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Abstract

PTEN and p53 are highly mutated in many cancers. These two tumor suppressors have critical
functions in the nucleus, such as DNA repair, cell cycle progression, and genome maintenance.
However, the /n vivo functional relationship of nuclear PTEN and p53 is unknown. Here, we
analyzed the liver of mice in which nuclear PTEN and p53 are individually or simultaneously
depleted. We found that nuclear PTEN loss greatly upregulates p53 expression upon oxidative
stress, while the loss of p53 potentiates stress-induced accumulation of PTEN in the nucleus. Next,
we examined oxidative stress-induced DNA damage in hepatocytes, and found that nuclear PTEN
loss aggravated the damage while p53 loss did not. Notably, mice lacking nuclear PTEN had
increased hepatocellular carcinoma under oxidative stress, while mice lacking p53 in hepatocytes
had accelerated hepatocellular carcinoma and intrahepatic cholangiocarcinoma. The formation of
cholangiocarcinoma appears to involve the transformation of hepatocytes into
cholangiocarcinoma. Simultaneous loss of nuclear PTEN and p53 exacerbated both types of liver
cancers. These data suggest that nuclear PTEN and p53 suppress liver cancers through distinct
mechanisms.
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1. Introduction

Phosphatase and tensin homolog deleted on chromosome ten (PTEN) has various functions
as a tumor suppressor at multiple intracellular locations, including the plasma membrane and
nucleus [1-3]. At the plasma membrane, PTEN dephosphorylates phosphatidylinositol
(3,4,5)-trisphosphate to phosphatidylinositol (4,5)-bisphosphate and regulates the PI3K-
AKT-mTOR signaling pathway in cell proliferation and survival [4-7]. In contrast, in the
nucleus, previous studies using /in vitro cell culture systems have shown that PTEN controls
DNA repair, cell cycle progression, and genome stability, independently of its lipid
phosphatase activity [1,2,8-11]. p53, another critical tumor suppressor that is highly mutated
in many cancers, also functions in the nucleus as a “guardian of the genome” [12,13]. p53 is
activated in response to DNA damage and protects the integrity of the nuclear genome [12—
14]. In response to a variety of cellular stresses, p53 regulates the expression of many genes
for DNA damage response, cell cycle arrest, cell senescence, and apoptosis [15,16].

Previous studies have revealed the inter-dependency of PTEN and p53. For example, PTEN
regulates p53 protein levels by inhibiting its Mdm2-mediated degradation [17,18]. Also,
PTEN binds p53 and modifies its transcriptional activities under hypoxia [19]. Conversely,
p53 upregulates PTEN transcription, and p53 deficiency leads to the loss of PTEN [20-22].
PTEN deficiency can overcome p53-dependent cellular senescence and enhances tumor
formation [23]. Highlighting their additive effects, the formation of undifferentiated soft
tissue sarcoma has been reported in smooth muscle lineage-specific PTEN and p53 double
heterozygous knockout mice [24]. Furthermore, prostate-specific conditional double
knockout of PTEN and p53 in mice generates lethal, invasive prostate cancers at young ages,
while the single knockouts do not [23]. Although these studies show important physical and
functional interplays between total PTEN and p53, the specific relationships between
nuclear PTEN and p53 remain unknown.

Recently, to investigate the physiological role of nuclear PTEN /n vivo, we have created
genetically-engineered mice using the CRISPR/Cas9 genome editing, in which the amounts
of PTEN in the nucleus are greatly decreased [25,26]. Using this nuclear PTEN deficient
mouse line, we have shown that the loss of nuclear PTEN accelerates the formation of
hepatocellular carcinoma in response to carcinogen and oxidative stress [25,26]. We also
show that oxidative stress increases the localization of PTEN in the nucleus in hepatocytes
through inhibition of nuclear export of PTEN [26]. In the absence of nuclear PTEN,
oxidative stress-induced DNA damage was exacerbated in the liver [26]. Here, to study the
functional relationship between nuclear PTEN and p53, we analyzed liver cancer induced by
carcinogen and oxidative stress in mice that lack nuclear PTEN and p53.
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2. Materials and Methods

2.1 Animals

All animal work was performed according to the guideline established by the Johns Hopkins
University Committee on Animal Care. Nuclear deficient PTEN (ndPTEN) mice that carry
the K13R and D384V mutations have been previously described [25,26]. p53floX/flox mjce
(stock#: 008462) and albumin-Cre recombinase mice (stock#: 003574) were obtained from
the Jackson laboratory, and bred to produce liver-specific p53 knockout mice (Alb-
Cre::p53floxflox h53.hK0). To induce liver damage, we intraperitoneally injected 20%
CCly/mineral oil (10 ml/kg body weight) (289116, Sigma-Aldrich) into mice at 2-3 months
of age. Male mice were used in all of the experiments in this study. To induce liver cancer,
we intraperitoneally injected DEN (25 mg/kg body weight; N0258, Sigma-Aldrich) into
mice at 2 weeks of age, and then intraperitoneally injected 20% CCly/mineral oil (2.5 ml/kg
bodyweight) twice per week from 6 to 14 week of age [26-28].

2.2. Antibodies

The primary antibodies used were: PTEN (9559, Cell Signaling Technology), GAPDH
(MA5-15738, Invitrogen), Ki67 (M7249, DAKO), CK19 (MABT913, Sigma-Aldrich),
phospho-H2AX (S139) (ab11174, Abcam), and active caspase-3 (AF835, R&D System).
The fluorescently-labeled secondary antibodies were obtained from Invitrogen: Alexa488
anti-rabbit 1gG (A21206) and Alexa568 anti-rat 1gG (A11077). HRP-conjugated anti-rat 1gG
(474-1612, KPL) and anti-rabbit (NA934V, GE Healthcare) were used.

2.3. Quantitative RT-PCR

MRNAs were prepared from livers using a RNeasy mini kit (74104, Qiagen). cDNAs were
synthesized using a ReadyScript cDNA synthesis kit (RDRT, Sigma-Aldrich). Quantitative
real-time PCR (RT-PCR) was performed using a real-time PCR detection system (CFX98,
BioRad), and PowerUp SYBR Green Master Mix kit (A25742, Applied Biosystems). The
following primers were used. Albumin: forward 5'-TGCTTTTTCCAGGGGTGTGTT-3’,
reverse 5 -TTACTTCCTGCACTAATTTGGCA-3". p53: 5'-
AGTCCTTTGCCCTGAACTGC-3’, 5 -TTTACGCCCGCGGATCTTGA-3". Jagged-1: 5~
AACTGTTGTGGTGGAGTCCG-3’,5'-GCAAAGTGTAGGACCTCGGC-3". c-myc: 5'-
TGTACCTCGTCCGATTCCAC-3’,5-CATCTTCTTGCTCTTCTTCAGAGTC-3".
CyclinD1, 5"-CAAAATGCCAGAGGCGGATG-3’, 5'-CCAGGGCCTTGACCGGG-3'.
CTGF: 5"-CCAATGCACTTGCCTGGATG-3’, 5 -TCCAGTCGGTAGGCAGCTA-3".
Cyr61: 5’-CTGAAGAGGCTTCCTGTCTTTG-3', 5'-GATCCGGGTCTCTTTCACCA-3".

2.4. Western blotting

Livers were homogenized in RIPA buffer (9806, Cell Signaling Technology) containing
complete protease inhibitor cocktail (1697498001, Roche) and phosphatase inhibitor
cocktails (P5726 and P0044, Sigma-Aldrich). Lysates were centrifuged at 16,000 x g for 10
min at 4°C, and the supernatants were collected. Proteins were separated using SDS-PAGE
and then transferred onto Immobilon-FL (IPFL00010, EMD Millipore). After blocking in
3% BSA/PBS containing 0.1% Tween 20 for 1 h at room temperature, the membranes were
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incubated with the primary antibodies overnight at 4°C. After washing, immunocomplexes
were visualized using appropriate fluorescent-labeled secondary antibodies and detected
using a PharosFX Plus molecular imager (Bio-Rad).

Immunofluorescence microscopy

Mice were anesthetized by intraperitoneal injection of Avertin and fixed by cardiac perfusion
of ice-cold 4% paraformaldehyde in PBS [25]. The livers were dissected and further fixed in
4% paraformaldehyde in PBS for 3 h at 4°C. The samples were incubated in PBS containing
30% sucrose overnight and frozen in optimal cutting temperature (OCT) compound (23—
730-571, Fisher Scientific) in a Tissue-Tek Cryomold (4566, Sakura Finetek USA). Frozen
tissue blocks were sectioned and mounted on Superfrost Plus Microscope Slides (12—
550-15, Fisher Scientific). Sections were subjected to antigen retrieval with 1 mM EDTA
using a microwave oven and incubated with the primary antibodies at 4°C overnight. After
washes, the samples were incubated with appropriate fluorescently-labeled secondary
antibodies at room temperature for 1 h. DAPI (1 pg/ml) was used to stain nuclear DNA.

Histology

4% paraformaldehyde-fixed livers were embedded in paraffin at the Johns Hopkins School
of Medicine Pathology Core. Paraffin sections were cut, and hematoxylin and eosin stained
at the Pathology Core. To analyze fibrosis, paraffin sections were stained using a Picro Sirius
Red Stain Kit (ab150681, Abcam) according to the manufacturer’s instructions. To
immunostain CK19, Ki67, and active caspase-3, paraffin sections were deparaffinized,
subjected to antigen retrieval with 1 mM EDTA using a pressure cooker for 15 min, and
incubated with the primary antibody at 4°C overnight. After washes with PBS, the samples
were incubated with HRP-conjugated secondary antibody for 1 h at room temperature and
stained with DAB (ab64238, Abcam). Hematoxylin (MHS16, Sigma-Aldrich) was used to
counterstain nuclei. The samples were viewed using an Olympus BX51 microscope
equipped with a DP-70 color camera.

3. Results

3.1. Theloss of p53 enhances oxidative stress-induced nuclear localization of PTEN in
hepatocytes

To investigate the role of p53 for the nuclear localization of PTEN, we examined the
localization of PTEN in the liver of control mice (p53f1oX/floX) ‘nuclear PTEN deficient mice
(ndPTEN), hepatocyte-specific p53 knockout mice (Alb-Cre::p53floX/flox n53 hK0), and
ndPTEN and p53-hKO double mutant mice (ndPTEN::Alb-Cre::p53flox/flox nhdpTEN::p53-
hKO) after intraperitoneal injection of a hepatotoxin, carbon tetrachloride (CCl,) that
produces oxidative stress in the livers [26-28]. Immunofluorescence microscopy showed
that PTEN is located both in the cytosol and nucleus of hepatocytes in control mice without
the injection, and this nuclear localization was increased by the oxidative stress (Fig. 1A and
B). In p53-hKO mice, the basal level of PTEN nuclear localization was unaffected. In
contrast, its oxidative-stress induced nuclear accumulation was further enhanced compared
to control mice (Fig. 1A and B). As negative controls, in ndPTEN mice and ndPTEN::p53-
hKO double mutant mice, the nuclear localization of PTEN was greatly decreased at both
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the basal and stress conditions (Fig. 1A and B). Therefore, stress-induced PTEN’s nuclear
accumulation is amplified in the absence of p53.

3.2. Nuclear PTEN deficiency potentiates stress-induced upregulation of p53in
hepatocytes

To determine the effects of nuclear PTEN deficiency on oxidative stress-induced expression
of p53, we examined the levels of p53 mRNAs after CCl, injection. In control mice, p53
MRNA expression was increased after oxidative stress and further enhanced in ndPTEN
mice (Fig. 1C). As negative controls, in p53-hKO mice and ndPTEN::p53-hKO mice, the
levels of p53 MRNAs were substantially decreased in livers (Fig. 1C). The remaining p53
mRNAs were likely derived from cells other than hepatocytes in the liver, such as Kupffer,
immune, and endothelial cells. p53 mRNA levels appeared to be slightly increased in these
cells after CCly injection independently of nuclear PTEN. Thus, nuclear PTEN deficiency
accelerates oxidative stress-induced p53 upregulation in hepatocytes.

3.3. Deficiency of nuclear PTEN, but not p53, increases stress-induced DNA damage in
hepatocytes

To compare the role of nuclear PTEN and p53 for DNA repair after oxidative stress in the
liver, we examined DNA damage using immunofluorescence microscopy with an antibody
to serine139-phosphorylated histone H2AX (phospho-H2AX), which is a well-established
DNA damage marker [8]. Without CCly injection, we found only negligible levels of
phospho-H2AX-positive cells in control, ndPTEN, p53-hKO, and ndPTEN::p53-hKO mice
(Fig. 2A and B). After the CCly injection, more phospho-H2AX-positive cells were found in
the control mice (Fig. 2A and B). As reported previously [26], ndPTEN mice showed a
significant increase in the percentage of phospho-H2AX positive cells compared to control
mice (Fig. 2A and B). In contrast, p53-hKO mice showed levels of phospho-H2AX positive
cells similar to control mice after CCl, injection (Fig. 2A and B). Therefore, p53 is not
required for DNA repair after CCly injection in the liver. Further supporting this notion,
ndPTEN::p53-hKO mice displayed an increase in the percentage of phospho-H2AX-positive
cells to an extent similar to that of ndPTEN mice after CCl, injection (Fig. 2A and B). These
immunofluorescence data were biochemically confirmed by Western blotting of isolated
livers using an antibody to phospho-H2AX (Fig. 2C and D).

CCly is converted to CCl305 radical by CYP2E1 in hepatocytes, which is toxic to
hepatocytes [29]. However, it is unclear whether CCl30, radical also induces DNA damage
in biliary epithelial cells (i.e., cholangiocytes). To address this question, we performed
immunofluorescence microscopy of livers using antibodies to phospho-H2AX and CK19, a
marker for cholangiocytes. In contrast to hepatocytes, CK19-positive cholangiocytes are not
stained by anti-phospho-H2AX antibodies (Fig. 2E). These data suggest that CCly, leads to
DNA damage in hepatocytes, but not cholangiocytes.

3.4. Deficiencies of nuclear PTEN and p53 induce different types of liver cancers in
response to oxidative stress

To examine the role of nuclear PTEN and p53 for tumorigenesis, we used a preclinical
platform of liver cancer induced by a single injection of a carcinogen, N-nitrosodiethylamine
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(DEN) and followed by repeated injections of CCly, (Fig. 3A) [26]. In control mice, only a
small number of hepatocellular carcinomas (HCCs) were found at 15 weeks (Fig. 3B and C).
Conversely, the formation of HCC was enhanced in both ndPTEN mice and p53-hKO mice
(Fig. 3B and C). Importantly, the occurrence of HCC was highest in ndPTEN::p53-hKO
mice (Fig. 3B and C). Furthermore, to our surprise, p53-hKO mice, but not control or
ndPTEN mice, developed a bile duct cancer, intrahepatic cholangiocarcinoma (CCA) (Fig.
3B and D), which was stained by anti-CK19 antibodies (Fig. 3E and F) and histologically
distinguishable from HCC (Fig. 3G). The frequency of CCA was further increased in
ndPTEN::p53-hKO mice (Fig. 3B and D). These data suggest that nuclear PTEN and p53
play distinct roles in the suppression of HCC and CCA.

To examine the effects of DEN and CCl, on tissue injuries, we analyzed fibrosis using Sirius
Red staining (Fig. 4A and B). We found similar, low levels of fibrosis in the livers of control,
ndPTEN, p53-hKO, and ndPTEN::p53-hKO mice in non-tumor and HCC regions (Fig. 4A
and B). In contrast, fibrosis was dramatically and similarly increased in CCA regions of p53-
hKO and ndPTEN::p53-hKO mice (Fig. 4A and B). Consistent with these tissue injuries, we
found increased apoptosis in CCA regions in p53-hKO and ndPTEN::p53-hKO mice using
immunohistochemistry with anti-active-caspase-3 antibodies (Fig. 4C and D). Therefore,
liver injuries caused by DEN and CCl, treatments were indistinguishable in each non-tumor
or tumor region in the four groups of mice and were not likely the reason to induce different
types and amounts of liver cancers.

In addition, immunohistochemistry of Ki67, a marker for cell proliferation, showed similar
increases in percentages of Ki67-positive cells in HCC and CCA regions (Fig. 4E and F).
These data suggest that once initiated, rates of cell proliferation in HCC and CCA are
similar regardless of the presence or absence of nuclear PTEN and p53.

It has been reported that Wnt/B-catenin signaling and Notch signaling are involved in HCC
and CCA, respectively [30-32]. In addition, Hippo/YAP signaling plays an important role in
liver cancer formation [33]. To examine these signal transduction pathways in our HCC and
CCA models, we analyzed the gene expression in livers after CCly injection using
quantitative RT-PCR. Our transcriptional analysis showed strong upregulation of c-Myc and
cyclinD1 (Wnt/R-catenin pathway), Jaggedl (Notch pathway), and CTGF and Cyr61
(Hippo/ YAP pathway) after CCly treatment (Fig. S1). Since the levels of their upregulation
are similar in control, ndPTEN, p53-hKO, and ndPTEN::p53-hKO mice, the loss of nuclear
PTEN and p53 does not affect these signal transduction mechanism upon oxidative stress.

4. Discussion

Liver cancer accounts for 8% of all cancer mortality in the world [34]. HCC is fast-growing
and represents up to 90% of all primary liver cancers [35]. In contrast, CCA represents a
relatively small percentage of liver cancer; however, CCA is very aggressive, and most
patients die within 5 years [36]. There are currently no effective treatments for HCC and
CCA. Therefore, there is an urgent need to decipher their disease mechanisms and develop
therapeutic interventions. In our current study, we report a new preclinical model of both
HCC and CCA using hepatocyte-specific KO of p53, which is deficient in essentially all
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human liver cancers. In this mouse model, the combination of the carcinogen DEN and
hepatotoxin CCl, with p53 loss robustly produces HCC and CCA. Additional loss of nuclear
PTEN accelerated HCC and CCA in p53-hKO mice. Interestingly, a single loss of nuclear
PTEN only induced HCC but not CCA. These data suggest that nuclear PTEN and p53
mitigate liver cancers through distinct tumor suppression mechanisms. While nuclear PTEN
is important for protection from oxidative-stress induced DNA damage in hepatocytes, p53’s
contribution to this protection process appears to be small. Further investigation of these
mouse models would advance our understanding of both types of liver cancer.

HCC is derived from injured hepatocytes under stressed conditions, such as viral infection,
toxic stimuli, and metabolic diseases [35]. CCA has been thought to originate from
cholangiocytes (biliary epithelial cells); however, recent studies have shown that mature
hepatocytes dedifferentiate into liver progenitor cells for cholangiocytes or transdifferentiate
into cholangiocytes under stress conditions [37,38]. Our data showing that hepatocyte-
specific loss of p53 leads to CCA suggests that p53 plays an important role in suppressing
the transformation of hepatocytes to cholangiocytes and then CCA. Supporting this novel
role of p53, we found giant cells in non-tumor regions in the liver of p53-hKO mice after
DEN and CCly treatment (Fig. 3G, arrowheads). While giant cells are observed in the
neonatal period, the transformation of mature hepatocytes into giant cells can also occur in
adults after liver damage [39,40]. Therefore, in healthy livers, p53 likely inhibits the
transformation of hepatocytes into giant cells, which could become precursors for CCA
when oxidative stress and tissue injuries occur. It would be of great interest to uncover the
molecular mechanisms underlying the new role of p53 in the suppression of liver cancers in
future studies using our mouse models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Nuclear PTEN deficiency upregulates p53 expression upon oxidative stress.
. Loss of p53 potentiates stress-induced accumulation of PTEN in the nucleus.
. Nuclear PTEN deficient mice increase hepatocellular carcinoma under
oxidative stress.
. Hepatic p53 KO enhances hepatocellular carcinoma and intrahepatic

cholangiocarcinoma.
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Figure 1. Oxidative stress induces nuclear PTEN accumulation and p53 upregulation in livers.
(A) Control, ndPTEN, p53-hKO, and ndPTEN::p53-hKO mice were subjected to

intraperitoneal injection of 20% CCly. At 2 days after CCly, injection, cryosections of livers
were analyzed by immunofluorescence microscopy using anti-PTEN antibodies. DAPI was
used to stain nuclear DNA. (B) The intensity of PTEN signals in the nucleus was quantified
relative to that in the cytosol. Bars are average + SD (n = 161-221 hepatocytes from three
mice). (C) Levels of p53 mRNA in the livers were quantified relative to those of albumin
mRNA after CCly injection. Values were normalized to control mice without CCly
treatment. Bars are average + SD (n = 4 livers). One-way ANOVA with post-hoc Tukey was
performed in (B and C): *p < 0.05, ***p < 0.001.
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Figure 2. Oxidative stress induces DNA damage in ndPTEN mice, but not p53-hKO mice.
(A) Paraffin sections of livers from the indicated mice were analyzed by

immunohistochemistry using anti-phospho-H2AX (serine139) antibodies at 2 days after
CCly injection. Nuclei were counterstained with hematoxylin. (B) Percentages of phospho-
H2AX-positive cells were quantified. Bars are average = SD (n = 3-6 livers). (C and D)
Livers were isolated from the indicated mice after CCly injection and analyzed by Western
blotting with antibodies to phospho-H2AX and GAPDH. (D) The intensity of phospho-
H2AX signals was quantified relative to that of GAPDH. Bars are average £ SD (n =5
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livers). (E) Cryosections of livers were analyzed by immunofluorescence microscopy using
antibodies of CK19 and phospho-H2AX. One-way ANOVA with post-hoc Tukey was
performed in (B and D): *p < 0.05.
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Figure 3. Deficiencies of nuclear PTEN and p53 differentially accelerate liver tumorigenesis in
response to oxidative stress.

(A) Experimental design for DEN/CCl4-induced liver cancer in mice. Control, ndPTEN,
p53-hKO, and ndPTEN::p53-hKO mice were subjected to intraperitoneal injection of DEN
at 2 weeks of age. Mice were further treated with CCly, twice per week from 6 to 14 weeks
of age and were analyzed at 15 weeks. (B) Images of livers. White arrowheads indicate
HCC, and green arrowheads indicate CCA. (C and D) The number of HCC in (C) and CCA
in (D). Bars are average + SD (n = 4 mice untreated and 7 mice DEN/CCly-treated). (E)
Immunohistochemistry using anti-CK19 antibodies. (F) CK19-positive regions were
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quantified. Bars are average = SD (n = 3-5 livers). Nuclei were counterstained with
hematoxylin. (G) Liver sections were subjected to hematoxylin and eosin staining.
Arrowheads indicate giant hepatocytes. One-way ANOVA with post-hoc Tukey was
performed in (C, D, and F): *p < 0.05, ***p < 0.001.
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Figure 4. Fibrosis is induced in CCA in p53-hKO and ndPTEN::p53-hKO mice.
(A) Paraffin liver sections were subjected to Sirius Red staining. T: Tumors, N: Non-tumor

regions. (B) Fibrotic regions were quantified based on Sirius Red staining in no-tumor
(normal), HCC, and CCA regions. Bars are average + SD (n = 3-5 livers). (C)
Immunohistochemistry of active caspase-3. Nuclei were counterstained with hematoxylin.
(D) Active caspase-3-positive cells were quantified. Bars are average = SD (n = 3-5 livers).
(E) Ki67 immunohistochemistry. Nuclei were counterstained with hematoxylin. (F) Ki67-
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positive cells were quantified. Bars are average = SD (n = 3-5 livers). One-way ANOVA
with post-hoc Tukey was performed in (B, D, and F): ns, not significant.
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