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Abstract Growth arrest and DNA damage-inducible pro-
tein (GADD34/Ppplrl5a) is induced by various stimuli
including DNA damage and ER stress. DNA damage and
oncogene activation, accompanied by tumor-specific DNA
repair defects and a failure to stall the cell cycle, are early
markers of hepatocellular carcinoma (HCC). However,
whether GADD34 accounts for regulating HCC tumorigen-
esis remains elusive. Here, we demonstrated that GADD34
expression was upregulated in the liver of mice after expo-
sure to a carcinogen, diethylnitrosamine (DEN). In both
acute and chronic DEN treatment models, GADD34 defi-
ciency not only decreased oncogene expression, but also
reduced hepatic damage. Moreover, loss of GADD34
attenuated immune cell infiltration, pro-inflammatory
cytokine expression and hepatic compensatory prolifera-
tion. Finally, GADD34-deficient mice showed impaired
hepatocarcinogenesis. Thus, the process of DEN-induced
HCC proceeded as follows. First, DEN treatment induced
DNA damage in hepatocytes, resulting in elevated expres-
sion of GADD34 in the liver. The increased expression of
GADD34 augmented hepatic necrosis followed by elevated
expression of interleukin (IL)-18 and monocyte chemoat-
tractant protein 1. This process promoted immune cell infil-
tration and Kupffer cell/macrophage activation followed by
production of reactive oxygen species and pro-tumorigenic
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cytokines such as IL-6 and tumor necrosis factor-a. The
pro-tumorigenic cytokines stimulated compensatory prolif-
eration of surviving and mutant hepatocytes. Together with
oncogene c-Myc expression, these processes led to HCC.
Our results suggest therapeutic opportunities for HCC by
targeting GADD34-related pathways.
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Abbreviations

AFP Alpha-fetoprotein

ALT Alanine transaminase

BSA Bovine serum albumin

CCR2 C-C chemokine receptor type 2

DAMPs Damage-associated molecular patterns

DEN Diethylnitrosamine

GADD34  Growth arrest and DNA damage-inducible
protein

H&E Hematoxylin and eosin

HCC Hepatocellular carcinoma

HRP Horseradish peroxidase

IHC Immunohistochemistry

IL Interleukin

KO Knockout

MCP1 Monocyte chemoattractant protein 1

MMP9 Matrix metalloproteinase-9

NF-«kB Nuclear factor kB

PBS Phosphate-buffered saline

ROS Reactive oxygen species

STAT3 Signal transducer and activator of transcrip-
tion 3

TCPOBOP 1,4-Bis-[2-(3,5-dichloropyridyloxy)]benzene

TNF-a Tumor necrosis factor-a

WT Wild type
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Introduction

Hepatocellular carcinoma (HCC), which is a malignant
tumor of liver parenchyma cells, is associated with hepa-
tocellular dysfunction and mutant cellular pathways [1].
HCC is the sixth most common cancer worldwide, and it
is the third leading cause of cancer-related death because of
its poor prognosis [1, 2]. Annually, HCC causes 20-40 %
of cancer deaths in China, Japan and sub-Saharan Africa
and the incidence of this disease has been increasing dra-
matically in recent years [3]. Although several molecularly
targeted therapies have been applied in the past 30 years,
the prognosis of many patients remains dismal [4].

Chronic inflammation is associated with the initiation
of cancer, indicating a strong link between inflammation
and carcinogenesis [5]. In fact, more than 90 % of HCC
progression stems from chronic liver damage and inflam-
mation, suggesting that understanding the mechanisms
of inflammation-mediated hepatocarcinogenesis is nec-
essary for the treatment and prevention of HCC [5, 6]. In
addition to viral-, alcohol- and diet-induced HCC, DNA
adduct-forming agents or environmental carcinogens are
also important risk factors for HCC [7]. Diethylnitrosamine
(DEN) has been widely used as a potent hepatocarcino-
genic initiator in animal models of carcinogenesis in which
it induces DNA adduct formation, resulting in DNA muta-
tions [8]. DNA adducts can trigger oncogenesis in liver
cells, which further develop into neoplastic foci as a result
of multiple rounds of apoptosis—inflammation-regeneration
[9]. During this process, chronic inflammation participates
in tumorigenesis through activation of various signals such
as nuclear factor kB (NF-kB) and RAS-RAF pathways
that induce inflammatory microenvironmental and genetic
alterations [10]. Persistent liver injury induces immune cell
migration into the injured tissue, a process that further sup-
presses cell death by releasing tumor necrosis factor (TNF),
interleukin (IL)-1 and IL-6 to promote cell proliferation
[11]. Furthermore, the tumor-associated macrophages and
myeloid-derived suppressor cells have been shown to sup-
press cytotoxic T cells, facilitating tumor cell invasion,
extravasation and metastatic outgrowth [12, 13].

Growth arrest and DNA damage-inducible protein
(GADD34/Ppplrl5a) was originally isolated from UV-
inducible transcripts in Chinese hamster ovary cells [14].
The expression of GADD34 was induced by various stim-
uli including DNA damage and ER stress [15]. Increased
expression of GADD34 is correlated with apoptosis [16].
Apoptosis-induced proliferation contributes to regenera-
tion and cancer initiation [17]. Recently, our laboratory
showed that GADD34 protein was highly expressed in
myeloid-lineage cells [18]. It has been shown that mye-
loid-derived cells participate in the progression of tumor
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development and contribute to the promotion of tumor
growth, angiogenesis and metastasis [19]. Based on these
previous studies, we hypothesized that GADD34, induced
by DNA-damaging stress, plays an important role in liver
inflammation and tumorigenesis. However, it is not clear
whether GADD34 involvement contributes to the patho-
genesis of HCC.

Therefore, we suggest that wunderstanding the
mechanism(s) of GADD34 involvement in inflamma-
tion-mediated hepatocarcinogenesis is essential for the
treatment and prevention of liver tumorigenesis. Here,
we employed GADD34 KO mice to dissect the role of
GADD34 and signal pathways in liver inflammation and
tumorigenesis.

Materials and methods
Mice

C57BL/6 N mice were purchased from SLC Japan.
GADD34 KO/GADD34—/— mice were generated as previ-
ously described [20] and backcrossed to C57BL/6N more
than 11 generations [18]. These mice were maintained in
the Animal Research Facility at Nagoya University Gradu-
ate School of Medicine under specific pathogen-free con-
ditions and used according to institutional guidelines. All
animal experiments were approved by the Animal Care and
Use Committee of Nagoya University Graduate School of
Medicine.

Tumorigenesis protocol

For acute liver injury, 6-week-old C57BL/6N wild-type
(WT) mice and GADD34 KO mice were administrated
100 mg/kg of diethylnitrosamine (DEN, Sigma-Aldrich,
MO, USA, #73861) by intraperitoneal (i.p.) injection. The
mice were killed at the indicated time points. For chronic
liver inflammation, 6-week-old mice of both genotypes
received i.p. injections of low (25 mg/kg) or high (50 mg/
kg) concentrations of DEN twice a week and were killed
after 3 weeks of treatment. For hepatocarcinogenesis,
2-week-old mice of both genotypes were treated with a
single i.p. injection of DEN at a dose of 25 mg/kg diluted
in phosphate-buffered saline (PBS). Starting 2 weeks
after DEN injection, mice were injected biweekly with
1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP)
(Sigma-Aldrich, St. Louis, MO, USA, #T1443) at a con-
centration of 3 ug/g diluted in corn oil as previously
described [21]. These mice were used to observe the devel-
opment of tumors and were killed at 5 months after initial
DEN treatment.
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Serum analysis

Alanine transaminase (ALT) activity in serum was meas-
ured using the ALT Reagent kit (Wako, Tokyo, Japan) with
a microplate reader (Biotech, Tokyo, Japan).

Flow cytometry

Before isolation of the liver, mice were perfused with ice-
cold PBS via the left ventricle. Then the liver was explanted,
the gall bladder removed, and the liver was rinsed with
ice-cold 0.5 % bovine serum albumin (BSA) in PBS and
chopped on ice into small 1-mm> pieces and digested as
previously reported [22]. Single-cell suspensions of liver
were stained with the following antibodies: anti-CD11b-PE
(#557397), anti-F4/80-APC (#17-4801), anti-LY6C-APC
(#17-5932), anti-LY6G-PE (#551461), anti-CD4-FITC
(#11-0042) and anti-CD8-PE (#555635) (eBioscience, BD
Bioscience). For reactive oxygen species (ROS) detection,
immune cells were isolated from WT and GADD34—/—
mice after repeated treatments with 25 mg/kg DEN. Cells
were loaded with CM-H2DCFDA (Molecular Probes, Invit-
rogen) for 30 min. The samples were analyzed using a FAC-
SCanto II flow cytometer (BD Biosciences). All data analy-
ses were performed using FlowJo software.

Histological analysis

Mouse livers and carcinomas were fixed in 4 % paraform-
aldehyde and embedded in paraffin. Four-micrometer sec-
tions were dewaxed and hydrated through graded ethanol
dilutions and then used for hematoxylin and eosin (H&E)
staining. Histology scores were calculated as follows: 0, no
piecemeal necrosis; 1, focal piecemeal necrosis in few cen-
tral vein areas; 2, focal piecemeal necrosis in most central
vein areas; 3, continuous necrosis <50 % around central
vein areas; and 4, continuous necrosis >50 % around central
vein areas. For immunohistochemistry (IHC), the sections
as described above were heated in citrate buffer (pH 6.0,
10 mM) in a pressure cooker at 121 °C for 15 min. Endog-
enous peroxidase activity was blocked with 3 % hydrogen
peroxide followed by washing. Blocking was done in PBS
containing 1.5 % nonfat dry milk and 0.3 % Triton X for
1 h. The sections were then incubated with the following
antibodies: anti-rat F4/80 (1:100) (BMA, #T-2028) or anti-
goat Ki67 (1:100) (Santa Cruz, sc7846) in blocking buffer
overnight at 4 °C. After incubation with horseradish peroxi-
dase (HRP)-conjugated anti-rat IgG (KPL) or HRP-conju-
gated anti-goat IgG (Santa Cruz, sc-2020) for 1 h, followed
with 3,3’-diaminobenzidine tetrahydrochloride (Dojindo,
Tokyo, Japan) staining, all sections were counterstained
with hematoxylin and visualized using an Olympus light
microscope.

RNA isolation and real-time PCR

Total RNA was isolated from liver tissue using Trizol
reagent (Invitrogen). RNA was quantified by NanoDrop
(Thermo Scientific). cDNA was synthesized from 1 pg
total RNA with a high-capacity cDNA reverse transcription
kit according to the manufacturer’s instructions (Applied
BioSystems). PCR was performed by using Takara EX
Taq kit (Takara Bio). Real-time PCR was performed on
the MX3000P QPCR System (Agilent) using the follow-
ing program: 10 s at 95 °C, followed by 40 cycles of 5 s
at 95 °C and 20 s at 60 °C. The reactions were carried out
using 0.5 uL ¢cDNA with SYBR premix EX Taq II (Takara
Bio). Values were normalized to B-actin mRNA. The primer
set sequences are shown in supplementary Table 1.

Immunofluorescent staining

Liver tissues from mice were embedded in OCT compound
(Sakura Finetek). Four-micrometer sections were fixed in
100 % cold acetone. After rinsing with PBS, sections were
permeabilized and treated with blocking buffer (0.2 % Tri-
ton X-100, 0.2 % BSA, 0.1 % normal goat serum in PBS).
Anti-F4/80-APC (eBioscience, #17-4801) and anti-IL-6-
FITC (eBioscience, #11-7061) were used at 1:500 dilutions
and incubated at 4 °C overnight, after which the sections
were washed with PBS and incubated with 4/,6-diamidino-
2-phenylindole (DAPI) for 5 min. After rinsed with PBS,
the sections were mounted with mounting fluid and visu-
alized under A1Rsi inverted confocal microscopy (Nikon,
Tokyo, Japan).

Immunoblotting

Freshly excised tissues were suspended in protein lysis
buffer containing 50 mM Tris—-HCI (pH 8.0), 150 mM
NaCl, 5 mM Na,EDTA, 1 % Triton, 0.1 % sodium dodecyl
sulfate, 0.5 % sodium deoxycholate, 10 mM sodium fluo-
ride and 1 mM sodium orthovanadate. Tissues were sub-
jected to sonication using a sonic dismembrator (TAITEC,
Tokyo, Japan). The concentrations of protein were quan-
tified by using DC protein assay method (Bio-Rad, 500-
0120JA). Immunoblotting analysis was done as described
with antibodies from Santa Cruz Biotechnology for detec-
tion of GADD34 (C-19, sc-825), caspase-1pl0 (M-20,
sc514), cMyc (sc-764) and alpha-fetoprotein (AFP) (sc-
8108). Antibodies from Cell Signaling Technology were
used to detect pH2AX (#2595), signal transducer and acti-
vator of transcription 3 (STAT3) (#9132) and phosphoryl-
ated STAT3 (#9145), phosphorylated Akt (Serd73, #9271)
and Akt (#9272), phosphorylated NF-kB p65 (Ser468,
#3039) and NF-Kb p65 (#3034), NF-kB p105/50 (#3035),
pS3 (#2524), phosphorylated p53 (Serl5, #9284), cleaved
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caspase-3 (Aspl75, #9661). B-Actin (Cell Signaling Tech-
nology, #4967) or GAPDH (Cell Signaling Technology,
#2118) were the loading controls.

Statistical analysis

All data are presented as mean + SEM. For calculation of
statistical probabilities, Student’s ¢ test or analysis of vari-
ance (ANOVA) was used in this study. Statistical calcula-
tions were performed using GraphPad Prism 5 software.
The animal numbers used for each experiment are indicated
in the figure legends. The differences were considered sta-
tistically significant when the P value was <0.05.

Results
GADD34 deficiency alleviated acute liver injury

To investigate the role of GADD34 in liver inflamma-
tion and HCC, we evaluated three different models using
male WT and GADD34—/— mice. The acute model used
a single DEN treatment. Chronic liver injury was induced
by repeated injections of DEN, and the hepatocarcinogen-
esis model utilized a single injection of DEN followed by
repeated exposures to TCPOBOP (Fig. 1a).

We initially investigated the effects of GADD34 in the
acute liver injury model, using 6-week-old male WT and
GADD34—/— mice that were given a single intraperitoneal
(i.p.) injection of high-dose DEN (100 mg/kg) and killed at
2,4, 8,12 and 24 h (Fig. 1a). H&E staining showed visible
necrosis around the central vein area at 8, 12 and 24 h, these
areas were characterized by hepatocyte vacuolization, and
some parenchyma areas of the liver appeared darker than
others (Fig. 1b). The H&E stained sections were quantified
by histological scoring, and the scores revealed significant
differences between WT and GADD34—/— mice (Fig. 1b).
Similarly, the serum ALT activity was increased in WT
mice from 4 to 24 h compared to those in GADD34—/—
mice (Fig. 1c). These differences indicated that WT mice
were subjected to greater liver injury and functional loss
than GADD34—/— mice after DEN treatment. GADD34
(Ppplri5a) mRNA expression was significantly increased
from 4 to 24 h when compared to 0 h after DEN treatment
(Fig. 1d). Moreover, the WT mice showed higher levels
of cytokine IL-6 and oncogene c-Myc expression than did
GADD34—/— mice at 4 h (Fig. le). These results sug-
gested that GADD34 enhanced pro-inflammatory cytokine
production and oncogene activation.

To understand the pathways involved in this process,
protein expression levels were examined. We found that the
expression of DNA damage marker pH2AX was increased
after DEN treatment in both WT and GADD34—/— mice
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Fig.1 GADD34 deficiency alleviated acute liver injury after DEN »
treatment. a Representative time courses of three experiments in this
study. Intraperitoneal injection (i.p.). Eut, euthanize. b H&E staining
of liver sections in the indicated time points after 100 mg/kg DEN
treatment (WT mice, n = 22; GADD34—/— mice, n = 22). Black
arrows indicate central vein hypertension and necrosis, character-
ized by hepatocyte vacuolization. Scale bars 200 pm. *P < 0.05,
**P < 0.01 versus WT. Histology score represented four samples in
each time point and each group (six fields of view for each sample).
¢ Measurement of mouse serum alanine aminotransferase (ALT)
activity at the indicated time points after 100 mg/kg DEN treatment.
Data from three independent trials are averaged for each time point.
*P < 0.05 versus WT. d Representative RT-PCR result of GADD34
(Ppplri5a) mRNA from WT mice at different times after 100 mg/kg
DEN treatment. The statistical data for GADD34 mRNA are normal-
ized to B-actin mRNA in three independent samples. ***P < 0.001,
**P < 0.01 versus O h. e Real-time PCR analysis of pro-inflammatory
cytokine gene /-6 and oncogene cMyc from WT and GADD34—/—
mice at the indicated time points after 100 mg/kg DEN treatment.
Data represent mean + SEM of triplicates for each sample (n = 3).
**%P < 0.001 **P < 0.01, *P < 0.05 versus WT; ns no significance
versus WT. f Representative analysis of protein expression levels by
Western blotting using liver samples from WT and GADD34—/—
mice after 100 mg/kg DEN treatment. g Densitometric analysis of
band intensities of pp53, pNF-kB, pSTAT3 and pAkt relative to p53,
NF-kB, STAT3 and Akt after treatment with DEN. Data represent
mean = SEM of triplicates for samples. ***P < 0.001, **P < 0.01,
*P < 0.05 versus WT; ns no significance versus WT

(Fig. 1f). These results indicated that double-strand DNA
damage may recruit multiple proteins involved in the DNA
damage response and repair. Phosphorylated p53, an apop-
tosis biomarker, showed significantly higher expression
levels in WT mice than in GADD34—/— mice (Fig. If,
g), which suggested that pp5S3 may be downstream from
GADD34. Consistent with the production of pro-inflam-
matory cytokine IL-6, the phosphorylated NF-kB and
STAT3 displayed significantly higher levels of expression
in WT livers than livers in GADD34—/— mice from 12 to
24 h (Fig. 1f, g). The phosphorylation of Akt, which was
related to cell proliferation, was highly expressed in WT
compared to GADD34—/— from 2 to 8 h (Fig. If, 1 g).
These results indicated higher compensatory proliferation
ability of oncogene-activated hepatocytes in WT mice.
Taken together, these results clearly showed that DEN
induced more severe liver damage in WT mice than in
GADD34—/— mice.

GADD34 deficiency attenuated oncogene expression,
apoptotic protein expression, inflammatory cell
infiltration and ROS production after chronic DEN
treatment

Since we observed less liver damage in GADD34—/— mice
upon treatment with a single high dose of DEN, we exam-
ined the function of GADD34 in chronic liver inflamma-
tion. To address this question, we subjected mice to chronic
treatment with DEN (Fig. la). Similar to the acute liver
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injury induced by a single injection of DEN, we found that
mRNA expression of GADD34 (Ppplri5a) in WT mice
was significantly increased after chronic DEN treatment
(Fig. 2a and supplementary Fig. 1a). Moreover, oncogene
c-Myc, phosphorylated p53, pyroptosis-related protein
caspase-1pl0 and apoptosis-related protein cleaved cas-
pase-3 showed higher expression levels in the livers of WT
mice than in GADD34—/— mice (Fig. 2b, c). These results

2h 4h 8h

12h 24h Oh 2h 4h 8h 12h 24h

showed that GADD34 enhanced DNA damage, oncogene
expression and hepatic damage after chronic exposure to
DEN.

Histological analysis showed that WT mice were sub-
jected to significantly higher hepatic inflammation than
were GADD34—/— mice. The former were characterized
by higher-level infiltration of immune cells around central
veins (Fig. 2d). To determine the phenotype of involved
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< Fig. 2 GADD34 deficiency reduced oncogene expression, apoptosis,
inflammatory cell infiltration and ROS production after chronic DEN
treatment. a Representative RT-PCR result of GADD34 (Ppplri5a)
mRNAs from WT mice (n = 15 for WT, n = 15 for GADD34—/-).
GADD34 mRNAs are normalized to B-actin mRNAs in three inde-
pendent samples. n = 5/group. b Analysis of oncogene and apop-
totic protein expression levels by Western blotting using liver sam-
ples from WT and GADD34—/— mice after chronic DEN treatment.
n = 5/group. ¢ Densitometric analysis of band intensities of pp53 and
cMyc relative to B-actin. Data represent mean = SEM from three
independent experiments. d Representative H&E staining of liver sec-
tions after chronic DEN treatment. Scale bars 50 pm. Statistical data
indicated immune cells around central vein in each high-power field
(HPF, six fields of view for each sample, n = 5) that are counted.
*##%P < (0.001 versus WT. e—f Flow cytometric analysis of immune
cell infiltration in the liver after chronic DEN treatment. Single-cell
suspensions from livers are stained and analyzed for the indicated cell
surface markers. Statistical data indicated the percentage of LY6C"ih
LY6G"" cells (e) and F4/80™e" CD11b"e" cells (f). Data represent
mean £+ SEM of at least three independent experiments. *P < 0.05,
*#*P < 0.01, ***P < 0.001 versus WT. ns no significance versus WT.
g Immune cells isolated from mouse liver are stained with CM-
H2DCFDA after chronic DEN treatment, and ROS production is ana-
lyzed by flow cytometry. h Histogram for mean fluorescence intensity
in (g). N = 3 for each group, ***P < 0.001 versus WT, mean &+ SEM

immune cells, flow cytometric analyses were undertaken.
Among the dissociated cells, the populations of neutro-
phils (Ly6C™e" Ly6G"&") and Kupffer cells/macrophages
(F4/80M¢"CD11b"eh) were significantly increased in WT
mice after chronic DEN treatment. By contrast, fewer
infiltrating immune cells were seen in GADD34—/— mice
(Fig. 2e, ). In addition, the increased infiltration of mac-
rophages into WT livers was confirmed by IHC staining
with an anti-F4/80 antibody (Supplementary Fig. 1b), an
interesting observation because macrophage activation and
recruitment favored inflammatory cytokine production.
CD4" and CD8" T cells were decreased in both WT and
GADD34—/— livers, especially after high-dose DEN treat-
ment (Supplementary Fig. 1c). This observation indicated
an immune dysfunction in mice after DEN treatment.

To further investigate whether the enhanced hepatic
inflammation with the presence of GADD34 was associ-
ated with excess production of oxidative stress species,
we stained immune cells with CM-H2DCFDA and used
flow cytometric analyses to evaluate ROS production. The
results showed significantly higher levels of ROS produc-
tion in WT than in GADD34—/— following repeated treat-
ments with 25 mg/kg DEN (Fig. 2g, h). Those data indi-
cated that ROS production by activated immune cells in
WT mice may have contributed to higher levels of pro-tum-
origenic cytokine production. Together, these results sug-
gested that GADD34 played an important role in both acute
injury and chronic liver inflammation, as loss of GADD34
could attenuate oncogene expression, hepatic inflamma-
tion, immune cell infiltration and ROS production after
chronic DEN treatment.

GADD34 deficiency reduced cytokine/chemokine
production and compensatory proliferation
after chronic DEN treatment

Infiltrating immune cells such as macrophages produce
cytokines, chemokines and matrix proteases that are
responsible for the inflammatory process and compensa-
tory proliferation [23]. Thus, we used real-time PCR to
examine the mRNA levels of cytokines and chemokines
after chronic DEN treatment. The expression of IL-18,
matrix metalloproteinase-9 (MMP9), monocyte chemoat-
tractant protein 1 (MCP1), IL-6 and TNF-a was signifi-
cantly increased in the livers of WT mice, whereas these
inflammatory molecules were comparatively lower in
GADD34—/— mice (Fig. 3a). Furthermore, the immu-
nofluorescent staining showed that IL-6 was expressed in
F4/80-positive Kupffer cells/macrophages, and the expres-
sion of IL-6 in these cells presented significantly higher
immunofluorescence intensity in WT than in GADD34—/—
(Fig. 3b, c). These results suggested that GADD34 dele-
tion led to reduced production of IL-6 by Kupffer cells.
It was noteworthy that IL-18, MMP9 and MCP1 showed
much higher-level expression than IL-6 and TNF-«a in both
WT and GADD34—/— mice after DEN treatment. These
results demonstrated that GADD34 rendered hepatocytes
more susceptible to DEN-induced hepatic damage, leading
to higher levels of IL-18 and MCPI1 expression and sub-
sequently enhanced activation of Kupffer cells to release
higher levels of IL-6.

The expression of pro-inflammatory and pro-tumor-
igenic genes is modulated by signal transduction path-
ways mediated by NF-kB and STAT proteins [6, 24]. To
understand whether these pathways and molecules were
downregulated in the absence of GADD34, we assessed
the expression of signaling molecules, including NF-kB
pS0 subunit and phosphorylated-STAT3. Indeed, signifi-
cantly higher activation levels of NF-kB and STAT3 were
observed after chronic DEN treatment in the livers of WT
mice compared to those in GADD34—/— mice (Fig. 3d).
These results suggested that enhanced activation of Kupffer
cells/macrophages may provide signals that contribute
to hepatic compensatory proliferation in the presence of
GADD34.

To confirm our hypothesis, Ki67 expression was ana-
lyzed in DEN-treated livers. We found that higher expres-
sion levels of Ki67 were present in the livers of WT mice
than that in GADD34—/— mice following repeated treat-
ments with 25 mg/kg DEN. In contrast, Ki67 expression
was reduced after repeated treatments with 50 mg/kg DEN
in both genotypes. These results indicated that repeated
administration of 50 mg/kg DEN could be hepatotoxic,
and there existed no dose-dependent effect of DEN on
GADD34 over this concentration range (Fig. 3e). Based on
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Fig. 3 GADD34 deficiency exhibited lower cytokine expression and
hepatic compensatory proliferation after chronic DEN treatment. a
Real-time PCR analysis of mRNA expression levels of the indicated
genes in liver from WT and GADD34—/— mice after chronic DEN
treatment. Data represent mean = SEM of three independent experi-
ments, *P < 0.05, ***P < 0.001 versus WT; ns no significance ver-
sus WT. b Representative immunofluorescent confocal microscopic
images of tissues co-stained for F4/80 and IL-6 in liver tissues after
chronic DEN treatment. Nuclei (4/,6-diamidino-2-phenylindole,
DAPI), blue; 1L-6, green; F4/80, pink. The red outlined areas are
enlarged in top left corners. Scale bars 100 pm. ¢ Statistical analysis

these results, it appears that exposure to DEN upregulates
GADD?34, increasing hepatic damage and the compensa-
tory proliferation of mutant hepatocytes. This process may
well contribute to the triggering of HCC.

GADD34 deficiency reduced tumor burden in liver

After confirming that GADD34 played an important role
in chronic inflammation, we next aimed at investigating
whether GADD34 was involved in hepatocarcinogenesis
by using a previously described protocol to generate HCC
[21]. After administration of one dose of DEN, TCPOBOP
was administered once every 2 weeks. We Kkilled the
WT and GADD34—/— mice at 5 months after the initial
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of mean fluorescence intensity of IL-6 in Kupffer cells/macrophages.
N = 3 with >8 fields of view for each group, *P < 0.05 versus WT,
mean £+ SEM. no significance versus WT. d Representative protein
expression levels of liver samples from WT and GADD34—/— mice
after chronic DEN treatment. e Analysis of hepatic compensatory
proliferation by staining for Ki67. Black arrows indicate Ki67-posi-
tive cells. Scale bars 100 um. Data represent mean = SEM of three
independent samples with >6 fields of view for each sample (LPF,
low-power field). ***P < 0.001 versus WT. ns no significance versus
WT

DEN treatment and removed the livers to assess tumor
formation macroscopically and histologically (Fig. 1a).
The sizes of the HCC and the liver/body weight ratios in
GADD34—/— mice were significantly lower than in WT
mice (Fig. 4a—c). Histological analysis of liver tissue dem-
onstrated that the non-tumor area in WT mice showed more
dysplasia around central vein areas than in GADD34—/—
mice (Fig. 4d). Moreover, the borders of localized tumor
areas were larger in WT mice than in GADD34—/— mice
(Fig. 4d). These results indicated that an increased tumor
burden was associated with severe dysplasia in WT mice.
Interestingly, we found that the expression of GADD34
protein level was strongly increased in WT mice after HCC
development (Fig. 4e). The expression of AFP, c-Myc and
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Fig. 4 GADD34 deficiency reduced hepatocellular carcinoma (HCC)
progression after DEN and TCPOBOP treatment. a Representative
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mice. Red arrows indicate tumor nodules. b Statistical analy-
sis of average tumor size. N = 9 for WT, n = 7 for GADD34—/—.
**P < 0.01 versus WT. ¢ Statistical analysis of liver/body weight

phosphorylated Akt was significantly higher in WT mice
than in GADD34—/— mice (Fig. 4e), which provided fur-
ther evidence of higher tumor burden in WT mice than in
GADD34—/— mice.

Next, we tried to delineate which factor played a domi-
nant role in HCC progression. It has been reported that
macrophages are a key component of the tumor microen-
vironment and orchestrate various aspects of cancer [25].
Accordingly, we used IHC staining and observed higher
numbers of F4/80-positive Kupffer cells/macrophages in
both non-tumor areas and tumor areas of WT livers than in
GADD34—/— livers (Fig. 5a, b). Consistent with this result,
the chemokine MCP1 and its receptor C-C chemokine
receptor type 2 (CCR2) showed significantly higher expres-
sion levels in the livers of WT mice than in GADD34—/—
mice (Fig. 5c). The expression levels of pro-tumorigenic
mRNAs of c-Myc and TNF-a were significantly increased
in WT livers relative to GADD34—/— livers (Fig. 5d, e).

Tumor area

Vehicle N1 N2 N3 N4 Vehicle N1 N2 N3 N4

GO T - O e e
AP | ——

ratios. ***P < 0.001 versus WT. d H&E staining of non-tumor and
tumor liver sections obtained from WT and GADD34—/— mice. The
outlined areas are enlarged in the lower panel. Scale bars 100 pm.
e Analysis of indicated protein expression by Western blotting using
whole-liver samples including tumor and non-tumor areas from WT
and GADD34—/— mice

Since tumor size was related to cell proliferative capac-
ity, we examined Ki67 expression by IHC. The results
showed that the expression of Ki67 was significantly higher
in the tumor area of WT mice than in GADD34—/— mice
(Fig. 51, g), indicating that GADD34 promoted hepatocar-
cinogenesis. Collectively, GADD34 deficiency reduced
HCC progression through attenuating oncogene expression,
ROS production, cytokine secretion, Kupffer cell activation
and hepatic compensatory proliferation (Fig. 6).

Discussion

GADD34 (Ppplri5a) was originally described as a growth
arrest and DNA damage-inducible gene. GADD34 tran-
script levels tend to increase in response to genotoxic
stress, nutrient deprivation and myeloid cell differentia-
tion [16]. GADD34 expression regulates apoptosis through
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Fig. 5 GADD34 deficiency reduced HCC progression through atten-
uating macrophage infiltration, cytokine level, oncogene expression
and hepatic proliferation. a Representative IHC images of non-tumor
and tumor areas in liver samples from WT and GADD34—/— mice
using anti-F4/80 antibody. The outlined areas are enlarged in the
lower panel. Scale bars 50 pm. b Statistical analysis of F4/80-posi-
tive cells from different locations in different samples. N = 6 with >8
fields of view for each group, *P < 0.05, ***P < 0.001 versus WT,

various signaling pathways and also enhances apoptotic
responses to DNA damage [26].

To date, no direct evidence has identified a linking
between GADD34 expression and hepatocellular tumo-
rigenesis. In the current study, we evaluated the function
of GADD34 in a well-characterized carcinogen-induced
HCC model by using WT and GADD34 KO mice. Here,
we have shown that GADD34 facilitates hepatocarcinogen-
esis by promoting liver inflammation and compensatory
proliferation.

It has been demonstrated that GADD34 expression
is correlated with the onset of apoptosis in certain cell
lines following ionizing irradiation or treatment with an
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alkylating agent methyl-methanesulfonate [27]. Here, we
have shown that GADD34 expression is increased by treat-
ment with DEN, and this is correlated with the expression
of phosphorylated p53 at Serl5. Previous experiments
directly showed that the phosphorylation of p53 at Serl5
was enhanced by increased expression of GADD34 [28,
29].

We also confirmed that DEN treatment induced severe
cell damage and death in WT animals through elevated lev-
els of cleaved caspase-1 and cleaved caspase-3. Conversely,
this phenomenon was aborted in GADD34 KO mice. Fol-
lowing DEN-induced GADD34 expression and the asso-
ciated necrosis of hepatocytes, cellular components (ATP,
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Fig. 6 Schematic summary of this study. The chemical carcinogen
diethylnitrosamine (DEN) led to DNA damage that in turn could
enhance GADD34 upregulation. GADD34 augmented oncogene
activation and the death of DEN-exposed hepatocytes through both
pyroptosis and necrosis pathway. This process led to Kupffer cell/

high mobility group box1 and heat shock proteins) and
extracellular matrix fragments may work as damage-asso-
ciated molecular patterns (DAMPs). DAMPs are recog-
nized by Kupffer cells or infiltrated macrophages through
Toll-like receptors or inflammasomes to trigger inflamma-
tion-regeneration signaling pathways [30, 31]. Our results
showed that repeated injection of DEN enhanced produc-
tion of pro-inflammatory cytokines because of elevated
GADD34 expression. These cytokines included IL-18,
MCPI1 released from damaged hepatocytes and IL-6, and
TNF-a released from Kupffer cells/macrophages, indicat-
ing that GADD34 promoted susceptibility to DEN-induced
hepatocyte damage, leading to secretion of cytokines and
chemokines and enhanced activation of Kupffer cells.

ROS production by activated immune cells contributes to
pro-tumorigenic cytokine production and cancer promotion
[32]. Release of biologically active molecules (cytokines
and reactive oxygen intermediates) from activated Kupffer
cells has been implicated in hepatocarcinogenic events
[33]. Accordingly, we demonstrated that GADD34 defi-
ciency led to reduced ROS production by immune cells.
Higher-level activation of NF-kB and STAT3 suppresses
apoptosis and promotes cell cycle progression in dam-
aged liver cells [34]. The enhanced activation of Kupffer
cells or macrophages provides signals that contribute to
compensatory proliferation of hepatocytes in the presence
of GADD34. Moreover, it has been shown that inflamma-
tion enhances cellular susceptibility to mutagenesis and

macrophage activation and immune cell infiltration that subsequently
produced pro-tumorigenic cytokine and ROS, thereby stimulating the
compensatory proliferation of surviving, mutant hepatocytes. Finally,
abnormal proliferation enhanced HCC progression

genomic destabilization by altering cell cycle checkpoints
and disruption of DNA repair pathways, and this results in
the accumulation of random genetic alterations [35, 36].
Previous reports showed that inactivation of p53-mediated
genomic surveillance and over-expression of Myc result
in the suppression of DNA repair and acceleration of the
mutation rate in cancer cells [10]. Once tumors become
established, c-Myc is a key player in alternative mac-
rophage activation and pro-tumorigenic gene expression
[37]. Accordingly, we found that several oncogenic media-
tors such as IL-1B, IL-6, TNF-a and c-Myc were downreg-
ulated in the absence of GADD34.

Although GADD34 has been shown to induce apoptosis,
our results further demonstrated that GADD34 promoted
DEN-mediated liver tumorigenesis. GADD34 rendered
hepatocytes more vulnerable to DEN-induced damage,
leading to high levels of cytokine and chemokine expres-
sion. This is notable because chemokines, especially CCL2
(MCP1) and CCLS, are associated with macrophage infil-
tration and tumor progression [38]. Similarly, our results
revealed that enhanced proliferation of Kupffer cells and
migration of macrophages in WT mice following DEN-
induced HCC. Kupffer cells/macrophages are common and
fundamental components of cancer-related inflammation.
For example, in response to persistent infections or chronic
irritation, macrophages synthesize inflammatory cytokines
such as TNF-a and IL-6 that could contribute to tumor ini-
tiation and promotion. These inflammatory molecules also
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promote genetic instability within the developing tumor
[39]. Moreover, Kupffer cells provide essential mitogens to
HCC. Specifically, NF-kB and STAT3 pathways promote
mitogen synthesis, leading to non-autonomous prolifera-
tion of surrounding cells and enhancing tumor burden [19,
40]. Thus, GADD34 may work as a mediator by causing
hepatic DNA damage and necrosis, followed by abnormal
compensatory proliferation of surviving hepatocytes. In
addition, mutations of crucial genes in the DNA damage-
sensing pathway of undead cells also contribute to tumor
growth and progression [41]. Because carcinogens such as
DEN inflict DNA damage and production of DNA adducts,
the presence of adducts accelerates the response to inflam-
mation by releasing of tumor-promoting cytokines during
the early stages of HCC development [42]. Furthermore,
in response to persistent damage, macrophages produce
inflammatory cytokines that recruit other immune cells to
sustain the chronic inflammation [43]. Chronic liver injury
may evolve into an inflammation-wound healing response
round that promotes the development of hepatic fibrosis
and eventually HCC [44]. Collectively, GADD34 acts as an
important mediator during liver tumorigenesis. GADD34
renders the hepatocytes more susceptible to necrosis
and pyroptosis after exposure to DEN. Furthermore, the
enhanced damage to the liver promotes higher numbers of
Kupffer cell activation and macrophage infiltration. The
fact that tumor nodules are much bigger in WT than in
GADD34—/— mice provides solid evidence that GADD34
enhances HCC development.

Taken together, we conclude that the effects of GADD34
in DEN-induced HCC proceed as follows. First, the chemi-
cal carcinogen DEN damages hepatocyte DNA, which
leads to elevated expression of GADD34 in the liver. The
increased expression of GADD34 augments hepatic necro-
sis followed by release of IL-1B and MCP1. This process
promotes Kupffer cell activation and macrophage infiltra-
tion followed by the production of ROS and pro-tumori-
genic cytokines such as IL-6 and TNF-a. These pro-tum-
origenic cytokines stimulate compensatory proliferation
of surviving and mutant hepatocytes. Finally, the abnor-
mal compensatory proliferation leads to HCC progression
(Fig. 6).

In conclusion, GADD34 contributes to hepatic damage,
inflammation and compensatory proliferation during HCC.
However, it is still necessary to explore the detailed mecha-
nisms underlying GADD34 regulation of signal pathways
during liver tumorigenesis and to seek therapeutic opportu-
nities for HCC by targeting associated pathways.
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