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High-Mobility Group Box-1 and Liver

Disease

Harriet Gaskell,” Xiaodong Ge,"" and Natalia Nieto'?

High-mobility group box-1 (HMGB1) is a ubiquitous protein. While initially thought to be simply an architectural protein
due to its DNA-binding ability, evidence from the last decade suggests that HMGB1 is a key protein participating in the
pathogenesis of acute liver injury and chronic liver disease. When it is passively released or actively secreted after injury,
HMGB1 acts as a damage-associated molecular pattern that communicates injury and inflammation to neighboring cells by
the receptor for advanced glycation end products or toll-like receptor 4, among others. In the setting of acute liver injury,
HMGB1 participates in ischemia/reperfusion, sepsis, and drug-induced liver injury. In the context of chronic liver disease,
it has been implicated in alcoholic liver disease, liver fibrosis, nonalcoholic steatohepatitis, and hepatocellular carcinoma.
Recently, specific posttranslational modifications have been identified that could condition the effects of the protein in the
liver. Here, we provide a detailed review of how HMGB1 signaling participates in acute liver injury and chronic liver disease.

(Hepatology Communications 2018;2:1005-1020)

igh-mobility group (HMG) proteins were
isolated in the early 1960s and were later
characterized by their chemical and physical
properties, receiving their name due to their fast elec-
trophoretic mobility on polyacrylamide gels.”’ They
are among the most ubiquitous, abundant, and evolu-
tionarily conserved proteins in eukaryotes. These and
the other members of a larger HMG superfamily share
a common structural HMG box (HMGB) motif that
is a unique ~80 residue L-shaped domain that medi-
ates DNA binding.®
Native HMGB proteins have molecular weights of
approximately 22-25 kDa and are quite homologous
within higher eukaryotic species (100% for human,

mouse, and rat HMGB1 or HMGB3 and 99% for
HMGBZ).(B) The expression of HMGB1 is ubiqui-
tous, whereas HMGB?2 is mainly expressed in lym-
phoid tissues, the gastrointestinal tract, and testis in
adult animals. HMGB3 is present in embryos, lung,
nasopharynx, bronchus, placenta, and hematopoietic
stem cells, and HMGB4 is restricted to testis. )
Among the four HMGB proteins, HMGB1 is the
most abundant nonhistone nuclear protein and is also
cytoplasmically expressed as it shuttles back and forth
from the nucleus to the cytoplasm.™”

HMGB1 has 215 residues and a predicted molec-
ular mass of 24,894 Da in its native state. The protein
is organized into two DNA-binding domains (box A
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FIG. 1. HMGB1 protein structure. HMGB1 has 215 amino acids and two NLS (NLS1 spanning from histidine 27 to lysine 43 and
NLS2 spanning from alanine 178 to lysine 184). Cysteines that can undergo oxidation are written in red (C23 and C45 form a disulfide
bond), lysines that can undergo acetylation are written in blue, and a serine that can undergo phosphorylation is written in purple.
These posttranslational modifications have been found in liver disease.

and box B, spanning nearly 75% of the protein) sep-
arated by a short linker sequence followed by a highly
negatively charged C-terminal domain with 30 glu-
tamic and aspartic acid residues (Fig. 1). Key features
in the secondary structure are four p-strands and seven
helical regions. The solution structure of the tandem
HMGB domain has been resolved by nuclear magnetic
resonance spectroscopy. Notably, the protein has three
regions of interest in positions 80-96 (lipopolysaccha-
ride [LPS] binding(1 ), 89-108 (cytokine-stimulating
activity''V), and 150-183 (receptor for advanced glyca-
tion end products [RAGE] binding).

In addition, HMGB1 has two nuclear localiza-
tion signals (NLSs) in positions 27-43 within box A
(NLS1) and 178-184 within box B (NLS2) (Fig. 1).

HMGB1 was originally discovered as a nuclear
protein; however, when it is passively released or
actively secreted after injury or cell stimulation,
HMGB1 meets all the criteria of a damage-associated
molecular pattern (DAMP) and works as a necrosis
signal for the immune system through cell-surface
receptors. "> In this latter role, HMGB1 acts as a
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proinflammatory cytokine that contributes to multiple
injuries, including those from the liver, such as warm
and cold ischemia/reperfusion (I/R) injury,(15 ~27)
se sis,(23’28_32) acetaminophen (APAP) intoxica-
tion, ?>*349 a1coholic liver disease (ALD),*"™* fibro-
sis, % nonalcoholic steatohepatitis (NASH),0-52)
and hepatocellular carcinoma (HCC).**%% By bind-
ing cell-surface receptors on immune cells, HMGB1
activates intracellular signaling pathways that regu-
late immune cell function, including chemotaxis and
cytokine production.®”*1*® When HMGB1 targets
hepatic stellate cells (HSC:s), it induces a fibrogenic
response.(44’49) Currently, less is known on how it sig-
nals in hepatocytes.

Our understanding of the role of HMGB1 has
increasingly advanced during the last decade. Recent
findings in molecular, structural, and functional analy-
ses of HMGB1 have revealed that specific posttransla-
tional modifications (PTMs) determine the effects of
this powerful protein. Here, we aimed to provide an
abridged review focusing on how HMGB1 signaling

participates in acute and chronic liver disease.
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Localization and Secretion
Under physiologic conditions, HMGB1 localizes to

the nucleus due to its two NLSs; yet, its nuclear localiza-
tion changes during development, aging, and injury.(64) In
the nucleus, HMGBI1 binds double- or single-stranded
DNA and has affinity for four-way junctions, bent DNA,
and DNA adducts. The binding occurs in the minor
groove of the DNA in a sequence-independent manner
that covers approximately 14 base pairs.(2’65) HMGB1
contributes to establishing the tridimensional structural
framework and geometric requirements essential for the
binding of some transactivators and therefore enables the
formation of the pre-initiation complex by recruiting var-
ious transcription factors.**"*” HMGB1 induces DNA
bending into a helical structure,* % facilitating gene
expression or DNA replication by allowing the forma-
tion of large multiprotein complexes.(z) The nuclear role
of HMGBI appears critical for survival as HmgbI™ " mice
die within 24 hours after birth due to a deficit in the glu-
cocorticoid receptor gene”; however, conditional abla-
tion of Hmgbl in specific cell subsets in the liver does not
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cause a deleterious phenotype.*"™”) Moreover, under

basal conditions, HMGBI is not present or significantly
reduced in the nucleus of some liver cells***) looking
otherwise healthy, suggesting that compensatory mecha-
nisms may possibly exist; to date they are unknown.

Although HMGBI1 constantly shuttles bidirection-
ally between the nucleus and the cytoplasm due to the
action of importin and exportin in the nuclear pore
complex, it preferentially accumulates in the nucleus
during normal cellular homeostasis. However, acetyla-
tion of critical residues located in NLS1 (lysines 28-30)
and NLS2 (lysines 180, 182-185) precludes HMGB1
from re-entering the nucleus; as a result, it builds up in
the cytoplasm and is eventually secreted to the extra-
cellular space<9’76’77) (Fig. 2).

HMGB1 can be cleaved by thrombin and throm-
bomodulin between arginine 10 and glycine 11 and
by caspase-1 between aspartate 67 and lysine 68. It
is unknown, however, if cleavage by caspase-1 in this
region localized within NLS1 also prevents the protein
from re-entering the nucleus or if the cleavage contrib-
utes to protein instability and degradation.
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FIG. 2. HMGB1 localization and secretion. During normal cellular homeostasis, HMGB1 preferentially accumulates in the nucleus
due to its two NLSs; however, it can shuttle bidirectionally between the nucleus and the cytoplasm by the nuclear pore complex.
Passive release of HMGB1 typically occurs in injured, apoptotic, necroptotic, or necrotic cells, where damage to the plasma and
nuclear membranes occurs. Because HMGB1 lacks a hydrophobic secretion signal peptide, it is actively secreted by secretory lysosomes.
Acetylation of critical residues located in both NLSs precludes HMGB1 from re-entering the nucleus; as a result, it builds up in the

cytoplasm and is eventually secreted to the extracellular space.
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FIG. 3. HMGBI receptors and signaling. HMGB1 signals through RAGE and TLR4 in numerous cell types. In the hepatocyte,
HMGB1 signals through RAGE, activating p-p38/p42/44 MAPK, pJNK, and c-Jun. In HSCs, HMGB1 can signal to RAGE to
activate first pMEK1/2, pERK1/2, and p-c-Jun and second PI3K and pAKT1/2/3 to increase collagen-I. HMGB1 activates TLR4
on hepatocytes to signal by MyD88-dependent pathways or through pJNK, p-c-Jun, p38 MAPK, pERK to activate NFkB. In Kupffer
cells, HMGB1 signals through TLR4, resulting in activation of p38 MAPK, pJNK, and NFkB, leading to induction of IL-1f and
TNFa. Abbreviations: MAPK, mitogen-activated protein kinase; pMEK, phospho-mitogen-activated protein kinase kinase.

Because HMGB1 lacks a conventional hydrophobic
secretion signal peptide,’® it is not secreted by conven-
tional pathways but through passive and active mech-
anisms (Fig. 2). Passive release of HMGB1 typically
occurs in injured, necroptotic, or necrotic cells where
damage to the plasma and nuclear membranes occurs.
In this setting, HMGB1 acts as an intracellular marker
detected by the innate immune system that recognizes
tissue damage and initiates reparative responses.(12’79)
Both in vitro induction of apoptosis®” and injection
of mice with the Fas agonistic Jo2 antibody(gl) induce
HMGB1 release; yet, cells undergoing apoptosis
induce negligible inflammation in the surrounding tis-
sue® as HMGB1 remains bound to DNA in apop-
totic cells.?

Active secretion of HMGB1 by secretory lysosomes
occurs, for example, in immune cells®138358 \where it
acts as a proinflammatory cytokine during an immu-
nologic challenge. Stimuli for secretion of HMGB1 in
these cells include pathogen-associated molecular pat-
terns (PAMPs), cytokines, and oxidant stress, among
others. Kupffer cells and monocyte-derived macro-
phages release HMGB1 in response to LPS translo-
cated from the gut lumen into the portal circulation,®”
a key contributor to ALD and NASH, among oth-
ers. Likewise, hepatocytes actively secrete HMGB1
in response to hypoxic conditions or oxidative stress
induced by ischemia, pro-oxidants, or alcohol consump-
tion, and they appear to be the major cellular source of
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HMGB1 in the damaged liver.“"%¢788) Lastly, intesti-
nal epithelial cells respond to local injury by secreting

HMGB1®” (Fig. 3).

Receptors and Signaling

HMGB1 binds multiple receptors, including
RAGE, toll-like receptors (TLRs) 2/4/9, Mac-1,
syndecan-1, phosphacan protein-tyrosine phospha-
tase-(/B, and clusters of differentiation 24 (11,90-93)
Due to the dominant role of RAGE and TLR4 in liver

disease, we focus on these two receptors.

RAGE

HMGB1 is a specific and saturable ligand that
binds with high affinity to RAGE.®¥ The expression
of RAGE is mediated, at least in part, through an au-
toregulatory loop whereby the interaction of HMGB1
with RAGE leads to nuclear factor kB (NFxB) and
Spl-dependent transactivation of the advanced gly-
cosylation end-product receptor (AGER) gene.”>””
RAGE is expressed on hepatocytes, HSCs, sinusoidal
endothelial cells, Kupfter cells, oval cells, and mono-
cyte-derived macrophages.(44’49’59’60’98_100) RAGE
activation leads to induction of NFkB-dependent
proinflammatory genes'”" through a number of dif-
ferent pathways (Figure 3): mitogen-activated protein



HEPATOLOGY COMMUNICATIONS, Vol. 2, No. 9,2018

kinase, cell division control protein 42/Rac, phospha-
tidylinositol-4,5-bisphosphate 3-kinase (PI3K)/pAkt,
extracellular signal regulated kinase (ERK)/c-Jun,
and c-Jun N-terminal kinases (JNK), all inevitably
leading to an inflammatory and fibrogenic signaling
cascade.#+19?

RAGE mediates acute liver injury. In fact, during
liver I/R, HMGB1 activates RAGE, leading to JNK
and c-Jun activation with subsequent ergosterol-1
up-regulation."™ In the context of APAP intox-
ication, HMGB1 acted through RAGE to trigger
neutrophil recruitment during liver necrosis, which
mediated subsequent liver damage.”” RAGE-
deficient neutrophils had 80% reduction in migration
toward necrotic liver tissue. Furthermore, mice lack-
ing Rage or Hmgb1 had reduced neutrophil recruit-
ment, overall proinflaimmatory gene expression, and
liver injury after APAP exposure. RAGE expressed
on bone marrow-derived cells was responsible for
this effect as either global or bone marrow-specific
Rage null mice produced the same effect on neutro-
phil infiltration and liver injury.(23) Of note, 7/r4 null
mice had no difference in neutrophil migration or
liver injury.

In the setting of chronic liver disease, our labora-
tory has shown an association between HMGB1 and
RAGE signaling in ALD and fibrosis. Mice lacking
Rage in myeloid cells were protected from alcohol-
induced steatosis, hepatocyte ballooning degener-
ation, inflammation, and liver injury (unpublished
observations). Arriazu et al.*Y demonstrated that in
liver fibrosis, HMGB1 signals via RAGE through
the PI3K-pAkt1/2/3 pathway in HSCs. This was
demonstrated by treating Rage-ablated HSCs with
recombinant HMGB1 and observing reduced col-
lagen-1 expression along with blockade of PI3K
and pAkt1/2/3 activation. Moreover, a neutralizing
RAGE antibody prevented CCl,-induced fibrosis in
vivo. Further experiments from our laboratory have
identified HMGB1 signaling by RAGE through
phospho-mitogen-activated protein kinase kinase
(pMEK) 1/2-pERK1/2-p-c-Jun in HSCs, which
appears upstream of the PI3K-pAkt1/2/3 pathway in
regulating collagen-I production.(49) Lastly, in the set-
ting of HCC, HMGBI1 signaling by RAGE evoked
NFkB activation in HCC cells." Rage”™ bone
marrow-derived macrophages had 70% lower tumor
necrosis factor-a (TNFa), interleukin (IL)-1f, and
IL-6 production after stimulation with HMGB1 than
cells expressing RAGE, indicating the importance of
HMGBI signaling by RAGE in these immune cells.
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TLR4

TLRs recognize danger signals, such as PAMPs
from bacteria or DAMPs, and subsequently activate
the innate immune system. TLR4 is expressed on
hepatocytes, Kugffer cells, HSCs, and sinusoidal en-
dothelial cells. "7 HMGBI activation of TLR4
mainly occurs in myeloid cells,108-110) although the
binding site in these and other cells has yet to be
identified.

In Kupffer cells, HMGB1 signals through TLR4
to activate p38/pJNK and NFkB, which results in
the production of the proinflammatory cytokines
IL-1p and TNFa.? In experimental I/R models,
HMGBI signals via TLR4, phosphorylating JNK and
activating NFkB.?" This will be discussed in detail
later; however, other receptors have also been found
to be involved.1*!3) In mouse models of nonalco-
holic fatty liver disease (NAFLD), HMGB1 appears
to signal through TLR4 and NFkB because pri-
mary hepatocytes treated with free fatty acids show
HMGBI activation of the TLR4/myeloid differentia-
tion primary response gene-88 (MyD88) pathway.11?
Conversely, together with HMGB1 signaling through
TLR4, some studies show that TLR4 signaling is
likely involved in increasing HMGB1 expression in
liver injury(83’115_117); nevertheless, additional studies
are required to clarify this.

While, as described above, the literature points to a
major role for HMGB1 signaling via RAGE, careful
binding studies using surface plasmon resonance and/
or nuclear magnetic resonance are needed to under-
stand the impact of the HMGB1 PTMs on the bind-
ing. Should it be the case that one HMGB1 isoform
binds RAGE faster than and/or dissociates slower to
TLRA4 or the reverse, this could represent a mechanism
whereby these receptors regulate each other’s signaling,
a synergism or an alternative pathway that becomes
activated (similar to an on/off system) when one recep-
tor is saturated by its own ligand or an antagonist (e.g.,
LPS complex on TLR4). Future research should clarify
this.

Posttranslational

Modifications

HMGB1 can undergo multil};le PTMs, includ-
- . Cq e (41,118-12 -

ing cysteine oxidation, lysine N-acetyl-
ation, 1122139 erine phosphorylation (41,125,131-134)
lysine methylation,(135:13%) serine adenosine diphosphate
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137 and asparagine, threonine, and ly-
a

ribosylation,
sine glycation. 38 Prediction analysis suggests that
HMGB1 may also undergo ubiquitination in lysines
146 and 147; however, this has not been experimen-
tally confirmed. Some of these modifications in-
fluence DNA binding and stability, regulation of
transcription, intracellular protein localization, secre-
tion, cell motility, and the proinflammatory or pro-
fibrogenic effects.” Of these, oxidation, acetylation,
and phosphorylation appear to play a significant role
in liver disease!*"* (see modified residues in Fig. 1).

HMGB1 contains three conserved redox-sensi-
tive cysteines (23, 45, and 106), and their oxidation
determines the bioactivity of extracellular HMGB1.
Cells exclude HMGB1 from the nucleus by acetyl-
ating lysines, thereby neutralizing their basic charge
and rendering them unable to function as NLSs.
Although HMGB1 contains 43 lysines, only 21 can
undergo acetylation, but only those in two key clusters
appear to play a major role in preventing HMGB1
nuclear re-entry due to acetylation, lysines 28-30 and
43-44 (representing a classic bipartite and functional
NLSl(9’139)), and lysines 180 and 182-185 within
NLS2.%1%) Histone N-acetyltransferase can acetyl-
ate sites within HMGB1 that are structurally similar
to those in histones, even though HMGB1 binds the
enzyme with lower affinity."*” While a significant
body of literature exists on HMGB1 oxidation, phos-
phorylation, and acetylation, the majority derives
from in vitro experiments using non-liver related cell
lines; therefore, their relevance in acute and chronic
liver disease needs to be demonstrated in vivo.

Acute Liver Injury

HMGBT1 has been implicated in I/R injury, (15-27)
sepsis,”?*32 and APAP-induced liver injury.(23’33_4o)

I/R

In I/R injury, organ damage occurs due to the
. e (141)

return of oxygen to a previously hypoxic tissue.
Warm I/R occurs during liver resection, injury, or
trauma as a result of low blood flow. Cold I/R occurs
when a liver graft is preserved in the University of
Wisconsin solution prior to liver transplant and

reperfusion.
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Warm I/R
Tsung et al.?¥ identified HMGB1 as an early me-

diator of inflammatory organ damage, where levels
increased within 1 hour and up to 24 hours after I/R
injury in mice. Inhibition of HMGB1 with a neutral-
izing antibody decreased liver damage through phos-
phorylation of JNK and increased NFkB binding.
TLR4 was identified as being responsible for the ef-
fect of HMGB1 because global 774"~ mice showed
lessened I/R injury.?? Other studies support that an
HMGBI antibody protects the liver from I/R injury.*>
HMGBI1 was released from necrotic cells within the
first 12 hours of injury and during the inflammatory
phase in the subsequent 12 hours.(25:26) Further work
revealed that HMGB1 was actively released from hy-
poxic hepatocytes through regulation by reactive ox-
ygen species (ROS) that required TLR4 signaling;
this was confirmed in 7774 null hepatocytes under
hypoxia as they released less ROS and HMGB1.5%
Furthermore, global 7/r4~ "~ mice subjected to I/R had
less liver injury and inflammatory cytokine production
that could not be further reduced by the antioxidant
N-acetylcysteine. This suggests that hepatocytes re-
lease ROS during I/R and HMGB1 is regulated by
TLR4 signaling, which leads to liver injury and in-
flammation.®® However, TLR4 is not the only recep-
tor involved in HMGB1-mediated I/R injury as both
TLRY and RAGE inhibition protect from I/R injury
in mice.1211%)

Numerous studies show that blocking TLR4, either
ablating it in hepatocytes or using an inhibitor, attenu-
ated liver injury, inflammatory pathways,and HMGB1
serum levels in I/R injury mouse models.?*!*?) The
TLR4, JNK, and p38 signaling pathway was activated
during hepatocyte hypoxia in which JNK inhibition
decreased HMGBI release. Taken together, this indi-
cates that TLR4 mediated proinflammatory signaling
and that HMGBI1 release from hepatocytes plays a
harmful role in I/R injury.(MZ) Ablation of Hmgbl in
hepatocytes reduced the number of infiltrating neutro-
phils and proinflammatory gene expression following
I/R and ameliorated liver injury at later time points.*”

However, HMGB1 plays a more complex role than
first anticipated and could potentially be protective
to hepatocytes rather than deleterious. ™ In certain
studies, mice with Hmgbl deleted from hepatocytes
had significantly greater hepatocellular injury after I/R
and greater DNA damage, contrasting its well-known
role in promoting inflammation and tissue damage.
Huang et al.'*®) observed increased liver damage plus
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serum TNFa and IL-6, and 1 hour after I/R, pJNK,
p38, pERK, and NFkB were increased. This correlated
with more recruitment of immune cells to the liver and
enhanced chemokine expression, indicating a greater
inflammatory response when Hmgb1 is ablated from
hepatocytes. Lack of HMGB1 increased poly adenosine
diphosphate-ribose polymerase-1 activation, depleting
nicotinamide adenine dinucleotide” and adenosine
triphosphate stores, and resulting in increased mito-
chondrial injury, oxidative stress in the hepatocytes,
and subsequent cell death. Further evidence shows
that pretreatment of mice with HMGB1 before I/R
protects against injury. Cytokine levels were decreased
and NFkB DNA binding reduced in the pretreated
group.(144) Higher hepatic IL-1 receptor-associated
kinase-M levels, a negative regulator of TLR signal-
ing, reflected the reduced IL-1 receptor-associated
kinase-1 levels observed. This protection by HMGB1
was blocked in 7774 null mice; hence, HMGB1 plays a
protective role during I/R through down-regulation of
TLR4 signaling.(144)

Additional support for the role of HMGB1 in warm
I/R comes from the plethora of compounds targeting
HMGB1 signaling that have been found to success-
fully ameliorate injury.®*1*759 Thus, the role of
hepatic HMGB1 in warm I/R is still contradictory.
To clarify whether it amplifies or ameliorates injury or
has no involvement whatsoever, as one study claims,(74)
more research is essential.

Cold I/R

Research into the role of cold I/R has been less
extensive, but there is evidence to suggest a role for
HMGBI1. Serum HMGBI1 increased in serum of liver
transplant recipients after graft reperfusion for only 10
minutes, with continued release of HMGB1 as well as
up-regulation in the hepatocytes.*”) This increase in
HMGB1 secretion and expression correlated with ala-
nine aminotransferase activity; nonetheless, HMGB1
levels decreased 1-2 hours after surgery. Remarkably,
HMGBT1 levels did not correlate with TNFa or IL.-6
and neutrophils had low HMGB1 expression. It is still
unknown if hepatocytes, macrophages, HSCs, neu-
trophils, or sinusoidal endothelial cells were the key
source of HMGB1,; the exact mechanism for the role
of HMGBI1 has yet to be determined. These results
do, however, highlight HMGB1 as a potential bio-

marker of liver injury after transplant.
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SEPSIS
HMGBI has been identified as a mediator of sys-

temic inflammation leading to multiorgan dysfunction
in sepsis. In 2003, a role for HMGBI in the patho-
genesis of sepsis-induced multiple organ failure was
first described.®? In 2009, Nagano et al.®% showed
that recombinant soluble thrombomodulin decreased
HMGBI1, improving acute liver injury and survival
rates in experimental endotoxemia. Later studies by Ye
et al.?” showed that human hematopoietic cells are
required to induce sepsis-induced mortality follow-
ing cecal ligation and puncture in severely immune-
deficient, nonobese, diabetic, NOD scid gamma mice
and that small interfering RNA treatment to inhibit
HMGBI1 release by human macrophages and den-
dritic cells dramatically reduced sepsis-induced mor-
tality. Work from Wang et al.*® demonstrated that
glycyrrhizin is a potential agent for the treatment of
sepsis as it reduces the serum level and gene expression
of HMGB1 and other proinflammatory cytokines.
However, more recent studies indicate that in LPS-
induced shock, HMGB1 ablation did not ameliorate
inflammation or lethality, despite efficient reduction
of HMGBI1 serum levels.?? Hence, additional work is
needed to further clarify the role of HMGBL in sepsis.

DRUG-INDUCED LIVER INJURY

Drug-induced liver injury (DILI) is the most com-
mon cause of acute liver failure in the United States.*”’
Although a plethora of drugs cause severe liver dam-
age as a side effect, APAP is by far the prominent cul-
prit and a significant cause of mortality. As HMGB1
is known to be released from necrotic cells’? and ac-
tivated immune cells,” it is a likely candidate involved

in DILI.

APAP

Antoine et al."™®” found that HMGB1 is released
into the serum of mice following an APAP overdose
prior to alanine aminotransferase and correlated with
the pathology scores of liver injury,(lsl) suggesting
that HMGB1 could be a serum biomarker of DILI.
Moreover, neutralization of HMGB1 was therapeu-
tic by reducing the inflammatory reaction initiated
by APAP"® providing further evidence of the pro-
tein’s role in DILI. Later, this theory was solidified
clinically as concentrations of total and acetylated
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HMGB1 were found to increase 10-fold to 180-fold,
respectively, in the serum from patients with liver in-
jury after an APAP overdose(52); this correlated with
worse prognosis due to more severe liver injury, failure,
or death.!>?

Huebener et al.?® later showed that mice lacking
Hmgb1 in hepatocytes were protected from a lethal
dose of APAP, with 100% of mice surviving compared
to only 22% of wild-type (WT) mice. HMGB1 pro-
moted neutrophil migration toward the necrotic tissue,
which was blocked in mice lacking Hmgb1 in hepato-
cytes. When neutrophil function was inactivated, these
mice were protected from APAP-induced injury.*®)

Studies from Lundback et al.’*® revealed that a
humanized HMGB1 antibody significantly attenu-
ated APAP-induced liver injury and inflammation
in mice, with higher efficacy than treatment with
N-acetylcysteine, supporting the idea that HMGB1
could act as a therapeutic target to treat patients with
DILI. Moreover, pretreatment or posttreatment with
the HMGB1 inhibitor glycyrrhizin, also with anti-
oxidant properties, markedly reduced hepatic inflam-
mation, neutrophil recruitment, and injury caused
by APAP in mouse models.**"*¥ Despite the over-
whelming evidence that HMGB1 is implicated in
APAP-induced liver injury, the mechanism by which
HMGB1 mediates injury, the receptors involved, and
signaling pathways activated remain largely unknown.

Other Hepatotoxins

There is less in-depth research on the role of
HMGB1 in DILI caused by other drugs. Mice dosed
with flucloxacillin had elevated HMGB1 and other
TLR4 ligands in serum, correlating with liver injury
and inflammatory markers.’>> D-galactosamine in-
creases HMGBI release into plasma, correlating with
a decrease in nuclear expression in rat liver™®; and,
an HMGBI neutralizing antibody suppressed plasma
HMGBI1 and inﬂammatogy cytokines and improved
liver injury and survival."®® Methimazole increased
plasma HMGB1 3-6 hours after exposure(157); this
was ameliorated when Kupffer cell activation was
blocked, suggesting that HMGB1 may be involved
in mediating DILI by Kupffer cells. Rats treated with
diclofenac had increased HMGBI1 in plasma,*®
and sulfamethoxazole and flucloxacillin stimulated
HMGBI release from human hepatocytes along with
markers of cell death and inflammation.">" Moreover,
disulfide HMGB1 stimulated cytokine release from

dendritic cells, indicating that it may be involved in
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stimulating an immune response to the drugs. There
is, however, a lack of data from human patients on the

role of HMGBI1 in DILI caused by drugs other than

APAP; hence, more clinical evidence is needed.

Chronic Liver Disease
ALD

Ge et al.“! demonstrated that liver biopsies from
patients with ALD showed a robust increase in
HMGBI expression and translocation that correlated
with disease stage compared to healthy explants. This
was also accompanied by enhanced HMGBI1 levels in
the serum compared to healthy individuals. Similar
findings were observed in chronic ethanol-fed WT
mice. Using primary cell culture, our laboratory vali-
dated the ability of hepatocytes from ethanol-fed mice
to translocate HMGB1 from the nucleus to the cyto-
plasm and ultimately secrete a large concentration of
HMGB1 that was far superior to that from Kupffer
cells. Of note, HMGBI secretion was time and dose
dependent and responsive to pro-oxidants and blocked
by antioxidants. We further demonstrated that selec-
tive ablation of Hmgbl in hepatocytes protected from
alcohol-induced liver injury in mice due to the increase
in key enzymes involved in fatty acid p-oxidation.
Likewise, there was a more efficient low-density lipo-
protein plus very low-density lipoprotein export from
the liver into the circulation that largely prevented ste-
atosis and ultimately liver injury.(41)

In subsequent studies, we detected native and post-
translationally modified HMGB1 in humans and in
mice with ALD. Specifically, in liver and in serum
from control mice and in serum from healthy volun-
teers, the lysine residues within NLS1 and NLS2 were
nonacetylated and all cysteine residues were reduced.
However, in livers from ethanol-fed mice, in addition
to all thiol/nonacetylated isoforms of HMGB1, we
observed acetylated NLS1 and NLS2, a unique phos-
phorylation site in serine 35, and an increase in oxi-
dation of HMGBI to the disulfide isoform. In serum
from ethanol-fed mice and from patients with ALD,
there was disulfide-bonded hyperacetylated-HMGB1,
disulfide-bonded ~ nonacetylated-HMGB1,  and
phosphorylated HMGB1 in serine 35. Hepatocytes
appeared to be a major source of all these HMGB1 iso-
forms. Thus, hepatocyte HMGB1 participates in the
pathogenesis of ALD and undergoes PTMs that could
condition its toxic effects. Kupffer cells, however, pro-
duced mostly the all thiol/nonacetylated and acetylated



HEPATOLOGY COMMUNICATIONS, Vol. 2, No. 9,2018

versions of the protein.*? Current studies from our
laboratory using genetic approaches are focusing on
trying to understand the specific role of each of these
PTMs and the contribution of HMGB1 acetylation in
Kupfter cells to the pathogenesis of ALD.

FIBROSIS

Liver fibrosis is a frequent life-threatening com-
plication of most chronic liver diseases. Our labora-
tory observed that liver HMGB1 protein expression
correlated with fibrosis stage in patients with chronic
hepatitis C virus infection and primary biliary cirrho-
sis.*) Serum levels of HMGBI were also increased
in these patients compared to healthy controls, sug-
gesting protein secretion. These findings were equally
replicated in four mouse models of liver fibrosis due
to DILI caused by chronic CCl, injections or thioac-
etamide administration, cholestasis triggered by com-
mon bile duct ligation, and NASH induced by feeding
a methionine- and choline-deficient diet. Overall,
these data suggested that HMGB1 has a key role in
liver fibrosis.

Studies initiated by Arriazu et al.*? demonstrated
that, while HSC secretion of HMGB1 is minimal,
in response to a noxious stimuli, HSCs acetylated
HMGB1 in vitro, which contributed to collagen-I
deposition. In a follow-up study, Ge et al.*? showed
that HMGB1 also stimulated HSC migration iz vitro
and in vivo, a critical event driving the progression of
liver fibrosis. Importantly, the authors demonstrated
that ablation of Hmgb1 in HSCs in vive reduced fibro-
sis about 25%. This finding unlocked the possibility
that additional cellular sources of HMGB1 may have a
more meaningful impact in liver fibrosis.

The role of HMGB1 was later proven as neutraliza-
tion of HMGB1 protected liver fibrosis whereas injec-
tion of HMGB1 promoted liver fibrosis. The authors
observed that HMGB1 was up-regulated and secreted
mostly by hepatocytes and also Kupffer cells along
with infiltrating macrophages following chronic CCl,
treatment. Moreover, HmgbI ablation in hepatocytes
or myeloid cells was also partially protective; more
notably, ablation in both reduced fibrosis about 75%
compared to WT mice, thus indicating a stronger con-
tribution of HMGB1 from these two cell types to liver
fibrosis.*”

In line with the iz vivo data, coculture with hepato-
cytes or Kupffer cells from CCl,-injected WT mice
up-regulated collagen-I production by HSCs; however,
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coculture with hepatocytes from CCl,-injected con-
ditional Hmgbl knockout mice or with Kupffer cells
trom CCl,-injected conditional Hmghl knockout
mice partially blunted this effect. Overall, the data sug-
gested that signaling from hepatocytes and Kupfter
cells by HMGB1 was driving collagen-I production by
HSCs. "

Our laboratory also investigated whether induction
of HMGB1 could participate in the pathogenesis of
liver fibrosis by RAGE cell-specific signaling mecha-
nisms.“**?) Notably, while Rage ablation in hepatocytes
and myeloid cells did not cause significant protection,
Rage ablation in HSCs and RAGE neutralization
almost fully prevented liver fibrosis. Mechanistically,
we then demonstrated that HMGB1 signaled through
RAGE to up-regulate collagen-I expression by activat-
ing the pMEK 1/2/pERK1/2/p-c-Jun signaling path-
way upstream of PI3K/pAkt, thereby contributing to
scarring.(49)

While two studies®®%? did not find a role for
HMGBI1 in liver fibrosis, work from Kao et al. (169
found that HMGB1 up-regulated a-smooth muscle
actin expression and suppressed the activity of the col-
lagen-degrading matrix metalloproteinases 2, leading
to extracellular matrix accumulation. Likewise, it was
shown that an Hmgb1 small interfering RNA inhibited
the synthesis of a-smooth muscle actin and collagen in
rat fibrosis."*? Although the role of HMGB1 in fibrosis
progression appears clear, the contribution of the vari-
ous HMGB1 isoforms as well as their potential role in
fibrosis regression and the receptor involved during the
resolution phase remain open questions and may clarify
some aspects of the role of HMGB1 in liver fibrosis.

NASH

NAFLD is the most common cause of chronic liver
disease in developed countries and particularly in the
United States due to the major consumption of junk
food.%? In 2018, work from Chen et al.®V proved
that HMGB1 expression was detected in high-fat di-
et-induced NAFLD in mice and that liver injury was
mitigated by an HMGB1 neutralizing antibody. In this
study, HMGB1 expression was regulated by both the
JNK1/2-activating transcription factor 2 axis and the
microRNA-200 family. Li et al. 1 later established
that HMGB1 release from hepatocytes in response
to free fatty acid infusion was vital for TLR4/MyD88
activation and cytokine expression both iz vifro and
in vivo. They then treated mice with a neutralizing
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antibody to HMGB1 that protected against free
fatty acid-induced TNFa and IL-6 production. They
concluded that TLR4/MyD88 signaling in liver pa-
renchymal cells played a pivotal role during the early
progression of NAFLD in which free HMGB1 served
as a ligand for TLR4 activation.1?

Chandrashekaran et al. 1 identified HMGB1 as
a key mediator of intestinal inflammation in NAFLD
that is RAGE and redox signaling dependent and pro-
motes ectopic intestinal inflammation. These studies
point to HMGB1 as an important mediator of liver
injury in the early stages of NAFLD. Nonetheless,
the key receptor participating in the later stages of the
disease as well as during the resolution phase and the
HMGB1 isoforms involved remain elusive. Likewise,
the contribution of HMGB1 from intestinal origin to
the overall pathogenesis of NASH is unknown.

HCC

HMGB1 induces chronic inflammation and ex-
tracellular matrix accumulation, creating a prime
microenvironment for the development of HHC. In
2008, serum HMGBI levels were found to be strongly
increased in patients with HCC and correlated with
clinicopathologic features, such as with a-fetoprotein
levels and tumor size,(164) and Masuda et al.®® estab-
lished that serum HMGB1 predicted worse clinical
prognosis in patients with HCC.

Likewise, Dong et al.1%) found that HMGB1
was highly expressed in human liver cancer compared
with normal tissue and was positively associated with
pathologic grade and distant metastases of liver cancer.
They further demonstrated that knockdown of Hmgb1
down-regulated the expression of pAKT, Ki67, and
matrix metalloproteinases 2; inhibited the proliferation
and metastatic potential of SMIMC-7721 cells; induced
cell cycle arrest and apoptosis; and slowed the growth
of xenograft tumors in mice. Thus, this study suggested
that HMGB1 may be involved in liver cancer develop-
ment and progression, representing a potential thera-
peutic target for this aggressive malignancy.

Later, Chen et al.®¥ showed that HMGB1 plays a
role in the regulation of the Hippo pathway during liver
tumorigenesis as binding of HMGB1 to GA-binding
protein o promoted the expression of Yes-associated
protein (the downstream effector of the Hippo path-
way) to induce liver tumors in mice. Additionally,
HMGB1 depletion in hepatocytes blocked diethyl-

nitrosamine-induced liver cancer initiation and short
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hairpin  RNA-mediated gene silencing of Hmgbl
inhibited HCC cell proliferation.

Two of our studies showed that Hmgbl ablation
prevents ductular reaction, a magor mechanism con-
tributing to portal fibrosis. 4% Recently, Kambu
et al. %Y reported that HMGBI release is a critical
mechanism in hepatic pathogenesis in autophagy-defi-
cient conditions and leads to ductular reaction, hepatic
progenitor cell expansion, and tumor development.
A similar conclusion was put forward by Hernandez
et al,®” pointing to HMGBI as linking hepatocyte
death to ductular reaction, progenitor signature, and
hepatocarcinogenesis in chronic liver disease.

Regarding the receptors involved, Yaser et al.l
showed that RAGE is overexpressed in primary HCC
compared to adjacent nontumor liver samples and
demonstrated that it regulates cellular proliferation in
HCC due to HMGB1 binding. The Tsung laboratory
showed that in hypoxic HCC cells, HMGB1 acti-
vates TLR4- and RAGE-signaling pathways to induce
caspase-1 activation with the ensuing production of
multiple inflammatory mediators, which in turn pro-
mote cancer invasion and metastasis(167); yet, the authors
did not discuss the potential effect of caspase-1 cleavage
of HMGB1. In a follow-up publication, they established
that tumors lacking HMGB1 had a significant reduc-
tion in mitochondrial biogenesis and increased mito-
chondrial dysfunction. In these studies, they showed that
in hypoxic conditions HMGB1 that translocated from
the nucleus to the cytoplasm interacted with TLRY,
activated p38, and phosphorylated peroxisome prolifer-
ator-activated receptor gamma coactivator 1o with sub-
sequent up-regulation of mitochondrial biogenesis.*”

An area that remains to be investigated is the likely
possibility that specific HMGB1 isoforms may have a
dominant role in the onset and progression of HCC.
Likewise, the signaling cascades that they could acti-
vate and whether they drive the phenotype of cancer
stem cells remain elusive.

166)

Therapeutic Implications

HMGBI1 orchestrates the regulation of both in-
flammation and wound healing**¢4116:168:169) Tpere
is significant evidence that HMGBI1 plays a role in the
initiation, exacerbation, or prolongation of acute liver
injury and chronic liver disease, although the recep-
tors involved may vary among the clinical conditions
and their activation is likely regulated by the pres-

ence of various HMGBI1 isoforms or even HMGB1
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protein complexes, some of which may have signifi-
cant immune effects. HMGB1 has promise as a tar-
get for treatment as well as potential to be used as a
biomarker. Nevertheless, additional research into the
molecular mechanisms underlying its effects, the over-
all contribution of the PTMs, and if one isoform dom-
inates or regulates the others is essential in order to
elucidate the importance of HMGBL1 in liver disease
and to design drugs or develop antibodies that specifi-
cally target each HMGB1 isoform. It is likely that the
isoforms play different roles in liver disease, perhaps by
binding with different affinity to key receptors.
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