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The cellular and molecular etiology of unresolved chronic liver inflammation remains obscure. Whereas mutant p53 has

gain-of-function properties in tumors, the role of this protein in liver inflammation is unknown. Herein, mutant p53R172H is

mechanistically linked to spontaneous and sustained liver inflammation and steatosis when combined with the absence of

interleukin-27 (IL27) signaling (IL27RA), resembling the phenotype observed in nonalcoholic fatty liver disease (NAFLD)

and nonalcoholic steatohepatitis (NASH) patients. Indeed, these mice develop, with age, hepatocyte necrosis, immune cell

infiltration, fibrosis, and micro- and macrosteatosis; however, these phenotypes are absent in mutant p53R172H or IL27RA-/-

mice. Mechanistically, endothelin A receptor (ETAR)-positive macrophages are highly accumulated in the inflamed liver,

and chemical inhibition of ETAR signaling reverses the observed phenotype and negatively regulates mutant p53 levels in

macrophages. Conclusion: The combination of mutant p53 and IL27RA-/- causes spontaneous liver inflammation, steatosis,

and fibrosis in vivo, whereas either gene alone in vivo has no effects on the liver. (HEPATOLOGY 2016;63:1000-1012)

T
he most commonly mutated gene in cancer
cells is the oncogene, p53. Many investigators
have shown in vivo that mice carrying mutant

p53 in a Li-Fraumeni mouse model spontaneously
develop a tumor profile with metastatic disease that is
different from mice carrying null p53.(1,2) Aside from
the most commonly known function of oncogenes in
propelling tumor progression, a new notion of onco-
gene-induced inflammation or oncogene-sustained inflam-
mation in modulating human disease is emerging.(3)

Indeed, one of the mutant p53 gain-of-function prop-
erties was attributed to chronic nuclear factor kappa B
activation upon the inflammatory stimuli of tumor
necrosis factor (TNF) in cultured cancer cells and in
vivo.(4-8) Though these mutant p53 mice do not
develop spontaneous inflammatory disease, they are
highly susceptible to dextran sulfate sodium-associated
colitis and inflammation-associated colorectal cancer.4

Chronic liver inflammation can result in the deadly
diseases, such as cirrhosis and hepatocellular carcinoma

Abbreviations: BSA, bovine serum albumin; cDNA, complementary DNA; Ct, cycle threshold; CTGF, connective tissue growth factor; Cy7, cyanine

7; ELISA, enzyme-linked immunosorbent assay; ETAR, endothelin A receptor; FCM, flow cytometry; GAPDH, glyceraldehyde 3-phosphate dehydro-

genase; HCC, hepatocellular carcinoma; H&E, hematoxylin and eosin; IF, immunofluorescence; IHC, immunohistochemistry; IL27, interleukin-27;

IL27RA, IL27 receptor a; KCs, Kupffer cells; LPS, lipopolysaccharide; MDM2, murine double minute 2; NAFLD, nonalcoholic fatty liver disease;

NASH, nonalcoholic steatohepatitis; NK, natural killer; NKT, natural killer T cells; PE, phycoerythrin; pERK1/2, phosphorylated extracellular signal-

regulated protein kinases 1 and 2; rIL27, recombinant IL27; RT-PCR, reverse transcriptase polymerase chain reaction; SH, steatohepatitis; TNF,

tumor necrosis factor; WT, wild type.

Received June 1, 2015; accepted November 17, 2015.
Additional Supporting Information may be found at onlinelibrary.wiley.com/doi/10.1002/hep.28379/suppinfo.

This study was supported by NIH RO1 DK102767-01a1.
Copyright VC 2015 by the American Association for the Study of Liver Diseases

View this article online at wileyonlinelibrary.com.

DOI 10.1002/hep.28379

Potential conflict of interest: Nothing to report.

1000

HEPATOLOGY, VOL. 63, NO. 3, 2016 LIVER BIOLOGY/PATHOBIOLOGY

A
HE STUDY OF LIVER D I S E ASEST
MERICAN ASSOCIATION FOR

http://onlinelibrary.wiley.com/doi/10.1002/hep.28379/suppinfo


(HCC). Spontaneous hepatocyte apoptosis, infiltration
of inflammatory cells, and compensatory proliferation
are the initial steps in sustaining chronic liver inflam-
mation, which, when left unresolved, results in fibrosis.
Although knowledge of the key players that spontane-
ously drive this process is limited, the evidence suggests
that whichever role p53 plays, it is an important one.
Many investigators have shown that p53 protein accu-
mulates in patients with various inflammatory liver dis-
eases.(9-12) Mechanistically, Kodama et al. increased
p53 expression in hepatocytes by deleting murine dou-
ble minute 2 (MDM2; the enzyme that binds and
degrades p53), which promoted fibrosis by inducing
connective tissue growth factor (CTGF) expression.(13)

Meanwhile, another group has shown that p53 expres-
sion in activated stellate cells will limit liver fibrosis by
inducing cell death of these cells.(14) Because the role
of mutant p53 in inflammation is so poorly under-
stood, one imminent question is whether endogenous
mutant p53 has any effect in liver inflammation and
fibrosis. If so, under what circumstance mutant can
p53 affect liver problems such as spontaneous inflam-
mation, fibrosis, and/or fatty liver given that mice car-
rying mutant p53 gene do not develop any liver
abnormalities?(2)

The role of interleukin-27 (IL27) in modulating the
shape and strength of the immune response has been
well appreciated. This cytokine possesses either pro- or
anti-inflammatory functions in a context-dependent
manner.(15) IL27 is tightly involved in liver disease;
mice absent in IL27 receptor a (IL27RA) signaling are
highly sensitive to liver inflammation, concovalin A-
induced liver disease, or lipopolysaccharide (LPS) stim-
ulation, albeit these mice are inflammation free in
absence of stimuli.(16,17) We hypothesized that p53515A

“knock-in” mice carrying one germline mutant p53
allele encoding p53R172H (heterozygote, referred as
p53H/1 from herein), the mouse equivalent of the
human hotspot mutant p53R175H, plus mice IL27RA
knockout signaling might spontaneously develop liver

disease. Indeed, these mice (IL27RA-/-p53H/1) mice
spontaneously develop hepatocyte necrosis, immune cell
infiltration fibrosis, and fatty liver with age, whereas nei-
ther IL27RA-/- nor p53H/1 mice develop any of these
phenotypes. Of interest is one particular population of
immune cell, endothelin A receptor (ETAR)-positive
macrophages, which increasingly accumulate in the
inflamed liver. Chemical inhibition of ETAR signaling
reverses the inflammatory phenotype observed in these
mice, suggesting that mutant p53 and absence of IL27
signaling results in liver inflammation and steatosis by
ETAR-positive macrophages.

Materials and Methods

TRANSGENIC MICE

All mice strains were maintained in a C57Bl/6
cohort. IL27RA-/- mice and P53H/1 mice were bred
to create cohorts. IL27RA-/- mice were previously
donated by Dr. Frederic de Sauvage (Genentech Inc.,
South San Francisco, CA). Genotyping was performed
as described below for both p53 and IL27RA. For the
cohort studies, mice were euthanized once they
reached euthanasia criteria mainly because of tumor
burden. For the time-course study, mice from each
genotype were euthanized at the indicated times. Liver
tissue was fixed in neutralized paraformaldehyde before
sectioning. To inhibit ETAR signaling, Zibotentan
(ZD4054; Selleck Chemicals, Houston, TX), 5 mg/
kg/mouse, or vehicle control was given intraperitone-
ally to mice three times a week starting at age 3
months, diluted at 100 uL of saline per mouse. The
drug was given to mice for 8 consecutive weeks. Con-
sequently, mice were euthanized by CO2 asphyxiation,
and liver tissue was used for further studies. All the
procedures involving animals were approved by the
institutional animal care and use committee.

ARTICLE INFORMATION:

From the Department of 1Pediatrics and 2Department of Genetics, The University of Texas MD Anderson Cancer Center, Houston, TX

ADDRESS CORRESPONDENCE AND REPRINT REQUESTS TO:

Shulin Li, Ph.D.

The University of Texas Graduate School of

Biomedical Sciences at Houston

The University of Texas MD Anderson Cancer Center

1515 Holcombe Boulevard

Houston, TX 77030.

E-mail: sli4@mdanderson.org

Fax: 713-763-9607.

HEPATOLOGY, Vol. 63, No. 3, 2016 DIBRA ET AL.

1001



WESTERN BLOTTING

Briefly, liver tissue was snap frozen in liquid nitro-
gen. Tissue was homogenized in lysis buffer, and
supernatants were quantified for protein amount.(18)

Next, 160 ug of cell lysate was loaded in 10% sodium
dodecyl sulfate/polyacylamide gel electrophoresis, trans-
ferred to a nitrocellulose membrane, and incubated
with primary antibody overnight at 48C (1,0003 dilu-
tion for anti-p53; Novus, Littleton, CO), 2,5003 anti-
GAPDH (glyceraldehyde 3-phosphate dehydrogenase),
5,0003 anti-mouse immunoglobulin G/horseradish
peroxidase (Santa Cruz Biotechnology, Santa Cruz,
CA), 5003 anti-pERK1/2 (phosphorylated extracellu-
lar signal-regulated protein kinases 1 and 2; Santa
Cruz Biotechnology), and 5003 anti-MDM2 (Santa
Cruz Biotechnology).

PICRIUS RED STAINING

Picrosirius red staining was performed according the
manufacturer’s instructions (IHC World, Woodstock,
MD).

HEMATOXYLIN AND EOSIN
STAINING OF LIVER SECTIONS
AND SCORING OF LIVER
LESIONS

Sections of paraffin-embedded tissues were stained
with hematoxylin and eosin (H&E). Pathological read-
ings were scored by a pathologist at our institution.
Images were taken with a Nikon Eclipse Ti microscope
(Nikon, Tokyo, Japan). During time-course experi-
ments, lesions were counted under a 2003 microscope,
where 15 fields per slide were counted. Small lesions
typically observed early in the liver consisted of hepato-
cellular degeneration and hepatocyte necrosis along with
Kupffer cell (KC) hyperplasia attended by a small num-
ber of lymphocytes were quantified as previously
described.(19)

GENOTYPING

DNA was extracted from ear tissue, and polymerase
chain reaction (PCR) for p53 gene was performed using
the primer sequence as previously described by Lang
et al.(2) The presence of IL27RA gene was confirmed
by using forward CAAGAAGAGGTCCCGTGCTG
primer sequence and reverse TTGAGCCCAGTCCA
CCACAT sequence. PCR primers for the absence of

IL27RA are as follows: GCTTTCGTCTCCCGTG
TGCT (forward) and TGAGCCCAGAAAGCGAA
GGA (reverses).

QUANTITATIVE REAL-TIME PCR

Samples were prepared and processed as previously
described.(20) Briefly, total RNA was isolated from
cells using TRIzol Reagent (Life Technologies, Carls-
bad, CA). Residual genomic DNA was removed from
total RNA using the TURBO DNA-free kit (Life
Technologies). Two micrograms of RNA were used
for complementary DNA (cDNA) synthesis using the
High-Capacity RNA-to-cDNA Kit (Life Technolo-
gies). Relative gene expression levels were determined
using reverse-transcriptase quantitative PCR (RT-
PCR) and the SYBR Green labeling method in a Ste-
pOnePlus Real-Time PCR System (Life Technolo-
gies). The reaction contained 2 uL of cDNA, 12.5 uL
of SYBR Green PCR Master Mix (Life Technolo-
gies), and 200 uM of primer in a total volume of 25
uL. PCR cycling conditions were as follows: 40 cycles
of 15 seconds at 958C and 60 seconds at 608C. All
samples were run in duplicates. The cycle threshold
(Ct) value of each sample was acquired, and the relative
level of gene expression was calculated by the delta Ct
method, which was normalized to the endogenous
control of GAPDH. Data are expressed as n-fold rela-
tive to control. The primer sequences for the mouse
GAPDH and P53 are: Gapdh CCAGCCTCGTCC
CGTAGAC and CGCCCAATACGGCCAAA;
P53 CTCTCCCCCGCAAAAGAAAAA and CGG
AACATCTCGAAGCGTTTA.

STATISTICAL ANALYSIS

The Student t test was used to analyze the differen-
ces among groups. GraphPad Prism for Windows was
used to prepare and analyze graphs (GraphPad Soft-
ware Inc., La Jolla, CA).

FLOW CYTOMETRY ANALYSIS

Purified liver immune infiltrates were blocked for
nonspecific staining in 2% bovine serum albumin
(BSA) and with anti-CD16 (5 lg/mL) for 200 at 48C.
Afterward, cells were stained in 2% BSA with CD4-
Violet421 (1:100; Pharminogen, San Diego, CA),
CD8/ phycoerythrin (PE)/cyanine 7 (Cy7) (1:100;
BioLegend, San Diego, CA), F4/80-FITC (fluorescein
isothiocyanate) (1:100; eBioscience, Inc., San Diego,
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CA), CD3-e450 (eBioscience), NK1.1-PE-Cy7 (eBio-
science), CD19-Violet421 (1:100; BioLegend) and
B220-PerCP (1:100; BioLegend), CD11c-Violet 421
(1:100, BioLegend), and MHCII-PerCP (1:100; BioL-
egend). Last, cells were washed twice in 2% BSA and
analyzed by flow cytometry (FCM) using Attune (Invi-
trogen, Carlsbad, CA) and FlowJo (Tree Star, Inc.,
Ashland, OR).

ENZYME-LINKED
IMMUNOSORBENT ASSAY

Enzyme-linked immunosorbent assay (ELISA) for
TNF (eBioscience) and IL6 (BioLegend) was performed
according to the manufacturer’s instructions. Briefly,
liver tissue was processed as described in a western blot-
ting procedure and the supernatant was quantified for
both total protein amount and levels of cytokines by
ELISA. Cytokine levels were normalized per total pro-
tein amount.

Results
To understand the impact of mutant p53 in liver

disease, we choose a mouse model of patients with Li
Fraumeni-like syndrome. These mice carry a germline
mutant p53 allele encoding p53R172H, the mouse
equivalent of the human hotspot mutant,
p53R175H.(2) Because these mice do not develop
spontaneous liver abnormalities, we crossed mutant
p53 carrying either one knock-in allele of p53R172H
(p53H/1) or two knock-in alleles of p53R172H (p53H/

H) to IL27RA-/- mice given that these mice are more
susceptible to inducible liver inflammation. Mice of
different groups (C57Bl/6 [wild-type; WT],
IL27RA-/-, p53H/H, p53H/1, IL27RA-/-p53H/1, and
IL27RA-/-p53H/H) were monitored over time. Once
IL27RA-/-p53H/H and IL27RA-/-p53H/H mice
became moribund, livers of these mice and those from
control age-matched groups were analyzed and com-
pared. Livers in aged WT, IL27RA-/-, and p53H/1

mice did not contain any abnormalities (Fig. 1A);
however, IL27RA-/-p53H/1 mice spontaneously devel-
oped liver abnormalities with an increased accumula-
tion of inflammatory cells in livers (Fig. 1A). Grossly,
mice developed a different phenotype, ranging from
enlarged livers to mild or severe steatosis (Fig. 1B).
Meanwhile, these mice also developed large necrotic
areas, extensive fibrosis, hepatocellular degeneration,
and both micro- and macrovesicular steatosis, bile
accumulation, or hemorrhage (Fig. 1C). More than

75% of IL27RA-/-p53H/1 mice developed these liver
abnormalities, whereas all of the control mice had nor-
mal livers (Fig. 1D). Pathological readings for fibrosis
and collagen deposition were further confirmed by Sir-
ius Red staining (Fig. 1E). Mice with more advanced
liver disease developed both fat accumulation and
fibrosis in livers, consistent with patients with nonalco-
holic steatohepatitis (NASH; Supporting Fig. 1).
Whereas chronic inflammation was a suspected pheno-
type, steatosis was an unexpected observation, although
studies have implicated KCs in liver steatosis.(22)

Different from IL27RA-/-p53H/1 mice, IL27RA-/-

p53H/H mice carrying both mutant p53 alleles devel-
oped liver inflammation at a lower frequency than
IL27RA-/-p53H/1 mice (less than 3% when compared
to 75%). Such reduced frequency may be attributed to
the shorter life span in these mice because of succumb-
ing to tumor burden at an early age (between 4 and 7
months of age), whereas IL27RA-/-p53H/1 mice sur-
vive for 14-18 (referred as “aged mice” throughout this
work) months, allowing a longer time span for chronic
liver inflammation to occur.
Next, livers of younger mice, ages 2 and 4 months,

were analyzed to understand the early events that led to
liver fibrosis and steatosis in our model. Indeed, a higher
frequency of IL27RA-/-p53H/1 mice developed inflam-
matory foci in the liver when compared to other groups
(Fig. 2A,B). Liver damage and compensatory prolifera-
tion are prerequisites for inflammatory cell infiltration;
thus, the increase in the number of Ki67-positive cells in
livers of IL27RA-/-p53H/1 mice was expected (Fig. 2C-
D). These results indicate that compensatory prolifera-
tion and accumulation of immune cells are early events
leading to the phenotype observed in these older mice.
Because accumulation of immune cells is an early

event in IL27RA-/-p53H/1 mice, we wished to investi-
gate which immune cells are most likely involved in this
process. Intrahepatic immune cells were profiled by
FCM in mice at 3 months of age (because inflammatory
foci were consistently observed in 2- and 4-month-old
mice). Others have found that natural killer (NK) T
(NKT) cells, KCs, CD4 T cells, and NK cells play an
important role in liver inflammation.(23) In immune cell
profiling among different groups at age 3 months, no
significant changes were noted in immune cell subgroups
among all genotypes (Fig. 3A). However, as the mice
age, the number of F4/80-positive cells were significantly
increased in livers of IL27RA-/-p53H/1 mice when com-
pared to controls (Fig. 3B,C).
F4/80 is a hallmark of KCs, which are involved in

liver pathogenesis induced by multiple individual
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FIG. 1. Combination of mutant p53 and IL27RA-/- causes spontaneous liver inflammation and steatosis. (A) Representative H&E
staining of livers of 12-16 months of age of (i) WT, (ii) IL27RA-/-, (iii) p53H/1, or (iv) IL27RA-/-p53H/1. White scale bar, 50 lm.
(B) Representative photomicrographs of gross livers of IL27RA-/-p53H/1. (C) Representative H&E staining for (i) pigment accumula-
tion, (ii) necrotic area surrounded by immune infiltrates, (iii-v) macro- and microsteatosis, and (vi) hemorrhage. White scale bar, 50
lm. Black scale bar, 25 lm. (D) Quantification of the percentage of mice that developed liver-related inflammation: WT (N 5 5);
IL27RA-/- (N 5 8); and p53H/1 (N 5 8); IL27RA-/-p53H/1 (N 5 18). Lymphomas were excluded as a phenotype. (E) Fibrosis was
assessed based on Sirius red staining of (i) WT, (ii) IL27RA-/-, (iii) p53H/1, or (iv) IL27RA-/-p53H/1 age-matched mice. (F) Per-
centage of mice IL27RA-/-p53H/1 developing liver-related abnormalities based on pathological readings. N 5 18.
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stressors, such as chemicals, toxins, CCL4, and endo-
toxins, mainly through release of cytokines, superox-
ides, and nitric oxide. Because F4/80 cells were
significantly increased in the inflammatory-prone
IL27RA-/-p53H/1 mice, we sought to define any sig-
naling changes observed in these cells. Others have
previously reported that endothelin/endothelin recep-
tor axis to be involved in CCL4-mediated liver fibro-
sis.(24) Interestingly, ETAR was highly and
significantly up-regulated in macrophages in the liver
of the aged IL27RA-/-p53H/1 when compared with
other cohorts, suggesting the involvement of ETAR-
positive KCs in sustaining an unresolved chronic
inflammation (Fig. 4A). In supporting this notion,
ET1, the ligand for this receptor, was also elevated in
macrophages of these aged mice (Fig. 4B). Similar ele-
vations are observed in cirrhosis patients when com-
pared to healthy ones.(25)

One interesting question is whether IL27 can directly
affect ETAR levels in myeloid cells. To test this hypoth-
esis, myeloid cells were used because these cells contain

detectable levels of endogenous ETAR expression. In
agreement with the in vivo observation, treatment with
recombinant IL27 reduced the level of ETAR expres-
sion in these myeloid cells (Supporting Fig. 2). Further-
more, because ETAR levels are not detectable in KCs
after treatment with LPS in vivo, the isolated primary
KCs from these mice were restimulated with LPS in
vitro in the presence or absence of recombinant IL27
(rIL27) overnight. Indeed, rIL27 inhibited LPS to
induce ETAR levels (Supporting Fig. 3). And, last, to
better understand whether IL27 can inhibit ETAR lev-
els in vivo under inflammatory conditions, WT and
IL27RA-/- mice were treated in vivo with CCL4 and
these fibrotic liver specimens were analyzed for ETAR
levels (Supporting Fig. 4). As expected, ETAR levels
were higher in liver of IL27RA-/- mice when compared
to the WT ones, further suggesting the involvement of
IL27 in regulation of ETAR.
To establish whether these ETAR macrophages

indeed regulate establishment and sustaining of
inflammation, ZD4054, a chemical inhibitor of
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FIG. 2. Liver inflammation and compensatory proliferation are early events in liver pathogenesis. (A and B) Time-course study show-
ing liver pathology and quantification in mice as early as 2 and 4 months in IL27RA-/-p53H/1 evaluated by H&E staining. N 5 3-4
per group. Pictures taken at 2003. (C and D) Time-course study showing Ki67 staining and quantification in liver of 2- and 4-
month-old mice of different genotypes. Dots indicate data from liver of individual mice. Pictures taken at 2003.
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ETAR signaling, was used. Once IL27RA-/-p53H/1

mice reached 3 months of age, these mice were treated
with ZD4054 or sham for 8 consecutive weeks.
Because ET1/ETAR signaling induces pERK1/2 acti-
vation, we sought to determine whether ZD4054
inhibits ET1/ETAR-induced pERK1/2 in macro-
phages. Indeed, both immunohistochemistry (IHC)
and western blotting results confirmed that ZD4054
inhibited ETAR-mediated downstream signaling (Fig.
4C,D). H&E staining of the livers of IL27RA-/-p53H/1

mice treated with ZD4054 inhibitor showed a

significant reduction in the number of inflammatory
foci and early signs of steatosis in the liver (Fig. 4E,F).
The above result led us to hypothesize that

enhanced ETAR signaling sustains an inflammatory
phenotype in macrophages of livers. IL6 and TNF are
two of the most dominant inflammatory cytokines
involved in patients with NASH liver pathogene-
sis.(5,26) Triple staining for ETAR, F4/80, and TNF
showed that inhibition of ETAR signaling reduced
significantly TNF levels in ETAR-positive macro-
phages (Fig. 5A,B) when compared to controls.
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FIG. 3. Increased number of macrophages associated with liver disease phenotype. (A) No significant changes were observed in mice
of different genotypes in CD4, CD8, B, NK, NKT, macrophages, or CD11c cells in liver of 3-month-old mice analyzed by FCM.
(B and C) Significantly enhanced number of F4/80-positive in aged IL27RA-/- p53H/1 mice when compared to an age-matched con-
trol one analyzed by IHC. Dots indicate data from the liver of individual mice. Pictures taken at 2003. *P < 0.05. Abbreviation:
DAPI, 40,6-diamidino-2-phenylindole.
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Similarly, triple staining for ETAR, F4/80, and IL6
showed that inhibition of ETAR signaling signifi-
cantly reduced IL6 levels in ETAR-positive macro-
phages in the inflammatory prone mouse model,
IL27RA-/-p53H/1 (Fig. 5C,D) when compared to
control treatment. The reduction of IL6 and TNF lev-
els in the liver with ZD4054 inhibitor were also con-
firmed by ELISA (Fig. 5E,F).

Levels of mutant p53 protein, same as the WT
one, are strictly regulated. The p53R172H protein
in p53H/1 mice is inherently unstable.(27,28) Because of
the chronic unresolved inflammation in the liver
IL27RA-/-p53H/1, one hypothesis is that the level of
this p53-mutant protein is involved. In line with this
hypothesis, both immunofluorescence (IF) and western
blotting analysis revealed that p53 protein
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FIG. 4. ETAR-positive macrophages are responsible for inflammatory response in these mice. (A) Dual staining for ETAR and F4/80
and ETAR quantification in different genotypes showed that ETAR-positive macrophages are highly accumulated in liver of aged mice.
(B) Dual staining for ET1 and F4/80 and ET1 quantification in different genotypes showed that ET1-positive macrophages are highly
accumulated in liver of aged mice. (C and D) IF and western blotting analysis showing that the chemical inhibitor of ETAR signaling,
ZD4054, repressed the downstream signaling of ETAR and pERK1/2 in macrophages. (E and F) Photomicrograph and quantifications
showing reducing in inflammation in steatosis in IL27RA-/-p53H/1 mice treated with ZD4054 (N 5 9), when compared to sham treated
mice (N 5 7). Chi-square test was used to determine the differences among these two groups. In vivo data with ZD4054 inhibitor was
repeated twice with similar results. (i) WT, (ii) IL27RA-/-, (iii) p53H/1, or (iv) IL27RA-/-p53H/1. Dots indicate data from liver of indi-
vidual mice. Pictures taken at 2003. *P < 0.05. Abbreviation: DAPI, 40,6-diamidino-2-phenylindole.
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accumulation were raised in IL27RA-/-p53H/1 when
compared to other control cohorts, though transcript
levels remained the same (Fig. 6A-C). Meanwhile,
p21 levels were low and similar between different
cohorts, suggesting that WT p53 is unchanged in
these cells (Supporting Fig. 5). These observations
advocate the involvement of mutant p53 in chronic
liver inflammation/fibrosis.
Because p53 stability is tightly linked to its func-

tion, and given the involvement of WT p53 in hepa-
tocytes in the liver, next we sought to investigate in
which cell type p53 is stabilized in liver of
IL27RA-/-p53H/1 mice. Surprisingly, mutant p53 is
selectively stabilized in macrophages rather than in
hepatocytes (Fig. 6D).
Whereas ETAR signaling in macrophages plays a

substantial role in sustaining chronic and unresolved
inflammation in liver of IL27RA-/-p53H/1 mice,
mechanistically how ETAR macrophages sustain
chronic inflammation in the liver has not yet been
investigated. Because p53 protein is accumulated
mainly in macrophages, but not hepatocytes (Fig. 6D),
we wanted to further investigate whether expression of
mutant p53 in macrophages was a downstream target

from ETAR signaling. Indeed, ETAR induces
pERK1/2 activation in our model (Fig. 4C,D), and
others have shown that pERK1/2 can induce phospho-
rylation of p53 at Ser15, therefore enhancing its stabil-
ity by preventing its interaction with MDM2.(29)

Indeed, both IHC and western blotting confirmed that
inhibition of ETAR results in diminished p53 accu-
mulation, ERK1/2 phosphorylation, and phosphoryla-
tion of p53 at S15 (Fig. 6E,G, Fig. 7, and Supporting
Fig. 6).

Discussion
Unresolved chronic inflammation in the liver is

tightly linked to fibrinogenesis; however, inflammatory
pathways alone rarely cause chronic and unresolved
inflammation. Indeed, these pathways aid the process
of fibrinogenesis when induced by viruses or other
inflammatory agents, but additional stimuli are needed
to sustain unresolved inflammation. Involvement of
oncogenic molecules, such as mutant p53, in this pro-
cess remains elusive. More interesting, the combina-
tion of these two pathways has never been examined
before this study. This novel investigation revealed that
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FIG. 5. ETAR signaling sustains inflammatory phenotype in the liver macrophages. (A) Triple staining for ETAR, F4/80, and TNF
showed that inhibition of ETAR signaling reduced TNF levels in ETAR-positive macrophages. (B) Quantification of TNF staining.
(C) Triple staining for ETAR, F4/80, and IL6 showed that inhibition of ETAR signaling reduced IL6 levels in ETAR-positive mac-
rophages. (D) Quantification of IL6 staining. (E and F) Quantification of TNF and IL6 levels in liver by ELISA. Dots indicate data
from liver of individual mice. Pictures taken at 2003. *P < 0.05. Abbreviation: DAPI, 40,6-diamidino-2-phenylindole.
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the combination of mutant p53R172H knock-in and an
absence of IL27RA causes spontaneous chronic liver
inflammation and steatosis in mice as they age whereas

expression of either genotype alone does not cause
any liver inflammation or steatosis. Histologically, liv-
ers of these IL27RA-/-p53H/1 mice closely reproduce
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FIG. 6. p53 stability in macrophages is a downstream event of ETAR signaling. (A and B) IF and RT-PCR analysis showed that
p53 protein accumulation, but not transcript levels, were raised in IL27RA-/-p53H/1 when compared to other control cohorts in aged
mice. (C) Western blotting showing increased p53 protein stability in aged livers of IL27RA-/-p53H/1 when compared to age-
matched genotypes. (D) Triple staining for p53, F4/80, and albumin showed that p53 is stabilized specifically in macrophages, but
not hepatocytes. (E and F) Western blotting and IF staining showing that p53 levels (E) and pERK1/2 (F) levels are reduced in
IL27RA-/-p53H/1 mice treated with ZD4054 (N 5 9), when compared to sham-treated mice (N 5 7). In vivo data with ZD4054
inhibitor were repeated twice with similar results. Each lane or dot indicates data from liver of individual mice. Pictures taken at
2003. *P < 0.05. Abbreviation: DAPI, 40,6-diamidino-2-phenylindole.
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features observed in nonalcoholic fatty liver disease
(NAFLD)/NASH patients. Together, this informa-
tion suggests a multiple-hit model for initiation and
progression of unresolved chronic liver inflammation.
Two schools of thought exist on the driving forces

of NAFLD/NASH. The first school suggests the
sequential “two-hit” model, where steatosis is the first
hit and inflammation is the second hit necessary to
develop NASH.(30) Because only 10%-20% of patients
that have NAFLD (benign disease) develop inflamma-
tion and fibrosis, Moschen et al. proposed that NASH
might be a “separate disease with different patho-
genesis.”(31) This group proposes that many hits might
act in parallel, where inflammation may precede steato-
sis in NASH.(31) Some evidence for this hypothesis
exists in that NASH patients present with little steato-
sis, and drugs targeting the inflammatory TNF path-
way improve steatosis.(32,33) Meanwhile, genetic
models that portray stepwise this multiple-hit hypoth-
esis in the absence of hypernutrition have been limited.
We believe that our genetic model supports the
multiple-hit hypothesis: Inflammation occurs as early
as 2-4 months, whereas accumulation of fat in the liver
happens as a later event. Aside for histopathologically
modeling NAFLD and NASH patients, this study
further distinguished that ETAR-positive KCs

accumulate over time and play a significant role in this
process. Furthermore, chemical inhibition of this
ETAR pathway reverses inflammation and improves
early signs of steatosis. (When the inhibitor studies
were concluded at 5 months of age after 8 weeks of
treatment, only early signs of steatosis were observed.
The authors did not extend the inhibitor studies
beyond 8 weeks because of the possibility of liver dam-
age from extended use of the drug.) Another novel
finding from this study was the phenotype developed
in absence of hypernutrition. It is thought provoking
that the genetic mouse model presented in this study
might represent a different aspect of the NASH etiol-
ogy that has not yet been appreciated, thereby adding
to already established models and further contributing
to the understanding of this disease in humans.
The overall understanding of ETAR-positive macro-

phages in liver pathogenesis is limited. The results
reported here define ETAR-positive macrophages as the
major contributor in sustaining liver inflammation in our
model. Indeed, these cells were highly enriched in the
liver of IL27RA-/-p53H/1 mice, and inhibition of
ETAR resolved or prevented accumulation of liver
inflammatory foci (Fig. 4). Others have shown, by inhi-
bition, that this pathway is indeed involved in liver
pathogenesis. More concretely, inhibition of ETAR and
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FIG. 7. Schematic overview of events that lead to liver disease in IL27RA-/-p53H/1 mice.
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ETBR pathways in the liver significantly reverses liver
fibrosis induced by CCL4. Similar to our finding that
ET1 is increased in diseased livers in IL27RA-/-p53H/1

mice, cirrhosis patients have much higher expression of
ET1 when compared to healthy individuals, suggestive
indeed of the clinical relevance of this pathway in liver
pathogenesis.(25) Additionally, our study confirmed that
the upstream molecular regulators, such as IL27RA-/-

and mutant p53, are needed to sustain the accumulation
of these proinflammatory macrophages in the liver (Fig.
4). Mechanistically, ETAR-positive macrophages sus-
taining inflammation in our model is closely associated
with up-regulation of TNF and IL6 (Fig. 5), two well-
characterized cytokines up-regulated in liver of NASH
patients.(5,26)

An increase of p53 levels is closely associated with the
ability of IL27RA-/-p53H/1 mice to develop spontane-
ous inflammation (Fig. 6), which relates well with previ-
ously published results. In patient samples, p53 levels
were significantly higher in those with steatohepatitis
when compared to healthy individuals.(9) Most likely,
mutant p53 is accumulating in our studies given that
p21 levels were minimal among all different controls
(Supporting Fig. 3). Other evidence exists in the litera-
ture coupling the activity of mutant p53 to inflamma-
tion. Under inflammatory conditions, intestinal stem
cells expressing mutant p53 can proliferate at a faster
rate than WT cells.(34) Furthermore, the p53R172H
protein in p53H/1 mice, similar to WT p53, is kept at
basal levels. Multiple stress signals activate mutant p53
in vivo.(35) KCs are the predominant cell that displays
p53 protein accumulation in liver of IL27RA-/-p53H/1

mice (Fig. 6). ETAR signaling tightly regulated p53
levels in our model (Fig. 6). Most likely, ETAR-
induced pERK1/2 will stabilize p53, given that others
have shown that pERK1/2 activation enhances phos-
phorylation of p53 at serine 15, thereby reducing the
affinity of this protein to interact with MDM2, the
major ubiquitin ligase of p53.(29,36) Mutant p53 protein
is involved in many steps from cancer initiation to pro-
gression, and in our model a similar phenomenon
occurs, given that mutant p53 sustains KC numbers,
which is, in turn, associated with hepatocyte necrosis
and fibrosis, hallmarks of HCC development. HCC
development did not occur in livers of these mice in our
model, perhaps because of the shortened life span
related to the rapid development of other tumors, such
as sarcomas and lymphomas.
In this study, high p53 levels were observed in KCs

of IL27RA-/-p53H/1 mice when compared to other
control genotypes; however, levels of p21 remained

basal in p53H/1, IL27RA-/-, and IL27RA-/-p53H/1

mice, suggesting that mutant p53, rather than WT p53,
is stabilized. This selective protein stabilization suggests
the significance of mutant p53 protein in regulating the
inflammation or ETAR expression in KCs in these
mice. Such selective stabilization of mutant p53 is logi-
cal because an increased accumulation of WT p53
would cause apoptosis and elimination of these macro-
phages. Perhaps this mechanism exists in KCs of
IL27RA-/- mice, which is why no increase expression of
ETAR was found in liver of that mouse strain. Mean-
while, KCs from IL27RA-/-p53H/1 mice stabilized
mutant p53, and, most likely, these cells survive and
accumulate over time because of a well-attributed,
survival-dependent mechanism of mutant p53.
Our proof-of-principle study revealed that inflam-

matory macrophages with mitogenic or survival signals
are contributors to chronic liver inflammation, steato-
sis, or steatohepatitis. This study linked mutant p53 to
spontaneous and sustained liver inflammation and ste-
atosis when combined with an inflammatory signal,
such as the absence of IL27 signaling. Mechanistically,
ETAR-positive macrophages are highly accumulated
in the inflamed liver, and chemical inhibition of
ETAR signaling reverses the observed phenotype and
inflammatory cytokine levels, such as TNF and IL6.
These results further contribute to our understanding
of NAFLD/NASH in humans.
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