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Abstract

Background: Liver cancer is increasing due to the rise in metabolic

dysfunction-associated steatohepatitis (MASH). High-mobility group box-1

(HMGB1) is involved in the pathogenesis of chronic liver disease, but its role

in MASH-associated liver cancer is unknown.We hypothesized that an increase

in hepatocyte-derived HMGB1 in a mouse model of inactivation of PTEN that

causes MASH could promote MASH-induced tumorigenesis.

Methods: We analyzed publicly available transcriptomics datasets, and to

explore the effect of overexpressing HMGB1 in cancer progression, we

injected 1.5-month-old PtennHep mice with adeno-associated virus sero-

type-8 (AAV8) vectors to overexpress HMGB1-EGFP or EGFP, and sac-

rificed them at 3, 9 and 11 months of age.

Results: We found that HMGB1 mRNA increases in human MASH and

MASH-induced hepatocellular carcinoma (MASH-HCC) compared to

healthy livers. Male and female PtennHep mice overexpressing HMGB1

showed accelerated liver tumor development at 9 and 11 months,

respectively, with increased tumor size and volume, compared to control

PtennHep mice. Moreover, PtennHep mice overexpressing HMGB1, had

increased incidence of mixed HCC-intrahepatic cholangiocarcinoma

(iCCA). All iCCAs were positive for nuclear YAP and SOX9. Male PtennHep

mice overexpressing HMGB1 showed increased cell proliferation and

F4/80+ cells at 3 and 9 months.

Abbreviations: AAV8, adeno-associated virus serotype-8; AKT, protein kinase B; Alb, Albumin; Ctgf, connective tissue growth factor; Cyr61, cellular communication
network factor-1; EGFP, enhanced green fluorescent protein; FPKM, fragments per kilobase of transcript per million mapped reads; HMGB1, high-mobility group box-1;
iCCA, intrahepatic cholangiocarcinoma; MASH, metabolic dysfunction-associated steatohepatitis; MASLD, metabolic dysfunction-associated steatotic liver disease;
pAKT, phosphorylated protein kinase B; PI3K, phosphoinositide-3-kinase; PtenΔHep, conditional knockout mice of Pten in hepatocytes; RNA-seq, RNA-sequencing;
RPKM, reads per kilobase per million mapped reads; SOX9, sex-determining region Y-box-9; Tbg, thyroxine-binding globulin; YAP; yes-associated protein.
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Conclusion: Overexpression of HMGB1 in hepatocytes accelerates liver

tumorigenesis in PtennHep mice, enhancing cell proliferation and F4/80+

cells to drive MASH-induced liver cancer.

INTRODUCTION

Liver cancer is the third leading cause of cancer-related
death, including HCC (~75% of cases), intrahepatic
cholangiocarcinoma (iCCA) (~10% of cases), mixed
HCC-iCCA, and other subtypes.[1,2] Metabolic dysfunction-
associated steatotic liver disease is the fastest-growing
cause of HCC.[3,4] Metabolic dysfunction-associated stea-
totic liver disease ranges from simple steatosis to metabolic
dysfunction-associated steatohepatitis (MASH), the latter
characterized by inflammation, fibrosis, and cirrhosis,
increasing the risk of developing HCC[3,5] and iCCA.[6]

PTEN dephosphorylates phosphatidylinositol-3,4,5-
triphosphate, produced by phosphoinositide-3-kinase
(PI3K),[7,8] prevents downstream protein kinase B (AKT)
phosphorylation (S473 and T308), and inhibits signaling
pathways involved in cell cycle progression, metabo-
lism, migration, and survival.[7] Mice with Pten ablation
in the liver (PtennHep) present a phenotype similar to
human MASH and, by 11–16 months of age, develop
HCC or mixed HCC-iCCA.[9] In human HCC, PTEN
expression decreases or is absent, hyperactivating the
PI3K-AKT signaling pathway.[7]

High-mobility group box-1 (HMGB1) is a nonhistone
nuclear protein involved in chronic liver disease.[10] On
hepatocyte injury, it undergoes nucleocytoplasmic shut-
tling, is secreted, and acts as a damage-associated
molecular pattern.[10] Serum HMGB1 increases in patients
with MASH,[11] and we showed that ablation of Hmgb1 in
intestinal epithelial cells reduces MASH in mice.[12]

In this study, we hypothesized that an increase in
hepatocyte-derived HMGB1 in a mouse model of
inactivation of PTEN that causes MASH could promote
MASH-induced tumorigenesis. We report that PtennHep

mice, overexpressing HMGB1 with an adeno-associ-
ated virus serotype-8 (AAV8) vector, show accelerated
liver cancer. Although AKT activation, oxidative stress,
and Wnt/β-catenin signaling remain unaffected, over-
expression of HMGB1 increases cell proliferation and
F4/80+ cells, both associated with accelerated tumori-
genesis, compared to PtennHep mice.

METHODS

General methodology

Details on general methodology, such as alanine amino-
transferase activity, hematoxylin and eosin staining, immu-
nohistochemistry, western blot analysis, mRNA isolation,
and quantitative real-time PCR, are described.[13–19] Primer

sequences are in Supplemental Table S1, http://links.lww.
com/HC9/A645. Antibodies used for western blot analysis
are in Supplemental Table S2, http://links.lww.com/HC9/
A645. Reactions were developed using the Pierce ECL
substrate (Thermo Fisher Scientific, Waltham, MA). Anti-
bodies used for immunohistochemistry are in Supplemental
Table S3, http://links.lww.com/HC9/A645. Reactions were
developed using the Histostain Plus detection system
(ThermoFisher Scientific). The number of Ki67+ and F4/80+

cells in 10 fields at 200xwas counted and averaged. Serum
HMGB1 was measured by ELISA using a kit from Novus
Biologicals (Littleton, CO). Reticulin staining was performed
using a kit from Polysciences Inc. (Warrington, PA).

Mice

Ptenfl/fl mice (JAX 004597) were purchased from the
Jackson Laboratory (Bar Harbor, ME). The PtenloxP

allele was created by inserting loxP sites flanking exon
5 of Pten.[20] Ptenfl/fl were bred with Albumin (Alb).Cre
(B6.Cg-Speer6-ps1Tg(Alb-cre)21Mgn/J, JAX 003574) to
generate PtennHep mice. Alb.Cre mice were used as
controls.

AAV8 vectors

Male and female control and PtennHep mice (1.5
months old) were injected with AAV8.Tbg.Hmgb1.
EgGfp (Hmgb1 AAV8) to overexpress HMGB1 in
hepatocytes or with AAV8.Tbg.Egfp (empty AAV8) as
control.[21,22] Vectors were generated by the University
of Pennsylvania Vector Core (Philadelphia, PA) and
injected as a single dose (2.5e14 genome copies/mouse
in 70 μL of sterile saline solution) through the retro-
orbital vein.

Study approval

All animals received humane care according to the
criteria outlined in the Guide for the Care and Use of
Laboratory Animals prepared by the National Academy
of Sciences and published by the National Institutes of
Health. Housing and husbandry conditions were
approved by the University of Illinois at Chicago Animal
Care and Use Committee prior to the initiation of the
studies. All in vivo experiments were carried out
according to the Animal Research: Reporting of In Vivo
Experiments guidelines.
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Histological evaluation of liver tissues

Mice were sacrificed at the indicated times, body and
liver weight measured, and liver-to-body weight ratios
calculated. Tumor number, size, and total volume were
logged. Livers were grossly examined, dissected at 0.5-
cm intervals, processed, embedded, and sectioned at
0.4 μm thickness. Hematoxylin and eosin–stained
paraffin-embedded sections were evaluated by a
pathologist (Dr. Grace Guzman). Dysplastic hepato-
cytes were defined by presence of abnormal nuclear
size, exhibiting small or large cell change, bizarre
hyperchromatic or occasionally multiple nuclei, distribu-
tion in clusters, groups, or occupying an entire nodule,
and absent liver cell plate expansion. Malignant
hepatocytes, consistent with HCC, were identified by
thickened liver cell plates, increased nucleocytoplasmic
ratio, atypical vesicular nuclei, and when present, bile
production. Tumors were evaluated for tumor type
(HCC, iCCA, mixed HCC-iCCA) following the American
Joint Committee on Cancer guidelines.[23] Tumor
variants were defined as nonpleomorphic (usual vari-
ant), pleomorphic, and combined, according to the
criteria outlined by Ferrell.[24,25] In addition, bile duct
hamartomas and adenomas were noted.

Analysis of human data sets

HMGB1 expression was analyzed in microarray data
set GSE164760 from patients with MASH-induced
HCCs, adjacent nontumor MASH liver, MASH, healthy
livers, and cirrhotic livers using probe “11739025_a_at”
values. HMGB1 expression was further analyzed in
RNA-sequencing (RNA-seq) data sets GSE126848 and
GSE107943. Raw read counts from GSE126848 were
normalized to fragments per Kilobase of transcript per
million mapped reads values and further evaluated.

Statistics

Data are expressed as mean ± SEM. Statistical
analysis between groups was performed by two-tailed
Student t test. A p< 0.05 was considered significant.

RESULTS

HMGB1 expression increases in patients
with MASH and liver cancer

Analysis of RNA-seq data set GSE126848 revealed that
HMGB1 transcripts were increased in MASH compared
to healthy livers (Figure 1A). Analysis of microarray data
set GSE164760 unveiled increased HMGB1 mRNA
in patients with MASH and MASH-induced HCC,

compared to healthy livers, yet expression remained
unchanged between MASH-tumor–adjacent and
MASH-induced HCC (Figure 1B). We reported that
HMGB1 expression is higher in primary liver cancer
compared to healthy control in the human The Cancer
Genome Atlas Liver Hepatocellular Carcinoma
cohort.[26] Further analysis of RNA-seq data set
GSE107943 from patients with iCCA showed
increased expression of HMGB1 in tumor versus
nontumor, irrespective of MASH (Figure 1C). Overall,
these observations indicate that HMGB1 transcripts
increase in patients with MASH and liver cancer.

Generation of PtennHep mice
overexpressing HMGB1

We next explored the effect of overexpressing HMGB1 in
cancer progression using PtennHep mice, known to
develop MASH and liver cancer.[9,27] Pten deletion was
confirmed by western blot and quantitative real-time PCR
analysis (Supplemental Figure S1A, B, http://links.lww.
com/HC9/A646). Overexpression of HMGB1 was
achieved by retro-orbital injection of AAV8.Tbg.Hmgb1.
Egfp (Hmgb1 AAV8) in control and PtenΔHep mice. A
separate cohort of mice was injected with AAV8.Tbg.Egfp
(Empty AAV8) as control. Mice were followed for the
development of tumors for 9 or 11 months (Figure 2A).
Transduction efficiency was confirmed by PCR
(Supplemental Figure S2A, B, http://links.lww.com/HC9/
A647). Control and PtenΔHep mice, transduced with
Hmgb1 AAV8, showed hepatocytes with strong nuclear
HMGB1 and EGFP staining at 9 and 11 months. Mice
injected with empty AAV8 showed hepatocytes with
diffused cytoplasmic EGFP staining and nuclei-positive
for endogenous HMGB1, yet the staining intensity was
weaker than in Hmgb1 AAV8-injected mice at 9 and
11 months (Figure 2B, Supplemental Figure S2C, D,
http://links.lww.com/HC9/A647). Western blot analysis
revealed slight induction of HMGB1 in liver lysates from
Hmgb1 compared to empty AAV8-injected control and
PtenΔHep male mice at 9 months (Supplemental Figure
S2E, http://links.lww.com/HC9/A647).

Overexpression of HMGB1 was also induced for
3 months (Supplemental Figure S3A, http://links.lww.
com/HC9/A648). Liver-to-body weight ratio and
steatosis remained similar in empty and Hmgb1
AAV8-injected male PtenΔHep mice at 3 months
(Supplemental Figure S3B, C, http://links.lww.com/
HC9/A648). Empty AAV8-injected PtenΔHep mice
showed cytoplasmic EGFP staining, while Hmgb1
AAV8 injection led to nuclear EGFP staining (Supple-
mental Figure S3D, http://links.lww.com/HC9/A648).
Furthermore, western blot analysis revealed a 1.8-fold
induction of HMGB1 in Hmgb1 compared to empty
AAV8-injected PtenΔHep mice at 3 months (Figure 2C).
Endogenous (host-derived) serum HMGB1 increased,
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with no significant difference between empty and
Hmgb1 AAV8-injected male control and PtenΔHep

mice, at 9 and 3 months (Supplemental Figure S4A,
B, http://links.lww.com/HC9/A649). Thus, overexpres-
sion of HMGB1 in the liver was greater at 3 months
than at 9 months.

Overexpression of HMGB1 in hepatocytes
increases liver tumor burden in both sexes
of PtennHep mice

Male and female PtenΔHep mice, injected with
empty and Hmgb1 AAV8, developed tumors but more
with Hmgb1 AAV8 at 9 and 11 months, respectively,
whereas control mice did not (Figure 3A, Supplemental
Figure S5A, http://links.lww.com/HC9/A650). Liver-to-
body weight ratios remained unchanged at 9 months
between empty and Hmgb1 AAV8-injected control male

mice (Figure 3B). Male and female PtenΔHep mice
injected with Hmgb1 AAV8 had significantly increased
liver-to-body weight ratios compared to empty AAV8-
injected PtenΔHep mice at 9 and 11 months,
respectively, indicating increased tumor burden
(Figure 3B, Supplemental Figure S5B, http://links.lww.
com/HC9/A650). Serum alanine aminotransferase
activity was higher in male PtenΔHep mice at 9 months,
regardless of the vector injected (Figure 3C).
Overexpression of HMGB1 in male PtenΔHep mice
increased tumor number, frequency of tumors >5 mm
of diameter, and total tumor volume, compared to
controls, at 9 months. In female PtenΔHep mice injected
with Hmgb1 AAV8, besides the above, the number of
tumors between 3 and 5 mm of diameter increased
(Figure 3D, Supplemental Figure S5C, http://links.lww.
com/HC9/A650). Overall, overexpression of HMGB1 in
hepatocytes increases liver tumor burden in both sexes
of PtenΔHep mice.

F IGURE 1 HMGB1 expression increases in patients with MASH and liver cancer. (A–C) HMGB1mRNA expression in RNA-seq (GSE126848,
GSE107943) and microarray (GSE164760) data sets. Raw read counts from GSE126848 were normalized to FPKM values. HMGB1 expression
was analyzed using probe “11739025_a_at” values for GSE164760 data set. Intensity values are expressed as RPKM in GSE107943. Values are
given as mean ± SEM. *p<0.05, **p<0.01, and ***p< 0.001 versus healthy; ###p< 0.05 for tumor versus nontumor. Abbreviations: FPKM,
fragments per kilobase of transcript per million mapped reads; HMGB1, high-mobility group box-1; iCCA, intrahepatic cholangiocarcinoma; MASH,
metabolic dysfunction-associated steatohepatitis; MASLD, metabolic dysfunction-associated steatotic liver disease; RNA-seq, RNA-sequencing;
RPKM, reads per kilobase per million mapped reads.
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Overexpression of HMGB1 in hepatocytes
induces liver cancer progression in both
sexes of PtennHep mice

Histological analysis of liver and tumor tissues was
performed to diagnose benign and malignant tumor
growth. Male control mice, injected with empty or
Hmgb1 AAV8, showed normal liver histology at

9 months (Supplemental Figure S6A, http://links.lww.
com/HC9/A651). Approximately 83% (10/12) of male
and 45% (8/11) of female PtenΔHep mice, injected with
empty AAV8, developed liver tumors, while 100% of
Hmgb1 AAV8-injected male (12/12) and female (9/9)
PtenΔHep mice, developed tumors, at 9 and 11 months,
respectively (Figure 4A). Histological analysis of liver
tumors from empty and Hmgb1 AAV8-injected male and

F IGURE 2 Generation of PtenΔHep mice overexpressing HMGB1. Control and PtenΔHep mice were generated, injected with empty or Hmgb1
AAV8 vectors through the retro-orbital vein at 1.5 months of age, and sacrificed at 9 months (males) or 11 months (females). (A) Experimental
layout. (B) Liver HMGB1 immunohistochemistry (black arrows: HMGB1 in biliary epithelial cells; yellow arrows: HMGB1 in hepatocytes). (C)
Western blot analysis of liver HMGB1 (n=3/group). Values are given as mean ± SEM; *p< 0.05 for Hmgb1 versus empty AAV8-injected male
PtenΔHep mice. Abbreviations: AAV8, adeno-associated virus serotype-8; Egfp, enhanced green fluorescent protein; Hmgb1, high-mobility group
box-1; PtenΔHep, conditional knockout mice of Pten in hepatocytes; Tbg, thyroxine-binding globulin.
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female PtenΔHep mice revealed the presence of HCCs,
iCCAs, or mixed HCC-iCCAs (Figure 4B, Supplemental
Figure S6B, http://links.lww.com/HC9/A651). Immuno-
histochemical staining confirmed the presence of
HCCs, iCCAs, and mixed phenotypes. iCCAs showed
cytokeratin-19 staining while HCCs were positive for
glypican-3. Furthermore, HCCs showed abnormal
reticulin network staining[28] (Supplemental Figure 6C,
http://links.lww.com/HC9/A651). In addition, PtenΔHep

mice had benign hepatic adenomas with marked
steatosis and bile duct hamartomas, irrespective of
treatment or sex (Supplemental Figure S6D, http://links.
lww.com/HC9/A651). Nontumor and tumor tissues
showed similar fibrosis regardless of injected vector
(Supplemental Figure S6D, http://links.lww.com/HC9/
A651).

Only 20% (2/10) of tumor-bearing empty AAV8-
injected male PtenΔHep mice showed liver cancer

F IGURE 3 Overexpression of HMGB1 in hepatocytes increases liver tumor burden in both sexes of PtennHep mice. Control and PtennHep mice
were generated, injected with empty or Hmgb1 AAV8 vectors through the retro-orbital vein at 1.5 months of age, and sacrificed at 9 months (males).
(A) Macroscopic appearance of the livers at 9 months (black arrows: tumors). (B) Liver-to-body weight ratios (control + empty AAV8 n=6, control +
Hmgb1 AAV8 n=5, PtenΔHep + empty AAV8 n=12, PtennHep + Hmgb1 AAV8 n=12). (C) Serum ALT (n=3/group). (D) Tumor number, tumor
number according to diameter, and total tumor volume per mouse (PtenΔHep + empty AAV8 n=10, PtenΔHep +Hmgb1AAV8 n=12). Values are given
asmean ± SEM. *p<0.05 and **p<0.01 forPtenΔHep +Hmgb1AAV8 versusPtenΔHep + empty AAV8; ^^p<0.01 for empty AAV8-injectedPtenΔHep

versus control mice; ###p<0.001 for Hmgb1 AAV8-injected PtenΔHep versus control mice. Abbreviations: AAV8, adeno-associated virus serotype-8;
Hmgb1, high-mobility group box-1; PtenΔHep, conditional knockout mice of Pten in hepatocytes.
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histology, with 10% developing HCC and mixed HCC-
iCCA, while 10% developing only iCCA at 9 months,
whereas tumors observed in the remainder mice (80%, 8/
10) were benign hepatic adenomas (Figure 4C). In
Hmgb1 AAV8-injected male PtenΔHep mice, ~67% (8/12)
had mixed HCC-iCCA along with isolated HCC and
iCCA, and 33% (4/12) had only HCC (Figure 4C). In
tumor-bearing empty AAV8-injected female PtenΔHep

mice, only 63% (5/8) showed liver cancer histology,

with 50% (4/8) with HCC and 13% (1/8) with mixed HCC-
iCCA, at 11 months. Of the tumors observed in the
remainder mice, 37% (3/8) were benign hepatic
adenomas. Injection of Hmgb1 AAV8 resulted in 89%
of mice developing mixed HCC-iCCA and isolated HCC,
while 11% showed only HCC (Figure 4C). Overall, these
data indicate that overexpression of HMGB1 in
hepatocytes induces liver cancer progression in both
sexes of PtenΔHep mice.

F IGURE 4 Overexpression of HMGB1 in hepatocytes induces liver cancer progression in both sexes of PtennHep mice. Control and PtennHep

mice were generated, injected with empty or Hmgb1 AAV8 vectors through the retro-orbital vein at 1.5 months of age, and sacrificed at 9 months
(males) or 11 months (females). (A) Tumor incidence in empty AAV8-injected PtenΔHep (males n=10/12, females n= 8/11) and Hmgb1 AAV8-
injected PtenΔHep (males n=12/12, females n= 9/9). (B) Representative images with liver cancer histology (black arrows: HCCs, yellow arrows:
iCCAs) in male PtenΔHep mice injected with empty and Hmgb1 AAV8 at 9 months. (C) Pie charts indicating the percent of tumor-bearing mice with
the indicated liver histology. Abbreviations: AAV8, adeno-associated virus serotype-8; Hmgb1, high-mobility group box-1; iCCA, intrahepatic
cholangiocarcinoma; PtenΔHep, conditional knockout mice of Pten in hepatocytes.

HEPATOCYTE HMGB1 AND HCC | 7



Nuclear yes-associated protein 1A (YAP)
and sex-determining region Y-box-9 (SOX9)
are present in iCCAs

Most Hmgb1 AAV8-injected PtenΔHep mice developed
large tumors, with mixed iCCA-HCC histology (Figure 4C).
A human scRNA-seq study demonstrated that the
interaction of iCCA cells with the tumor microenvironment
induces epigenetic changes, upregulates enhancer of
zeste homolog-2, and promotes iCCA malignancy.[29] To
test if overexpressing HMGB1 stimulated iCCA proliferation

by enhancing enhancer of zeste homolog-2 activity, we
analyzed trimethylation of lysine 27 on histone H3
(H3K27me3), a downstream target of enhancer of zeste
homolog-2.[30] However, no significant change was
detected, in nontumor and mixed iCCA-HCC tissues,
from empty and Hmgb1 AAV8-injected male PtenΔHep

mice at 9 months (Supplemental Figure S7, http://links.lww.
com/HC9/A652). Moreover, male PtenΔHep mice had
similar H3K27me3 expression, regardless of treatment, at
3 months (Supplemental Figure S7, http://links.lww.com/
HC9/A652).

F IGURE 5 Nuclear YAP and SOX9 are present in iCCAs. Control and PtennHep mice were generated, injected with empty or Hmgb1 AAV8
vectors through the retro-orbital vein at 1.5 months of age, and sacrificed at 9 months (males). (A) Nontumor and tumor YAP immuno-
histochemistry (black arrows: cytoplasmic staining, yellow arrows: nuclear staining). (B) Relative liver mRNA levels (from tumor-adjacent tissues)
of Ctgf and Cyr61 normalized against Gapdh (PtenΔHep + empty AAV8 n=3, PtenΔHep + Hmgb1 AAV8 n= 3). (C) SOX9 immunohistochemistry in
nontumor and tumor tissues (black arrows: SOX9+ iCCAs, yellow arrow: biliary epithelial cells). Values are given as mean ± SEM. Abbreviations:
AAV8, adeno-associated virus serotype-8; Ctgf, connective tissue growth factor; Cyr61, cellular communication network factor-1; Hmgb1, high-
mobility group box-1; iCCA, intrahepatic cholangiocarcinoma; PtenΔHep, conditional knockout mice of Pten in hepatocytes; SOX9, sex-determining
region Y-box-9; YAP; yes-associated protein.
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We showed that ablation of Hmgb1 in Hippo pathway-
deficient mice, reduces yes-associated protein (YAP)
activity.[26] To examine if overexpression of HMGB1
supports nuclear YAP localization and activity, thus
inducing liver cancer in PtenΔHep mice, we performed
YAP immunohistochemistry. In nontumor tissues from
empty and Hmgb1 AAV8-injected PtenΔHep mice, YAP
staining was cytoplasmic in hepatocytes but nuclear in
biliary epithelial cells. In tumors from both treatments and
in both sexes, YAP staining was nuclear in iCCAs but
cytoplasmic in surrounding hepatocytes (Figure 5A and
Supplemental Figure S8A, http://links.lww.com/HC9/
A653). mRNA levels of YAP target genes (connective
tissue growth factor (Ctgf), cellular communication net-
work factor-1 (Cyr61)] remained unchanged in empty and
Hmgb1 AAV8-injected mice (Figure 5B). Sex-determining
region Y-box-9 (SOX9) is also a direct transcriptional
target of YAP.[31] Both sexes of Hmgb1 AAV8-injected
PtenΔHep mice showed SOX9 staining only in iCCAs,
while it was absent in surrounding HCCs. This suggests
that YAP may be active in iCCA but not in HCC.
Nontumor tissues from the same mice displayed
SOX9 staining only in biliary epithelial cells (Figure 5C
and Supplemental Figure S8B, http://links.lww.com/
HC9/A653).

Overexpression of HMGB1 in hepatocytes
increases Ki67+ and F4/80+ cells in
PtennHep mice

We then evaluated if accelerated liver cancer progres-
sion in Hmgb1 AAV8-injected PtenΔHep mice was
associated with overactivation of AKT.[9] Phosphorylated
AKT (S473) was barely detected in liver lysates from
control mice injected with empty and Hmgb1 AAV8. Male
and female PtenΔHep mice showed elevated AKT
phosphorylation, yet no significant increase occurred
between empty and Hmgb1 AAV8-injected PtenΔHep

mice at 9 and 11 months, respectively (Figure 6A).
Similarly, no difference was noted in phosphorylated
protein kinase B (T308), between empty and Hmgb1
AAV8-injected male PtenΔHep mice (data not shown).

Next, we analyzed hepatic triglycerides to determine
whether overexpression of HMGB1 induced steatosis
and promoted carcinogenesis. Liver triglycerides
remailed similar between Hmgb1 and empty AAV8-
injected male and female PtenΔHep mice at 9 and
11 months, respectively (Supplemental Figure S9A,
http://links.lww.com/HC9/A654). Ablation of Pten in the
liver induces hepatic hydrogen peroxide, and thus
oxidative stress.[9,32] Thiobarbituric acid-reactive sub-
stances, indicative of lipid peroxidation and oxidative
stress,[33] remained unaffected in Hmgb1 and empty
AAV8-injected male and female PtenΔHep mice at 9
and 11 months, respectively (Supplemental Figure
S9B, http://links.lww.com/HC9/A654). Therefore, these

results indicate that overexpression of HMGB1 in
PtenΔHep mice does not induce steatosis or oxidative
stress.

Due to the role of the Wnt/β-catenin pathway in
promoting liver cancer in Pten-null livers,[34] we eval-
uated the expression of components of this pathway
(Wnt3a, Wnt7a, Wnt10a) and β-catenin protein; how-
ever, they remained similar in empty AAV8 and Hmgb1
AAV8-injected male PtenΔHep mice, at 9 months (Sup-
plemental Figure S10A, B, http://links.lww.com/HC9/
A655). Further, we examined hepatocyte proliferation
staining nontumor and tumor liver sections for Ki67.
Nontumor liver sections showed Ki67+ hyperprolifera-
tive hepatocytes in empty and Hmgb1 AAV8-injected
male PtenΔHep mice at 3 and 9 months, but overall, the
number of Ki67+ cells increased in Hmgb1 AAV8-
injected mice (Figure 6B); however, they remained
unchanged in Hmgb1 AAV8-injected female mice
(Supplemental Figure S11A, http://links.lww.com/HC9/
A656). Ki67+ cells were found in tumor tissues from
both treated groups (Supplemental Figure S11B, http://
links.lww.com/HC9/A656). Our study showed that abla-
tion of Hmgb1 reduced the number of F4/80+ cells in
Mst1/2-deficient livers and was associated with reduced
HCC proliferation.[26] Here, we observed increased
number of F4/80+ cells, at 9 months, and increased
F4/80 staining, at 3 months, in Hmgb1 compared to
empty AAV8-injected mice. Although not significant, the
overall number of F4/80+ cells was increased in Hmgb1
compared to empty AAV8-injected female PtenΔHep

mice (Figure 6C, Supplemental Figure S11C–E, http://
links.lww.com/HC9/A656). Last, the expression of
proinflammatory cytokines (Ccl2, Il1β) was tested but
remained similar in both treated groups of mice
(Figure 6D).

DISCUSSION

In this study, we demonstrated that overexpression of
HMGB1 in hepatocytes alone does not suffice to promote
liver tumorigenesis in control mice. Analysis of human
microarray and RNA-seq data sets indicated increased
HMGB1 mRNA in MASH compared to healthy liver.
However, a 9-month follow-up of control and PtenΔHep

mice injected with empty AAV8 showed no changes in
liver and serum HMGB1, suggesting that the onset of
MASH in PtenΔHep mice is not associated with a
physiological increase in HMGB1 protein expression.

We then assessed the effect of overexpressing
HMGB1 in hepatocytes from PtenΔHep mice. We
observed increased overexpression of HMGB1 in
hepatocytes at 3 months but not at 9 or 11 months in
PtenΔHep mice, mostly due to hepatocyte injury.
PtenΔHep mice develop MASH-like pathology with
steatosis, Mallory-Denk bodies, inflammation (lympho-
cytes, neutrophils), and fibrosis. Moreover, PtenΔHep
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mice develop liver benign adenomas by 10–11 months
of age and liver cancer by 16–18 months of age, being
more prevalent in male than female PtenΔHep mice.[9]

Similarly, in our model, benign adenomas were
observed irrespective of sex and treatment. Notably,
100% of PtenΔHep mice injected with Hmgb1 AAV8
developed larger and more tumors with liver cancer
histology, irrespective of sex, whereas tumors observed
in mice injected control vector were benign adenomas.
This underlines the role of hepatocyte-derived HMGB1
in promoting liver cancer in PtenΔHep mice.

We proved that HMGB1 regulates YAP activity and
hepatocarcinogenesis in Hippo signaling-deficient
mice.[26] Deletion of Pten induces liver cancer my
means of the Hippo/YAP/TAZ pathway, where defi-
ciency of Pten and Hippo signaling accelerates
metabolic dysfunction-associated steatotic liver dis-
ease and liver cancer.[35] Another study showed
that Pten-deleted SOX9+ cells give rise to mixed

HCC-iCCA tumors.[36] Thus, we explored whether
overexpression of HMGB1 drives liver cancer through
Hippo/YAP/SOX9 activation in PtenΔHep mice.
Increased nuclear YAP staining in iCCAs in the
treatment groups and the high incidence of mixed
HCC-iCCAs in the Hmgb1 AAV8-injected group
suggest that overexpression of HMGB1 could promote
iCCA progression through YAP activation. Our data
suggest minimal change in conventional YAP targets
(Ctgf, Cyr61) in whole liver lysates; yet SOX9, another
transcriptional target of YAP,[31] was expressed in
iCCAs, suggesting that YAP activity could drive
SOX9+ iCCA under overexpression of HMGB1, which
needs further validation.

PTEN is a negative regulator of the PI3K/AKT
pathway, and Pten-null hepatocytes show overactiva-
tion of PI3K/AKT.[7,9] Studies in a model of acute lung
injury demonstrated that HMGB1 activates the PI3K/
AKT pathway;[37] therefore, we hypothesized that

F IGURE 6 Overexpression of HMGB1 in hepatocytes increases Ki67+ and F4/80+ cells in PtennHep mice. Control and PtenΔHep mice were
generated, injected with empty or Hmgb1 AAV8 vectors through the retro-orbital vein at 1.5 months of age, and sacrificed at 9 months (males) or
11 months (females). (A) Western blot analysis of pAKT (S473), AKT, and GAPDH in whole liver lysates (n=3/group). (B) Representative images of
liver Ki67 immunohistochemistry (top) (black arrows: Ki67+ nuclei). Ten 200x fields per section were used to quantify Ki67+ cells (bottom). Nontumor
tissue sections are shown for Empty or Hmgb1 AAV8-treated PtenΔHep mice. (C) Representative images of liver F4/80 immunohistochemistry (left).
Ten 200x fields per section were used to quantify F4/80+ cells (right). Nontumor tissue sections are shown for Empty or Hmgb1 AAV8-treated
PtenΔHep mice. (D) Relative liver mRNA levels (from tumor-adjacent tissues) ofCcl2 and Il1β. Values are normalized againstGapdhmRNA (PtenΔHep

+ empty AAV8 n=3,PtenΔHep +Hmgb1AAV8 n=3). Values are given asmean ± SEM. *p<0.05 and **p<0.01 for PtenΔHep +Hmgb1AAV8 versus
PtenΔHep + empty AAV8. Abbreviations: AAV8, adeno-associated virus serotype-8; AKT, protein kinase B; Hmgb1, high-mobility group box-1; pAKT,
phosphorylated protein kinase B; PtenΔHep, conditional knockout mice of Pten in hepatocytes.
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acceleration of liver carcinogenesis in Hmgb1 AAV8-
injected PtenΔHep mice could be due to hyperactive AKT
signaling. Injection of Hmgb1 AAV8 did not change AKT
activation, as shown by unaltered phosphorylation of
S473-AKT, suggesting that overexpression of HMGB1
may act downstream of PI3K/AKT.

Pten deficiency upregulates Wnt signature genes and
induces the Wnt/β-catenin pathway, and pharmacological
blockade of this pathway reduces tumor burden by
attenuating expansion of tumor-initiating cells in PtenΔHep

mice.[34] Overexpression of HMGB1 activates Wnt/β-
catenin in other cancer models.[38,39] In our study, we did
not observe upregulation of Wnt ligands (Wnt3a, Wnt7a,
Wnt10a) or tumor-initiating cell markers (Epcam, Sox9)
(not shown), at both experimental time points or after short
exposure to AAV8 vectors (3 months), indicating that
overexpression of HMGB1 in hepatocytes may not drive
tumor initiation and progression through activation of Wnt/
β-catenin signaling. Another study demonstrated a sud-
den change in tumorigenic transcription factors in
PtenΔHep compared to wild-type livers at 5 months, while
their expression remained relatively stable, between 2 and
4 months.[40] Similarly, in our study, the 3- and 9-month
time points chosen to analyze the mechanism underlying
accelerated tumor progression may have been too early
and too late, respectively. Therefore, analyzing liver
tissues at additional precancer time points, between 3
and 9 months, may detect transcriptional and translational
changes responsible for accelerating tumorigenesis in
Hmgb1 AAV8-injected PtenΔHep mice.

HMGB1 is a damage-associated molecular pattern
and elicits inflammation by activating pattern-recognition
receptors expressed in parenchymal and nonparenchy-
mal cells (e.g., immune cells).[41] Binding of HMGB1
to these receptors activates the inflammasome and

releases proinflammatory cytokines that mediate chronic
liver disease and thus cancer development.[41,42] We
showed increased F4/80+ cells in Hmgb1 AAV8-injected
PtenΔHep mice. These F4/80+ cells could be monocyte-
derived macrophages recruited due to overexpression of
HMGB1.[42] Although we did not observe significant
changes in proinflammatory cytokines and chemoattrac-
tants, it is still possible that induction of other mediators of
inflammation (ie, TNFa and IL17) occurs because of
overexpression of HMGB1.[42] One study reported that
extracellular HMGB1 activates the NFκB pathway in
myeloid-derived suppressor cells, promoting their prolif-
eration and ability to suppress antitumor activity by CD4+

and CD8+ T cells.[43] In our study, it is possible that
overexpression of HMGB1 increases myeloid-derived
suppressor cells, secretion of anti-inflammatory cyto-
kines, inactivation of T cells, and promote tumorigenesis,
but this needs further investigation.

In conclusion, we demonstrated that overexpression
of HMGB1 in hepatocytes promotes liver cancer
progression associated with increased cell proliferation
and F4/80+ cells in PtenΔHep mice (Figure 7). However,
this study remains inconclusive regarding the precise
mechanism driving accelerated liver cancer growth. To
explore dynamic signaling pathways involved as drivers
of tumorigenesis, PtenΔHep livers should be evaluated at
additional precancer stages such as 5 or 6 months
following overexpression of HMGB1.
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