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Abstract

The two principal histological types of primary liver cancers, hepatocellular carcinoma
(HCC) and cholangiocarcinoma, can coexist within a tumor, comprising combined
hepatocellular-cholangiocarcinoma (cHCC-CCA). Although the possible involvement
of liver stem/progenitor cells has been proposed for the pathogenesis of cHCC-CCA,
the cells might originate from transformed hepatocytes that undergo ductular trans-
differentiation or dedifferentiation. We previously demonstrated that concomitant
introduction of mutant HRASY? (HRAS) and Myc into mouse hepatocytes induced
dedifferentiated tumors that expressed fetal/neonatal liver genes and proteins. Here,
we examine whether the phenotype of HRAS- or HRAS/Myc-induced tumors might
be affected by the disruption of the Trp53 gene, which has been shown to induce
biliary differentiation in mouse liver tumors. Hepatocyte-derived liver tumors were
induced in heterozygous and homozygous p53-knockout (KO) mice by hydrodynamic
tail vein injection of HRAS- or Myc-containing transposon cassette plasmids, which
were modified by deleting loxP sites, with a transposase-expressing plasmid. The
HRAS-induced and HRAS/Myc-induced tumors in the wild-type mice demonstrated
histological features of HCC, whereas the phenotype of the tumors generated in the
p53-KO mice was consistent with cHCC-CCA. The expression of fetal/neonatal liver
proteins, including delta-like 1, was detected in the HRAS/Myc-induced but not in the
HRAS-induced cHCC-CCA tissues. The dedifferentiation in the HRAS/Myc-induced
tumors was more marked in the homozygous p53-KO mice than in the heterozygous
p53-KO mice and was associated with activation of Myc and YAP and suppression
of ERK phosphorylation. Our results suggest that the loss of p53 promotes ductular
differentiation of hepatocyte-derived tumor cells through either transdifferentiation

or Myc-mediated dedifferentiation.
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1 | INTRODUCTION

Understanding the pathogenesis of primary liver cancer is indis-
pensable for combatting this intractable malignancy. Although he-
patocellular carcinoma (HCC) and cholangiocarcinoma (CCA) are the
principal histological types of liver cancer, there are a variety of tumor
phenotypes, including combined hepatocellular-cholangiocarcinoma
(cHCC-CAA), in which HCC and CCA cells coexist within the same
tumor.! The pathogenesis and cellular origins of cHCC-CAA have
been a subject of debate. Some researchers suppose that cHCC-CAA
originate from putative hepatic stem/progenitor cells,? which have
been thought to reside in the adult liver and possess the capacity for
both hepatocellular and biliary differentiation.® However, there has
been no solid evidence to support this notion. Furthermore, based
on accumulated evidence, the initial hepatic stem/progenitor hy-
pothesis has been reconsidered.*

During liver organogenesis, hepatoblasts, which emerge at the
hepatic diverticulum, proliferate and differentiate into liver ep-
ithelial cells, including hepatocytes and bile duct/ductular cells.
Hepatocytes and intrahepatic bile ducts/ductules are derived from
hepatoblasts that express albumin, while extrahepatic bile duct cells
originate from less differentiated hepatoblasts prior to the acquisi-
tion of albumin expression.>® Activation of the Notch pathway has
been shown to be crucial in bile duct differentiation of hepatoblasts.”
Although it was presumed that the phenotype of terminally differ-
entiated hepatocytes is fixed,® experimental studies using rodent
hepatocytes have demonstrated that these cells retain phenotypic
plasticity, especially transdifferentiation into bile duct/ductular cells
in vitro and in vivo.%71!

Using transposon-mediated gene integration into the genome of
mouse hepatocytes and by combining oncogene-harboring trans-
posons with hydrodynamic gene transfer, mature hepatocytes have
been shown to generate a wide spectrum of liver tumors.*>*® The
combinations of NRAS or HRAS with activated (myristoylated) AKT
induce HCC with ductular structures, similar to the phenotype of
cHCC-CAA.*13 |t has also been shown that mature hepatocytes
can generate CCA when they are transformed by the activated AKT
and Notch intracellular domain (NICD), by activated PIK3CA and
Yes-associated protein (YAP), or by activated AKT and YAP.1618 A
genome-wide transcriptional analysis of human primary liver tumors
has also suggested the possibility that there is a continuum of poorly
differentiated HCC, cHCC-CCA, and CCA."Y

It is not clear whether the generation of cHCC-CCA is due to
partial transdifferentiation toward bile ducts/ductules or via de-
differentiation toward hepatoblasts. We have demonstrated that,
whereas transposon-mediated HRAS introduction in hepatocytes

induces typical HCC, concomitant introduction of HRAS and Myc

induces dedifferentiated liver tumors with hepatoblastic gene and
protein expression and no biliary differentiation.?’ Furthermore,
we found that the combination of activated YAP and Myc induces
cHCC-CCA with the expression of hepatoblastic markers and that
the dedifferentiated features are abolished by the superimposed in-
troduction of activated AKT.*® These findings suggest that mature
hepatocytes can be dedifferentiated to acquire a hepatoblastic phe-
notype upon Myc activation in cooperation with other oncogenes to
generate cHCC-CCA.

In human HCC, the function of the p53 protein is frequently
inhibited due to mutation or loss of the TP53 gene or nonmutated
p53-inactivating mechanisms.?! It has been shown that the ge-
nomic profile of cHCC-CCA is more similar to that of HCC than
that of CCA and that TP53 is the most frequently mutated gene in
cHCC-CCA.???* Upon a liver-specific conditional knockout of p53,
in which the deletion of Trp53 is evident in all intrahepatic epithelial
cells (hepatocytes, bile duct/ductular cells, and possibly liver stem/
progenitor cells), it has been reported that liver tumors with bidirec-
tional (hepatocytic and bile ductular) differentiation are generated,
suggesting that the loss of p53 might affect the phenotype of pri-
mary liver cancer.?’ Furthermore, as p53 and Myc have been shown
to negatively regulate each other,?® dysfunctional p53 may enhance
Myc-mediated dedifferentiation. However, the roles of p53 in the
phenotypic determination of hepatocyte-derived tumors have not
yet been elucidated.

In this study, we examined whether the tumor phenotypes of
HRAS- or HRAS/Myc-induced tumors are affected by hepatocyte-
specific p53 knockout. We found that the loss of p53 drives biliary
differentiation in these tumors through transdifferentiation, as well
as dedifferentiation, which is associated with Myc and YAP activa-
tion and the suppression of ERK phosphorylation. Our results pro-
vide mechanistic insights into the pathogenesis of cHCC-CAA.

2 | MATERIALS AND METHODS
2.1 | Animal experiments

C57BL/6J mice were purchased from Charles River Laboratories
Japan. Mice containing a floxed Trp53 gene were purchased from
Jackson Laboratories. At the end of the animal experiments, the mice
were euthanized under deep anesthesia, and the livers were removed
for further examination. The protocols used for animal experimenta-
tion were approved by the Animal Research Committee, Asahikawa
Medical University, and all animal experiments adhered to the criteria
outlined in the Guide for the Care and Use of Laboratory Animals
prepared by the National Academy of Sciences (8th Ed., 2011).
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2.2 | Generation of hepatocyte-specific p53-
KO mice

To generate heterozygous or homozygous hepatocyte-specific p53-
KO mice, p53""* or p53™1/f mice were injected via the lateral tail vein
with 1 x 102 copies of adeno-associated virus serotype 8 (AAV8) ex-
pressing Cre recombinase under the control of a hepatocyte-specific
thyroxine-binding globulin (TBG) promoter (AAV8-TBG-Cre). AAV8-
TBG-Cre was prepared by the triple-transfection method with
pENN-AAV-TBG-PI-Cre-rBG, pBS-E2A-VA-E4, and p5E18-VD2/8
plasmids into 293T cells.*®

2.3 | Plasmids

A Sleeping Beauty (SB) 13 transposase-expressing vector (pT2/C-
Luc/PGK-SB13, Addgene plasmid #20207) and a myrAKT-HA-
expressing transposon cassette vector (pT3-EFla-myrAKT-HA,
Addgene plasmid #31789) was purchased from Addgene. cDNA frag-
ments of FLAG-HRASV12 and enhanced green fluorescein protein
(EGFP) were amplified from pTomo-Ras (Addgene plasmid #26292)
and pCMV-EGFP (Takara Bio), respectively. A full-length Myc frag-
ment was amplified from the cDNA of diethylnitrosamine-induced
mouse liver tumors.’®> The two loxP sites in the original pT3-EFla-
myrAKT-HA plasmid were removed with a GENEART site-directed
mutagenesis system (Thermo Fisher Scientific).® Then, the cDNA
fragments were cloned into the modified pT3-EF1a plasmid after re-
moving the myrAKT-HA fragment with a Gateway system (Thermo
Fisher Scientific). All plasmids were amplified and purified using an
EndoFree Plasmid Maxi kit (Qiagen).

2.4 | Transposon-mediated introduction of
oncogenes into mouse hepatocytes in vivo

The combination of the SB transposon system and hydrodynamic tail
vein injection (HTVi) was used to introduce genes into hepatocytes
in vivo. The transposon cassette plasmids (pT3-EF1a-HRASV12 +
pT3-EF1a-EGFP, pT3-EF1a-HRASV12 + pT3-EFla-Myc) were coin-
jected with an SB13 transposase-expression plasmid into male wild-
type, heterozygous p53-KO or homozygous p53-KO mice (from 8 to
12 weeks old). For HTVi, plasmids were dissolved in 2.5 mL of Ringer
solution and rapidly injected, within 8 seconds, into the lateral tail
veins of the mice. The total amount of plasmid DNA was 25 pg for
mixtures of three different plasmids (including the transposase-
expressing vector). Equimolar amounts of each transposon cassette
plasmid containing the genes were mixed, and the molar ratio of the
transposase-expressing vector to each transposon cassette plasmid
was 1:2.

To estimate the copy numbers of the integrated Myc-harboring
plasmids per genome, we extracted genomic DNA from tumor sam-
ples with a DNeasy Blood & Tissue kit (Qiagen) and performed quan-

titative real-time polymerase chain reaction (QPCR) analyses using
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FastStart Universal SYBR Green Master Mix (Roche Diagnostics). The
amounts of genomic DNA from the tumor samples were normalized
by estimation of the copy numbers of the endogenous Notch2 gene.
The quantification cycle (Cq) values obtained in each tumor were
interpolated on standard curves representing known copy numbers
of Myc-containing plasmids vs their corresponding Cq values. The
sequences of the specific primers are listed in Supporting Table 1.

2.5 | Microscopic examination and
immunohistochemistry

The livers were fixed in phosphate-buffered 4% paraformalde-
hyde for 24 hours at 4°C, and paraffin sections were prepared.
Immunohistochemical analysis was performed using an EnVision/
HRP system (DAKO) on deparaffinized sections treated with tar-
get retrieval solution (DAKO). The following antibodies were used:
anti-p53 (Novocastra, Leica Microsystems), anti-cytokeratin 19
(CK19) (provided by Dr Atsushi Miyajima, Institute for Quantitative
Biosciences, The University of Tokyo), anti-Hes1 (Cell Signaling
Technology), anti-YAP (kindly provided by Dr Hiroshi Nishina,
Department of Developmental and Regenerative Biology, Medical
Research Institute, Tokyo Medical and Dental University), anti-
a-fetoprotein (AFP) (Proteintech), anti-insulin-like growth fac-
tor 2 (IGF2) (Abcam), anti-delta-like 1 protein (DLK1) (Medical &
Biological Laboratories), anti-5-hydroxymethylcytosine (5hmC;
Active Motif), anti-Myc (Abcam), anti-phosphorylated ERK (Cell
Signaling Technology), and ant-Ki-67 (Nichirei). The chromogen
3,3-diaminobenzidine tetrahydrochloride was used to detect the
signal (Vector Laboratories), and the sections were counterstained
with hematoxylin.

2.6 | Reverse transcription quantitative polymerase
chain reaction (RT-gPCR)

Total RNA was extracted and subjected to RT-qPCR analyses.
RT-gPCR was performed using the AACt method with FastStart
Universal SYBR Green Master Mix (Roche Diagnostics). Each re-
action was conducted in duplicate, and the mRNA levels were
normalized to the expression of the hypoxanthine phosphoribosyl-
transferase gene (Hprt). The primers used in the RT-qPCR experi-
ments are listed in Supporting Table 1.

2.7 | Statistical analyses

All data are presented as the means + SEM. Statistical analyses were
performed using the Mantel-Cox test, Kruskal-Wallis test, one-way
analysis of variance (ANOVA) with Tukey's post hoc test, Mann-
Whitney U-test, or unpaired two-tailed t-test. Statistical analyses
were performed using GraphPad Prism (version 7.00, GraphPad

Software).
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3 | RESULTS

3.1 | Facilitation of HRAS/Myc-induced, but not
HRAS-induced, hepatocarcinogenesis through the
disruption of p53

The introduction of HRAS alone induced liver tumors in both wild-
type and homozygous p53-KO mice after approximately 3 months
(Figure 1A). Although the tumors in the p53-KO mice appeared more
diffuse and extensive, the courses of tumorigenesis were compara-
ble between the wild-type and p53-KO mice (Figure 1A). In contrast,
the cointroduction of HRAS and Myc induced multiple discrete tu-
mors, and tumorigenesis was significantly facilitated by p53 KO, in
particular, by homozygous KO (Figure 1B).

3.2 | cHCC-CCA-like histology of liver tumors
induced by HRAS or HRAS/Myc in the p53-KO mice

The histological features of the liver tumors induced only by
HRAS in the wild-type mice were typical of HCC, but in some
of the HRAS-induced tumors in the p53-KO mice, a component
containing distinct ductular structures formed by atypical cells
with desmoplastic reaction were intermingled with HCC, render-
ing the histological type compatible with cHCC-CCA (Figure 2A).
Compared with HRAS/Myc-induced tumors generated in the
wild-type mice that demonstrated the histology of HCC, those
generated in the p53-KO mice contained histological features of
both HCC and CCA within the same lesions in most of the well-
developed tumors (Figure 2A). HRAS/Myc-induced tumors in the
homozygous p53-KO mice appeared to be less differentiated,
with sheet-like proliferation of atypical tumor cells containing
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prominent nucleoli and inconspicuous ductular structures, than
the HRAS-induced tumors in the homozygous p53-KO mice or
HRAS/Myc-induced tumors in the heterozygous p53-KO mice
(Figure 2A). In both HRAS-induced and HRAS/Myc-induced tu-
mors in the wild-type mice, p53 protein was detected in the nuclei
of tumor cells (Figure 2B). However, as expected, the tumors gen-
erated in homozygous p53-KO mice were negative for p53, while
those generated in heterozygous p53-KO demonstrated weak im-
munoreactivity (Figure 2B).

The immunohistochemical analyses revealed that the tumor
component with ductular structures was positive for CK19, a
marker for bile ducts/ductules (Figure 3A). The expression of
Krt19 mRNA was detected in the HRAS-induced and HRAS/Myc-
induced tumors in the p53-KO mice (Figure 3B). The mRNA ex-
pression of Sox9, another marker for bile ducts/ductules, as well
as putative liver stem/progenitor cells, was detected in the HRAS-
induced and HRAS/Myc-induced tumors in the wild-type mice,
which did not contain a CCA component, but the expression was
suppressed in the HRAS/Myc-induced tumors in the homozygous
p53-KO mice (Figure 3B). As the Notch pathway is known to be
involved in bile duct differentiation, we examined the expression
of Hes1, an effecter of its pathway. Nuclear Hes1 expression was
detected in tumor cells in the areas of ductular differentiation,
although its weak expression was also seen in both HRAS-induced
and HRAS/Myc-induced tumors in the wild-type mice (Figure 3C).
We also examined the expression of YAP, which interacts with the
Notch pathway,?” and found that nuclear accumulation of YAP
was particularly prominent in the HRAS/Myc-induced tumors
with p53 disruption (Figure 3C). Whereas Hnf4a mRNA expres-
sion was detected at various levels in all the tumors examined,
its expression in the HRAS/Myc-induced tumors in the wild-type
mice was significantly higher than that in the normal liver tissues
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FIGURE 1 Effects of p53 disruption
on hepatocarcinogenesis induced by the
transposon-mediated integration of HRAS
or HRAS/Myc. Gross appearance of the
liver tumors and tumor-free survival of
the mice after the introduction of the
oncogene(s). A, HRAS-induced tumors.
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(A) Normal HRAS

HRAS/Myc

FIGURE 2 Histological features of liver tumors induced by HRAS or HRAS/Myc in wild-type and p53-KO mice. A, Hematoxylin and eosin
(HE) staining. B, Immunohistochemistry for p53. p53(+/+), wild type; p53(+/-), heterozygous p53-knockout (KO); and p53(-/-), homozygous
p53 KO. Scale bar =40 um

(Figure 3B). However, the expression of Hnf4a mRNA in the tu- Sox9 and Hnf4a gene expression in the HRAS/Myc-induced tu-
mors in the homozygous p53-KO mice was decreased compared mors in the homozygous p53-KO mice might reflect a dedifferen-

with that in the wild-type mice (Figure 3B). The suppression of tiated tumor state.
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FIGURE 3 Effects of p53 disruption on the expression of biliary and hepatocytic markers in tumors induced by HRAS or HRAS/Myc. A,
Immunohistochemistry for cytokeratin 19 (CK 19). p53(+/+), wild type; p53(+/-), heterozygous p53-KO; and p53(-/-), homozygous p53-
KO. Scale bar =40 pm. B, Quantitative RT-PCR analyses of the expression of bile duct-specific (Krt19, Sox9) and hepatocyte-specific (Hnf4a)
genes. n = 4 for normal liver, HRAS (+/4), and HRAS (-/-); n = 6 for HRAS/Myc (+/4), HRAS/Myc (+/-), and HRAS/Myc (-/-). Statistical
analyses: Kruskal-Wallis test (Krt19, Sox9) or one-way analysis of variance (ANOVA) with Tukey's post hoc test (Hnf4a), *P < .05, ** P < .01
and ***P < .001 (vs normal liver); Mann-Whitney U test (Krt19, Sox9) or unpaired two-tailed t-test (Hnf4a), TP < .05, 1P < .01, and 111t P
<.0001. C, Immunohistochemistry for Hes1 and YAP. Asterisks denote the areas of biliary differentiation in tumors. Scale bar = 40 pm

3.3 | The expression of fetal/neonatal liver genes in
HRAS/Myc-induced tumors and their augmentation
by p53 KO

We then examined whether HRAS- and HRAS/Myc-induced tumors
underwent dedifferentiation by performing an immunohistochemi-
cal analysis of the AFP, IGF2, and DLK1 levels, which are expressed
in the liver during the fetal/neonatal period. The HRAS-induced
tumors did not express these proteins in either the wild-type mice
or homozygous p53-KO mice (Figure 4A). In HRAS/Myc-induced tu-
mors in the wild-type mice, the AFP and IGF2 proteins were weakly
expressed, but the expression of the DLK1 protein was not detected
(Figure 4A). The expression of the AFP and IGF2 proteins in the
HRAS/Myc-induced tumors was increased in both the heterozygous
and homozygous p53-KO mice (Figure 4A). DLK1 protein was de-
tected in the HRAS/Myc-induced tumors in the p53-KO mice; the
expression levels in the homozygous p53-KO mice were higher than
those in the heterozygous p53-KO mice (Figure 4A). Compatible
with the immunohistochemical data, the mRNA expression of Afp,
Igf2, DIk1, and H19 noncoding RNA was not detected in the HRAS-
induced tumors in either the wild-type mice or homozygous p53-
KO mice (Figure 4B). The mRNA expression of H19 and Igf2 was
detected in the HRAS/Myc-induced tumors in both the wild-type
mice and p53-KO mice (Figure 4B). Although the expression of
Afp was detected at low levels in the HRAS/Myc-induced tumors
in the wild-type mice and heterozygous p53-KO mice, its expres-
sion was significantly higher in the tumors in the homozygous p53-
KO mice (Figure 4B). DIk1 mRNA was not expressed in the HRAS/
Myc-induced tumors in the wild-type mice, but it was induced in the
tumors in the p53-KO mice and was more robustly induced in the
homozygous p53-KO mice (Figure 4B).

3.4 | Changes in the expression of the genes
involved in DNA methylation and demethylation and
5hmC levels in the HRAS- and HRAS/Myc-

induced tumors

As we previously found that epigenetic alterations are associated
with the dedifferentiation of liver tumors,20 the mRNA expression
of enzymes involved in DNA methylation and demethylation was ex-
amined. There were significant increases in Dnmt1, which encodes
a maintenance DNA methyltransferase, in the HRAS-induced and
HRAS/Myc-induced tumors in the p53-KO mice (Figure 5A). The

mMRNA expression of Dnmt3a and Dnmt3b, which encode de novo

DNA methyltransferases, was increased in the HRAS/Myc-induced
tumors in the wild-type and heterozygous p53-KO mice, but it was
suppressed in the homozygous p53-KO mice (Figure 5A). The mRNA
expression of Tetl coding a DNA demethylase was increased in the
HRAS-induced tumors in p53-KO mice (Figure 5A). Although there
was considerable variability among individual tumor samples, most
HRAS/Myc-induced tumors in the wild-type and p53-KO mice ex-
pressed Tetl mRNA (Figure 5A). Immunohistochemistry for 5hmC,
an intermediate that is generated during active demethylation,
revealed that the immunoreactivity was stronger in the nuclei of
HRAS- and HRAS/Myc-induced tumors in p53-KO mice, with a ten-
dency to be more conspicuous in the latter (Figure 5B).

3.5 | Myc activation, ERK dephosphorylation, and
increased proliferative activity of the HRAS/Myc-
induced tumors in the p53-KO mice

We then examined the effects of p53 disruption on Myc expres-
sion and the phosphorylation of ERK, as well as on the prolifera-
tive activity of the tumors. Myc protein was not detectable in the
HRAS-induced tumors in the wild-type mice, but weak expression
was noted in the tumors generated in the homozygous p53-KO mice
(Figure 6A). In the HRAS-induced tumors in the wild-type mice and
homozygous p53-KO mice, ERK was extensively phosphorylated
(Figure 6A). The proliferative activity of the HRAS-induced tumors,
which was estimated by Ki-67 immunohistochemistry, was not af-
fected by p53 KO (Figure 6A). In the HRAS/Myc-induced tumors in
the wild-type mice, the expression of Myc protein was very weak,
but ERK was markedly phosphorylated (Figure 6A). However, in the
p53-KO mice, the expression of the Myc protein was significantly
augmented, whereas ERK phosphorylation was suppressed, espe-
cially in the homozygous p53-KO mice, in which nuclear staining of
phosphorylated ERK was negligible (Figure 6A). In the HRAS/Myc-
induced tumors in the homozygous p53-KO mice, Ki-67 labeling was
markedly increased (Figure 6A).

There was a slight increase in the expression of endogenous Myc
mRNA in the HRAS-induced tumors in the homozygous p53-KO
mice (Figure 6B). The increase in Myc mRNA was accompanied by
a significant increase of Aurka gene expression (Supplementary
Figure 1), which is in accordance with the previous report showing
that the interaction between Myc and aurora kinase A is critically
important in Trp53-deficient, NRAS-driven HCC.?® Compatible with
our findings that the expression of Myc protein in the HRAS/Myc-

induced tumors was low in the wild-type mice but increased in the
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FIGURE 4 Effects of p53 disruption on the expression of hepatoblastic proteins and the mRNA expression of the genes activated in
hepatoblasts in tumors induced by HRAS or HRAS/Myc. A, Immunohistochemistry for a-fetoprotein (AFP), insulin-like growth factor 2
(IGF2), and delta-like 1 (DLK1). p53(+/+), wild type; p53(+/-), heterozygous p53-KO; and p53(-/-), homozygous p53-KO. Asterisks denote
the areas of biliary differentiation in tumors. Scale bar = 40 pm. B, Quantitative RT-PCR analyses of the expression of Afp, H19, Igf2, and
DIk1. p53(+/+), wild type; p53(+/-), heterozygous p53-KO; and p53(-/-), homozygous p53-KO. n = 4 for normal liver, HRAS (+/+), and
HRAS (-/-); n = 6 for HRAS/Myc (+/+), HRAS/Myc (+/-), and HRAS/Myc (-/-). Statistical analyses: Kruskal-Wallis test, *P < .05, **P < .01,
***P <.001, and ****P < .0001 (vs normal liver); Mann-Whitney U test, 1P < .05 and t1P < .01

p53-KO mice, the mRNA expression of exogenous Myc was low in
the tumors in the wild-type mice but was increased in the tumors in
the p53-KO mice (Figure 6C), which was not accompanied by signif-
icant increase in Aurka mRNA expression (Supplementary Figure 1).
The mRNA expression of endogenous Myc was not affected by the
introduction of exogenous Myc (Figure 6B). There was an increase in
the copy numbers of the integrated Myc-harboring plasmids into the
genome in the tumors in the p53-KO mice (Figure 6D), suggesting
that p53 disruption permits the integration of more copies of the

Myc gene and leads to its higher expression levels.

4 | DISCUSSION

In the present study, we demonstrated that disruption of the Trp53
gene confers biliary differentiation to mouse liver tumors induced
by the hepatocyte-specific introduction of either HRAS or HRAS
and Myc. Hepatoblastic gene/protein expression was not associated
with the HRAS-induced tumors in the homozygous p53-KO mice,
suggesting that biliary differentiation is the result of the transdif-
ferentiation of hepatocytes transformed by HRAS. The exhibition of
similar biliary differentiation has been reported during the develop-
ment of advanced HCC in humans.?’ In contrast, the HRAS/Myc-
induced tumors in the heterozygous and homozygous p53-KO mice
demonstrated marked expression of hepatoblastic markers, suggest-
ing that biliary differentiation is associated with dedifferentiation.
These results are compatible with previous data showing that the
conditional depletion of p53 in the liver epithelial system induces
liver tumors with biliary differentiation.?” Our results clearly demon-
strate that hepatocytes can generate cHCC-CCA when the function
of p53 is disrupted through transdifferentiation or dedifferentiation.

As Myc is well known to be crucial in cellular reprogramming,*C its
activation in mouse hepatocytes has been demonstrated to induce
the dedifferentiation tumors composed of hepatoblast-like tumor
cells.3* We also reported that liver tumors induced by the combina-
tion of mutant HRAS or mutant YAP with Myc demonstrated dedif-
ferentiated features with the expression of hepatoblastic markers,
as well as mRNA expression of stem cell markers, such as Nanog
and S0x2.1829 |n the present study, the dedifferentiation of HRAS/
Myc-induced tumors was dependent on the levels of Myc activation,
which was augmented in the p53-KO mice. Myc has been shown to
be suppressed by p53 through several different mechanisms, which
include not only direct transcriptional repression but also the in-
duction of miR-145 and the IncRNA MILIP by p53.323> On the other

hand, Myc induces the mRNA expression of the alternative reading

frame of plé"\‘K (ARF), which in turn activates p53.36 Myc has been
demonstrated to confer a cancer stem cell-like phenotype to human
HCC cell lines when the function of p53 is disrupted.®” Our study
also demonstrated increases in nuclear YAP in tumors induced in
p53-KO mice, suggesting that disruption of p53 activates YAP. These
findings are in accordance with a recent report showing that the loss
of p53 activates YAP in KRAS-driven mouse pancreatic adenocarci-
noma,*® in which a YAP-Myc-Sox2-p53 regulatory network has been
implicated to be critical in metabolic homeostasis and differentiation
of the tumors.%? Interestingly, YAP has also been reported to be in-
volved in the regulation of stem cell differentiation.*>*! Our study
highlights a close mutual relationship among Myc, YAP, and p53 in
the regulation of differentiation of hepatocyte-derived tumors.

The expression levels of AFP and DLK1 in the HRAS/Myc-
induced tumors were higher in the homozygous p53-KO mice than
in the heterozygous p53-KO mice, indicating a more dedifferenti-
ated state in the former. This finding is compatible with the less-
differentiated histological features of the tumors with inconspicuous
ductular structures and with a significant decrease in the mRNA ex-
pression of Hnf4a and Sox9. Interestingly, it has been shown that the
phenotype of hepatoblastoma-like tumors induced by Myc can be
modified to that of cHCC-CCA through the suppression of the NF-xB
signaling pathway.*? Blocking the NF-xB signaling pathway has been
reported to facilitate the differentiation of HCC, which is mediated
by a variant of the histone H2A, MacroH2A1.%® Taken together, the
findings show that, although dedifferentiation of the transformed
hepatocytes can generate tumors with a bipotential phenotype, de-
differentiation exceeding certain threshold levels leads to the ex-
pression of more hepatoblastic features and therefore may abolish
either hepatocytic or biliary differentiation.

The phosphorylation levels of ERK were decreased in the HRAS/
Myc-induced tumors in the p53-KO mice, especially in the homozy-
gous p53-KO mice, which showed more marked dedifferentiation.
Because the introduction of Myc alone is insufficient to induce liver
tumor formation in our system, the activation of the RAS pathway is
indispensable for the hepatocarcinogenesis in HRAS/Myc-induced
tumors.?>*8 However, our results suggest that the acquisition of the
dedifferentiated phenotype is closely associated with the suppres-
sion of ERK function. The inhibition of Sox9 mRNA expression in the
HRAS/Myc-induced tumors with p53 disruption might be explained
by the decreased ERK phosphorylation, as Sox9 has been shown to
be a downstream effector of the EGFR signaling mediated by ERK.**
It has been demonstrated that the maintenance of murine pluripo-
tent stem cells requires the suppression of ERK signaling through the

activation of dual-specificity phosphatases that are transcriptionally
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Kruskal-Wallis test, *P < .05 and **P < .01 (vs normal liver); Mann-Whitney U test, 1P < .05 and 11P < .01. B, Immunohistochemistry for 5hmC.
p53(+/+), wild type; p53(+/-), heterozygous p53-KO; and p53(-/-), homozygous p53-KO. Scale bar = 40 pm



LIU ET AL. _ 3121
Cancer Science RUITa an

(A) HRAS HRAS/Myc

Normal
liver p53(+/+) p53(-/-) p53(+/+) ' p53(+l—) p53(—/—)

.- "-

o
> -
=
N 2 =
14
W 4
Q &
N -~
ui .
C At
®) Endogenous Myc (€) Exogenous Myc (D) Myc plasmid
copy number
£ 1.0 o 00047 | o 5
£ * s tt =
it 5 0.003- %
S > < 104
% 061 = 3
3 £ 0.002- E
o
[ 0.4' O g
> o s 5
© 0.2- 8’0'001" %)
z & g
W o.0- o =y 0.0001— =y 0- 5
AT AR APd x\ ,\ b- DA
\.}40\,,\ RN o \\ & & \ \\ \;\4@\,‘\ X
HRAS HRAS/Myc HRAS HRAS/Myc HRAS/Myc

FIGURE 6 Effects of p53 disruption on the expression of Myc, the phosphorylation of ERK, and a proliferation marker and the mRNA
expression of Myc in tumors induced by HRAS or HRAS/Myc. A, Immunohistochemistry for Myc, phosphorylated ERK, and Ki-67. p53(+/+),
wild type; p53(+/-), heterozygous p53-KO; and p53(-/-), homozygous p53-KO. Scale bar =40 um. B, C, Quantitative RT-PCR analyses of
the mRNA expression of endogenous Myc (B) and exogenous Myc (C). p53(+/+), wild type; p53(+/-), heterozygous p53-KO; and p53(-/-),
homozygous p53-KO. n = 4 for normal liver, HRAS (+/+), and HRAS (-/-); n = 6 for HRAS/Myc (+/+), HRAS/Myc (+/-), and HRAS/Myc (-/-).
Statistical analyses: one-way analysis of variance (ANOVA) with Tukey's post hoc test, *P < .05, ***P < .001 (vs normal liver); unpaired two-
tailed t-test, T1P < .01. D, Estimation of the copy number of the integrated Myc plasmid in HRAS/Myc-induced liver tumors. The amounts
of genomic DNA from tumor samples were normalized by the estimation of the copy numbers of the endogenous Notch2 gene. The data are
presented as the means of two independent experiments (n = 3 each) that showed similar results



LIU eT AL.

3122 H
ERRWITSE Cancer Science

A

HB-like
tumors

Dedifferentiation

> 23

FIGURE 7 Schematic diagram of the interrelationships among
various phenotypes of liver tumors originating from hepatocytes.
Two-dimensional perspective of the hepatocyte-derived tumors
with respect to transdifferentiation and dedifferentiation. HB,
hepatoblastoma; HCC, hepatocellular carcinoma; CCA, intrahepatic
cholangiocarcinoma; Heps, hepatocytes; BD, bile ducts/ductules

Transdifferentiation

activated by Myc/Max complexes.*> Furthermore, the suppression
of ERK by Myc activation has been shown to be required for somatic
cell reprogramming.*® Our findings indicate that mature hepatocytes
can acquire a stem cell-like reprogrammed phenotype, which is com-
patible with a previous report.*’

Liver tumors induced by HRAS or HRAS/Myc have been shown
to be associated with changes in the mRNA expression of enzymes
involved in DNA methylation and demethylation.?° In the present
study, p53 KO was found to increase the mRNA expression of a
maintenance DNA methyltransferase (Dnmt1) in both the HRAS-
induced and HRAS/Myc-induced tumors, whereas homozygous
p53 KO suppressed the increase in the mRNA expression of de
novo DNA methyltransferases (Dnmt3a and Dnmt3b) in the HRAS/
Myc-induced tumors. In addition, the mRNA expression of a DNA
demethylase (Tet1) in the HRAS-induced tumors was enhanced by
p53 KO. p53 KO has been shown to induce the mRNA expression
of Dnmt1, Dnmt3a, and Dnmt3b in the livers of p53-KO mice.*® Our
results of 5hmC immunohistochemistry suggests that active de-
methylation takes place in the tumors with p53 disruption. Although
comprehensive studies regarding the DNA methylation status are
needed to fathom the significance of these findings, our results sug-
gest that p53 plays significant roles in epigenetic regulation of pri-
mary liver cancers.

We previously reported that the cointroduction of HRAS and
Myc by the original transposon cassette vectors in wild-type mice
induced dedifferentiated liver tumors with high levels of AFP, IGF2,
and DLK1 expression but without ductular transdifferentiation or
CK19 expression (Supplementary Figure 2A).%° Foci of extramed-
ullary hematopoiesis were occasionally found within the tumors,
suggesting the acquisition of hepatoblastic features (Supplementary
Figure 2B). These dedifferentiated tumors expressed Myc at high

levels and were highly proliferative, but ERK phosphorylation was

markedly suppressed (Supplementary Figure 2C). Although the phe-
notype of the HRAS/Myc-induced tumors was different in the pres-
ent study, with transposon cassette vectors modified by the deletion
of two loxP sites, dedifferentiated features were evident when p53
was disrupted. The emergence of the dedifferentiated phenotype
was closely associated with the increased expression of the Myc
protein and the suppression of ERK phosphorylation, as in the tu-
mors induced by the original plasmids. The number of integrated
copies of the Myc plasmid was 10.2-fold greater and the level of Myc
mRNA expression was 17.8 times higher in the liver tumors induced
by the original HRAS and Myc plasmids in the wild-type mice than
in those induced by the modified plasmids in the wild-type mice
(data not shown). Although the reason for the inefficient integration
and low level of Myc expression in the modified Myc plasmid is not
currently clear, our results demonstrate that Myc expression and
the suppression of ERK phosphorylation are closely correlated with
the dedifferentiated phenotype of hepatocyte-derived tumors and
that the loss of p53 enhances the dedifferentiation at least partly
through the enhanced expression of Myc protein.

In conclusion, our study demonstrates that the loss of p53 con-
fers hepatocyte-derived liver cancers with biliary differentiation
through transdifferentiation or dedifferentiation and that the latter
can be mediated by Myc activation. From our experimental data,
we propose a two-dimensional perspective on the understanding
of a wide spectrum of hepatocytic tumors: In extreme cases, trans-
formed hepatocytes can generate CCA through transdifferentiation,
whereas they can generate hepatoblastoma-like tumors without
definitive hepatocytic or biliary features through dedifferentiation;
cHCC-CCA might be tumors generated through partial transdiffer-
entiation or dedifferentiation (Figure 7).
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