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Abstract

The potential role of hepatocytes versus hepatic progenitor cells (HPC) on the onset
and pathogenesis of hepatocellular carcinoma (HCC) has not been fully clarified.
Because the administration of 2-acetylaminofluorene (2AAF) followed by a partial
hepatectomy, selectively induces the HPC proliferation, we investigated the effects
of chronic 2AAF administration on the HCC development caused by the chronic
administration of the carcinogen diethylnitrosamine (DEN) for 16 weeks in the rat.
DEN + 2AAF protocol impeded weight gain of animals but promoted prominent
hepatomegaly and exacerbated liver alterations compared to DEN protocol alone.
The tumor areas detected by y-glutamyl transferase, prostaglandin reductase-1, and
glutathione S-transferase Pi-1 liver cancer markers increased up to 80% as early as
12 weeks of treatment, meaning 6 weeks earlier than DEN alone. This protocol also
increased the number of Kié7-positive cells and those of CD90 and CK19, two well-
known progenitor cell markers. Interestingly, microarray analysis revealed that
DEN + 2AAF protocol differentially modified the global gene expression signature
and induced the differential expression of 30 genes identified as HPC markers as
early as 6 weeks of treatment. In conclusion, 2AAF induces the early appearance of
HPC markers and as a result, accelerates the hepatocarcinogenesis induced by DEN
in the rat. Thus, since 2AAF simultaneously administrated with DEN enriches HPC
during hepatocarcinogenesis, we propose that DEN + 2AAF protocol might be a

useful tool to investigate the cellular origin of HCC with progenitor features.
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1 | INTRODUCTION

Hepatocellular carcinoma (HCC) is frequently associated with cir-
rhosis and is one of the five most lethal neoplasms worldwide.*
Animal models have played a key role in identifying both the mole-
cular and cellular alterations throughout hepatocarcinogenesis pro-
gression.>® Following chronic liver injuries, hepatocyte and hepatic
progenitor cells (HPC) give rise to HCC in vivo.*® Two possibilities
have been proposed to explain the progenitor features of HCC, ei-
ther the hepatocyte dedifferentiation or transformation into neo-
plastic cells and the cancer-initiation by HPC. In normal liver, HPC
are originated from canals of Hering in the periportal region and
might be identified by progenitor markers, such as CD90, CK19, and
ov-6.’

The Solt and Farber HCC model, also referred as the “re-
sistant hepatocyte model,” induces the HCC along with the ex-
pression of progenitor cell markers in 9 months after a single
intraperitoneal (i.p) injection of the carcinogen diethylni-
trosamine (DEN), 2-acetylaminofluorene (2AAF) in the diet and
finally, a partial hepatectomy (PH) as the proliferative stimulus
for liver regeneration.® In this protocol, the combination of 2AAF
with PH is the key intervention for the HPC activation during
liver regeneration in the rat.” For this ending, the hepatocytes
DNA is preferentially cross-linked by 2AAF to prevent their
proliferation, and as a result, HPC niches are expanded by the
hepatic regeneration stimulus. The molecular mechanism that
places 2AAF as a hepatocytes-specific anti-mitotic agent is the
cytochrome p450 (CYP)-dependent metabolic activation of 2AAF
that forms N-hydroxy-2AAF. '

DEN is a liver carcinogen that induces a high incidence of HCC in
rodents.'? The Schiffer hepatocarcinogenesis model consists of the
weekly i.p. injection of DEN that induces cirrhosis and multifocal HCC in
only 18 weeks.” It has been shown that DEN can also cause HCC
bearing positive HPC markers, including OV-6 and CD133, which are
mediated by transforming growth factor 8 (TGF-f) participation.** Thus,
by considering first that DEN induces HCC but at the same time acti-
vates progenitor cell markers and second, that 2AAF selectively pro-
motes the HPC proliferation, we hypothesized that the chronic
administration of DEN plus 2AAF accelerates the HCC progression by
inducing the preferential activation of the HPC proliferation without the
PH intervention in the rat. By measuring histopathological alterations,
HCC and HPC markers, cell proliferation, and global gene expression
changes, we provide evidence that the chronic administration of 2AAF
and DEN enriches the hepatocarcinogenesis process with HPC resulting

in liver tumors bearing progenitor cell features.

2 | MATERIALS AND METHODS
2.1 | Experimental procedures

Animals were obtained from the Production Unit of Experimental
Laboratory Animals at UPEAL-CINVESTAV. Forty male Fisher 344

rats weighing 180-200 g (6-8 weeks old) were randomly divided into
two groups for the DEN-induced HCC with or without the admin-
istration of 2AAF. For DEN and DEN + 2AAF protocols, DEN was
weekly i.p. injected at 50 mg/kg,™® but for DEN +2AAF protocol,
animals were additionally subjected to the oral administration of
2AAF at 25 mg/kg three days after each DEN injection (Figure 1A).
All experiments were performed according to the committee
guidelines and the institutional-approved protocols for animal care
under the number 0001-02. Additionally, eight animals were ad-
ministrated with saline solution and 15 animals were weekly ad-
ministrated with 2AAF, as the normal liver group (NL) and as the
2AAF control (2AAF group), respectively. For oval cell induction, five
animals received 2AAF for 3 days before the intervention of 70%
partial hepatectomy (2AAF +PH group), and then livers were re-
sected 2 weeks later. For euthanasia, animals were exsanguinated
from inferior vena cava under ether anesthesia. Livers were excised,
washed in saline solution, frozen in 2-methyl butane with liquid ni-
trogen, and stored at -70°C for further analyses.

2.2 | Histological examination

Sections of liver tissues were fixed in 4% formaldehyde, dehydrated,
and embedded in paraffin. Five-micron-thick sections were cut and
stained with Hematoxylin & Eosin or Masson's trichrome according
to conventional protocols for detecting histopathological alterations.
Description of histopathological scoring (Table 1 and Table S1) was
performed in a blinded manner by a pathologist.

2.3 | Detection of tumor and proliferation
markers by histochemistry and
immunohistochemistry analyses

The histochemistry analysis was used for detecting the tumor marker
y-glutamyl transferase (GGT), while immunohistochemistry analysis
was used for detecting the tumor markers prostaglandin reductase-1
(PTGR1) and glutathione S-transferase Pi-1 (GSTP1), as well as, ac-
tive Caspase-3, as previously described,® by using commercial an-
tibodies against PTGR1 (NovusBio), GSTP1 (Sigma-Aldrich), and
cleaved Caspase-3 (Abcam). Images were captured with a micro-
scope AXIO scope (Carl Zeiss). ImageJ plugins'® were used to
quantitatively analyze the positive label in five images per animal and

at least three animals per group.

2.4 | Immunofluorescence analysis

Liver sections were cut at 5-micron-thick from frozen tissue,
fixed with acetone for 5 min at —-20°C, blocked with 10% bovine
serum albumin for 1h, and then incubated overnight with anti-
Laminin or anti-Ki67 (both at 1:100; Cell Marque). For double-
detection of markers, anti-CD90 (1:50; NovusBio) was incubated
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FIGURE 1 Comparison of hepatocarcinogenesis protocols in the rat. (A) Administration schemes of DEN and DEN + 2AAF protocols,
including representative liver pictures at 6, 12, and 18 weeks. DEN protocol, arrows indicate the administration of DEN at 50 mg/Kg weekly.
DEN + 2AAF protocol, similar to DEN protocol plus 2AAF at 25 mg/Kg, was orally administered three days after DEN (lines with a black dot).
(B) Body weight of experimental groups. Non-cancer groups were both the 2AAF and normal liver (NL) groups. Liver weight and relative liver/
body weight at 6, 12, and 18 weeks. Data mean + SD with ****p <.0001 compared to NL group. ##p < 001 and #**##p < 0001 compared to
DEN protocol at the respective week. 2AAF, 2-acetylaminofluorene; DEN, diethylnitrosamine [Color figure can be viewed at

wileyonlinelibrary.com]

overnight, and anti-CK19 (1:100; Bio SB) was only incubated for
1h in the same tissue section after removing and washing the
first antibody. Primary antibodies were detected using either
anti-mouse (Alexa 488) or antirabbit (Alexa 594), respectively
(both at 1:300; Jackson) for 1 h. As an experimental control, the

substitution of the primary antibody with either mouse or rabbit
isotype control was also included. Images were captured with a
microscope AXIO scope (Carl Zeiss). ImageJ plugins'® were used
to quantitatively analyze the positive label in five images per
animal and at least three animals per group.
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TABLE 1 Histologic alterations induced by DEN and
DEN + 2AAF protocols

Histological DEN (weeks) DEN + 2AAF (weeks)
parameter 6 12 18 6 12 18
Hyperplasia -+ o+ + +
Dysplasia -+ o+ + + +
Cancer cell - - 4+ - + +

(W- (W- (W-

D/ D/ D/

MD) MD) MD)
Cellular infiltration 1 1 1 1 1 1
Fibrosis 1 2 2/3 1 2 2/3
Oval cells o1 1 0 1 1
Ballooning 1 1 1 172 1 1

degeneration

Steatosis 0O 0 O 0 0 1
Cholestasis 01 1 1 1 0
Mallory bodies 0O 0 O 0 0 0/1
Lobular inflammation O O O 0 0 0
Periportal bile ducts 0o 1 1/2 0/1 1 1/2

proliferation

Note: Pathologic score was assigned: O = none, 1 = mild, 2 = moderate,
3 =large, + = present, and - = absent.

Abbreviations: 2AAF, 2-acetylaminofluorene; DEN, diethylnitrosamine;
HCC, epatocellular carcinoma; MD, moderate-differentiated HCC; WD,
well-differentiated HCC.

2.5 | Western blot analysis

obtained with  radio-

immunoprecipitation assay buffer. Thirty milligrams of proteins

Total protein  extracts were
were analyzed through sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride
membranes (Millipore) by electroblotting. Membranes were
blocked in 10% albumin and then incubated overnight at 4°C with
either anti-GSTP1 (Sigma-Aldrich), anti-Actin (Abcam), or anti-
PTGR1 (NovusBio) primary antibodies, at 1:1000 dilution. After
anti-rabbit
peroxidase-conjugated secondary antibody (Jackson). Protein

washing, membranes were incubated with an
complexes were detected with chemiluminescence using the Im-
mobilon Western Chemiluminescent HRP Substrate (Millipore).
Images were obtained with a chemiluminescence imaging system
(Uvitec).

2.6 | Quantitative reverse transcription
polymerase chain reaction analysis

Total RNA was obtained from 30 mg of frozen tissue by using
RNeasy miniKit (Qiagen). Complementary DNA (cDNA) reactions
were performed from 750 ng of total RNA using High-Capacity

cDNA Reverse Transcription Kit (Thermo Fisher Scientific Inc.).
Polymerase chain reaction (PCR) reactions were carried out using
TagMan gene expression assays using the ViiA7 Real-Time PCR
System. FAM dye-labeled probes for rat Gstp1 (Rn00561378 gH),
Ptgr1 (Rn00593950 m1), Collal (Rn01463848_m1), Tgfb
(Rn01475963_m1), and 18S rRNA (Rn03928990) were acquired
from Applied Biosystems. Data were normalized with 185 rRNA

gene expression using the comparative AAC; method.*’

2.7 | Microarray analysis

Rat Gene 1.0 ST Affymetrix arrays were used for evaluating the
whole-transcript expression profiling. Microarray analysis was per-
formed at the INMEGEN microarrays core facility and all procedures
were according to Affymetrix's protocol. Briefly, double-strand
cDNA was obtained from total RNA using Superscript Il reverse
transcriptase with poly(T) oligomer. Then, cDNA served as a tem-
plate for generating biotin-labeled cRNA. The GeneChip hybridiza-
tion Oven 645 (Affymetrix) provided controlled temperature and
rotation for hybridization for 17 h at 45°C. After hybridization, ar-
rays were washed and stained by using streptavidin-phycoerythrin in
an Affymetrix Fluidics Station 450 (Affymetrix). Then, microarrays
were scanned by GeneChip Scanner 3000 7G (Affymetrix). Data
normalization was performed by using the transcriptome analysis
Console 4.0 software (Robust Microarray Average algorithm; Thermo
Fisher Scientific Inc) and differential gene expression analysis
(fold change cut-off +2, analysis of variance [ANOVA], p <.05). The R
ggplot2 library was used to generate plots of principal component
analysis (PCA). Intergroup hierarchical clustering was performed by
using IBM SPSS Statistics (IBM) using total normalized microarray
expression. ClustVis software was used to construct the heat map

graphic of differentially expressed genes.

2.8 | Statistical analysis

Results were expressed as mean + SD. Significance was determined
by one-way ANOVA and Sidak's multiple comparisons test. Statistical
significances were obtained by comparing DEN + 2AAF protocol with
the same time-matched of DEN protocol; as well as, these protocols
to NL control. Statistical significance was defined as a p <.05.

3 | RESULTS

3.1 | The addition of 2AAF to DEN-induced HCC
protocol exacerbates hepatomegaly and nodular
appearance

It is well established that chronic administration of DEN alone induces
progressive carcinogenesis in the liver. Here, we show that livers exposed
to DEN showed a slightly rough surface at 6 weeks, a cirrhotic
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appearance at 12 weeks, and several HCC nodules were evident at 18
weeks (Figure 1A). Both the number and size of nodules were more
remarkable by DEN + 2AAF protocol than those induced by DEN alone
on the liver surface at 12 and 18 weeks. Livers also showed necrotic
areas and multiple tumors at 18 weeks. Animals subjected only to 2AAF
did not develop neoplastic nodules (Figure S1 and Table S1). Animal body
weights were increasingly affected by the different protocols as follows
2AAF, DEN, and the combination DEN + 2AAF (Figure 1B). Moreover,
animals subjected to DEN +2AAF protocol exhibited an exacerbated
hepatomegaly after 12 weeks of treatment; this phenomenon was evi-
denced by 7% (p <.0001) increment in the relative liver/body weight
ratio, whereas animals subjected to DEN protocol showed only 4% in-
crement. DEN and DEN + 2AAF protocols produced hepatomegaly at 18
weeks, and the relative liver/body weight reached 9% in those animals
subjected to DEN + 2AAF protocol and 7.2% in those subjected to DEN
alone. Thus, the incorporation of 2AAF in a well-known DEN-induced
HCC protocol produces hepatomegaly and HCC nodules from 12 weeks
of administration.

3.2 | DEN+2AAF protocol induces earlier
HCC-associated alterations than DEN alone

Histopathological alterations detected by hematoxylin and eosin
staining (Table 1 and Figure S2) showed that DEN protocol in-
duced hyperplasia and dysplasia at 12 and 18 weeks, as well as,
well- and moderately-differentiated HCC at 18 weeks. While
DEN + 2AAF protocol induced early hyperplasia from 6 to 18
weeks and well- and moderately-differentiated HCC from 12 to
18 weeks; that is, 6 weeks before than DEN protocol. During the
time-course experiment, both protocols induced a mild chronic
type of cellular infiltration. Livers showed cholestasis, mild bal-
looning degeneration, and oval cells induced by both protocols
from 12 to 18 weeks. The only alteration induced by 2AAF alone
was a slight ballooning degeneration (Table S1). DEN + 2AAF
protocol induced microvesicular steatosis and Mallory bodies at
18 weeks. Finally, the proliferation of periportal bile duct cells
was induced by both protocols, but DEN + 2AAF protocol induced

it as early as 6 weeks after the initial administration.

3.3 | DEN +2AAF protocol promotes fibrogenesis
at similar levels than DEN protocol and induces early
expression of Tgfb1 gene

Both HCC protocols promoted fibrogenesis as measured by two fibrosis
biomarkers; collagen and laminin.’® Masson's trichrome staining
(Figure 2A) and immunohistochemistry analysis (Figure 2B) showed that
these protocols similarly increased both the collagen and laminin liver
contents, respectively, as compared to NL group. To determine further
alterations induced by these protocols, we measured the expression of
two key genes involved in liver fibrogenesis, namely Collal, which en-
codes collagen type 1, and Tgfb1, its main regulator,'” The last gene

corol¥Sa Wi EY—
encodes for TGF-f3, a central activator of hepatic stellate cells and HPCs
in DEN-induced rat hepatocarcinogenesis.* Collal messenger RNA
(mRNA) expression was increased more than 110 fold change (FC) from
12 to 18 weeks (p <.01 and p <.05, respectively) by DEN + 2AAF pro-
tocol; in contrast, DEN protocol did not induce statistically significant
Col1al mRNA expression (Figure 2C). Tgfb1 mRNA expression was sig-
nificantly increased (>9 FC, p <.05) at 18 weeks by DEN protocol, while
DEN + 2AAF protocol induced the highest Tgfb1 mRNA expression (>12
FC, p <.01) as early as 6 weeks, and its expression remained at that level
until 18 weeks (p <.01). Although both protocols similarly promoted the
fibrogenesis as observed histologically, the DEN + 2AAF protocol induced
higher Col1al mRNA levels at 12 and 18 weeks (p < .05) and higher Tgfb1
mRNA levels at 6 and 12 weeks (p <.01) than DEN protocol.

3.4 | DEN +2AAF protocol accelerates HCC
development

To follow the hepatocarcinogenesis progression, we determined the ex-
pression of GGT, PTGR1, and GSTP1, three well-known HCC biomarkers
(Figure 3).2>?° The levels of all three markers were clearly different after
6 weeks of treatments in both protocols. DEN + 2AAF protocol induced
altered hepatocyte foci (AHF), reaching up to 0.43 mm diameter. The
AHF size reached a maximum diameter of 0.16 mm by DEN protocol
(Figure 3A). The percentage of GGT-positive tissue was induced 19%
higher (p <.001) by DEN + 2AAF protocol than DEN alone at 6 weeks,
40% (p <.001) at 12 weeks, and 12% (p <.01) higher at 18 weeks of
treatment

(Figure 3B). We have previously described that PTGR1 is a useful rat
Figure 3C shows that DEN +2AAF
protocol induced bigger PTGR1-positive nodules at 6 and 12 weeks than

hepatocarcinogenesis marker.'®

DEN protocol. Ptgrl mRNA level showed a gradual increment at 12 and
18 weeks (16 and 18 FC respectively, p <.01) by DEN protocol; however,
this expression reached its highest level at 12 weeks (28 FC, p <.001)
and slightly decreased at 18 weeks (18 FC, p<.01) (Figure 3D) by
DEN + 2AAF protocol. Protein and mRNA levels of PTGR1 were similarly
induced by both protocols (Figure 3G). One of the most sensitive markers
used in the rat hepatocarcinogenesis models is GSTP1.2' DEN + 2AAF
protocol induced more GSTP1-positive nodules at 6 and 12 weeks than
DEN protocol (Figure 3E). Although Gstp1 mRNA expression levels were
not statistically different between both HCC protocols, DEN + 2AAF
protocol induced its highest level at 12 weeks (430 FC compared to NL
p <.01) (Figure 3F). Western blot analyses revealed that GSTP1 protein
level was induced from 6 weeks by DEN+2AAF but not by DEN
protocol (Figure 3G). Together, these results confirm that DEN + 2AAF

protocol accelerates the hepatocarcinogenesis progression.
3.5 | DEN+2AAF and DEN protocols increase
proliferation and cell death ratios

To investigate whether proliferation and cell death were critical players
in the accelerated HCC progression, we measured these processes by
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FIGURE 2 DEN and DEN + 2AAF protocols induce similar fibrogenesis. (A) Representative images of Masson's trichrome staining,
Magnification x50. Fibers quantification (blue) reveals increased collagen by the HCC protocols at 6, 12, and 18 weeks. (B) Representative IF
images for Laminin (Red) and quantification of the laminin-positive tissue. Magnification x100. (C) Relative gene expression of Coll1al and Tgfb1
mRNA normalized to 185 rRNA. Data corresponded to mean + SD. *p < .05, **p < .01, ****p < .0001 compared to NL. #p <.05 and ##p < .01
compared to DEN protocol at the respective week. 2AAF, 2-acetylaminofluorene; DEN, diethylnitrosamine; IF, immunohistochemistry; rRNA,
ribosomal RNA; NL, normal liver [Color figure can be viewed at wileyonlinelibrary.com]

determining the number of Ki6é7- and Caspase-3-positive cells (Figure 4).
Both DEN and DEN + 2AAF protocols gradually increased the number of
Ki67-positive cells from 6 to 18 weeks (p < .05 to p <.0001, respectively).
Remarkably, DEN + 2AAF protocol induced a maximum peak of Ki67-
positive cells at 12 weeks (Figure 4A,B) by increasing 14% (p <.05) the
label of Ki67-positive cells than DEN protocol. Immunolabeling of
Caspase-3 revealed that both protocols gradually increased the cell
death ratio, but no one showed statistical differences between each
other (Figure 4C,D). Our result indicates that both cell proliferation and
apoptosis increased ratios denote a relevant cell turnover through the

HCC progression.

3.6 | DEN +2AAF protocol promotes the early
increase of HPC

Then, we investigated whether the appearance of HPC is asso-
ciated with the accelerated progression of HCC; for this end, we
detected the HPC markers CD90 and CK19 in the liver tissue.
First, we induced HPC proliferation in the rat liver by using the
2AAF + PH protocol as a positive control.»® Animals subjected to
this procedure showed copious clusters of CD90- and CK19-
positive cells in the whole liver; in contrast, the HPC markers

were only detected surrounding bile ducts in portal tracts in the
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images for PTGR1. Magnification x100. (D) Expression of Ptgr1 mRNA normalized to 185 rRNA determined by reverse transcription polymerase
chain reaction (RT-PCR). (E) Representative IHC images for GSTP1. Magnification x100. (F) Expression of Gstp1 mRNA normalized to 18S rRNA
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were presented as mean * SD. with *p < .05, **p < .01, ***p <.001, ****p <.0001 compared to NL group. *p <.01 and **#p < 0001 compared to
DEN protocol at the respective week. 2AAF, 2-acetylaminofluorene; DEN, diethylnitrosamine; GGT, y-glutamyl transferase; IHC,
immunohistochemistry; mRNA, messenger RNA; rRNA, ribosomal RNA; NL, normal liver [Color figure can be viewed at wileyonlinelibrary.com]
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liver of untreated animals (Figure 5A). The expression of CD90
and CK19 gradually increased from 6 to 18 weeks by both HCC
protocols (Figure 5B). A critical HCC prognostic marker that in-
volves HPC expansion is ductular reaction (DR) in the liver.?? The
DR was noticeably observed along with the CK19 labeling,
starting at 12 weeks and persisting until 18 weeks in animals
subjected to DEN + 2AAF protocol (arrowheads, Figure 5B). DEN
protocol induced DR only at 18 weeks but the levels of CK19
progressively augmented, reaching 5.57% (p < .05) at 18 weeks of
treatment. However, the percentage of CK19-positive tissue was
increased by 5.52% (p < .05) at 12 weeks and 7.64% (p <.01) at 18
weeks by DEN + 2AAF protocol (Figure 5C). Remarkably, DEN +
2AAF protocol induced the early emerging of CD90-positive cells
that represented 7% and 13% (p <.05, p<.01 compared to NL
and DEN group, respectively) at 6 and 12 weeks, respectively;
but it reached its highest level at 18 weeks (15%, p <.0001
compared to NL group) (Figure 5D). Taken together, these results
indicate that the increased induction of CD90- and CK19-
positive cells by DEN + 2AAF protocol is associated with the

accelerated HCC progression.

3.7 | DEN +2AAF protocol induces an
HPC-associated gene expression signature earlier
than DEN protocol

We then performed a microarray analysis to identify a specific gene
expression signature associated with a progenitor cell phenotype in
both HCC protocols. PCA showed a clear separation among groups
according to the experimental HCC progression (Figure 6A). Inter-
estingly, animals from DEN + 2AAF protocol showed a different po-
sition than those in DEN protocol. As early as 6 weeks of
DEN + 2AAF treatments, animals were clearly separated from DEN
treatment. Of note, there was spatially overlap in DEN + 2AAF-
treated animals at 12 and 18 weeks, but they were far from those
treated for 6 weeks (Figure 6A). Coincidently, the hierarchical clus-
tering showed a differential gene expression profile between sam-
ples from DEN + 2AAF (cluster 2), while NL and DEN groups formed
the cluster 1 (Figure 6B). Then, we selected those genes already
reported as HPC markers (Table 52).>° Gene expression analyses
also provided evidence showing the early appearance of HPC mar-
kers by DEN + 2AAF protocol. Figure 6C illustrates that 30 genes
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FIGURE 5 CD90 and CK19 progenitor (A)
cell markers are increased by DEN + 2AAF
protocol. Representative IF image for CD90
(green) and CK19 (red) in (A) NL and 2AAF
plus partial hepatectomy (PH) as a positive
control for HPC markers. (B) DEN and

DEN + 2AAF protocol at 6, 12, and 18 weeks.
Magnification of x100. (C, D) Quantitative
analysis of CK19- and CD90-positive tissue,
respectively, in DEN and DEN + 2AAF
protocols. Data were presented as mean + SD
with *p <.05, **p < .01, *p <.001,

#**%p < 0001 compared to NL group. #p <.05,
# < .01 compared to DEN protocol at the
respective week. 2AAF, 2-
acetylaminofluorene; DEN,
diethylnitrosamine; HPC, hepatic progenitor
cell; IF, immunofluorescence; NL, normal liver
[Color figure can be viewed at
wileyonlinelibrary.com]
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identified as HPC markers were differentially expressed from 6
weeks but their expression was exacerbated at 12 and 18 weeks by
DEN + 2AAF protocol. Hierarchical clustering analysis formed two
clusters. While cluster 1 grouped all samples from 6 to 18 weeks of
DEN + 2AAF protocol, cluster 2 included samples of NL and DEN
protocol. Figure S3A and Table S2 show the number of genes sta-
tistically different (p <.05) among the 30 HPC markers. DEN + 2AAF
protocol induced a higher number of genes than DEN protocol, but

this difference was more remarkable at 6 weeks of treatment.
Figure S3B,C show that Krt19 (CK19) and Thyl (CD90) mRNA
expression (obtained from microarrays data) was increased by
DEN + 2AAF protocol at 6 weeks. These results confirm that the
accelerated hepatocarcinogenesis induced by DEN + 2AAF protocol
is associated with the appearance of an HPC-associated gene
expression signature, which is detectable as early as 6 weeks of

treatment. Figure 7 shows a comparison of the overrepresented
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FIGURE 6 DEN +2AAF protocol induces an HPC gene expression profile. (A) PCA of global gene expression profile after normalization.
Each point represents a sample-specimen. NL, D (DEN protocol), D + A (DEN + 2AAF protocol) at 6, 12, or 18 weeks. (B) Heat map of
differentially expressed genes. The dendrogram illustrates the hierarchical clustering of samples separated into two clusters. (C) Heat map
showing transcript levels of selected genes identified as HPC markers. The dendrogram displays the hierarchical clustering of genes and
samples split into two clusters. 2AAF, 2-acetylaminofluorene; DEN, diethylnitrosamine; HPC, hepatic progenitor cell; NL, normal liver; PCA,
principal component analysis [Color figure can be viewed at wileyonlinelibrary.com]

pathways from the gene expression analysis of both HCC protocols.
Both protocols provoked a time-associated increase of metabolic
pathways, such as oxidative phosphorylation, electron transport
chain, fatty acid, cholesterol, amino acid metabolism, and response to
oxidative stress-mediated by the Keap1-NRF2 pathway. Remarkably,
the cytoplasmic ribosomal proteins pathway was distinctive between
DEN + 2AAF and DEN protocols from 6 to 18 weeks.

4 | DISCUSSION

Here, we have designed an alternative hepatocarcinogenesis model
associated with cirrhosis that accelerates for up to 6 weeks earlier
the HCC development, as compared to a DEN-induced HCC model,
previously reported.*® In addition to DEN administration, this al-
ternative model consisted of the administration of 2AAF, an inhibitor
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FIGURE 7 Overrepresented pathways between DEN and
DEN + 2AAF protocols. Venn diagrams show the number of
differential genes and the main overrepresented pathways.

D (DEN protocol), DA (DEN + 2AAF protocol) at 6, 12, or 18
weeks. 2AAF, 2-acetylaminofluorene; DEN, diethylnitrosamine;
NADPH, nicotinamide adenine dinucleotide phosphate [Color
figure can be viewed at wileyonlinelibrary.com]
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of the hepatocyte proliferation that under a liver regeneration
pressure, such as that produced by a PH, selectively induces the HPC
proliferation.” Both protocols induced similar fibrosis levels, as
evaluated by the histological presence of collagen and laminin;
however, the inclusion of 2AAF exacerbated the number of macro-
scopic HCC nodules, which were confirmed by the earlier appear-
ance of the tumor markers GGT, PTGR1, and GSTP1. DEN + 2AAF
protocol increased cell proliferation at 12 weeks and the percentage
of CD90- and CK19-positive HPC within HCC nodules. Gene ex-
pression analysis confirmed the differences between HCC protocols,
especially the early enrichment of HPC markers induced by DEN +
2AAF protocol. The differential expression of selected genes already
reported as HPC markers®® confirmed that accelerated HCC pro-
gression is associated with a progenitor cell phenotype induced by
DEN + 2AAF protocol.

2AAF has shown a profound carcinogenic activity with a linear
correlation at high cumulative doses, from 28.8 to 282 mg/kg,
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and

and produces HCC at 200 mg/kg in the rat.?* It is relevant to
point out that 2AAF failed to induce a tumorigenic response by
itself at 25 mg/kg. Thus, 2AAF induced minimal liver damage at
this dose compared to DEN or DEN + 2AAF protocols (Figure S1).
Evidently, the DEN + 2AAF protocol induced an elevated number
of tumors and accelerated the appearance of GGT-positive no-
dules. It has been reported that 2AAF, combined with DEN, acts
as a cancer promoter.?>?” The possible mechanism of action of
2AAF seems to depend on the CYP450 activity, which selectively
suppresses the hepatocyte proliferation by modifying cell
cycle-related genes, thereby leading to the HPC activation.*283¢
Despite we have shown that DEN + 2AAF protocol increased 14%
in cell proliferation at Week 12 compared to DEN group, a
comparative measurement of cell proliferation and cell death
between hepatocytes and HPC would better explain the ac-
celerated HCC development promoted by DEN + 2AAF protocol.
Thus, we believe that future measurement of cell proliferation
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and apoptosis ratios at intermediate times, that is, at 6 and
12 weeks by using specific markers, may provide more accurate
evidence of which of these cellular processes contribute to ac-
celerating the tumor development.

HCC commonly emerges from pre-neoplastic cells in patients
bearing cirrhosis for many years.®* Although there are many rodent
models to recapitulate HCC, few reproduce the gradual appearance of
both cirrhosis and HCC.°? Here, we showed that DEN + 2AAF pro-
tocol induces multinodular HCC associated with cirrhosis within 12
weeks, that is, 6 weeks earlier than the HCC model proposed by
Schiffer (DEN protocol).*®> DEN + 2AAF protocol induced bigger GGT-,
PTGR1-, and GSTP1-positive HCC nodules 6 weeks earlier than DEN
protocol. Interestingly, these tumor-markers are also expressed by
progenitor cells; for example, the HPC and cholangiocytes express
GGT in normal livers.*>®> Moreover, PTGR1 has been found over-
expressed in both CD90-positive HCC** and CK19-positive pre-
neoplastic lesions in the rat.>>*°

Additionally, a simultaneous increment of HPC and TGF-$ in DEN-
induced hepatocarcinogenesis has been also described,'* a phenomenon
that we observed at gene expression level at 18 weeks induced by DEN
protocol (Figures 2D and 5C,D). DEN + 2AAF protocol induced Tgfb1
mMRNA expression from 6 to 18 weeks; accordingly, the HPC markers
CD90 and CK19 showed a similar expression pattern that was higher
than DEN protocol (Figures 2D and 5C,D, and Figure S3). The liver
periportal region, where DR occurs, has been suggested as the HPC
niche,?? and HPC proliferation has been correlated with the liver disease
severity.37 While DEN protocol induced DR only at 18 weeks, DEN + 2
AAF protocol induced it from 12 weeks and exacerbated it at 18 weeks
of treatment (Figure 5B). The simultaneous appearance of both phe-
nomena named Tgfb1 mRNA expression and DR, suggests that DEN +
2AAF protocol prompts the HCC development bearing progenitor cell
features. Future research on the DEN + 2AAF protocol could clarify the
molecular mechanism that involves the participation of TGF-8 in the
early induction of HPC, the relationship with the fibrogenic process, and
tumor development.

The differential expression of 30 genes identified as HPC markers,
the enrichment of CD90- and CK19-positive cells from 6 weeks, and the
induction of tumors from 12 weeks by DEN + 2AAF protocol highlight
the role of HPC as a source for neoplastic transformation. However, the
capability of mature hepatocytes to undergo a dedifferentiation process,®
may also explain the remarkable intra-tumoral heterogeneity observed in
DEN-induced hepatocarcinogenesis.*® Based on our findings, we think
that the hypotheses about the origin of HCC, that is, the hepatocyte
dedifferentiation and the cancer-initiating role of HPC, are not mutually
exclusive. Given the cellular complexity of tumor development in the
liver, the tumors occurrence might result from the dedifferentiation
process accompanied by HPC proliferation, occurring both in parallel and
exacerbating the HCC progression.*’

Global gene expression data also provided clues on the metabolic
pathways involved in liver carcinogenesis, such as oxidative phosphor-

ylation, electron transport chain, fatty acid, cholesterol metabolism,

amino acid metabolism, and the Keap1-NRF2 pathway involved in oxi-
dative stress-mediated response (Figure 7). These data could suggest the
metabolic reprogramming in the tumoral cells, such as the Warburg ef-
fect and the reverse Warburg effect in the tumoral microenviron-
ment.**** Also, lipid reprogramming could efficiently sustain the liver
cancer stem cells.*> Remarkably, DEN +2AAF protocol exclusively
showed the cytoplasmic ribosomal proteins (RP) pathway over-
represented (Figure 7). Dysregulation of RP expression has been asso-
ciated with cell survival in cancers,** and the gene expression changes of
RP have been identified in HPC during fetal development.** Thus, RP
profile changes might represent and confirm a molecular signature for
HCC that bears progenitor cell features. The gene expression data that
we obtained in this investigation could be a starting point for developing
new research lines that clarify the HPC participation in the HCC

development.

5 | CONCLUSION

The simultaneous administration of 2AAF and DEN induces fi-
brosis and accelerates liver carcinogenesis accompanied by the
enrichment of HPC markers. Thus, the DEN + 2AAF protocol re-
presents a new tool for the study of multinodular HCC with

progenitor cell features.
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