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Non-Histone Chromatin Protein Dysregulation: The Oncogenic Role of HMGB1 and 
Its Redox States in ccRCC Inflammation and Genome Instability

Abstract 
High Mobility Group Box 1  (HMGB1) is non-histone chromatin protein that plays important 
roles in maintaining nuclear architecture, transcriptional modulation, DNA replication, 
chromatin restructuring and DNA damage repair. In addition to its classical nuclear roles, 
HMGB1 predominantly functions as an extracellular alarmin and  damage-associated 
molecular pattern (DAMP) signal that stimulates various receptors such as Toll-like receptor's 
(TLRs) or Receptor for Advanced Glycation End Products (RAGE), influencing inflammation 
and immune system regulations. HMGB1 function is strictly regulated, not only by 
posttranslational modifications and subcellular localization, but also critically by its redox status 
that is regulated by three conserved cysteine  residues (C23, C45, C106). Its chemotactic 
(fully reduced), cytokine inducing (disulfide) or immunologically inert function  (fully oxidized) is 
determined by these redox forms.
HMGB1 is upregulated in Clear Cell Renal Cell Carcinoma (ccRCC), the gold standard for 
RCC diagnosis, where it is  often found overexpressed and mislocalized to cytoplasm as 
wells as being posttranslationally modified, enhancing protumorigenic microenvironment. 
Hyperactivated HMGB1 drives chronic inflammation, autophagy dependent tumor  survival, 
immune suppression and angiogenesis and genomic instability that links nuclear malfunction 
to the extracellular cascade in ccRCC progression. Such an orchestration involving redox-
mediated HMGB1 signaling is both  pro-tumoural inflammatory and anti-genomic maintenance.
Therapeutically, the blockade of HMGB1's redox status, its interaction with  receptors or 
autophagy-associated function can be promising strategies to control growth and sensitize 
treatment. Additionally, the expression of HMGB1 forms, their cellular localization,  and redox 
state in circulation are potential prognostic and predictive biomarkers. Here we provide an in-
depth discussion on the molecular mechanisms related to HMGB1 deregulation in promoting 
the  pathogenesis of ccRCC, and shed light on potential translational applications for clinical 
intervention.
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Introduction

Clear cell renal cell carcinoma (ccRCC) is the most common 
type of kidney cancer which accounts for 70-80% of all 
renal malignancies and shows specific genomic, epigenomic 
and  microenvironmental profiles differentiating it from other 
cancers [1]. It is widely known that inactivation of the VHL 
gene, with subsequent stabilization of hypoxia‑inducible  factors 
(HIFs) and metabolic and angiogenic reprogramming are 
canonical genetic features of ccRCC [2]. In addition, ccRCC has 
abnormalities in chromatin modulatory enzymes/DNA repair 
genes/inflammatory signaling pathways which together promote 
tumorigenesis,  immune evasion and resistance to therapy [3]. 
Amidst this tangled terrain, the non‑histone chromatin proteins 
have emerged as crucial mediators for maintaining  genome 
integrity and/or cellular stress responses. One of those, High 
Mobility Group Box 1 (HMGB1) has raised much attention for 
its diverse activities in chromatin architecture, inflammatory 
response and role in autophagy and  cancer biology [4].
    The expression of HMGB1 was initially discovered in the 
1970s because it is one of the abundant non‑histone  chromosomal 
proteins with high electrophoretic mobility and DNA binding 
ability without regard to its sequence [5]. HMGB1 is a  small 
protein of about 215 amino acids with a highly conserved two-
box DNA‑binding domain (A‑box and B‑box) and an acidic C 
terminus, which has been suggested to affect interaction with 
nucleic acids and proteins [6]. This architecture of HMGB1 
accounts for its primary biological role as a DNA chaperone, 
which can make it insert in minor grooves coiling the double  helix 
and promote nucleoprotein assembly, disassembly and 
reorganisation, such as those required for transcription, replication, 
recombination and repair [7]. HMGB1 in the nucleus interacts 
with various transcription factors, chromatin modifiers  and DNA 
repair proteins, regulating genome protection activities related 
to genomic stability and gene expression [5]. Due to these vital 
activities,  HMGB1 is considered a member of the non‑histone 
chromatin‑associated proteins involved in the generation of open/
accessible chromatin, which has an important implications for 
cellular responses to stress and neoplastic transformation [8].
    In addition to its nuclear functions, HMGB1 is a prototypical 
example of a molecule with highly context- and  localization-
dependent function. In response to cellular stress, injury  or 
activation, HMGB1 can move from the nucleus into the 
cytoplasm and be released into extracellular environment [9]. 
Its translocation is critical regulated by several PTMs such as 
acetylation, phosphorylation,  methylation and redox adjustment 
that modulate its nuclear retention, cytoplasmic localization, 
and secretion [10]. Importantly, acetylation on lysine residues 
located  within the nuclear localization sequences prevents efficient 
HMGB1 translocation to the nucleus and induces redistribution 
of this protein to cytoplasm [11]. Moreover, methylation at 
some residues (like lysine 112) can affect DNA-binding activity 
and favor relocation as has been shown in malignant tissues 
including  ccRCC [12]. Through direct interaction with Beclin‑1 
and other autophagy‑associated proteins, cytoplasmic HMGB1 also 
plays a critical role in the  regulation of autophagy that determines 
cell fate decision between survival and death under metabolic 
crisis and therapy [13]. Released HMGB1 from necrotic  cells, and 
actively secreted HMGB1 by immune cells, also locates HMGB1 
at the crossroads of cell death, damage signaling and immune 
responses [14].
    An important and  distinctive feature of HMGB1 biology is its 
redox sensitivity. This protein has three highly conserved cysteine 
residues (C23, C45 and C106) whose redox  state determines the 
extracellular bioactivity of HMGB1 [15]. In its completely reduced 
state, with all three cysteines containing a thiol group (HMGB1), 

it  has chemotactic proterties by associating with the chemokine 
CXCL12 and initiating cellular recruitment via receptor CXCR4 
[16]. In its partially oxidized state, in which C23 and C45 are 
involved in intramolecular disulfide meanwhile C106 is reduced 
(disulfide HMGB1), the protein induces pro‑inf lammatory 
cytokine release via the Toll‑like receptor 4  (TLR4/MD2) pathway 
[17]. Terminal oxidation (sulfonyl HMGB1) abrogates  both 
chemotactic and cytokine‑inducing activities. This redox‐mediated 
regulation endows HMGB1, acting as a contextual alarmin-a 
damage‑associated molecular pattern (DAMP) operating certain 
immune and inflammatory circuits in relation to oxidative milieu, 
which provides its central role of mediator in inflammation  and 
the host response. The relevance of these redox variations is 
especially applicable to cancer since the  tumor microenvironment 
exhibits oxidative stress, hypoxia, and infiltrating immune cells 
with the ability to modulate redox [18].
    HMGB1 has paradoxical  but interrelated functions in cancer. 
Nuclear HMGB1 is involved in DNA repair  and chromatin 
remodeling, and helps to maintain genomic stability as a 
tumor‑suppressive activity under no pathological conditions 
[5]. However, abnormal regulation of this protein can lead to 
genome damage,  parache inflammation and oncogenesis through 
compromised genome maintenance by expression switch, PTMs, 
subcellular missite place-ment or chronic release [19]. In fact, cand 
concomitant partial  relocalization to the cytoplasm associated 
with high tumor grade [20]. Mass spectrometry analysis of  ccRCC 
samples revealed methylation at Lys112 of HMGB1, implying 
that its DNA-binding characteristics and localization are also 
epigenetically regulated [21]. These modifications may weaken 
its nuclear functions and  promote extracellular and cytoplasmic 
signaling activities, thereby promoting inflammation/immunity 
and tumorigenesis.
    The extracellular function of HMGB1 is as a pro‑inflammatory 
cytokine, which is primarily mediated by interacting with  pattern 
recognition receptors (i.e., TLR2, TLR4 and the Receptor for 
Advanced Glycation End Products; RAGE) [4]. Binding to 
these receptors activates signalling pathways downstream of, 
for example, NF‑κB and mitogen activated protein kinases 
(MAPK), leading  to the production of pro‑inf lammatory 
cytokines and chemokines [22]. Chronic activation of such 
pathways leads to  a chronic-inflammation milieu in the tumor 
microenvironment (TME) that can be important for promoting 
angiogenesis, inhibiting an effective anti‑tumor immune response 
and enhancing tumor growth and metastasis [23]. In ccRCC, 
a tumor characterized by its abundant immune infiltrate and 
altered inflammatory signaling activity, this HMGB1‑induced 
inflammation is expected to have a profound impact  on the 
composition of the immune landscape, as well as immune 
checkpoint responses and responsiveness to immunotherapies [24].
Additionally, that HMGB1 is implicated in autophagy and the 
cellular decisions about survival or apoptosis demonstrate its role 
also for effects of  therapies [25]. Autophagy may have  a dual 
role in cancer cells: during certain conditions, it could lead to cell 
death; and under stress, such as nutrient deprivation or exposure 
to cytotoxic agents, it might give them survivorship [26]. HMGB1 
interacts with Beclin‑1 other autophagy exogenous inducers to 
enhance autophagy may facilitate therapy  resistance and tumor 
survival. The HMGB1 mediated crosstalk  control of these 
processes also highlights how a chromatin protein dysregulation 
can impact variety of oncogenic modes [27].
    Taken together, these observations reveal HMGB1 as a protein 
of  dichotomous natures being involved in both genome integrity 
and stress responses, immune modulation and inflammation 
[5]. In ccRCC-a complex tumor characterized by multifaceted 
genomic and metabolic alterations and interactions with the 
immune microenvironment-HMGB1 deregulation at expression, 
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localization (nuclear or  cytoplasmic), PTMs, redox state site levels 
makes it a candidate both for driving oncogenic processes as well 
as for being recognized as a potential biomarker or therapeutic 
target [24]. As it lies at the nexus of control of chromatin and 
inflammation, elucidation of the mechanism by which HMGB1 
contributes to ccRCC is essential for understanding  the integrated 
biology of this disease and developing new interventions [28].

HMGB1 structure, PTMs, and redox biology

Molecular architecture and chromatin association

HMGB1 is one of the most evolutionarily conserved non-histone 
chromatin proteins, possessing 215 amino acids, including 
two DNA-binding HMG-box  domains (A-box, B-box) and 
a negatively charged C-terminal acidic tail [29]. The 3 alpha-
helices which define the structure of the  HMG-box domains 
give an L-shaped fold that permits HMGB1 to bind within the 
minor groove of DNA and introduce sharp bends [30]. This DNA 
bending capacity is essential for the function of HMGB1 as a 
DNA chaperone, which can promote assembly and accessibility 
of protein–DNA  complexes such as transcription factors and 
DNA repair enzymes [31]. HMGB1’s acidic tail alters its ability 
to bind DNA and regulates the affinity for it, but also maintains 
protein-protein interactions within chromatin structures so that 
the dynamics of chromatin reorganization can  be finetuned 
[5]. Furthermore, the tail serves as an autoinhibitory element 
controlling HMGB1 DNA-binding function in a signal-dependent 
manner, which highlights  its ability to tailor genomic activities to 
specific physiological conditions [32].

    In the nucleus,  HMGB1 is involved in preserving chromatin 
structure and genome integrity. It activates transcription by 
binding to promoters and recruiting other factors, such as 
general  transcription factors, to form a preinitiation complex 
[5]. HMGB1 also contacts core histones, regulating  nucleosome 
sliding and spacing, and relativeloads chromatin. In addition to 
transcription, HMGB1 works in DNA replication by stabilizing 
replication forks and binding origin  recognition complexes. Its 
involvement  in the V(D)J recombination of immune cells also 
demonstrates its flexibility to facilitate specific genomic alterations 
[5, 33]. Also, HMGB1 acts as a docking scaffold for DNA repair 
complexes promoting the cross-recruitment of nucleotide excision 
repair (NER), base excision  repair (BER) and double strand break 
(DSB) factors at sites of damage. Such interactions are critical 
for  timely cell repair after lethal lesions, to prevent chromosomal 
abnormalities and to maintain genomic integrity, emphasizing the 
central role of HMGB1 as a guardian of the genome [34, 35].
    Recent studies have also  shown that the DNA-binding activity 
of HMGB1 is modulated by its subcellular localization. For 
example under stress conditions like oxidative damage, DNA 
alkylation or  hypoxia the interaction of HMGB1 with chromatin 
might change resulting in redistribution of this protein within the 
nucleus or translocation to the cytoplasm [36]. Existence of  such 
a dynamic control equips HMGB1 as a sensor of genomic stress, 
integrates modifications in nuclear architecture to downstream 
signalcontacts during inflammation and autophagy. In  cancer 
cells, such as ccRCC, these controls are frequently perturbed 
and participate in the development of chromatin instability, 
transcriptional reprogramming and acquisition of an oncogenic 
phenotype.

Table 1. HMGB1 post-translational modifications and functional consequences.

PTM type Residues / Site Effect on HMGB1 Functional consequence

Acetylation Lysines in NLS Reduces DNA binding, promotes 
nuclear export

Facilitates cytoplasmic accumulation and 
extracellular release

Methylation Lys112 Alters DNA-binding affinity Promotes cytoplasmic localization, impairs nuclear 
genome maintenance

Phosphorylation Serine / Threonine Modulates nuclear-cytoplasmic 
shuttling

Enhances translocation under stress or 
inflammatory conditions

ADP-Ribosylation Lys / Arg residues Facilitates secretion Enables extracellular DAMP signaling

Oxidation (Redox) C23, C45, C106 Determines chemotactic vs. cytokine-
inducing activity

Regulates inflammation, immune response, and 
tumor-promoting effects

Ubiquitination Lysine residues 
(Lys42)

Targets HMGB1 for proteasomal 
degradation

Regulates HMGB1 stability and abundance; limits 
extracellular release

Sumoylation Lysines (Lys180) Influences subcellular localization 
and DNA repair interactions

Modulates transcriptional regulation and genomic 
stability

Glycosylation Potential sites under 
investigation

May affect HMGB1 stability and 
receptor binding

Hypothesized to alter extracellular signaling and 
inflammatory potency (emerging research)

Nitrosylation Cysteine residues 
(C23, C45)

Modifies redox state and disulfide 
bond formation

Fine-tunes chemokine vs. cytokine activity; may 
protect against over-oxidation

Proteolytic 
Cleavage

C-terminal acidic 
tail removal Enhances pro-inflammatory activity Increases HMGB1’s affinity for TLR4 and RAGE 

receptors; amplifies immune response

Lactylation Lysine residues Emerging role in inflammation and 
gene regulation

Links metabolic state to immune function; 
potential impact on HMGB1 transcriptional 
activity
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Post-translational modifications and cellular localization

HMGB1  is subject to an extensive range of PTMs that regulate 
its nuclear, cytoplasmic, and extracellular functions. Such 
modifications  are, for example lysine acetylation, arginine and 
lysine methylation, serine/threonine phosphorylation as well 
as tyrosine phosphorylation ADP-ribosylation ubiquitination 
oxidative modifications [37]. Post-translational modifications 
(PTMs)  regulate HMGB1’s nuclear retention, DNA-binding 
activity, and the potential of it to translocate into cytoplasm or be 
released outside cell. For instance, overacetylation of the lysine 
residues in nuclear localization signals (NLS) decreases HMGB1 
binding to chromatin and facilitates it  being exported via CRM1 
pathway. Likewise, methylation of lysine (detected in tumors 
including ccRCC) decreases binding to nuclear DNA and promotes 
cytoplasmic retention, hence the execution of its non-nuclear roles, 
e.g. induction of  autophagy or modulation of cytokines.
    HMGB1  phosphorylation also plays a role in nuclear-
cytoplasmic translocation of this protein. Kinases initiated by 
cellular stress or inflammatory signaling may phosphorylate 
the  serine or threonine residues of NLSs, weakening nuclear 
retention [38]. Moreover, ADP‐ribosylation may act cooperatively 
with acetylation in the enhancement of active secretion from 
immune cells, hence  associating HMGB1 PTMs to its extracellular 
signaling activities. Such post-translational changes represent a 
molecular switch, which HMGB1 uses to convert from a nuclear 
genome housekeeper into a cytoplasmic or extracellular  DAMP, 
demonstrating the duality of HMGB1 in homeostasis versus stress 
[39].
    The cross talk of PTMs and cellular localization in  cancer is 
a special concern. Deviations in post-translational modifications 
of HMGB1, that have been recorded in ccRCC and other 
malignancies, are involved in deregulated inf lammation, 
modified  autophagy processes and apoptosis resistance. For 
example, HMGB1 in cytoplasm of tumor cells engages autophagy 

machinery with resultant  survival under hypoxic and nutrient-
poor condition [40]. The phosphorylated TLR4 can then dampen 
HMGB1 and cytokine release from macrophages through binding 
and sequestration of this extracellular nucleic acid-binding protein, 
released by  stressed or necrotic tumor cells acting on pattern 
recognition receptors (RAGE or TLRs), which maintains a pro-
tumorigenic inflammation [41]. For these reasons, PTMs control 
the localization of HMGB1 as well as help maintain a dynamic 
functional character that strikes a balance between genome fidelity 
versus immune responses  and survival (Table 1) [42].

Redox regulation of HMGB1 activity

The three conserved cysteines of HMGB1 (C23 and C45 on the 
A-box and C106 on the B-box) confer an intrinsic redox sensitivity 
to HMGB1 barcode  for its outside-in signaling properties [43]. 
The redox state  of these two cysteines is a key molecular switch 
that controls the biological function of HMGB1 and immune 
modulation. HMGB1 in the fully reduced state (all-thiol form) 
preserves its chemotactic activity through heterocomplex 
formation with CXCL12,  which promotes the recruitment of 
immune cells bearing the CXCR4 receptor into injury or inflamed 
sites. In this context, HMGB1 primarily functions as a pro-
migratory factor during tissue repair and leukocyte  trafficking 
[44].
    Disulfide HMGB1, with an intramolecular bond between C23 
and C45 while C106 is in the thiol state, can mediate cytokine 
induction through stimulation of the TLR4/MD-2 complex 
or engagement  of RAGE. This is pro-inf lammatory form 
which  activates the NF-κB and MAPK signaling pathways and 
produces TNF-α, IL-1β, and other cytokines. The continued 
existence of disulfide HMGB1 in the  tumor microenvironment, 
especially in ccRCC, maintains persistent low-grade inflammation 
which migrates immune cells and promotes pro-survival signaling 
to drive tumor growth and escape from the host immune response 
[45].

Table 2. Redox forms of HMGB1 and their biological activities.

HMGB1 redox 
form Cysteine configuration Extracellular 

activity Primary function Tumor relevance in ccRCC

Fully reduced (all-
thiol)

C23-SH, C45-SH, C106-
SH Chemotaxis Leukocyte recruitment via 

CXCL12/CXCR4
Promotes immune cell migration 
to TME

Disulfide C23-C45 bond, C106-SH Cytokine induction Activates TLR4/RAGE, 
induces NF-κB signaling

Sustains chronic inflammation, 
promotes tumor survival

Fully oxidized 
(sulfonyl)

C23-SO3H, C45-SO3H, 
C106-SO3H Inactive Resolution of inflammation Loss of chemotactic and cytokine 

activity, anti-tumor effects

Terminal 
oxidation 
(sulfinic)

C23-SO2H, C45-SO2H, 
C106-SO2H

Immune-
modulatory 
(context-
dependent)

May promote clearance or 
tolerogenic signaling

Emerging role in immune 
evasion; potentially induces 
regulatory immune responses that 
suppress anti-tumor immunity in 
the TME

Mixed disulfide 
(glutathionylated)

C23-S-SG, C45-S-SG, or 
C106-S-SG

Modulated 
inflammatory 
signaling

Attenuates TLR4 activation, 
alters HMGB1-receptor 
interactions

May protect tumor cells from 
excessive immune-mediated 
damage; potential redox buffer in 
hypoxic ccRCC tumors 

Nitrosylated C23-SNO, C45-SNO, 
C106-SNO

Regulated 
chemotaxis & 
inflammation

Fine-tunes redox signaling; 
can transiently inhibit 
disulfide bond formation

Links nitrosative stress to 
HMGB1 function; may influence 
hypoxia adaptation and treatment 
response in VHL-deficient 
ccRCC
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    In contrast, completely oxidized HMGB1 (sulfonylated) is 
biologically display chemotactic and cytokine-inducing activities 
are not present with both forms two  of which enumerated are 
used as markers resolution of inflammation and oxidative stress. 
Loss of redox equilibrium in the tumor microenvironment may 
also tipadisulfide nature favored for HMGB1, that resulting 
as  persistent, supports a pro-tumorigenic context [46]. In the 
intracellular environment, redox regulation also contributes to the 
influence on HMGB1’s nuclear function: oxidative stress leads to 
conformational changes with decreased DNA binding,  increased 
release from chromatin and, consequently, cytoplasmic 
translocation. These results emphasize that redox regulation 
is a subtle modulator orchestrating the pleiotropic functions of 
HMGB1 and interlinking oxidative stress, immune modulation 
and  tumorigenesis (Table 2) [47].

HMGB1’s nuclear role in genome integrity

DNA repair and chromatin remodeling

HMGB1 is an essential factor  involved in the preservation of 
genomic stability through its direct effect on chromatin structure 
and mediating DNA repair. In the  nucleus, HMGB1 associates 
with DNA regions that are unwound or damaged and promotes 
their bending into conformations accessible to repair enzymes. 
This bent-DNA functions to  increase the recruitment and stabilize 
repair complexes involved in BER, NER and double stranded 
break (DSB) repair pathways [48]. The combination of HMGB1 
with DNA glycosylases,  endonucleases and ligase guarantees 
specific recognition and high efficiency repair. Dysregulation 
of HMGB1 results in increased DNA damage, chromosomal 
fragmentation and sensitivity to genotoxic stress, thus  revealing a 
novel function of HMGB1 in maintaining genomic integrity [49].

HMBG1 is an  important factor for chromatin remodeling, not 
just as a part of direct DNA repair. Through interacting with and 
competing with histone H1, HMGB1 has been shown to abet 
chromatin flexibility and  nucleosome sliding which in turn allows 
transposition of transcription factors onto target genes [50]. This 
architectural role is necessary to coordinate the ability of DNA 
repair and replication in time and space, even more so as dense 
nucleosome packing commonly occurs  during factor recruitment 
within heterochromatin domains. HMGB1 complexes with 
chromatin remodelers including the  SWI/SNF and the INO80 
complexes to cooperatively induce nucleosome repositioning 
and repair complex assembly [51]. These intimate connections 
highlight the pivotal role of  HMGB1 in keeping chromatin 
organization and genomic stability (Figure 1).
    It is worth noting that the nuclear functions of HMGB1 are not 
only limited  to specialized DNA rearrangement and telomere 
control. It plays a role in V(D)J recombination of the immune 
system, and promotes antigen receptor diversity while inhibiting 
non-homologous end joining that could cause  genomic instability 
[52]. HMGB1 is also involved in the  protection of telomeres where 
it binds to telomeric DNA and components of shelterin, thereby 
contributing to telomerase length homeostasis and protecting 
against chromosomal end-to-end fusions [53]. Disruption  of 
HMGB1 function and/or its translocation into the cytoplasm 
causes these events to go awry, where instead telomeres erode, 
chromosomes missegregate, and cancer risk increases [54]. 
These findings underscore a novel role of HMGB1 as protector of 
genome  stability during physiological and stress conditions, in 
addition to its function as structural chromatin protein.

Influence on genomic stability and tumor suppression

HMGB1 is also involved in multiple mechanisms of maintaining 

Figure 1. HMGB1’s  nuclear roles in genomic stability. HMGB1 is a master gene to maintain stability  of the genome inside the nucleus. It 

enables DNA damage repair [including base excision repair and nucleotide-excision repair (NER) as well as double-strand break (DSB)]  while 

promoting chromatin remodeling through H1 and SWI/SNF complexes, telomere maintenance, and transcriptional control. In ccRCC, 

perturbation of nuclear HMGB1 by mislocalization or post-translational modifications disrupts these activities during normal cell growth and 

confers support  for genomic instability and tumor progression.
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the stability of the genome and suppression of  tumour, being its 
interaction with key enzymes related to DNA topology, replication 
and chromosome segregation one of them. Of note, HMGB1 
associates with  topoisomerase IIα to resolve DNA supercoils and 
inhibit ectopic recombinations at the time of replication. HMGB1 
stabilizes replication forks and promotes resolution of stalled 
forks, inhibiting  the accumulation of replication-associated DNA 
damage that is a cause of mutagenesis and chromosomal instability 
[55]. In addition, HMGB1 modulates telomerase, enhancing the 
length of chromosome ends (telomeres), and protecting these 
structures from erosion and  cellular senescence.
    HMGB1 also interacts  with tumor suppressor pathways such as 
p53 and RB to regulate damage-dependent checkpoints and cell 
cycle fidelity [56]. By direct or indirect contacts, HMGB1 regulates 
the expression of DNA repair genes and promotes apoptosis or cell 
cycle arrest in  presence of damage that is beyond repair. HMGB1 
loss, or inappropriate localization outside the nucleus, weakens 
these tumor suppressive processes that can otherwise  prevent 
mutational accrual and oncogenic progression. Given that in 
the setting of ccRCC, with its frequent mutations in chromatin 
regulators (PBRM1, SETD2, BAP1 ) also HMGB1 dysregulation 
could potentially additively affect genome  fidelity and accentuate 
the impact of these alterations on tumor evolution [57].
    There is also growing evidence  that HMGB1 plays a role 
in preventing oxidative DNA damage. Its DNA binding and 
bending activity may promote access of antioxidant damage repair 
enzymes to the damaged  bases, and by binding to chromatin 
remodeling factors, it could enable its efficient repair even in 
condensed regions of chromatin. In ccRCC  the oxidative tumor 
microenvironment could influence HMGB1 dysfunction with 
consequent DNA damage to remain on active chromatin, unstable 
chromosomes driving mutational burden. Collectively, HMGB1's 
nuclear roles form  an essential bridge integrating chromatin 
dynamics, DNA repair accuracy, telomere integrity and tumor 
inhibition functions. Dysfunction of these  processes is now 
emerging as a major contributor to the pathobiology and behavior 
of ccRCC, and constitutes an underpinnning in our proposed 
model for HRG6-induced upregulation of HMGB1, which clearly 
emerges from our study as not only being a biomarker for genomic 
stress that foreshadows ccRCC evolution but also a clinically 
useful target.

HMGB1 in inflammation and tumor microenvironment

Extracellular HMGB1 as a DAMP

HMGB1 acts as a prototypical DAMP upon its release into the 
extracellular space passively (from necrotic or damaged cells) 
or actively in response to stressful conditions or inflammatory 
signals from immune  cells [58]. Post-release, HMGB1 associates 
with several pattern recognition receptors such as Toll-like 
receptor (TLR2 and TLR4) and receptor  for advanced glycation 
end products (RAGE), resulting in a signalling cascade [59]. 
These contacts lead to the activation of NF-κB and MAPK 
signaling pathways, which ultimately induce the transcription 
of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 
and chemokine genes that facilitate leukocyte  recruitment. 
The function of extracellular HMGB1 is strongly linked to its 
redox form; disulfide bond-containing (C23–C45) and reduced 
(C106) double chain form of  HMGB1 induces potent cytokine-
stimulating activity, whereas all-thiol structure HMGB1 mainly 
mediates chemotaxis and cell migration [60, 61]. The completely 
oxidized form of HMGB1 is mostly inactive, which could be a 
regulatory mechanism  to prevent uncontrolled inflammation.
    The release of HMGB1 as a DAMP is not only inevitable course 
for  damaged cells, it is also a programmed process that initiates 

and augments tumor-promoting inflammation [62]. In the case 
of ccRCC,  the TME is abundant in cells that are hypoxic and 
metabolically stressed, making it favorable for HMGB1 release. 
Upon release into the extracellular space, HMGB1 also sets 
up  paracrine and autocrine signaling relays which activate local 
immune effector cells, endothelial cells, and fibroblasts to drive 
inflammation. This network can stimulate angiogenesis, induce 
extracellular matrix  turnover and facilitate metastatic spread. 
And disulfide redox HMGB1 activates TLR4 on dendritic cells 
and macrophage to stimulate persistent cytokine  secretion that 
results in the chronic inflammatory environment usually present in 
ccRCC tumors.
    In addition to classical cytokine induction, extracellular 
HMGB1 is also a chemoattracting molecule and has been shown to 
guide the migration of  immune and stromal cells to the TME [63]. 
By complexing with chemokines, including CXCL12,  HMGB1 
directs CXC chemokine receptor 4 (CXCR4)-dependent 
recruitment of leukocytes, such as regulatory T cells and myeloid-
derived suppressor cells [64]. The dual ability of the molecule 
to induce inflammation and to attract cells, rather than put it 
into a specific cellular context, makes HMGB1 a key regulator 
of  immune–tumor interactions that links tissue damage, oxidative 
stress and tumor-promoting inflammation in an evolving loop 
(Figure 2).

Chronic inflammation and tumor progression

Chronic HMGB1-induced inflammation is a  strong promoter for 
the tumorigenesis of ccRCC [65]. Long-term activation of NF-
κB and MAPK signals downstream of extracellular HMGB1, 
driving pro-tumorigenic cytokines such as  IL-6/IL-8 and VEGF 
that support angiogenesis and establish a permissive environment 
for tumor progression [66]. Persistent HMGB1  signalling further 
contributes to immunosuppression by mobilizing Tregs, M2-
polarized macrophages and other immunosuppressive cells to the 
TME and concurrently suppressing cytotoxic T lymphocyte (CTL) 
and natural killer (NK) cell functions [67]. This immune escape 
contributes to  the ccRCC pathogenesis by which tumor cells avoid 
immunorecognition.
    In chronically inflamed  microenvironments HMGB1 enhances 
carcinogenesis not only through the modulation of immune 
function but also by promoting genomic instability. ROS produced 
by inflammatory  and tumor cells cause the microenvironment 
to be pro-oxidative that may result in DNA damage, telomere 
shortening, and chromosomal instability [68]. The effects are 
further intensified by the inflammatory, tissue-remodeling positive 
feedback loop created by HMGB1, as damaged  cells secrete 
more HMGB1 and continue to drive inflammation and tissue 
remodeling. This cycle promotes both tumor progression and 
heterogeneity, and leads to  resistance to therapy and disseminated 
disease. The combinatorial impact of persistent cytokine 
signaling, oxidative damage and immune suppression emphasizes 
the prominence of  HMGB1 as an epicenter that connects 
inflammation to oncogenesis in ccRCC [69].
    Additionally,  HMGB1 signaling affects the stromal and vascular 
elements of the TME. It activates endothelial cell expression 
of adhesion  molecules, increases vascular permeability and 
stimulates angiogenic sprouting leading to a highly vascularized 
microenvironment conducive for rapid tumor expansion. 
Cancer associated fibroblasts activated by HMGB1  produce 
extracellular matrix proteins and growth factors which promote 
the growth, invasion, and metastasis of tumor cells. Therefore, 
HMGB1 is a master switch that orchestrate both cellular 
and stromal  compartments of TME to where it conscriptes 
inflammation with construction for tumor growing.
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Figure 2. HMGB1 in  the ccRCC tumor microenvironment as a damage associated molecular patterns (DAMP): signaling and immune 

modulation. Extracellular HMGB1 is a  typical DAMP in ccRCC involved in cancer-inflammation and cancer-immune escape. In its disulfide 

HMGB1  form, this DAMP binds to TLR4 and RAGE receptors with the induction of pro-inflammatory NF-κB and MAPK pathways (such 

as TNF-α, IL-6). HMGB1 forms a complex with CXCL12 to induce  immune cells recruitment through their CXCR4 in its fully reduced form. 

These processes maintain a state of chronic inflammation, support angiogenesis, draw immunosuppressive cells (Tregs, MDSCs), and foster an 

enriched environment that allows cancer to grow and  spread.
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Autophagy, apoptosis, and cell survival

Cytoplasmic HMGB1 is important to modulate autophagy, a 
crucial  survival mechanism especially under metabolic stress as 
occurs in ccRCC [70]. HMGB1 directly  interacts with Beclin-1, 
the central stimulator of autophagy that overcomes its inhibitory 
Bcl-2 binding to induce autophagosome formation [71]. This 
crosstalk can also promote the clearance of  injured organelles and 
aggregation proteins, which contributes to cellular homeostasis 
balance and anti-apoptosis. In cancer cells, HMGB1-induced 
autophagy promotes the survival of this tumor in response to 
nutrient  deprivation, hypoxia and anticancer agents [72].
    Apart from autophagy, HMGB1 also drives apoptotic pathways 
by regulating signaling pathways, such as ERK1/2, JNK  and 
PI3K/AKT. By stimulating ERK1/2 signaling, HMGB1  promotes 
proliferation and survival and suppresses pro-apoptotic pathways 
to enable ccRCC cells to resist genotoxic and metabolic stress 
[73, 74]. Cytosolic HMGB1 crosstalks with mitochondria as well, 
adjusting mitochondrial membrane potential and reactive oxygen 
species  production in favour of cell survival rather than apoptotic 
programmed cell death [75].
    The dual control  of autophagy and apoptosis by HMGB1 
illustrates an intricate strategy for cancer cells to hijack a nuclear 
protein into cytoplasmic survival apparatus [76]. In ccRCC, these 
mechanisms promote the survival  of tumor cells in a hostile 
environment, avoid immune-based elimination and resist to 
common treatments. Furthermore, the extracellular secretion of 
HMGB1 by stressed tumor cells potentiates TME reprogramming 
and inf lammatory signaling pathway activation, bridging 
intracellular survival pathways  with intercellular cross-talk. This 
dual intra- and extracellular functionality emphasizes HMGB1 as a 
critical node  in the cascade between stress response, inflammation 
and tumour advancement.

HMGB1 dysregulation in ccRCC

Aberrant expression and localization

HMGB1 is  overexpressed in ccRCC tumors compared to adjacent 
normal renal parenchyma and its expression increases significantly 
with tumor grade and stage. Immunohistochemical examination 
demonstrates increased nuclear HMGB1  accompanied by its 
considerable cytoplasmic location, indicating that HMGB1 
translocation between the nucleus and the cytoplasm is a trait of 
tumor malignancy [77]. The translocation of HMGB1 to distal 
endplates disrupts the canonical nuclear activities of HMGB1, 
such as  DNA repair, chromatin remodelling, and genomic 
stability. Mechanistically, post-translational modifications 
including methylation of lysine 112 regulate DNA binding and 
trigger cytoplasmic relocation of HMGB1, by dissociating its 
genome  defense roles from both extracellular signaling or 
intracellular downstream actions. This aberrant localization 
indicates the transition of Pol δ function from maintenance of 
nuclear genome to activation of an  oncogenic stress response [78].
Cy toplasmic and ext racel lular HMGB1 in ccRCC not 
only  promotes autophagy and survival signaling, but also 
sustains a pro-inflammatory tumor microenvironment [79, 80]. 
The degree of cytoplasmic translocation is frequently associated 
with enhanced tumor vascularization, immune cell infiltration 
and cytokine production, highlighting its role as a  pleiotropic 
oncogenic factor. Importantly, the mislocalization of HMGB1 
might additionally crosstalk with other dysregulated chromatin 
modifiers in  ccRCC, resulting in more severe transcriptional 
reprogramming and genomic instability, and thereby promoting 
both tumor aggressiveness and resistance to conventional 
treatment.

Interaction with RAGE and autophagy in ccRCC

In ccRCC, HMGB1 interacts with RAGE and then  instigates 
their downstream signaling pathways to regulate cellular survival, 
growth and autophagy [79]. HMGB1 and RAGE interaction 
induce autophagy markers namely LC3-II and Beclin-1 promoting 
autophagosome generation leading to the more efficient  clearance 
of damaged organelles, proteins. This mechanism contributes  to 
tumor cell survival in the setting of metabolic stress, hypoxia 
and cy totoxic therapies that are typical of the ccRCC 
microenvironment. By  improving autophagy, HMGB1-RAGE 
signaling allows tumor cells to survive under nutrient-deplete 
conditions and oxidative stress, which in turn empowers the cells 
and makes them develop resistance against apoptosis [81].
    HMGB1-RAGE complex can also promote important oncogenic 
pathways such as  PI3K/AKT and MAPK/ERK, which regulate 
proliferation, cellular migration and metabolic reprogramming 
besides autophagy. Indeed, induction of up-stream pathways by 
extracellular HMGB1 further increases and maintains the pro-
survival signaling which in turn leads to increased expression/
secretion of  HMGB1. HMGB1, RAGE and its downstream 
effectors interact in such a manner as to form a self-perpetuating 
network, which potentiates tumor growth, invasion, and metastasis 
of ccRCC patients with subsequent implications for  the critical 
role that HMGB1-RAGE signaling plays by not only participating 
in cellular adaptation but also driving the expansion of neoplastic 
disease.

Impact on tumor immunity and microenvironment

HMGB1 plays an important role in sculpting the tumor immune 
microenvironment (TIME) of ccRCC and  regulating the immune 
reaction and cytokine networks [82]. Extracellular HMGB1 
increases the expression of immunosuppressive cytokines, such as 
IL-10 and  TGF-β, which recruits and activates Tregs and MDSCs. 
These immunologic changes decrease the activity of CTL and NK 
cells, which permits escape from immune surveillance  by tumor 
cells [83]. By dynamically reshaping the proportion of PIMC and 
AIMC, HMGB1 established a permissive milieu associate with 
tumor survival,  immune evasion and disease advancement.
    As well as modulation of the  immune system, HMGB1 has 
effects on stromal and vascular components in the TME. Its 
signaling leads endothelial cells to up-regulate adhesion molecules 
and VEGF, eventually resulting to angiogenesis and vasculature 
remodeling, as well as fibroblasts in producing extracellular  matrix 
proteins which contribute to the invasion of tumor [84]. This multi-
layered  modulation of the TME weaves HMGB1’s inflammatory, 
autophagic and survival functions, establishing it as a master for 
ccRCC development. The immunosuppressive and pro-angiogenic 
implication of dysregulated HMGB1 supported the predictive role 
of it as well as its therapeutic  targeting in ccRCC.

Redox imbalance in ccRCC

Metabolic and hypoxic environment in ccRCC inherently 
dictates the redox status of HMGB1, favoring variants that can 
induce inflammation or  support cell survival. Extremely high 
oxidative stress and reactive oxygen species (ROS) in the  TME 
convert HMGB1 to its disulfide form, a potent activator for 
proinflammatory cytokine production through signaling by TLR4 
and RAGE [85]. This redox-triggered activation sustains chronic 
inflammation, recruits immunosuppressive cells and amplifies 
survival signaling that in turn  establishes a feedforward loop 
driving tumor growth. The disturbance of the HMGB1 redox 
status consequently influences oncogenic events suggesting that 
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regulation of its activity by reactive oxygen species is  relevant for 
cancer development.
    Oxidative stress also disrupts the nuclear  functions of HMGB1. 
The loss of affinity for DNA-binding, cytoplasmic translocation 
as well as lacking ability to participate in chromatin remodeling 
have been implicated in the generation of genomic instability 
and accumulation  of DNA damage [86]. In such ccRCC-specific 
context of enhanced extracellular signaling and impaired  nuclear 
action, these factors contribute to tumorigenesis at an increased 
rate related to promote therapy resistance and increased metastatic 
spread. Thus targeting redox-dependent function of HMGB1 
could be an attractive strategy to restore genome stability, while 
suppressing pro-tumor  inflammation.

Therapeutic and translational implications

Targeting HMGB1 redox functions

Since HMGB1’s redox status  is a major factor in determining its 
pro-inflammatory and pro-survival activities, targeting of HMGB1 
redox functions represents an attractive therapeutic strategy in 
ccRCC. Small molecule, peptide or monoclonal antibodies  can be 
developed to specifically targeting the disulfide form of HMGB1; 
thus, we may prevent chronic inflammation and tumor promoting 
cytokine signaling [78]. In addition, the  antioxidant treatments 
that can move HMGB1 to the completely oxidized form, which 
is inactive, may suppress its extracellular activity and nullify 
feedback circuits to feed the tumor environment. Preclinical 
experiments showed that chemical intervention with the redox 
state of HMGB1 can reduce tumor burden, block angiogenesis and 
increase chemosensitivity in other solid malignancies, suggesting 
a plausible translational  approach for ccRCC treatment [87]. 
Critically, these interventions  may both dampen inflammation and 
survival signals that could have a two-drug therapeutic advantage.

Inhibiting HMGB1-RAGE/TLR interactions and biomarker 
potential

Preventing HMGB1 from binding to its extracellular receptors 
(e.g.,  RAGE and TLR2/4) also is potential target for therapy [88]. 
Preclinical inhibitors including neutralizing antibodies, soluble 
RAGE decoys, or small molecule antagonists have proven effective 
for suppression of HMGB1-mediated NF-κB and  MAPK signaling 
activities, proinflammatory cytokine production, and tumor 
growth in mouse models [89]. In ccRCC, inhibition would disrupt 
the HMGB1-induced pro-tumor environment as well  as decrease 
immunosuppressive signaling and render tumour resistance to 
either standard or targeted therapies [90].
    Concurrently, HMGB1 has the  potential as a translational 
biomarker. HMGB1 serum concentration, along with patterns 
of redox forms, might serve as predicted information about the 
disease course and tumor mass size or responsiveness to treatment, 
including immune checkpoint inhibitors or anti-angiogenic 
therapies [91]. Quantitative analysis of longitudinal plasma 
HMGB1 concentrations might inform individual  therapeutic 
approaches, and examination of the presence and posttranslational 
modification status of HMGB1 in tumor tissues offers possible 
perspectives on tumor aggressiveness and resistance to treatment 
[42]. Therapeutic intervention in combination with biomarker-
based patient stratification is likely to comprise an integrated 
program that are hard to be walked  away from ccRCC patients for 
better outcome.

Conclusion

HMGB1 provides an example of the dual and context-specific 

role for nonhistone chromatin proteins  in cancer biology. In the 
nucleus, HMGB1 is essential for maintaining the integrity of  the 
genome, promoting chromatin reconstruction and coordination 
DNA repair and telomere stability. These nuclear functions 
function as tumor-suppressive  processes in a normal setting. 
Somewhere along ccRCC development, alterations at the level 
of HMGB1 expression and/or posttranslational modifications, 
including lysine  methylation or acetylation and cytoplasmic 
mislocalization disrupt their helpful effects to reprogram HMGB1 
towards oncogenic activities. Aberrant HMGB1 enhances  the 
likelihood of cancer through many factors; it produces genomic 
instability and increases resistance to apoptosis, aiding survival in 
the metabolic and oxidative stress environment found in ccRCC 
tumors.
    Outside the nucleus, extracellular HMGB1 serves as a 
potent  damage-associated molecular pattern (DAMP) by 
regulating redox-sensitive inflammation, immune cell recruitment 
and cytokine networks. Especially the disulfide form of HMGB1 
increases potentiation of pro-inflammatory signaling through 
TLRs and RAGE in chronic inf lammation, recruitment of 
immunosuppressive cells,  and angiogenesis. Furthermore, 
cytoplasmic HMGB1 promotes autophagy by binding directly to 
Beclin-1 and other ATG-related proteins thus promoting tumor 
cell adaptation in the context of  nutrient deprivation, hypoxia, and 
therapeutic stress. Altogether, these pleiotropic roles place HMGB1 
at the center of a network that connects genome instability with 
inflammation, autophagy and immune  evasion in ccRCC.
    From a therapeutic point of view, blocking HMGB1 seems an 
attractive strategy to breakdown  these circuits. Reactive oxygen 
species (ROS)-scavenging agents, receptor-targeting  antibodies 
and the blockade of HMGB1-mediated autophagy are appealing 
ways to reduce inflammation, genome instability as well as 
sensitize cancer cells to therapy. Furthermore,  the location of 
HMGB1 molecule in vivo, its posttranslational modification, 
and its oxidized forms can be used as biomarkers for prognosis 
of disease progression or responsiveness to therapy that may 
further lead to personalized treatment. In conclusion, investigation 
of molecular details of dysregulated HMGB1 in ccRCC offers 
valuable insights into tumor biology and highlights  new 
therapeutic prospects to benefit patients.
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