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Activation of p53 After Irradiation Impairs
the Regenerative Capacity of the Mouse

Liver
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Radiation therapy is one of the treatment methods for hepatocellular carcinoma. However, radiation tolerance of
the liver is low, and the detailed effect of radiation on liver regeneration has not been clarified. C57BL/6] mice or
hepatocyte-specific p53 knockout (KO) mice (albumin [Alb]-Cre Trp53flox/flox) were irradiated with a single fraction
of 10 Gy localized to the upper abdomen. We performed 70% partial hepatectomy (PHx) 24 hours after irradiation.
Liver regeneration was assessed by proliferation cell nuclear antigen (PCNA)- and Ki-67-positive hepatocyte ratios and
liver-to-body weight ratio after PHx. To establish a fibrosis model, CCl4 was orally administered for 8 weeks. The mu-
rine hepatocyte cell line BNL CL.2 (CL2) was irradiated with 10 Gy. Irradiation activated p53, induced downstream
p21 in the liver, and delayed liver regeneration after PHx. While PHx increased hepatocyte growth factor (HGF) lev-
els and activated Met with or without irradiation in the regenerative liver, it activated Akt and extracellular kinase
1 and 2 (Erk 1/2) less in irradiated mice than in nonirradiated mice. In CL2 cells cultured with HGF, irradiation
suppressed cell growth by decreasing phosphorylated Akt and Erk 1/2 levels, which was abolished by small interfer-
ing RNA-mediated p53 knockdown but not by p21 knockdown. Hepatocyte-specific knockout of p53 in mice abol-
ished the irradiation-induced suppression of both liver regeneration and Akt and Erk 1/2 activation after PHx. In
the fibrotic mouse model, the survival rate after PHx of irradiated p53 KO mice was higher than that of wild-type
mice. Conclusion: p53 but not p21 is involved in the impaired regenerative ability of the irradiated liver. (Hepatology
Communications 2022;6:411-422).

adiation therapy is one of the treatment meth-
ods for hepatocellular carcinoma. Radiation
therapy can be adjusted for patients who are
elderly and those with a poor general condition who are
unsuitable for resection, ablation, or transplantation.(l)

However, radiation therapy has the risk of radiation-
induced liver disease (RILD), which is sometimes
life threatening and has no established treatment.®®
Classic RILD is a complication of radiation that

causes hepatomegaly, ascites, and elevated alkaline

Abbreviations: Alb, albumin; ANOVA, analysis of variance; AU, arbitrary units; CL2, BNL CL.2; Erk, extracellular signal-regulated kinase; fl,
fox; G1/G2, growth 1 and growth 2 phase; Gabl, GRB2-associated binding protein 1; H(SE, hematoxylin and eosin; b, hours; HGE hepatocyte
growth factor; KO, knockout; M, mitosis phase; mRINA, messenger RNA; NS, not significant; p-, phosphorylated; PCNA, proliferation cell nuclear
antigen; phospho, phosphorylated; PHx, partial hepatectomy; RILD, radiation-induced liver damage; RT-PCR, real-time reverse transcription
polymerase chain reaction; siRINA, small interfering RNA; W1, wild type.
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phosphatase levels after whole-liver irradiation with
30-35 Gy using a conventionally fractionated regi-
men.” Classic RILD can be prevented by reducing
the radiation dose.**® Recently, advances in com-
puted tomography planning technology have made
it possible to administer a high radiation dose locally,
and classic RILD has become rare.”"®) However, even
with localized irradiation, noncancerous liver lesions
around the carcinoma are still irradiated with 10 Gy
or more. Cases of increases in the Child-Pugh score
and transaminase level after radiation therapy are
observed in 5%-12% of patients treated with local-
ized radiation the1rapy.(9’10 Such cases of liver damage
after irradiation are called nonclassic RILD. Patients
with nonclassic RILD have high mortality due to fatal
hepatic failure within 12 months of radiation therapy,
even with control of hepatocellular carcinoma.'”) The
risk factor for nonclassic RILD has been reported to
be cirrhosis in the background liver.”) The detailed
mechanism of nonclassic RILD is unclear; however,
it has been reported that the effect of radiation on
regenerating hepatocytes may be related to nonclassic
RILD.“® In the present study, we investigated the
regenerative capacity of the irradiated liver.

Materials and Methods

MICE

We obtained 8-10-week-old male C57BL/6] mice
from Charles River Laboratories (Tokyo, Japan).
Male C57BL/6] mice were introduced into the lab-
oratory 1 week before the start of the experiment,
and it was confirmed that there was no problem
with their health condition. Male C57BL/6] mice
were randomly assigned to each group. Trps53™ /!
mice with a C57BL/6] background and albumin
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(Alb)-Cre transgenic mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). We generated
8-11-week-old male hepatocyte-specific p53 knock-
out (KO) mice (Trp53ﬂ/ 7 Alb-Cre) by mating Trp53ﬂ i
mice and A/5-Cre transgenic mice. Male p53 KO and
littermate wild-type (W'T) mice (Trp53ﬂ/ﬂ ) were ran-
domly assigned to each group so that there was no
difference in body weight between p53 KO and litter-
mate WT mice. Liver irradiation was performed with
the lower abdomen and chest of some mice shielded
with lead, and a single fraction of 10 Gy was deliv-
ered at a dose rate of 177 Gy/minute. No mice died
from irradiation alone during the experiment. Liver
fibrosis was induced by intragastric administration
of 5 mL/kg body weight of 25% CCl4 dissolved in
corn oil 3 times a week for 8 weeks. "V Male p53 KO
mice and littermate W'T mice did not die during the
CCl4 administration period. Mice were maintained
in a pathogen-free facility with a 12-hour light/dark
cycle and received humane treatment. All animal-
related procedures were approved by the Animal Care
and Use Committee of Osaka University Medical
School and performed according to Animal Research:
Reporting of In Vivo Experiments guidelines.

CELL CULTURE

We used the nontransformed murine hepatocyte
cell line BNL CL.2 (CL2), which was obtained
from ATCC (Manassas, VA). Cells were incubated
at 37°C under 5% CO2 in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum
(26140-079; Gibco, Grand Island, NY). The cell
line was tested and shown to be free of mycoplasma
contamination. For irradiation, a single fraction of
10 Gy was delivered. Cells were transfected with
5 nM small interfering RNA (siRNA) for 48 hours
using Lipofectamine RNAiMAX Transfection
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Reagent (Invitrogen Corporation, Carlsbad, CA)
as described.'? siRNA negative control; 4389843,
siRNA  p53; s75474 and siRNA p21; s63813
(Thermo Fisher Scientific, Waltham, MA) were
purchased. Mouse recombinant hepatocyte growth
factor (HGF) was purchased from R&D Systems
(Minneapolis, MN). HGF (10 ng/mL) was supplied
2 hours after irradiation. Vanadate was purchased
from Sigma-Aldrich (St Louis, MO). Vanadate
(200 pM) was supplied 0.5 hours before irradia-
tion, and the final concentration of vanadate in the
medium was administered to be 200 uM.

PARTIAL HEPATECTOMY OR
SHAM OPERATION IN MICE

Male mice were subjected to a sham operation or
70% partial hepatectomy (PHx) as described.!® All
mice were randomly assigned to each group, and there
was no significant difference in body weight before
surgery between the irradiated and nonirradiated
groups. PHx was performed at 24 hours after irradia-
tion. Mice were killed at the indicated time points after
surgery. All mice were confirmed to have no throm-
bus formation in the regenerated liver by hematoxylin
and eosin (H&E) staining of liver sections after PHx.
Liver regeneration was assessed by proliferation cell
nuclear antigen (PCNA)- and Ki-67-positive hepato-
cyte ratios and liver-to-body weight ratio after PHx.

IMMUNOHISTOCHEMISTRY

Dissected livers were fixed in 10% formalin
for 24 hours and embedded in paraffin. Sections
were stained with H&E. We also stained the sec-
tions with sirius red (Sigma-Aldrich) to assess liver
fibrosis. The sirius red-positive area was measured
with BZ-700 image analysis software (KEYENCE,
Osaka, Japan). To assess liver proliferation, sections
were stained with an anti-PCNA antibody (#2586,
1:4,000; Cell Signaling Technology, Danvers, MA)
and anti-Ki-67 antibody (#12202s, 1:400; Cell
Signaling Technology). The numbers of PCNA-
and Ki-67-positive nuclear cells were counted in
10 random periportal fields of view per liver sec-
tion. Immunohistochemistry was performed as
described.™ To assess progenitor cells, sections were
stained with an anti-A6 antibody (A6 BCM, 1:200;
Developmental Studies Hybridoma Bank, Iowa City,
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IA) and anti-pancytokeratin antibody (ab27988, 1:40;
Abcam, Cambridge, United Kingdom). The numbers
of A6-positive cells were counted in 10 random fields
of view per liver section.

REAL-TIME QUANTITATIVE
POLYMERASE CHAIN REACTION

Total RNA isolated from liver tissues using the
RNeasy Mini Kit (Qiagen) was reverse transcribed.
Messenger RNA (mRNA) was subjected to real-time
reverse transcription polymerase chain reaction (RT-
PCR) with quantification using the following TagMan
gene expression assays (Applied Biosystems, Foster City,
CA): Trp53 (assay identification [ID], Mm01731290_
g1), cyclin dependent kinase inhibitor 1A (Cdkn1a; assay
ID, Mm00432448_m1), BCL2 binding component 3
(Bbc3; assay ID, Mm00519268_m1), and beta-actin
(B-actin; assay ID, Mm00607939_s1). Transcript levels

are presented as the fold change relative to controls.

WESTERN BLOT AND ANALYSIS

Western blotting was carried out as described.™¥
For immunodetection, antibodies against the following
proteins were used: Met (Cell Signaling Technology,
#3127) at 1:1,000; phosphorylated (phospho)-Met
(Tyr1234/1235) (Cell Signaling Technology, #3077)
at 1:1,000; GRB2 associated binding protein 1 (Gab1;
Cell Signaling Technology) at 1:1,000; phospho-Gab1
(Cell Signaling Technology) at 1:1,000; Akt (Cell
Signaling Technology, #4691) at 1:1,000; phospho-
Akt (Thr308) (Cell Signaling Technology, #4060) at
1:2,000; extracellular kinase 1 and 2 (Erk 1/2; Cell
Signaling Technology, #4695) at 1:1,000; phospho-
Erk 1/2 (Thr202/Tyr204) (Cell Signaling Technology,
#4370) at 1:2,000; p53 (Leica, Nussloch, Germany,
#NCL-L-p53-CM5p) 1:2,000; phospho-p53
(primary target, Serine 15 [Serl5]) (Cell Signaling
Technology, #9284) at 1:1,000; HGF (Abcam,
#ab83760) at 1:1,000; p21 (Abcam, #ab109199) at
1:1,000; and p-actin (Sigma-Aldrich, A5316) at
1:10,000.

at

CELL-COUNTING ASSAY AND
APOPTOSIS ASSAY

Cell number was counted using a TC20 auto-

mated cell counter (Bio-Rad, Hercules, CA). Caspase
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FIG. 1. Irradiation suppresses hepatocyte proliferation after PHx. (A) Male C57BL/6] mice were irradiated with 10 Gy (n =6,5,5,5, 7 mice’
at 0,24, 48, 72,192 hours after irradiation, respectively). (A, left) Protein expression levels of p53, phospho-p53 (Ser15), and p21 in the liver
at the indicated times after irradiation were assessed by western blot analysis. (A, center and right) mRNA expression levels of p21 and puma
in the livers at the indicated times after irradiation were quantified by quantitative RT-PCR; #P < 0.05 based on the unpaired Student 7 test.
(B,C) Male C57BL/6] mice were randomly assigned to the following four groups: nonirradiated mice subjected to a sham operation 24 hours
later (sham group); irradiated mice with 10 Gy subjected to a sham operation 24 hours later (irradiation group); nonirradiated mice subjected
to PHx 24 hours later (PHx group); and irradiated mice with 10 Gy subjected to PHx 24 hours later (irradiation+PHx group) (sham n = 7,
9,7 mice; irradiation n = 7,9, 7 mice; PHx n = 8,9, 9 mice; irradiation+PHx n = 9,9, 9 mice; at 48, 72, 168 hours after surgery, respectively).
(B, upper) Representative images of liver sections stained with H&E at 48 hours after surgery. Representative images of liver sections stained
with anti-PCNA antibody or anti-Ki-67 antibody at the indicated times after surgery with or without irradiation; magnification x200. (B,
lower) Percentages of PCNA- and Ki-67-positive nuclei/HPFs are reported. Ten fields of view were counted in the liver sections of individual
mice. (C) Expression levels of cell-growth-related proteins in the liver at 48 hours after surgery with or without irradiation were assessed by
western blot analysis. Relative expression levels of proteins in the hepatectomized mice were normalized to those in the sham-operated mice;
*P < 0.05 based on the Tukey-Kramer method. Data show mean (bar) + SD. Abbreviation: HPF, high-power field.

3/7 activity in cell culture medium was measured by
a luminescent substrate assay (Caspase Glo assay;
Promega, Madison, WI) according to the manufac-
turer’s instructions.

CELL-CYCLE ASSAY

Irradiated CL2 cells were incubated for 6 hours and
collected with 0.05% trypsin followed by cell-cycle
evaluation using a Cycletest Plus DNA Reagent Kit
(Becton, Dickinson, Franklin Lakes, NJ) according to
the protocol. The number of cells in each phase was
counted by a fluorescence-activated cell sorting (FACS)
Canto flow cytometer. At least 10,000 cells/group were
collected for each measurement in triplicate.

STATISTICS

Results are shown as mean + SD for the number
of samples. Statistical analysis of two groups was per-
tormed with an unpaired Student ¢ test. Multigroup
comparisons were performed by applying one-way
analysis of variance (ANOVA), followed by the Tukey-
Kramer method, using JMP Pro 14 software (SAS
Institute Inc., Cary, NC). Differences with P < 0.05

were considered statistically significant.

Results

IRRADIATION ACTIVATED
p53 AND SUPPRESSED LIVER
REGENERATION IN C57BL6/] MICE

In the C57BL6/] mouse liver, irradiation induced
p53 phosphorylation (Serl5), stabilized p53, and

induced p21 transcription but did not induce tran-
scription of puma, another downstream target of p53
(Fig. 1A). To examine the effect of radiation on liver
regeneration, C57BL6/] mice were subjected to PHx
or a sham operation at 24 hours after irradiation.
H&E staining demonstrated no sign of inflammatory
cell or necrotic changes in the liver of either irradiated
mice or nonirradiated mice at 48 hours after PHx
(Fig. 1B). The liver of the irradiated mice at 48 hours
after PHx showed lower PCNA- and Ki-67-positive
hepatocyte ratios than the liver of nonirradiated mice
(Fig. 1B). PCNA- and Ki-67-positive hepatocyte rates
in nonirradiated mice decreased from 48 hours after
PHx to 72 hours after PHx and reached the same
level as those in sham-operated mice at 168 hours
after PHx (Fig. 1B). In contrast, PCNA- and Ki-67-
positive hepatocyte rates in irradiated mice increased
from 48 hours after PHx to 72 hours after PHx and
decreased to the same level as those in sham-operated
mice at 168 hours after PHx (Fig. 1B). The protein
expression levels of p21 in the irradiated mouse liver
were higher than those in the nonirradiated mouse
liver at 48 hours after PHx (Fig. 1C). The protein
expression levels of HGF and its downstream targets
Met and Gab1l were increased by PHx regardless of
irradiation, and there was no difference in those levels
after PHx between the nonirradiated mouse liver and
irradiated mouse liver (Fig. 1C). On the other hand,
the expression of phospho-Akt and phospho-Erk 1/2
at 48 hours after PHx was suppressed in irradiated
mice compared to nonirradiated mice (Fig. 1C). The
liver-to-body weight ratio at 72 hours after PHx in
the irradiated mice was significantly lower than that
in the nonirradiated mice, although there was no dif-
terence in the liver-to-body weight ratio at 168 hours
after PHx between them (Supporting Fig. S1A).
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There was no difference in the cell rate stained with
an anti-A6 antibody, which specifically stains hepatic
oval cells in murine liver,(ls) between nonirradiated
mice and irradiated mice 48, 72, and 168 hours after
partial PHx (Supporting Fig. S1C). These cells were
also stained with anti-pancytokeratin antibody, a sub-
stitute marker for progenitor cells.!” This result sug-
gested that hepatic progenitor activation after PHx
was similar between irradiated and nonirradiated
livers

IRRADIATION IMPAIRED
HGF-INDUCED PROLIFERATION
AND Akt/Erk 1/2 SIGNALING IN
CULTURED HEPATOCYTES

While HGF administration increased the number
of nonirradiated CL2 cells, it did not increase the
number of irradiated CL2 cells (Fig. 2A). Caspase
3/7 activity did not differ between irradiated and

HEPATOLOGY COMMUNICATIONS, February 2022

nonirradiated CL2 cells with or without HGF
administration (Fig. 2A). Irradiation induced phos-
pho-p53 (Serl5) and p21 in CL2 cells (Fig. 2B).
Although irradiation did not suppress the phosphor-
ylation of Met and Gabl in CL2 cells after HGF
administration, it suppressed the phosphorylation of
Akt and Erk 1/2 in CL2 cells after HGF adminis-
tration (Fig. 2B).

p53 KNOCKDOWN BUT NOT p21
KNOCKDOWN RESTORED

THE IRRADIATION-INDUCED
SUPPRESSION OF HEPATOCYTE
PROLIFERATION AND
Phospho-Akt/phospho-Erk 1/2
EXPRESSION

To assess the effect of p53 and p21 on cell pro-
liferation, p53 or p21 was knocked down, followed
by HGF administration. The number of viable
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FIG. 2. Irradiation suppresses cell proliferation. (A) Irradiated or nonirradiated control CL2 cells were administered HGF or control
treatment at 2 hours after irradiation (n = 3 per group). Cell number and caspase 3/7 activity were assessed at 24 hours after HGF or control
administration. Relative cell numbers were normalized to the number of cells seeded 6 hours before irradiation; *P < 0.05 based on the
unpaired Student # test; NS based on one-way ANOVA. (B) Expression levels of cell-growth-related proteins at 1 hour after HGF or control
administration were assessed by western blotting analysis; *P < 0.05 based on the Tukey-Kramer method. Data show mean (bar) + SD.
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cells in the irradiated p53-knockdown cell group (Fig. 3A). Irradiation did not affect phospho-Met
was significantly higher than that in the irradi- and phospho-Gabl expression in control and p53-
ated control cell group after HGF administration knockdown cells after HGF administration. While
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FIG. 4. Hepatocyte-specific p53 KO abolishes irradiation-induced impairment in liver regeneration. (A,B) Male p53 KO and littermate’
WT mice were irradiated with 10 Gy. (A) Protein expression levels of p53 and phospho-p53 (Ser15) in the liver at 1 hour after irradiation
were assessed by western blot analysis. (B) mRNA expression levels of p21 in the liver at the indicated times after irradiation were
quantified by quantitative RT-PCR (n =5, 5,4, 5,and 4 WT mice [+/+] and 5, 4, 6,4, and 4 KO mice [-/-] at 0, 24, 48, 72, and 192 hours
after irradiation, respectively); #P < 0.05 based on the unpaired Student # test. (C,D) Male p53 KO and littermate WT mice were randomly
assigned to the following three groups: nonirradiated mice subjected to sham operation 24 hours later (sham group), nonirradiated mice
subjected to PHx 24 hours later (PHx group), irradiated mice with 10 Gy subjected to PHx 24 hours later (irradiation+PHx group) (n =5,
6 WT mice and 5,6 KO mice for sham; 7,8 WT mice and 7, 8 KO mice for PHx; 7,9 WT mice and 7,8 KO mice for irradiation+PHx; at
48 and 72 hours after surgery, respectively). (C) Representative images of liver sections stained with anti-PCNA and anti-Ki-67 antibodies
at 48 and 72 hours after surgery with or without irradiation are shown; original magnification x200. The percentages of PCNA- and
Ki-67-positive nuclei/HPFs are reported. Ten fields of view were counted in the liver sections of individual mice. (D) Expression levels
of cell-growth-related proteins in the liver at 48 hours after surgery were assessed by western blotting analysis. Relative expression levels
of proteins in the hepatectomized mice were normalized to expression levels in sham-operated W'T mice; *P < 0.05 based on the Tukey-
Kramer method; NS based on one-way ANOVA. Data show mean (bar) + SD. Abbreviation: HPE, high-power field.

irradiation suppressed the phosphorylation of Akt
and Erk 1/2 in control cells after HGF adminis-
tration, it did not suppress the phosphorylation
of Akt and Erk 1/2 in p53-knockdown cells after
HGF administration (Fig. 3B). Although irradi-
ation increased the growth 2 (G2)/mitosis (M)
phase rate without any alterations in the growth 1
(G1) phase rate in control cells, it did not change
the G2/M phase rate or G1 phase rate in p53-
knockdown cells (Supporting Fig. S2A). Similar
to p53-knockdown cells, treatment with vanadate,
which inhibits the DNA-binding activity of p53,(16)
inhibited irradiation-induced p21 (Supporting Fig.
S2B) and irradiation-induced cell number decrease
(Supporting Fig. S2C). On the other hand, the
number of viable irradiated p21-knockdown cells
did not show any difference compared with that of
irradiated control cells after HGF administration
(Fig. 3C). In irradiated p21-knockdown cells, the
phosphorylation of Met, Gabl, Akt, and Erk 1/2
induced by HGF was equivalent to that in irradi-
ated control cells (Fig. 3D). Irradiation increased the
G2/M phase rate in p21-knockdown cells similar to
irradiated control cells (Supporting Fig. S2A).

HEPATOCYTE-SPECIFIC p53
DEFICIENCY RESTORED THE
IRRADIATION-INDUCED
SUPPRESSION OF LIVER
REGENERATION

In irradiated hepatocyte-specific p53 KO mice,
the irradiation-induced phosphorylation of p53

(Serl5), stabilization of p53, and transcription of
p21 were suppressed (Fig. 4A,B). To assess the
effect of p53 induced by irradiation on hepatocyte
regeneration in vivo, hepatocyte-specific p53 KO
mice and littermate W'T mice were subjected to
PHx 24 hours after irradiation. The PHx-induced
elevation in p21 expression in the irradiated WT
mice at 48 hours after PHx was not detected in
the irradiated p53 KO mice (Fig. 4D). In irradi-
ated p53 KO mice, PCNA- and Ki-67-positive
hepatocyte rates at 48 hours after PHx were higher
than those in irradiated W'T mice, and there was
no difference in these rates between irradiated p53
KO mice and nonirradiated WT mice (Fig. 4C).
The PCNA- and Ki-67-positive hepatocyte rates
at 72 hours did not differ between irradiated p53
KO mice and irradiated WT mice (Fig. 4C). The
protein expression of HGF and its downstream tar-
gets Met and Gab1 in the irradiated and nonirradi-
ated mouse livers at 48 hours after PHx was higher
than that in the sham-operated mouse livers. PHx-
induced HGF, phospho-Met, and phospho-Gabl
in the liver showed no difference between the irra-
diated WT and p53 KO mice at 48 hours after
PHx. PHx-induced decreases in phospho-Akt and
phospho-Erk 1/2 expression, which were detected
in irradiated W'T mice, were not detected in irra-
diated p53 KO mice (Fig. 4D). In the irradiated
p53 KO mice, the liver-to-body weight ratio at
168 hours after PHx was significantly higher than
that in the irradiated W'T mice; there was no dif-
terence among irradiated p53 KO mice, nonirra-
diated WT mice, and nonirradiated p53 KO mice
(Supporting Fig. S1B).
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FIG. 5. Survival rate after PHx of hepatocyte-specific p53 KO mice with severe fibrosis was higher than that of WT mice with severe
fibrosis. (A,B) Male p53 KO and littermate WT mice were orally administered CCl4 for 8 weeks. (A) Representative images of liver
sections stained with sirius red (original magnification x200) and analysis of the sirius red-positive area are shown (n = 4 mice per group);
NS based on the unpaired Student # test. (B) mRNA expression levels of Collal and Colla2 in the liver were quantified by quantitative
RT-PCR (n = 5 mice per group); “P < 0.05 based on the Tukey-Kramer method. (C) Male p53 KO and littermate WT mice were
administered CCl4 for 8 weeks and irradiated with 10 Gy. Irradiation was performed 48 hours after the final administration of CCl4.
Protein expression levels of p53 and p21 in the liver at 1 hour after irradiation were assessed by western blot analysis. (D) Male p53 KO and
littermate WT mice administered CCl4 for 8 weeks were subjected to PHx 24 hours after irradiation. Irradiation was performed 48 hours
after the final administration of CCl4. Cumulative survival rates are shown (n = 9 mice per group); P < 0.05 based on the chi-squared test.
Data show mean (bar) + SD. Abbreviations: Collal/2, collagen, type I, alpha 1 and 2; d, days.

SURVIVAL RATE AFTER PHX OF
IRRADIATED HEPATOCYTE-
SPECIFIC p53 KO MICE WITH
SEVERE FIBROSIS WAS HIGHER
THAN THAT OF IRRADIATED WT
MICE WITH SEVERE FIBROSIS

CCl4 was orally administered to hepatocyte-
specific p53 KO mice and littermate WT mice for
8 weeks. There were no differences in the sirius red-
positive area or mRNA expression of collagen, type

I, alpha 1 (Collal) and Colla2 between the p53 KO
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and WT mice after 8 weeks of CCl4 administration
(Fig. 5A,B). To assess the effect of radiation on the
severely fibrotic liver, p53 KO and WT mice with a
normal liver or severe fibrosis were irradiated with 10
Gy. In the WT mice with severe fibrosis, the expres-
sion levels of p53 and p21 were higher than those in
WT mice with a normal liver at 1 hour after irradia-
tion (Fig. 5C). When PHx was performed on irradi-
ated p53 KO and WT mice with severe fibrosis, the
survival rate of the fibrotic p53 KO mice was signifi-
cantly higher than that of the WT mice with severe
fibrosis (Fig. 5D).



HEPATOLOGY COMMUNICATIONS, Vol. 6, No.2, 2022

Discussion

In the present study, irradiation-induced suppres-
sion of hepatocyte proliferation and Akt/Erk 1/2
activation in the presence of HGF was abolished by
p53 knockdown but not by p21 knockdown (Fig.
3A-D). It is known that irradiation activates p53 and
promotes p21 transcription, resulting in cell-cycle
arrest.!”) Tt has been reported that in the process of
liver regeneration, p21 expression increases and HGF
expression decreases in the irradiated liver, resulting in
delayed liver regeneration.(lg) It has also been reported
that p53 deficiency does not significantly affect liver
regeneration ability while p21 deficiency increases
the survival rate after extended hepatectomy.!**”
In our in witro study, p53 knockdown or treatment
with vanadate abolished the suppression of hepato-
cyte proliferation in irradiated CL2 cells; however,
p21 knockdown did not. Cell-cycle assays suggested
that irradiation induces p53-dependent but p21-
independent G2/M cell arrest rather than G1 arrest
(Supporting Fig. S2A). Further study is needed to
elucidate the mechanisms involving these molecules
in the irradiation-induced suppression of hepatocyte
proliferation. In our in vive study, knocking out p53
improved the suppression of liver regeneration due
to irradiation. Irradiation-induced p53 and its down-
stream p21 and puma induction are completely dif-
ferent for each organ. The effect of p53 deletion in
irradiated organs is also diverse.*!™?
promotes cell death induced by irradiation in the
small intestine.””) On the other hand, p53 deficiency
protects hematopoietic cells from irradiation-induced
cell death.?? In the liver, irradiation-induced prolifer-
ation disorder was protected by p53 deficiency in the
present study.

The HGEF/Met signaling pathway is induced in
the process of liver regeneration.?” In HepG2 cells,
which have activated p53, HGF administration did not
alter phospho-Met expression levels but it enhanced
phospho-Met expression levels in the presence of pifi-
thrin-a, an inhibitor of p53.%” These results suggest
that HGF-induced Met phosphorylation is inhibited
by p53 in HepG2 cells. On the other hand, in the
present study, HGF administration enhanced Met
phosphorylation in irradiated CL2 cells, which have
activated p53. P53 knockdown in irradiated CL2 cells
did not alter the HGF-induced enhancement of Met

) p53 deficiency
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phosphorylation. These data suggest that irradiation-
induced p53 in CL2 cells does not suppress Met phos-
phorylation, in contrast to p53 activation in HepG2
cells. This difference might be due to differences in
p53 downstream activation. Further study on this will
be needed.

It has been shown that classic RILD is due to cat-
astrophic damage to the liver caused by high doses of
radiation, which is induced regardless of the presence
of chronic liver disease. On the other hand, the most
important risk factor for nonclassic RILD is the pres-
ence of liver cirrhosis, but the mechanism by which
nonclassic RILD frequently occurs in patients with
liver cirrhosis has not been investigated.(4’10) We found
that irradiation-induced p53 activation was higher in
fibrotic livers than in normal livers and that post-
operative mortality was higher in irradiated fibrotic
WT mice than in irradiated fibrotic p53 KO mice.
Stronger induction of p53 by irradiation in fibrotic
livers than in normal livers may be one reason why
nonclassic RILD is more likely to occur in patients
with cirrhosis.

In conclusion, irradiation-induced activation of p53
resulted in suppression of liver regeneration. p53 sup-
pression may be a treatment for the decrease in the
regenerative ability of the liver caused by irradiation.
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