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Accepted for publication

October 7, 2021. Alcohol is a well-known risk factor for hepatocellular carcinoma. Autophagy plays a dual role in liver

cancer, as it suppresses tumor initiation and promotes tumor progression. Transcription factor EB
(TFEB) is a master regulator of lysosomal biogenesis and autophagy, which is impaired in alcohol-
related liver disease. However, the role of TFEB in alcohol-associated liver carcinogenesis is unknown.
Liver-specific Tfeb knockout (KO) mice and their matched wild-type (WT) littermates were injected with
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the carcinogen diethylnitrosamine (DEN), followed by chronic ethanol feeding. The numbers of both
total and larger tumors increased significantly in DEN-treated mice fed ethanol diet than in mice fed
control diet. Although the number of tumors was not different between WT and L-Tfeb KO mice fed
either control or ethanol diet, the number of larger tumors was less in L-Tfeb KO mice than in WT mice.
No differences were observed in liver injury, steatosis, inflammation, ductular reaction, fibrosis, and
tumor cell proliferation in DEN-treated mice fed ethanol. However, the levels of glypican 3, a marker of
malignant hepatocellular carcinoma, markedly decreased in DEN-treated L-Tfeb KO mice fed ethanol in
comparison to the WT mice. These findings indicate that chronic ethanol feeding promotes DEN-
initiated liver tumor development, which is attenuated by genetic deletion of hepatic TFEB.

(Am J Pathol 2022, 192: 87—103; https://doi.org/10.1016/j.ajpath.2021.10.004)

Macroautophagy (hereafter referred to as autophagy) is an
evolutionarily conserved lysosomal degradation pathway
that involves the formation of double membrane auto-
phagosomes, which carry the autophagic cargos and fuse
with lysosomes wherein the cargos are degraded. Auto-
phagy is critical for the clearance of long-lived proteins
and insoluble protein aggregates, invading microbes as
well as damaged organelles to maintain cellular homeo-
stasis at both basal and stress conditions.' ~ The liver is
one of the most dynamic organs in mammals and humans,
which is critical in regulating the metabolism of carbo-
hydrates, lipids, proteins, amino acids, and xenobiotoics.
It is well accepted that autophagy plays crucial roles in
liver physiology and pathology,” ° and that dysregulation
of autophagy is associated with various liver diseases,
including alcohol-related liver disease (ALD),’ nonalco-
holic fatty liver disease (NAFLD),&Q nonalcoholic

steatohepatitis,'’ viral hepatitis,'"*'?

carcinoma (HCC).I3

HCC was the third leading cause of cancer deaths
worldwide in 2020, which claims >830,000 deaths annu-
ally.14 In the United States, the mortality rate of HCC
increased approximately 40% between 2000 and 2016." Tt

and hepatocellular

Supported in part by NIH grants R37 AA020518 (W.X.D.), ROl
DK102142 (W.X.D.), U0l AA024733 (W.X.D.), ROl AG072895
(W.X.D.), and ROI-NS078072; a pilot project that was supported by the
National Cancer Institute Cancer Center Support grant P30 CA168524
(W.X.D.); Telethon Foundation, MIUR FIRB RBAP11Z3YA, European
Research Council H2020 AdG LYSOSOMICS 694282, U.S. National In-
stitutes of Health RO1-NS078072, Huffington Foundation, Associazione Ital-
iana per la Ricerca sul Cancro A.LR.C. IG-22103 and 5x1000-21051 (A.B.).

Disclosures: A.B. is cofounder of CASMA Therapeutics and advisory
board member of Next Generation Diagnostics and Avilar Therapeutics.

Copyright © 2022 American Society for Investigative Pathology. Published by Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.ajpath.2021.10.004


mailto:wxding@kumc.edu
mailto:wxding@kumc.edu
https://doi.org/10.1016/j.ajpath.2021.10.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2021.10.004&domain=pdf
https://doi.org/10.1016/j.ajpath.2021.10.004
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2021.10.004

Chao et al

has long been known that chronic alcohol consumption
causes ALD, which is characterized with simple steatosis
that can progress to fibrosis and cirrhosis, resulting in the
development of HCC.”'*"" Alcohol consumption results in
an estimated 18,200 to 21,300 cancer deaths, or 3.2% to
3.7% of all US cancer deaths.'® Several mechanisms have
been implicated in alcohol-induced liver carcinogenesis,
including direct DNA damage by acetaldehyde, increased
hepatic iron deposition, and oxidative stress, as well as
epigenetic changes.'’

Recent evidence suggests that autophagy plays a dual role
in tumorigenesis and cancer progression. During the tumor
initiation stage, autophagy acts as a tumor suppressor to
inhibit tumorigenesis, which is likely achieved by main-
taining cellular homeostasis via removing damaged organ-
elles, and mitigating DNA damage and genome instability
induced by oxidative stress. However, transformed
cancerous cells use autophagy as a survival mechanism by
providing nutrients against the harsh microenvironment.
Therefore, boosting autophagy activity is generally benefi-
cial for tumor prevention, whereas a combination of
chemotherapeutic drugs with autophagy inhibitors has been
considered a promising therapeutic strategy for tumor
treatment. Transcription factor EB (TFEB) belongs to the
microphthalmia-associated transcription factor (MITF) basic
helix-loop-helix leucine-zipper transcription factor super-
family,”” which is a master regulator of lysosomal biogen-
esis and autophagy-related gene expression.”’** In
vertebrates, the MITF family includes four evolutionarily
conserved and closely related members: MITF, TFEB,
transcription factor E3 (TFE3), and transcription factor EC
(TFEC).” TFEB and TFE3 were originally reported to be
translocated in chromosomes, which results in gene fusions.
The substitution of TFEB promoter leads to increased TFEB
protein level and nuclear translocation in a subset of renal
tumors in children.”* Subsequent studies revealed that ge-
netic alterations of TFEB are associated with different types
of human cancers, including renal carcinomas,25 alveolar
sarcomas,26 non—small-cell lung cancer,27’28 melanomas,z"
pancreatic ductal adenocarcinoma,m_32 prostate cancer,”
colorectal cancer,>* gastric carcinoma,” and breast can-
cer.’®”” In addition to its oncogenic activity, TFEB also
controls cancer cell-autonomous responses and participates
in regulating cellular functions, such as cell cycle and
metabolism, as well as the tumor microenvironment, such as
epithelial-mesenchymal transition.”® Alcohol feeding plus
binge decreases nuclear TFEB in hepatocytes, resulting in
insufficient autophagy, and promotes alcohol-induced liver
injury in mice.””*” A recent study reported that TFEB also
plays a role in liver regeneration on injury through the
regulation of SRY-Box transcription factor 9 (SOX9)
expression and liver cell fate.”' TFEB-mediated up-regula-
tion of SOX9 expression promotes cholangiocarcinoma
development by inducing hepatic progenitor cell prolifera-
tion after liver injury."’ However, the role of TFEB in
human HCC, especially in alcohol-associated HCC, is
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unknown. Although there is a strong association of alcohol
consumption with HCC, few animal models have been
established to mimic the pathogenesis of alcohol-associated
HCC, which has significantly limited our understanding on
how alcohol promotes HCC. Herein, hepatic carcinogen
diethylnitrosamine (DEN) injection plus chronic alcohol
feeding was used to establish an alcohol-associated liver
tumor model in L-Tfeb knockout (KO) and matched wild-
type (WT) mice, and further investigate the role of TFEB
in alcohol-associated HCC development and progression.

Materials and Methods

Animal Experiments

Tfeb flox/flox (Tfeb"/1°*; C57BL/6N) mice were gener-
ated, as described previously,”” and were crossed with al-
bumin Cre (Alb-Cre; C57BL/6J; The Jackson Laboratory,
Bar Harbor, ME) to generate liver-specific Tfeb KO
(Tfeb™¥1°%  Alb-Cre ™, L-Tfeb KO) mice. Tfeb™1% Alb-
Cre mice were further crossed with Tfeb™1°* mice (6N
background) more than six times. The Tfeb"™¥/1°%  Alb-Cre
and their matched Alb-Cre-negative littermates were used
for the experiments. All animals received humane care.
Mice were specific pathogen free and maintained in a barrier
rodent facility under standard experimental conditions. All
procedures were approved by the Institutional Animal Care
and Use Committee of the University of Kansas Medical
Center (Kansas City, KS). For alcohol-associated liver
cancer model, 2-week-old male mice were injected with one
dose of carcinogen DEN (10 mg/kg, intraperitoneally).
Eleven weeks later, mice were acclimated to the Lieber-
DeCarli liquid control diet (F1259SP; Bio-Serv, Fle-
mington, NJ) for 1 week, followed by further feeding with
the liquid control diet or 5% ethanol diet (F1258SP; Bio-
Serv) for 24 weeks. The volume of control diet given to
mice was matched to the volume of ethanol diet consumed.
For Western diet-associated liver cancer model, 2-
week—old male mice were given one dose of carcinogen
DEN (10 mg/kg, intraperitoneally). Two weeks later, mice
were fed either a control low-fat diet (LFD) or Western diet
(WD), containing 42% fat calories and 0.2% cholesterol for
22 or 34 weeks, respectively. Mice were then euthanized,
and blood and liver tissues were collected. Liver tumor
numbers and sizes were measured. Liver injury was deter-
mined by measuring serum alanine aminotransferase (ALT).
Liver cryosections were obtained, and hematoxylin and
eosin staining as well as confocal microscopy were per-
formed as described previously.*’

Antibodies

The following antibodies were used for Western blot analysis
and immunohistochemistry staining: TFEB (A303-673A;
Bethyl, Montgomery, TX), glyceraldehyde-3-phosphate
dehydrogenase (2118; Cell Signaling, Danvers, MA), alpha
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smooth muscle actin (¢-SMA; ab5694; Abcam, Cambridge,
UK), glypican 3 (ab66596; Abcam), cytokeratin 19 (CK19;
AB_2133570; Developmental Studies Hybridoma Bank,
Iowa City, IA), Ki-67 (GTX16667; Gene Tex, Irvine, CA),
F4/80 (14-4801; Invitrogen, Carlsbad, CA), proliferating cell
nuclear antigen (PCNA; sc-56; Santa Cruz, Dallas, TX),
lysosome-associated membrane protein 1 (Lampl; 1D4B;
Developmental Studies Hybridoma Bank), Lamp2 (ABL-93;
Developmental Studies Hybridoma Bank), autophagy related
gene 5 (Atg5; 12994; Cell Signaling), B-catenin (610,154;
BD Biosciences, Franklin Lakes, NJ), p62 (H00008878-
MO1; Abnova, Taipei, Taiwan), TFE3 (HPA023881;
Sigma-Aldrich, St. Louis, MO), and SOX9 (ab5535; Milli-
pore, Burlington, MA). The rabbit polyclonal anti-micro-
tubule—associated protein 1A/1B-light chain 3 (LC3B)
antibody was made using a peptide representing the NH2-
terminal 14 amino acids of human LC3B and an additional
cysteine (PSEKTFKQRRTFEQC). The rabbit anti-Vatp6vla
was a gift from Dr. Dennis Brown (Harvard Medical School,
Boston, MA). Horseradish peroxidase—conjugated second-
ary antibodies used for Western blot analysis and immuno-
histochemistry staining were from Jackson ImmunoResearch
(West Grove, PA) and Vector Laboratories (Burlingame,
CA), respectively.

Western Blot Analysis

Total liver lysates were prepared using radio-
immunoprecipitation assay buffer [1% Nonidet P-40, 0.5%
sodium deoxycholate, and 0.1% sodium dodecyl (lauryl)
sulfate]. Protein (30 pg) was separated by a 12% SDS-
PAGE gel before transfer to a polyvinylidene difluoride
membrane. Membranes were probed using appropriate pri-
mary and secondary antibodies, and were developed with
SuperSignal West Pico chemiluminescent substrate (34080;
Life Technologies, Carlsbad, CA).

Histology and Immunohistochemistry

Paraffin-embedded liver sections were stained with hema-
toxylin and eosin. In addition, immunostaining for
indicated antibodies was performed as previously
described.*”

Lipid Droplet Staining

For Oil Red O staining, liver tissue cryosections were
washed twice with phosphate-buffered saline and then
incubated with 60% isopropanol for 1 minute. Tissue cry-
osections were dried in a 37°C incubator for approximately
10 minutes before incubating with Oil Red O solution. Oil
Red O solution was prepared by adding 0.35 g Oil Red O
(0625; Sigma-Aldrich) to 100 mL of 100% isopropanol,
which was further diluted 1.7 times in water and filtered
immediately before use. Slides were incubated with Oil Red
O solution for 15 minutes. The Oil Red O solution was
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aspirated from the slides, and 60% isopropanol was added to
the slides for several minutes to remove any residual Oil
Red O. Slides were then washed in phosphate-buffered sa-
line and stained for 30 seconds with hematoxylin (GHS132;
Sigma-Aldrich), followed by more washes in distilled water.
Slides were mounted with a mounting medium [glycerol in
phosphate-buffered saline (6:1)], and then microscopy was
performed.

Sirius Red and Reticulin Staining

Paraffin-embedded liver tissue sections were dewaxed and
rehydrated followed by staining sections with Sirius Red
Solution. Reticulin staining was conducted according to the
manufacturer’s instructions, as previously described (Dako,
Santa Clara, CA).*

Electron Microscopy

Liver tissues were fixed with 2% glutaraldehyde in 0.1 mol/
L phosphate buffer (pH 7.4) followed by 1% OsO,. After
dehydration, thin sections were stained with uranyl acetate
and lead citrate. Images were acquired digitally by using a
JEM 1016CX electron microscope (JEOL, Peabody, MA).
The sizes of lipid droplets were quantified using Imagel
software version 1.44p (NIH, Bethesda, MD; http://imagej.
nih.gov/ij).

Statistical Analysis

All experimental data are expressed as means + SEM and
were subjected to one-way analysis of variance with Bon-
ferroni post hoc test or #-test where appropriate. P < 0.05
was considered significant.

Results

Deletion of Hepatic TFEB Does Not Have a Significant
Impact on the Tumor Burden Induced by DEN and
Chronic Alcohol Feeding in Mice

To determine the role of TFEB in alcohol-associated liver
tumorigenesis, L-Tfeb KO mice and WT mice were injected
with DEN, then fed either a liquid control diet or ethanol
diet for 24 weeks (Figure 1A). Most mice fed a control diet
(83% of WT and 91% of L-Tfeb KO mice) developed liver
tumors, whereas all ethanol-fed mice developed liver tumors
regardless of the genotype (Figure 1, B and C). Moreover,
the liver tumor size and number in ethanol-fed mice were
higher than in mice fed the control diet in both WT and L-
Tfeb KO mice. There was no difference in the total number
of tumors between WT and L-Tfeb KO mice, although the
number of large size tumors decreased approximately 30%
in L-Tfeb KO mice fed either control or ethanol diet
(Figure 1, D and E). The tumor size was further divided into
different categories, and the numbers of small tumors (<1
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mm) were found to be similar in both WT and L-Tfeb KO
mice fed with either control or ethanol diet (Figure 1F). The
number of bigger size tumors (between 1 and 5 mm diam-
eter) was also similar between WT and L-Tfeb KO mice, but
was significantly higher in ethanol-fed mice than mice fed
with the control diet regardless of the genotype (Figure 1G).
The number of tumors >5 mm in diameter increased more
than fourfold in ethanol-fed mice compared with control
diet—fed mice in both WT and L-Tfeb KO mice, but the
number of these larger tumors decreased around 50% in L-
Tfeb KO mice, compared with WT mice fed with either
control or ethanol diet (Figure 1H). The data suggest that
chronic alcohol consumption promotes liver tumor pro-
gression. Hepatic loss of TFEB did not significantly affect
DEN or DEN and alcohol feeding-induced liver tumori-
genesis in mice, although there was a trend towards loss of
TFEB decreasing the tumor numbers and size.

Liver injury and hepatomegaly in mice was examined
by analyzing serum ALT activity and liver/body weight
ratio. Except for one outlier mouse in WT and L-Tfeb KO
group that had high ALT values for around 1000 U/L after
ethanol feeding, there was no significant difference of
serum ALT activities in ethanol-fed mice compared with

that in control diet—fed mice (Figure 2A). Ethanol feeding
caused slightly increased liver/body weight ratio
(Figure 2B), which is likely due to the increased tumor
burden in ethanol-fed mouse livers. Although there was a
trend towards decrease in both serum ALT levels and
liver/body weight ratio in L-Tfeb KO mice (Figure 2, A
and B), they were not statistically different. Body weight
and food consumption was monitored during the entire
period of experiments. WT mice fed ethanol gained less
body weight than the mice fed the control diet. Ethanol-fed
L-Tfeb KO mice also had more body weight gain than
ethanol-fed WT mice (Figure 2, C and D). However, there
was no difference in the food intake among all the
experimental groups (Figure 2E), suggesting that the
decreased body weight gain in ethanol-fed WT mice is not
due to the amount of food intake, but is likely because of
the poorer health condition as a result of the tumor
development. Taken together, these data indicate that
chronic ethanol feeding induced higher tumor incidence
and increased tumor size in DEN-injected mouse livers.
Overall, genetic deletion of Tfeb in mouse livers did not
have a significant impact on DEN and chronic alcohol
feeding-induced tumor burden in mice.
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Figure 1  Loss of hepatic transcription factor EB (TFEB) dampens diethylnitrosamine (DEN)—alcohol—induced hepatocellular carcinoma (HCC) in mice. A:

The scheme of DEN-alcohol—Associated HCC model. Male mice at the age of 2 weeks were given one dose of carcinogen DEN (10 mg/kg, intraperitoneally).
Eleven weeks later, mice were acclimated to the Lieber-DeCarli liquid control (Ctrl) diet for 1 week, followed by further feeding with the liquid Ctrl or 5%
ethanol diet (EtOH) for 24 weeks. B: Representative gross images of livers from Tfeb wild-type (WT) and L-Tfeb knockout (KO) mice from different treatments
are shown. C: Summary of tumor formation in Tfeb WT and L-Tfeb KO mice from different treatments. D and E: Maximal tumor diameter (D) and total number of
tumors (E) of each mouse from different treatments. F—H: Number of tumors within different size categories of each mouse from different treatments. Data are
presented as means = SEM (D—H). n = 10 to 13; n = 12 Tfeb WT DEN+Ctr; n = 10 Tfeb WT DEN+EtOH; n = 11 L-Tfeb KO DEN+Ctrl; n = 13 L-feb KO
DEN+EtOH. *P < 0.05 (one-way analysis of variance with Bonferroni post hoc test). Scale bars = 10 mm (B). Alb-Cre, albumin Cre; CD, control diet; NB,

newborn.
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Chronic ethanol (EtOH) feeding increases liver injury and hepatomegaly, and reduces body weight gain in diethylnitrosamine (DEN)—treated

mouse livers. Male Tfeb wild-type (WT) and L-Tfeb knockout (KO) mice were treated with a DEN-alcohol—associated hepatocellular carcinoma model. Serum
alanine aminotransferase (ALT) activity (A) and liver/body weight (BW) ratio (B) were measured. Mouse body weight was monitored weekly (C and D), and
volume of liquid food consumption was recorded daily (E). Data are presented as means + SEM (A—E). n = 10 to 13 (A—E). *P < 0.05 (one-way analysis of

variance with Bonferroni post hoc test). Ctrl, control.

Western Diet Promotes DEN-Initiated Liver
Tumorigenesis, which Is Attenuated by Genetic
Deletion of TFEB

As NAFLD is becoming the fastest growing cause of HCC
worldwide,*® the role of TFEB in Western diet—associated
liver tumorigenesis was examined. L-Tfeb KO mice and
WT mice were injected with DEN and then fed either a
WD, containing 42% fat calories and 0.2% cholesterol, or
a control LFD for either 22 or 34 weeks (Figure 3A).
Interestingly, 77.8% DEN-treated WT mice fed WD for 22
weeks developed liver tumors, whereas only 50% LFD-fed
WT mice developed liver tumors. In contrast, the tumor
incidence decreased in DEN-treated L-Tfeb KO mice fed
either WD (40%) or LFD (37.5%). After feeding for 34
weeks, all the DEN-treated WT mice fed either LFD or
WD developed liver tumors, but approximately 10% and
20% L-Tfeb KO mice fed LFD or WD had still not
developed tumors (Figure 3, B and C). The number of
total liver tumors increased slightly in DEN-treated mice
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fed WD for 22 weeks but increased approximately fivefold
in WT mice fed WD for 34 weeks, compared with WT
mice fed LFD. However, the number of liver tumors only
marginally increased in DEN-treated L-Tfeb KO mice fed
WD for 22 or 34 weeks compared with those in LFD-fed
L-Tfeb KO mice. The number of small size (<1 mm),
medium size (1 to 5 mm), and large size (>5 mm) tumors
also increased in DEN-treated mice fed WD in both WT
and L-Tfeb KO mice, but this increase was more dramatic
in WT mice compared with that in L-Tfeb KO mice.
Moreover, compared with WT mice, the overall tumor
numbers (including small and larger size) in DEN-treated
L-Tfeb KO mice fed either LFD or WD were lower than
those in WT mice (Figure 3, D—G). The serum ALT
values were slightly higher in DEN-treated WT and L-Tfeb
KO mice fed WD for either 22 or 34 weeks than in mice
fed LFD (Figure 4A). No significant difference of liver/
body weight ratio was found among all the groups of mice
(Figure 4B). Hematoxylin and eosin staining results
showed well-differentiated HCC cells with increased
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Western diet (WD) promotes diethylnitrosamine (DEN)—initiated liver tumorigenesis, which is attenuated by genetic deletion of transcription

factor EB (TFEB) in mice. A: The scheme of DEN—Western diet—associated hepatocellular carcinoma model. Male mice at the age of 2 weeks were given one
dose of carcinogen DEN (10 mg/kg, intraperitoneally). Two weeks later, mice were fed a control low-fat diet (LFD) or WD containing 42% fat calories and 0.2%
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nuclei/cytoplasm ratio in DEN-treated WT and L-Tfeb KO the compensatory effects of other MITF family proteins,
mice fed LFD (Figure 4C). WD-fed mice not only had such as TFE3, in the L-Tfeb KO mice, as previously re-

increased steatosis in normal hepatocytes but also in well- ported.”” WD feeding also increased the hepatic levels of
differentiated HCC cells in DEN-treated WT and L-Tfeb p-H2A. X (DNA damage marker) and CD133 (cancer stem
KO mice (Figure 4C). The changes of several autophagy- cell marker) in DEN-treated mice, which were not affected
and lysosome-related proteins in WT and L-Tfeb KO mice significantly by the deletion of hepatic Tfeb (Figure 4E).
were next determined. Results from the Western blot Taken together, these data indicate that WD promotes

analysis indicated that DEN-treated and WD-fed WT mice DEN-initiated liver tumorigenesis, which is likely poten-
had increased hepatic levels of TFEB, TFE3, LAMPI, tiated by TFEB.

p62, and LC3-II, but LAMP2, Vatp6vla, and ATGS5-

ATGI12 levels were not affected. Although the levels of Chronic Ethanol Feeding and Loss of Hepatic TFEB Do
hepatic TFEB were almost undetectable in L-Tfeb KO Not Further Exacerbate Steatosis and Ductular

mice, the levels of other autophagy (p62, LC3-II, and Reaction in DEN-treated Mice

ATGS5-ATG12) and lysosomal (LAMP1, LAMP2, and

Vatp6vla) proteins were almost comparable between the Results from hematoxylin and eosin staining and electron
WT and L-Tfeb KO mice (Figure 4D). This is likely due to microscopy analysis of liver tissues indicated that
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DEN-treated WT and L-Tfeb KO mice fed ethanol diet for
24 weeks markedly increased accumulation of lipid droplets
in hepatocytes, suggesting that chronic ethanol feeding in-
duces hepatic steatosis. Surprisingly, DEN-treated WT and
L-Tfeb KO mice fed the liquid control diet for 24 weeks also
developed massive hepatic steatosis, which was not
different from that in the ethanol-fed mice (Figure 5, A and
B). Increased steatosis in DEN-treated WT and L-Tfeb KO
mice fed either a control diet or an ethanol diet was further
confirmed by Oil Red O staining of liver tissues, electron
microscopy analysis, and quantification of hepatic triglyc-
eride levels (Figure 5, B—D). Moreover, the size of lipid
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droplets slightly increased in L-Tfeb KO hepatocytes
compared with that in the matched WT mice fed a control
diet. More interestingly, compared with the mice fed control
diet, the size of lipid droplets in hepatocytes significantly
increased in ethanol diet-fed WT mice but not in L-Tfeb KO
mice, although the overall hepatic triglyceride levels were
similar (Figure 5E). These data indicate that long-term
liquid control diet feeding induces steatosis in DEN-
treated mice. Ethanol feeding and loss of hepatic TFEB
do not further exacerbate steatosis in DEN-treated mice.
Increased ductular reaction is a typical feature in human
severe ALD. Whether chronic alcohol feeding would
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Figure 7 Long-term ethanol (EtOH) feeding and loss of hepatic
transcription factor EB (TFEB) do not increase fibrosis or inflammation
in diethylnitrosamine (DEN)—treated mouse livers. Male Tfeb wild-type
(WT) and L-Tfeb knockout (KO) mice were subjected to the DEN-alco-
hol—associated hepatocellular carcinoma model. A: Representative im-
ages of Sirius Red staining are shown. B: Total lysates from mouse livers
were subjected to Western blot. C: Densitometry analysis of B. D:
Representative images of F4/80 immunohistochemistry staining are
shown. E: Numbers of F4/80-positive cells were counted from eight
different fields (x20) from each mouse in a blinded manner (M.H.).
Data are presented as means & SEM (Cand E). n = 3to 4 (C); n = 4 to
8 (E). Original magnifications, x10 (A); x20 (D). Ctrl, control; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; a-SMA, o-smooth muscle
actin.
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increase ductular reaction in DEN-treated mouse livers
was next investigated. Mice treated with DEN and fed
ethanol diet for 24 weeks did not increase CK19-positive
ductular cells and structures, as assessed by immunohis-
tochemistry staining of CK19 (Figure 6A) and Western
blot analysis of hepatic CK19 (Figure 6, B and C) when
compared with both WT and L-Tfeb KO DEN-treated mice
that were fed a control diet. Hepatic levels of TFEB
markedly decreased in L-Tfeb KO mice compared with
those in WT mice, confirming the successful deletion of
TFEB in L-Tfeb KO mice livers. The low residual levels of
TFEB detected by Western blot analysis in L-Tfeb KO
mice are likely owing to the TFEB expression in non-
parenchymal cells. DEN-treated and ethanol-fed mice also
had decreased hepatic TFEB levels compared with DEN-
treated and control diet—fed mice (Figure 6, B and C),
which is consistent with the previous findings in chronic
plus binge alcohol-fed mice.” Interestingly, the levels of
SOXO9, a hepatic progenitor cell marker, increased in DEN-
treated and ethanol-fed WT and L-Tfeb KO mice
compared with WT and L-Tfeb KO DEN-treated and
control diet—fed mice. Notably, the levels of SOX9 were
higher in L-Tfeb KO mice than in WT mice treated with
DEN and fed the control diet (Figure 6, B and C). For the
lysosomal markers, hepatic levels of LAMPI but not
LAMP2 and Vatp6vla increased in DEN-treated and
ethanol-fed mice in comparison with DEN-treated and
control diet—fed mice. In contrast, in L-7feb KO mice, the
hepatic levels of LAMPI slightly increased, whereas the
levels of LAMP2 and Vatp6vla slightly decreased in
DEN-treated mice fed either the ethanol or the control diet
in comparison with those in WT mice. In csae of the
autophagy-related genes, there were no obvious changes
on hepatic p62, ATG5-ATG12, and LC3-II among all the
experimental groups (Figure 6D). Together, the data sug-
gest that long-term liquid diet feeding induces hepatic
steatosis in DEN-treated mice, which is not further
increased by long-term ethanol feeding. Long-term ethanol
feeding does not increase ductular reaction compared with
liquid control diet in DEN-treated mice. L-Tfeb KO mice
do not significantly alter the hepatic autophagy and lyso-
somal proteins regardless of DEN treatment or alcohol
feeding.

Chronic Ethanol Feeding and Loss of Hepatic TFEB Do
Not Increase Fibrosis and Inflammation in DEN-Treated
Mouse Livers

Fibrosis is another typical feature of human ALD, so the
next set of experiments evaluated whether chronic ethanol
feeding in DEN-treated mice would develop liver fibrosis.
Results from Sirius red staining for hepatic collagen
revealed no obvious increase in positive staining in DEN-
treated mice fed either liquid control diet or ethanol diet
(Figure 7A). The hepatic levels of o-smooth muscle actin
were varied among the DEN-treated mice fed ethanol, but

The American Journal of Pathology m ajp.amjpathol.org

the overall levels of a-smooth muscle actin were lower in
DEN-treated mice fed ethanol than in mice fed the control
diet (Figure 7, B and C). In DEN-treated mice fed the
control diet, the protein levels of a-smooth muscle actin in
L-Tfeb KO mice were lower than in WT mice. However, the
levels of a-smooth muscle actin were similar between DEN-
treated WT and L-Tfeb KO mice fed ethanol (Figure 7, B
and C).

Hepatic inflammation in DEN-treated mice fed either the
liquid control diet or the ethanol diet was next determined.
Compared with DEN-treated mice fed the control diet, the
number of F4/80 (marker of hepatic resident macrophage/
Kupffer cells)-positive cells only slightly increased in mice
fed ethanol (Figure 7, D and E). Compared with DEN-
treated WT mice fed ethanol, there were fewer F4/80-
positive Kupffer cells in L-Tfeb KO mouse livers after
ethanol feeding, but these changes did not reach a statistical
significant difference (Figure 7, D and E). Together, the data
indicate that ethanol feeding did not promote fibrosis and
inflammation in this DEN-alcohol—associated HCC mouse
model.

Loss of Hepatic TFEB Attenuates Proliferation of Liver
Tumor Cells but Not Normal Cells in DEN-Treated Mice
Fed Control Diet Only

Cell proliferation in normal and tumor cells was next
examined by using immunostaining of PCNA and Ki-67 as
well as immunoblotting of protein levels of PCNA. Tumor
cells had higher amounts of PCNA-positive cells than
adjacent normal cells, but ethanol feeding did not further
increase the number of PCNA-positive cells in either normal
or tumor cells in WT mice (Figure 8, A—C). Interestingly,
the number of PCNA-positive tumor cells, but not normal
cells, was lower in DEN-treated L-Tfeb KO mice fed the
control diet compared with those in WT mice. However, the
number of PCNA-positive cells was not different between
DEN-treated WT and L-Tfeb KO mice fed ethanol
(Figure 8, A—C). Similar to the PCNA staining, the number
of Ki-67—positive tumor cells was also lower in DEN-
treated L-Tfeb KO mice compared with those in WT mice
fed control diet, but this difference was abolished in ethanol-
fed mice (Figure 8D). Results from Western blot analysis
also revealed increased PCNA levels in tumors compared
with adjacent normal tissues, but the PCNA levels were not
different between WT and L-Tfeb KO mice, and ethanol
feeding did not further increase PNCA levels (Figure 8E).
Ethanol feeding decreased hepatic TFEB but not LAMP1
and Vatp6vla in both normal and tumor tissues of DEN-
treated mice. The hepatic levels of p62 were much higher
in tumor tissues than those of normal tissues of both WT
and L-Tfeb KO mice, which were not affected by ethanol
feeding or deletion of Tfeb. The levels of hepatic LC3-II
were not significantly different among all the experimental
groups (Figure 8E). The data suggest that TFEB may pro-
mote DEN-initiated tumor cell proliferation in control diet—
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Figure 8  Loss of hepatic transcription factor EB (TFEB) attenuates proliferation of liver tumor but not normal cells in diethylnitrosamine (DEN)—treated mice
fed control (Ctrl) diet but not ethanol (EtOH) diet. Male Tfeb wild-type (WT) and L-Tfeb knockout (KO) mice were subjected to the DEN-alcohol—associated he-
patocellular carcinoma model. A: Representative images of proliferating cell nuclear antigen (PCNA) and Ki-67 immunohistochemistry staining are shown. B—D:
Numbers of PCNA- and Ki-67—positive cells were counted from eight different fields (x 20) from each mouse in a blinded manner (M.H.). E: Total lysates from mouse
liver tumors and adjacent normal liver tissues were subjected to Western blot analysis. Data are presented as means & SEM (B—D).n = 4 (B—D); n = 3 (E). *P < 0.05
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but not ethanol-fed mice. Lack of hepatic TFEB does not
have profound effects on autophagy-related and lysosomal
proteins in both normal and tumor tissues of DEN-treated
mice.

Loss of Hepatic TFEB Reduces Malignant Characteristics
of DEN and Chronic Ethanol Feeding—Induced HCC in
Mice

Glypican 3 is a cell-surface glycoprotein in which heparan
sulfate glycosaminoglycan chains are covalently linked to a
protein core. Glypican 3 is specifically expressed in HCC
tissues and presents as soluble glypican 3 in peripheral
blood of HCC patients. The expression of glypican 3 is
generally not detected in healthy adult liver tissues, and not
in fatty liver and cirrhotic liver."’ Therefore, glypican 3 has
been widely used as a reliable specific marker for HCC.
Immunostaining and immunoblotting analysis revealed that
the protein levels of glypican 3 significantly increased in
DEN-treated WT mouse livers fed ethanol compared with
the mice fed control diet (Figure 9, A—C), suggesting
ethanol may enhance tumor malignancy in DEN-treated
mice. Unlike the WT mice, the levels of glypican 3 did
not change in DEN-treated L-Tfeb KO mice after ethanol
feeding (Figure 9, A—C). The normal liver and benign he-
patocellular adenoma generally have abundant reticulin
staining, which is markedly decreased or absent in DEN-
treated mice regardless of control or ethanol diet feeding
and Tfeb genotypes of mice (Figure 9D). Cytosolic and
nuclear accumulation of B-catenin is highly associated with
human HCC. Although membrane staining of -catenin was
observed in normal hepatocytes of all the four experimental
groups, cytosolic and nuclear staining of -catenin was also
found in all four experimental groups regardless of ethanol
feeding and Tfeb genotypes (Figure 9E). Taken together, the
data suggest that loss of TFEB may reduce certain but not
all malignant HCC markers.

Discussion

The present study used chronic ethanol feeding together
with hepatic carcinogen DEN injection to establish an
alcohol-associated HCC mouse model. The role of TFEB
in DEN-induced liver tumorigenesis was studied in WT
and L-Tfeb KO mice fed an ethanol diet or pair-fed control
liquid diet. Hepatic TFEB deficiency tended to attenuate
DEN-initiated and alcohol-associated liver tumorigenesis
in mice. Additionally, the role of TFEB in NAFLD-
associated HCC was evaluated, and loss of hepatic
TFEB was found to have more striking protection against
DEN-induced and Western diet—associated liver tumori-
genesis compared with that from the alcohol-associated
liver tumorigenesis in mice. Collectively, these data sug-
gest that TFEB may have a role in promoting the
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progression of both ALD- and NAFLD-associated
HCC (Figure 9F).

Autophagy plays distinctive roles in liver tumor initia-
tion and progression, in which autophagy inhibits early
tumor initiation while promoting progression and the ma-
lignancy of already formed liver tumors.'® Genetic dele-
tion of Azg5 or Atg7 in mouse livers leads to spontaneous
benign adenoma,*”*** supporting the tumor suppressor role
of autophagy at the initiation stage. Interestingly, DEN
induces HCC in WT mice but only benign tumors in L-
Atg5 KO mice,” suggesting autophagy may be required
for the malignant progression of tumors from the benign
stage. As a master regulator of lysosome biogenesis and
autophagy, TFEB may also be required for the liver tumor
progression in alcohol-associated HCC. The present study
found that both the number and size of tumors increased in
DEN-treated mice fed ethanol compared with mice fed
control diet, supporting the notion that alcohol drinking
may promote progression of HCC. However, loss of he-
patic TFEB had no effect on the total number of tumors
but only decreased the number of large-sized tumors after
DEN treatment and alcohol feeding. Moreover, the tumor
glypican 3 levels were also lower in alcohol-fed L-Tfeb
KO mice, suggesting that TFEB may also play more
important roles in tumor progression than in tumor initia-
tion in alcohol-associated HCC. In contrast, in Western
diet—fed mice treated with DEN, L-Tfeb KO mice not only
had a decreased number of total tumors, but also decreased
number of large-sized tumors, suggesting that TFEB may
promote both tumor initiation and progression in the
NAFLD-associated HCC. In our DEN-alcohol—associated
HCC model, the mice fed the liquid control diet already
developed steatosis, likely due to the high fat content in
the liquid diet. It is likely that steatosis may facilitate
TFEB’s effects on the tumor initiation, which may explain
why TFEB does not affect the tumor initiation in alcohol-
fed mice but potentiates tumor initiation in Western
diet—fed mice. The mechanism of how steatosis co-
ordinates with TFEB for the liver tumor initiation needs to
be studied further.

Although alcohol consumption is a known risk factor for
HCC, animal models to recapitulate the pathogenesis of
alcohol-associated HCC are limited. Alcohol enhances HCC
formation in mice that received a single dose of DEN for 16
or 40 weeks and further fed alcohol (10%/20% v/v) in
drinking water for 8 weeks.”” However, feeding alcohol in
the drinking water can only lead to mild steatosis with little
liver injury and inflammation,”’ which cannot mimic the
human ALD and alcohol-associated HCC. This study
showed that mice fed ethanol Lieber-DeCarli diet for 24
weeks had markedly increased steatosis with relatively high
serum ALT values, significantly increased the number of
middle-sized tumors (1 to 5 mm), and had a trend towards
increasing the tumor burden in DEN-treated mice. However,
one of the limitations of this model is that pair-fed mice with
the liquid diet for 24 weeks also develop severe hepatic
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Figure 9  Loss of hepatic transcription factor EB (TFEB) reduces certain malignant tumor markers of hepatocellular carcinoma (HCC) induced by dieth-
ylnitrosamine (DEN) and chronic ethanol (EtOH) feeding in mice. Male Tfeb wild-type (WT) and L-Tfeb knockout (KO) mice were subjected to the DEN-alco-
hol—associated HCC model. A: Representative images of glypican 3 immunohistochemistry staining are shown. B: Total lysates from mouse livers were
subjected to Western blot analysis. C: Densitometry analysis of B. D: Representative images of reticulin staining (arrows indicate tubular reticular staining). E:
Representative images of B-catenin immunohistochemistry staining (arrows indicate cytosolic and nuclear B-catenin staining). F: A proposed working model
for the role of TFEB in alcohol- and nonalcoholic fatty liver disease—associated HCC. Chronic alcohol consumption and Western diet increase hepatic steatosis,
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which promotes DEN-initiated liver carcinogenesis to HCC. Alcohol consumption also impairs hepatic TFEB, and genetic loss of Tfeb in mouse livers may slightly
decrease hepatic lysosomal and autophagy activity, which may reduce some malignant HCC markers and attenuate the progression of HCC. Future studies are
needed to get rid of the potential compensatory effects of loss of hepatic Tfeb to better understand the role of lysosomal biogenesis and autophagy in liver
carcinogenesis and HCC pathogenesis. Data are presented as means + SEM (C). n = 3 to 4 (C). *P < 0.05 (one-way analysis of variance with Bonferroni post

hoc test). Original magnifications, x4 (A); x10 (D and E). Ctrl, control.

steatosis, which may diminish the effects of ethanol on
DEN-initiated tumorigenesis when comparing the ethanol
feeding group with the control diet group.

In addition to regulating autophagy, TFEB has been
shown to have nonautophagy functions in regulating can-
cer cell behavior through modulating cell cycle metabolism
in cancer cells in response to a high metabolic flexibility to
adapt themselves to cell-extrinsic and cell-intrinsic
cues.”'*>7?7% TEEB also plays an important role in
choreographing  tumor-microenvironment  interaction.
Tumor microenvironment encompasses a heterogeneous
population of differentiated cells and progenitor cells,
which are critical for tumor fate regulation. In addition to
hepatocytes, hepatic nonparenchymal cells, such as hepatic
stellate cells and macrophages, also play critical roles in
HCC. TFEB has a principal role in regulating innate im-
munity,”® through both regulating the biogenesis of lyso-
somes and their role in phagocytosis, and activating both
MI- or M2-like macrophages. Although the number of
Kupffer/hepatic macrophages did not change in L-Tfeb KO
mice compared with that in WT mice in the DEN-alcohol-
HCC model, future experiments are needed to further
determine the plasticity of these macrophages. Moreover,
the roles of TFEB in liver nonparenchymal cells, such as
macrophages and hepatic stellate cells, in HCC, also need
to be investigated by using liver nonparenchymal cell-
specific TFEB deletion mice. Although mechanistic target
of rapamycin complex 1 negatively regulates TFEB acti-
vation by directly phosphorylating TFEB at serine 142 and
serine 211, resulting in TFEB cytosolic retention and
degradation, TFEB also forms a feedback loop to activate
mechanistic target of rapamycin complex 1 to promote
cancer cell growth by transcription up-regulation of
RagD.” Therefore, it is also likely that TFEB may pro-
mote liver cancer progression via this feedback mecha-
nistic target of rapamycin complex 1 activation. In the
future, it will be interesting to determine whether phar-
macologic inhibition of mechanistic target of rapamycin
complex 1 would be beneficial in alcohol-associated HCC.

Although the overall tumor-related parameters, including
the tumor number and size, tended to be improved in DEN-
treated L-Tfeb KO mice compared with DEN-treated WT
mice fed either ethanol or control diet, these differences are
generally not striking. As the MITF family has four
redundant members, it is likely that loss of TFEB in the
mouse livers could be compensated by other MITF family
member proteins. Indeed, TFE3 has been shown to
compensate for the loss of TFEB in mouse livers.”” More-
over, most autophagy-related and lysosomal proteins were
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not significantly altered in TFEB KO mice compared with
WT mice after DEN treatment, regardless of ethanol or
control diet feeding, further supporting the potential
compensatory effects by other MITF family proteins. Future
work using Tfeb/Tfe3 double-knockout mice in this DEN-
alcohol—associated HCC model may help to overcome the
possible compensatory effects in L-Tfeb KO mice.

In summary, we successfully established an alcohol-
associated HCC mouse model by using hepatic carcinogen
DEN injection with chronic alcohol feeding in mice. These
findings indicate that chronic alcohol consumption promotes
liver tumor development in DEN-injected mice, and loss of
hepatic TFEB  attenuates  alcohol-associated  liver
tumorigenesis.
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