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ARTICLE INFO ABSTRACT

Keywords: Fatty liver disease (hepatosteatosis) is a common early pathology in alcohol-dependent and obese patients. Fatty
A'ICOhOI acid binding protein-4 (FABP4) is normally expressed in adipocytes and macrophages and functions as a regulator
Liver of intracellular lipid movement/storage. This study sought to investigate hepatic FABP4 expression and function
Hepatosteatosis

in alcoholic liver disease (ALD) and hepatocellular carcinoma (HCC). Using chronic ethanol fed mouse models and
patient samples FABP4 expression was analyzed. Human HCC cells, and HCC cells transfected to express CYP2E1,
were exposed to ethanol and analyzed for FABP4 expression, or exposed to rhFABP4 (in the absence/presence
of ERK, p38-MAPK or JNK1/2 inhibitors) and cell proliferation and migration measured. Hepatosteatotic-ALD
mouse models exhibited increased hepatic FABP4 mRNA and protein levels, with FABP4 expression confirmed in
hepatocytes. In HCC cells, CYP2E1-dependent ethanol metabolism induced FABP4 expression in vitro and exoge-
nous rhFABP4 stimulated proliferation and migration, effects abrogated by ERK and JNK1/2 inhibition. Increased
FABP4 was also detected in ALD/ALD-HCC patients, but not patients with viral hepatitis/HCC. Collectively these
data demonstrate ethanol metabolism induces hepatic FABP4 expression and FABP4 promotes hepatoma cell
proliferation/migration. These data suggest liver-derived FABP4 may be an important paracrine-endocrine factor

Fatty acid binding protein 4
Hepatocellular carcinoma

during hepatic foci expansion and/or hepatoma progression in the underlying setting of ALD.

Introduction

Liver tumors are the second leading cause of cancer-related mortal-
ity in the world and hepatocellular carcinoma (HCC) accounts for more
than 80% of all primary hepatic neoplasms diagnosed [1]. The incidence
of HCC is directly linked to exposure to known risk factors, the most
common of which are viral hepatitis, chronic/heavy ethanol (EtOH) con-
sumption, aflatoxin ingestion, and obesity [2-5]. Hepatosteatosis (in-
creased hepatic lipid uptake/storage) is a common pathological feature
in alcohol-dependent and obese patients [2,6], and a significant factor
in the progression of viral hepatitis-induced liver disease [7]. Sustained
hepatic insult often leads to more severe liver diseases (alcoholic liver
disease (ALD) to alcoholic steatohepatitis [8], non-alcoholic fatty liver
disease to non-alcoholic steatohepatitis [2]) and increased risk of ge-
netic damage, foci formation and HCC development/progression.

Fatty acid binding proteins (FABPs) are small (14-15kDa), water-
soluble proteins that bind long chain fatty acids to facilitate intracel-
lular lipid transport [9]. To date, nine mammalian FABPs have been

identified (FABP1-9) and FABP-subtype expression is [predominantly]
tissue-specific [9]. For example, in the liver FABP1 is expressed in hep-
atocytes, while FABP4 is expressed in macrophages and adipocytes [9].
However, increasing evidence suggests FABP4 can act as a biologically
active paracrine-endocrine signaling molecule in the setting of different
disease pathologies [9-11]. In addition to metabolic diseases, FABP4 can
also play a role in cancer development and progression [4]. For example,
association of ovarian cancer omental cells with adipocytes stimulates
FABP4 expression and metastasis in vitro, while [tumor cell] FABP4 de-
pletion diminishes metastasis in vivo [12]. Similarly, in a prostate cancer
model, bone marrow adipocytes stimulate FABP4 production and tumor
metastasis [13].

With regard to HCC, increased FABP4 expression is reported
in obesity-associated models of HCC in vivo, and exposure of hep-
atoma cells to free fatty acids increases FABP4 expression/secretion
in vitro [14]. These data are consistent with other reports demon-
strating 25-hydroxycholesterol promotes HCC metastasis via increased
FABP4/matrix metallopeptidase 9 expression [15]. In contrast, Zhong
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et al., report increased hepatic FABP4 expression versus pair-matched
HCC samples, a correlation between HCC-FABP4 expression and poorer
recurrence-free survival, and FABP4-dependent inhibition of HCC pro-
liferation [16].

The primary goals of this study were to examine changes in FABP4
expression in response to chronic ethanol consumption in experimen-
tal models and human subjects. The secondary goal was to use in vitro
models to identify potential mechanisms whereby alcohol affects hep-
atic FABP expression and identify FABP-dependent signaling events in
HCC progression.

Materials and methods
Human subjects

Informed written consent was obtained from human subjects taking
part in this study according to a protocol governed by our Institutional
Review Board.

Animal studies

Mice were purchased from Charles River Laboratories (Wilmington,
MA). All studies were approved by our Institutional Animal Care and
Use Committee and confirmed to the Guide for the Care and Use of
Laboratory Animals.

Obesity-alcohol comorbidity model

Male C57BL/6 mice (35-days old) were randomized to either a 10%
[kcal%] fat control diet (CD) or a 60% [kcal%] high fat diet (HFD)
(N'=20 per group). At 35 weeks of age, mice from CD and HFD groups
were randomized to either maintenance on drinking water (DW) alone,
ora 10/20% (v/v) alternate day ethanol-drinking water (EtOH-DW) pro-
tocol (N=10 per group). For mice randomized to EtOH-DW, mice were
weaned onto EtOH-DW for 1 week (3 days 5% (v/v) EtOH-DW, 4 days
10% (v/v) EtOH-DW) prior to 10/20% (v/v) alternate day EtOH-DW. At
42 weeks, mice were anesthetized (isoflurane to surgical plane), eutha-
nized by exsanguination, and serum and tissue collected and stored for
analysis [17].

Lieber-DeCarli (LDC) model of chronic alcohol feeding and hepatocyte
isolation

Male C57BL/6 mice (8-10 weeks) were randomized, weighed, and
assigned to control (C-LD) or ethanol (E-LD) feeding groups. After ween-
ing onto liquid diets, mice were maintained on their respective diet for
4-weeks. At conclusion, mice were euthanized by exsanguination and
serum and tissue collected for analysis, or hepatocytes isolated, puri-
fied, and collected for analysis [18].

Microarray analysis and gene expression

Total RNA was isolated from liver or hepatocytes (Quick-RNA
Miniprep kit, Zymo Research, Irvine, CA) and reverse transcribed, am-
plified, and labelled using a GeneChip® 3’ IVT Express Kit (Affymetrix
Inc., Santa Clara, CA). Labelled complementary RNA (cRNA) was puri-
fied, fragmented and analyzed (2100 Bioanalyzer, Agilent, Santa Clara,
CA) and cRNA samples/probe array controls hybridized to an Affymetrix
GeneChip® HT Mouse Genome-430 2.0 array. Expression analysis was
performed in R (V.3.5.3) using Biocondutor’s affy and limma pack-
ages. To analyze individual transcripts, total RNA from liver tissue was
reverse-transcribed to cDNA (Improm-II kit, Promega; Madison, WI) and
quantitative RT-PCR (qRT-PCR) performed (TagMan® Universal Master
Mix II, ThermoFisher Scientific, Grand Island, NY). FABP4 mRNA levels
were calculated and normalized to 18s RNA.
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Western blot analysis

Tissue and hepatocyte lysates were prepared and Western blot
analysis performed as previously reported [14]. Successful protein
transfer was determined using Ponceau S membrane staining, and
images from Ponceau S membrane stain were used to correct for
protein loading for signal detection using Image J software (National
Institutes of Health, Bethesda, MD) [14]. An anti-FABP4 antibody was
purchased from Cell Signaling Technology (Danvers, MA). Antibodies
against total/phosphorylated extracellular regulated kinase(ERK1/2/
PERK1/2),total/phosphorylatedjanuskinasel/2(JNK1/2/pJNK1/2),and
total/phosphorylated p38 mitogen activated protein kinase (p38/pp38-
MAPK) were purchased from Sant Cruz Biotechnology (Dallas, TX).

Serum FABP4 levels

Serum samples were prepared from whole blood and analyzed using
an FABP4 enzyme linked immunosorbent assay (ELISA) kit (BosterBio,
Pleasanton, CA) as per the manufacturer’s instructions.

Cell culture

Human HepG2 HCC cells were purchased from ATCC (Manassas,VA).
Human HuH7 HCC cells purchased from the JCRB Cell Bank (Sekisui
XenoTech; Kansas City, KS). HepG2-E47 and HuH7-CYP (stably trans-
fected with a plasmid expressing cytochrome P4502E1 (CYP 2E1)) were
generous gifts from Dr. A. Cederbaum (Ichan School of Medicine, NY)
and Dr. N. Osna (University of Nebraska, Omaha, NE), respectively.
Cells were maintained in Dulbecco’s Modified Eagle Medium (Gibco,
Waltham, MA) as previously reported [19]. Recombinant human FABP4
(rhFABP4) was purchased from BioVision (Milipitas, CA).

Effect of ethanol on FABP4 production

HepG2/E47 and HuH7/HuH7-CYP cells were seeded in T-25 flasks
and maintained overnight in growth medium (10% [v/v] FBS). Cells
were serum-depleted (0.1% [v/v] FBS) for 24-hours prior to exposure to
ethanol (0-100 mM). Cells and culture medium were collected after 48-
hours and analyzed for FABP4 mRNA (qRT-pCR) and protein expression-
secretion (ELISA).

Cell proliferation

HepG2 or HuH7 cells were seeded in 96-well plates and maintained
overnight in growth medium. Cells were serum-depleted (0.1% [v/v]
FBS) for 24-hours prior to exposure to SB203580 (20 uM; p38 MAPK in-
hibitor),U0126(10 uM; ERK inhibitor),orSP600125(50 uM; JNK1/2 in-
hibitor)(Cell Signaling Technologies, Danvers, MA) for 60-minutes fol-
lowed by treatment with exogenous rhFABP4 (100 ng/mL). In parallel
experiments, culture medium was replaced with 0.1 or 10% (v/v) FBS as
negative/positive controls. A CyQuant NF cell proliferation assay (Invit-
rogen) was performed 48 h later as per the manufacturer’s instructions.

Cell migration

Using Transwell Boyden chambers (8 um pore size, Corning Inc.,
Lowell, MA) HepG2 or HuH?7 cells were seeded in the upper chamber in
0.1% (v/v) FBS medium for 24 h. Cells were then pre-treated with phar-
macological inhibitors SB203580 (20 pM), U0126 (10 uM), or SP600125
(50 uM) for 60-minutes prior to addition of rhFABP4 (200 ng/mL) to
the lower chamber. After 48-hours cells remaining on the upper surface
were removed using a wet cotton swab and cells on the lower surface
fixed and stained with 0.2% (w/v) crystal violet solution in 100% EtOH
(15 min), and the membrane removed and imaged on a fluorescence
microscope. The crystal violet stain on the membrane was next dis-
solved (10% (w/v) sodium dodecyl sulfate) and absorbance measured
at 592 nm.
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A)

Fig. 1. High fat diet and chronic ethanol feeding dysregulate hep-
atic gene expression. Excised livers were processed for total RNA
and gene array analyses performed. (A) Examination of a heat map
demonstrating differentially expressed genes (top 200 in magni-

B) CD vs. HFD

Up

Down

CD vs. HFD-EtOH

tude) between mice fed control diet with drinking water (CD) or
ethanol in drinking water (CD-EtOH) and animals on high fat diet
drinking water (HFD) or HFD and ethanol in drinking water (HFD-
EtOH). (B) Venn Diagram identifying genes dysregulated between
CD versus HFD and CD versus HFD-EtOH.

45,102
45,007
Statistical analysis Table 1
Gene Symbol Log FC Biological function
Data are expressed as mean + SEM. One- and two-way ANOVA were i 8 8
performed as appropriate using open source R statistical software (ver- if’fﬁ 1 1-12;39 ;‘anscrfpt{on
. . B P . ope 0Xq - ranscription
sion 3.5.3). A P-value <0.05 was considered statistically significant. Hsd3b5 236 Steroid biosynthetic process
1 Uap1l1 125 Metabolic process
Results Sptlc3 2.63 Metabolic process
Sdr9c7 1.12 Metabolic process
FABP4 is upregulated by obesity and chronic alcohol consumption in Oxct1 1.19 Metabolic process
vivo Gstm3 133 Metabolic process
Cbr3 134 Metabolic process
X X L. X Scd2 1.19 Lipid metabolic process
Microarray analysis revealed distinct expression patterns of the top Lpl 1.64 Lipid metabolic process
200 genes, with the most pronounced effects due to HFD (Fig. 1A). A Cyp39al -120 Lipid metabolic process
subset analysis revealed 173 differentially expressed genes between CD, Cptib 1.63 Lipid metabolic process
HFD and HFD-EtOH, with 67 genes (17 upregulated, 50 downregulated) IS:eLngalz _}(333] g}”mse met"EO}Tc process
. app. - ucose metabolic process
commonly expressed in HFD and HFP-EtOH versus C]?, and 34 genes €17 Elovl] -1.63 Fatty acid biosynthetic process
upregulated, 17 downregulated) unique to EtOH (Fig. 1B). Exploration Fabp4 217 Crokire production

of commonly dysregulated genes revealed genes associated with cellular
and fatty acid metabolism were upregulated in HFD and HFD-EtOH ver-
sus CD (Table 1). qRT-PCR and Western blot revealed increased FABP4
mRNA and protein in HFD and HFD-EtOH versus CD, although no dif-
ference in FABP4 expression was detected between HFD and HFD-EtOH
(Fig. 2A and B, P<0.05 HFD and HFD-EtOH versus CD).

Chronic ethanol consumption increases hepatocyte FABP4 expression in
vivo

Analysis of liver tissue and isolated hepatocytes revealed increased
hepatic FABP4 mRNA and protein in E-LD versus C-LD liver tissue
(Fig. 2C and D, P<0.05 E-LD versus C-LD, n=4 per group), changes that
were maintained in isolated hepatocytes (Fig. 2E & F, P<0.05 E-LD versus
C-LD, n=4 per group).

Ethanol metabolism enhances FABP4 expression in vitro
Exposure of HepG2 and HuH7 cells to EtOH did not significantly
alter FABP4 mRNA expression (48 h-) or protein expression-secretion

(48 h-) at any of the concentrations of EtOH employed (0-100 mM; Sup-
plemental Fig. 1, Fig. 3A [100 mM EtOH]). In contrast, significant EtOH-
concentration dependent increases in FABP4 mRNA (48-hours) and pro-
tein expression (48 h-) was detected in CYP2E1-expressing HepG2-E47
and HuH7-CYP hepatoma cells (Supplemental Fig. 1 and Fig. 3A and B;
P<0.05 HepG2-E47 versus HepG2, and HuH7-CYP versus Huh7, n =4 sep-
arate experiments).

Exogenous rhFABP4 stimulates HCC cell proliferation and migration in
vitro

Addition of rhFABP4 to cell culture medium stimulated both cell pro-
liferation and migration in HepG2 and HuH7 cells in a dose-dependent
manner (Fig. 4A-C, P<0.05 rhFABP4 versus 0.1% [v/v] FBS).
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A) B) Fig. 2. FABP4 is upregulated in models of obesity and
15kDa - — Sl | ranes ethanol consumption and expressed in hepatocytes from
ethanol fed mice. (A) FABP4 mRNA expression in liver
tissue isolated from mice fed control diet with drink-
P/S ing water (CD) or ethanol in drinking water (CD-EtOH),
and mice on high fat diet drinking water (HFD) or HFD
D E(t:(I))H lgf)]l)i and ethanol in drinking water (HFD-EtOH). *P<0.05
- 150 « versus CD and CD-EtOH. (B) Western blot analysis of
<= 1000 _T_ 509 T FABP4 protein expression in liver tissue isolated from
E ‘E \ =2 1 3 CD, CD-EtOH, HFD, HFD-EtOH (upper panel) and cumu-
£ g 1007 \ g S 100 \ lative densitometric analysis of FABP4 protein expres-
S
: & £ B T \ sion (lower panel). *P<0.05 versus CD and CD-EtOH.
ﬁ ° 10 1 \ 3 g ) (C) FABP4 mRNA expression in liver tissue from mice
“;:E JE— EE -E 50 {_—T= \ maintained on control Lieber-DeCarli liquid diet (C-LD)
& E 1 = | \ or ethanol containing Lieber-DeCarli liquid diet (E-LD).
-~ \ k *P<0.05 versus C-LD. (D) Western blot analysis of FABP4
0.1- D CD HFD HFD- 0- D CD HFD  HFD protein expression in liver tissue from mice maintained
EtOH EtOH EtOH EtOH on C-LD or E-LD (upper panel) and cumulative den-
sitometric analysis of FABP4 protein expression (lower
panel). *P<0.05 versus C-LD. (E) FABP4 mRNA expres-
D i FABP4  sion in isolated hepatocytes from mice maintained on C-
O ) 15kDa -\ - LD or E-LD. *P<0.05 versus C-LD. (F) Western blot anal-
ysis of FABP4 protein expression in isolated hepatocytes
PIS from mice maintained on C-LD or E-LD (upper panel) and
cumulative densitometric analysis of FABP4 protein ex-
C-LD E-LD C-LD E-LD pression (lower panel). *P<0.05 versus C-LD.
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FABP4 stimulates HCC cell proliferation and migration via activation of
ERK and/or JNK signaling pathways

Exposure of quiescent (0.1% FBS (v/v), 24h) HepG2 and HuH?7 cells
to 10% (v/v) FBS led to robust detection of phosphorylated (activated)
JNK 1/2, ERK 1/2, and p38MAPK by Western blot (Fig. 5A-C). Con-
versely, while exogenous rhFABP4 (200ng/mL) stimulated JNK 1/2
and ERK 1/2 activity, rhFABP4 failed to stimulate p38MAPK activa-
tion (Fig. 5A-C). In parallel studies, pretreatment of HepG2 and HuH7
cells with SP600125 (20xM; JNK 1/2 inhibitor) or U0126 (10xM; ERK
1/2 inhibitor) abrogated the effects of both 10% (v/v) FBS and rhFABP4
(200 ng/mL) on phosphorylated JNK 1/2, ERK 1/2 expression, while

pretreatment with SB203580 (50xM; p38-MAPK inhibitor) abolished
the effect of 10% (v/v) FBS on phosphorylated p38MAPK expression
(Fig. 5A-C).

Using concentrations of rhFABP4 demonstrated to stimulate prolif-
eration (100 ng/mL) and migration (200 ng/mL) we next examined the
effect of inhibition of JNK 1/2, ERK 1/2, or p38MAPK on proliferation
and migration. Inhibition of JNK1/2 (SP600125) or ERK (U0126)
abolished the effect of exogenous rhFABP4 on both proliferation
(Fig. 5D; P<0.05 200 ng/mL rhFABP4 versus 0.1% [v/v] FBS, n=4) and
migration (Fig. 6A and B; P<0.05 200 ng/mL rhFABP4 versus 0.1% [v/v]
FBS, n=4 independent experiments). In contrast, pre-treatment with
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Fig. 3. Cytochrome P4502E1 (CYP2E1) depen-
dent ethanol metabolism induces FABP4 ex-
pression in vitro. (A) FABP4 mRNA expression
in HepG2 and HuH? cells and HepG2 and HuH7
stably transfected to express CYP2E1(E47 and
HuH7-CYP) following exposure to vehicle (V;
0.1mL phosphate buffered saline) or 100 mM
ethanol (EtOH; 48h). *P<0.05 EtOH versus V,
transfected versus non-transfected, N=4 inde-
pendent experiments. FABP4 secretion into cul-
ture medium from (B) HepG2/E47 and (C)
HuH7/HuH7-CYP cells following exposure to V
or 50 mM EtOH (48h). *P<0.05 EtOH versus V
transfected versus non-transfected, N=4 inde-

EtOH

HepG2 E47 HuH7 HuH7-CYP pendent experiments.
150 1 " 150 1 .
~~ ~
E E
o 100 o 100
=Y 2
N’ N’
<3 =
=N [~
=) 50 =] 50 +
< <
N nn © e
HepG2 E47 HepG2 E47 HuH7 HuH7- HuH7 HuH7-
CYp CYP
\% EtOH \% EtOH

SB203580 (p38-MAPK inhibitor failed to prevent a significant increase
in proliferation or migration compared to control (0.1% (v/v) FBS)
(Fig. 5A—C and Fig. 6A & B; n=4 independent experiments).

Patients with alcoholic liver disease have elevated serum FABP4

Serum FABP4 levels were significantly increased in ALD patients
(n=12) and ALD patients with HCC (n=7) compared to individu-
als without underlying liver disease (n=8) (Fig. 7; P<0.05 ALD and
ALD+HCC versus Normal). Conversely, patients diagnosed with hepatic
cirrhosis arising as a result of viral hepatitis infection (n=10), and pa-
tients diagnosed with HCC arising as a result of viral hepatitis infection
(n=13), exhibited serum FABP4 levels that were not different to indi-
viduals without underlying liver disease (n=8) (Fig. 7).

Discussion

Hepatic steatosis is the most frequent hepatic pathology observed
in obese and early stage alcohol-dependent patients, and plays a signif-
icant role in liver disease progression in patients with viral hepatitis.
Data presented herein demonstrate FABP4, an FABP subtype usually ex-
pressed in macrophages and adipocytes, is elevated in hepatocytes from
animal models of chronic alcohol feeding and in serum from patients
with ALD/ALD-HCC. Using human hepatoma cells in vitro, CYP2E1-
dependent alcohol metabolism induced FABP4 expression and secretion,
and exogenous thFABP4 stimulated proliferation and migration in HCC
cells via ERK and JNK-dependent signaling pathways.

Previous studies using FABP4~/~ mice [20], or a methionine-choline
deficient mouse model of nonalcoholic steatohepatitis [11], indicate a
role for FABP4 in metabolic disease progression. Additionally, FABP4
secreted from omental or bone marrow adipocytes induces tumor cell
metastasis in ovarian and prostate cancer [12,13,21]. While these data
support our hypothesis that FABP4 can promote HCC expansion, other

studies report contradictory findings. For example, Zhong et al., re-
port relative FABP4 expression (between HCC and non-HCC liver tissue)
in HCC patients correlates with disease-free survival, while exogenous
FABP4 inhibits HCC proliferation in vitro and over-expression of FABP4
inhibits tumor growth in an orthotopic tumor model in vivo [16]. How-
ever, it should be noted that in this study the [Chinese] patient popu-
lation was identified as HBV-positive and the cell lines utilized in vitro
were derived from HBV-positive patients. Relative to our findings, we
report increased serum FABP4 in ALD and ALD-HCC patients but not in
HBV/HCV-cirrhotic/HCC patients. Similarly, the cell lines we employed
are HBV-negative, suggesting the impact of changes in FABP4 expres-
sion/signaling may depend (at least in part) on underlying viral status.
Similarly, analysis of FABP4 expression in BEL-7404 hepatoma cells and
non-tumorigenic L-02 hepatic cell line reports lower FABP4 expression
in BEL-7404 cells. [22] However, when comparing these findings to our
data, we suggest they should be taken into context within the respective
study settings. That is, our data indicate both hepatocytes and HCC cell
lines express FABP4 when challenged with stimuli that promote intra-
cellular steatosis (alcohol). In contrast, this phenotype was not present
in the cell culture or animal models utilizing FABP4 overexpressing cells
further suggesting the underlying pathology in which changes in FABP4
expression occur may be of equal significance as the expression of FABP4
per se.

Exposing hepatoma cells to exogenous rhFABP4 in vitro in the
absence/presence of pharmacological inhibitors revealed FABP4-
dependent proliferation and migration were regulated, at least in part,
by JNK and/or ERK signaling. Given the extensive literature identi-
fying the roles of both JNK and ERK signaling during migration and
proliferation, including that of hepatoma cells [23,24], these findings
raise interesting questions regarding the mechanisms by which FABP4
signals. Previous studies report the importance of FABP4 binding
to FFAs and other ligands intracellularly to undergo conformational
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Fig. 4. rhFABP4 stimulates hepatoma cell proliferation and migration in vitro. (A) HepG2 and HuH?7 cells were exposed to rhFABP4 (0-200 ng/mL, 48h) and assayed
for cell proliferation. Negative and positive controls were 0.1% [v/v] and 10% [v/v] fetal bovine serum (FBS). *P<0.05 versus 0.1% [v/v] FBS, N=4 independent
experiments. (B) Representative images of HepG2 and HuH?7 cell migration following 48h in the presence of 0.1% [v/v] FBS (control), 10% [v/v] FBS, 100 ng/mL or
200 ng/mL rhFABP4. (C) Cumulative analysis of HepG2 and HuH7 cell migration (crystal violet mean fluorescent intensity) following 48h in the presence of 0.1%
[v/v] FBS (control), 10% [v/v] FBS, or rhFABP4 (5-200 ng/mL). *P<0.05 versus 0.1% [v/v] FBS and 5 ng/mL rhFABP4, N = 4 independent experiments.

change and localization to the nucleus as a means to regulate cell func-
tion, including gene transcription [25]. Indeed, Laouirem et al. report
FABP4-dependent increases in proliferation in vitro and in vivo were ab-
rogated by BMS309403 [26] (a biphenyl azole inhibitor that binds with
high affinity to the FABP4-binding cavity [27]). However, data from
our study raise the possibility that secreted/exogenous FABP4 may bind
to (an as yet unidentified) cell membrane-bound receptor as a means
to regulate intracellular signaling activity. This possibility is supported
by reports in which exogenous FABP4 stimulates intracellular signaling
[28,29], and the significance of adjacent, adipose-derived FABP4 during
tumor progression [4,30,31]. In addition, the potential existence of an
FABP4-receptor provides further explanation as to why over-expressing
FABP4 in cell inoculation-tumor models may exert different responses
when compared to endocrine/paracrine FABP4 release.

When performing in vitro analyses of FABP4 expression and func-
tion, it is of interest to note the relative differences between the amount

of FABP4 secreted in response to EtOH and the amount of exogenous
rhFABP4 required to stimulate proliferation and migration. Such differ-
ences may be attributable to the culture conditions used (cell were made
quiescent prior to EtOH/rhFABP4 addition), or the absence of physi-
cal and physiological structures that exist in vivo when compared to
in vitro culture conditions (3-dimensional/multi-cell, cell-cell contact-
interaction, vascularization, nutrient/oxygen availability). However,
these differences may also relate to potential differences in protein
structure/folding between exogenous rhFABP4 and endogenously syn-
thesized/secreted FABP4, mechanism of FABP4 secretion, and/or the
paracrine-autocrine signaling mechanisms by which FABP4 exerts its
effect[s] following release. Addressing these mechanisms at the cellular
level, in addition to utilizing gene silencing and/or knock-out animal
models will provide important insight into the mechanisms by which
FABP4 is both synthesized/released, and the means by which it affects
target cell function.
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Fig. 5. Intracellular signaling pathways involved in rhFABP4-stimulated hepatoma cell proliferation and migration in vitro. (A) Representative Western blot analysis
of phosphorylated/total JNK1/2 (pJNK1/2 - JNK1/2) in HepG2 and HuH7 HCC cells following exposure to 0.1 or 10% (v/v) fetal bovine serum (FBS), rhFABP4
(200ng/mL), or 10% (v/v) FBS/rhFABP4 in the presence of SP 600,125 [SP; JNK inhibitor] (50 uM). (B) Phosphorylated/total ERK1/2 (pERK 1/2 - ERK 1/2)
in HepG2 and HuH7 HCC cells following exposure to FBS, rhFABP4 (200 ng/mL), or FBS/rhFABP4 in the presence of U0126 [UO; ERK1/2 inhibitor] (10 uM). (C)
Phosphorylated/total p38 mitogen-activate protein kinase (pp38MAPK - p38MAPK) in HepG2 and HuH7 HCC cells following exposure to FBS, rhFABP4 (100 ng/mL),
or FBS/rhFABP4 in the presence of SB 203,589 [SB; p38MAPK inhibitor] (20 xM). D) HepG2 and HuH7 cells were pretreated with SB, UO, or SP for 60 min prior to
exposure to exogenous rhFABP4 (200 ng/mL; 24 h) and assayed for proliferation. Negative and positive controls were 0.1% [v/v] and 10% [v/v] FBS respectively.

*P<0.05 versus 0.1% [v/v] FBS, # P<0.05 versus thFABP4, N=4.

When considering our data, it is important to highlight potential lim-
itations associated with our study. Firstly, our focus was on the role
of FABP4 in tumor progression within the setting of a specific disease
state (ALD), rather than the role of hepatic FABP4 during initial hepato-
cyte transformation per se. Significant advances have been made in un-
derstanding the role of alcohol metabolism, oxidative stress and DNA,
protein, and lipid adduct formation in alcohol-dependent-HCC, and it
will be of interest to determine which (if any) of these factors may af-
fect FABP4 expression during transformation. Secondly, while potential
roles for JNK and ERK were identified in FABP4-dependent signaling,
significant work remains to identify potential downstream effectors, es-
pecially given the widespread involvement or JNK and ERK in prolif-

eration and migration via interaction with different downstream me-
diators [32]. Finally, our preliminary analysis of serum from ALD and
viral hepatitis patients indicated differences in FABP4 were confined
to those patients with ALD. However, increased non-parenchymal cell
FABP4 expression is reported in HCC patients, but less frequently ob-
served is elevated expression of FABP4 in hepatic parenchymal cells
[16]. These findings are not necessarily surprising considering cirrho-
sis and HCC development in patients with viral hepatitis is independent
of obesity/hepatic steatosis. In addition, advanced liver fibrosis in pa-
tients with non-alcoholic steatohepatitis and ALD is often accompanied
by a reduction in hepatic fat, a phenomenon termed ‘burn-out NASH’.
[33] Thus, the source of FABP4 during HCC initiation may vary during



N. Attal, M. T. Sullivan, C.A. Girardi et al.

Translational Oncology 14 (2021) 100975

A) HuH?7
y T N (;. 9.‘.;
¥ ék ¢ N ﬂ.‘f,ré"..—.\:‘
Gy ! : RGeS
e Ry % 1 »’" . h o *
q ; i : . ” W. . J’w.; s \.‘(
P Z A L AR g LR B
0.1% FBS  + 10% FBS ", 3; ' 0.1% FBS , 10%FBS ™e, "w (4
] Bagnd ‘ ?
. - i 'f : o
: oy ﬂ: = + \r'\’ 4 "
- ¥
. L " .! i :.T"" ) %‘ :
3 A “.‘-ﬁ ?'J ) . '\"', ¥ W “(j_” b
SP+FABP4 UO+FABP4 SB+FABP4 SP+FABP4 » UO+FABP4 SB+_FABP4 Y )
HepG2 HuH7
0.3 0.3 .
- " T
£ % z w
) — * & 02 +
@ 02 7 20 7 T
< e 3 /
5 = / # # 5 / #
2 0.1 / — 2 01{ / -  #
g / F / ==
=
<
“ 7. 0 7.
0.1% 10% +SP  +U0 +SB 0.1% 10% +SP  +U0 +SB
FBS [w¥] + FABP4 FBS [wv] + FABP4

Fig. 6. (A) Representative images of HepG2 and HuH7 cell migration following exposure to 0.1 or 10% (v/v) fetal bovine serum (FBS), rhFABP4 (200 ng/mL), or
10% (v/v) FBS/rhFABP4 in the presence of SP 600,125 [SP; JNK inhibitor] (50 xM). U0126 [UO; ERK1/2 inhibitor] (10 M), or SB 203,589 [SB; p38MAPK inhibitor]
(20 uM). (B) Cumulative analysis of HepG2 and HuH7 cell migration (mean crystal violet fluorescent intensity). *P<0.05 versus 0.1% [v/v] FBS, #P<0.05 versus

thFABP4, N=4.
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Fig. 7. Serum FABP4 is elevated in ALD patients. Serum isolated from whole
blood was collected from human subjects with normal livers (Norm, N =8), pa-
tients with alcoholic liver disease (ALD; N=12) or HCC caused by ALD (ALD-
HCC; N=7), or patients with cirrhosis caused by viral hepatitis (HBV/HCV-Cirr;
N=10) and viral hepatitis associated HCC (HBV/HCV-HCC; N = 13) and assayed
for FABP4 levels. *P< 0.05 versus Norm.

tumor progression, either due to changes in underlying hepatic pathol-
ogy and/or the influence of comorbid factors such as elevated body-mass
index and cardiovascular disease.

Conclusion

Chronic ethanol ingestion/hepatic ethanol metabolism induce hep-
atic FABP4 mRNA and protein expression in vivo and in vitro, and expo-
sure of hepatoma cells to rhFAB4 stimulates proliferation and migration.
These data suggest liver-derived FABP4 may play a role in hepatoma ex-
pansion and/or progression.
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