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Introduction: Hepatocellular carcinoma (HCC) is the most common type of primary liver cancers. It is an aggressive neoplasm with
dismal outcome because most of the patients present with an advanced-stage disease, which precludes curative surgical options.
Therefore, these patients require systemic therapies that typically induce small improvements in overall survival. Hence, it is crucial
to identify new and promising therapeutic targets for HCC to improve the current outcome. The liver is a key organ in the signaling
cascade triggered by the growth hormone receptor (GHR). Previous studies have shown that GHR signaling stimulates the proliferation
and regeneration of liver cells and tissues; however, a definitive role of GHR signaling in HCC pathogenesis has not been identified.
Methods: In this study, we used a direct and specific approach to analyze the role of GHR in HCC development. This approach
encompasses mice with global (Ghr"") or liver-specific (LiGhr’") disruption of GHR expression, and the injection of diethylni-
trosamine (DEN) to develop HCC in these mice.

Results: Our data show that DEN induced HCC in a substantial majority of the Ghr™" (93.5%) and Ghr*" (87.1%) mice but not in the
Ghr™"™ (5.6%) mice (P < 0.0001). Although 57.7% of LiGhr "~ mice developed HCC after injection of DEN, these mice had significantly
fewer tumors than LiGhr*"*

the pathologic, histologic, and biochemical characteristics of DEN-induced HCC in mice resembled to a great extent human HCC, despite

(P <0.001), which implies that the expression of GHR in the liver cells might increase tumor burden. Notably,

the fact that etiologically this model does not mimic this cancer in humans. Our data also show that the effects of DEN on mice livers were
primarily related to its carcinogenic effects and ability to induce HCC, with minimal effects related to toxic effects.

Conclusion: Collectively, our data support an important role of GHR in HCC development, and suggest that exploiting GHR
signaling may represent a promising approach to treat HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the dominant type of liver cancers, constituting ~75% of the total.' It is an aggressive
neoplasm with a poor prognosis because ~80% of the patients are diagnosed at an advanced stage, which excludes curative
treatment modalities such as surgical resection and liver transplantation.” Currently, advanced-stage HCC is treated with limited
options for systemic therapies. For instance, sorafenib, a multi-kinase inhibitor, was approved for HCC treatment in 2008 based
on Phase III SHARP trial that demonstrated a modest overall survival (OS) benefit as compared to placebo (10.7 vs 7.9 months,
hazard ratio [HR] 0.69; P < 0.001).> Additional kinase inhibitors including lenvatinib, regorafenib, ramucirumab, and cabozan-
tinib were approved in first or second-line settings with OS improvements of only 1.6 to 2.8 months vs placebo.*”” Immune
checkpoint blockade was also assessed in HCC, and the anti-PD-1 antibodies nivolumab and pembrolizumab mostly failed as
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monotherapies.®’ More recently, the combination of atezolizumab (anti-PD-L1) plus bevacizumab (anti-VEGF-A) was approved
as first-line therapy, based on phase III IMbravel50 trial that assessed this regimen vs sorafenib and yielded a progression-free
survival (PFS) of only 6.8 vs 4.3 months, HR 0.59; P <0.001, and objective response rate of 27% vs 12%.'° However, it was soon
discovered through preclinical and clinical investigations that immune checkpoint blockade, particularly as monotherapy, may
not be effective in HCC patients with nonalcoholic steatohepatitis (NASH).!' "

The limited success of systemic therapies could be attributed, at least in part, to the diverse, complex, and poorly
understood pathogenesis of HCC. For instance, the risk factors for HCC include chronic liver diseases such as NASH,
liver cirrhosis, and hepatitis B and C viral infections. Other risk factors include excessive alcohol consumption, type 2
diabetes, obesity, metabolic syndrome, and ingestion of food contaminated with aflatoxin BI.I‘H7 Moreover, numerous
pathways that involve growth factors, cell differentiation and development, nuclear signaling, and noncoding RNA are
deregulated in HCC."® To add to its pathogenetic complexity, genetic aberrations such as amplifications of chromosomes
6p21 (VEGFA) and 11ql3 (FGFI19/CNNDI), deletions in chromosome 9 (CDKN2A4), and mutations in the TERT,
CTNNBI, and TP53 genes occur in HCC.'”?*° Therefore, effective systemic treatment of HCC remains a challenge,
and it is critical to better our understanding of the pathogenesis of this cancer in order to develop new candidates that
have legitimate therapeutic potential.

The growth hormone (GH) receptor (GHR) is the prototypical class I cytokine receptor.”' GHR plays essential physiological
roles related to regulating growth during childhood and adolescence, metabolism, and aging.** Signaling via GHR, which lacks
kinase activity, is mediated through binding GH. This binding causes auto-phosphorylation of 2 GHR-associated JAK2
molecules, which subsequently activate transcription factors STAT3 and STATS, and downstream molecules IRS-1, AKT, and
ERK.*® Nonetheless, GHR signaling can also be executed via JAK2-independent mechanisms.* An important outcome of GHR
activation is stimulation of the production and secretion, mainly by the liver cell, of type I insulin-like growth factor (IGF -I).25‘26
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Through a negative feedback mechanism, IGF-I secreted by the liver inhibits the release of GH from somatotropic cells of the
anterior pituitary.>”*® Hence, the liver is considered a major target of GHR action.

In addition to its physiologic roles in the liver, previous studies implicated GHR signaling in HCC pathogenesis.
Notably, these studies were performed in vitro or in vivo after stimulation of HCC cell lines by GH,*>! or in Gh
transgenic mouse models.*>** In the current study, we tested the hypothesis that specific inhibition of GHR signaling
abrogates HCC development. In contrast to the previous studies, we employed a direct strategy by testing the effects of
specific inhibition of GHR signaling through targeted disruption of the GHR gene. Furthermore, we analyzed the effects
of global vs liver-specific GHR gene disruption on HCC development and progression.

Materials and Methods

Reagents and Antibodies

Diethylnitrosamine (DEN), (catalogue number: N0258; MilliporeSigma, Burlington, MA) was dissolved in saline and
stored at 4°C until used. Antibodies specific to pSTAT3™7%% (9145), STAT3 (12640), pERK 1/2Thr202/1y1204 (437()),
ERK1/2 (4695), pGSK-30/p%"® (9331), GSK-3a/B (9315), p-c-Jun®"”® (3270), c-Jun (9165), pIGE-IR™"!131136
(3024), IGF-IR (9750), Ki-67 (12202) (Cell Signaling, Cambridge, MA), BCL-2 (sc-7382), BCL-xL/xS (sc-1041)
(Santa Cruz Biotechnology, Delaware, CA), and B-Actin (A2228), (MilliporeSigma) were used.

Mice

GHR wild type (Ghr*""), GHR-heterozygous (Ghr*"), liver-specific GHR wild type (LiGh#™ or LiGhr*'"), and liver-specific
GHR knockout (LiGh”™":Alb Cre and LiGhr’") mice were previously described.**** Mice were maintained in a pathogen-
free environment with controlled humidity and 12 h light/dark cycles.

DEN-Induced HCC in Mice and Sample Collection

Mice experiments were performed in accordance with the National Institutes of Health’s Guide for the Care and Use
of Laboratory Animals and after approval of our Institutional Animal Care and Use Committee. To induce HCC,
2-week-old mice were injected with DEN (25 mg/kg) or saline (control) intraperitoneally and maintained for 36—40
weeks. HCC development was monitored every other week by visual observation and palpation to detect enlargement
of the upper abdomen. After euthanasia, blood was collected by using cardiac puncture and left for 30 min at room
temperature to clot. Serum was separated by centrifuging at 2000 rpm (376g) for 10 min in a pre-cooled Eppendorf
centrifuge and stored at —80°C until analyzed. Body weight (before euthanasia), liver weight, and the number of
tumors in the liver were recorded. Liver tissues were fixed in formalin and embedded in paraffin for histology.
Portions of the livers were collected in RNA/ater stabilization solution for RNA isolation (AM7020; ThermoFisher,
Waltham, MA) and snap frozen in liquid nitrogen for quantitative real time-PCR (qRT-PCR) and Western blot-
ting (WB).

Enzyme-Linked Immunosorbent Assay (ELISA)

Mouse-specific ELISA kits were used to measure circulating alpha-fetoprotein (AFP) (MAFP00; R&D Systems,
St. Louis, MO), IGF-I (MG100; R&D Systems), and GH (EKU04609; Bio-Matik, Wilmington, DE). Briefly, serum
samples were diluted according to the manufacturer’s recommended protocols. Standards and samples were used
simultaneously in each experimental setup. Optical densities were measured using a microplate reader (CLARIOstar;
BMG Labtech, NC). Serum concentrations were calculated according to equations of linear standard curves generated by
plotting optical densities and standard concentrations.

Aspartate Aminotransferase (AST) and Alanine Aminotransferase (ALT) Measurement
Serum concentrations of AST (A7561-150) and ALT (A7526-150) were measured using kinetic assay-based kits (Pointe
Scientific, Canton, MI). Briefly, 96-well plates were used where serum (10 pL) was pipetted in each well, and 100 pL of
prewarmed (5 min at 37°C) working reagent was added to each well. Plates were subsequently incubated in a microplate

Journal of Hepatocellular Carcinoma 2022:9 heeps: 825

Dove:


https://www.dovepress.com
https://www.dovepress.com

Haque et al Dove

reader for 1 min at 37°C. Initial incubation absorbance was recorded every minute for 3 min. Mean absorbance
difference/min and concentrations of AST and ALT were calculated according to the manufacturer’s instructions.

qRT-PCR

Total RNA was extracted from frozen liver tissues stored in RNAlater stabilization solution (ThermoFisher) using RNeasy
Mini Kit (Qiagen, Germantown, MD). RNA (1 pg) was reverse transcribed to cDNA using Super Script III cDNA Synthesis
Kit (Invitrogen, Waltham, MA) according to the manufacturer’s protocol. Quantitative real-time PCR (qPCR) was carried out
by First SYBER Green Master Mix (Applied Biosystems, Waltham, MA). Briefly, cDNA (2 uL) and target specific forward
and reverse primers were mixed with cyber green master mix in 96 well PCR plate. Mouse-specific primer (Integrated DNA
Technologies, Coralville, IA) sequences for Ghr were as follows: forward 5'-TTTACCCCCAGTCCCAGTTC-3'; reverse 5'-
TCAATGAACTCGACCCAGGA-3', Tnf: forward 5'-GCCTCTTCTCATTCCTGCTT-3'; reverse 5'-CACTTGGTGGTTTG
CTACGA-3/, 1i6: forward 5-TTCCATCCAGTTGCCTTCTT-3"; reverse 5"-ATTTCCACGATTTCCC
AGAG-3', 1110: forward 5-GGACAACATACTGCTAACCGACTC-3' and reverse 5-AAAATCACTCTTCAC
CTGCTCCAC-3'. PCR was performed using 7500 Fast Real-time PCR System (ThermoFisher). The optimized PCR
conditions were 95°C (initial denaturation) for 5 min followed by 40 cycles at 95°C for 30 sec and 60°C for 60 sec. Gene
expression levels were determined as the changes relative to the mean value of the reference gene (Actb).

Western Blotting (WB)

Frozen liver tissues were homogenized using ice-cold radioimmunoprecipitation assay (RIPA) lysis buffer (9806; Cell
Signaling). After sonication and centrifugation, the extracted proteins were recovered in the supernatant and mixed with sample
buffer. Protein concentrations were determined using a protein assay kit (Bio-Rad, Hercules, CA). Equal protein amounts from
each sample were separated on 10—12% sodium dodecyl sulfate—polyacrylamide gel, transferred to a polyvinylidene difluoride
membrane (MilliporeSigma), and incubated with specific primary antibodies. Protein bands were detected with an enhanced
chemiluminescence kit (Pierce Biotechnology, Waltham, MA). B-Actin was used as loading control.

Immunohistochemical Staining (IHC)

Formalin-fixed and paraffin-embedded liver sections were deparaffinized using xylene and gradient alcohol concentration,
washed, and subjected to antigen retrieval for 25 min in a steamer using 1x Target Retrieval Solution (S1699; Dako, Carpinteria,
CA). Then, samples were placed for 20 min at room temperature, washed, and incubated for 30 min in 3% H,O, to block
endogenous peroxidase activity. Tissue sections were then washed in Protein Block Serum-Free solution (X0909; Dako) for 30
min at room temperature. Primary antibody (Ki-67) diluted in blocking buffer (1:400) was added for overnight incubation at 4°C.
Next, the slides were washed and incubated with the secondary antibody (K4063; EnVision+ Dual Link System-HRP, Dako) for
30 min. Thereafter, the slides were washed and developed using Liquid DAB+ Substrate Chromogen System (K3468; Dako).
Hematoxylin was used for counterstaining. The hematoxylin and eosin (H&E)- and IHC-stained tissue sections were indepen-
dently evaluated by at least 2 pathologists (from HMA, AR, and JLL). Thereafter, consensus was achieved via joint meetings.

Statistical Analysis

SAS (9.4; SAS Institute Inc., Cary, NC) and Prism 9 for macOS (9.2; GraphPad Software, San Diego, CA) software were used
for statistical analysis. Statistical differences for continuous outcomes were measured by using ANOVA and the Tukey
method for adjustment of multiple comparisons or Student’s ¢-test where appropriate. Statistical differences for categorical
outcomes were measured by using Chi-square test/Fisher’s exact test. P < 0.05 was considered statistically significant.

Results

Genotypic and Phenotypic Features of Mice After Global and Liver-Specific Disruption

of Ghr Gene

Before DEN injection, we extracted tail DNA and performed PCR for genotypic confirmation (Figure 1A and B). Figure 1C
illustrates examples of adult Ghr*"*, Ghr*”, and Ghr~"~ mice where global Ghr disruption was associated with a remarkable
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Figure | Genotypic and phenotypic features of mice after global and liver-specific disruption of the Ghr gene. (A) Global (Ghr) and (B) liver-specific disruption of Ghr (LiGhr)
was confirmed by genotyping using conventional polymerase chain reaction (PCR) from genomic DNA isolated from mice tails as described previously (smaller band denotes
Ghr*™* mice while the larger band denotes Ghr™'~ mice). Body sizes of representative mice examples from (C) the global Ghr*'*, Ghr*", and Ghr'"; and (D) the liver-specific
LiGhr*"*, LiGhr**, and LiGhr ™'~ mice genotypes. Body weights of mice from the (E) global (n=31 in Ghr*"*, n=31 in Ghr*"; n=18 in Ghr '"); and (F) LiGhr*"*, LiGhr*", and LiGhr '~
(n=25 in each group) genotype groups. (G) Levels of Ghr mRNA in the livers from global (n=3 in Ghr*’*, n=2 in Ghr*”, n=3 in Ghr ""); and (H) liver-specific (n=2 in LiGhr*'",
n=3 in LiGhr*", n=3 in LiGhr ') genotype groups. Results are shown as means = SE.

reduction in body size. In contrast, this reduction was not observed when GAr disruption was restricted to the liver (Figure 1D).
Before euthanasia, Ghr”" mice exhibited larger body weights than Ghr*™" and Ghr~’~ mice (P = 0.0006 and P < 0.0001,
respectively), and the weights of Ghr* mice were larger than the weights of Ghr /"~ littermates (P < 0.0001) (Figure 1E).
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Whereas significant differences were not observed between the weights of the LiGhr™* and LiGhr™" mice, the LiGhr '~ mice
had smaller weights (P < 0.01 vs LiGhr™" and P = 0.0001 vs LiGhr"") (Figure 1F). The differences in body weights were
gender-independent (Supplementary Figure 1). Ghir mRNA in the liver was measured by qRT-PCR. There was almost

undetectable Ghr mRNA in Ghr "~ and LiGhr "~ mice compared with wild-type mice (Figure 1G and H). The heterozygous
mice, Ghr™" and LiGhr™", demonstrated intermediate Ghir mRNA levels.

Ghr Gene Disruption Inhibits HCC Development

Mice were injected with DEN (25 mg/kg) or saline (control) on postnatal day 14 and maintained for 3640 weeks (Figure 2A). At
necropsy, liver weights and tumor burden interpreted as the number of HCC tumors in the liver were determined. Tumors were not
detected in any other organ. Representative examples of livers from DEN-treated Ghr""*, Ghr*", and Ghr "~ mice and from
a control Ghr™"* mouse not treated with DEN are shown in Figure 2B (upper row). Also, Figure 2B (lower row) shows examples
of livers from LiGhr™” * Li Ghr'” " and Li Ghr”"” mice treated with DEN in addition to a representative control liver from Li Ghr'*
littermate not treated with DEN. The Ghr™"* and Ghr™" mice treated with DEN exhibited a significantly higher liver weight-to-
body weight ratio than the Ghr~/~ mice (P < 0.001; Figure 2C). All Gh#~/~ mice were tumor-free except a female mouse who
developed one tumor (1/18; 5.6%) (Figure 2D). In contrast, an overwhelming majority of Ghr*"* (29/31; 93.5%) and Ghr*" (27/
31; 87.1%) mice treated with DEN developed HCC (P < 0.0001). Of all mice that developed HCC, 50.9%, 47.4%, and 1.7% were
of the Ghr*"*, Ghr*”, and Ghr~"~ genotypes, respectively (Figure 2E). Furthermore, the average number of HCC tumors in
Ghr*"* and Ghr™" mice was 13.7 + 2.9 and 10.7 + 2.2 tumors, respectively, vs 0.06 + 0.06 tumors in Ghr "~ mice (P < 0.001;
Figure 2F).

In addition, DEN-treated LiGhr '~ mice exhibited a significantly lower liver weight-to-body weight ratio than LiGhr ™" mice
(Figure 2G; P < 0.05). In contrast to Ghr /~ mice (Figure 2D), HCC occurred more frequently in LiGhr '~ mice (Figure 2H). As
depicted in Figure 2H, 20/26 (76.9%) of LiGhr”" and LiGhr™" mice and 15/26 (57.7%) of LiGhr~'~ mice developed HCC.
Significant differences were not detected among the LiGhr groups (P = 0.21). Of all mice with liver-specific genotype that
developed HCC after DEN injection, 36.4%, 36.4%, and 27.2% belonged to the LiGhr™", LiGhr™", and LiGhr~~ groups,
respectively (Figure 2I). Despite the high incidence of HCC in LiGhr~"~ mice, the number of tumors in these mice was lower than
LiGhr*"* and LiGhr*" mice (1.2 + 0.3 tumors in LiGhr~’~ mice vs 8.4 + 1.5 and 4.5 + 1.1 tumors in LiGhr*"" and LiGhr*"
groups, respectively) (P < 0.001 vs LiGhr; Figure 2J).

+/+

DEN-Induced Liver Malignancy in Ghr*’* and Ghr*" Mice Resembles Human HCC

Similar to the more pronounced HCC tumor burden in male compared to female patients, DEN induced a more
pronounced tumor burden in male than female mice. Accordingly, male mice had significantly higher liver weight-to-
body weight ratio and more tumors than female mice (Supplementary Figure 2). Importantly, DEN caused the

development of HCC tumors that morphologically and histologically resembled to a great extent human HCC and
that despite etiologically DEN-induced HCC does not mimic the human disease. Most of these tumors presented as
relatively well-circumscribed nodules surrounded by benign liver tissues (2 examples of each of Ghr™* and Ghr™”
tumors are shown in Figure 3A and B, respectively). Excluding the 1 female mouse mentioned above, all Ghr/~ mice
treated with DEN did not develop HCC, and instead demonstrated normal liver architecture that was similar to the
livers from control Ghr""" mice not treated with DEN (Figure 3C and D). HCC tumors that developed in LiGhr'"*,
LiGhr™", and LiGhr~’~ mice showed similar histologic features (data not shown). IHC of Ki-67 was used to evaluate
the proliferation index (PI), which was calculated as the number of positive cells per high-power field (HPF), with 10
HPF evaluated in each section (Figure 3E). HCC in Ghr"" and Ghr™" mice had significantly higher PI when
compared with benign livers from DEN-treated Ghr™’” mice (Figure 3F; Ghr'’ *433 + 1.8; Ghr*” 5,313 £ 2.4,
Ghr'™, 4.9 + 0.4 Ki-67" cells/HPF; P < 0.0001). Also, HCC from Ghr"™"* mice had a significantly higher PI than HCC
from Ghr*" mice (P < 0.0001). Whereas PI was significantly higher in HCC tumors from Ghr™* and Ghr* mice than
in normal liver tissues from wild-type mice not treated with DEN (1.3 + 0.2 Ki-67" cells/HPF; P < 0.0001), significant
difference was not detected between PI in benign livers from Ghr~~ mice treated with DEN and normal liver tissues
from wild-type mice not treated with DEN (wild-type mice data are not shown in Figure 3E and F).
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Figure 2 Effects of the Ghr gene disruption on HCC development. (A) DEN-induced HCC mouse model. Mice were injected with DEN (25 mg/kg), or saline as control, on
postnatal day 14 and maintained until they became 36—40 weeks old. (B) Representative examples of livers from global (upper row) and liver-specific genotypes mice (lower

row) injected with DEN. Control Ghr** and LiGhr**

mice were injected with saline only. For the Ghr global genotype, the liver weight-to-body weight ratios, number of mice

with or without tumors, percentage of mice with HCC, and the number of tumors developed after DEN injection are shown in (C—F) respectively. For the LiGhr liver-
specific genotype, the liver weight-to-body weight ratios, number of mice with or without tumors, percentage of mice with HCC, and the number of tumors developed after
DEN injection are shown in (G-J) respectively. Results are shown as means * SE in (C, F, G, and I), and as means in (D and H).
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Figure 3 DEN-induced HCC in Ghr*’* and Ghr*" mice resembles to a great extent human HCC. Representative examples of hematoxylin and eosin-stained liver sections
from (A, upper and lower panels) Ghr™’*, (B, upper and lower panels) Ghr*", and (C) Ghr '~ mice that were injected with DEN. (D) Liver sections from a control Ghr*'*
mouse that was not injected with DEN is also shown as an example. Arrows highlight HCC tumor nodules in the Ghr*'* and Ghr*" liver tissues. There are foci of markedly
increased mitotic figures (arrowheads). HCC is not present in the livers from the Ghr '~ mouse treated with DEN and the Ghr*’* control mouse that was not treated with
DEN. PT and CV denote portal tract and central vein, respectively. (E) IHC staining with Ki-67 shows increased Pl in HCC that developed in Ghr** and Ghr*" mice after
DEN injection, compared with low Pl in liver tissues from Ghr '~ mice that were also injected with DEN, yet did not develop HCC. (F) The means % SE of the numbers of
Ki-67" cells per HPFE. The H&E photomicrographs were captured using the NanoZoomer S50 Digital slide scanner (Hamamatsu, Bridgewater, NJ), and the Ki-67
photomicrographs using an Olympus BX4| microscope (Olympus Scientific Solutions Americas Corp., Waltham, MA), Infinity 3 camera (Teledyne Lumenera, Ottawa,
Ontario, Canada), and Infinity Capture software (version 6.3.2., Teledyne Lumenera). Original magnifications are shown.

Figure 4 illustrates selected protein changes in Ghr™" livers harboring DEN-induced HCC vs normal livers from Ghr™~
mice treated with DEN. Findings in Ghr*’* and Ghr~"~ mice not treated with DEN are shown as controls. HCC in Ghr™"*
demonstrated findings that are mostly consistent with human HCC including increased expression of survival promoting
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Figure 4 Biochemical findings in Ghr™’* and Ghr™'~ mice livers after DEN or without DEN injection. (A) WB analysis shows the expression of pSTAT3, pERK 1/2, pGSK-3a/
B, and p-c-JUN are upregulated in DEN-induced HCC tumors in Ghr*’* mice compared with normal liver tissues from control Ghr*"*
Ghr™'™ mice treated or not treated with DEN. Some of the HCC tumors also show higher levels of pIGF-IR. Notably, there was a slight increase in pERK 1/2, pGSK-30/B, and
pIGF-IR in some of the noncancerous livers from Ghr** mice not treated with DEN; nonetheless, these proteins revealed remarkably higher levels in DEN-induced HCC.
Despite the lack of HCC development, the expression of pERK1/2 increased in Ghr ' livers after treatment with DEN. It is possible that this increase resulted from toxic
effects of DEN. However, the expression of pERK1/2 was much higher in HCC from Ghr*"* mice than in the livers from Ghr™'~ mice when both groups were treated with
DEN. Compared with control livers from Ghr*’* mice not treated with DEN, HCC tumors from Ghr*’* mice treated with DEN demonstrated upregulation of BCL-2 and
BCL-xL, and downregulation of BCL-xS, which is consistent with apoptosis resistance. In contrast, expression of BCL-2 was downregulated and BCL-xS was upregulated in
livers from the Ghr '~ mice that were treated or not treated with DEN. Furthermore, BCL-xL was mostly downregulated in the livers from these mice. (B) Hypothetical
diagram, based on the WB results shown in (A), illustrating how GHR signaling promotes apoptosis resistance and cell survival in DEN-induced HCC (induces activation/
upregulation:—; induces inhibition/downregulation:=—}; activation phosphorylation:@; inhibitory phosphorylation:@.

mice not treated with DEN or from

proteins pSTAT3, pERK1/2, pGSK-3a/B, and p-c-JUN. Some of these tumors also exhibited higher levels of pIGF-IR.

+/+

Although there was a slight increase in pERK 1/2, pGSK-30/f, and pIGF-IR in some of the noncancerous livers from Ghr
mice not treated with DEN; these proteins revealed remarkably higher levels in DEN-induced HCC in Ghr*" mice. Despite
the lack of HCC development, the expression of pERK1/2 increased in Ghr "~ livers after treatment with DEN. It is possible
that this increase resulted from toxic effects of DEN. Importantly, the expression of pERK1/2 was higher in DEN-induced
HCC from Ghr""" mice than in the livers from Ghr /" mice after treatment with DEN. Compared with control livers from
Ghr™* littermates not treated with DEN, HCC tumors from Ghr™*

with resistance to apoptosis, ie, upregulation of BCL-2 and BCL-xL, and downregulation of BCL-xS. The expression of

mice treated with DEN demonstrated findings consistent

BCL-2 was downregulated, and BCL-xS was upregulated in livers from the Gh»~~ mice that were treated or not treated with
DEN. Furthermore, BCL-xL was mostly downregulated in the livers from these mice.

DEN Induces Minimal Toxic Effects on the Livers from Ghr'* and Ghr '~ Mice

We also explored whether DEN causes nonspecific toxic effects on the liver that are not related to its carcinogenic effects
and ability to induce HCC. Therefore, we analyzed several HCC-related parameters in Ghr*" and Ghr~’~ mice that were
treated or not treated with DEN (Figure 5). The increase in liver weight-to-body weight ratio was observed in Ghr*"*
mice with HCC tumors, and not in Ghr™" mice not treated with DEN and Ghr~/~ mice treated or not treated with DEN,
which did not develop HCC (Figure 5A). Only the Ghr""* mice with DEN-induced HCC tumors had significantly higher
levels of circulating GH when compared with Ghr"* mice not treated with DEN, which did not develop HCC
(Figure 5B). Moreover, significantly higher levels of circulating GH were found in the Ghr~ mice regardless of
DEN status (Figure 5B). Only Ghr"" mice, treated or not treated with DEN, demonstrated high levels of circulating IGF-

I, whereas Ghr’~ mice, treated or not treated with DEN, had almost total lack of circulating IGF-I (Figure 5C). The
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Figure 5 Effects of DEN injection on the liver and circulating cytokines from Ghr*’* and Ghr™'~ mice. (A) Liver weight-to-body weight ratios of 40-week-old Ghr*’* (n=8)

and Ghr™'~ (n=7) mice with or without DEN treatment. Serum levels of the following biomarkers are presented including (B) GH (n=5 in each group), (C) IGF-I (n=7 in each
group), (D) AFP (n=5 in each group without DEN; n=6 in each group with DEN). (E) AST (n=9 in Ghr*"*; n=7 in th/*). (F) ALT (n=9 in Ghr*"*; n=7 in th/*). Relative
mRNA levels of the following genes are shown including (G) Tnf (n=5 in each group), (H) Il/0 (n=4 in Ghr** without DEN; n=5 in other groups), (I) Il-6 (n=3 in Ghr*’*
without DEN; n=4 in other groups). Data are presented as means * SE.

pronounced increase and decrease in circulating GH and IGF-I, respectively, have been previously reported in Ghr ™"~
mice,** and our data show that DEN had no effects on GH and IGF-I levels in these mice. Moreover, ALT, 7//0 mRNA,
and 1/6 mRNA increased only in Ghr""* mice who had DEN-induced HCC and not in Ghr’~ mice that were injected
with DEN and did not develop HCC (Figure F, H and I). Our data also show that DEN had some effects that appear to be
independent of HCC development. For instance, treatment with DEN increased AFP, AST, and 7nf mRNA (Figure 5D, E
and G) in Ghr~/~ mice that did not develop HCC. Collectively, our data support that the effects of DEN were primarily
related to HCC development.

Discussion

HCC is a devastating neoplasm with few approved systemic therapies that have a modest impact on improving outcome.
Hence, it is critical to better our understanding of the mechanisms that underlie HCC pathogenesis in order to develop
more effective systemic therapies. In the current study, we examined whether specific suppression of GHR signaling
inhibits HCC development. To achieve our goals, we used a mouse model in which the Ghr gene is disrupted, either
globally or only in the liver cells,** " and utilized DEN to induce HCC in these mice. Our data show that DEN
administration was associated with HCC development in the majority of the Ghr"" and Ghr* mice but not in the Ghr ™’
~ mice that have global disruption of GhAr. Although the frequency of DEN-induced HCC was higher in mice with liver-

832 https: Journal of Hepatocellular Carcinoma 2022:9

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Haque et al

specific than mice with global disruption of Ghr (LiGhr™'~ vs Ghr~'"), the LiGhr~’~ mice had significantly fewer tumors
than LiGhr*"" and LiGhr*" mice, which suggests that the expression of GHR in liver cells might enhance HCC tumor
burden. Our data also demonstrate that the pathologic, histologic, and biochemical features of DEN-induced HCC in
mice resemble to a great extent those of HCC in humans. It is of important note that the HCC-related features were
present despite the fact that etiologically DEN-induced HCC does not mimic human cancer.

The role of GHR signaling in cancer cell survival and proliferation has recently become the subject of increasing
attention.>® For instance, patients treated with GH are at higher risk of dying from cancer.** Moreover, patients with
acromegaly, who have excessive production of GH and hyperactivation of GHR, suffer an increase in cancer
incidence.**** In contrast, individuals with GHR gene deficiency, eg, Laron syndrome patients, are protected from
cancer and rarely die of it.****

Under the physiologic conditions, GHR signaling promotes the release of IGF-I from the liver, which in return
suppresses the secretion of GH by the pituitary. Hence, the liver is considered a key organ in GHR signaling axis, and
important roles of GHR in the pathogenesis of different types of liver diseases have been reported. For example, liver-
specific disruption of Ghr in mice led to decreased IGF-I levels, insulin resistance, and development of hepatic
steatosis.*>*® Importantly, the association between GHR signaling and increased hepatic cell proliferation and HCC has
been previously proposed. GHR was found to be highly expressed in human HCC tumors and increased GH levels in HCC
patients correlated with worse outcomes.*”** In preclinical experiments, global disruption of the G/r gene in mice was
associated with impaired liver cell proliferation and tissue regeneration following partial hepatectomy.*’ The administration
of GH upregulated the cell survival- and proliferation-promoting genes Stat3 and Mapk! in livers from Gh-deficient dwarf
rats.”® Similarly, Gh transgenic mice suffer a remarkable increase in liver cell proliferation that leads to HCC, which has
been attributed to activation of STAT3, ERK, AKT, EGFR, SRC, and mTOR.>**">?> Moreover, DEN-induced HCC
occurred more frequently in G/ transgenic mice than in wild-type littermates.®* Prior studies also demonstrated that
GHR signaling stimulates the proliferation of HCC cells in vitro and the growth of HCC xenografts in nude mice.**>'

To our knowledge, the current study is the first to examine the impact of a direct and specific approach to inhibit GHR
signaling, ie, disruption of the Ghr gene, on HCC development. DEN is a carcinogen that has been used to induce HCC in
different laboratory animal species.”® > We have previously used DEN in miniature pigs, and found that the histopathological
features of the developed HCC resemble to a great extent the human neoplasm.’® Although etiologically DEN-induced HCC
does not mimic this type of cancer in human patients, this model has several important pathological, histological, and
biochemical similarities with human HCC. Similar to DEN-induced HCC in mice in our study, human HCC presents with
comparable histopathological features, increased tumor burden in males than females, has higher proliferation index than
normal liver tissue, and is associated with activation of STAT3, ERK1/2, GSK-30/B, c-JUN, and IGF-IR.!18375% Also,
reminiscent to DEN-induced HCC, the human malignancy exhibits upregulation of BCL-xL and downregulation of BCL-
XS, consistent with apoptosis resistance signature.°*®! Whereas DEN-induced HCC in our study revealed upregulated BCL-2
expression, conflicting data related to this key antiapoptotic protein were reported in human HCC with some studies showing
a total lack of expression and others demonstrating its expression only in a subset of human tumors.®*** The development of
DEN-induced HCC was associated with increased circulating levels of GH, AFP, AST, and ALT, which are biomarkers that
correlate with progression and response to therapy in HCC patients.*®®° In addition, upregulation of the expression of /10, 116,
and Tnf genes, which encode IL-10, IL-6, and TNF-a, respectively, was detected in the mice with DEN-induced HCC. These
cytokines play key roles in HCC pathogenesis in humans.®®®® Interestingly, AST levels were markedly elevated in Ghr "~

mice, with or without DEN administration, compared with Ghr*"*

mice. Although the exact explanation of this finding is not
known, it is possible that GHR plays a role in regulating the production and secretion of AST from the liver.

Our data are consistent with the previously reported genotypic and phenotypic characteristics of the mice with global
and liver-specific Ghr gene disruption patterns.>*> Similar to the original reports, Ghr™™ mice, regardless of DEN

administration, had increased levels of circulating GH and decreased levels of IGF-I than Ghr™"*

mice. These findings
can be attributed to the absence of GHR expression in liver cells, which leads to reduction of IGF-I release from the liver
that produces 70-85% of serum IGF-I, and subsequent loss of its negative feedback effect on the secretion of GH from
the pituitary.** Importantly, we also wanted to determine whether DEN causes toxic effects on the liver that are not

related to its carcinogenic effects. In this regard, increases in only hepatic pERK1/2, circulating AFP and AST, and Tnf
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mRNA were observed in Ghr /™ mice that did not develop HCC after DEN administration. Collectively, our data suggest
that the effects of DEN on the mice livers were primarily related to its carcinogenic effects and HCC development.
Despite the fact that some mice with the LiGhr~’~ genotype developed HCC, these tumors were remarkably fewer than
the tumors developed in mice with Ghr expression preserved in the liver, strongly suggesting that GHR expression in the
liver may enhance HCC tumor burden. It is possible that the conserved expression of GHR in liver microenvironment
bypassed its absence in the liver cells, which led to the development of HCC tumors in LiGhr /" mice.

Conclusions

In this study, we provide for the first time a direct evidence that the expression of GHR is required for HCC development.
Our data suggest that exploiting GHR signaling might represent a novel therapeutic approach to treat HCC, which
requires further systematic exploration in future studies.
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