Cells 2012, 1, 699-710; doi:10.3390/cells1040699
OPEN ACCESS

cells

ISSN 2073-4409
www.mdpi.com/journal/cells
Review

High Mobility Group Box Protein-1 in Wound Repair
Elia Ranzato 1,2,*, Simona Martinotti 1, Marco Pedrazzi 3 and Mauro Patrone 1
1

2

3

Department of Sciences and Innovative Technology, (DiSIT), University of Piemonte Orientale "A.
Avogadro", Viale Teresa Michel 11, Alessandria 15121, Italy;
E-Mails: simona.martinotti@unipmn.it (S.M.); mauro.patrone@unipmn.it (M.P.)
Molecular Histology and Cell Growth Laboratory, San Raffaele Science Institute, Via Olgettina 58,
Milan 20132, Italy
Department of Experimental Medicine (DIMES)-Biochemistry Section, Center of Excellence for
Biomedical Research (CEBR), University of Genoa, Viale Benedetto XV, Genoa 1-16132, Italy;
E-Mail: marco.pedrazzi@unige.it

* Author to whom correspondence should be addressed; E-Mail: ranzato@unipmn.it;
Tel.: +39-0131-360-260; Fax: +39-0131-360-243.
Received: 10 August 2012; in revised form: 10 September 2012 / Accepted: 19 September 2012 /
Published: 28 September 2012

Abstract: High-mobility group box 1 protein (HMGB1), a member of highly conserved
non-histone DNA binding protein family, has been studied as transcription factor and
growth factor. Secreted extracellularly by activated monocytes and macrophages or
passively released by necrotic or damaged cells, extracellular HMGB1 is a potent mediator
of inflammation. Extracellular HMGB1 has apparently contrasting biological actions: it
sustains inflammation (with the possible establishment of autoimmunity or of
self-maintaining tissue damage), but it also activates and recruits stem cells, boosting tissue
repair. Here, we focus on the role of HMGB1 in physiological and pathological responses,
the mechanisms by which it contributes to tissue repair and therapeutic strategies base on
targeting HMGB1.
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1. Introduction
This Review article focuses on the biology of high-mobility group box 1 protein (HMGB1; also
known as amphoterin or HMG1), an evolutionarily ancient protein that was discovered recently to
have also a role as a cytokine. HMGB1 probably originated more than 500 million years ago, before
the split between the animal and plant kingdoms. The characteristic double HMG-box organization of
HMGB1 that is found in metazoans indicates that HMGB1 probably had a cytokine-like role before
extensive gene duplication occurred in the genome, which then resulted in the emergence of paired
cytokines and cytokine receptors.
It was first identified in 1973 as one of a group of chromatin-associated protein with high acidic and
basic amino acid content [1]. HMGB1 is composed of two tandem DNA binding HMG-box domains
(N-terminal A and central B), and an acidic C-terminal tail, mediating protein-protein interactions
(see Figure 1). This structure confers HMGB1 the peculiar feature to recognize and specifically bind
DNA structures, containing sharp bends or kinks, such as four way junctions [2,3], DNA damaged by
the anticancer drug cisplatin [4] and by UV-light [5], or to induce bending in linear duplex DNA. The
structure-specific DNA binding is attributed to the A box [6] while the DNA bending capacity is
primarily related to the B domain [7]. The abilities of HMGB1 to bend DNA and to bind bent DNA
define this protein as an architectural factor, promoting the assembly of nucleoprotein complexes. This
crucial role explains the implication of HMGB1 in mediating fundamental cellular events such as
transcription, recombination, replication and repair. The nuclear functions of HMGB1 are critical for
survival as HMGB1í/í mice are born alive but die within 24 h due to hypoglycaemia [8]. Moreover,
cell lines lacking HMGB1 grow normally, but the activation of gene expression by different signal
molecules is impaired [8].
Figure 1. Scheme of high-mobility group box 1 (HMGB1) structure.

More recently, it has been identified as extracellular signaling molecule able to induce different
cell responses including cell motility, proliferation, differentiation, and cytokine/chemokine
production [9,10].
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HMGB1 can be released actively, by stimulated cells, or passively, by necrotic cells [11].
3DUWLFXODUO\³QHFURWLF+0*%´EHKDYHVDVDGDPDJH-associated molecular pattern (DAMP) molecule,
participating to initiation of reparative responses [12]. In contrast to necrosis, HMGB1 release seems
to not occur during apoptosis [13], although Pisetsky and collaborators observed HMGB1 leaks out of
apoptotic cells [14]. During the active release, HMGB1 undergoes different post-translational
modifications, including hyper-acetylation, phosphorylation and ADP-ribosylation that facilitate
HMGB1 dissociation from chromatin and, thus, its translocation to the cytoplasm where it is packaged
into specialized secretory lisosomes [15±17].
7KLV ³QRQ-FODVVLFDO´ DFWLYH UHOHDVH PHFKDQLVP LV &D2+-dependent [18]. Moreover, some authors
suggest that also the redox state of the released forms of HMGB1 is crucial for its extracellular
activities [19].
The different effects exerted by extracellular HMGB1 on specific target cells have been related to
the ability of this protein to interact with alternative cell surface receptors, such as the receptor for
advanced glycation end products (RAGE) and the toll-like receptors (TLRs) 2 and 4 [20,21].
However, a number of observations indicate that HMGB1 can also act as a co-stimulating accessory
protein without association with these receptors [11,22].
Wound repair is a process requiring local cellular and biochemical events, activated by several
molecular mediators and interaction of numerous cell types. Growth factors and released cytokines
during the wound play a crucial role in orchestrating the regenerative process which occurs during
inflammation, proliferation and remodeling [23].
A number of observations indicate that all cell types involved in tissue-repair mechanism are
sensitive to extracellular HMGB1 and express functional HMGB1 receptors. Indeed, this cytokine-like
protein acts as chemoattractant and pro-motogenic/pro-mitogenic stimulus for fibroblasts,
keratinocytes, endothelial cells, vascular smooth muscle cells and vessel-associated stem cells
(mesangioblast) [24±31].
Moreover, HMGB1 can recruit neutrophils, monocytes and macrophages to flamed injured tissues,
and it is able to induce the production and release of cytokines, chemokines and other important signal
molecules by innate immune system cells [32].
A better understanding of HMGB1 role in tissue repair mechanisms can contribute to a further
development of regenerative medicine.
2. High-mobility Group Box 1 (HMGB1) Structure
Structurally, HMGB1 consists of 215 residues organized in three main functional domains: the A
and B boxes (positively charged) and the acidic tail (negatively charged). The A and B boxes, residues
1±79 and 89±163 respectively, are functionally DNA-binding domains [33,34].
The C-terminal acidic tail, residues 186±215, plays an important role in nuclear functions [35,36].
At the N-terminus of HMGB1 (residues 6±12) is an heparin-binding sequence that likely contributes to
the heparin and heparin sulphate binding capacity of HMGB1. Recombinant analysis of the protein
shows that B box contains the cytokine-like activity, inducing macrophage secretion of additional
proinflammatory cytokines [37]. HMGB1 cytokine activity is antagonized by the recombinant A box,
whereas in the recombinant B box the residues 89±109 represent the minimal peptide sequence with
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cytokine activity. Moreover, in the B box is located a short 10 amino acid peptide (residues 130±139),
produced by proteolytic processing of extracellular HMGB1, active in erythroleukaemia cell
differentiation [38]. Interestingly, this bioactive peptide is localized between the TLR4 and the RAGE
bindLQJVLWHV LGHQWLILHG LQWKH% ER[RI+0*% DQGGRHVQ¶WRYHUODSZLWKWKHP7KH5$*( ELQGLQJ
motif is located between residues 150-183, downstream from peptide 130±139, whereas the TLR4
binding site is a 20-mer peptide stretch containing C106, upstream from peptide 130-139 [19,20].
Furthermore, in the primary structure are present three cysteine residues (C23, C45 and C106)
crucial for the biological activities of extracellular HMGB1. To exert its cytokine-like functions,
HMGB1 predominant form must contain a C106 thiol group and a disulfide bond between C23 and
C45, whereas the inactive form of HMGB1 contains terminally oxidized cysteines [19,39]. Oxidation
of HMGB1 could take place during pathological conditions, such as prolonged ischemia and liver
transplantation, sterile injury, crush injury, and autoimmune-mediated tissue damage [19,40].
Interestingly, oxidative stress has been linked to aging, cancer and other diseases in humans [41].
Moreover, chemotactic activities of HMGB1 are associated with a different, yet to be characterized,
SDWWHUQRIF\VWHLQHUHGR[PRGLILFDWLRQV,W¶VOLNHO\WKDW³FKHPRWDFWLF+0*%´FRUUHVSRQGVWRDIXOO\
reduced form, since recombinant HMGB1, supplemented with dithiothreitol (DTT), promotes cell
migration, although it is unable to induce TNF production [39].
3. HMGB1 Receptors
The pleiotropic functions exerted by extracellular HMGB1 on specific target cells have been related
to the ability of this protein to engage and activate different receptors, such as RAGE and TLRs 2, 4
and 9 [42]. RAGE is a member of the Ig superfamily of transmembrane protein and is expressed on
several cell types, such as endothelial cells, vascular smooth muscle cells, monocytes and
macrophages, dendritic cells, neurons and glial cells [43].
RAGE is a 35 kD transmembrane receptor of the immunoglobulin super family which was first
characterized in 1992 by Neeper et al. [44]. Its name comes from its ability to bind advanced glycation
end products (AGE), which include chiefly glycoproteins such as the glycans of which have been
modified non-enzymatically through the Maillard reaction.
RAGE engagement by HMGB1 leads to the activation of various signal transduction pathways,
including small GTPases, mitogen activated protein kinases, stress activated protein kinases, and
NK-kB, and culminates in cell responses ranging from cell motility to cell proliferation, including
production and release of cytokines/chemokines. The Kd of the HMGB1/RAGE complex is
approximately 10 nM [10].
Interestingly, RAGE blockade suppresses the HMGB1 effects, but only partially, strongly
suggesting the existence of additional receptors for HMGB1. Indeed, the functional association of
HMGB1 with some members of the TLRs family is widely documented. In this respect, both TLR2
and 4 are involved in HMGB1-induced pro-inflammatory activation of macrophages and neutrophils.
Of note, HMGB1 alone is able to activate TLR4 (Yang and co-authors [19] observed an apparent Kd of
the HMGB1/TLR4 of 1.5 PM), whereas for the activation of TLR2 and 9, HMGB1 has to form
complexes with apoptotically released nucleosomes and ssDNA, respectively [42]. Since also TLRs
blockade does not completely abolish HMGB1 effect and HMGB1 can exert some of its biological
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activities at sub-nanomolar concentrations (so far away from the Kd values for RAGE and TLR4), the
possibility that other not yet identified HMGB1 receptors exist is actual.
7KH LGHQWLILFDWLRQ RI ³QHZ´ UHFHSWRUV PLJKW EH D FUXFLDO FKDOOHQJH LQ XQGHUVWDQGLQJ +0*%
biology. Moreover, a synergism between HMGB1 and LPS has been reported for TLR4 activation, as
well as between HMGB1 and IL-1E in triggering inflammation through IL-1R engagement [22,45].
Recently, a new receptor mediating HMGB1 effects has been identified: Pedrazzi and
colleagues [46] demonstrate that at concentrations of agonist per se ineffective, HMGB1 potentiates
the activation of the ionotropic glutamate N-methyl-D-aspartate receptor (NMDAR), interacting with
the ion channel through the sequence corresponding to the peptide located in the B box at the amino
acids 130±139.
Thus, the biological activities of extracellular HMGB1 can be modulated at different levels
including its release, the post-transductional modifications, the redox state, and the possibility to
engage different receptors on the basis of its extracellular concentration, the presence of co-stimulatory
molecules, and the Kd values of the signaling complexes.
4. Tissue Regeneration
During evolution, multicellular organisms have developed mechanisms to counteract
life-threatening events such as infections and tissue injury, as well as to restore tissue homeostasis.
7KHVH PHFKDQLVPV DUH FDOOHG ³WKH LQIODPPDWRU\ UHVSRQVH´ 7R LQLWLDWH DQ DSSURSULDWH LQIODPPDWRU\
response, organisms have developed ways to recognize potentially life-threatening events [47].
Trauma and tissue damage trigger an inflammatory response, which is required for post-injury
regeneration and tissue repair. Inflammation following tissue damage is a dynamic process, which is
driven by numerous inflammatory mediators [47]. Endogenous danger signals released from necrotic
or stressed cells that trigger the inflammatory response after trauma have been termed alarmins or
danger-associated molecular patterns (DAMPs) [48]. DAMPs share structural and functional
similarities with exogenous, conserved microbial surface structures released from invading
microorganisms, so-called pathogen-associated molecular patterns (PAMPs). However, this definition
of DAMPs is not always used consistently, and sometimes endogenous alarmins and exogenous
PAMPs are collectively classified as danger-associated molecular patterns (DAMPs).
Well-known alarmins include but are not limited to heat shock proteins, hyaluronan, uric acid,
galectins, thioredoxin, adenosine, HMGB1, interleukin-Į ,/-Į DQGLQWHUOHXNLQ-33 (IL-33) [49]. As
unique features, HMGB1, IL-Į DQG ,/-33 exert dual functions as intracellular transcription factors
and as extracellular inflammatory mediators [50].
Several instances of HMGB1 as released by damaged tissues are well described. The damage can
be caused not only by trauma, but also by the immune system itself [51].
Acute liver injury, such as that following ischemia and reperfusion of the organ, causes the rapid
release of HMGB1, which triggers inflammation. Likewise, after the killing of hepatocytes by hepatitis
virus B-specific cytotoxic T lymphocytes, HMGB1 directs the recruitment of neutrophils and of all
others non-antigen specific inflammatory cells [52].
The role of HMGB1 as chemo attractant for inflammatory cells is thus out of the debate and the
receptor involved in this phenomenon is the receptor for advanced glycation end product (RAGE).
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RAGE knock-out mice are viable and are less susceptible to sepsis. Some findings, such as the
chemotactic responses in RAGEí/í derived fibroblasts to HMGB1 [53], raised the possibilities that
chemotactic and tissue repair activities of HMGB1 are not mediated only by RAGE.
It is also to note that among RAGE ligands, HMGB1 appears to play an important role in cancer.
Many reports point out the significance of ligand/RAGE interactions in carcinogenesis, tumor
progression and metastasis [54]. Some studies on the HMGB1/RAGE interactions revealed that this
complex played a pivotal role in neurite outgrowth through activation of two small GTPases of the
Rho family, Cdc42 and Rac1, thus suggesting that HMGB1/RAGE signaling might be associated with
cancer metastasis [55]. HMGB1 was found to bind RAGE in a variety of cells such as neurons,
endothelium, smooth muscle, monocytes, macrophages, T-cells and immature dendritic cells.
Moreover, ligation of HMGB1 to RAGE triggered events such as endothelial cell activation [32].
HMGB1 fulfills the prediction that a signal from damaged tissue should promote their regeneration.
In in vitro in absence of serum, HMGB1 acts as mitogen for several cell types, such as
mesoangioblasts and endothelial precursor cells [26,56,57].
HMGB1 behaves as a trigger of tissue repair, recruiting stem cells, and promoting their
proliferation [58]. Some studies on regenerative properties of HMGB1 have been performed on
experimental models in skeletal and cardiac muscles. HMGB1 levels are increased in reparation of
skeletal muscle and the intramuscular injection of HMGB1 increases the number of regenerating
fibers [59]. Moreover, HMGB1 induces an increase of stem cells transmigration across the endothelial
barrier. In addition, HMGB1 is able to induce myogenic differentiation via Cdc42-Rac1-MAPKs.
HMGB1 stimulates also the migration of rat smooth cells, inducing rapid and transient changes in cell
shape and actin reorganizations [60].
HMGB1 also promotes heart regeneration after infarction. Injection of HMGB1 into mouse hearts
after ischaemic damage resulted in the formation of new myocytes. Indeed, HMGB1 induced c-kit+
cardiac stem-cell proliferation and differentiation. Interestingly, differentiation towards the myocardial
lineage was not observed in non-infarcted HMGB1-treated hearts, suggesting that signals released
from damaged tissue are required for differentiation [61].
HMGB1 is also necessary for the transfilter migration of glioma cells and that migration is inhibited
by antibodies against the RAGE-binding domain of HMGB1. By studying nerve crush injuries,
Rauvala and coworkers determined that HMGB1 messenger RNA is present in cell bodies before
injury but is only translated into protein after injury. Thus, it is possible to postulate that HMGB1 is a
danger signal that is locally translated in injured axons to enhance regeneration of the nerve
processes [62].
With regards to angiogenesis, HMGB1 is able to induce the formation of new blood vessels through
various pathways, including upregulation of pro-angiogenetic factors, promoting the homing of
endothelial progenitor cells and sprouting [63].
Given its potent extracellular functions, it is likely that HMGB1 is counteracted by inhibiting
molecules. Endothelial thrombomodulin binds HMGB1 through its lectin-binding domain and thereby
dampens inflammation. Thrombomodulin inhibited HMGB1-induced NF-ț%WUDQVORFDWLRQ in vitro and
decreased ultraviolet-induced skin inflammation in vivo [64].
Cytokine-induced cell proliferation and migration are also fundamental elements of skin repair.
Growth factors are thought to be main intercellular signaling that orchestrates the complex sequence of

Cells 2012, 1

705

wound healing-related cell activities [47]. Due to the observed pro-inflammatory role of HMGB1, and
its ability to induce cell proliferation and motility, HMGB1 has been proven to possess this kind of
property on keratinocytes and fibroblasts [24,25].
The physiological meaning of this property in cutaneous wound healing remains to be ascertained.
Straino and coworkers [50] have shown that HMGB1 levels are reduced in the skin of both diabetic
human and mice, having impaired tissue repair and report different mechanisms by which HMGB1
may promote wound healing. These findings fit a recent view assuming that many elements, such as
HMGB1, could EH FRPELQHG WR UHFUHDWH D UHFHSWLYH HQYLURQPHQW RU ³VRLO´  ZKLFK LQ FRPELQDWLRQ
ZLWK WKH DSSURSULDWH VWHP FHOOV RU ³VHHG´  ZRXOG SURYLGH D IRUFH IRU WLVVXH UHSDLU DQG
regeneration [65].
So, it is possible to postulate that HMGB1 release may occur in vivo from skin cells, such as
fibroblasts and keratinocytes, as the result of cell activation, enhanced membrane permeability, or
membrane ruptures. After its release in the wounded area, HMGB1 could operate the recruitment of
different cell types, and influence keratinocyte and fibroblast proliferation and migration [24,25].
HMGB1 could trigger and strengthen the healing cascade and this could be relevant to long-term
effects on wound healing and tissue repair. These kind of processes are of great interest for the
treatment of tissue lesions occurring in certain diseases, e.g., diabetes, in which cells are shown to be
less responsive to growth factors [66].
Of particular interest is the HMGB1 sensitivity to oxidation [67]. Oxidative stress is an early player
in acute inflammatory response; it elicits the formation of reversible covalent disulfide bonds between
thiols [68]. HMGB1 contains three cysteine residues at positions 23, 45 and 106. Mild oxidation status
induces the formation of an intramolecular disulfide bond between cysteines in position 23 and 45.
These residues are also implicated in the binding of HMGB1 to Toll-like receptor 4 [69].
An oxidized environment could modulate HMGB1 functions. Some authors have suggested that
oxidation could quench HMGB1 inflammatory effects. In this scenario, a reduced environment could
sustain and prolong HMGB1 bioactivity, but further studies are needed to verify these hypotheses.
5. Conclusions
The dual-function of HMGB1 represents a crucial mediator in the initiation and perpetuation of the
inflammatory response following loss of cellular integrity.
Basic research as well as clinical studies is strongly needed to further unravel the complexity of the
host response after trauma and tissue damage.
Novel preclinical models of trauma may help characterize the role of DAMPs and investigate
mechanisms/kinetics of release after tissue injury in single-organ injury and multi-system trauma.
In addition, little is known about mutual interactions of DAMPs prior and after passive or active
release and direct crosstalk with other mediators of inflammation and signaling systems.
As regards potential therapeutic strategies, alongside agents that neutralize or block DAMPs, the
development of compounds that cause intracellular DAMP retention and limit DAMP release upon
tissue damage might represent a promising approach.

Cells 2012, 1

706

Conflict of Interest
The authors declare no conflict of interest.
References
1.
2.
3.
4.
5.
6.
7.
8.

9.

10.
11.
12.
13.
14.
15.
16.

Goodwin, G.H.; Johns, E.W. The isolation and purification of the high mobility group (HMG)
nonhistone chromosomal proteins. Methods Cell. Biol. 1977, 16, 257±267.
Stros, M. HMGB proteins: Interactions with DNA and chromatin. Biochim. Biophys. Acta 2010,
1799, 101±113.
Bianchi, M.E.; Beltrame, M.; Paonessa, G. Specific recognition of cruciform DNA by nuclear
protein HMG1. Science 1989, 243, 1056±1059.
Pil, P.M.; Lippard, S.J. Specific binding of chromosomal protein HMG1 to DNA damaged by the
anticancer drug cisplatin. Science 1992, 256, 234±237.
Pasheva, E.A.; Pashev, I.G.; Favre, A. Preferential binding of high mobility group 1 protein to
UV-damaged DNA. Role of the COOH-terminal domain. J. Biol. Chem. 1998, 273, 24730±24736.
Webb, M.; Thomas, J.O. Structure-specific binding of the two tandem HMG boxes of HMG1 to
four-way junction DNA is mediated by the A domain. J. Mol. Biol. 1999, 294, 373±387.
Teo, S.H.; Grasser, K.D.; Thomas, J.O. Differences in the DNA-binding properties of the HMG-box
domains of HMG1 and the sex-determining factor SRY. Eur. J. Biochem. 1995, 230, 943±950.
Calogero, S.; Grassi, F.; Aguzzi, A.; Voigtlander, T.; Ferrier, P.; Ferrari, S.; Bianchi, M.E. The
lack of chromosomal protein Hmg1 does not disrupt cell growth but causes lethal hypoglycaemia
in newborn mice. Nat. Genet. 1999, 22, 276±280.
Pedrazzi, M.; Patrone, M.; Passalacqua, M.; Ranzato, E.; Colamassaro, D.; Sparatore, B.;
Pontremoli, S.; Melloni, E. Selective proinflammatory activation of astrocytes by high-mobility
group box 1 protein signaling. J. Immunol. 2007, 179, 8525±8532.
Huttunen, H.J.; Rauvala, H. Amphoterin as an extracellular regulator of cell motility: From
discovery to disease. J. Intern. Med. 2004, 255, 351±366.
Erlandsson Harris, H.; Andersson, U. Mini-review: The nuclear protein HMGB1 as a
proinflammatory mediator. Eur. J. Immunol. 2004, 34, 1503±1512.
Scaffidi, P.; Misteli, T.; Bianchi, M.E. Release of chromatin protein HMGB1 by necrotic cells
triggers inflammation. Nature 2002, 418, 191±195.
Lotze, M.T.; Tracey, K.J. High-mobility group box 1 protein (HMGB1): nuclear weapon in the
immune arsenal. Nat. Rev. Immunol. 2005, 5, 331±342.
Bell, C.W.; Jiang, W.; Reich, C.F., 3rd; Pisetsky, D.S. The extracellular release of HMGB1
during apoptotic cell death. Am. J. Physiol .Cell. Physiol. 2006, 291, C1318±C1325.
Youn, J.H.; Shin, J.S. Nucleocytoplasmic shuttling of HMGB1 is regulated by phosphorylation
that redirects it toward secretion. J. Immunol. 2006, 177, 7889±7897.
Bonaldi, T.; Talamo, F.; Scaffidi, P.; Ferrera, D.; Porto, A.; Bachi, A.; Rubartelli, A.; Agresti, A.;
Bianchi, M.E. Monocytic cells hyperacetylate chromatin protein HMGB1 to redirect it towards
secretion. EMBO J. 2003, 22, 5551±5560.

Cells 2012, 1

707

17. Davis, K.; Banerjee, S.; Friggeri, A.; Bell, C.; Abraham, E.; Zerfaoui, M. Poly(ADP-ribosyl)ation
of high mobility group box 1 (HMGB1) protein enhances inhibition of efferocytosis. Mol. Med.
2012, 18, 359±369.
18. Oh, Y.J.; Youn, J.H.; Ji, Y.; Lee, S.E.; Lim, K.J.; Choi, J.E.; Shin, J.S. HMGB1 is phosphorylated
by classical protein kinase C and is secreted by a calcium-dependent mechanism. J. Immunol.
2009, 182, 5800±5809.
19. Yang, H.; Hreggvidsdottir, H.S.; Palmblad, K.; Wang, H.; Ochani, M.; Li, J.; Lu, B.; Chavan, S.;
Rosas-Ballina, M.; Al-Abed, Y.; et al. A critical cysteine is required for HMGB1 binding to
Toll-like receptor 4 and activation of macrophage cytokine release. Proc. Natl. Acad. Sci. USA
2010, 107, 11942±11947.
20. Ellerman, J.E.; Brown, C.K.; de Vera, M.; Zeh, H.J.; Billiar, T.; Rubartelli, A.; Lotze, M.T.
Masquerader: High mobility group box-1 and cancer. Clin. Cancer Res. 2007, 13, 2836±2848.
21. Liu, Y.; Chen, G.Y.; Zheng, P. CD24-Siglec G/10 discriminates danger- from pathogenassociated molecular patterns. Trends Immunol. 2009, 30, 557±561.
22. Sha, Y.; Zmijewski, J.; Xu, Z.; Abraham, E. HMGB1 develops enhanced proinflammatory
activity by binding to cytokines. J. Immunol. 2008, 180, 2531±2537.
23. Martin, P. Wound healing²aiming for perfect skin regeneration. Science 1997, 276, 75±81.
24. Ranzato, E.; Patrone, M.; Pedrazzi, M.; Burlando, B. HMGb1 promotes scratch wound closure of
HaCaT keratinocytes via ERK1/2 activation. Mol. Cell. Biochem. 2009, 332, 199±205.
25. Ranzato, E.; Patrone, M.; Pedrazzi, M.; Burlando, B. Hmgb1 promotes wound healing of 3T3 mouse
fibroblasts via RAGE-dependent ERK1/2 activation. Cell. Biochem. Biophys. 2010, 57, 9±17.
26. Palumbo, R.; Sampaolesi, M.; De Marchis, F.; Tonlorenzi, R.; Colombetti, S.; Mondino, A.;
Cossu, G.; Bianchi, M.E. Extracellular HMGB1, a signal of tissue damage, induces
mesoangioblast migration and proliferation. J. Cell. Biol. 2004, 164, 441±449.
27. Degryse, B.; Bonaldi, T.; Scaffidi, P.; Muller, S.; Resnati, M.; Sanvito, F.; Arrigoni, G.;
Bianchi, M.E. The high mobility group (HMG) boxes of the nuclear protein HMG1 induce
chemotaxis and cytoskeleton reorganization in rat smooth muscle cells. J. Cell. Biol. 2001, 152,
1197±1206.
28. Mitola, S.; Belleri, M.; Urbinati, C.; Coltrini, D.; Sparatore, B.; Pedrazzi, M.; Melloni, E.;
Presta, M. Cutting edge: Extracellular high mobility group box-1 protein is a proangiogenic
cytokine. J. Immunol. 2006, 176, 12±15.
29. Rossini, A.; Zacheo, A.; Mocini, D.; Totta, P.; Facchiano, A.; Castoldi, R.; Sordini, P.;
Pompilio, G.; Abeni, D.; Capogrossi, M.C.; et al. HMGB1-stimulated human primary cardiac
fibroblasts exert a paracrine action on human and murine cardiac stem cells. J. Mol. Cell. Cardiol.
2008, 44, 683±693.
30. Zhang, Q.; O'Hearn, S.; Kavalukas, S.L.; Barbul, A. Role of high mobility group box 1 (HMGB1)
in wound healing. J. Surg. Res. 2012, 176, 343±347.
31. Zhang, Q.O.H.; O'Hearn, S.; Kavalukas, S.L.; Barbul, A. High mobility group box 1 (HMGB1)
and fibroblast function. Wound Repair Regen. 2011, 19, A62.
32. Pullerits, R.; Jonsson, I.M.; Verdrengh, M.; Bokarewa, M.; Andersson, U.; Erlandsson-Harris, H.;
Tarkowski, A. High mobility group box chromosomal protein 1, a DNA binding cytokine,
induces arthritis. Arthritis Rheum. 2003, 48, 1693±1700.

Cells 2012, 1

708

33. Read, C.M.; Cary, P.D.; Crane-Robinson, C.; Driscoll, P.C.; Norman, D.G. Solution structure of a
DNA-binding domain from HMG1. Nucleic. Acids Res. 1993, 21, 3427±3436.
34. Weir, H.M.; Kraulis, P.J.; Hill, C.S.; Raine, A.R.; Laue, E.D.; Thomas, J.O. Structure of the HMG
box motif in the B-domain of HMG1. EMBO J. 1993, 12, 1311±1319.
35. Aizawa, S.; Nishino, H.; Saito, K.; Kimura, K.; Shirakawa, H.; Yoshida, M. Stimulation of
transcription in cultured cells by high mobility group protein 1: Essential role of the acidic
carboxyl-terminal region. Biochemistry 1994, 33, 14690±14695.
36. Banerjee, S.; Evanson, J.; Harris, E.; Lowe, S.L.; Thomasson, K.A.; Porter, J.E. Identification of
specific calcitonin-like receptor residues important for calcitonin gene-related peptide high
affinity binding. BMC Pharmacol. 2006, 6, 9.
37. Li, J.; Kokkola, R.; Tabibzadeh, S.; Yang, R.; Ochani, M.; Qiang, X.; Harris, H.E.; Czura, C.J.;
Wang, H.; Ulloa, L.; et al. Structural basis for the proinflammatory cytokine activity of high
mobility group box 1. Mol. Med. 2003, 9, 37±45.
38. Sparatore, B.; Patrone, M.; Passalacqua, M.; Pedrazzi, M.; Gaggero, D.; Pontremoli, S.;
Melloni, E. Extracellular processing of amphoterin generates a peptide active on erythroleukaemia
cell differentiation. Biochem. J. 2001, 357, 569±574.
39. Yang, H.; Lundback, P.; Ottosson, L.; Erlandsson-Harris, H.; Venereau, E.; Bianchi, M.E.;
Al-Abed, Y.; Andersson, U.; Tracey, K.J.; Antoine, D.J. Redox modification of cysteine residues
regulates the cytokine activity of high mobility group box-1 (HMGB1). Mol. Med. 2012, 18,
250±259.
40. Liu, A.; Fang, H.; Dirsch, O.; Jin, H.; Dahmen, U. Oxidation of HMGB1 causes attenuation of its
pro-inflammatory activity and occurs during liver ischemia and reperfusion. PLoS One 2012, 7,
e35379.
41. Kelley, R.; Ideker, T. Genome-wide fitness and expression profiling implicate Mga2 in adaptation
to hydrogen peroxide. PLoS Genet. 2009, 5, e1000488.
42. Bianchi, M.E. HMGB1 loves company. J. Leukoc. Biol. 2009, 86, 573±576.
43. Schmidt, A.M.; Yan, S.D.; Yan, S.F.; Stern, D.M. The biology of the receptor for advanced
glycation end products and its ligands. Biochim. Biophys. Acta 2000, 1498, 99±111.
44. Neeper, M.; Schmidt, A.M.; Brett, J.; Yan, S.D.; Wang, F.; Pan, Y.C.; Elliston, K.; Stern, D.;
Shaw, A. Cloning and expression of a cell surface receptor for advanced glycosylation end
products of proteins. J. Biol. Chem. 1992, 267, 14998±15004.
45. Youn, J.H.; Oh, Y.J.; Kim, E.S.; Choi, J.E.; Shin, J.S. High mobility group box 1 protein binding
to lipopolysaccharide facilitates transfer of lipopolysaccharide to CD14 and enhances
lipopolysaccharide-mediated TNF-alpha production in human monocytes. J. Immunol. 2008, 180,
5067±5074.
46. Pedrazzi, M.; Averna, M.; Sparatore, B.; Patrone, M.; Salamino, F.; Marcoli, M.; Maura, G.;
Cervetto, C.; Frattaroli, D.; Pontremoli, S.; et al. Potentiation of NMDA Receptor-Dependent Cell
Responses by Extracellular High Mobility Group Box 1 Protein. PLoS One 2012, 7, e44518.
47. Ranzato, E.; Burlando, B. Signaling pathways in wound repair. In Wound healing: Process,
Phases and Promoting; Middleton, J.E., Ed.; Nova Publishers Inc: Hauppauge, New York, NY,
USA, 2011; pp. 123±135.

Cells 2012, 1

709

48. Bianchi, M.E. DAMPs, PAMPs and alarmins: All we need to know about danger. J. Leukoc. Biol.
2007, 81, 1±5.
49. Hirsiger, S.; Simmen, H.P.; Werner, C.M.; Wanner, G.A.; Rittirsch, D. Danger signals activating
the immune response after trauma. Mediators Inflamm. 2012, doi:10.1155/2012/315941.
50. Pisetsky, D. Cell death in the pathogenesis of immune-mediated diseases: the role of HMGB1 and
DAMP-PAMP complexes. Swiss Med. Wkly. 2011, 141, w13256.
51. Klune, J.R.; Billiar, T.R.; Tsung, A. HMGB1 preconditioning: Therapeutic application for a
danger signal? J. Leukoc. Biol. 2008, 83, 558±563.
52. Rubartelli, A.; Lotze, M.T. Inside, outside, upside down: Damage-associated molecular-pattern
molecules (DAMPs) and redox. Trends Immunol. 2007, 28, 429±436.
53. Bianchi, M.E.; Manfredi, A.A. High-mobility group box 1 (HMGB1) protein at the crossroads
between innate and adaptive immunity. Immunol. Rev. 2007, 220, 35±46.
54. Huttunen, H.J.; Kuja-Panula, J.; Sorci, G.; Agneletti, A.L.; Donato, R.; Rauvala, H. Coregulation
of neurite outgrowth and cell survival by amphoterin and S100 proteins through receptor for
advanced glycation end products (RAGE) activation. J. Biol. Chem. 2000, 275, 40096±40105.
55. Huttunen, H.J.; Fages, C.; Rauvala, H. Receptor for advanced glycation end products (RAGE)mediated neurite outgrowth and activation of NF-kappaB require the cytoplasmic domain of the
receptor but different downstream signaling pathways. J. Biol. Chem. 1999, 274, 19919±19924.
56. Chavakis, E.; Hain, A.; Vinci, M.; Carmona, G.; Bianchi, M.E.; Vajkoczy, P.; Zeiher, A.M.;
Chavakis, T.; Dimmeler, S. High-mobility group box 1 activates integrin-dependent homing of
endothelial progenitor cells. Circ. Res. 2007, 100, 204±212.
57. Straino, S.; Di Carlo, A.; Mangoni, A.; De Mori, R.; Guerra, L.; Maurelli, R.; Panacchia, L.;
Di Giacomo, F.; Palumbo, R.; Di Campli, C.; et al. High-mobility group box 1 protein in human
and murine skin: Involvement in wound healing. J. Invest. Dermatol. 2008, 128, 1545±1553.
58. Naglova, H.; Bucova, M. HMGB1 and its physiological and pathological roles. Bratisl Lek Listy.
2012, 113, 163±171.
59. De Mori, R.; Straino, S.; Di Carlo, A.; Mangoni, A.; Pompilio, G.; Palumbo, R.; Bianchi, M.E.;
Capogrossi, M.C.; Germani, A. Multiple effects of high mobility group box protein 1 in skeletal
muscle regeneration. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 2377±2383.
60. Sorci, G.; Riuzzi, F.; Arcuri, C.; Giambanco, I.; Donato, R. Amphoterin stimulates myogenesis
and counteracts the antimyogenic factors basic fibroblast growth factor and S100B via RAGE
binding. Mol. Cell. Biol. 2004, 24, 4880±4894.
61. Limana, F.; Germani, A.; Zacheo, A.; Kajstura, J.; Di Carlo, A.; Borsellino, G.; Leoni, O.;
Palumbo, R.; Battistini, L.; Rastaldo, R.; et al. Exogenous high-mobility group box 1 protein
induces myocardial regeneration after infarction via enhanced cardiac C-kit+ cell proliferation
and differentiation. Circ. Res. 2005, 97, e73±83.
62. Andersson, U.; Rauvala, H. Introduction: HMGB1 in inflammation and innate immunity.
J. Intern. Med. 2011, 270, 296±300.
63. Biscetti, F.; Ghirlanda, G.; Flex, A. Therapeutic potential of high mobility group box-1 in
ischemic injury and tissue regeneration. Curr. Vasc. Pharmacol. 2011, 9, 677±681.

Cells 2012, 1

710

64. Abeyama, K.; Stern, D.M.; Ito, Y.; Kawahara, K.; Yoshimoto, Y.; Tanaka, M.; Uchimura, T.;
Ida, N.; Yamazaki, Y.; Yamada, S.; et al. The N-terminal domain of thrombomodulin sequesters
high-mobility group-B1 protein, a novel antiinflammatory mechanism. J. Clin Invest. 2005, 115,
1267±1274.
65. Gurtner, G.C.; Werner, S.; Barrandon, Y.; Longaker, M.T. Wound repair and regeneration.
Nature 2008, 453, 314±321.
66. Brandner, J.M.; Zacheja, S.; Houdek, P.; Moll, I.; Lobmann, R. Expression of matrix
metalloproteinases, cytokines, and connexins in diabetic and nondiabetic human keratinocytes
before and after transplantation into an ex vivo wound-healing model. Diabetes Care 2008, 31,
114±120.
67. Tang, D.; Kang, R.; Zeh, H.J., 3rd; Lotze, M.T. High-mobility group box 1, oxidative stress, and
disease. Antioxid. Redox. Signal. 2011, 14, 1315±1335.
68. Carta, S.; Castellani, P.; Delfino, L.; Tassi, S.; Vene, R.; Rubartelli, A. DAMPs and inflammatory
processes: the role of redox in the different outcomes. J. Leukoc. Biol. 2009, 86, 549±555.
69. Hoppe, G.; Talcott, K.E.; Bhattacharya, S.K.; Crabb, J.W.; Sears, J.E. Molecular basis for the
redox control of nuclear transport of the structural chromatin protein Hmgb1. Exp. Cell. Res.
2006, 312, 3526±3538.
© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

