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Abstract

Aims: The prevalence of non‐alcoholic fatty liver disease (NAFLD) and its pro-

gression to non‐alcoholic steatohepatitis (NASH) is higher in postmenopausal

women than men. The aim of this study was to determine the molecular mechanisms

underlying this sexual dimorphism in NAFLD.

Methods: A total of 24 frozen liver samples of both sexes (normal and NAFLD/

NASH) were used in this study. Total RNAseq was first used to identify differentially

expressed genes (DEGs) between samples. Enrichment analysis of Gene Ontology

(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome were used

to analyze biological pathways. RT2 profiler polymerase chain reaction (PCR) arrays

were used to identify genes associated with the biological pathways. Immunoblot-

ting was used to validate protein expression of certain genes.

Results: We identified 4362 genes that are differentially expressed between

NAFLD/NASH and normal samples; of those 745 genes were characterized as sex

specific in NAFLD/NASH. Multiple pathway analysis platforms showed that Wnt‐
signaling is a candidate shared for a common biological pathway‐associated with

NAFLD/NASH. Using Wnt pathway focused PCR array we identified many genes

involved in canonical pathway (Wnt/β‐catenin activation) such as CTNNB1, c‐Myc
and CCND2 are overexpressed in female cases, whereas these genes are either not

detected or downregulated in male cases. Immunoblot analysis validated the

expression of CTNNB1 in female cases but not in male protein samples.

Conclusions: Our study suggests, for the first time, that the activation of canonical

Wnt signaling could be one of the main pathways associated with sexual dimor-

phism in NAFLD and NASH.
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INTRODUCTION

Non‐alcoholic fatty liver disease (NAFLD) is the leading cause of

chronic liver disease that affects 25% of the US population.1,2 NAFLD

is commonly associated with obesity, diabetes, and metabolic syn-

drome, but it could affect non‐obese individuals as well.
The disease spectrum ranges from bland steatosis with or without

inflammation (non‐alcoholic fatty liver, NAFL) to steatosis with

inflammation and hepatocellular injury (non‐alcoholic steatohepatitis,
NASH), fibrosis, cirrhosis, and hepatocellular carcinoma (HCC).3

Because of lack of reliable noninvasive predictable biomarkers, the

diagnosis of NASH is mainly limited to histopathological evaluation of

liver samples defined by liver biopsy‐proven hepatocellular steatosis,
lobular inflammation, and evidence of hepatocyte injury such as

ballooning degeneration.4 Recent progress in “omics” research has

allowed for further identification of various genetic alterations in

NAFLD disease progression. For example, the single nucleotide poly-

morphism causing a substitution of isoleucine tomethionine at position

148 in patatin‐like phospholipase domain‐containing 3 (PNPLA3,

rs738409) was identified to be the most predictive variant associated

with NAFLD.5 PNPLA3 has hydrolytic activity toward triacylglycerols,

diacylglycerol and monoacylglycerol. The I148M substitution causes

loss of function in the enzyme, associated with higher liver lipid con-

tent, greater NASH activity, and increased risk of liver fibrosis and

development of HCC.6 Other widely investigated genetic variants

include transmembrane 6 superfamily membrane 2 (TM6SF2)

rs58542926C > T, membrane bound O‐acyltransferase domain‐
containing 7 (MBOAT7, rs641738C > T), and glucokinase regulator

(GCKR, P446L). Similarly, these variants are also associated with

increased NAFLD severity and risk of fibrosis.7–9

The increased risk of central obesity and subsequent diabetes in

some racial/ethnic minority populations confers additional risk for the

development of advanced fibrosis and cirrhosis in NAFLD disease

progression. A meta‐analysis of US population‐based studies reported
the highest prevalence of NAFLD is in Hispanic population as

compared to Non‐Hispanic Caucasians or African Americans.1 Like-

wise, many studies have also showed that there are gender disparities

in NAFLD with respect to disease severity, fibrosis, and NASH.10 The

prevalence and severity of NAFLD are shown to be higher in men

than in women during the reproductive age, whereas after meno-

pause, NAFLD occurs at a higher rate in women, especially after

50 years suggesting the protective role of estrogen.11–13 These data

suggest that a better understanding of the interplay among meno-

pausal status, metabolic comorbidities, and sex steroids in NAFLD

pathogenesis is needed to develop better clinical management of the

disease. Further, the molecular mechanisms underlying gender dis-

parities in NALFLD risk remain incompletely understood. Without

such information, the promise of developing effective clinical man-

agement and treatment of NAFLD based on gender or racial/ethnic

disparities will likely remain limited. Therefore, in the current study,

we apply whole RNA sequencing (RNA‐seq) coupled with pathway‐
focused polymerase chain reaction (PCR) profiling using RT2 Profile

PCR Array System of frozen liver tissue samples (normal and NAFLD/

NASH) of both sexes to uncover the transcriptome signature and

molecular pathways potentially associated with the observed sexual

dimorphism in NAFLD, thereby providing an opportunity for tailored

approach and better clinical care management of NAFLD.

METHODS

Ethics statement

The Institutional Review Board (IRB) at Washington State University

(WSU) approved the protocol of the current study. Twenty‐four snap-
ped frozen tissue samples (eight included in original RNA‐seq analysis
and sixteen for pathway‐focused PCR profiling and immunoblotting)

were obtained from the IRB approved University of Minnesota—Liver

Tissue Cell Distribution System. All specimens with anonymized iden-

tifiers were histopathological confirmed by a pathologist.

RNA extraction and whole‐transcriptome sequencing
(RNA‐seq)

Total RNA was extracted from eight frozen liver biopsy specimens

(four normal and four NAFLD/NASH) of both sexes using the RNeasy

Mini Kit (QIAGEN). RNA concentration was measured with NanoDrop

(Thermo Fisher Scientific). Extracted RNA with RNA Integrity Number

(RIN) > 7 was shipped frozen to QuickBiology (Pasadena, CA) for

cDNA library preparation according to KAPA Standard mRNA‐Seq
polyAselected kit with 201–300 bp KAPA Biosystems, using input

of 250 ng total RNA. The final library quantity and quality was

checked by Agilent 2100 Bioanalyzer and Qubit 2.0 Fluorometer (Life

Technologies). The generated 30 million paired end reads of 150 bp

RNA was sequenced on the Illumina HiSeq 4000. A data quality check

was done on Illumina SAV. Demultiplexing was performed with Illu-

mina Bcl2fastq2 v2.17 program.

RNA sequencing analysis

The reads were first mapped to the latest UCSC transcript set using

Bowtie2 version 2.1.0.14 and the gene expression level was estimated

using RSEM v1.2.15.15 Differentially expressed genes were identified

using edgeR program.16 Genes showing altered expression with

p < 0.05 and more than 1.5‐fold changes were considered differen-

tially expressed. Goseq was used to perform the Gene Ontology (GO)

enrichment analysis17 and Kobas was used to perform pathway

analysis.18 Associated Kyoto Encyclopedia of Genes and Genomes

(KEGG)19 signaling pathways were analyzed using the Bioconductor

package ROntotools.20

WNT signaling pathway RT2 profiler PCR array

WNT pathway‐focused PCR array (QIAGEN PAHS‐043Y) which

measure mRNA levels of 84 genes involved in WNT signaling or
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targets of the WNT pathway was used to confirm RNA‐seq results of
the GO enrichment analysis. Total RNA was isolated from eight

frozen liver biopsy specimens (four normal and four NAFLD/NASH)

of both sexes using the RNeasy Mini Kit (QIAGEN) as described

above. The cDNA was prepared from 2 μg of total isolated RNA by

using the RT2 PCR array first strand kit in accordance with the

manufacturer's protocol (QIAGEN). The synthesized cDNA was

mixed with the RT master mix (RT2 SYBR Green; QIAGEN; Cat. No.

330529) in accordance with the supplier's instructions and pipetted

into the 96‐well PCR array plates. The array reactions were per-

formed by using an Applied Biosystems (ABI) 7500 real‐time‐
polymerase chain reaction system (ABI) in accordance with the

manufacturer's instructions (QIAGEN) under the following condi-

tions: 95°C for 10 min, then 40 cycles at 95°C for 15 s and 60°C for

1 min. Each array contained five separate housekeeping genes (HKG)

(ACTB, GAPDH, HPRT1, B2M and RPLP0) that are used for normali-

zation of the sample data. In addition, each array contains a panel of

proprietary controls to monitor genomic DNA contamination (GDC)

as well as the first strand synthesis (RTC) and real‐time PCR effi-

ciency (PPC). All data from the PCR was collected and uploaded onto

the data analysis web portal at http://www.qiagen.com/geneglobe.

Data analysis of PCR array

Normalization of the sample data was performed by calculating the

ΔCt for each gene of interest (GOI) in the plate (Ct value of GOI‐Ct
value of HKG) followed by ΔΔ calculations (ΔCt (Test Group; NAFLD/
NASH)−ΔCt (Control Group; Normal)). The Fold Change is then

calculated using 2∧(−ΔΔCt) formula.21 The data analysis web portal

also plots scatter plot, volcano plot, clustergram and heatmap.

Statistical analysis of PCR array data

The RT2 Profiler PCR Array web portal does not perform any sta-

tistical analysis beyond calculation of the p‐values using a Student’s t‐
test based on the triplicate 2∧(−ΔCt) values for each gene in the Test
Group (NASH) compared to the Control Group (Normal). Previous

reports by the Microarray Quality Control (MAQC) and others have

shown that a ranked list of genes based on fold‐change and p‐value
calculation was sufficient to demonstrate reproducible results across

multiple microarray and PCR Arrays including the RT2 Profiler PCR

Arrays.22,23

Western blot analysis

The Western blot analysis was performed as previously described

with modifications.24 In brief, protein samples from eight frozen liver

tissue lysates (four normal and four NAFLD/NASH) of both sexes

(different cohorts were denatured and loaded onto NuPAGE™

4%–12% Bis‐Tris gels). After electrophoresis, proteins were

transferred to Odyssey® nitrocellulose membranes (LI‐COR
Biosciences). Membranes were blocked for 2 h with TBST Buffer

(TBS‐containing 0.1% Tween 20 + 5% Bovine serum albumin) then

incubated for overnight with primary antibodies diluted in TBST

Buffer. The human beta‐catenin (#138400), PITX2 (PA598817),

FRZB (PA5104120) and WIF1 (PA512299) antibodies were pur-

chased from Thermo Fisher Scientific. After incubation with primary

antibodies, the membranes were washed with TBST Buffer three

times. Then the membranes were incubated for 1 h with

IRDye800CW‐conjugated goat antirabbit IgG and IRDye680‐
conjugated goat anti‐mouse IgG secondary antibodies (LI‐COR Bio-

sciences) diluted in Odyssey Blocking Buffer. The blots were then

washed three times with TBST Buffer. Proteins were visualized by

scanning the membrane on an Odyssey® FC Infrared Imaging System

(LI‐COR Biosciences) with both 700‐ and 800‐nm channels.

RESULTS

Clinical characteristics of the study population

A total of 24 snapped frozen liver tissue samples from White, non‐
Hispanic population of both sexes were used in this study

(Table S1). The average age of NAFLD/NASH patients were 54 years

with 40% diabetics and obese (median BMI = 35.6 kg/m2). The

average fibrosis of the two cohorts (stage F1–F3) was 2.3, mainly in

NASH female samples (postmenopausal).

Clustering analysis of identified transcripts can
discriminate between normal and NAFLD/NASH

To identify genes that are differentially expressed in human NAFLD,

we performed RNA‐seq analysis using RNAs extracted from four

human NAFLD/NASH cases of both sexes (case 5 through 8) and four

normal liver tissue samples (case 1 through 4). On average, 27 million

and 26 million sequencing reads were obtained, respectively. More

than 95% of reads were aligned to the reference genome (UCSC

hg19), and more than 99% of the aligned reads were stranded. EdgeR

was used to perform the differential gene analysis where we identi-

fied 4362 genes that are differentially expressed (false discovery rate

(FDR) q‐value < 0.05 and foldchange > 1.5), including genes previ-

ously identified.25 For example, fibulin 5 (FBLN5), glypican 3 (GPC3),

insulin‐like growth factor‐5 (IGFBP5), transforming growth factor,

beta1 (TGFB1), thrombospondin 2 (THBS2) were markedly upregu-

lated in NAFLD/NASH cases, whereas serum amyloid A2 (SAA2),

acetyl‐CoA acyltransferase2 (ACAA2) were significantly down-

regulated. PNPLA2, which is an important paralog gene of PNPLA3

that is associated with NASH, was also significantly suppressed.26

Detailed information on differentially expressed genes (DEGs) are

presented in Table S2. Complete discrimination was seen in the hi-

erarchical clustering heatmap comparing cases with NAFLD/NASH to

normal samples (Figure 1a). Principle components analysis (PCA) of
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F I GUR E 1 Clustering dendrogram of differentially expressed genes (DEGs) between NAFLD/NASH cases and normal subjects. (a) The

heatmaps show DEGs for human NAFLD cases (case 5–8) along with normal liver tissues (case 1–4). Samples were grouped using hierarchical
clustering based on similar expression profiles. Heatmap color codes for column labels are indicated on the center bottom of the heatmaps.
(b) Gene expression profiling in three‐dimensional space by Principal Component Analysis (PCA). The first principal component with the highest
variation (36%) is shown in the X‐axis and separates the samples based onNormal andNAFLD subjects. The normal (green), NAFLD, female (dark
red), and NAFLD male (pink) samples formed three separate clusters on PCA based on disease and gender. (c) Volcano plot of DEGs in NAFLD
compared to normal samples. The x‐axis indicates the differential expression profiles, plotting the fold‐induction ratios in a log−2 scale. The y‐axis
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DEGs demonstrated significant separation based on disease state

(normal vs. NAFLD/NASH) and sex (female vs. male) along primary

component (PC1) accounted for 36% of the variation between sam-

ples (Figure 1b). Volcano plot (Figure 1c) shows significance versus

fold change of DEGs on the y and x axes, respectively. The top 15

significant genes are labeled. Among the highly overexpressed genes

(red) are growth differentiation factor (GDF15) which is involved in

the stress response program of cells and TGFbeta signaling;

GLIS2, which acts as a transcriptional activation repressor mediated

by β‐catenin (CTNNB1) in the Wnt signaling pathway; CX3CL1,

which has a chemokine activity and involved in inflammatory diseases

such as NAFLD. Among downregulated genes (green) are SELK and

CD163. Both are protectors of cells from oxidative stress and

inflammation.

Comparison of NAFLD/NASH transcriptome profile in
males and females

The identification of DEGs between male and female cases in

NAFLD/NASH was of interest as these could provide leads of

potentially useful explanation underlying sexual dimorphism in

NAFLD/NASH disease. EdgeR was used to perform the differential

gene analysis where we identified 745 genes that are differentially

expressed between female and male cases (FDR q‐value < 0.05 and

foldchange > 1.5) as described above. Detailed information on these

genes is presented in Table S3. Complete discrimination was seen in

the hierarchical clustering heatmap of top 30 genes when comparing

NAFLD/NASH cases in female versus male (Figure 2a). Volcano plot

(Figure 2b) shows significance versus fold change of DEGs on the y

indicates the statistical significance of the difference in expression (p‐value, t‐test) in a log10 scale. Differentially expressed genes (p < 0.05)

appear above the horizontal line. Red and green dots represent upregulated and downregulated genes, respectively, while blue represents genes
that have no significant difference

F I GUR E 2 Clustering dendrogram of differentially expressed genes (DEGs) between male and female cases in NAFLD. (a) The heatmaps
show differential expression of 745 genes between male and female case in NAFLD. The supervised hierarchical clustering analysis clearly
distinguish between male and female cases. Red and green color indicate high and low transcripts level relative to normal based on overall

gene expression. Colored bar above heatmap show female cases in green and males in red. (b) Volcano plot of 745 genes expressed between
male and female cases in NAFLD. Red and green dots represent upregulated and downregulated genes, respectively, while blue represents
genes that have no significant difference
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and x axes, respectively. The top 10 significant genes are labeled.

Among the highly overexpressed genes (red) in male cases (male

specific genes) are Glycoprotein 2 (GP2) and Transcobalamin 1

(TCN1). Both are involved in innate immune response. Examples of

genes that are downregulated (green) are Diacylglycerol O‐acyl-
transferase 2 (DGAT2) which plays a major role in triglyceride (TG)

synthesis; F‐Box protein 2 (FBXO2) which mediates the ubiquitina-

tion and subsequent proteasomal degradation of target proteins; and

Metallothionein 1G (MT1G) which is transcriptionally regulated by

heavy metals & glucocorticoids and associated with HCC.

Biological pathways and specific transcripts
associated with NAFLD/NASH

We then subjected the DEGs to Gene Ontology Annotation (GO

analysis) to categorize these genes into relevant functions. In our

study, over 50% of DEGs were grouped into 33 biological process

terms, 13 cellular component terms and 4 molecular function terms,

as shown in Figure 3a. Most of the enriched biological process terms

of the DEGs were categorized into metabolic processes. Most sig-

nificant pathway associated with the biological process terms

was shown to be involved in “regulation of Wnt signaling”

(GO:0030111). The full list of GO enrichment analysis data is pro-

vided in Table S4.

To further study additional relevant biological pathways, KEGG

pathway analysis was also performed based on the annotation re-

sults. The top 15 KEGG pathways among the up‐ or down‐regulated
DEGs is shown in Figure 3b. Among the top KEGG enriched pathway

was “NAFLD” (hsa04932), as well as pathways associated with Prion,

Alzheimer, Huntington, and Parkinson diseases. The full list of KEGG

Pathway enrichment analysis data is provided in Table S5. Next, we

performed pathway‐based analysis in Reactome to identify possible

shared pathways between the three platforms: GO, KEGG and

F I GUR E 3 GO, KEGG, and Reactome enrichment analysis of DEGs. (a) Top 50 GO enrichment bar plot shows most top 50 significant GO

Terms. The numbers are the numbers of genes within the list which are annotated to the GO of interest. In Biological Process, there are 57
genes of interest in “regulation of Wnt signaling pathway”. (b) KEGG enrichment plots show most top 15 significant KEGG pathway including
37 genes of interest in “non‐alcoholic fatty liver disease”. (c) Reactome pathway bubble plot shows most top 15 significant Reactome pathway.
Axes show number of gene counts in each process category
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Reactome. Most of the pathways identified in Reactome were asso-

ciated with Translation processes as shown in Figure 3c. However,

β‐catenin independent Wnt signaling (Path ID 2858494) and

Signaling by Wnt (Path ID 195721) were identified as common

shared pathways with GO analysis. The full list of the Reactome

Pathway enrichment analysis data is provided in Table S6.

Taken together, these results outlined metabolic processes as

the hallmark of NAFLD/NASH disease progression and identified

Wnt‐signaling as a candidate shared for biological pathway‐
associated with NAFLD/NASH.

Validation of Wnt signaling in NAFLD/NASH using
RT2 profile PCR array and immunoblotting

Based on the biological pathway results, we hypothesized that the

observed and documented sexual dimorphism in NAFLD/NASH

could be a result of perturbation in Wnt signaling pathway. Wnt

signaling was shown to be associated with chronic metabolic dis-

eases and NAFLD‐associated hepatocarcinogenesis.27,28 To test this

hypothesis, we used the pathway‐focused “Wnt signaling targets”

PCR array that allowed to profile the expression of 84 key genes

responsive to Wnt signaling. Two NAFLD/NASH samples for each

sex (for male: case 14 and 14.1; for female: case 16 and 16.1) were

used against two normal samples of the same sex (for male: case 13

and 13.1; for female: case 15 and 15.1). We detected 77 genes

overexpressed in female cases and 7 downregulated genes, as

shown in Figures 4a,b. Among overexpressed genes in female cases

are WIF1 (Wnt inhibitory factor 1; 814 630‐fold), WNT2 (Wingless‐
type MMTV integration site family member 2; 18‐fold), LRP6 (Low

density lipoprotein receptor‐related protein 6; 5‐fold), GSK38

(Glycogen synthase kinase 3 beta; 6‐fold), DVL2 (Disheveled, dsh

homolog 2; 23‐fold) and CTNNB1 (β‐catenin; 5.9‐fold). Among

downregulated Wnt‐signaling associated genes in NAFLD/NASH

female cases are PITX2 (Paired‐like homeodomain 2; 60‐fold), FGF4
(Fibroblast growth factor 4; 98‐fold) and MMP7 (Matrix metal-

lopeptidase 7; 14‐fold). Detailed information on these genes is

presented in Table 1.

For male cases, we detected 74 overexpressed genes and 10

downregulated, as shown in Figures 4c,d. The most overexpressed

genes are PITX2 (Paired‐like homeodomain 2; 15 420‐fold), FZD5
(Frizzled family receptor 5; 11‐fold), PPARD (Peroxisome

proliferator‐activated receptor delta; 7‐fold), RHOA (Ras's homolog

gene family, member A; 7‐fold),MTFP1 (Mitochondrial fission process

1; 10‐fold) and SKP2 (S‐phase kinase‐associated protein 2; 12‐fold).
Among downregulated Wnt‐signaling associated genes in NAFLD/

NASH male cases are WIF1 (Wnt inhibitory factor 1; 39‐fold), WNT6

(Wingless‐type MMTV integration site family member 2; 51‐fold),
WNT8A (Wingless‐type MMTV integration site family member 8A;

18‐fold), SFRP4 (Secreted frizzled‐related protein 4; 10‐fold), LEF1
(Lymphoid enhancer‐binding factor 1; 19‐fold) and CCND2 (Cyclin

D2; 6‐fold). Detailed information on these genes is shown in Table 2.
Collectively, these results indicate that perturbation of WNT

signaling pathway could be associated with the observed the sexual

dimorphism in NAFLD/NASH cases as genes involved in canonical

pathway (Wnt/β‐catenin activation) such as CTNNB1, Myc and

CCND2 are overexpressed in female cases, whereas these genes are

either not detected or downregulated in male cases (Wnt/β‐catenin
inactivation).

The expression of selected genes involved in canonical WNT/β‐
catenin pathway (CTNNB1, WIF1, FRZB and PITX2) were further

validated with immunoblotting using an independent set of eight

tissue samples for both sexes. As shown in Figure 4e, the expression

level of β‐catenin increased in NASH2 samples (female) as compared
to NASH1 (male), which is in concordance with the results obtained

with PCR array in Table 1. In contrast however, the expression levels

of WIF1, FRZB and PITX2 proteins in NASH samples were different

compared to the mRNA levels seen in Tables 1 and 2. These results

indicate that the expression of these three genes at mRNA level do

not always correlate with their protein levels, as previously reported

by others.29–31

DISCUSSION

Non‐Alcoholic fatty liver disease (NAFLD) remains a major cause of
chronic liver disease worldwide. Recently, it has been shown that

sexual dimorphism plays a major role in the prevalence, pathogenesis,

and progression of NAFLD.10–13 However, the exact molecular

mechanisms for the observed gender disparities that exist in NAFLD

are not well understood. Therefore, to better understand the mo-

lecular mechanisms and possible signaling pathways associated with

NAFLD/NASH gender differences, we performed whole RNA seq on

liver tissue samples to identify DEGs between sexes that could be

linked to sexual dimorphism, coupled with pathway focused PCR

array to validate the expression of functionally related genes asso-

ciated with Wnt signaling pathway. Immunoblot analysis was also

used to validate the expression of specific target proteins associated

with Wnt signaling.

In this study, we identified 745 genes that are differentially

expressed between female and male cases (FDR q‐value < 0.05 and

foldchange > 1.5) as presented in Table S3. Interestingly, a significant

number of these genes are newly identified with respect to sexual

dimorphism in NAFLD, but others had been previously reported to be

involved in NAFLD/NASH pathogenesis and progression, such as

transcription factors (TFs). Recent studies have indicated that

NAFLD is under transcriptional regulation of many TFs. The devel-

opment of NAFLD and NASH strongly correlates with the dysregu-

lation of transcriptional regulators that play various role in lipid

metabolism, inflammation, metabolic stress, and fibrosis.32 In this

study, we show that some of these TFs are sex specific. For example,

SREBF1, (C/EBP)α, and ATF5 that are associated with lipid metabolism
and metabolic stress in NAFLD, and NASH are shown to be upre-

gulated in female cases compared to males.33–35 In contrast, we

identified other TFs such as AEBP1 and TGFβ1/1 are upregulated in

male cases compared to females. These TFs are known to be
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associated with hepatic fibrosis.36,37 Thus, transcriptional regulation

of NAFLD could be one of the main regulators associated with sexual

dimorphism in NAFLD and NASH.

To delineate the biological pathways associated with DEGs, we

used 3 different platforms: GO, KEGG, and Reactome pathway

analysis. As shown in Tables S4–S6, we identified Wnt‐signaling as

F I GUR E 4 DEGs between male and female cases in NAFLD using Wnt focusing RT2 profiler Polymerase chain reaction (PCR) arrays.
(a) Scatter plot comparing the normalized average expression of each gene of the “Wnt targets” PCR array between the two groups (cases 8 &
5 “NAFLD” vs. cases 2 & 3 “normal” in female samples). The red and green dot stand for up‐regulated and down‐regulated genes, respectively,
whereas black dots indicate unchanged genes; cut‐off = �1.5. (b) Visualization of log2 (Fold Change). Two groups of differential genes in
female samples, intersect and merge gene expression colorimetry maps. Based on the expression levels of the DEGs in each in groups, a log2 is
taken. Using systematic clustering (Hierarchical Cluster), the overall clustering result of the sample is obtained. Red indicates higher

expression and blue indicates lower expression. (c) Scatter plot comparing the normalized average expression of each gene of the “Wnt
targets” PCR array between the two groups (cases 6 & 7 “NAFLD” vs. cases 1 & 4 “normal”) in male samples. (d) Visualization of log2 (Fold
Change) of gene expression in male samples. (e) Protein expression of β‐catenin, FRZB, PITX2 andWIF1 in normal and NASH samples analyzed

by immunoblotting. The samples include Normal 1 (male), Normal 2 (female), NASH 1 (male) and NASH 2 (female). Primary antibodies against
β‐catenin, FRZB, PITX2 and WIF1 were used for detection. β‐Actin was used as the loading (reference) control. Each experiment was repeated
at least three times
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TAB L E 1 The average expression profile of “Wnt targets” in female cases

Gene symbol

AVG delta Ct 2^(−delta Ct)
Fold change Fold regulation

Group 1 Control group Group 1 Control group Group 1/Control group Group 1/Control group

APC −2.72 0.88 6.595544 0.543093 12.14 12.14

AXIN1 −1.58 0.60 2.990991 0.661142 4.52 4.52

AXIN2 −0.59 −0.19 1.504604 1.137906 1.32 1.32

BTRC −4.97 −3.76 31.326478 13.582787 2.31 2.31

CSNK1A1 −6.91 −5.15 119.854307 35.473897 3.38 3.38

CTBP1 −4.30 −3.19 19.644595 9.154157 2.15 2.15

CTNNB1 −5.04 −2.47 32.900923 5.542375 5.94 5.94

CTNNBIP1 −0.55 1.45 1.460444 0.366777 3.98 3.98

DAAM1 −5.84 −2.88 57.245723 7.346327 7.79 7.79

DAB2 −4.30 −1.81 19.647114 3.500992 5.61 5.61

DKK1 2.19 3.24 0.218997 0.105590 2.07 2.07

DKK3 1.03 0.77 0.488232 0.587163 0.83 −1.20

DVL1 −2.45 −2.32 5.475847 5.009182 1.09 1.09

DVL2 −0.83 3.70 1.775936 0.077188 23.01 23.01

EP300 −4.61 −2.29 24.351631 4.906105 4.96 4.96

FBXW11 −6.10 −2.96 68.546693 7.777673 8.81 8.81

FGF4 4.08 −2.54 0.058977 5.801458 0.01 −98.37

FOSL1 1.83 0.60 0.280441 0.658785 0.43 −2.35

FRAT1 −2.54 0.67 5.797289 0.627929 9.23 9.23

FRZB 1.86 3.37 0.276363 0.096765 2.86 2.86

FZD1 −0.63 −0.13 1.543387 1.093783 1.41 1.41

FZD2 3.41 3.91 0.094211 0.066569 1.42 1.42

FZD3 0.24 2.39 0.845923 0.190811 4.43 4.43

FZD4 −5.63 −2.95 49.422501 7.729071 6.39 6.39

FZD5 −3.14 0.06 8.836538 0.958198 9.22 9.22

FZD6 −2.11 −0.05 4.325407 1.035508 4.18 4.18

FZD7 1.91 0.28 0.265198 0.820945 0.32 −3.10

FZD8 −1.75 −0.74 3.361129 1.671991 2.01 2.01

FZD9 3.19 3.91 0.109323 0.066569 1.64 1.64

GSK3B −5.82 −3.13 56.555189 8.750037 6.46 6.46

JUN −3.98 −0.01 15.779081 1.004814 15.70 15.70

KREMEN1 −1.52 2.19 2.869861 0.218725 13.12 13.12

LRP5 −3.56 −2.67 11.819085 6.370899 1.86 1.86

LRP6 −7.40 −5.04 168.403198 32.942654 5.11 5.11

MAPK8 −6.30 −3.95 78.565653 15.445016 5.09 5.09

MMP7 −0.90 −4.76 1.863859 27.100968 0.07 −14.54

NFATC1 −0.45 −0.02 1.367637 1.016428 1.35 1.35

NKD1 −0.10 1.40 1.070483 0.378756 2.83 2.83

NLK −3.57 −1.83 11.859867 3.561961 3.33 3.33

(Continues)
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T A B L E 1 (Continued)

Gene symbol

AVG delta Ct 2^(−delta Ct)
Fold change Fold regulation

Group 1 Control group Group 1 Control group Group 1/Control group Group 1/Control group

PITX2 3.56 −2.37 0.085075 5.153656 0.02 −60.58

PORCN −1.23 1.07 2.346043 0.476840 4.92 4.92

PPARD −2.89 −0.19 7.400843 1.138909 6.50 6.50

PRICKLE1 0.75 1.32 0.593247 0.401148 1.48 1.48

RHOA −7.94 −4.85 245.905675 28.871906 8.52 8.52

RUVBL1 −4.52 −1.79 22.976893 3.464298 6.63 6.63

SFRP1 0.97 1.18 0.510767 0.440872 1.16 1.16

SFRP4 3.97 3.91 0.063985 0.066569 0.96 −1.04

SOX17 2.77 3.91 0.146816 0.066569 2.21 2.21

TCF7 −0.67 0.80 1.593362 0.573289 2.78 2.78

TCF7L1 −2.82 0.28 7.064003 0.820772 8.61 8.61

VANGL2 4.08 2.09 0.058977 0.235107 0.25 −3.99

WIF1 −15.94 3.70 62832.410630 0.077130 814630.59 814630.59

WISP1 −0.61 −1.70 1.528914 3.257182 0.47 −2.13

WNT1 4.00 3.73 0.062606 0.075364 0.83 −1.20

WNT10A 3.50 2.52 0.088438 0.174745 0.51 −1.98

WNT11 4.08 3.41 0.058977 0.094399 0.62 −1.60

WNT2 −0.59 3.60 1.508043 0.082260 18.33 18.33

WNT2B 0.08 1.14 0.947627 0.453453 2.09 2.09

WNT3 −0.96 0.16 1.949264 0.895374 2.18 2.18

WNT3A 4.08 3.91 0.058977 0.066569 0.89 −1.13

WNT4 1.47 2.25 0.361128 0.210527 1.72 1.72

WNT5A −0.04 2.16 1.025955 0.224233 4.58 4.58

WNT5B −0.23 1.11 1.171940 0.463791 2.53 2.53

WNT6 4.08 3.91 0.058977 0.066569 0.89 −1.13

WNT7A 3.87 3.91 0.068281 0.066569 1.03 1.03

WNT7B 3.56 3.91 0.084627 0.066569 1.27 1.27

WNT8A 4.08 3.91 0.058977 0.066569 0.89 −1.13

WNT9A 4.08 3.79 0.058977 0.072208 0.82 −1.22

BOD1 −5.76 −1.31 54.156253 2.482743 21.81 21.81

CALM1 −6.80 −1.88 111.333367 3.690371 30.17 30.17

CCND1 −4.29 −3.16 19.592552 8.926590 2.19 2.19

CCND2 −1.82 −0.35 3.522472 1.275956 2.76 2.76

CHSY1 −4.08 −0.87 16.942152 1.832718 9.24 9.24

CXADR −7.86 −4.10 231.852460 17.164705 13.51 13.51

CYP4V2 −7.80 −4.84 222.408269 28.550516 7.79 7.79

HSPA12A −0.65 −1.54 1.572574 2.912349 0.54 −1.85

LEF1 1.20 0.69 0.434667 0.618600 0.70 −1.42

MT1A −9.76 −5.22 865.818699 37.257724 23.24 23.24

MTFP1 −3.56 −1.36 11.767780 2.565546 4.59 4.59
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a candidate shared by these three platforms. The Wnt signaling

pathway, an evolutionary conserved molecular transduction

cascade, has been identified to play a major role in various dis-

eases, including chronic liver diseases and NAFLD.38–40 The Wnt

signaling pathway has been classified into the canonical‐and non‐
canonical pathways according to whether the accumulation of

β‐catenin in the nucleus is necessary or not. The canonical

β‐catenin pathway is centered on regulating the levels of its major

effector β‐catenin.41 In the absence of Wnt ligands, β‐catenin is

sequestered in the cytoplasm by a protein complex composed of

the scaffolding protein Axin, adenomatous polyposis coli (APC)

gene product, CK1 and GSK3β. Specific serine and threonine

residues in the amino terminal region of β‐catenin are sequentially

phosphorylated by CK1 and GSK3β. Phosphorylated β‐catenin is

then ubiquinated and targeted for proteasomal degradation.42 As a

result of this continuous degradation, β‐catenin is prevented

from accumulating in the cytoplasm, and therefore from reaching

the nucleus (inactive canonical pathway). In the absence of nuclear

β‐catenin, Wnt target genes are repressed by binding of the T‐cell
factor/lymphoid enhancer factor (TCF/LEF) family of proteins. The

canonical pathway is activated when Wnt ligands bind to the

transmembrane Frizzled (Fz) receptor and the Fz‐coreceptors low

density lipoprotein receptor‐related protein (LRP) 5 or 6. The

complex formed by Wnt‐Fz‐LRP5/6 is followed by recruitment

of the scaffolding protein Disheveled (Dvl), phosphorylation of

LRP6 and recruitment of the axin degradation complex. These

events prevent phosphorylation of β‐catenin and result in its

stabilization and cytoplasmic accumulation. β‐Catenin then trans-

located to the nucleus where it forms a complex with the TCF/

LEF TFs and activates target gene expression such as c‐myc and

cyclin D1.42

To confirm the association of Wnt/β‐catenin signaling in NAFLD
sexual dimorphism based on the biological pathway analysis, we used

an RT2 Profiler PCR array system to analyze the expression of Wnt

signaling components (Wnt ligands, receptors, and β‐catenin
destruction complex) as well as β‐catenin targets. Among the 84

genes involved in Wnt signaling pathway, a remarkable expression

changes at the mRNA level were observed for several Wnt‐related
genes as shown in Tables 1 and 2, confirming the inter‐relationship
of Wnt/β‐catenin in the pathogenesis of NAFLD, and hence the

reliability of our approach.39,40 However, the expression level of

these transcripts is different between female and male cases. For

example, transcripts that are associated with active components of

Wnt signaling such as APC, AXIN1, Dvl2, GSK3β, LRP6, TCF7L1, and
CTNNB1 are highly expressed in female specific NAFLD cases

(Table 1) and either repressed or not expressed in male specific

NAFLD cases (Table 2). Of the activated Wnt targets, four tran-

scripts: JUN (Jun proto‐oncogene, AP‐1 transcription factor subunit),
PPARD, CCND1, and MYC are significantly upregulated in female

cases (Table 1). Other Wnt targets such as MMP7 and LEF1 are

repressed in male cases (Table 2). A comprehensive updated list of

Wnt targets can be found at http://www.stanford.edu/group/nusse-

lab/cgi‐bin/wnt/target_genes. These data of particular interest as

they may suggest, for the first time, that the activation of canonical

Wnt signaling could be one of the main pathways associated with

sexual dimorphism in NAFLD and NASH. Further studies using larger

sample size could help to clarify the present findings, as these results

suggest that Wnt signaling components and targets may have

important role in sex‐based pathogenesis of NAFLD/NASH and may

facilitate sex specific therapy of NAFLD.

Strong differential regulation in Wnt signaling was detected for

the transcription factor PITX2 (>60 fold down regulation) in female

NAFLD cases (Table 1; Figures 4a,b); whereas in male NAFLD cases

it is drastically up regulated (>15 000 fold) as shown in Table 2 and

Figures 4c,d. PITX2 represent a direct target gene of Wnt/β‐catenin
signaling was shown to be expressed in several tissues that are

developmentally regulated by Wnt/β‐catenin signaling such as kid-

ney, pituitary and liver.43–45 PITX2 acts as a downstream effector of

developmental regulatory pathways and has been shown to interact

with both canonical and no‐canonical Wnt pathways.41 The exact

mechanism for the observed sex‐based differential expression of

PITX2 in our study is not well understood but it is conceivably

possible related to the expression of PITX2 isoforms and corre-

sponding mRNAs stability.46 In fact, previous studies have shown

that PITX2 isoforms are involved in sexual dimorphism of gonads in

rat.47 Thus, further study is needed to investigate further the role of

PITX2 isoforms in sexual dimorphism of NAFLD. WIF1 was also

found to be differentially expressed in a sexually dimorphic manner.

WIF1 is a member of secreted upstream antagonists of the Wnt

signaling pathway. These antagonists can be divided into two func-

tional classes: the SFRP class and the Dickkopf class. Members of the

SFRP class, which include the SFRP (secreted Frizzled‐related

T A B L E 1 (Continued)

Gene symbol

AVG delta Ct 2^(−delta Ct)
Fold change Fold regulation

Group 1 Control group Group 1 Control group Group 1/Control group Group 1/Control group

MTSS1 −6.07 −2.39 66.970792 5.226073 12.81 12.81

MYC −5.28 −3.72 38.914297 13.216519 2.94 2.94

NAV2 −6.21 −3.68 73.942211 12.811212 5.77 5.77

PRMT6 −4.66 0.67 25.293671 0.626918 40.35 40.35

SKP2 −5.08 −1.18 33.905387 2.261829 14.99 14.99

Note: Group 1 (test group–NASH) = Cases 5 & 8; Control 1 (normal group) = Cases 2 & 3.
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TAB L E 2 The average expression profile of “Wnt targets” in male cases

Gene symbol

AVG delta Ct 2^(−delta Ct)
Fold change Fold regulation

Group 1 Control group Group 1 Control group Group 1/Control group Group 1/Control group

APC −0.49 0.79 1.405003 0.578243 2.43 2.43

AXIN1 −0.96 0.43 1.944976 0.740381 2.63 2.63

AXIN2 −0.03 0.07 1.022706 0.951642 1.07 1.07

BTRC −4.08 −3.26 16.857882 9.576026 1.76 1.76

CSNK1A1 −6.15 −5.08 70.970081 33.877698 2.09 2.09

CTBP1 −4.25 −2.20 19.050542 4.593144 4.15 4.15

CTNNB1 −3.53 −2.69 11.568431 6.468037 1.79 1.79

CTNNBIP1 0.42 1.91 0.749381 0.265736 2.82 2.82

DAAM1 −4.02 −3.20 16.205410 9.160594 1.77 1.77

DAB2 −3.65 −1.82 12.526374 3.528105 3.55 3.55

DKK1 2.91 4.27 0.133422 0.051865 2.57 2.57

DKK3 0.31 −1.55 0.806252 2.934941 0.27 −3.64

DVL1 −2.42 −1.82 5.367755 3.519465 1.53 1.53

DVL2 −0.13 2.51 1.094076 0.175716 6.23 6.23

EP300 −4.09 −2.31 17.066546 4.956135 3.44 3.44

FBXW11 −5.13 −2.97 34.981046 7.854214 4.45 4.45

FGF4 4.95 4.87 0.032368 0.034276 0.94 −1.06

FOSL1 1.85 3.03 0.277467 0.122406 2.27 2.27

FRAT1 −1.64 0.91 3.107617 0.532921 5.83 5.83

FRZB 2.81 −0.01 0.142361 1.007954 0.14 −7.08

FZD1 −0.93 −0.93 1.899912 1.906587 1.00 −1.00

FZD2 3.34 4.85 0.098709 0.034565 2.86 2.86

FZD3 1.45 1.68 0.366353 0.312292 1.17 1.17

FZD4 −3.99 −3.26 15.881787 9.551219 1.66 1.66

FZD5 −2.81 0.72 7.024515 0.605274 11.61 11.61

FZD6 −0.64 −1.23 1.560267 2.348861 0.66 −1.51

FZD7 2.16 0.39 0.223802 0.761783 0.29 −3.40

FZD8 −1.65 −0.26 3.139401 1.196164 2.62 2.62

FZD9 4.41 4.87 0.047126 0.034276 1.37 1.37

GSK3B −4.90 −2.97 29.851752 7.838788 3.81 3.81

JUN −0.46 −0.82 1.373701 1.759550 0.78 −1.28

KREMEN1 0.76 1.93 0.591133 0.263259 2.25 2.25

LRP5 −2.77 −2.08 6.811091 4.221693 1.61 1.61

LRP6 −6.25 −4.94 76.368679 30.657122 2.49 2.49

MAPK8 −4.75 −3.75 26.921880 13.456735 2.00 2.00

MMP7 −2.15 −4.27 4.450274 19.303545 0.23 −4.34

NFATC1 0.14 −0.61 0.908486 1.525501 0.60 −1.68

NKD1 0.67 1.57 0.628982 0.337673 1.86 1.86

NLK −2.86 −1.62 7.284585 3.072387 2.37 2.37

PITX2 −9.05 4.87 528.543637 0.034276 15420.07 15420.07
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T A B L E 2 (Continued)

Gene symbol

AVG delta Ct 2^(−delta Ct)
Fold change Fold regulation

Group 1 Control group Group 1 Control group Group 1/Control group Group 1/Control group

PORCN −0.82 1.14 1.760506 0.454959 3.87 3.87

PPARD −2.64 0.24 6.222740 0.849425 7.33 7.33

PRICKLE1 0.79 0.67 0.576892 0.628875 0.92 −1.09

RHOA −8.05 −5.24 265.875678 37.889338 7.02 7.02

RUVBL1 −4.19 −0.63 18.287076 1.549564 11.80 11.80

SFRP1 2.03 1.42 0.245287 0.374820 0.65 −1.53

SFRP4 4.95 1.55 0.032368 0.340558 0.10 −10.52

SOX17 3.75 4.64 0.074579 0.040080 1.86 1.86

TCF7 −0.70 −0.24 1.627612 1.178791 1.38 1.38

TCF7L1 −2.04 −0.34 4.122280 1.270040 3.25 3.25

VANGL2 2.53 2.43 0.172702 0.185040 0.93 −1.07

WIF1 4.95 −0.36 0.032368 1.287651 0.03 −39.78

WISP1 −1.80 0.03 3.473039 0.979781 3.54 3.54

WNT1 3.68 4.58 0.077819 0.041712 1.87 1.87

WNT10A 4.40 4.33 0.047475 0.049650 0.96 −1.05

WNT11 2.13 3.58 0.228557 0.083403 2.74 2.74

WNT2 0.20 4.76 0.871866 0.036827 23.67 23.67

WNT2B 0.60 −0.02 0.659783 1.011502 0.65 −1.53

WNT3 −1.87 2.64 3.652491 0.160248 22.79 22.79

WNT3A 4.95 4.87 0.032368 0.034276 0.94 −1.06

WNT4 1.33 1.09 0.398376 0.470233 0.85 −1.18

WNT5A 0.04 2.31 0.971509 0.201739 4.82 4.82

WNT5B 0.29 1.90 0.817716 0.267281 3.06 3.06

WNT6 4.95 −0.73 0.032368 1.655163 0.02 −51.14

WNT7A 4.86 4.62 0.034424 0.040544 0.85 −1.18

WNT7B 4.74 4.87 0.037530 0.034276 1.09 1.09

WNT8A 4.95 0.74 0.032368 0.596985 0.05 −18.44

WNT9A 4.95 4.35 0.032368 0.049039 0.66 −1.52

BOD1 −4.78 −2.53 27.508174 5.776895 4.76 4.76

CALM1 −4.26 −3.40 19.193225 10.579315 1.81 1.81

CCND1 −7.01 −4.20 128.853243 18.365812 7.02 7.02

CCND2 −0.28 −3.05 1.210238 8.254661 0.15 −6.82

CHSY1 −2.64 −2.43 6.212863 5.393501 1.15 1.15

CXADR −6.04 −4.82 65.813622 28.330882 2.32 2.32

CYP4V2 −5.76 −4.95 54.230720 30.971030 1.75 1.75

HSPA12A −1.15 −1.81 2.213572 3.502004 0.63 −1.58

LEF1 1.80 −2.47 0.288160 5.532519 0.05 −19.20

MT1A −6.08 −3.48 67.675032 11.133764 6.08 6.08

MTFP1 −4.78 −1.35 27.502647 2.547943 10.79 10.79

(Continues)
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protein) family like WIF1 (Wnt inhibitory factor 1) directly bind to

Wnt proteins and thereby prevent their activating the Wnt pathway.

Members of Dickkopf class antagonize Wnt signaling by direct

interaction with the Wnt receptor complex.48 WIF1 was found to be

drastically upregulated (>800 000 fold) in female NAFLD cases

(Table 1; Figures 4a,b); whereas in male NAFLD cases it is drastically

down regulated (39‐fold) as shown in Table 2 and Figures 4c,d.

Interesting, WIF1 was found to be down‐regulated in several cancer

types, like prostate, breast and lung cancer but upregulated in Wilms

tumors.49 This overexpression may be a negative feedback mecha-

nisms in tumors with uncontrolled Wnt signaling.50 It will be of in-

terest in the future to analyze larger cohorts to determine the

biological role ofWIF1 in NAFLD sexual dimorphism. Surprisingly, we

were unable to validate protein expression of many genes that

correlated with Wnt‐associated mRNA like PITX2 and WIF1 as it is

well accepted that mRNA levels do not always reflect protein levels

because of downstream translational control mechanisms as shown

by others.30,31

Our study has several limitations. One of the limitations of the

current study was the use of whole liver tissues comprised of mul-

tiple cell types; such cellular complexity compromises the detection

of genes expressed in cell subsets of liver tissues. Although the

present study was limited by the relatively small number of available

human liver tissues samples, the data show a clear and robust

distinction between female and male cases with respect gene

expression in NAFLD/NASH compared to normal. Our conclusions

are based solely on analysis of gene expression profiles, the exact

effects of identified genes in involved in sexual dimorphisms like

PITX2 andWIF1 need to be further confirmed by additional biological

experiments. Future validation experiments using large sample size

are thus warranted to examine these results.

In summary, the research presented here provides, for the first

time, preliminary evidence for potential molecular mechanisms un-

derlying the observed sexual dimorphism in NAFLD/NASH progres-

sion. Using multi‐omics approach, we identified differentially

expressed transcripts that are sex specific, and many associated with

dysregulation of Wnt/β‐Catenin signaling pathway. The most acti-

vated Wnt pathway related genes, like PITX2 and WIF1 may have

potential as predictive biomarkers and targeted therapeutics for

NAFLD/NASH sex‐based clinical approach.
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