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INTRODUCTION

Abstract

Silencing the Hippo kinases mammalian sterile 20-like 1 and 2 (MST1/2) ac-
tivates the transcriptional coactivator yes-associated protein (YAP) in human
hepatocellular carcinoma (HCC). Hepatocyte-derived high-mobility group
box-1 (HMGBH1) regulates YAP expression; however, its contribution to HCC
in the context of deregulated Hippo signaling is unknown. Here, we hypoth-
esized that HMGB1 is required for hepatocarcinogenesis by activating YAP in
Hippo signaling-deficient (Mst1/2°"°P) mice. Mst1/2°"P mice developed HCC
within 3.5 months of age and had increased hepatic expression of HMGB1
and elevated YAP activity compared to controls. To understand the contribu-
tion of HMGB1, we generated Mst1/2&Hmgb1-"®" mice. They exhibited de-
creased YAP activity, cell proliferation, inflammation, fibrosis, atypical ductal
cell expansion, and HCC burden at 3.5 months compared to Mst1/2*P mice.
However, Mst1/2&ngb1AHe'D mice were smaller, developed hyperbilirubine-
mia, had more liver injury with intrahepatic biliary defects, and had reduced
hemoglobin compared to Mst1/22HeP mice. Conclusion: Hepatic HMGB1 pro-
motes hepatocarcinogenesis by regulation of YAP activity; nevertheless, it
maintains intrahepatic bile duct physiology under Hippo signaling deficiency.

for patients with early stage disease.™ Unfortunately,

Liver cancer is the second most common cause of
cancer-related death worldwide,["?! and hepatocel-
lular carcinoma (HCC) accounts for approximately
80% of the incidence of all liver cancers.®! Current
treatment options for HCC, such as surgical resec-
tion, liver transplantation, radiofrequency ablation,
and transarterial chemoembolization, are curative

most patients with HCC are not eligible for these ther-
apeutic approaches due to late diagnosis and thus
poor prognosis.[‘” Targeted agents, such as sorafenib,
regorafenib, nivolumab and lenvatinib, have proven to
prolong survival in patients with HCC.[" Nevertheless,
novel therapeutic strategies are urgently needed due
to the low chemotherapy sensitivity of HCC and the
limited drugs available.
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ABLATION OF HMGB1 CAUSES HYPERBILIRUBINEMIA IN HIPPO SIGNALING-DEFICIENT MICE

Hippo signaling is critical to control tissue growth;
however, its tumor suppressor effects are reduced in ap-
proximately 30% of human HCCs.®®! When the Hippo
signaling pathway is on, mammalian sterile 20-like 1
and 2 (MST1/2) and large tumor suppressor kinases
1/2 (LATS1/2) undergo phosphorylation. This leads to
phosphorylation of the transcriptional coactivators yes-
associated protein (YAP) and PDZ-binding motif (TAZ),
preventing their translocation to the nucleus eventually
undergo degradation.[”! Hepatic deletion of Mst1/2 or
overexpression of Yap promotes YAP translocation to
the nucleus where it binds transcriptional enhancer factor
domain (TEAD) family members and increases cell pro-
liferation and progression to HCC or mixed HCC/cholan-
giocarcinoma between 3 and 4 months of age in mice."8

High-mobility group box-1 (HMGBH1) is an architectural
protein that binds the linker region of nucleosomal DNA,
increases nucleosome instability, and facilitates nucle-
osome sliding. In addition, it bends promoter regions to
enhance the interaction of transcription factors and is
involved in DNA base excision repair and genome sta-
biIity.[Q] During liver injury, HMGB1 is passively released
from hepatocytes as a result of necrosis and apopto-
sis or is actively secreted by inflammatory cells, acting
as a sterile damage-associated molecular pattern.[m]
In HCC, HMGBH1 increases in tumor tissue compared
to normal or adjacent nontumor tissue."" Importantly,
the concentration of HMGB1 in serum correlates with
tumor size, HCC stage, and grade."? In mice injected
with diethylnitrosamine (DEN), HMGB1 is required for
hepatocarcinogenesis; however, its role in regulating
the Hippo signaling pathway and tumor progression is
not completely understood. Ablation of Hmgb17 in he-
patocytes reduces tumor initiation by decreasing YAP
expression and aerobic glycolysis but does not affect
tumor progression.m] In contrast, ngb1AHep mice
treated with DEN and carbon tetrachloride show no dif-
ference in YAP protein or its target genes but have re-
duced hepatocarcinogenesis compared to controls.™!

In this study, we hypothesized that HMGB1 acceler-
ates HCC by activating YAP in Hippo signaling-deficient
mice. We found that hepatic HMGB1 expression in-
creases when ablating Mst1/2 in the liver. Importantly,
we demonstrated that deletion of Hmgb1 in Mst1/2-
deficientlivers decreases YAP activity and HCC burden.
However, HMGB1 is required to maintain intrahepatic
bile duct (IHBD) physiology; therefore, when HMGB1 is
ablated in the context of Hippo signaling deficiency, it
causes hyperbilirubinemia and growth retardation.

MATERIALS AND METHODS
Mice
Albumin-Cre  (Alb.Cre  (B6.Cg-Speer6-ps1TaAib-cre)

2Man/y, JAX 003574)) mice were used as controls
in all experiments. Mst1/2M°%¢d Ml mice (Stkq!m!- 1R

Stk3™m11Roly - JAX 017635) were obtained from the
Jackson Laboratory (Bar Harbor, ME). The locus of
X-over P1 (loxP) sites flank exons 4—-5 and 5-6 of the
serine/threonine protein kinase (Stk)4 and Stk3 genes,
respectively.[15] The ngb1’°xp allele was created by
inserting loxP sites within introns 1 and 2 and flanking
exon 2 of Hmgb1.'®! The following breeding schemes
were established to target these genes in the liver: (1)
Mst1/2"" mice were bred with Alb.Cre mice to generate
Mst1/2 knockout mice (Mst1/2*7¢?). (2) Hmgb1"" mice
were bred with Alb.Cre mice to generate Hmgb1 knock-
out mice (Hmgb1*"®P). (3) Mst1/2*"®P mice were bred
with Hmgb1*HP mice to generate Mst1/2&Hmgb1-"eP
mice. Mice from both sexes were used in the study.

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 lllinois at Chicago
Institutional Animal Care and Use Committee before in-
itiation of the studies. All in vivo experiments were car-
ried out according to the Animal Research: Reporting
of In Vivo Experiments guidelines.

Human data set analysis

UALCAN (http://ualcan.path.uab.edu) ['"! was used to
analyze the messenger RNA (mRNA) expression of
HMGB1 and YAP1 in nontumor and tumor tissues in the
human liver HCC data set from The Cancer Genome
Atlas (TCGA). GEPIA (http://gepia.cancer-pku.cn) 8
was used to analyze the significance of the association
between two transcripts in the same data set from the
TCGA. Pearson’s correlation was used to analyze a co-
hort of hepatits B virus (HBV)-induced HCC and paired
nontumor samples (GSE14520).

Biliary tree visualization

Injection of ink to visualize the biliary tree structures
was performed as described.["®! Mice were sacrificed
at 2 months of age, and livers were perfused with
Hanks’ balanced salt solution for 3 min at a flow rate
of 5 ml/min. Undiluted waterproof ink (Higgins ink,
#44032) was injected (15-30 pl) through the com-
mon bile duct until bile ducts on the liver surface were
visible. After the ink injections, livers were harvested
and stored in 10% buffered formalin for processing.
To clear the tissue, fixed liver lobes were sequentially
dehydrated in methanol in phosphate-buffered sa-
line (50% and 80% for 1 hour) and in 100% methanol
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overnight. They were then immersed in 2:1 benzyl
benzoate:benzyl alcohol for 2 days.[zol Images were
captured on an Olympus BX51 microscope (Tokyo,
Japan).

Complete blood count

Blood was collected from the facial vein plexus in mi-
crotainer tubes with dipotassium ethylene diamine
tetraacetic acid (K,EDTA; BD Biosciences, NJ) at 2
months of age and was analyzed in a Siemens Advia
120 Hematology System (Erlangen, Germany) at the
Biologic Resources Laboratory (University of lllinois at
Chicago).

Statistics

Data are expressed as mean = SEM. Statistical analy-
sis between two groups was performed using the two-
tailed Student ttest. p < 0.05 was considered significant.

RESULTS

Mst1/2°HP mice show increased hepatic
expression of HMGB1

To address whether Hippo signaling deficiency alters
HMGB1 expression, we generated Mst1/2°"®" mice and
confirmed Mst71 and MST2 knockdown by quantitative
real-time polymerase chain reaction (QPCR) and west-
ern blot, respectively (Figure S1). There was nuclear
localization of YAP in hepatocytes and biliary epithelial
cells (BECs) (Figure 1A) and increased mRNA of Yap
and two of its target genes (cellular communication net-
work factor 1 [Cyr61]) and connective tissue growth fac-
tor [Ctgf])®?" in Mst1/2°HP compared to control mice
(Figure 1B), suggesting up-regulation of YAP activity.
There was more HMGB1-positive staining in the nu-
cleus of hepatocytes and BECs in Mst1/22HeP than in
control mice (Figure 1C). This was further confirmed by
gPCR (3-fold increase), western blot (2-fold increase),
and enzyme-linked immunosorbent assay (8-fold in-
crease in serum) in Mst1/22Hep compared to control
mice at 3.5 months of age, when they already have HCC
(Figure 1D,E; Figure S2). To rule out a potential contri-
bution of HMGB1 from tumor tissue, protein expression
was analyzed at 2 months of age before the develop-
ment of tumors. We found a 1.3-fold increase in HMGB1
in Mst1/2*"eP compared to control mice (Figure S3A).
However, YAP protein expression remained similar at
2 and 3.5 months of age in the livers from Mst1/221P
compared to control mice (Figure S3A,B). These results
indicate that HMGB1 expression and YAP activity are
increased in Hippo signaling-deficient mice.

Next, the HMGB1 and YAP1 mRNA levels and their
correlation were analyzed in the human liver HCC co-
hort from the TCGA.['"'® Both mRNASs increased in pri-
mary liver tumor tissues compared to normal controls,
and there was positive correlation between the HMGB1
and YAPT transcripts in tumor tissues (Figure 1F).
Similar findings were obtained in the analysis of tumor
and nontumor tissues from 247 patients with HBV-
induced HCC (GSE14520). Notably, paired nontumor
tissues showed strong positive correlation between the
two transcripts (Figure 1G).

Ablation of Hmgb1 in Mst1/2*"°P mice
reduces tumor burden

To determine if HMGB1 in Mst1/2*"¢? mice is required
for HCC, we generated additional control (Hmgb1-"¢P)
and triple knockout (Mst1/2&Hmgb1*HeP) mice and
followed them for the development of tumors for 3.5
months. Ablation of Hmgb1 was confirmed by immu-
nohistochemistry (IHC) (Figure S4A,B) and western
blot (Figures S3A and S4C). Serum HMGB1 decreased
in Mst1/2&Hmgb1*He" compared to Mst1/2*"®P mice
while it was elevated in Hmgb1*"®* compared to con-
trol mice at 3.5 months, suggesting contribution from
nonparenchymal cells (Figure S2). Both Mst1/22HeP
and Mst1/2&Hmgb12HeP mice had higher liver weights
and similar liver-to-body weight ratios than control or
Hmgb1*"®P mice; however, Mst1/2&Hmgb1*"®" mice
were thinner but had higher liver weight and liver-to-
body weight ratio than control and Hmgbh1*"®P mice
(Figure 2A).

Control and Hmgb72H®" mice did not develop
tumors, while 100% (7 males and 5 females) of
Mst1/2°H°P and 78% (4 males and 3 females) of
Mst1/2&Hmgb1*"®" mice developed tumors at 3.5
months (Figure 2B). Macroscopic analysis indicated
that Mst1/2&Hmgb1°HP mice had fewer and smaller
tumors and reduced total tumor volume compared
to Mst1/2°HP mice (Figure 2B,C). Histopathological
evaluation of liver sections revealed multiple dys-
plastic nodules. The HCC growth patterns were
pseudoglandular, solid, and trabecular (mostly grade 11)
in Mst1/2*1eP and Mst1/2&Hmgb12HP mice; however,
the number of HCCs per mouse was significantly lower
in Mst1/2&Hmgb12He" compared to Mst1/2*"¢P mice
(Figure 2C,D). These data suggest that HMGB1 pro-
motes tumorigenesis in Mst1/22"¢P mice.

Ablation of Hmgb1 in Mst1/2""P mice
decreases YAP activity and cell
proliferation

A previous study demonstrated that deletion of
hepatocyte-derived Hmgb1 decreases YAP gene
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FIGURE 1 Mst1/2*"® mice show increased hepatic expression of HMGB1. Control and Mst1/2*"eP mice were generated and followed
for the development of tumors for 3.5 months. (A) YAP IHC in liver (red arrow shows cytoplasmic staining in hepatocytes; yellow arrow
shows nuclear staining in hepatocytes; black arrows show nuclear staining in BECs). (B) Relative liver mRNA levels of Yap, Cyr61, and Ctgf
(control n = 3; Mst1/221eP n = 6). (C) HMGBH1 IHC in liver (orange arrows show nuclear staining in hepatocytes; black arrow shows nuclear
staining in BECs). (D) Relative liver mRNA levels of Hmgb1 (control n = 3; Mst1/2*"¢P n = 6). (E) Western blot analysis of liver HMGB1 (n = 3/
group). In A—E, values are given as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001 for Mst1/2*"®P versus control. (F) Box plots of YAP1
and HMGB1 TPM in normal and HCC tissues from the human liver hepatocellular carcinoma (LIHC) cohort from the TCGA (left and middle
panels). Graphs were obtained from UALCAN (http://ualcan.path.uab.edu), ***p < 0.001 for tumor versus normal. Spearman correlation
analysis of YAP1 and HMGB1 obtained from GEPIA (http://gepia.cancer-pku.cn) (right panel). (G) Pearson correlation analysis of YAP1 and
HMGB1 from a cohort of 247 patients with HBV-induced HCC with tumor and nontumor tissues (GSE14520). Abbreviations: BEC, biliary
epithelial cell; Ctgf, connective tissue growth factor; Cyr61, cellular communication network factor 1; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HMGB1, high-mobility group box-1; IHC, immunohistochemistry;
LIHC, liver hepatocellular carcinoma; mMRNA, messenger RNA; MST1/2, mammalian sterile 20-like 1 and 2; TCGA, The Cancer Genome
Atlas; TPM, transcripts per million; Yap, yes-associated protein
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expression."® Thus, we asked if the reduced HCC
burden was associated with decreased YAP expres-
sion and activity in Mst1/2&Hmgb1*"®? mice. Yap
mRNA decreased in Mst1/2&Hmgb12H®" compared
to Mst1/2°HeP mice at 2 and 3.5 months (Figure 3A).
This correlated with down-regulation of YAP target
genes (Ctgf, Cyr61, and glypican-3 [Gpc-3]) and
HCC markers (Gpc-3 and alpha fetoprotein [Afp]) in
Mst1/2&Hmgb 12 compared to Mst1/2*HeP mice
(Figure 3A). Moreover, western blot analysis showed
decreased GPC-3 in Mst1/2&Hmgb1*"®P compared
to Mst1/2°"®P mice at 3.5 months, suggesting that ab-
lation of Hmgb1 decreases YAP activity (Figure 3B).
GPC-3 protein was also detected in control and
Hmgb1*"eP whole-liver tissue lysates.?? It has been
reported that GA-binding protein alpha (GABP«)
regulates Yap gene transcription and liver GABP« in-
creases in Mst1/2*"®P micel®3; however in our model,
GABP«a expression in liver lysates at 2 months and in
the nuclear fraction at 3.5 months remained similar
in Mst1/2&Hmgb1°"P and Mst1/2°"®" mice (Figure
S5A-C).

We further examined whether decreased Yap
transcripts and activity correlated with down-
regulation of YAP protein in Mst1/2&Hmgb1*"¢? mice.
Liver YAP protein expression remained similar in
Mst1/2&Hmgb 12 and Mst1/2°HeP mice at 2 and 3.5
months of age (Figure S3A,B). The Hippo pathway
kinase cascade phosphorylates YAP in serine-127

and sequesters it in the cytoplasm for subsequent
degradation.m Although not significant, we noted in-
creased phosphorylated pYAP in Mst1/2&Hmgb1-HeP
compared to Mst1/2°HP mice at 3.5 months (Figures
S3B and S5A). Phosphorylation of LATS1/2, which
triggers phosphorylation of YAP,"! remained similar in
Mst1/2&Hmgb 12 and Mst1/2*1eP mice at 2 months
(Figure S6A).

Next, we asked whether Hmgb1 ablation regulates
YAP localization. IHC showed decreased YAP" nu-
clei in Mst1/2&Hmgb1*"®" compared to Mst1/22MP
mice (Figure 4A). YAP was slightly reduced in the nu-
clear fraction from Mst1/2&Hmgb1°H? compared to
Mst1/2"e mice at 3.5 months of age (Figure S5A).
Importantly, mRNA of the YAP nuclear interactors
Tead1—4 increased in Mst1/2*"®P compared to control
mice but decreased in Mst1/2&Hmgb1*"®? compared
to Mst1/2°HeP mice (Figure 4B). Overall, these findings
indicate that ablation of Hmgb1 decreases YAP activity.

Because YAP activation promotes cell prolifera-
tion,!"®! we analyzed markers of cell proliferation. Cyclin
D1 (Ccnd1) mRNA, proliferating cell nuclear antigen
(PCNA) expression, and Ki67 nuclear staining de-
creased in Mst1/2&Hmgb1°HeP compared to Mst1/2"¢P
mice at 2 and 3.5 months (Figures 3A and 4C; Figure
S6A,B). To determine whether apoptosis was involved,
we analyzed the cleavage of poly(adenosine diphos-
phate ribose) polymerase (PARP) and caspase-3;
however, they were almost unchanged (Figure S6C).
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FIGURE 3 Ablation of Hmgb1 in Mst1/2*"®" mice decreases YAP activity. Control, Hmgb1*"®?, Mst1/2*"eP and Mst1/2& Hmgb1*"eP
mice were generated and followed for the development of tumors for 2 or 3.5 months. (A) Relative liver mMRNA levels of Yap, its targets
(Ctgf, Cyr61, and Gpc-3), HCC markers (Gpc-3 and Afp), and Ccnd1 (n = 3—6/group). (B) Western blot analysis for liver GPC-3 at 3.5
months (n = 3/group). Values are given as mean + SEM. Ap < 0.05, Mp < 0.01, MAp < 0.001 for Mst1/2&Hmgb1*"eP versus Mst1/2"HeP.
Abbreviations: Afp, alpha fetoprotein; Ccnd1, cyclin D1; Ctgf, connective tissue growth factor; Cyr61, cellular communication network factor
1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Gpc-3, glypican-3; HMGB1, high-mobility group box-1; mRNA, messenger RNA;
MST1/2, mammalian sterile 20-like 1 and 2; Yap, yes-associated protein
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months (n = 3/group). (B) Relative liver mRNA levels of Tead7—4 at 2 months (n = 3—4/group). (C) Ki67 IHC (black arrows show Ki67+
nuclei) (left) at 3.5 months and quantification of the number of Ki67" cells in 10 fields at magnification x200 (right) (n = 3/group). Values are
given as mean * SEM. **p < 0.01, ***p < 0.001 for Mst1/2"H®P versus control. Ap < 0.05, Ap < 0.01, AAp < 0.001 for Mst1/2&Hmgb1-HeP
versus Mst1/2*1P_ Abbreviations: HMGB1, high-mobility group box-1; IHC, immunohistochemistry; mRNA, messenger RNA; MST1/2,
mammalian sterile 20-like 1 and 2; Tead, transcriptional enhancer factor domain; YAP, yes-associated protein

Therefore, the livers from Mst1/2&Hmgb1*HeP mice
had decreased YAP activity and cell proliferation, both
associated with reduced tumor burden, compared to
Mst1/2°HeP mice.

Ablation of Hmgb1 in Mst1/2"H° mice
reduces inflammation, fibrosis, and
atypical ductal cell expansion

Mst1/2°1°P mice have increased infiltration of mac-
rophages and inflammation due to elevated YAP ac-
tivity,[z‘” whereas overexpression of YAP activates
myofibroblasts and promotes fibrosis.?" Therefore,

we examined whether ablation of Hmgb1 in Mst1/2°HeP
mice reduced inflammation and fibrosis. We found a
decrease in mRNA of the proinflammatory cytokines
interleukin-1p (//14) and C-C motif chemokine ligand 2
(Ccl2) in Mst1/2&Hmgb12HP compared to Mst1/22HeP
mice (Figure 5A). To evaluate whether there were
less macrophages in the liver, we performed gPCR
for adhesion G protein-coupled receptor E1 (Adgref1,
F4/80) and integrin subunit alpha M (ltgam, CD11b)
along with IHC for F4/80. Mst1/2&Hmgb1°H" had
lower Adgre? and /tgam mRNAs and less F4/80*
cells (Figure 5A; Figure S7), indicating that HMGB1
reduces the number of macrophages in Mst1/22HeP
mice.



2162 |

ABLATION OF HMGB1 CAUSES HYPERBILIRUBINEMIA IN HIPPO SIGNALING-DEFICIENT MICE

—_

A)

3.5 months
©» 14
Qo
E 1.2
1
% 08 @ Mst1/28Hep
€ 06 2 ™, Ak B Vist1/2&Hmgb 18+ep
g 04 I N AAA i ARk AAA AAA i
©
= 02
200 Ue NI WINl
ng Ccl2 Adgre1 Itgam Col1al Timp1 Epcam Sox9
(B) 3.5 months
Mst1/28Hep Mst1/2&Hmgb12Hep
o |
w
2 |
1
g
>F
c
2]
[=2]
=
)
o
(©) 2 months
Control Mst1/28He Mst1/2&Hmgb12Hep

H&E

To determine the effect on fibrosis, we analyzed
the mRNA expression of collagen type | alpha 1 chain
(Col1at) and tissue inhibitor of metalloproteinase 1
(Timp1), both of which decreased in Mst1/2&Hmgb 1P
compared to Mst1/2*"®" mice (Figure 5A). In addition,
sirius red/fast green staining for collagenous proteins

and IHC for collagen type | revealed a major reduction
in bridging and sinusoidal fibrosis in Mst1/2&Hmgb147¢?
compared to Mst1/2HP mice (Figure 5B).

Livers from Mst1/2°"®" mice showed proliferative
atypical ductal cells (ADCs), which infilirate the liver
parenchyma by 2 months and surround hepatic plates
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FIGURE 5 Ablation of Hmgb1 in Mst1/2*"®P mice reduces inflammation, fibrosis, and ADCs. Control, Hmgb1HeP, Mst1/2HeP and
Mst1/2& Hmgb1*"®P mice were generated and followed for the development of tumors for 2 or 3.5 months. (A) Relative liver mRNA levels
of 1114, Ccl2, Adgre1, Itgam, Col1a1, Timp1, Epcam, and Sox9 at 3.5 months (n = 3—6/group). (B) Sirius red/fast green staining (top) and
collagen type | IHC (bottom) (red arrows show collagen deposits) at 3.5 months. (C) H&E staining at 2 months. Images show zone 1 (black
arrows show anatomical BDs) with expansion of ADCs (small round cells with scant cytoplasm) in Mst1/2*1®P and Mst1/2& Hmgb1*"e°
mice. Values are given as mean + SEM. Ap < 0.05, Ap < 0.01, M~p < 0.001 for Mst1/2&Hmgb1°HeP versus Mst1/2°HeP_ Abbreviations: ADC,
atypical ductal cell; Adgre1, adhesion G protein-coupled receptor E1; BD, bile duct; Cc/2, C-C motif chemokine ligand 2; Col1a1, collagen
type | alpha 1 chain; Epcam, epithelial cell adhesion molecule; H&E, hematoxylin and eosin; HMGB1, high-mobility group box-1; IHC,
immunohistochemistry; //1p, interleukin-1p; Itgam, integrin subunit alpha M; mRNA, messenger RNA; MST1/2, mammalian sterile 20-like 1
and 2; Sox9, sex-determining region Y-box 9; SR/FG, sirius red/fast green; Timp1, tissue inhibitor of metalloproteinase 1

by 3 months of age.[15'25] Thus, we evaluated whether
Hmgb1 deficiency reduces ADCs. Hematoxylin and
eosin staining of livers from 2-month-old Mst1/22HeP
mice showed more expansion of ADCs (small round
cells with scant cytoplasm) in portal areas than in
Mst1/2&Hmgb 17 mice (Figure 5C). In support of this,
the mRNA of sex-determining region Y-box 9 (Sox; a
marker for ADCs) and of epithelial cell adhesion mol-
ecule (Epcam; a marker of ductal/progenitor cells) de-
creased in Mst1/2&Hmgb1*"® compared to Mst1/22HeP
mice at 3.5 months of age (Figure 5A). Moreover,
the expression of SOX9 increased in 2-month-old
Mst1/2*"eP mice compared to controls, in which the
staining was restricted to ductal cells, but decreased
in Mst1/2&Hmgb12HP compared to Mst1/2*"¢ mice
(Figure 6A; Figure S8A), which was also validated by
western blot (Figure 6B).

We then asked if ADCs express HMGB1 and
contribute to the increase in HMGB1 protein in
Mst1/2°HP mice. HMGB1 colocalized with SOX9*
cells in Mst1/22"€P but not in Mst1/2&Hmgb 1P mice
(Figure 6C). Importantly, SOX9 positively correlated
with YAP1 and HMGB1 mRNAs in the human liver HCC
cohort from the TCGA (Figure S8B). Taken together,
these results suggest that ablation of Hmgb1 lowers
inflammation, fibrosis, and SOX9"-ADC expansion in
Mst1/2&Hmgb1*"® compared to Mst1/2°H¢P mice, con-
tributing to reduce HCC.

Mst1/2&Hmgb1*"®P mice develop
hyperbilirubinemia

Although tumor burden was reduced in Mst1/2&
Hmgb12HeP mice, they were smaller, more lethar-
gic, and had increased liver injury shown by elevated
serum alanine aminotransferase activity compared to
age-matched Mst1/2°HP mice (Figures 2A and 7A,B).
Because the serum from Mst1/2&Hmgb1*"® mice was
jaundiced (Figure S9A), we measured the concentra-
tion of bilirubin. Concentrations of total and conjugated
bilirubin were significantly higher in Mst1/2&Hmgb12HeP
compared to the other three groups of mice (Figure 7C).
To assess if Mst1/2&Hmgb1*"®" mice had altered bili-
rubin import, conjugation, or export,[zel we analyzed
the mRNA levels of adenosine triphosphate-binding

cassette subfamily C members 2/3 (Abcc2/3), uridine
diphosphoglucuronate glucuronosyltransferase family
1 member A1 (Ugt1at), and organic anion-transporting
polypeptide 1B1/B3 (Oatp1b1/3); however, the levels
remained similar in Mst1/2&Hmgb1*"®P and Mst1/2°HeP
mice except for Oatp1b1/b3, which decreased in
Mst1/2&Hmgb1°He  compared to Mst1/2*"®" mice
(Figure S9B).

IHBD developmental defects and paucity are associ-
ated with jaundice in mice.?"28 Therefore, we evaluated
the IHBD network by injecting ink through the common
bile duct (BD). Control and Hmgb7*H? mice showed a
well-formed biliary tree network in which the branches
reached the liver periphery. Mst1/2*"®" mice showed
many small branches (hypertrophy) compared to con-
trols, while ink-filled branches in Mst1/2&Hmgb1eP
mice were dilated and did not reach the liver margin
(Figure 7D). BDs were enlarged with flattened and dis-
oriented epithelial cells in Mst1/2&Hmgb1°HeP mice at
2 months (Figures 5C and 6A; Figure S8A). Moreover,
Mst1/2&Hmgb1°HP mice showed foci of feathery de-
generation, the classic morphologic manifestation of
cholestatic-induced hepatocyte injury that is charac-
terized by swollen, pale-staining, and finely vacuolated
hepatocytes (Figure S9C). Because Notch signal-
ing regulates IHBD development and is activated in
Mst1/2°HeP mice, 2%l we evaluated if ablation of Hmgb1
affected Notch signaling. gqPCR analysis revealed that
the Notch ligand jagged-1 (Jag7), and its targets (Hes
family BHLH transcription factor 1 [Hes7] and Notch-
regulated ankyrin repeat protein [Nrarp]) decreased
in Mst1/2&Hmgb1*HeP compared to Mst1/2*"® mice
(Figure S10).

Hemoglobin from damaged red blood cells (RBCs)
is catabolized to bilirubin by phagocytes in the spleen,
liver, and bone marrow.?®! The increase in total bilirubin
in Mst1/2&Hmgb1°"®" mice prompted us to measure
the concentration of hemoglobin and perform blood
cell counts. At 2 months of age, Mst1/2&Hmgb1-"eP
mice had less hemoglobin, hematocrit, mean corpus-
cular volume, and mean corpuscular hemoglobin but
increased serum lactate dehydrogenase (LDH) activity
compared to Mst1/2°HP mice (Table S1; Figures S11
and S12A). Because iron produced from heme degra-
dation is recycled for erythropoiesis,[2°] we measured
the concentration of iron in serum. Mst1/2&Hmgb1eP
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FIGURE 6 Ablation of Hmgb1 in Mst1/2*P mice reduces SOX9* ADCs. Control, Hmgb12"®? Mst1/2*"®P and Mst1/2&Hmgb1*"®" mice
were generated and followed for the development of tumors for 2 or 3.5 months. (A) SOX9 IHC at 2 months (black arrows show staining in
anatomical BDs; pink arrows show staining in ADCs). (B) Western blot analysis of liver SOX9 at 2 months. (C) Immunofluorescence showing
colocalization of DAPI (blue), SOX9 (green), and HMGB1 (red) (magnification x630). Scale bar, 20 um. Values are given as mean + SEM.
***n < 0.001 for Mst1/221eP versus control; Mp < 0.01 for Mst1/2&Hmgb1*"®P versus Mst1/2*"®P_ Abbreviations: ADC, atypical ductal cell;
BD, bile duct; DAPI, 4',6-diamidino-2-phenylindole; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HMGB1, high-mobility group
box-1; IHC, immunohistochemistry; MST1/2, mammalian sterile 20-like 1 and 2; Sox9, sex-determining region Y-box 9
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FIGURE 7 Ablation of Hmgb1 in Mst1/2*"eP mice induces hyperbilirubinemia. Control, Hmgb12"e?, Mst1/2*"¢P and Mst1/2& Hmgb1*"eP
mice were generated and followed for the development of tumors for 2 or 3.5 months. (A) Mouse size at 3.5 months. (B) Serum ALT

activity at 3.5 months. (C) Total serum bilirubin (direct and indirect) at 3.5 months. In B,C, control n = 4; Hmgb1*H®P n = 4; Mst1/2*¢P n = 5;
Mst1/2&Hmgb1*"eP n = 5. (D) Ink-stained IHBD tree at 2 months (red arrow shows abnormal ink distribution) (control n = 3; Hmgh12HeP

n = 2; Mst1/2°1%P n = 5; Mist1/2&Hmgb1°H®P n = 3) (magnification x0.8 top and x4 bottom). Scale bar, 20 ym. Values are given as mean *
SEM. ***p < 0.001 for Mst1/2&Hmgb1-"¢" versus control; $*¥p < 0.001 for Mst1/2&Hmgb1*"P versus Hmgb1HeP; Afp < 0.01, AMAp < 0.001
for Mst1/2& Hmgb1*P versus Mst1/2*"®°_ Abbreviations: ALT, alanine aminotransferase; HMGB1, high-mobility group box-1; IHBD,
intrahepatic bile duct; MST1/2, mammalian sterile 20-like 1 and 2
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had reduced serum iron at 2 and 3.5 months of age
and elevated iron staining in the spleen at 3.5 months
compared to Mst1/2*"®" mice (Figure S12B,C). The
systemic iron concentration regulator hepcidin (Hamp)
was increased in Mst1/2&Hmgb1*H®P compared to
Mst1/2"HeP mice (Figure S$12D). These data indicate that
decreased Notch signaling, abnormal IHBD physiology,
and reduced hemoglobin are associated with hyperbili-
rubinemia in Mst1/2&Hmgb1*"®P mice.

DISCUSSION

In this study, we demonstrated that HMGB1 and
the Hippo signaling pathway participate in HCC as
Mst1/2*"eP showed significant increase in HMGB1
mMRNA and protein compared to control mice while ab-
lation of Hmgb1 reduced tumor burden. Because YAP
is activated in Mst1/22HP mice,®! we considered that
it could increase HMGB1 expression by a feedback
mechanism. However, mice with hepatocyte-specific
deletion of Yap and Taz do not show changes in HMGB1
expression compared to controls,’?"! and knockdown of
Yap with short hairpin RNA in HCC cell lines does not
reduce HMGB1."¥! Therefore, these studies suggest
that YAP may not affect HMGB1 expression, although
it could be regulated by a yet unexplored mechanism in
Mst1/2°HeP mice.

However, we showed that HMGB1 affects Yap be-
cause Yap mRNA decreased in Mst1/2&Hmgb1-HeP
compared to Mst1/2*"¢ mice. An earlier study demon-
strated that GABP« transcriptionally regulates Yap[23]
and is increased in Mst1/2*HP mice. While GABP in-
creased in liver from Mst1/241eP compared to controls,
it did not decrease in Mst1/2&Hmgb1*HeP compared to
Mst1/2*1eP mice at 2 months while Yap transcription
was down-regulated. Furthermore, nuclear GABP« re-
mained similar in Mst1/2&Hmgb1*He" and Mst1/22HeP
mice at 3.5 months. Because HMGB1 and GABPa
interact with each other and with the promoter of Yap
to increase activity,m] we considered that Hmgb1 ab-
lation could reduce Yap transactivation; nonetheless,
the decrease in Yap transcription did not correlate with
the decrease in YAP translation as the expression re-
mained unchanged in both groups of mice at 2 and 3.5
months of age.

Based on the increase in pYAP, the decrease in YAP*
nuclei and the parallel decrease in YAP target genes in
Mst1/2&Hmgb1*HeP compared to Mst1/2°HeP mice, we
concluded that Hmgb1 deletion decreases YAP activity
rather than its expression under Hippo signaling defi-
ciency. Increased cell proliferation, inflammation, oval/
DC expansion, and fibrosis, all linked to higher YAP ac-
tivity, 132124301 decreased in Mst1/2&Hmgb1*HeP com-
pared to Mst1/2*®P mice. Because Mst1/2&Hmgb1-HeP
mice showed lower Tead1, Tead2, and Tead4 mRNAs,

this likely limits the interaction of YAP with TEAD and
hence reduces YAP activity and HCC.

Although HCC initiation and progression were de-
layed by Hmgb1 deficiency, Mst1/2&Hmgb1*"®" mice
had higher liver weight, PCNA staining, and Ccnd1
mRNA than control and Hmgb72H®" mice, suggest-
ing active cell proliferation and possibly that the rate
of oncogenesis does not correspond with the rate of
cell proliferation. Hmgb1 ablation did not decrease all
YAP-active cells or completely block YAP activity in
Mst1/2&Hmgb1°"®® livers, suggesting that remnant
YAP activity is associated with increased prolifera-
tion in Mst1/2&Hmgb1°HP compared to control and
Hmgb 121 Jivers.

Loss of Hippo signaling and hepatocyte-specific over-
expression of YAP expands ADCs to reach approximately
80% of the total liver mass compared to controls.’2>3Y
ADCs are positive for hepatic progenitor (HPC)/DC mark-
ers, such as SOX9, EpCAM, and pan-cytokeratin, and
originate mainly from dedifferentiation of hepatocytes
with YAP activation.2%30 Accordingly, there was a major
increase in SOX9* ADCs in Mst1/2*"®P mice compared
to controls but were reduced in Mst1/2&Hmgh1-1eP
mice. Expansion of SOX9* ADCs and colocalization of
HMGB1 with SOX9 provides a clue for the overall in-
crease in HMGB1 expression in Mst1/2*"¢" mice com-
pared to controls. This suggests that HMGB1 is required
for proliferation of ADCs or dedifferentiation of hepato-
cytes into ADCs; hence, Hmgb1 ablation reduces this ef-
fect. Indeed, in autophagy-deficient livers or in mice fed
with a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)/
choline-deficient diet, which induces ductular reaction
with proliferation of HPCs and DCs, ablation of Hmgb1
completely abolished SOX9- and EpCAM-positive
HPCs/DCs.B" Moreover, Yap deletion in hepatocytes
and BECs decreases ductular reaction and SOX9* pro-
liferative cells in the DDC model.B? These reports along
with our observations indicate that the HMGB1-Hippo/
YAP axis is key for expansion of ADCs or HPC/DCs and
is worth further investigation as it is relevant for liver re-
pair and regeneration.[33]

Epcam, Sox9, and Afp, a progenitor and oncofetal
signature associated with worse HCC prognosis,[34‘36]
were down-regulated in Mst1/2&Hmgb1*"®P compared
to Mst1/2°HP mice. The Sox9 promoter has TEAD4-
binding sites and is a direct transcriptional target of the
YAP/TEAD complex.?>3"1 SOX9 expression increases
in HCC,2® and patients with HCC with high SOX9 ex-
pression have reduced overall survival.®® SOX9 in-
duces sorafenib resistance in experimental models of
HCC.%% We showed increased expression and colo-
calization of SOX9 with HMGB1 in Mst1/2"P mice to-
gether with a positive correlation between HMGB1 and
SOX9 and between YAPT and SOX9 in the liver HCC
cohort from the TCGA, indicating that SOX9 could be a
key molecular target of the HMGB1-YAP axis.
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The IHBD developmental defects, such as hyper-
bilirubinemia, feathery degeneration, and growth
retardation, observed in Mst1/2&Hmgb12He? mice
were reported in mice with ablation of Yap in hepa-
toblasts and of Notch in hepatocytes.*"*?! Injecting
newborn mice with an inhibitor of the Notch pathway
hampered the elongation of the luminal network of
IHBDs, precluding them from reaching the liver pe-
riphery.[43] The Hippo pathway functions through
Notch signaling as Notch2 is a direct transcriptional
target of YAP and regulates IHBD development in
mice.[?>44 We did not observe complete loss of the
IHBD tree, but dilation of BDs and uneven ink dis-
tribution toward the liver margin along with reduced
Notch pathway genes in Mst1/2&Hmgb12HP mice at
2 months, suggesting that elongation of small BDs
is affected. These results underscore the importance
of studying the biological functions of the HMGB1-
YAP—Notch axis in embryonic and early postnatal
development of the intrahepatic biliary system under
Hippo pathway deficiency.

Despite a reduced tumor burden, Mst1/2&Hmgb
mice were morbid, had growth retardation, and hyper-
bilirubinemia. In the context of Mst1/2 loss, we believe
that reduced HCC development and hyperbilirubinemia
represent two different aspects of the biological roles
of HMGB1. Because Alb.Cre targets hepatocytes and
BECs,*? it is possible that Hmgb1 ablation in hepato-
cytes mediates the antitumor effect while ablation in
BECs alters biliary homeostasis under Hippo deficiency.
Future studies targeting HMGB1 with small interfering
RNA lipid nanoparticles in Mst1/2*"®P mice at postnatal
stages (when IHBD development is complete[42]) could
elucidate the therapeutic potential of Hmgb1 inhibition
in YAP-driven HCCs as well as highlight the adverse
biliary effects, if any.

Elevated levels of conjugated bilirubin cause RBC
death and anemia in mice with BD ligation."*>! We ob-
served increased conjugated bilirubin and LDH activity
in Mst1/2&Hmgb1*"®" mice, suggesting RBC death.[*®!
Hemolysis releases hemoglobin that is converted to
bilirubin. Impaired IHBD physiology limits bilirubin ex-
cretion, causing hyperbilirubinemia, and further en-
hances RBC lysis, as observed in Mst1/2&Hmgb1"eP
mice. An unaltered RBC count combined with an ele-
vated percentage of reticulocytes suggests increased
erythrocyte turnover.*®  Mst1/2&Hmgb12He"  mice
had a reduced concentration of iron in serum but in-
creased iron deposits in spleen. The liver maintains
the systemic iron homeostasis by producing transfer-
rin, ferritin and hepcidin.[47] Hepcidin is an iron reg-
ulatory hormone that blocks the only iron exporter,
ferroportin (FPN), thus limiting the systemic concen-
tration of iron.“”*8l The increased expression of hep-
cidin in Mst1/2&Hmgb1*"® mice suggests that it could
block FPN and prevent iron mobilization to the blood.

1AHep

Therefore, the HMGB1-Hippo/ YAP axis may be critical
for iron homeostasis in the liver.

In conclusion, our findings demonstrate that HMGB1
promotes HCC progression and regulates YAP activ-
ity, cell proliferation, inflammation, and fibrosis but also
controls serum bilirubin concentration by maintain-
ing intrahepatic biliary physiology in Hippo signaling-
deficient mice.
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