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Abstract: Tumors are a heterogeneous group of cell masses originating in various organs or tis-
sues. The cellular composition of the tumor cell mass interacts in an intricate manner, influenced
by humoral, genetic, molecular, and tumor microenvironment cues that dictate tumor growth or
suppression. As a result, tumors undergo a period of a dormant state before their clinically discernible
stage, which surpasses the clinical dormancy threshold. Moreover, as a genetically imprinted strategy,
early-seeder cells, a distinct population of tumor cells, break off to dock nearby or extravasate into
blood vessels to secondary tissues, where they form disseminated solitary dormant tumor cells
with reversible capacity. Among the various mechanisms underlying the dormant tumor mass and
dormant tumor cell formation, heat shock proteins (HSPs) might play one of the most important roles
in how the dormancy program plays out. It is known that numerous aberrant cellular processes, such
as malignant transformation, cancer cell stemness, tumor invasion, metastasis, angiogenesis, and
signaling pathway maintenance, are influenced by the HSPs. An accumulating body of knowledge
suggests that HSPs may be involved in the angiogenic switch, immune editing, and extracellular
matrix (ECM) remodeling cascades, crucial genetically imprinted strategies important to the tumor
dormancy initiation and dormancy maintenance program. In this review, we highlight the biological
events that orchestrate the dormancy state and the body of work that has been conducted on the
dynamics of HSPs in a tumor mass, as well as tumor cell dormancy and reactivation. Additionally,
we propose a conceptual framework that could possibly underlie dormant tumor reactivation in
metastatic relapse.

Keywords: dormant tumor; dormant tumor cell reactivation; dormant tumor cell; extracellular matrix;
tumor microenvironment; heat shock proteins

1. Introduction

Tumors are a heterogeneous group of cell masses that arise in various organs or tissues,
including the central nervous system [1,2]. These abnormal, heterogeneous cellular masses
are composed of tumor cells, stromal cells, and immune cells that interact in an intricate
manner and are modulated via the fluctuations in humoral, genetic, molecular, and tumor
microenvironment cues that influence tumor growth or suppression.

Mounting evidence supports that, to this end, prior to the development of clinical
symptomatology, primary tumor masses undergo a dormant state of balanced cell death
and proliferation to maintain tumor size, events that are influenced by angiogenic and
immune cascades [3]. Here, there is evolving crosstalk of pro-angiogenic and antiangiogenic
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factors that causes hypoxia in different parts of the tumor mass, drawing into play the
unfolded protein response system, as well as a countering equilibrium between immune
reactive and suppressive factors. Simultaneously, as a genetically imprinted strategy and
evolutionarily conserved mechanism, early-seeder cells separate from the primary tumor
site in the early stages of tumor development to dock nearby and/or enter blood circulation,
where they are carried to distant organs and tissues as circulating tumor cells (CTCs). CTCs
may survive the conditions in their new microenvironment, where they form what has
become known as dormant tumor cells (DTCs). Characteristically, these dormant, solitary
tumor cells are described by the hallmarks of proliferative reversibility, cell cycle arrest,
resistance to radiochemotherapy, dependency on niche characteristics, a capability for
metastatic relapse, and immune evasion [4]. As a result of their proliferative reversibility,
dormant tumor cells can become reactivated at a later stage in the course of the tumor,
constituting the residual disease seen in metastatic relapse [4].

Among the various mechanisms of dormant cell formation, heat shock proteins (HSPs)
might play one of the most important roles. HSPs are a family (including small HSPs,
HSP40/DNAJ, HSP60, HSP70, HSP90, and large HSPs) of highly conserved and ubiquitous
proteins in both eukaryotic and prokaryotic organisms that are involved in the folding and
unfolding of proteins and polypeptides (i.e., proteostasis), protein complex assembly, and
cell protection from stresses (e.g., hypoxia, low pH, oxidative stress, ionizing radiation,
etc.) [5]. It is not surprising, given the protective role of proteins, that HSP expression is
significantly increased in many tumor types and correlates with the resistance of cancer cells
to treatment methods, including radiochemotherapy [6–10]. It is worth noting that HSPs
are also directly involved in many other mechanisms of tumorigenesis, such as invasion
and metastasis, angiogenesis, EMT transition, the maintenance of signaling pathways, and
other processes [11–13]. However, the role of chaperones in maintaining the dormant state
of cancer cells is currently only beginning to be studied.

Globally, an incidence of 19.3 million tumor cases and a mortality rate of almost
10 million cases were reported in 2020 [14]. In 2024, 2,001,140 new cancer cases and
611,720 cancer deaths are projected to occur in the United States [15]. Even though the
cases of tumors continue to rise globally, the dynamics of tumor dormancy and reactivation,
a key factor accounting for tumor relapse, are poorly understood, particularly in brain
tumors like glioblastomas that show a high relapse rate. In this review, we highlight the
influence of HSPs on tumor dormancy initiation and reactivation, with special attention
to brain tumors. Also, we propose a conceptual framework that possibly accounts for
dormant tumor reactivation cascades, as reported clinically.

2. Concept and Biology of Tumor Dormancy
2.1. Concept

Tumor dormancy is an intricate process involving cellular, humoral, and molecular
signals and tumor microenvironment interactions. It can be classified into tumor mass
dormancy and cellular dormancy. Tumor mass dormancy represents a period of stagnation
in tumor growth depicted by the balanced and synchronous tumor cell division and death
in the micrometastases, which translates into a clinically indiscernible stage. The tumor
mass steady-state is posited to arise from angiogenic and immune-mediated cascades [16],
a state that is modulated in part by the dynamics of hypoxia, tumor microenvironment,
autophagy, and genetic and epigenetic factors.

Tumor cell dormancy, on the other hand, refers to solitary tumor cells that exhibit
reversibility into active proliferation after a period of growth cycle arrest (G0-to-G1 in the
cell cycle). Dormant tumor cells arise from DTCs of extravasated early-seeder circulat-
ing tumor cells (CTCs). Apart from their growth reversibility capacity, dormant tumor
cells have a decreased metabolic state and an altered chromatin and epigenetic structure
at the molecular and sub-molecular levels, which facilitates their prolonged period of
dormancy [17–19].
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Equally crucial for the maintenance and sustenance of the dormant tumor cell’s ex-
tended period of dormancy is its niche. The niche in which the DTC cells are found is
maintained through Wnt/Notch signaling [20], TGFβ [21], mitogen and stress-activated ki-
nase 1 (MSK1) [22], Hedgehog proteins [23], and the bone morphogenetic protein (BMP) [24]
pathways, a majority of which converge on the mammalian target of rapamycin (mTOR),
mitogen-activated protein kinase (MAPK)/extracellular regulatory kinase (ERK), and the
p38 effector molecules [4,25]. To maintain the cell dormancy program, small GTPase Cdc42
has been linked, as reported by Aguirre-Ghiso et al., to upregulating p38 signaling and
instigating growth arrest [26].

However, while dormant cells possess reversibility capability following long periods
of dormancy, the capacity of senescent cells to exhibit the same remains an open discussion.
Recently, Prunier et al. demonstrated that dormant breast cancer cells and not senescent
cells depict growth reversibility after growth arrest with a tetraploid genome (G1-arrested
tetraploids, 4NG1) that protects the cell from undergoing aneuploid changes [27]. While the
phenotypical, genetic, and epigenetic signature of senescent cells is not well defined, and
the possibility of their reversibility into active proliferation is debated, the tetraploid pre-
sentation of dormant cells opens a whole new chapter for further discourse and consensus.

2.2. Biology of Tumor Dormancy

The dynamics of the tumor growth and cell dormancy landscape are a plethora of
survival strategies: strategize and survive or relent and go extinct. To do this, tumor
cells undergo molecular and genetic remodeling events that are crucial for survival in
an unfriendly environment. Among these events are genetic and epigenetic changes, the
remodeling of the tumor microenvironment, hypoxia, autophagy, immune editing, and
angiogenesis to control and sustain the dormancy program. A concise summary of the
biology of tumors and tumor cell dormancy is presented in Figure 1. In this section, we
look at these developments and how they influence the dormancy process.

2.2.1. Genetics and Epigenetics

Genetic and epigenetic events in the dormant tumor cell are pivotal regulators of
the tumor dormancy program. Epigenetic and genetic events are intrinsic and extrinsic
cellular responses that manifest in the upregulation and downregulation of genes, as
reflected in the phenotypic plasticity of tumor dormancy across the flow of biological
information: transcriptional, posttranscriptional, translational, and posttranslational stages.
The execution of this program ensures precise control of the tumor dormancy program
with proliferative reversibility as an indispensable core.

Hypoxia, a trait common to most tumors, plays a significant role in the setting of the
tumor microenvironment tumor cells for inducing the expression of hypoxia and hypoxia-
associated genes, some of which support tumor dormancy. Here, it has been observed that
the TET1 and TET3 genes are upregulated in response to hypoxia [28]. In their study, Wu
et al. highlighted the induction of stem-like traits in breast cancer cells through a putative
HIF-α binding site in the promoter regions of the TET1 and TET3 genes [28]. These genetic
regulation and expression events are associated with hypoxia factor HIF-α expression,
which subsequently enhances TNF-α-driven p38-MAPK signaling and regulation to control
cancer progression via the prior activation of the TET genes. The dynamics of these genetic
expressions are a common feature reported in both breast and prostate malignancies.

Similarly, in a study by Sun et al., the authors observed that the chromatin-remodeler,
high-mobility group AT-hook 2 (HMGA2) knockdown in breast cancer cells induced
TET1 gene expression. Subsequent to TET1 gene expression, TET1 auto-demethylates its
promoter and, subsequently, the demethylation of the promoter of homeobox A (HOXA)
genes, HOXA7 and HOXA9, culminating in the effect from the TET1, HOXA7, and HOXA9
genes suppressing breast cancer invasion and metastasis [29]. Consequently, HOXA9
expression enhances H3K4me3 demethylation, which culminates in the stemness of breast
cancer cells by suppressing cellular differentiation [30]. The ultimate development of the
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stemness and reduced cellular invasion of breast cancer cells post the hypoxic conditions is
further maintained via the expression of tissue inhibitors of the metalloproteinases (TIMP)
family proteins 2 and 3 to sustain the dormancy features [31].
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Other genes involved in the regulation of dormancy include the following: KISS1 [32],
KAI1/CD82 [33], MKK4/7 [34,35], and NME/AKAP12 [36,37]. For example, KISS1 interferes
with cell migration and invasion by shifting the dormant cell’s metabolism from glucose
and lipid metabolism to oxidative phosphorylation and β-oxidation [38]. Similarly, the
T-box transcription factor-2 (TBX2) has been shown to bind and repress the p21WAFI cyclin-
dependent kinase inhibitor gene promoter to arrest cell growth [39]. Also, AKAP12, via
the STAT3 and protein kinase C pathways, suppresses cancer cell colony and spheroid
formation while maintaining stem cell-like phenotypes [40].

In a tissue-specific manner, the mitogen-activated protein kinase kinase 4/7 (MKK4/7)
regulates tumor cell dormancy in metastatic DTCs, primarily through the mitogen-activated
pathogen kinase (MAPK) pathways, the c-Jun N-terminal kinase (JNK)-mediated pathway in
prostate cancers [34], and the p38 pathway in ovarian cancer cells via cyclin D1 inhibition
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and MAPKAPK2 and p53 upregulation [41]. Additionally, MKK4 can activate p21 to drive
CDK inhibition and retinoblastoma (RB) phosphorylation to arrest the cell cycle [42].

Furthermore, the mitogen and stress-activated protein kinase-1 (MSK1/MAPK1), a key
player in tumor dormancy, is instrumental in regulating dormant cell stemness [19,22]. The
MSK1 regulation of tumor dormancy via p38 is associated with the basic helix-loop-helix
family member e41 (BHLHE41/DEC2) [43], the orphan nuclear receptor 1 (NR2F1) [44,45],
BHLHB3 and p53 [46], and the downregulation of c-Jun and forkhead box protein M1
(FoxM1) [46] through p21 and p27 induction to tighten the inhibition of the cyclin-CDK
complex [47]. Also, epigenetic factors like histone H3 methylation and H3K4, H3K9,
H3K27, and NR2F1-induced global chromatin-structure repression compact and maintain
chromatin integrity during dormancy [48,49].

Coupled with the aforementioned procesess, cell survival genes like HSPA5, DDIT3,
and RPS6KB1 are upregulated in an autophagy-mediated mechanism [50], while the central
nervous system presents a distinct genetic picture with EphA5, IGFBP5, and H2BK gene
upregulation [45]. This variance in the genetic and epigenetic landscape could possibly
account for the characteristic non-metastatic nature of most central nervous system tumors.

Epigenetic modifications like DNA methylation are crucial for eukaryotic genome
regulation [51], and this is no different in dormant tumor cells but in a different dimension.
Such modifications manifest as hyper- and hypomethylation processes, which result in
diverse regulatory patterns of gene expression. For instance, DNA methyltransferase
1 (DNMT1) maintains tumor cell dormancy and stemness by blocking the G1/S phase
transition signaling network [46]. The orphan nuclear receptor (NR2F1) regulates tumor
cell dormancy in head and neck squamous cell carcinoma (HNSCC) by coordinating the
hypermethylation of H3 histone proteins (H3K27, H3K9, and H3K4), bounded to SOX9,
RARβ, and CDK inhibitors to inhibit cell proliferation [48]. Additionally, the NR2F1 gene
also induces chromatin repression, which results in the suppression of the pluripotency
gene NANOG; blocking NR2F1 reverses this process, consequently.

Genome-wide hypomethylation, primarily in gene-coding regions and satellite re-
peats, leads to chromosomal rearrangement and mitotic recombination, causing significant
genomic instability that promotes phenotypic heterogeneity, as seen in tumors [52]. Fur-
thermore, microRNAs (miR) are potent dormancy epigenetic players in what has become
known as dormancy-associated miR (DmiR). For instance, miR-34a, miR-93, and miR-200c
are epigenetic regulators of osteosarcoma dormancy; however, their loss is linked to an-
giogenic and proliferative switches driving metastatic relapses [53]. Also, DmiRs miR-190,
miR-580, and miR-588 promote dormancy switching and transcriptome regulation in an-
giogenic glioblastomas and osteosarcomas by downregulating pro-angiogenic factors and
promoting anti-angiogenesis [54].

In the same vein, DmiR has been implicated in regulating tumor dormancy by regulating
HSPs like the DmiR miR-340-5p, which suppresses hepatocellular carcinoma growth by block-
ing the cyclic AMP-dependent transcription factor-7 (ATF7), a target of the HSP HSPA1B that
induces cellular proliferation [55,56]. Also, the DmiR miR202 induces esophageal squamous
cell carcinoma (ESCC) dormancy by regulating heat shock transcription factor 2 (HSF2) and
its target gene, HSP70, hence suppressing ESCC in a dormancy state, and vice versa [57].
miR202 inhibits HSF2 by targeting the HSF2 mRNA in the 3′UTR to induce apoptosis
through caspase-3 activation. However, HSF2/HSP70 upregulation inhibits miRNA to
promote cell survival in a dormancy-like manner.

Given the functions of cyclins CDKs, and CDKIs, it is essential for proper cell cycle
and growth that their corresponding genes are correctly regulated. Thus, genes that
promote dormancy, such as the CDKIs, have acetylated histones and phosphorylated
genes for constitutive expression, while proliferation-inducing genes, such as cyclins, are
methylated [58]. Also, in breast cancer, hypermethylation of the WNT ligand prevents
Hedgehog pathway activation, downregulating the DKK3 promoter and inhibiting GSK3β
from degrading β-catenin [59]. The effects of these genes and epigenetic forces suppress
tumor growth and metastasis.
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However, as demonstrated via metastatic relapses, a much stronger force can subvert
these genetic and epigenetic circuitry networks, overturning the dormancy program to
ignite proliferation pipelines. Not to be overlooked is the role played by the tumor mi-
croenvironment in the reconfiguration cascades of tumor dormancy, which reorganize the
genetic and epigenetic mechanisms that force tumor dormancy into active proliferation.

2.2.2. Dormant Tumor Microenvironment

The cell microenvironment plays a crucial role in cellular fate and behavior [60], with tu-
mor cell–ECM and tumor cell–stromal interactions determining progress or regression [61,62].
To corroborate tumor development, a supportive microenvironment is vital through mi-
croenvironment remodeling [63]. The possibility is that these developments ride on the
ECM’s plasticity to precisely direct ligands to cell receptors in order to influence timely
tumor progression or regressive modes.

To accomplish this, tumor cells contribute to ECM landscaping by secreting con-
stituents that corroborate their behavior and tumor establishment. Hence, dormancy-
promoting ECM biomolecules released in the dormant tumor cell’s microenvironment
direct p38 pathway activation in the early-stage tumor cell–ECM crosstalk [4,64], increas-
ing INK4 and Cip/Kip family proteins, CDKIs, and E2F transcriptional inhibition via the
MAPK/TGFb2 pathway to inhibit CDK4/6 and Cyclin-CDK complexes to arrest tumor
cells in the G0-G1 phase [58].

The survival and sustenance of dormant tumor cells depend on maintaining their
ECM composition. Other factors, such as metastatic niches, hypoxic microenvironments,
and endoplasmic reticulum stress, also play a role [65,66]. Undeniably, cell–ECM interac-
tions, cell–cell communications, and secreted factors, such as interferon [67], are crucial
for dormancy.

Also, a great deal of evidence suggests that dormant cells adhere loosely to the
extracellular matrix (ECM) [64,68–70], leading to low E-Cadherin and uPAR levels [71,72].
In a study by Correa et al., it was observed that floating spheroids from ovarian cancer
patients expressed high levels of p130, an Rb-like protein, and a characteristic low
ERK/p38 ratio that promoted dormancy due to the loss of the cell–ECM interactions [73].
This sustains and promotes dormancy, allowing mutational events that promote drug-
resistant phenotypes. For instance, dormant lung cancer cells exhibit drug-resistant
phenotypes with a characteristic inhibition of the ERK1/2 and Akt pathways that explain
the downregulation of tumor progression and invasion genes (uPA, uPAR, MMP2, MMP7,
MMP9, and CXCR4) [74].

Moreover, ECM remodeling alters the ligand and architectural structure, leading
to nanomechanical changes. For example, β1-integrin suppression in breast cancer pro-
motes dormancy by inhibiting actin stress fiber formation [21]. Further, HNSCC exhibits
increased type III collagen levels that modulate the tumor cell dormancy cascades by
inhibiting DDR1-mediated STAT1 signaling [65,75]. Resultantly, these changes alter
ECM stiffness, with soft ECM supporting dormancy and stiff ECM promoting prolifera-
tion [76–79]. Recent advances in decellularized matrices and bioengineered 3D matrices
show reduced adhesivity and degradability for dormancy and survival, while increased
adhesivity and less degradability increase cell predisposition for cellular reactivation,
proliferation, and invasion [80–83].

Typically, the dormant tumor milieu is known for its acidic microenvironment due
to uneven blood and lymphatic fluid distribution, which redirects cellular metabolic
pathways to aerobic glycolysis with an increase in lactic acid [84,85] and the inhibition
of the Raf /ERK/mTORC1 pathway [86,87]. It also promotes stemness and stem-like
cell markers in glioma cells in an HIF-2α-dependent, angiogenic-factor manner [88].
However, some reports have demonstrated differing observations of tumor proliferation
and invasion, rather than the dormancy-promoting effect of tumor microenvironment
acidosis [89,90].
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Specific microenvironments require different signaling and dormancy induction sys-
tems. For example, by binding to annexin II within hematopoietic stem cell niches, which
is triggered via osteoblast-derived growth arrest-specific 6 (GAS6), disseminated prostate
cancer cells upregulate Axl receptors and TGF-β receptors, a process that is linked to cel-
lular dormancy [91]. Remarkably, sprouting neovasculature tip niches show differential
expression of the anti-angiogenic factors TGF-β1 and periostin that promote tumor growth
in bone marrow and lung cancers, in contrast to thrombospondin-1 (TSP-1) expression in
the mature lung and bone marrow microvascular niches that supports dormancy through
its anti-angiogenic capacity [92]. The dynamism of the intratissue growth and dormancy
differences draws a sharp contrast to how the varied ligand composition of the ECM milieu
plays out in the dormancy program.

Interestingly, the ECM biomolecular composition of dormant tumor cells and stem
cells varies. Collagen IV and VI are crucial in dormant hematopoietic and muscle stem cell
microenvironments [93], while neural stem cells in the brain’s subventricular zone are main-
tained in a niche rich in laminin, collagen, nidogen, and proteoglycan [94]. Speculatively,
the key distinction between physiological stem cells and CSC lies in the derivation of tumor
cells and tissues from CSC and the physiological stem cells’ ability to regenerate the hierar-
chical tiers of biological systems, but they both present a seemingly comparable ecosystem.

Also, the poorly vascularized tumor microenvironment creates a favorable haven
that shields DTCs from therapy [95] and promotes immune editing and angiogenic
dormancy processes.

2.2.3. Angiogenesis

Angiogenesis is a tightly regulated and crucial process for optimal brain physiology.
However, as a result of pathological angiogenesis that exploits the dysregulation of
angiogenic and anti-angiogenic factors, brain tumors upregulate blood vessel formation
for excessive tumor growth and progression [78], a rate-limiting step in the tumor
growth program [96]. But solid tumors like brain tumors depict vessel abnormalities
with disordered growth and distribution patterns [82,83,97,98]. Thus, equilibrium in
the proliferation of tumor cells in vessel-enriched regions and cell deaths in vessel-
deprived regions create tumor dormancy, as seen in some preclinical studies [99–101].
Dormant brain tumors like GBMs secrete high levels of thrombospondin, angiomotin,
and insulin-like growth factor-binding protein 5 (IGFBP5) against a background of low
endothelial-specific marker 1 (ESM1) and epithelial growth factor receptor (EGFR) to
induce and sustain the tumor mass dormancy program [97,102] in a thrombospondin-
mediated PI3K pathway [98,103].

The angiogenic process is ECM remodeling-dependent, potentiating the sprouting of
activated endothelial cells into the perivascular niche. Resultantly, the angiogenic-mediated
ECM remodeling actively restructures the perivascular niche stromal cell constitution
that responds by releasing immune-modulating molecules. Hence, the tumor angiogenic
dormancy process stimulates heightened endothelial, tumor cell, and stromal immune
crosstalk requisite for driving immune dormancy. In this light, growing literature shows
that the ECM components [101,102,104–106] influence a proinflammatory or immune
suppressive response that influences tumor dormancy and the reactivation of dormant
tumor cells.

2.2.4. Immune Editing

Immune surveillance, a conserved evolutionary measure through innate and adaptive
immunity, ensures checks and balances by interacting with tissues and cells to eliminate
infected and abnormal cells. In that regard, tumor cells, as expected, are to be eliminated
via the immune system. But, through immunoediting, stepwise crosstalk between the
immune cells and tumors stimulates tumor immunogenicity mechanisms keen for tumor
elimination, equilibrium, and/or escape [103,107]. Hence, the immunoediting cascades



Cells 2024, 13, 1087 8 of 35

explain the possibility of dormancy and the aggressive recurrence of tumors in metastatic
relapse despite the presence of a competent immune system.

Generally, the CD8+ cytotoxic T cells (CTL) and the CD4+ helper T1 (Th1) cells elimi-
nate tumor cells via an interferon-γ (IFN-γ) and cytotoxin-mediated mechanism [105,108].
But early-stage T cell-mediated immunosurveillance instructions lead to increased c-Myc
expression via a non-canonical IFN-γ-STAT3 pathway that reengineers the bioenergetic
program of tumor cells towards immune escape [106,109]. In the brain TME, astrocytes, and
tumor-associated macrophages (TAMs) type 2 (M2) produce IL-10 and transforming growth
factor β (TGF-β), which inhibit the effector roles of TAM type 1 (M1) and CTL [110,111].
Specifically, gliomas produce indolamine 2,3-dioxygenase (IDO) that depletes tryptophan
to shore up regulatory T cell (Tregs) levels while inhibiting CTL in the tumor milieu [112].
Note that the levels of amino acids are tightly regulated in the brain [107,112,113], and the
high arginase levels produced via the M2 [110], microglia, and tumor-infiltrating myeloid
cells counter T cell proliferation and their proper function [107,114].

Conversely, for the adult brain’s immune program, the transition from childhood
through adolescence to adulthood is an immunosuppressive to an immunoresponsive
shift [108]. Therefore, the immune dormancy landscape in pediatric brain tumors is rela-
tively dissimilar from that of adult tumors. Thus, this area requires extensive inquisition
to understand the subtle details. Even so, a study by Sandén et al. has shown that medul-
loblastomas present a unique blood humoral profile. That is, high vascular endothelial
growth factor A (VEGFA) and IL-7 and low IL-17A and TNF-β [109] could modulate immune
dormancy and relapse.

Inherent to the metastatic relapse are additional mutations in the already unstable
chromosomal structure of the dormant tumor cells that support immunoediting escape. Cor-
roboratively, adult tumor cells portray extensive somatic mutations, while pediatric tumors
accumulate a low mutational burden [26,87,113,114] but high epigenetic changes [111,115].
Molecular events that are driven by the preference for the error-prone, non-homologous
repair system over homologous recombination cause genomic instability and mutational
transformations [116,117].

These accumulated mutations in dormant tumor cells generate heterogeneous clones
that evade immune surveillance. By extension, the increase in the tumor cells’ bioen-
ergetics will cross the clinical threshold through mechanisms that are hastened due to
mutational transformation.

2.2.5. Hypoxia and Metabolic Dynamics

Most tumors are ladened with cellular hyperproliferation with poor vasculariza-
tion that cause hypoxia. The physiological response is the induction of hypoxia-related
genes (hypoxia-induced factor (HIF) and glucose transporter 1 (GLUT1)) and dormancy-
modulating genes such as NR2F1, the basic helix–loop–helix family member e41 (DEC2),
and the cyclic-dependent kinase inhibitor (p27) [118,119]. HIF is a heterodimer composed of
two subunits: the cytoplasmic HIF1-α subunit translocates to bind the nuclear HIF1-β sub-
unit to activate the hypoxia response element for hypoxia response gene transcription [120].
Notable are the pro-angiogenic factors vascular endothelial growth factor (VEGF) and fi-
broblast growth factor (FGF) that inhibit thrombospondin1 [121] and stimulate endothelial
proliferation, leading to vascularization. The vascularization program sprouts tumor cell
proliferation in the tumor mass.

However, the compressive and stiff tumor microenvironment disorganizes the
vascularization process, resulting in the formation of leaky, dilated, and snaky blood
vessels with a non-equidistant blood supply [122], causing unbalanced tumor cell
growth and death, as seen in tumor mass dormancy. Juxtaposed to the DTCs in the
metastatic niche, there is reversibility in the hypoxia-related gene expression that creates
a low-oxygen milieu to promote chromosomal instability [119,123] while still maintain-
ing dormancy, a phenomenon that supports the formation of the dormant tumor cell
phenotypes [124,125].
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Notably, Bragado et al. demonstrated that hypoxia induces p38 signaling, which acts
in conjunction with NR2F1 and downstream TGF-β2 signaling to influence the ERK/p38
ratio in HNSCC to enforce the dormancy program [21] in a loop feedback system. The
dynamics of this process, together with the reversibility of hypoxia-related pro-angiogenic
gene expression, could contribute to the switch between a dormant cell or a proliferation-
inducing system that can be explored via DTC in metastatic relapse later in the course of
tumor growth, as exemplified in bone marrow metastatic breast cancer cells [126].

Notwithstanding the effect of hypoxia on the expression of pro-angiogenic genes
and, ultimately, the induction of cell proliferation and the attendant metastatic relapse,
the dormant tumor cell resorts to other strategies. DTC cells in the metastatic niche are
known for their characteristic reduced metabolic state, a scenario that supports reduced
metabolic activity in slow growth and growth arrest [127,128]. In relation to the altered
cellular metabolism that is orchestrated by unfavorable metastatic microenvironment
conditions, there is a shift towards oxidative phosphorylation, reactive oxygen species
scavenging, and autophagy with reduced dependence on glucose metabolism [129,130].
Responsible for the modulation of the oxidative phosphorylation picture in dormant
tumor cells is adenosine monophosphate-activated protein kinase (AMPK), driven by
fatty acid oxidation in the mitochondria, a pathway that promotes anti-oxidative stress
and, when inhibited, results in residual tumor elimination in preclinical studies [131].
The downstream effect of AMPK in sustaining the tumor cell dormancy program is the
repression of the mTOR pathway [132].

Similarly, CSCs in solid tumors or DTCs with stem-like characteristics utilize oxidative
phosphorylation [133], together with fermentative glycolysis [134]. The expression of
glycerol-3-phosphate dehydrogenase 1 (GPD1) and the B-cell lymphoma 2 gene (BCL-2) is
frequently observed in leukemia [135] and brain tumor cells [136–138] that are in a dormant
state. These genes are involved in an effective oxidative phosphorylation program.

Aside from the oxidative phosphorylation pathway that sustains dormancy, dormant
tumor cells also divert their metabolic intermediates towards glycerol and phospholipid
metabolism [137,138] while also drawing in HSPs (autophagy) to ensure the prudent control
and utilization of their scarce resources in a program whose end is not certain [139,140].

2.2.6. Role of Autophagy

Autophagy is an evolutionarily conserved system that fosters homeostasis by causing
the orderly recycling and degradation of cellular constituents. Cellular components to be
recycled or degraded are transported as cargo in vesicles. Therefore, the autophagy system
is divided into four categories, based on how cargo is delivered to lysosomes: macroau-
tophagy, microautophagy, crinophagy, and chaperone-mediated autophagy [141,142].

The impact of autophagy on tumor establishment is tumor- and autophagy gene-
specific. Notably, the autophagy pathway Becn1 gene expression and the Atg family protein
Atg7 knockdown cause solely lung, liver, and lymphatic tissue tumor formation [143]
and liver tumors [144], respectively, to depict organ- and tissue-specific effects of the
autophagy system.

Moreover, the differential expression of the 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 (Pfkfb3) gene correlates with the induction of breast cancer stem cells’
(BCSCs) renewal, which fosters an aggressive breast cancer metastatic relapse, while its
downregulation causes breast cancer dormancy. What is more, the targeted knockout
of the Atg family proteins Atg3, Atg7, or p6/sequestosome-1 disrupts the autophagy
system, which regulates the Pfkfb3 gene, leading to the reactivation of dormant BCSC
relapse [145]. Thus, Pfkfb3 gene expression and the induction of the autophagy system
are inversely related in expression, the dynamics of which are exploited in the tumor cell
dormancy program. Further, Lu and colleagues remarked on the role of the Aplasia Ras
Homolog member 1 (ARHI) in tumor dormancy [146]. As a result of ARHI re-expression in
ovarian cancers, there was inhibition of the PI3K/AKT/mTOR pathway, which led to Atg4
upregulation and its colocalization with cleaved microtubule-associated protein light chain
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3 (LC3) in autophagosomes, allowing ovarian cancer cells to remain dormant. But ARHI
downregulation in xenografts resulted in rapid tumor outgrowth and invasion, further
underscoring the role of autophagy in tumor dormancy.

Similarly, the tumor suppressor gene p53, a master regulator of crucial cellular
activities, is also implicated in the modulation of the autophagy system. In physiological
states, p53 represses autophagy [147]. But, in stress-induced states, a host of genes,
including the p53-activated 5’-AMP-activated protein kinase subunit beta-1 (PRKAB1)
and the damage-regulated autophagy modulator-1 (DRAM1), activate the autophagy
pathways [148,149]. In a preclinical study, it was noted that the Atg7 autophagy gene
suppresses oxidative stress and p53 activator Nutlin-3-mediated apoptosis while simul-
taneously delaying the onset of neurodegenerative diseases [150]. Deductively, the
diversity in the autophagy system during stress inducts the chaperone-mediated au-
tophagy system upon autophagy loss in response to the increased unfolded proteins to
confer cytoprotective roles in stress states.

Through the selective degradation and repair of vital proteins, the chaperone-mediated
autophagy (CMA) system helps stressed and nutrient-starved cells make the most use of
their limited resources. Paradoxically, CMA appears to play an indirect role in the tumor
dormancy regulation cascades. To illustrate, Han et al. demonstrated in their study [151]
that CMA downregulation via the lysosomal protein LAMP2A knockdown in mainly
metastatic carcinomas causes tumor mass dormancy both in vitro and in vivo by upreg-
ulating the Atg5-dependent macroautophagy pathway. Nonetheless, CMA upregulation
promoted tumor growth and metastasis. Contrary to its passive role in tumor dormancy,
CMA activity is pivotal in hematopoietic stem cells’ function and survival. As a result,
CMA impairment disrupts proper protein quality control coordination and the requisite
metabolic requirements for appropriate hematopoietic stem cell quiescence and metabolic
function [152].

Intriguingly, CMA can also inhibit the malignant transformation of normal cells,
specifically by regulating the quality control process of DNA repair. Here, following a
genotoxic event, CMA acts by concurrently degrading the cell cycle checkpoint kinase 1
(ChK1) and stabilizing the Mre11-Rad50-Nbs1 (MRN) complex, hence ensuring DNA repair
and the optimal progress of cell cycle events [153]. Correspondingly, given the versatile
and multitasking role and regulation of the MYC gene and its gene products in cell-cycle
regulation [154,155] and neoplastic transformation [154], it has drawn keen research in-
terest. In this regard, Gomes et al. reported the role of the CMA system in orchestrating
the ubiquitination and degradation of cellular MYC levels in fibroblasts because MYC
contains two KFERQ-like motifs, respectively 267VEKRQ271 and 361VLERQ365 [156]. The
regulation of cellular MYC levels occurs via the dephosphorylation of MYC at its Ser62,
a process that is mediated by CMA indirectly via protein phosphatase 2 (PPP2A/PP2A)
(CIP2A)-dependent inhibition to avert cancerous transformation in fibroblasts. Correspond-
ingly, the inhibition of CMA led to an increase in cellular levels of MYC [156]. In support
of the role of CIP2A in the MYC promotion of cancerous transformation, Puustinen and
Jӓӓttela reported CIP2A as an oncoprotein that promotes MYC- and MTORC1-mediated
cancer transformation by inhibiting the autophagy pathway [157].

Although autophagy, as reported here, supports a dormancy-like effect, it has a
dual role, which is implicated in the promotion of cancerous transformations and tumor
progression, as reported in other studies [158–162] and reviewed here [163].

Accordingly, tumor cell dormancy, as it is extensively studied in breast and bone
malignancies, highlights the indisputable influence of the molecular components and
characteristics of the niche ECM in regulating cell fate and behavior. But the characteristic
dormant tumor cell niche of biophysical, biomechanical, and chaperone-mediated dynamics
remains to be fully characterized and understood, particularly in tumors of the central
nervous system. Furthermore, when considering the intensified demand for proteostasis,
particularly in apoptotic regulation for extended periods of tumor cell dormancy, the
chaperone-mediated autophagy pathway is an indispensable mechanism in this enterprise.
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3. Heat Shock Proteins

HSPs are a ubiquitous, evolutionarily conserved family of proteins in eukaryotes
and prokaryotes. The usefulness of HSPs is pronounced in cellular proteostasis and
cytoprotection from various stress factors, including hyperthermia, hypoxia, cytotoxic
agents, ionizing radiation, etc. Based on their molecular weights, HSPs are classified into
two families: large HSPs (HSP110, HSP90, HSP70, and HSP60) that utilize ATP and small
HSPs (HSP40 and HSP27) that do not employ ATP [5,164].

HSPs are abundantly expressed in different compartments of the cell, with diverse
functions depending on the physiological state of the cell. As molecular chaperones, HSPs
participate in the folding of newly synthesized polypeptides, the refolding of metastable
proteins, and orchestrating the degradation of misfolded, aggregated, and “worn-out”
proteins via the activation of the ubiquitylation system, as well as serving as potent anti-
apoptotic proteins [165]. To this end, in response to stressors, the cell releases hypoxia-
inducible factor 1 (HIF-1) that binds directly to the hypoxia response elements (HREs) in
the heat shock promoter to promote HSF expression [166] and induce chromatin remodel-
ing for stress genes and HSP transcription [167]. In this regard, inhibitory feedback loop
mechanisms in the HSF1/HSP90 complex have been noted to regulate the transcriptional
activities of HSF1 [168,169]. Moreover, matrix metalloproteinase 3 (MMP-3) and heterochro-
matin protein 1 can also induce HSP transcription and activity [170]. Nevertheless, there is
constitutive HSF and HSP expression even in the absence of stress that sustains oncoprotein
folding, notwithstanding the “folding pressure” in cancer [171–173]. As a result, HSPs
are increased in tumor cells and are also explored as a prognostic biomarker of disease
progression and survival [174].

Although the functions of HSPs were proven to be intracellular, compelling evidence
shows that some HSPs can be secreted extracellularly (eHSP) via free release from extra-
cellular vesicles and microvesicles [175–178]. Notably, most ECM-remodeling enzymes
depend on eHSP binding to ensure their stability and function. In the extracellular milieu,
eHSP affects their functions by binding to and broadly activating the c-type lectin receptors
(CTLR) and the scavenger receptors (SR), receptors with immune-modulating effects [179].

Notwithstanding their beneficial roles in cellular physiology, HSP dysregulation causes
diseases such as cancer, neurodegeneration, cardiovascular diseases, and autoimmune and
inflammatory conditions.

3.1. Heat Shock Protein in Tumor Dormancy

In order to satisfy the unplanned cellular activities of tumor cells to avoid apoptosis
and safeguard their viability by inducing cellular dormancy, the dynamics of tumors and
tumor cells require a balance in protein use and production. Even in this reduced cellular
activity state of cellular dormancy, tumors still undergo mutational changes requisite to
fortify cancer cells against anti-cancer agents, immunoediting, and preparing for metastatic
relapse. To achieve the aforementioned traits, the remodeling of the ECM and cancer cells’
niche is key to achieving these feats, in which the HSPs are key players. Hence, it has
become increasingly apparent that the tumorigenic process is acutely dependent on the
combined mechanisms of protein folding executed via the molecular chaperones and their
corresponding co-chaperones, which continue to be elucidated over time. Table 1 presents
a summary of the roles of HSP in the tumor dormancy program.

3.1.1. HSP in Tumor Angiogenesis Dormancy

Clinically discernible tumors become evident mostly in primary tumors after angio-
genic sprouts that promote tumor cell proliferation, which increases the tumor size past
Folkman’s visionary hypothesis (1–2 mm-size dormant tumors) in the reactivation drive of
tumors [180].

Tumors and tumor cell dormancy are linked to the angiogenic switch and angiogenic
dormancy, the latter of which reinforces dormancy. Angiogenic dormancy induces a
vascular, poor TME that balances proliferation and apoptosis while instituting the cell-cycle
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arrest of the CSCs, or tumor stem-like cells, due to hypoxia and limited nutrient availability.
In addition to VEGF, HIF-1α, angiopoietin 1 and 2, and basic fibroblast growth factor
(bFGF), the main regulators of angiogenesis in health and in brain tumors are plasminogen
activation inhibitor 1 (PAI1), nitric oxide, cyclooxygenase 2 (COX2), and thrombospondin
2 (TSP2) [181]. It is, however, practical to speculate that angiogenic dormancy inhibits
or impairs tumor cell functioning, hence instigating the tumor cells to explore diverse
metabolic routes aside from mainstream metabolism for survival.

Recapping the role of HSP90 discloses its broad-ranging regulation of many oncogenic
kinases and transcription factors, including p53, HIF-1α, CDK4, BRAF, HER2, ERBB2, AKT,
MEK, hTERT, and survivin [182,183]; hence, an inhibition of HSP90 affects many physiologi-
cal and tumor processes, including angiogenesis inhibition in many tumors [184,185].

In a study by Hadchity et al., the authors demonstrated the use of an antisense
oligonucleotide, which knocks out HSP27, hence accentuating the effect of radiotherapy
and improving the tumor prognosis in radiotherapy-resistant head and neck squamous car-
cinoma cells [186]. It was observed that HSP27 knockdown was correlated with a reduced
activation of the Akt pathway, which culminated in reduced angiogenesis. In a similar
study, Straume and colleagues demonstrated that the downregulation of HSP27 in breast
cancers was correlated with a decreased expression of VEGF-A, VEGF-C, and fibroblast
growth factor, hence knocking down angiogenesis to institute angiogenic dormancy [140].
Therefore, angiogenesis in breast cancer appears to be an HSP27-dependent process that is
downregulated through inhibition. Hence, HSP27-level modulation could be a potential
therapeutic target for breast and HNSCC.

The HSP dynamics in the tumor have been observed to play a part in the cascades
leading up to angiogenic dormancy. The turnup of events is regulated in part through the
regulation of the signaling networks of hypoxia-inducing factor (HIF-1) and the release of
survivin, which is induced via HSP70 and its co-chaperone, Bag 3 [187]. Through HSP90
binding and the activation of Akt, survivin is potentiated to inhibit apoptosis and secure
CSC survival as a preclinical observation seen in melanoma, breast cancer, cervical cancer,
colon cancer, and embryonic kidney cells. Correspondingly, HSP90 has been reported as a
potent stabilizer of HIF-α for angiogenesis in the normoxic environment [188] of the tumor
mass juxtaposed with the hypoxic environment. Also, HSP47, as it is highly expressed
in GBMs, is reported to modulate angiogenesis and TME remodeling through a TGF-β-
mediated pathway, in addition to promoting glioblastoma stem-like survival [189]. By
inducing stem-like characteristics, the glioblastoma cells were observed to have spheres,
a characteristic that is highly linked to the stem cells. However, oxygen sensing and the
attendant angiogenic dynamics are largely unexplored, to the best of our knowledge, in the
dormant brain tumor microenvironment.

Furthermore, a study that characterized HSP based on the thematic hallmarks of
cancers found a surge in the TRAP1 (HSP75), DNAJA3 (TID1), and DNAJC19 (HSP40 C19
member) (HSP40 family proteins) genes across different cancers, proffering anti-apoptotic
signals [190]. In a study by Bae et al., the authors explored the role of TID1 in von Hippel–
Lindau protein (pVHL)-mediated angiogenesis inhibition via HIF-1α ubiquitination and
proteasomal degradation [191]. The team reported an enhanced interaction between pVHL-
HIF-1α and downregulation of VEGF expression, owing to the enhanced interaction and
stabilizing role of TID1, highlighting the notable role of TID1 in anti-angiogenesis dynam-
ics. However, TRAP1 (HSP75), DNAJA3 (TID1), and DNAJC19 remain to be extensively
explored in brain tumors regarding their roles in angiogenic dormancy. This provides a
peeking window to ascertain the roles of these HSPs in angiogenic dormancy, from which
further studies can be planned, based on preliminary developments.

On the whole, together with the above-mentioned HSP, the role of TSP2 in the solitary
dormant brain tumor cell’s microenvironment requires a reassessment, as these could
provide promising insights into developing new therapies.
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3.1.2. HSP and Immune Modulation in Tumor Dormancy

Although the role of the HSP in immune-mediated dormancy is poorly understood,
HSPs are thought to play a role in this process [170,192]. Collaboratively, immune cells
express a repertoire of HSP-binding receptors such as toll-like receptors (TLRs), CD94
lectin-like natural killer receptor, CD91/LRP1/A2MR macroglobulin receptor, and scav-
enger receptor expressed by endothelial cells-1 (SREC-1) and required for T cell priming
and the immune response [170]. Among these receptors, CD91 binding and activation
via eHSP transduce cancer-progressive downstream signaling. Initially, downstream sig-
naling orchestrates immune and angiogenic dormancy, and later, the immune escape
plan and reactivation of the dormant brain cancer cells lead to metastatic relapse and
aggressive invasion.

Maintaining the immune cell repertoire in the tumor microenvironment is a crucial
responsibility linked to HSP90 in the immune-editing cascade. For that reason, it has been
observed that HSP90 inhibition is associated with the irreversible downregulation of critical
cell surface antigens, costimulatory molecules, T cell αβ receptors, and activating receptors
on natural killer cells (NK cells), including CD3, CD4, CD8; CD28, CD40L, NKp30, NKp44,
CD2, CD11a, and KARp50.3, respectively [193]. The impact of this manifests in immune
cell activation, proliferation, IFN-γ production defects, and other immunological activities
indispensable to mounting and sustaining cytotoxicity against tumor cells. This prepares
the immune system for the immune equilibrium phase and, subsequently, immune escape
in the immune-editing program in tumor dormancy.

Equilibrium in immunoediting illustrates humoral levels of low anti-tumor (Interleukin-
12 (IL-12), IFN-γ) cytokines compared with high tumor-promoting cytokines (TGF-β, IL-10,
IL-23) [194–198]. This humoral dynamic relates to high CD8+ T cells, NK cells, and γδT cell
levels juxtaposed with low natural killer T cells (NKT cells), Foxp3+ Treg cells, and myeloid-
derived suppressor cells (MDSCs) in a study that looked at the cellular constitution in the
occult tumor milieu [199]. An in silico, multidimensional model with a spatially resolved,
single-cell gene expression study of GBM shows that IL-10-releasing HMOX1+ myeloid
cells drive T cell exhaustion in the TME [197]. Consequently, the investigators isolated the
T cell population in the GBM tumor samples and found a less proliferative HSP-expressing
CD8+ HSP HSPA1A subgroup and minimal proliferative CD4+ HSP HSPA1A phenotypes
that correlate with IL-10 levels, supporting the hypothesis that anti-tumoral immunity in
GBMs is relatively weak. However, the role of the stress-associated HSP HSPA1A subgroup
in the tumor immune modulation process is not clearly defined. But the appearance of
the stress-associated HSP HSPA1A subgroup preempts a possible role in these immune
dynamics and requires extensive study to make the fine details clear.

The downstream effect of HSP on immunoediting and immune dormancy is not
an all-supportive and progressive picture for achieving immune dormancy, and this is
important to note. Remarkably, HSP70 can promote NK cell activity in a HSP70/Bag-4
surface-positive exosome-dependent manner for the immune elimination and cytotoxicity
of pancreatic and colon cancer cells [200]. Moreover, in immunomodulation, eHSP70 binds
to MDSC via toll-like receptor 2 (TLR2) to stimulate STAT3 activation and IL-6 release
for host defense in mouse and human studies [201]. These contrary scenarios present
a sharp contrast, necessitating a context-based inquiry into immune dormancy in brain
cancers and, even more importantly, in pediatric tumors, owing to their relatively naïve
immunosuppressive dynamics.

Pediatric brain tumors are mainly characterized by low immunologic marker expres-
sion and a high immune regulatory picture of MDSCs and Treg cells [202,203]. These
infantile immune dynamics support a preference for an early-phase equilibrium immu-
noediting process compared to a possible elimination seen in adult brain tumors. Moreover,
the four different molecular subtypes of GBMs depict distinct immunological differences,
warranting extensive study in this area to illuminate the shadowy side of HSPs in immune
equilibrium that characterizes dormant tumors and cancer cells.
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3.1.3. HSP and ECM Client Proteins in Tumor and Cell Dormancy

The extracellular matrix (ECM) is a meshwork of non-cellular macromolecules that
defines the spatiotemporal layout of organ tissues and provides structural support for
optimal cellular function. The extracellular matrix (ECM) in the brain, for instance, is
primarily composed of non-fibrous substances called lecticans and proteoglycans with
specific lectin and hyaluronan-binding domains that potentiate the optimal function of the
brain’s cellular makeup [204]. The predominant molecular constituents of the ECM at any
given time instruct varying cellular behaviors, owing to the ECM’s plasticity.

While in the metastatic niche, early-seeder DTCs are known to crosstalk with the
ECM [4], and there is a necessity for intermittent interactions with the ECM through a loose
actin cytoskeletal network organization structure [80]. Correspondingly, the construction
of a tumor dormancy-promoting and -sustaining ECM is an indispensable procedure
that is under the regulation of the periodic action of ECM remodeling enzymes. Key
among these ECM-remodeling agents are matrix metalloproteinases (MMPs), lysyl oxidase
(LOX), heparanase, urokinase plasminogen activator receptor (uPAR), disintegrin and
metalloproteinases with thrombospondin motifs (ADAMTs), and cathepsins, which are
recognized as targets of the HSP [205].

As a key regulator of the TME-remodeling process, with a preference for collagens,
aggrecan, elastin, and vitronectin, etc. [206], MMPs are regulated via eHSP. According to re-
search on breast cancer, the eHSP complex, which constitutes Hop, HSP40, p23, HSP70, and
eHSP90α, is essential for activating MMP2 for breast cancer invasion. However, without
eHSP70, the complex becomes deficient in activating MMP2, with less motile and non-
invasive phenotypes [207]. Further, by using a 3D collagen-1 assay to investigate mammary
epithelial invasion and branching, Correia et al. discovered that cell invasion depends on
extracellular HSP90β-dependent binding to the MMP3 hemopexin domain. As expected,
blocking HSP90β decreased the mammary epithelial carcinoma invasion and branching,
demonstrating its crucial function in stabilizing MMP3 during tissue microenvironment
remodeling [208].

Furthermore, urokinase plasminogen activator (uPA) catalyzes the conversion of
plasminogen into plasmin, hence activating uPAR, an essential regulator of tissue remod-
eling [209]. Despite playing a critical physiological role in wound healing, it has been
shown to be dysregulated in pathological processes. Consequently, uPAR dynamics have
prompted an inquiry into its tissue microenvironment functions, such as studying the rela-
tionship between uPAR and the HSPs, HSP70, and MRJ (DNAJB6). In a study by Lin et al.,
vitronectin adhesion and the activation of the MAPK pathway enabled the migration and
invasion of renal and colorectal cancer. The subtleties of these downstream effects are tied
to HSP70/MRJ (DNAJB6)/uPAR complex formation and function [210]. Unsurprisingly,
uPAR-mediated cell–vitronectin adhesion and MMP2/9 downregulation were inhibited
through the shRNA suppression of HSP70, MRJ, or both. This results in a restriction of cell
growth and motility in a dormancy-like fashion.

Moreover, a preclinical study used miR-29b to target-block the 3′-UTR of both protein
mRNA products of a LOX/HSP47 complex, a pivotal regulator of the covalent cross-link
formation in collagen fibrils and the maturation of the ECM [211,212]. Given that the
LOX/HSP47 complex was disrupted through the suppression of HSP47 and LOX products,
an aberrant collagen-structured ECM meshwork structure was seen upon microscopic
examination [211]. Alternatively, CCl4-treated mouse hepatic stellate cells had a typical
ECM structure with decreased miR-29b expression, depicting a sharp contrast and the
crucial role of the LOX/HSP47 complex in ECM remodeling and architectural layout.

Additionally, heparanase has been recognized for its role in ECM turnover processes.
In this endeavor, Nobuhisa and colleagues followed the microenvironmental compositions
that drive cell differentiation. They attributed the nuclear shuttling role of HSP90 to an
elevated expression of heparanase that regulated cell differentiation [213]. As anticipated,
the inhibition of HSP90 resulted in reduced cell differentiation, highlighting the signifi-
cance of the nuclear translocation mechanism. Additionally, pro-ADAMTS9, an ADAMTS
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precursor protein that catalyzes the cleavage of versican, is partly regulated by the HSPs
gp96/GRP94, GRP78, and ERdj3 [214,215]. The SiRNA targeting of gp96/GRP94 was noted
to downregulate pro-ADAMTS9.

These enzymatic cascades help formulate the stromal milieu required for the tu-
mor mass and cell dormancy program. In this endeavor, the HSPs—in particular, the
eHSPs—have been found to be quite crucial in coordinating the survival of tumor cells.
Nonetheless, investigations into the crosstalk between HSP and cathepsin are lacking, and
an inquiry into this area may yield insights into the dynamics of tumor dormancy and
reactivation strategies.

Table 1. HSPs in tumor and tumor cell dormancy.

HSP Family Member Location Function Reference

Angiogenic Dormancy

HSP27 HSP27 Intracellular
Levels of HSP27 correlate with VEGF (VEGF

subtypes) expression and angiogenic events. Low
levels are seen in dormancy.

[140]

HSP40 HSP47 Intracellular
Modulates angiogenesis and TME remodeling

through a TGF-β-mediated pathway while ensuring
stem-like cell survival.

[189]

HSP70

Tid1
(co-chaperone) Intracellular

Enhances pVHL-dependent HIF-1α stabilization or
ubiquitination to block VEGF expression

or inhibition.
[191]

Bag 3
(co-chaperone) Intracellular

Regulates angiogenesis by controlling VEGF
expression and the release of survivin via the additive
effect of HSP90 binding to sustain tumor cell survival

in dormancy.

[187]

HSP90 HSP90 Intracellular
HSP90 regulates many oncogenic kinases and genes,

including p53, HIF-1α, and survivin, to ensure
survival while maintaining angiogenic dormancy.

[182,183]

Complex

TRAP1
(HSP75–HSP70 family)

DNAJA3
(Tid1–HSP70 co-chaperone)

DNAJC19
(HSP40 C19 member)

Intracellular

An upregulation of TRAP1, DNAJA3, and DNAJC19
genes is observed across different cancers, offering

anti-apoptotic signals to maintain and sustain
tumor dormancy.

[190]

Immune Dormancy

HSP70

HSP70/Bag-4 Extracellular
Promotes NK cell activity in an HSP70/Bag-4

surface-positive exosome-dependent manner for the
immune elimination and cytotoxicity of cancer cells.

[95]

eHSP70 Extracellular
Promotes the immunomodulating role of MDSC via

toll-like receptor 2 (TLR2) to stimulate STAT3
activation and IL-6 release.

[201]

HSP90 HSP90 Extracellular

HSP90 is associated with the activation of T cell αβ
receptors, and activating receptors on NK cells are

crucial for proper immune cell priming and effector
roles. Downregulation leads to immune dormancy.

[193]

HSP40 HSP47/LOX complex Extracellular

The LOX/HSP47 complex is crucial for the structural
patterning of the ECM. Downregulation of HSP47

expressions leads to aberrant ECM structure
and layout.

[211,212]
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Table 1. Cont.

HSP Family Member Location Function Reference

HSP70 HSP70/ DNAJB6 complex Extracellular

The HSP70/MRJ(DNAJB6) complex regulates
urokinase-type plasminogen activator (uPA) and
urokinase-type plasminogen activator receptor

(uPAR), which are downregulated in
tumor dormancy.

[210]

HSP Client Proteins

HSP90

eHSP90β Extracellular

eHSP90β-dependent binding to the MMP3
hemopexin domain for MMP3 activation for TME

remodeling. eHSP90β downregulation leads to
tumor dormancy.

[208]

HSP90 Intracellular
Nuclear shuttling of HSP90 controls heparanase

functioning and influences cell differences that shift
tumor dormancy.

[213]

gp96/GRP94
(HSP90 paralog) Extracellular

GRP94 catalyzes the activation of the ADAMTS
precursor, pro-ADAMTS9, for the cleavage of

versican and TME remodeling that
supports dormancy.

[215]

Complex

Hop
HSP40

p23
HSP70

eHSP90α

Extracellular

Hop, HSP40, p23, HSP70, and eHSP90α complex is
essential for MMP2 activation and keen for the TME

remodeling of collagen type IV, aggrecan, elastin,
and vitronectin.

[207,216]

3.1.4. HSP and Tumor Mass and Cell Resistance to Programmed Cell Death

Due to their cytoprotective role, HSPs are significantly expressed in tumors. Epichap-
eromes, molecular network complexes of chaperones and co-chaperones, have been found
to be key pathological regulators of proteome-wide dysfunctions in cancers, including brain
cancers [217]. Demonstrated as potent enhancers of tumor and cellular survival in cellular
stress [218], the upregulation of the epichaperome genes HSP90AA1, HSPH1, and HSPA8
promotes the equilibrium of radio- and chemoresistance seen in tumor and indirect cell dor-
mancy [219]. Especially, there is a proportionate association between epichaperome expression
levels and the tumor’s susceptibility to tumor-disintegrating agents [220]. In addition, by
bypassing the programmed cell death role of p53, both Hsc70 and HSP90 can bind to mutant
p53 alleles to inhibit wild-type alleles [221,222]. Moreover, by binding cytochrome c and
inhibiting apoptosome formation, HSP27 can control the extrinsic program cell death pathway
to ensure cell survival [223,224], salvaging tumor cell death in dormancy.

Replicative senescence, an integral hallmark of tumors, ensures that cell survival
is circumvented via telomere lengthening through telomerase. The elevated HSP levels
seen in tumors influence this process. Notably, HSP90 [225–227], HSP27 [227,228], and
HSP70 [226,229] are central. Also, HSP90 can chaperone telomerase to prevent telomere
attrition [230], as well as stabilize the catalytic subunit of telomerase to confer tumor cell
survival [231].

Furthermore, to endure the extended periods of lowered cellular activity, dormant
cancer cells resort to enhancing their resistance to chemotherapy and radiation. It is,
however, interesting to know that cellular quiescence in GBMs promotes tumor and cancer
cell progression [232].

Although the role of HSPs in brain tumor and cell dormancy continues to gather
momentum, it can be speculated that an increase in HSP27, HSP70, and HSP90 largely
promotes cancer cell survival to escape apoptosis in tumor and cellular dormancy.
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4. Dormant Tumor and Tumor Cell Reactivation

The reactivation of dormant tumors and cells is crucial for tumor relapse and metas-
tasis with aggressive and drug-resistant phenotypes. After the surgical excision of the
primary tumor, dormant tumor cells undergo rewiring and reprogramming, requiring
circuitry rewiring and reprogramming.

Apart from angiogenic factors, vascular perfusion, and paracrine signaling via co-
resident niche cells [233], fibrotic and inflammatory cascades, including inflammation, also
reinforce the reactivation program [234]. Albrengues et al. demonstrated the release of
neutrophil elastase and MMP-9 from neutrophil extracellular traps (NETs) during inflam-
mation that modulates ECM remodeling [235]. These NET proteases orchestrate laminin
cleavage to activate dormant tumor cells via an α3β1-dependent integrin signaling pathway.
A phenomenon that illustrates immune dormancy is “threshold crossing” for immune
escape. Moreover, a similar manner has been proposed to occur in vascular perfusion,
toppling angiogenic dormancy to reactivate dormant tumor cells.

However, the success of the reactivation program depends on the fitness and readiness
of the dormant tumor and tumor cells at any given time. The reactivation of dormant tumor
cells requires chromatin and molecular modifications, a genetically imprinted evolutionary
strategy for dormant tumors and cancer to withstand extinction.

4.1. Heat Shock Proteins in Dormant Tumors and Tumor Cell Reactivation

HSPs play a key role in dormant tumor cell reactivation, a role that has been thoroughly
researched in HSP27, HSP70, and HSP90, as indicated in Table 2. For instance, eHSP90
is known for its role in ECM remodeling by interacting with MMP2/9, LOXL2, tissue-
type plasminogen (tPA), and fibronectin to promote ECM restructuring [236]. Moreover,
Gopal et al., in a study, underscored the role of eHSP90 in glioblastoma tumor growth and
invasion [237]. The authors observed that the interaction between the eHSP90α-specific
component and its client protein LRP1 affects tumor cell motility by altering the polarity
of the cell through the development of lamellipodia. The eHSP90-LRP1 interaction also
regulates the immune response and tissue remodeling to override immunological and
angiogenic dormancy and stimulate tumor growth.

Additionally, when co-administered with eHSP90 potentiator clusterin, it has been
demonstrated in a preclinical study by Tian et al. to synergistically accelerate epithelial-
to-mesenchymal transition (EMT) and increase breast cancer metastasis [238]. In a similar
manner, eHSP27 also interacts with MMP-2/MMP-9 in a synergistic way to promote EMT-
like processes and ECM remodeling in vitro and in vivo in GBMs [239]. Again, eHSP27
mediates angiogenesis by increasing VEGF-mediated cell migration through toll-like recep-
tor 3 (TLR3) by activating NF-κB [240], an angiogenic dormancy threshold-crossing strategy.
In neuroblastomas, it is observed that HSP60 confers pro-survival and pro-proliferative
activity while promoting angiogenesis for the dormant tumor mass and cell reactivation
and transformation [241].

Among its numerous roles, HSP also promotes ECM component biosynthesis, which
influences the fate of dormant tumor cells. Here, HSP47, a collagen-specific molecular
chaperone with mesostable monomer and/or hyperstable trimer domains, is essential
for proper collagen peptide folding [242], an event that influences collagen availability
for crosslinking. Also, HSP47 can stimulate glioma stem cell (GSC) stemness survival by
upregulating angiogenesis and ECM restructuring genes (CD44, LAMC1m, Col4A2, ITGB1,
FN1, and MMP9) for GSC reactivation, migration, and invasion through a TGF-β and CD44
signaling pathway [189]. Nonetheless, HSP47 shRNA knockdown inhibits tumor growth,
migration, and invasion, as reported by Zhao and colleagues [242].

Typically, reactivated tumor stem cells present chemo- and radiotherapy-resistant
phenotypes. Tumors like breast cancers, ovarian cancers, leukemia, head and neck cancers,
and esophageal cancers show shorter disease-free survival and chemotherapy resistance
with a surge in HSP27. But unlike HSP27, HSP70 shows a correlative and predictive pattern
to chemo- and radiotherapy in breast and lung cancers [243], as well as glioblastomas [244].



Cells 2024, 13, 1087 18 of 35

Comparatively, HSP90-mediated signaling has emerged as the chief modulator of radio-
therapy resistance [245,246], as has been demonstrated in studies by inhibiting HSP90
activity [247,248]. Again, HSP90 can stimulate chemoresistance directly and indirectly
to protect the tumor cells from the effects of chemotherapy that is initiated in metastatic
relapse [249].

Moreover, therapy resistance in the area of immunotherapy has not been left out
either. In CSCs and cancer-initiating cells, a concomitant administration of a specific HSP40
subfamily protein, DnaJB8-cytotoxic T lymphocyte-mediated immune escape, is used in
the immune-editing program to promote tumor recurrence, maintain tumors, and support
metastasis [250]. Similarly, in preclinical studies, the administration of human recombinant
granzyme B in a perforin-independent manner to target HSP70-positive, undifferentiated
colon cancer cells and 3D tumor spheroids induced caspase-3-mediated apoptosis in the
tumor cells [251]. Additionally, HSP90 inhibition with an immunotherapeutic agent, ganete-
sip, enhanced the cytotoxic T cell killing of human-derived melanoma cells by upregulating
the expression of interferon genes and potentiating the effect of anti-CTLA4 and anti-PD-1
therapies [252].

Furthermore, HSP90 exhibits a positive correlation with HSP 70 [253] and enhances the
effects of the actin cytoskeleton, metalloproteinases, and metastasis-promoting proteins to
protect CSCs from dying. Moreover, for pediatric brain tumors such as low-grade gliomas,
glioneuronal tumors, pilocytic astrocytomas, embryonal tumors, and medulloblastomas,
HSP90α is also linked to the reactivation of dormant brain cancer cells [254]. In addition
to the constitutive expression of Hsc70 (HSPA8) through FAK and Src phosphorylation,
it is also pivotal to dormant glioma cell reactivation to migration and invasion [255].
Nonetheless, the inhibition of HSP90 and its downstream FAK-mediated signaling pathway
disrupts the dormant brain cancer cell reactivation program.

Notwithstanding the wealth of information and concepts on dormant brain cancer
reactivation, a great deal of work still lies ahead in understanding the cascades of events
that reactivate the dormant brain cancer cell in relapse. A longitudinal study of animal
models with a longer lifespan will be a promising start due to the short lifespan of mice,
noting that dormant cancer cell reactivity can take years.

Table 2. HSPs in dormant tumor and tumor cell reactivation.

HSP Family Member Location Function Reference

HSP27 eHSP27 Extracellular

• Interacts with MMP-2/MMP-9 synergistically to promote
the EMT-like process and ECM remodeling.

• Promotes angiogenesis via VEGF-mediated cell
migration through Toll-like receptor 3 (TLR3) and NF-κB
activation.

[239,240]

HSP40 HSP47 Intracellular

• Essential for proper collagen peptide folding
and packaging.

• Stimulates GSC stemness, upregulates ECM genes, and
induces angiogenesis.

[189,256]

HSP60 HSP60 Intracellular Promotes angiogenesis for the dormant tumor mass and cell
reactivation and transformation. [241]

HSP70 HSP70 Intracellular

• Maintains tumor cell survival by mediating apoptosis in
tumor cells.

• Confers chemo- and radiotherapy resistance.
• Orchestrates dormant glioma cell reactivation.

[68,243,244,
254]
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Table 2. Cont.

HSP Family Member Location Function Reference

HSP90

eHSP90α Extracellular

• Influences dormant tumor cell polarity for lamellipodia
formation for cell motility via an eHSP90α–LRP1
interaction.

• Confers an immune modulatory and protective effect on
tumor cells by regulating the expression of immune
suppressive factors.

[252,257]

HSP90α Intracellular

Acts synergistically with HSP70 to promote actin cytoskeleton
polymerization, metalloproteinase activation, and

metastasis-promoting proteins to protect CSCs from brain
tumor cell reactivation.

[249]

Clusterin
(co-chaperone) Intracellular Induces epithelial-to-mesenchymal transition (EMT) via ERK

and Slug activation. [258]

4.2. Extracellular Matrix in Dormant Tumor and Tumor Cell Reactivation

Dormant tumor cells, while still in their dormant state, interact sparingly with the
ECM with a loose actin cytoskeletal network organization structure [68,69]. Unsurprisingly,
the transition of dormant tumor cells to activate proliferative phenotypes comes with strong
ECM interactions. To facilitate the transition process, ECM remodeling creates the needed
ligands for tumor cell priming into proliferation, migration, and ultimately invasion.

Tumor cell reactivation culminates in tumor recurrence. Notable amongst the ECM
changes that drive brain tumor recurrence is increased collagen and fibronectin, as indicated
in Table 3. ECM components are abundantly low in the brain but highly expressed in other
tissues. In a pediatric brain tumor recurrence study by Chen et al., the authors found an
increase in collagen and a significant overlap in results between recurrent pediatric and adult
brain tumors [259]. A recent study by Di Martino et al. discovered the key role of collagen
type III in promoting tumor cell dormancy by activating downstream signals that promote
dormancy via the noncanonical discoidin domain receptor 1 (DDR1). But the disruption of
collagen type III blocked the downstream inhibitory signals that sustain dormancy, hence
leading to the reactivation of the dormant tumor cell [75]. Considering that collagen and
fibronectin metabolisms are intertwined, an experimental model hinged on collagen III and
fibronectin will not be far-fetched to shed more light on the dormant brain tumor cell milieu.

Furthermore, fibronectin, MMPs, uPA, and uPAR have been found to be upregulated
in tumor cell reactivation [260,261]. The uPAR stimulates fibronectin fibril formation in the
tumor milieu and transduces ERK signals via α5β1 integrin ligands to revive the dormant
tumor cells into proliferation [262]. But uPAR downregulation inhibits fibronectin fibril
formation, causing a low ERK-to-p38 ratio signal that arrests tumor cells in a dormant
state [263]. Correspondingly, Chen et al. observed a proportional increase in fibronectin ex-
pression in high-grade glioma [79], an observation that drives tumor recurrence, validating
fibronectin as a poor prognostic marker [264,265]. Evidently, a model based on fibronectin
signaling in the reactivation program will shed light on the revival of the dormant brain
tumor cell in metastatic relapse.

Moreover, comparative proteomic profiling of GBM and medulloblastoma revealed a
distinct ECM picture in medulloblastoma. Trombetta-Lima and colleagues, who conducted
the study, noted an increase in the dense fibrillary ECM proteins fibrillins and lumicans
in medulloblastoma, which were not observed in GBM aside from collagen, that was
seen in both tumors [266]. Additionally, recurrent medulloblastomas show increased
leptomeningeal dissemination (LMD), dependent on vitronectin-ABL (Abelson) kinase
binding that polymerizes actin filaments for c-Myc expression [267].

Similarly, recurrent GBMs show an upregulation of the GALNT13, ROBO1, and
ANTRXN1 genes [268]. These genes are key to ECM restructuring that induces mes-
enchymal subtype development and cell–cell adhesion. Therefore, the reactivated dormant
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GBM cells engage in ECM reorganization [269]. This reinforces the role of ECM in the
brain tumor cell reactivation program. Particularly, the transduction of cues induces EMT
activation for increased tumor cell motility and invasion, as seen in metastatic relapses.
It will be interesting to investigate the predilection for the mesenchymal subtype in the
reactivation phase. Certainly, there could be a peculiar ECM signature that accounts for
this glioma subtype upon reactivation.

Also, brain tumor reactivation and metastatic relapse are characterized by increased
chondroitin-sulfate proteoglycan glycosaminoglycans. Prominent among these glycopro-
teins that corroborate the phase shift are chondroitin sulfate (CSPG4/NG2), the protein
tyrosine phosphatase receptor (PTPRZ1), and the CD44 receptor expression [270]. More-
over, the tumor cells secrete, in addition to the above Tenascin-C, which together increases
the ECM glycocalyx bulkiness and ECM-integrin interactions for tumor cell migration [271].

Consequently, ECM remodeling proportionally increases ECM stiffness (Young’s modu-
lus) [272] and also creates force-mediated remodeling due to the cell density in the increasing-
sized brain tumor. In addition, the humoral dynamics in the tumor mass and cell milieu
also contribute to ECM remodeling via TGF-β-induced LOX and the cytokine stimulation of
MMPs [273]. Furthermore, a study by Acharekar et al. demonstrated the upregulation of col-
lagen and the ECM proteases MMP2, MMP9, and PLEKHA7 in recurrent GBM patients [274].
Hence, the early phase of reactivation is a transient cell–ECM adhesion in an epithelial-like
manner before the EMT-mediated cell migration and invasion later on in tumor progression.

Unquestionably, tumor cell reactivation and progression are driven by ECM ligand
constituents that promote tumor cell migration. The supportive ECM ligand formulation
occurs through sequential secretion, degradation, and restructuring. Therefore, the impor-
tance of understanding the biomolecular and nanomechanical properties and the chain
of events that influence the dormant and reactivated tumor cell–ECM microenvironment
cannot be overestimated. The successful characterization holds promise for designing
targeted therapies and repurposing existing therapies for personalized patient treatment.

Table 3. ECM in dormant tumor and tumor cell reactivation.

ECM Family Member Function Reference

Fibrous protein Collagen
Increases tissue stiffness and elasticity to increase tumor cell

migration and invasion via integrins.
Increased in pediatric and adult brain tumors.

[259]

Glycoprotein Fibronectin
Increased concurrently with collagens to increase tissue

desmoplasia for increased tumor cell adhesion, migration,
and invasion.

[263–265]

Glycoprotein Fibrillin

Forms microfibrils that serve as a scaffold for elastin
deposition, increasing tissue elasticity.

Increased together with lumicans, specifically
in medulloblastomas.

[266]

Keratan sulfate
proteoglycan Lumican

Increases fibrillar collagen crosslinking to increase tumor
cell migration. Upregulated specifically

in medulloblastomas.
[266]

Glycosaminoglycan Chondroitin-sulfate
proteoglycan

Pivotal in neural and glial scar formation, enhances CSC
survival, reduces immune proinflammation, and enhances

immune cell clearance.
[270]

Glycoprotein Tenascin-C Promotes angiogenesis and increases ECM glycocalyx
bulkiness for enhanced cell/integrin-ECM interactions. [271,275]

5. A Conceptual Circuitry Framework Regulating Tumor Reactivation

Enormous efforts towards understanding tumor dynamics continue to inch us closer
to even deeper insights about cancer. A lot more questions still remain unanswered, for
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instance, the orderly sequence of molecular events that guide the dormancy induction
program. What orchestrates the reactivation of dormant tumor cells?

We, therefore, propose a concept that may possibly underline the relapse of dormant
tumors long after the primary tumor has been resected, as illustrated in Figure 2 below. It is our
view that, following the resection of primary tumors, the dormant tumor cells lose “signals”
they receive from the primary tumor (“pheromonal-like signaling”) and resort to proliferating
to ensure survival, a key evolutionary survival strategy. Moreover, could “quorum sensing”
account for the reactivation and proliferative outburst that characterizes metastatic relapse?
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Figure 2. A schematic concept of the signaling mechanisms underlying dormant tumor relapse. (a) A
brain tumor with a dormant tumor cell in the supratentorial brain region. (b) “Dormancy signals”
exchange that takes place between the primary tumor and the dormant tumor cell to maintain the
dormant tumor cells in their state of dormancy. (c,d) Cessation of communication between the
dormant tumor cell and the primary tumor following the resection of the primary tumor cells that
induces the dormant tumor cells into proliferation, migration, and invasion.

6. Clinical Implications of Tumor Dormancy and Reactivation

The clinical implications of tumor dormancy lie in its unpredictable impact on the
course of disease recurrence, progression, and treatment outcomes, all of which have an
impact on the quality of life of patients, their families, and caregivers. Due to the dynam-
ics of the dormant tumor mass and the biology of tumor cells, tumor cells can have the
potential to reactivate and metastasize to distant organs and tissues, hence constituting
residual disease even after the pronouncement of remission [276,277]. Even more troubling
is are resistance and refractory nature of reactivated dormant tumor cells to conventional
chemoradiotherapy, which stems from the high genetic instability, high mutational capabil-
ity, and heterogeneous nature of tumors with unique intra- and intertumoral mutational
profiles [278]. Therefore, tumor resistance restricts the options and scope for possible
treatments with conventional therapies and is a contributing factor to treatment failure.
Unexpectedly, fluorouracil, a component of many cancer drugs, has been shown to enrich
dormant tumor cell formation [279].
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Consequently, it has become more challenging to decide whether or not to treat
dormant tumors or tumor cells, and if so, at what stage this can be initiated [280]. Since
reactivated tumor cells or metastatic relapse present therapy-refractory phenotypes [281],
the other puzzle is which combination and/or treatment plan to employ.

The main paradigms in these circumstances have been to eradicate the dormant cell
population [282] or sustain the dormancy state to prevent reactivation [48]. A stumbling
block in these strategies is the shut-down of the cell’s replication machinery, which is in-
strumental in the design mechanism of “cidal” and static-inducing medications—strategies
that do not curb the reactivation of the dormant tumor cell.

Predictive and prognostic markers and tools for risk stratification look more promising
and tangible in a deterministic strategy for clinical decision-making. Moreover, alternative
therapies, such as immunotherapy, have shown some successes and failures. The search for
novel therapies in this regard cannot cease.

In conclusion, dormant tumor recurrence has important clinical implications that
impact diagnosis, treatment, prognosis, and patient well-being. Continued research efforts
aimed at understanding the mechanisms of tumor dormancy, the role of HSPs, and unend-
ing efforts to develop novel therapeutic approaches are essential for improving outcomes
for patients with recurrent cancer.

7. Conclusions and Perspectives

The tumor and tumor cell dormancy and reactivation microenvironments have re-
ceived enormous attention in the last decade. Still, many unanswered questions remain,
particularly about the dynamics of tumor dormancy and reactivation in brain cancer.
Through the repeated cycles of the dormant phase and reactivation in tumors, more dor-
mant tumor cells migrate to secondary tissue microenvironments far from the primary
tumor with diverse cellular heterogeneity and phenotypes that harbor distinct genetic sig-
natures. These episodes are often mild, with no evident clinical symptomatology. Studies
in tumor cell dormancy have exemplified the corroborative role of the HSP in promoting
tumor and tumor cell dormancy, reactivation, and aggressive invasion following metastatic
relapse. These hibernation and reactivation cycles may represent an evolutionary mech-
anism and genetically imprinted mutational strategy crucial to the dormant cancer cells’
survival and capacity to avert extinction.

In the future, efforts should be directed towards understanding the ECM components
and HSP interactions that support tumor dormancy and the reactivation of dormant tumor
cells. Insights into the biology of the dormant-promoting niche will inform the design
and repurposing of targeted therapies. Likewise, insights into the dormancy niche can
be exploited to restrict tumor growth from metastasizing into other tissues, which makes
excision almost certainly impossible in some cases.

Additionally, knowledge of important HSP indicators that can accurately predict
the propensity of dormant tumor cell development and reactivation would be crucial
for planning prompt therapies. Also, another dimension of the cancer biology of the
dormant tumor cell will be revealed by analyzing the mode and speed of migration post-
reactivation. As these elements are regulated via specific signaling pathways, they present
an opportunity for targeted treatment to pursue better patient outcomes.
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CTCs Circulating tumor cells MKK4/7 Mitogen-activated protein kinase kinase 4/7
DTCs Disseminated tumor cells NR2F1 Orphan nuclear receptor
ERK Extracellular regulatory kinase TGF-β Transforming growth factor beta
GBM Glioblastoma multiforme KISS1 KISS-1 metastasis suppressor
FGF Fibroblast growth factor CDKN1A Cyclin-dependent Kinase 1A
HSP Heat shock protein Wnt Wingless/integrated
MAPK Mitogen-activated protein kinase MAPK Mitogen-activated protein kinase
MSK1 Mitogen and stress-activated kinase 1 TET Ten–eleven translocation
mTOR Mammalian target of rapamycin HOXA9 Homeobox A9
TGF Transforming growth factor CD82 Cluster of differentiation 82 molecule
TME Tumor microenvironment AKAP12 A-kinase-anchoring protein 12
MMP Matrix Metalloproteinases FoxM1 Forkhead box M1
JNK C-Jun N-terminal kinase RPS6KB1 Ribosomal protein S6 Kinase B1
TBX2 T-box transcription factor-2 EphA5 EPH ceceptor A5
MAPKAPK2 MAPK-activated protein kinase 2 IGFBP5 Insulin-like growth factor-binding protein 5
BHLHE41 Basic helix–loop–helix family member E41 H2BK H2B clustered histone 12
HSPA5 Heat shock protein family A member 5 SOX9 SRY-box transcription factor 9
DDIT3 DNA damage-inducible transcript 3 RARβ Retinoic acid receptor beta
NANOG Nanog homeobox miR MicroRNA
DmiR Dormancy-associated microRNA CDK Cyclin-dependent kinase
ATF7 Activating transcription factor 7 CKI Cyclin-dependent kinase inhibitor
HSPA1B Heat shock protein family A member 1B Cip/Kip Cyclin-dependent kinase inhibitor 1A
ESCC Esophageal squamous cell carcinoma uPAR Plasminogen activator, urokinase receptor
HSF2 Heat shock transcription factor 2 uPA Plasminogen activator, urokinase
GSK3β Glycogen synthase kinase 3 beta CXCR4 C-X-C motif chemokine receptor 4
DKK3 Dickkopf WNT-signaling pathway inhibitor 3 DDR1 Discoidin domain receptor tyrosine kinase 1
INK4 Cyclin-dependent kinase inhibitor 2A Raf Raf-1 proto-oncogen
HIF Hypoxia-inducible factor TSP-1 Th-1rombospondin
AXL AXL receptor tyrosine kinase ESM1 Endothelial cell-specific molecule 1
EGFR Epithelial growth factor receptor PI3K Phosphoinositide 3-kinases
CTL Cytotoxic T cells IDO Indolamine 2,3-dioxygenase
VEGF Vascular endothelial growth factor TNF-β Tumor necrosis factor beta

GLUT1 Glucose transporter 11 AMPK1
Adenosine monophosphate-activated
protein kinase

GPD1 Glycerol-3-phosphate dehydrogenase 1 BCL-2 B-cell lymphoma 2
BECN1 Beclin 1 Atg Autophagy related gene
PFKFB3 Phosphofructo-2-kinase/Fructose-2,6-Bisphosphate 3 ARHI Aplasia Ras homolog member 1

LC31 Microtubule-associated protein light chain 3 PRKAB1
p53-activated 5’-AMP-activated protein
kinase subunit beta-1

CMA Chaperone-mediated autophagy LAMP2A Lysosomal associated membrane protein 2A
MRN MRN Complex interacting protein ChK1 Cell cycle checkpoint kinase 1
PP2A Protein phosphatase 2 CIP2A Cellular Inhibitor of PP2A
HRE Hypoxia response elements CTLR C-type lectin receptor
SR Scavenger receptor COX2 Cyclooxygenase 2
BRAF B-Raf Proto-oncogen MEK Mitogen-activated protein kinase kinase 1
ERBB2/HER2 Erb-B2 receptor tyrosine kinase 2 TERT Telomerase reverse transcriptase
AKT Protein kinase B TP53 Tumor protein p53
VHL Von Hippel–Lindau tumor suppressor DNAJA3 DnaJ heat shock protein family member A3
SREC-1 Scavenger receptor expressed by endothelial cells-1 DRAM1 Damage-regulated autophagy modulator-1
TLR Toll-like receptor IFN-γ Interferon gamma

MDSC Myeloid-derived suppressor cells ADAMTs
A disintegrin and metalloproteinases with
thrombospondin motifs
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UTR Untranslated region SRC Src proto-oncogen
LOX Lysine oxidase GRP Glucose-regulated protein
NET Neutrophil extracellular traps tPA Tissue-type plasminogen

EMT Epithelial-to-mesenchymal transition LRP1
Low-density lipoprotein receptor-related
protein 1

GSC Glioma stem cell ITGB1 Integrin subunit beta 1
LAMC1 Laminin subunit gamma 1 PD-1 Programmed cell death protein 1
FAK Focal adhesion kinase LMD Leptomeningeal dissemination
PTPRZ1 Protein tyrosine phosphatase receptor PLEKHA7 Pleckstrin homolog domain-containing A7
CTC Circulating tumor cell
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