172/JCI32752 [doi]. 

74. Day CP, James OF. Steatohepatitis: A tale of two 

"hits"? Gastroenterology. 1998;114(4):842-845. 

75. Cusi K. Role of insulin resistance and lipotoxicity in 

non-alcoholic steatohepatitis. Clin Liver Dis. 

2009;13(4):545-563. doi: 10.1016/j.cld.2009.07.009 [doi]. 

76. Neuschwander-Tetri BA. Hepatic lipotoxicity and the 

pathogenesis of nonalcoholic steatohepatitis: The central 

role of nontriglyceride fatty acid metabolites. Hepatology. 

2010;52(2):774-788. doi: 10.1002/hep.23719 [doi]. 

77. Cusi K. Role of obesity and lipotoxicity in the 

development of nonalcoholic steatohepatitis: 

Pathophysiology and clinical implications. 

Gastroenterology. 2012;142(4):711-725.e6. doi: 

10.1053/j.gastro.2012.02.003 [doi]. 

78. Browning JD, Szczepaniak LS, Dobbins R, et al. 

Prevalence of hepatic steatosis in an urban population in 

the united states: Impact of ethnicity. Hepatology. 

2004;40(6):1387-1395. doi: 10.1002/hep.20466. 

79. Sunny NE, Parks EJ, Browning JD, Burgess SC. Excessive 

hepatic mitochondrial TCA cycle and gluconeogenesis in 

humans with nonalcoholic fatty liver disease. Cell Metab. 

2011;14(6):804-810. doi: 10.1016/j.cmet.2011.11.004 [doi]. 

80. Savage DB, Petersen KF, Shulman GI. Disordered lipid 

metabolism and the pathogenesis of insulin resistance. 

Physiol Rev. 2007;87(2):507-520. doi: 87/2/507 [pii]. 

81. Muoio DM, Newgard CB. Fatty acid oxidation and insulin 

action: When less is more. Diabetes. 2008;57(6):1455-1456. 

doi: 10.2337/db08-0281 [doi]. 

82. Wetterau JR, Lin MC, Jamil H. Microsomal triglyceride 

transfer protein. Biochim Biophys Acta. 1997;1345(2):136-

150. doi: S0005-2760(96)00168-3 [pii]. 



 

109 
 

83. Bernard S, Touzet S, Personne I, et al. Association 

between microsomal triglyceride transfer protein gene 

polymorphism and the biological features of liver steatosis 

in patients with type II diabetes. Diabetologia. 

2000;43(8):995-999. doi: 10.1007/s001250051481 [doi]. 

84. Namikawa C, Shu-Ping Z, Vyselaar JR, et al. 

Polymorphisms of microsomal triglyceride transfer protein 

gene and manganese superoxide dismutase gene in non-

alcoholic steatohepatitis. J Hepatol. 2004;40(5):781-786. 

doi: 10.1016/j.jhep.2004.01.028 [doi]. 

85. Chang X, Yan H, Fei J, et al. Berberine reduces 

methylation of the MTTP promoter and alleviates fatty liver 

induced by a high-fat diet in rats. J Lipid Res. 

2010;51(9):2504-2515. doi: 10.1194/jlr.M001958 [doi]. 

86. He S, McPhaul C, Li JZ, et al. A sequence variation 

(I148M) in PNPLA3 associated with nonalcoholic fatty liver 

disease disrupts triglyceride hydrolysis. J Biol Chem. 

2010;285(9):6706-6715. doi: 10.1074/jbc.M109.064501. 

87. Jenkins CM, Mancuso DJ, Yan W, Sims HF, Gibson B, Gross 

RW. Identification, cloning, expression, and purification 

of three novel human calcium-independent phospholipase A2 

family members possessing triacylglycerol lipase and 

acylglycerol transacylase activities. J Biol Chem. 

2004;279(47):48968-48975. doi: 10.1074/jbc.M407841200. 

88. Lake AC, Sun Y, Li JL, et al. Expression, regulation, 

and triglyceride hydrolase activity of adiponutrin family 

members. J Lipid Res. 2005;46(11):2477-2487. doi: M500290-

JLR200 [pii]. 

89. Huang Y, He S, Li JZ, et al. A feed-forward loop 

amplifies nutritional regulation of PNPLA3. Proc Natl Acad 

Sci U S A. 2010;107(17):7892-7897. doi: 

10.1073/pnas.1003585107. 

90. Romeo S, Kozlitina J, Xing C, et al. Genetic variation 

in PNPLA3 confers susceptibility to nonalcoholic fatty 

liver disease. Nat Genet. 2008;40(12):1461-1465. doi: 

10.1038/ng.257 [doi]. 

91. Sookoian S, Pirola CJ. Meta-analysis of the influence 

of I148M variant of patatin-like phospholipase domain 

containing 3 gene (PNPLA3) on the susceptibility and 



 

110 
 

histological severity of nonalcoholic fatty liver disease. 

Hepatology. 2011;53(6):1883-1894. doi: 10.1002/hep.24283; 

10.1002/hep.24283. 

92. Speliotes EK, Yerges-Armstrong LM, Wu J, et al. Genome-

wide association analysis identifies variants associated 

with nonalcoholic fatty liver disease that have distinct 

effects on metabolic traits. PLoS Genet. 

2011;7(3):e1001324. doi: 10.1371/journal.pgen.1001324; 

10.1371/journal.pgen.1001324. 

93. Eckel RH, Alberti KG, Grundy SM, Zimmet PZ. The 

metabolic syndrome. Lancet. 2010;375(9710):181-183. doi: 

10.1016/S0140-6736(09)61794-3. 

94. Bellentani S, Saccoccio G, Masutti F, et al. Prevalence 

of and risk factors for hepatic steatosis in northern 

italy. Ann Intern Med. 2000;132(2):112-117. 

95. Rinella ME, Alonso E, Rao S, et al. Body mass index as 

a predictor of hepatic steatosis in living liver donors. 

Liver Transpl. 2001;7(5):409-414. doi: 

10.1053/jlts.2001.23787. 

96. Stranges S, Dorn JM, Muti P, et al. Body fat 

distribution, relative weight, and liver enzyme levels: A 

population-based study. Hepatology. 2004;39(3):754-763. 

doi: 10.1002/hep.20149. 

97. Ruhl CE, Everhart JE. Determinants of the association 

of overweight with elevated serum alanine aminotransferase 

activity in the united states. Gastroenterology. 

2003;124(1):71-79. doi: 10.1053/gast.2003.50004 [doi]. 

98. Fabbrini E, Sullivan S, Klein S. Obesity and 

nonalcoholic fatty liver disease: Biochemical, metabolic, 

and clinical implications. Hepatology. 2010;51(2):679-689. 

doi: 10.1002/hep.23280. 

99. Luyckx FH, Desaive C, Thiry A, et al. Liver 

abnormalities in severely obese subjects: Effect of drastic 

weight loss after gastroplasty. Int J Obes Relat Metab 

Disord. 1998;22(3):222-226. 

100. Clark JM, Alkhuraishi AR, Solga SF, Alli P, Diehl AM, 

Magnuson TH. Roux-en-Y gastric bypass improves liver 

histology in patients with non-alcoholic fatty liver 



 

111 
 

disease. Obes Res. 2005;13(7):1180-1186. doi: 13/7/1180 

[pii]. 

101. Dixon JB, Bhathal PS, Hughes NR, O'Brien PE. 

Nonalcoholic fatty liver disease: Improvement in liver 

histological analysis with weight loss. Hepatology. 

2004;39(6):1647-1654. doi: 10.1002/hep.20251 [doi]. 

102. Klein S, Mittendorfer B, Eagon JC, et al. Gastric 

bypass surgery improves metabolic and hepatic abnormalities 

associated with nonalcoholic fatty liver disease. 

Gastroenterology. 2006;130(6):1564-1572. doi: S0016-

5085(06)00070-9 [pii]. 

103. Romeo S, Sentinelli F, Dash S, et al. Morbid obesity 

exposes the association between PNPLA3 I148M (rs738409) and 

indices of hepatic injury in individuals of european 

descent. Int J Obes (Lond). 2010;34(1):190-194. doi: 

10.1038/ijo.2009.216. 

104. Speliotes EK, Butler JL, Palmer CD, et al. PNPLA3 

variants specifically confer increased risk for histologic 

nonalcoholic fatty liver disease but not metabolic disease. 

Hepatology. 2010;52(3):904-912. doi: 10.1002/hep.23768; 

10.1002/hep.23768. 

105. Marchesini G, Moscatiello S, Di Domizio S, Forlani G. 

Obesity-associated liver disease. J Clin Endocrinol Metab. 

2008;93(11 Suppl 1):S74-80. doi: 10.1210/jc.2008-1399 

[doi]. 

106. Giudice EM, Grandone A, Cirillo G, et al. The 

association of PNPLA3 variants with liver enzymes in 

childhood obesity is driven by the interaction with 

abdominal fat. PLoS One. 2011;6(11):e27933. doi: 

10.1371/journal.pone.0027933 [doi]. 

107. Santoro N, Kursawe R, D'Adamo E, et al. A common 

variant in the patatin-like phospholipase 3 gene (PNPLA3) 

is associated with fatty liver disease in obese children 

and adolescents. Hepatology. 2010;52(4):1281-1290. doi: 

10.1002/hep.23832 [doi]. 

108. Guichelaar MM, Gawrieh S, Olivier M, et al. 

Interactions of allelic variance of PNPLA3 with nongenetic 

factors in predicting nonalcoholic steatohepatitis and 

nonhepatic complications of severe obesity. Obesity (Silver 



 

112 
 

Spring). 2013;21(9):1935-1941. doi: 10.1002/oby.20327 

[doi]. 

109. Wood GC, Chu X, Manney C, et al. An electronic health 

record-enabled obesity database. BMC Med Inform Decis Mak. 

2012;12(1):45. doi: 10.1186/1472-6947-12-45. 

110. Gerhard GS, Chokshi R, Still CD, et al. The influence 

of iron status and genetic polymorphisms in the HFE gene on 

the risk for postoperative complications after bariatric 

surgery: A prospective cohort study in 1,064 patients. 

Patient Saf Surg. 2011;5(1):1. doi: 10.1186/1754-9493-5-1. 

111. Still CD, Wood GC, Chu X, et al. High allelic burden 

of four obesity SNPs is associated with poorer weight loss 

outcomes following gastric bypass surgery. Obesity (Silver 

Spring). 2011;19(8):1676-1683. doi: 10.1038/oby.2011.3; 

10.1038/oby.2011.3. 

112. Christou N, Efthimiou E. Five-year outcomes of 

laparoscopic adjustable gastric banding and laparoscopic 

roux-en-Y gastric bypass in a comprehensive bariatric 

surgery program in canada. Canadian Journal of Surgery. 

2009;52(6):E249-58. 

113. Jakobsen GS, Hofso D, Roislien J, Sandbu R, 

Hjelmesaeth J. Morbidly obese patients--who undergoes 

bariatric surgery? Obes Surg. 2010;20(8):1142-1148. doi: 

10.1007/s11695-009-0053-y. 

114. LABS Writing Group for the LABS Consortium, Belle SH, 

Chapman W, et al. Relationship of body mass index with 

demographic and clinical characteristics in the 

longitudinal assessment of bariatric surgery (LABS). Surg 

Obes Relat Dis. 2008;4(4):474-480. doi: 

10.1016/j.soard.2007.12.002. 

115. Chatrath H, Vuppalanchi R, Chalasani N. Dyslipidemia 

in patients with nonalcoholic fatty liver disease. Semin 

Liver Dis. 2012;32(1):22-29. doi: 10.1055/s-0032-1306423. 

116. Gorden A, Yang R, Yerges-Armstrong LM, et al. Genetic 

variation at NCAN locus is associated with inflammation and 

fibrosis in non-alcoholic fatty liver disease in morbid 

obesity. Hum Hered. 2013;75(1):34-43. doi: 

10.1159/000346195; 10.1159/000346195. 



 

113 
 

117. Bi M, Kao WH, Boerwinkle E, et al. Association of 

rs780094 in GCKR with metabolic traits and incident 

diabetes and cardiovascular disease: The ARIC study. PLoS 

One. 2010;5(7):e11690. doi: 10.1371/journal.pone.0011690. 

118. Onuma H, Tabara Y, Kawamoto R, et al. The GCKR 

rs780094 polymorphism is associated with susceptibility of 

type 2 diabetes, reduced fasting plasma glucose levels, 

increased triglycerides levels and lower HOMA-IR in 

japanese population. J Hum Genet. 2010;55(9):600-604. doi: 

10.1038/jhg.2010.75. 

119. Pollin TI, Jablonski KA, McAteer JB, et al. 

Triglyceride response to an intensive lifestyle 

intervention is enhanced in carriers of the GCKR Pro446Leu 

polymorphism. J Clin Endocrinol Metab. 2011;96(7):E1142-7. 

doi: 10.1210/jc.2010-2324. 

120. Sookoian S, Castano GO, Burgueno AL, Gianotti TF, 

Rosselli MS, Pirola CJ. A nonsynonymous gene variant in the 

adiponutrin gene is associated with nonalcoholic fatty 

liver disease severity. J Lipid Res. 2009;50(10):2111-2116. 

doi: 10.1194/jlr.P900013-JLR200 [doi]. 

121. Valenti L, Al-Serri A, Daly AK, et al. Homozygosity 

for the patatin-like phospholipase-3/adiponutrin I148M 

polymorphism influences liver fibrosis in patients with 

nonalcoholic fatty liver disease. Hepatology. 

2010;51(4):1209-1217. doi: 10.1002/hep.23622. 

122. Krarup NT, Grarup N, Banasik K, et al. The PNPLA3 

rs738409 G-allele associates with reduced fasting serum 

triglyceride and serum cholesterol in danes with impaired 

glucose regulation. PLoS One. 2012;7(7):e40376. doi: 

10.1371/journal.pone.0040376. 

123. Palmer CN, Maglio C, Pirazzi C, et al. Paradoxical 

lower serum triglyceride levels and higher type 2 diabetes 

mellitus susceptibility in obese individuals with the 

PNPLA3 148M variant. PLoS One. 2012;7(6):e39362. doi: 

10.1371/journal.pone.0039362. 

124. Schneider AL, Lazo M, Selvin E, Clark JM. Racial 

differences in nonalcoholic fatty liver disease in the U.S. 

population. Obesity (Silver Spring). 2014;22(1):292-299. 

doi: 10.1002/oby.20426 [doi]. 



 

114 
 

125. Weston SR, Leyden W, Murphy R, et al. Racial and 

ethnic distribution of nonalcoholic fatty liver in persons 

with newly diagnosed chronic liver disease. Hepatology. 

2005;41(2):372-379. doi: 10.1002/hep.20554 [doi]. 

126. Rauch U, Feng K, Zhou XH. Neurocan: A brain 

chondroitin sulfate proteoglycan. Cell Mol Life Sci. 

2001;58(12-13):1842-1856. 

127. Retzler C, Gohring W, Rauch U. Analysis of neurocan 

structures interacting with the neural cell adhesion 

molecule N-CAM. J Biol Chem. 1996;271(44):27304-27310. 

128. Friedlander DR, Milev P, Karthikeyan L, Margolis RK, 

Margolis RU, Grumet M. The neuronal chondroitin sulfate 

proteoglycan neurocan binds to the neural cell adhesion 

molecules ng-CAM/L1/NILE and N-CAM, and inhibits neuronal 

adhesion and neurite outgrowth. J Cell Biol. 

1994;125(3):669-680. 

129. Grumet M, Milev P, Sakurai T, et al. Interactions with 

tenascin and differential effects on cell adhesion of 

neurocan and phosphacan, two major chondroitin sulfate 

proteoglycans of nervous tissue. J Biol Chem. 

1994;269(16):12142-12146. 

130. Adzhubei IA, Schmidt S, Peshkin L, et al. A method and 

server for predicting damaging missense mutations. Nat 

Methods. 2010;7(4):248-249. doi: 10.1038/nmeth0410-248 

[doi]. 

131. Lam TK, Gutierrez-Juarez R, Pocai A, et al. Brain 

glucose metabolism controls the hepatic secretion of 

triglyceride-rich lipoproteins. Nat Med. 2007;13(2):171-

180. doi: 10.1038/nm1540. 

132. Nogueiras R, Wiedmer P, Perez-Tilve D, et al. The 

central melanocortin system directly controls peripheral 

lipid metabolism. J Clin Invest. 2007;117(11):3475-3488. 

doi: 10.1172/JCI31743. 

133. van den Hoek AM, Voshol PJ, Karnekamp BN, et al. 

Intracerebroventricular neuropeptide Y infusion precludes 

inhibition of glucose and VLDL production by insulin. 

Diabetes. 2004;53(10):2529-2534. 



 

115 
 

134. Powley TL. Vagal circuitry mediating cephalic-phase 

responses to food. Appetite. 2000;34(2):184-188. doi: 

10.1006/appe.1999.0279. 

135. Bruinstroop E, Pei L, Ackermans MT, et al. 

Hypothalamic neuropeptide Y (NPY) controls hepatic VLDL-

triglyceride secretion in rats via the sympathetic nervous 

system. Diabetes. 2012;61(5):1043-1050. doi: 10.2337/db11-

1142. 

136. Robertson MD, Mason AO, Frayn KN. Timing of vagal 

stimulation affects postprandial lipid metabolism in 

humans. Am J Clin Nutr. 2002;76(1):71-77. 

137. Willer CJ, Sanna S, Jackson AU, et al. Newly 

identified loci that influence lipid concentrations and 

risk of coronary artery disease. Nat Genet. 2008;40(2):161-

169. doi: 10.1038/ng.76 [doi]. 

138. Tilg H, Moschen AR. Insulin resistance, inflammation, 

and non-alcoholic fatty liver disease. Trends Endocrinol 

Metab. 2008;19(10):371-379. doi: 10.1016/j.tem.2008.08.005. 

139. Cohn JS, Wagner DA, Cohn SD, Millar JS, Schaefer EJ. 

Measurement of very low density and low density lipoprotein 

apolipoprotein (apo) B-100 and high density lipoprotein apo 

A-I production in human subjects using deuterated leucine. 

effect of fasting and feeding. J Clin Invest. 

1990;85(3):804-811. doi: 10.1172/JCI114507. 

140. Kathiresan S, Melander O, Guiducci C, et al. Six new 

loci associated with blood low-density lipoprotein 

cholesterol, high-density lipoprotein cholesterol or 

triglycerides in humans. Nat Genet. 2008;40(2):189-197. 

doi: 10.1038/ng.75. 

141. Zhou L, Ding H, Zhang X, et al. Genetic variants at 

newly identified lipid loci are associated with coronary 

heart disease in a chinese han population. PLoS One. 

2011;6(11):e27481. doi: 10.1371/journal.pone.0027481. 

142. Blattmann P, Schuberth C, Pepperkok R, Runz H. RNAi-

based functional profiling of loci from blood lipid genome-

wide association studies identifies genes with cholesterol-

regulatory function. PLoS Genet. 2013;9(2):e1003338. doi: 

10.1371/journal.pgen.1003338; 10.1371/journal.pgen.1003338. 



 

116 
 

143. Spicer AP, Joo A, Bowling RA,Jr. A hyaluronan binding 

link protein gene family whose members are physically 

linked adjacent to chondroitin sulfate proteoglycan core 

protein genes: The missing links. J Biol Chem. 

2003;278(23):21083-21091. doi: 10.1074/jbc.M213100200. 

144. Benson DA, Clark K, Karsch-Mizrachi I, Lipman DJ, 

Ostell J, Sayers EW. GenBank. Nucleic Acids Res. 

2014;42(Database issue):D32-7. doi: 10.1093/nar/gkt1030 

[doi]. 

145. Oohashi T, Hirakawa S, Bekku Y, et al. Bral1, a brain-

specific link protein, colocalizing with the versican V2 

isoform at the nodes of ranvier in developing and adult 

mouse central nervous systems. Mol Cell Neurosci. 

2002;19(1):43-57. doi: 10.1006/mcne.2001.1061 [doi]. 

146. Teriete P, Banerji S, Noble M, et al. Structure of the 

regulatory hyaluronan binding domain in the inflammatory 

leukocyte homing receptor CD44. Mol Cell. 2004;13(4):483-

496. 

147. Siegelman MH, DeGrendele HC, Estess P. Activation and 

interaction of CD44 and hyaluronan in immunological 

systems. J Leukoc Biol. 1999;66(2):315-321. 

148. Banerji S, Day AJ, Kahmann JD, Jackson DG. 

Characterization of a functional hyaluronan-binding domain 

from the human CD44 molecule expressed in escherichia coli. 

Protein Expr Purif. 1998;14(3):371-381. doi: S1046-

5928(98)90971-8 [pii]. 

149. Peach RJ, Hollenbaugh D, Stamenkovic I, Aruffo A. 

Identification of hyaluronic acid binding sites in the 

extracellular domain of CD44. J Cell Biol. 1993;122(1):257-

264. 

150. Bajorath J, Greenfield B, Munro SB, Day AJ, Aruffo A. 

Identification of CD44 residues important for hyaluronan 

binding and delineation of the binding site. J Biol Chem. 

1998;273(1):338-343. 

151. Johnson P, Ruffell B. CD44 and its role in 

inflammation and inflammatory diseases. Inflamm Allergy 

Drug Targets. 2009;8(3):208-220. 



 

117 
 

152. Jiang D, Liang J, Noble PW. Hyaluronan as an immune 

regulator in human diseases. Physiol Rev. 2011;91(1):221-

264. doi: 10.1152/physrev.00052.2009 [doi]. 

153. McKee CM, Penno MB, Cowman M, et al. Hyaluronan (HA) 

fragments induce chemokine gene expression in alveolar 

macrophages. the role of HA size and CD44. J Clin Invest. 

1996;98(10):2403-2413. doi: 10.1172/JCI119054 [doi]. 

154. Kikuchi S, Griffin CT, Wang SS, Bissell DM. Role of 

CD44 in epithelial wound repair: Migration of rat hepatic 

stellate cells utilizes hyaluronic acid and CD44v6. J Biol 

Chem. 2005;280(15):15398-15404. doi: M414048200 [pii]. 

155. Bertola A, Deveaux V, Bonnafous S, et al. Elevated 

expression of osteopontin may be related to adipose tissue 

macrophage accumulation and liver steatosis in morbid 

obesity. Diabetes. 2009;58(1):125-133. doi: 10.2337/db08-

0400 [doi]. 

156. Kang HS, Liao G, DeGraff LM, et al. CD44 plays a 

critical role in regulating diet-induced adipose 

inflammation, hepatic steatosis, and insulin resistance. 

PLoS One. 2013;8(3):e58417. doi: 

10.1371/journal.pone.0058417 [doi]. 

157. Egan CE, Daugherity EK, Rogers AB, Abi Abdallah DS, 

Denkers EY, Maurer KJ. CCR2 and CD44 promote inflammatory 

cell recruitment during fatty liver formation in a 

lithogenic diet fed mouse model. PLoS One. 

2013;8(6):e65247. doi: 10.1371/journal.pone.0065247 [doi]. 

158. Bertola A, Bonnafous S, Anty R, et al. Hepatic 

expression patterns of inflammatory and immune response 

genes associated with obesity and NASH in morbidly obese 

patients. PLoS One. 2010;5(10):e13577. doi: 

10.1371/journal.pone.0013577 [doi]. 

159. Jones PA, Takai D. The role of DNA methylation in 

mammalian epigenetics. Science. 2001;293(5532):1068-1070. 

doi: 10.1126/science.1063852 [doi]. 

160. Gnanapragasam MN, Scarsdale JN, Amaya ML, et al. 

p66Alpha-MBD2 coiled-coil interaction and recruitment of 

mi-2 are critical for globin gene silencing by the MBD2-

NuRD complex. Proc Natl Acad Sci U S A. 2011;108(18):7487-



 

118 
 

7492. doi: 10.1073/pnas.1015341108; 

10.1073/pnas.1015341108. 

161. Brackertz M, Gong Z, Leers J, Renkawitz R. p66alpha 

and p66beta of the mi-2/NuRD complex mediate MBD2 and 

histone interaction. Nucleic Acids Res. 2006;34(2):397-406. 

doi: 34/2/397 [pii]. 

162. Niculescu MD, Zeisel SH. Diet, methyl donors and DNA 

methylation: Interactions between dietary folate, 

methionine and choline. J Nutr. 2002;132(8 Suppl):2333S-

2335S. 

163. Locker J, Reddy TV, Lombardi B. DNA methylation and 

hepatocarcinogenesis in rats fed a choline-devoid diet. 

Carcinogenesis. 1986;7(8):1309-1312. 

164. Wilson MJ, Shivapurkar N, Poirier LA. Hypomethylation 

of hepatic nuclear DNA in rats fed with a carcinogenic 

methyl-deficient diet. Biochem J. 1984;218(3):987-990. 

165. Bhave MR, Wilson MJ, Poirier LA. C-H-ras and c-K-ras 

gene hypomethylation in the livers and hepatomas of rats 

fed methyl-deficient, amino acid-defined diets. 

Carcinogenesis. 1988;9(3):343-348. 

166. Bian EB, Huang C, Ma TT, et al. DNMT1-mediated PTEN 

hypermethylation confers hepatic stellate cell activation 

and liver fibrogenesis in rats. Toxicol Appl Pharmacol. 

2012;264(1):13-22. doi: 10.1016/j.taap.2012.06.022 [doi]. 

167. Mudd SH. Hypermethioninemias of genetic and non-

genetic origin: A review. Am J Med Genet C Semin Med Genet. 

2011;157C(1):3-32. doi: 10.1002/ajmg.c.30293 [doi]. 

168. Pogribny IP, Tryndyak VP, Bagnyukova TV, et al. 

Hepatic epigenetic phenotype predetermines individual 

susceptibility to hepatic steatosis in mice fed a lipogenic 

methyl-deficient diet. J Hepatol. 2009;51(1):176-186. doi: 

10.1016/j.jhep.2009.03.021 [doi]. 

169. Cordero P, Gomez-Uriz AM, Campion J, Milagro FI, 

Martinez JA. Dietary supplementation with methyl donors 

reduces fatty liver and modifies the fatty acid synthase 

DNA methylation profile in rats fed an obesogenic diet. 

Genes Nutr. 2013;8(1):105-113. doi: 10.1007/s12263-012-

0300-z [doi]. 



 

119 
 

170. Cordero P, Campion J, Milagro FI, Martinez JA. 

Transcriptomic and epigenetic changes in early liver 

steatosis associated to obesity: Effect of dietary methyl 

donor supplementation. Mol Genet Metab. 2013;110(3):388-

395. doi: 10.1016/j.ymgme.2013.08.022 [doi]. 

171. Wang LJ, Zhang HW, Zhou JY, et al. Betaine attenuates 

hepatic steatosis by reducing methylation of the MTTP 

promoter and elevating genomic methylation in mice fed a 

high-fat diet. J Nutr Biochem. 2014;25(3):329-336. doi: 

10.1016/j.jnutbio.2013.11.007 [doi]. 

172. Saxena R, Elbers CC, Guo Y, et al. Large-scale gene-

centric meta-analysis across 39 studies identifies type 2 

diabetes loci. Am J Hum Genet. 2012;90(3):410-425. doi: 

10.1016/j.ajhg.2011.12.022; 10.1016/j.ajhg.2011.12.022. 

173. Murphy SK, Yang H, Moylan CA, et al. Relationship 

between methylome and transcriptome in patients with 

nonalcoholic fatty liver disease. Gastroenterology. 

2013;145(5):1076-1087. doi: 10.1053/j.gastro.2013.07.047 

[doi]. 

174. Carim-Todd L, Escarceller M, Estivill X, Sumoy L. 

Cloning of the novel gene TM6SF1 reveals conservation of 

clusters of paralogous genes between human chromosomes 

15q24-->q26 and 19p13.3-->p12. Cytogenet Cell Genet. 

2000;90(3-4):255-260. doi: 56784. 

175. Kleiner DE, Brunt EM, Van Natta M, et al. Design and 

validation of a histological scoring system for 

nonalcoholic fatty liver disease. Hepatology. 

2005;41(6):1313-1321. doi: 10.1002/hep.20701 [doi]. 

176. Livak KJ, Schmittgen TD. Analysis of relative gene 

expression data using real-time quantitative PCR and the 

2(-delta delta C(T)) method. Methods. 2001;25(4):402-408. 

doi: 10.1006/meth.2001.1262. 

177. Enattah NS, Sahi T, Savilahti E, Terwilliger JD, 

Peltonen L, Jarvela I. Identification of a variant 

associated with adult-type hypolactasia. Nat Genet. 

2002;30(2):233-237. doi: 10.1038/ng826 [doi]. 

178. Lewinsky RH, Jensen TG, Moller J, Stensballe A, Olsen 

J, Troelsen JT. T-13910 DNA variant associated with lactase 

persistence interacts with oct-1 and stimulates lactase 



 

120 
 

promoter activity in vitro. Hum Mol Genet. 

2005;14(24):3945-3953. doi: ddi418 [pii]. 

179. Nica AC, Montgomery SB, Dimas AS, et al. Candidate 

causal regulatory effects by integration of expression QTLs 

with complex trait genetic associations. PLoS Genet. 

2010;6(4):e1000895. doi: 10.1371/journal.pgen.1000895 

[doi]. 

180. Nicolae DL, Gamazon E, Zhang W, Duan S, Dolan ME, Cox 

NJ. Trait-associated SNPs are more likely to be eQTLs: 

Annotation to enhance discovery from GWAS. PLoS Genet. 

2010;6(4):e1000888. doi: 10.1371/journal.pgen.1000888 

[doi]. 

181. Mirkov S, Myers JL, Ramirez J, Liu W. SNPs affecting 

serum metabolomic traits may regulate gene transcription 

and lipid accumulation in the liver. Metabolism. 

2012;61(11):1523-1527. doi: 10.1016/j.metabol.2012.05.004 

[doi]. 

182. Kozlitina J, Smagris E, Stender S, et al. Exome-wide 

association study identifies a TM6SF2 variant that confers 

susceptibility to nonalcoholic fatty liver disease. Nat 

Genet. 2014. doi: 10.1038/ng.2901; 10.1038/ng.2901. 

183. Gonzalez-Perez J, Sanchez-Leenheer S, Delgado AR, et 

al. Clinical impact of a 6-week preoperative very low 

calorie diet on body weight and liver size in morbidly 

obese patients. Obes Surg. 2013;23(10):1624-1631. doi: 

10.1007/s11695-013-0977-0 [doi]. 

184. Colles SL, Dixon JB, Marks P, Strauss BJ, O'Brien PE. 

Preoperative weight loss with a very-low-energy diet: 

Quantitation of changes in liver and abdominal fat by 

serial imaging. Am J Clin Nutr. 2006;84(2):304-311. doi: 

84/2/304 [pii]. 

185. Sison M, Cawker J, Buske C, Gerlai R. Fishing for 

genes influencing vertebrate behavior: Zebrafish making 

headway. Lab Anim (NY). 2006;35(5):33-39. doi: laban0506-33 

[pii]. 

186. Schlegel A, Stainier DY. Lessons from "lower" 

organisms: What worms, flies, and zebrafish can teach us 

about human energy metabolism. PLoS Genet. 2007;3(11):e199. 

doi: 07-PLGE-RV-0599 [pii]. 



 

121 
 

187. Ng AN, de Jong-Curtain TA, Mawdsley DJ, et al. 

Formation of the digestive system in zebrafish: III. 

intestinal epithelium morphogenesis. Dev Biol. 

2005;286(1):114-135. doi: S0012-1606(05)00468-9 [pii]. 

188. Holtta-Vuori M, Salo VT, Nyberg L, et al. Zebrafish: 

Gaining popularity in lipid research. Biochem J. 

2010;429(2):235-242. doi: 10.1042/BJ20100293 [doi]. 

189. Wiegand MD. Utilization of yolk fatty acids by 

goldfish embryos and larvae. Fish Physiol Biochem. 

1996;15(1):21-27. doi: 10.1007/BF01874834 [doi]. 

190. Goldsmith JR, Jobin C. Think small: Zebrafish as a 

model system of human pathology. J Biomed Biotechnol. 

2012;2012:817341. doi: 10.1155/2012/817341 [doi]. 

191. Sadler KC, Amsterdam A, Soroka C, Boyer J, Hopkins N. 

A genetic screen in zebrafish identifies the mutants vps18, 

nf2 and foie gras as models of liver disease. Development. 

2005;132(15):3561-3572. doi: 10.1242/dev.01918. 

192. Scrivens PJ, Noueihed B, Shahrzad N, Hul S, Brunet S, 

Sacher M. C4orf41 and TTC-15 are mammalian TRAPP components 

with a role at an early stage in ER-to-golgi trafficking. 

Mol Biol Cell. 2011;22(12):2083-2093. doi: 10.1091/mbc.E10-

11-0873 [doi]. 

193. Cinaroglu A, Gao C, Imrie D, Sadler KC. Activating 

transcription factor 6 plays protective and pathological 

roles in steatosis due to endoplasmic reticulum stress in 

zebrafish. Hepatology. 2011;54(2):495-508. doi: 

10.1002/hep.24396 [doi]. 

194. Yee NS, Lorent K, Pack M. Exocrine pancreas 

development in zebrafish. Dev Biol. 2005;284(1):84-101. 

doi: S0012-1606(05)00289-7 [pii]. 

195. Matthews RP, Lorent K, Manoral-Mobias R, et al. 

TNFalpha-dependent hepatic steatosis and liver degeneration 

caused by mutation of zebrafish S-adenosylhomocysteine 

hydrolase. Development. 2009;136(5):865-875. doi: 

10.1242/dev.027565 [doi]. 

196. Thakur PC, Stuckenholz C, Rivera MR, et al. Lack of de 

novo phosphatidylinositol synthesis leads to endoplasmic 

reticulum stress and hepatic steatosis in cdipt-deficient 



 

122 
 

zebrafish. Hepatology. 2011;54(2):452-462. doi: 

10.1002/hep.24349 [doi]. 

197. Hugo SE, Cruz-Garcia L, Karanth S, Anderson RM, 

Stainier DY, Schlegel A. A monocarboxylate transporter 

required for hepatocyte secretion of ketone bodies during 

fasting. Genes Dev. 2012;26(3):282-293. doi: 

10.1101/gad.180968.111 [doi]. 

198. Lawson ND, Wolfe SA. Forward and reverse genetic 

approaches for the analysis of vertebrate development in 

the zebrafish. Dev Cell. 2011;21(1):48-64. doi: 

10.1016/j.devcel.2011.06.007 [doi]. 

199. Skromne I, Prince VE. Current perspectives in 

zebrafish reverse genetics: Moving forward. Dev Dyn. 

2008;237(4):861-882. doi: 10.1002/dvdy.21484 [doi]. 

200. Nasevicius A, Ekker SC. Effective targeted gene 

'knockdown' in zebrafish. Nat Genet. 2000;26(2):216-220. 

doi: 10.1038/79951 [doi]. 

201. Moulton JD, Yan YL. Using morpholinos to control gene 

expression. Curr Protoc Mol Biol. 2008;Chapter 26:Unit 

26.8. doi: 10.1002/0471142727.mb2608s83 [doi]. 

202. Bill BR, Petzold AM, Clark KJ, Schimmenti LA, Ekker 

SC. A primer for morpholino use in zebrafish. Zebrafish. 

2009;6(1):69-77. doi: 10.1089/zeb.2008.0555; 

10.1089/zeb.2008.0555. 

203. Timme-Laragy AR, Karchner SI, Hahn ME. Gene knockdown 

by morpholino-modified oligonucleotides in the zebrafish 

(danio rerio) model: Applications for developmental 

toxicology. Methods Mol Biol. 2012;889:51-71. doi: 

10.1007/978-1-61779-867-2_5 [doi]. 

204. Summerton J, Weller D. Morpholino antisense oligomers: 

Design, preparation, and properties. Antisense Nucleic Acid 

Drug Dev. 1997;7(3):187-195. 

205. Hyatt TM, Ekker SC. Vectors and techniques for ectopic 

gene expression in zebrafish. Methods Cell Biol. 

1999;59:117-126. 

206. Her GM, Pai WY, Lai CY, Hsieh YW, Pang HW. Ubiquitous 

transcription factor YY1 promotes zebrafish liver steatosis 



 

123 
 

and lipotoxicity by inhibiting CHOP-10 expression. Biochim 

Biophys Acta. 2013;1831(6):1037-1051. doi: 

10.1016/j.bbalip.2013.02.002; 10.1016/j.bbalip.2013.02.002. 

207. Her GM, Hsu CC, Hong JR, et al. Overexpression of 

gankyrin induces liver steatosis in zebrafish (danio 

rerio). Biochim Biophys Acta. 2011;1811(9):536-548. doi: 

10.1016/j.bbalip.2011.06.011; 10.1016/j.bbalip.2011.06.011. 

208. Krogh A, Larsson B, von Heijne G, Sonnhammer EL. 

Predicting transmembrane protein topology with a hidden 

markov model: Application to complete genomes. J Mol Biol. 

2001;305(3):567-580. doi: 10.1006/jmbi.2000.4315 [doi]. 

209. Holmen OL, Zhang H, Fan Y, et al. Systematic 

evaluation of coding variation identifies a candidate 

causal variant in TM6SF2 influencing total cholesterol and 

myocardial infarction risk. Nat Genet. 2014;46(4):345-351. 

doi: 10.1038/ng.2926 [doi]. 

210. Furuhashi M, Ishimura S, Ota H, Miura T. Lipid 

chaperones and metabolic inflammation. Int J Inflam. 

2011;2011:642612. doi: 10.4061/2011/642612 [doi]. 

211. Fujita M, Fujii H, Kanda T, Sato E, Hatakeyama K, Ono 

T. Molecular cloning, expression, and characterization of a 

human intestinal 15-kDa protein. Eur J Biochem. 

1995;233(2):406-413. 

212. Kramer W, Girbig F, Gutjahr U, Kowalewski S. 

Radiation-inactivation analysis of the na+/bile acid co-

transport system from rabbit ileum. Biochem J. 1995;306 ( 

Pt 1)(Pt 1):241-246. 

213. Fisher E, Nitz I, Lindner I, et al. Candidate gene 

association study of type 2 diabetes in a nested case-

control study of the EPIC-potsdam cohort - role of fat 

assimilation. Mol Nutr Food Res. 2007;51(2):185-191. doi: 

10.1002/mnfr.200600162 [doi]. 

214. Fisher E, Grallert H, Klapper M, et al. Evidence for 

the Thr79Met polymorphism of the ileal fatty acid binding 

protein (FABP6) to be associated with type 2 diabetes in 

obese individuals. Mol Genet Metab. 2009;98(4):400-405. 

doi: 10.1016/j.ymgme.2009.08.001 [doi]. 



 

124 
 

215. Venkatachalam AB, Lall SP, Denovan-Wright EM, Wright 

JM. Tissue-specific differential induction of duplicated 

fatty acid-binding protein genes by the peroxisome 

proliferator, clofibrate, in zebrafish (danio rerio). BMC 

Evol Biol. 2012;12:112-2148-12-112. doi: 10.1186/1471-2148-

12-112 [doi]. 

216. Venkatachalam AB, Sawler DL, Wright JM. Tissue-

specific transcriptional modulation of fatty acid-binding 

protein genes, fabp2, fabp3 and fabp6, by fatty acids and 

the peroxisome proliferator, clofibrate, in zebrafish 

(danio rerio). Gene. 2013;520(1):14-21. doi: 

10.1016/j.gene.2013.02.034 [doi]. 

217. Schachtrup C, Emmler T, Bleck B, Sandqvist A, Spener 

F. Functional analysis of peroxisome-proliferator-

responsive element motifs in genes of fatty acid-binding 

proteins. Biochem J. 2004;382(Pt 1):239-245. doi: 

10.1042/BJ20031340 [doi]. 

218. Schroeder F, Petrescu AD, Huang H, et al. Role of 

fatty acid binding proteins and long chain fatty acids in 

modulating nuclear receptors and gene transcription. 

Lipids. 2008;43(1):1-17. doi: 10.1007/s11745-007-3111-z 

[doi]. 

219. Atshaves BP, Martin GG, Hostetler HA, McIntosh AL, 

Kier AB, Schroeder F. Liver fatty acid-binding protein and 

obesity. J Nutr Biochem. 2010;21(11):1015-1032. doi: 

10.1016/j.jnutbio.2010.01.005 [doi]. 

220. Bass NM. Function and regulation of hepatic and 

intestinal fatty acid binding proteins. Chem Phys Lipids. 

1985;38(1-2):95-114. doi: 0009-3084(85)90060-X [pii]. 

221. Besnard P, Mallordy A, Carlier H. Transcriptional 

induction of the fatty acid binding protein gene in mouse 

liver by bezafibrate. FEBS Lett. 1993;327(2):219-223. doi: 

0014-5793(93)80173-R [pii]. 

222. Kaikaus RM, Chan WK, Lysenko N, Ray R, Ortiz de 

Montellano PR, Bass NM. Induction of peroxisomal fatty acid 

beta-oxidation and liver fatty acid-binding protein by 

peroxisome proliferators. mediation via the cytochrome P-

450IVA1 omega-hydroxylase pathway. J Biol Chem. 

1993;268(13):9593-9603. 



 

125 
 

223. Wolfrum C, Buhlmann C, Rolf B, Borchers T, Spener F. 

Variation of liver-type fatty acid binding protein content 

in the human hepatoma cell line HepG2 by peroxisome 

proliferators and antisense RNA affects the rate of fatty 

acid uptake. Biochim Biophys Acta. 1999;1437(2):194-201. 

doi: S1388-1981(99)00008-6 [pii]. 

224. Poirier H, Niot I, Monnot MC, et al. Differential 

involvement of peroxisome-proliferator-activated receptors 

alpha and delta in fibrate and fatty-acid-mediated 

inductions of the gene encoding liver fatty-acid-binding 

protein in the liver and the small intestine. Biochem J. 

2001;355(Pt 2):481-488. 

225. Landrier JF, Thomas C, Grober J, et al. The gene 

encoding the human ileal bile acid-binding protein (I-BABP) 

is regulated by peroxisome proliferator-activated 

receptors. Biochim Biophys Acta. 2005;1735(1):41-49. doi: 

S1388-1981(05)00103-4 [pii]. 

226. Zaghini I, Landrier JF, Grober J, et al. Sterol 

regulatory element-binding protein-1c is responsible for 

cholesterol regulation of ileal bile acid-binding protein 

gene in vivo. possible involvement of liver-X-receptor. J 

Biol Chem. 2002;277(2):1324-1331. doi: 

10.1074/jbc.M106375200 [doi]. 

227. Hoekstra M, Li Z, Kruijt JK, Van Eck M, Van Berkel TJ, 

Kuiper J. The expression level of non-alcoholic fatty liver 

disease-related gene PNPLA3 in hepatocytes is highly 

influenced by hepatic lipid status. J Hepatol. 

2010;52(2):244-251. doi: 10.1016/j.jhep.2009.11.004. 

228. Newberry EP, Xie Y, Kennedy SM, Luo J, Davidson NO. 

Protection against western diet-induced obesity and hepatic 

steatosis in liver fatty acid-binding protein knockout 

mice. Hepatology. 2006;44(5):1191-1205. doi: 

10.1002/hep.21369 [doi]. 

229. Spann NJ, Kang S, Li AC, et al. Coordinate 

transcriptional repression of liver fatty acid-binding 

protein and microsomal triglyceride transfer protein blocks 

hepatic very low density lipoprotein secretion without 

hepatosteatosis. J Biol Chem. 2006;281(44):33066-33077. 

doi: M607148200 [pii]. 



 

126 
 

230. Ameen C, Edvardsson U, Ljungberg A, et al. Activation 

of peroxisome proliferator-activated receptor alpha 

increases the expression and activity of microsomal 

triglyceride transfer protein in the liver. J Biol Chem. 

2005;280(2):1224-1229. doi: M412107200 [pii]. 

231. Landrier JF, Thomas C, Grober J, et al. Statin 

induction of liver fatty acid-binding protein (L-FABP) gene 

expression is peroxisome proliferator-activated receptor-

alpha-dependent. J Biol Chem. 2004;279(44):45512-45518. 

doi: 10.1074/jbc.M407461200 [doi]. 

232. Brouillette C, Bosse Y, Perusse L, Gaudet D, Vohl MC. 

Effect of liver fatty acid binding protein (FABP) T94A 

missense mutation on plasma lipoprotein responsiveness to 

treatment with fenofibrate. J Hum Genet. 2004;49(8):424-

432. doi: 10.1007/s10038-004-0171-2 [doi]. 

233. Fisher E, Weikert C, Klapper M, et al. L-FABP T94A is 

associated with fasting triglycerides and LDL-cholesterol 

in women. Mol Genet Metab. 2007;91(3):278-284. doi: S1096-

7192(07)00100-X [pii]. 

234. Ishii T, Hirose H, Kawai T, et al. Effects of 

intestinal fatty acid-binding protein gene Ala54Thr 

polymorphism and beta3-adrenergic receptor gene Trp64Arg 

polymorphism on insulin resistance and fasting plasma 

glucose in young to older japanese men. Metabolism. 

2001;50(11):1301-1307. doi: S0026-0495(01)55893-X [pii]. 

235. Baier LJ, Sacchettini JC, Knowler WC, et al. An amino 

acid substitution in the human intestinal fatty acid 

binding protein is associated with increased fatty acid 

binding, increased fat oxidation, and insulin resistance. J 

Clin Invest. 1995;95(3):1281-1287. doi: 10.1172/JCI117778 

[doi]. 

236. Agren JJ, Valve R, Vidgren H, Laakso M, Uusitupa M. 

Postprandial lipemic response is modified by the 

polymorphism at codon 54 of the fatty acid-binding protein 

2 gene. Arterioscler Thromb Vasc Biol. 1998;18(10):1606-

1610. 

237. Richieri GV, Ogata RT, Kleinfeld AM. Fatty acid 

interactions with native and mutant fatty acid binding 

proteins. Mol Cell Biochem. 1999;192(1-2):77-85. 



 

127 
 

238. Chen A, Tang Y, Davis V, et al. Liver fatty acid 

binding protein (L-fabp) modulates murine stellate cell 

activation and diet-induced nonalcoholic fatty liver 

disease. Hepatology. 2013;57(6):2202-2212. doi: 

10.1002/hep.26318 [doi]. 

239. Guillen N, Navarro MA, Arnal C, et al. Microarray 

analysis of hepatic gene expression identifies new genes 

involved in steatotic liver. Physiol Genomics. 

2009;37(3):187-198. doi: 10.1152/physiolgenomics.90339.2008 

[doi]. 

240. Dixon JL, Furukawa S, Ginsberg HN. Oleate stimulates 

secretion of apolipoprotein B-containing lipoproteins from 

hep G2 cells by inhibiting early intracellular degradation 

of apolipoprotein B. J Biol Chem. 1991;266(8):5080-5086. 

241. Rutledge AC, Su Q, Adeli K. Apolipoprotein B100 

biogenesis: A complex array of intracellular mechanisms 

regulating folding, stability, and lipoprotein assembly. 

Biochem Cell Biol. 2010;88(2):251-267. doi: 10.1139/o09-168 

[doi]. 

242. Minehira K, Young SG, Villanueva CJ, et al. Blocking 

VLDL secretion causes hepatic steatosis but does not affect 

peripheral lipid stores or insulin sensitivity in mice. J 

Lipid Res. 2008;49(9):2038-2044. doi: 10.1194/jlr.M800248-

JLR200 [doi]. 

  


