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Abstract: The cellular FLICE-inhibitory protein (c-FLIP) is a master regulator
of programmed cell death, functioning as a key suppressor of extrinsic apop-
tosis mediated by death receptor signaling. Its persistent overexpression is a
hallmark of numerous cancers, contributing directly to tumorigenesis, therapy
resistance, and immune evasion. However, direct pharmacological targeting
of c-FLIP has proven exceptionally challenging because of its unstructured
protein-interaction domains. This review explores an innovative indirect strat-
egy: inhibiting the molecular chaperone heat shock protein 70 (Hsp70) to pro-
mote the proteasomal degradation of c-FLIP. Hsp70 is frequently overex-
pressed in malignancies and is critically involved in stabilizing oncoproteins,
such as c-FLIP, shielding them from ubiquitination and degradation. A syn-
thesis of compelling evidence was presented to demonstrate that diverse
Hsp70 inhibitors —including ATP-competitive agents (VER-155008), allosteric
inhibitors (PES), and co-chaperone disruptors (MAL3-101)—effectively de-
plete c-FLIP levels. This depletion robustly re-sensitizes resistant cancer cells
to apoptosis, which is induced by tumor necrosis factor-related apoptosis-in-
ducing ligand (TRAIL) and Fas ligand (FasL). This overcomes conventional
chemoresistance and potentially restores immune-mediated cytotoxicity by
dismantling a key protective mechanism. This article details the molecular
mechanisms of the Hsp70-c-FLIP axis, evaluates the current landscape of
Hsp70-targeted therapeutics, and discusses the significant promise and chal-
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lenges—such as isoform selectivity and drug development hurdles—of ex-
ploiting this chaperone-client relationship. The present review concludes that
targeting Hsp70 to disrupt c-FLIP stability represents a highly promising and
indirect anticancer strategy, warranting extensive further investigation in both
preclinical models and clinical settings.

1. Introduction

Avoidance of programmed cell death, which is also known as apoptosis, is a fundamental aspect
of oncogenesis. This process underpins tumor formation, disease progression, and resistance to thera-
peutic interventions[1, 2]. Initiated by death ligands such as tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) and Fas ligand (FasL), the extrinsic pathway, among the various apoptotic
pathways, plays a crucial role in immune surveillance. Engagement of death ligands with their corre-
sponding death receptors leads to the assembly of the death-inducing signaling complex (DISC),
thereby activating caspase-8 and initiating the apoptotic signaling cascade [3, 4]. A crucial negative
regulator in this pathway is the cellular FLICE-inhibitory protein (c-FLIP). This essential anti-apoptotic
protein exists in multiple splice variants, including FLIP long (c-FLIPL), FLIP short (c-FLIPS), and
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FLIPR. It exerts its function by interacting with the DISC, where it serves as a catalytically inactive
decoy. By forming heterodimers with caspase-8 and procaspase-8, c-FLIP inhibits their full activation,
leading to prevent the propagation of the apoptotic death signal [4, 5]. The oncogenic significance of c-
FLIP is underscored by its frequent overexpression across a range of malignancies, including mela-
noma, non-small cell lung carcinoma, and pancreatic ductal adenocarcinoma. Its overexpression is
strongly correlated with adverse prognostic outcomes, resistance to chemotherapy and radiotherapy,
and its role in enabling tumor cells to evade immune surveillance by conferring protection against T-
lymphocyte-mediated cytotoxicity [6].

Targeting c-FLIP directly with small-molecule inhibitors presents considerable challenges due to
the predominantly unstructured nature of its protein-interaction domains and the complexity of its
integration into cellular processes [7, 8]. This has prompted the exploration of indirect targeting strate-
gies that leverage post-translational regulatory mechanisms that affect c-FLIP stability. c-FLIP is a tran-
sient protein, whose intracellular levels are tightly regulated through ubiquitin-mediated proteasomal
degradation[6].

Recent research emphasizes the role of Heat Shock Protein 70 in stabilizing c-FLIP; this, in turn,
aids cancer progression by supporting oncoproteins, reducing proteotoxic stress, and inhibiting apop-
tosis [9]. Emerging evidence robustly supports c-FLIP as a bona fide client protein of heat shock protein
70 (Hsp70). The molecular chaperone interacts with c-FLIP, shielding it from E3 ubiquitin ligases, such
as Itch, thereby substantially increasing its half-life and enhancing its anti-apoptotic function [10, 11].

This review will thoroughly examine the scientific rationale for targeting the Hsp70-c-FLIP axis
with pharmacological interventions as an innovative, indirect approach to cancer therapy. It will syn-
thesize mechanistic evidence elucidating the role of Hsp70 in stabilizing c-FLIP, assess the current land-
scape of Hsp70 inhibitors, and discuss the therapeutic promise and associated challenges of leveraging
this chaperone-client interaction to restore apoptosis in cancer types resistant to it.

2. Literature Search Methodology

A comprehensive and unbiased synthesis of the current understanding of the Hsp70-c-FLIP axis
was achieved through a targeted literature review. The search encompassed primary electronic data-
bases including PubMed/MEDLINE, Scopus, and Web of Science. No restrictions were applied to the
start date, and the search was limited to December 2024 to ensure inclusion of the most recent devel-
opments.

The search strategy utilized a combination of key terms and Boolean operators. Core terms in-
cluded: “c-FLIP” OR “CFLAR” OR “CASP8 and Fas-Associated Death Domain (FADD)-like apoptosis
regulator,” and “Hsp70” OR “HSPA1A” OR “HSPAS8” OR “heat shock protein 70.” These were supple-
mented with secondary terms related to “inhibitor,” “targeting,” “degradation,” or “chaperone,” as
well as “cancer,” “apoptosis,” and “therapy resistance.”

The initial search results were evaluated for relevance based on their titles and abstracts. Addi-
tionally, reference lists of key articles were manually searched to identify additional relevant studies.
The selected literature comprised original research articles, authoritative reviews, and seminal studies
that explored the molecular mechanisms, preclinical evidence, and therapeutic potential related to the
Hsp70-c-FLIP interaction. This approach aimed to establish a solid foundation for the narrative synthe-
sis included in this review.

3. The Central Role of c-FLIP in Apoptosis Evasion and Cancer
3.1. Structure and Isoforms

The CFLAR gene (CASP8 and FADD-like apoptosis regulator), located on chromosome 2q33, en-
codes several alternatively spliced isoforms. The most prominent variants include c-FLIPL, c-FLIPS,
and c-FLIPR [12]. The 55-kDa isoform of c-FLIPL is structurally similar to caspase-8, containing two N-
terminal death effector domains (DEDs) that facilitate recruitment to the DISC and a catalytically inac-
tive C-terminal caspase-like domain [13, 14]. In contrast, the shorter isoforms—26-kDa c-FLIPS and 24-
kDa c-FLIPR—contain only the two DEDs and lack the caspase-like domain [15].
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Although all isoforms can be recruited to the DISC via DED-mediated interactions, their structural
differences underlie their distinct functional roles. c-FLIPL can form heterodimers with caspase-8 that
maintain limited catalytic activity under particular conditions, potentially initiating non-apoptotic sig-
naling pathways. Conversely, c-FLIPS and c-FLIPR serve solely as inhibitors, effectively preventing
caspase-8 activation [16, 17], as shown in table 1.

Table 1: Key isoforms of c-FLIP and their functional roles.

Size Key Structural Primary Function at the
Ref Isof I 11 F
e soform (kDa) Features DISC mpact on Cell Fate
Acts as a dominant-negative;
Two Death Effec- N & ly inhibi -
[14] c-FLIPS 26 to‘ll'vlci))onel:ns or?lc it competes with procaspase- aoctt-ei:;t-}ilolrr: alr};’(jltz Czsizziess
Y 8 for binding to FADD. POPEOSIS.
Two Death Effec- . ' Inhibits full apoptos?s; Pro-
tor Domains Forms heterodimers with motes non-apoptotic sig-
[18] c-FLIPL 55 . ’ caspase-8; allows limited, naling (nuclear factor
caspase-like do- . ) .
non-apoptotic cleavage. kappa B, Mitogen-Acti-

main (inactive
( ) vated Protein Kinase).

Two Death Effec- Functions similarly to c-

[19] c-FLIPR 24 . FLIPS; competes for DISC re-
tor Domains only. .
cruitment.

Potently inhibits caspase-8
activation and apoptosis.

3.2. Mechanisms of Apoptosis

The c-FLIP functions as a potent anti-apoptotic agent primarily at the DISC. It acts as a catalytically
inactive homolog of caspase-8, consequently competing with procaspase-8 for binding to the adaptor
protein FADD. This competitive interaction inhibits the essential dimerization and autocleavage of
caspase-8, processes that are critical for the initiation of apoptosis [20]. Structural analyses indicate that
the DEDs of c-FLIP exhibit a higher binding affinity for FADD compared to those of caspase-8. This
enhanced affinity enables c-FLIP DEDs to effectively occupy binding sites, thereby forming a structural
barrier that impedes the initiation of downstream apoptotic signaling [13].

Beyond simple competitive inhibition, c-FLIP isoforms differentially modulate cell fate via intri-
cate allosteric mechanisms. The long isoform (c-FLIPL) forms heterodimers with caspase-8 that exhibit
limited proteolytic activity, which is insufficient to induce full apoptosis. However, this complex can
activate alternative signaling pathways, such as nuclear factor kappa B, mitogen-activated protein ki-
nase, and extracellular signal-regulated kinase [21]. By converting a death signal into a pro-survival
one, this redirected signaling promotes inflammatory responses, enhances cellular growth, and
strengthens survival pathways. The short isoforms (c-FLIPS), which lack the caspase-like domain, act
as dominant-negative inhibitors, which are entirely blocking caspase-8 activation [22].

The stoichiometric ratio of c-FLIP to caspase-8 at the DISC serves as a critical molecular switch to
determine cellular fate. Elevated levels of c-FLIP effectively inhibit apoptosis, whereas intermediate
concentrations permit limited caspase-8 activity, which may facilitate non-apoptotic signaling path-
ways. This precise regulatory mechanism enables cancer cells to resist death receptor-mediated apop-
tosis while concurrently exploiting these signals to enhance survival and proliferation. Such sophisti-
cated adaptation significantly contributes to therapeutic resistance and tumor progression [23].

3.3. Structural Mechanism of Death Effector Domains-Mediated Inhibition

The principal mechanism by which c-FLIP inhibits apoptosis involves competitive binding at the
DISC, which is a process determined by the structural characteristics of its DEDs [13].
The DED constitutes a conserved protein interaction module found in FADD, procaspase-8, and all c-
FLIP isoforms. Within the DISC, these domains facilitate homotypic (DED-DED) interactions, thereby
mediating the recruitment of procaspase-8 and c-FLIP to FADD [24].
Structural and biophysical analyses reveal that the DEDs of c-FLIP exhibit a higher binding affinity for
the DED of FADD compared to those of procaspase-8. This increased affinity enables c-FLIP to effec-
tively compete with procaspase-8 for binding to FADD. By occupying these sites, c-FLIP DEDs establish
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a physical barrier at the DISC; this sterically prevents the dimerization and subsequent activation of
caspase-8, and in turn inhibits the initiation of the apoptotic cascade [25].

3.4. Role in Therapy Resistance and Immune Evasion

The anti-apoptotic function of c-FLIP plays a pivotal role in two prominent clinical challenges in

oncology: therapy resistance and immune escape. Elevated levels of c-FLIP inhibit the activation of
caspase-8 at the DISC, thereby conferring significant resistance to death receptor-targeted therapies,
such as recombinant TRAIL and TRAIL receptor agonists [26]. This resistance similarly extends to var-
ious conventional chemotherapeutic agents, such as 5-fluorouracil and cisplatin, as well as to radio-
therapy. These treatments often rely on the extrinsic pathway to augment their cytotoxic effects through
secondary autocrine and paracrine signaling by death ligands [7, 27].
Furthermore, c-FLIP functions as a critical mediator in tumor immune evasion. Cytotoxic T lympho-
cytes and natural killer cells predominantly induce apoptosis in target cells through the granzyme
B/perforin pathway, engaging death receptors such as Fas (CD95) on the target cell [28]. High levels of
c-FLIP expression in cancer cells effectively inhibit FasL-mediated apoptosis, thereby conferring re-
sistance to this essential mechanism of both the adaptive and innate immune responses [29]. This pro-
tective shield allows tumor cells to persist within an immunologically hostile microenvironment, facil-
itating immune evasion and disease progression. As a result, overexpression of c-FLIP is frequently
associated with poor prognosis and therapeutic failure in diverse cancers [5].

4. Hsp70: The Oncogenic Chaperone
4.1. Structure and Function in Proteostasis

Hsp70 is a highly conserved, adenosine triphosphate (ATP)-dependent molecular chaperone that

is a crucial component of the cellular proteostasis network. Its primary function is to facilitate proper
folding of nascent polypeptide chains, prevent aggregation of misfolded proteins, and direct client pro-
teins toward degradation or refolding pathways. The operational cycle of Hsp70 is regulated allosteri-
cally between its two principal domains: an N-terminal nucleotide-binding domain (NBD). This binds
and hydrolyzes ATP and a C-terminal substrate-binding domain, which interacts with hydrophobic
peptide segments of client proteins [30].
In the ATP-bound conformation, Hsp70 exhibits low substrate affinity coupled with rapid exchange
rates. The hydrolysis of ATP, significantly facilitated by J-domain co-chaperones, such as Hsp40, in-
duces a conformational transition to the adenosine diphosphate-bound state. This state is characterized
by a high affinity for substrate proteins, consequently “trapping” the clients effectively [30]. Client re-
lease is triggered by nucleotide exchange factors, such as Bcl-2-associated athanogene family proteins.
These proteins promote adenosine diphosphate dissociation and facilitate ATP rebinding, allowing the
cycle to continue. This regulation, which is mediated by co-chaperones, enables Hsp70 to perform var-
ious functions, including protein folding, protein transport across organelle membranes, and protein
aggregation. This process helps maintain the health of the cell’s proteins under normal and stressful
conditions [31, 32].

4.2. Hsp70’s Function in Protein Stabilization

The oncogenic function of Hsp70 primarily arises from its capacity to stabilize a diverse array of
client proteins that are essential for tumor progression and therapeutic resistance. Hsp70 interacts with
short, degenerate hydrophobic peptide segments that are exposed on inherently unstable proteins or
under stress conditions [30]. This interaction is not solely protective; it also disrupts the cell's quality-
control mechanisms. Hsp70 effectively binds to and hides these hydrophobic degrons (i.e. short se-
quences that serve as recognition sites for E3 ubiquitin ligases), thereby preventing the ubiquitin ligase
machinery from tagging the client protein for proteasome-mediated degradation [9, 33].
This chaperone-mediated stabilization extends the half-life of numerous oncoproteins, including mu-
tant p53, Akt, Raf-1, and, notably, c-FLIP, which is a central focus of this review. The persistent activity
of these stabilized clients facilitates uncontrolled cellular proliferation, inhibits apoptotic processes, and
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enhances metastatic potential. Under the stressful tumor microenvironment—characterized by hy-
poxia, nutrient scarcity, and proteotoxic stress—the overexpression of Hsp70 emerges as a crucial adap-
tive mechanism, allowing cancer cells to maintain a functional proteome and endure conditions that
would otherwise disrupt proteostasis [34, 35], as shown in figure 1.

TEiskid)
Hsp70 Hsp70 c-FLIP Itch (E3)
Inhibitor Chaperone Protein Ubiquitination

Figure 1: Hsp70—c-FLIP Stabilization and Inhibition Mechanism. The molecular mechanism by which Hsp70 stabilizes
c-FLIP and the effects of its pharmacological disruption are examined. Under physiological conditions, Hsp70 interacts with
hydrophobic degrons on ¢c-FLIP, shielding it from recognition by the E3 ubiquitin ligase Itch. This interaction prevents ubiquiti-
nation and subsequent proteasomal degradation of c-FLIP. Pharmacological agents such as VER-155008, 2-Phenylethynesulfon-
amide, or MAL3-101 inhibit Hsp70 activity, thereby disrupting this protective binding. Consequently, c-FLIP degrons are ex-
posed, leading to Itch-mediated polyubiquitination and proteasome-mediated degradation. This process reactivates caspase-8
and enhances cellular sensitivity to extrinsic apoptotic stimuli.

4.3. The Role of Hsp70 in Modulating Immunity and Cancer Surveillance

Beyond its function in stabilizing intracellular proteins, Hsp70 plays a pivotal role in modulating
the immune system, influencing both tumor detection and immune escape. Having been released by
stressed or apoptotic cancer cells, extracellular Hsp70 functions as a damage-associated molecular pat-
tern, thereby initiating innate immune responses by binding to pattern recognition receptors, such as
Toll-like receptors, on antigen-presenting cells [36]. This interaction promotes antigen-presenting cell
maturation and the cross-presentation of tumor-associated antigens, leading to the stimulation of adap-
tive anti-tumor immunity. Conversely, cancer cells exploit Hsp70 to create an immunosuppressive tu-
mor microenvironment. Tumor-derived Hsp70 can induce the expansion of regulatory T cells and my-
eloid-derived suppressor cells, which suppress cytotoxic T lymphocyte and natural killer cell activ-
ity [37, 38].

Intracellularly, Hsp70 stabilizes client proteins, such as c-FLIP; thus, they directly contribute to
cancer cells' resistance to immune-mediated cytotoxicity via the Fas and TRAIL death receptor path-
ways. This dual functionality —serving as an extracellular immune adjuvant and reinforcing intracel-
lular tumor-cell defenses—underscores the complexity of Hsp70's role in cancer immunology. Thera-
peutic targeting of Hsp70 could offer a dual advantage: destabilizing oncogenic proteins and resensi-
tizing tumor cells to immune-mediated destruction by disrupting critical survival mechanisms [39, 40].

5. The Hsp70-c-FLIP Axis: A Mechanistic Link
5.1. Evidence of Interaction and Stabilization

The hypothesis that c-FLIP functions as a bona fide client protein of Hsp70 is robustly supported
by converging biochemical, genetic, and pharmacological evidence. Initial co-immunoprecipitation as-
says conducted across diverse cancer cell lines—including Hodgkin's lymphoma and pancreatic ade-
nocarcinoma—have consistently demonstrated a direct physical interaction between Hsp70 and c-FLIP
[41]. Crucially, this interaction is not merely incidental; it is functionally significant and becomes mark-
edly enhanced under conditions of cellular stress, such as heat shock or exposure to chemotherapeutic
agents, which strongly induce Hsp70 overexpression. This indicates a dynamic and stress-responsive
relationship between the chaperone and its client [42-44].

The most compelling evidence supporting Hsp70-mediated stabilization of c-FLIP derives from
loss-of-function experiments. Specifically, targeted genetic knockdown of Hsp70 using small interfer-
ing RNA (siRNA) or short hairpin RNA (shRNA) results in a rapid and pronounced reduction in c-
FLIP protein levels. In contrast, c-FLIP mRNA expression remains unchanged, subsequently confirm-
ing that Hsp70 exerts its regulatory effect post-translationally by augmenting c-FLIP stability rather
than affecting its transcription [45]. This finding is corroborated by pharmacological inhibition with
compounds, such as VER-155008 and PES, which mimic the siRNA phenotype by dose-dependently
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reducing c-FLIP protein levels. Mechanistically, this reduction is mitigated by pretreatment with pro-
teasome inhibitors, such as MG-132, consequently establishing a direct link between Hsp70 inhibition
and enhanced ubiquitin-proteasome system-mediated degradation of c-FLIP [34, 46].

The ubiquitin-proteasome system is the primary mechanism for targeted protein degradation in
the cell. This process involves the covalent linkage of ubiquitin chains to lysine residues on substrate
proteins, such as c-FLIP, mediated by E3 ubiquitin ligases, including Itch. Polyubiquitin chains serve
as signals for recognition by the 26S proteasome, a large proteolytic complex responsible for protein
degradation. This highly regulated pathway maintains the rapid turnover of c-FLIP, thereby modulat-
ing its anti-apoptotic activity [47].

5.2. Proposed Molecular Mechanism

The precise molecular mechanisms underlying Hsp70-mediated stabilization of c-FLIP remain un-
der investigation. However, a compelling model has been proposed based on current evidence. Ac-
cording to this model, Hsp70 directly interacts with specific, likely hydrophobic, regions of the c-FLIP
protein. This interaction appears to be active, as it protects c-FLIP from its primary cellular regulator,
which is the ubiquitin-proteasome system. Notably, the E3 ubiquitin ligase Itch (also known as AIP4)
has been definitively identified as a critical enzyme that mediates the polyubiquitination of c-FLIP,
targeting it for proteasomal degradation [34, 48].

The interaction between Hsp70 and c-FLIP is postulated to form a steric hindrance; this, in turn,
obstructs the degron motifs on c-FLIP that Itch typically recognizes. This obstruction impedes the effi-
cient transfer of ubiquitin molecules, consequently preventing the proteasomal degradation of c-FLIP
[30]. Alternatively, or concurrently, the Hsp70-c-FLIP complex may adopt a conformation that renders
the ubiquitination sites on c-FLIP inaccessible to the Itch catalytic domain. Pharmacological inhibition
or genetic depletion of Hsp70 disrupts this chaperone shielding mechanism. Consequently, the degrons
on c-FLIP are exposed, and this facilitates rapid recognition and polyubiquitination by Itch, which is
followed by immediate engagement with the 26S proteasome [41]. Following Hsp70 inhibition, this
model systematically elucidates the rapid depletion of c-FLIP protein, and this helps to notice the ab-
sence of alterations in its mMRNA expression levels. Furthermore, it underscores the Hsp70-c-FLIP-Itch
axis as a promising therapeutic target for inducing pro-apoptotic protein activity, as shown in figure 2.

6. Therapeutic Targeting: Hsp70 Inhibitors to Deplete c-FLIP
6.1. Classes of Hsp70 Inhibitors

The development of Hsp70 inhibitors has led to the emergence of several distinct pharmacological
classes, with each targeting specific components of the Hsp70 chaperone cycle. However, none of these
inhibitors has yet received clinical approval as summarized below.

6.1.1. ATP-Competitive Inhibitors

This class targets the conserved NBD explicitly to interfere with the essential ATPase cycle. VER-
155008, a prototypical adenosine analogue, exhibits high-affinity binding to the ATP pocket, subse-
quently inhibiting ATP hydrolysis. This action stabilizes Hsp70 in a low-substrate-affinity state, conse-
quently preventing client protein binding, promoting their release, and facilitating subsequent degra-
dation. Recent developments have introduced compounds, such as JG-98, which also target the NBD.
These newer compounds demonstrate enhanced potency and represent a next-generation class of ATP-
competitive inhibitors [49, 50].
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Figure 2: Proposed molecular mechanism of Hsp70-mediated c-FLIP stabilization and its pharmacological disruption. Under
normal conditions, Hsp70 binds to hydrophobic degrons on c-FLIP, shielding it from recognition by the E3 ubiquitin ligase
Itch. This chaperone-client interaction prevents c-FLIP ubiquitination and subsequent proteasomal degradation, thereby stabi-
lizing c-FLIP and promoting its anti-apoptotic function. Pharmacological inhibition of Hsp70 (e.g., by VER-155008, PES, or
MALB3-101) disrupts this protective interaction, leading to exposure of c-FLIP degrons, Itch-mediated polyubiquitination, and
proteasomal degradation of c-FLIP. The resulting depletion of c-FLIP restores caspase-8 activation at the DISC, thereby re-sen-
sitizing cancer cells to extrinsic apoptotic stimuli.

6.1.2. Allosteric Inhibitors

These compounds bind to alternative sites, inducing conformational changes that impair their
function. 2-Phenylethynesulfonamide (also known as Pifithrin-p) is a well-characterized inhibitor that
interacts with a cryptic cleft within the substrate-binding domain; this, in turn, allosterically locks it in
a closed conformation. This mechanism not only prevents client protein binding but also appears to
destabilize oncogenic clients more effectively than housekeeping proteins [51, 52].

6.1.3. Chemical Modulators Targeting Co-Chaperone Interactions

This innovative compound targets the functional epitopes involved in the interaction between
Hsp70 and its essential co-chaperones. For instance, MAL3-101 specifically binds to the interface be-
tween Hsp70 and the J-domain of Hsp40. Disruption of this critical interaction inhibits Hsp40-mediated
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ATP hydrolysis, leading to effectively arresting the chaperone cycle and resulting in the destabilization
of client proteins [53]. This approach offers a potential pathway to achieve greater selectivity (Table 2).

Table 2: Classes of Hsp70 inhibitors and their mechanisms.

. . Representative
Ref Class Mechanism of Action Key Advantages Key Challenges
Compound(s)
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. May preferentially
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the substrate-binding do- Off-target effects;

[55] Allosteric ] o sulfonamide genic clients over ) o
main, locking it in a o . potential toxicity.
. (Pifithrin-p1) housekeeping pro-
closed conformation. .
teins.
. . . The complexity of
Inhibits the interaction
. Potential for greater  the chaperone net-
. between Hsp70 and its o
Co-chaperone Dis- selectivity by tar- work may lead to
[56] co-chaperones (e.g., MAL3-101 . .
ruptors . geting protein-pro-  the development of
Hsp40), halting the chap- .
tein interfaces. compensatory
erone cycle. .
mechanisms.
Off-target or newly dis- Mechanism may not
] ) Known safety pro- )
covered interactions that Mebendazole, . be fully elucidated;
[57] Repurposed Drugs = . . o files; can accelerate
inhibit Hsp70 function or Oridonin . . potency may be
. clinical translation.
expression. lower.

6.2. Preclinical Evidence of Efficacy

Preclinical investigations employing Hsp70 inhibitors have yielded substantial and diverse evi-
dence corroborating their efficacy in targeting the Hsp70-c-FLIP axis. Administration of compounds,
such as VER-155008 and 2-Phenylethynesulfonamide across a range of cancer cell lines—including
breast (MDA-MB-231), lung (A549), and leukemia (Jurkat) — consistently induces a rapid, dose-depend-
ent diminution in c-FLIP protein levels, subsequently affirming the primary mechanism of action [45].
This pharmacological intervention effectively reverses the fundamental blockade of apoptosis. Cancer
cells that exhibit inherent resistance to death receptor agonists, such as recombinant TRAIL or FasL,
exhibit substantial, synergistic induction of apoptosis when concurrently treated with an Hsp70 inhib-
itor, indicating significant re-sensitization of the extrinsic apoptotic pathway [49].

Beyond merely targeting death receptors, Hsp70 inhibition demonstrates a broad capacity to over-
come multidrug resistance. Empirical studies suggest that Hsp70 inhibition depletes c-FLIP; thus, it
resensitizes various cancer models to standard chemotherapeutic agents, including 5-fluorouracil, cis-
platin, and doxorubicin. This effect is primarily mediated by preventing c-FLIP-driven suppression of
caspase-8 activation, a critical downstream event in chemotherapy-induced apoptosis [58]. Further-
more, this strategy demonstrates significant promise in immuno45-oncology. By disrupting the c-FLIP-
mediated protective mechanism that shields tumor cells from Fas-induced cytolysis, Hsp70 inhibitors
may enhance the cytotoxicity of T lymphocytes and natural killer cells. This suggests the potential for
synergistic effects when combined with adoptive cell transfer or immune checkpoint blockade thera-
pies [59, 60], as shown in table 3 and figure 3.
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Table 3: Preclinical evidence for Hsp70 inhibition in cancer models.

L Cancer Model(s) .
Ref Hsp70 Inhibitor Observed Effect on c-FLIP Functional Outcome
Tested
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degradation proteasome inhibitors
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Figure 3: Hsp70 inhibition re-sensitizes resistant cancer cells to multiple therapeutic modalities. (Schematic repre-
sentation of the multimodal therapeutic re-sensitization achieved through Hsp70 inhibition and subsequent c-FLIP depletion).
The central axis depicts the core mechanism: pharmacological inhibition of Hsp70 disrupts its chaperone function, leading to
proteasomal degradation of c-FLIP and restoration of caspase-8 activation at the DISC. This restored apoptotic signaling re-
enables three key therapeutic pathways that are otherwise suppressed in resistant cancers: (1) Death Receptor Agonists
(TRAIL/FasL Pathway): Re-sensitization to extrinsic apoptosis triggered by death ligands; (2) Conventional Chemother-
apy: Overcoming chemoresistance by enabling caspase-8-mediated apoptotic responses to DNA-damaging agents; and (3) Im-
mune-Mediated Cytotoxicity: Enhancing the killing efficacy of cytotoxic T lymphocytes and natural killer cells by removing
the c-FLIP blockade of Fas/CD95 death receptor signaling. This integrative model highlights the broad potential of targeting the
Hsp70-c-FLIP axis to overcome multidrug and multimodal therapy resistance.

Immune
Killing

6.3. Chaperone-Mediated Modulation of Immune Cell Function

Molecular chaperones (i.e. Hsp70 and Hsp90) play a pivotal role in modulating the function of T
lymphocytes and natural killer cells. In cytotoxic T lymphocytes, these chaperones are instrumental in
ensuring proper folding and assembly of essential signaling proteins, including those that constitute
the T-cell receptor complex, leading to underpinning of effective antigen recognition and cellular acti-
vation [66]. In natural killer cells, chaperone proteins play a crucial role in maintaining the stability of
cytotoxic granules and the perforin/granzyme apparatus, which are essential for the destruction of tar-
get cells. Conversely, tumor cells can release extracellular chaperones that directly inhibit cytotoxic T
lymphocyte and natural killer cell functions by engaging inhibitory receptors, thereby facilitating im-
mune escape [36].

6.4. Novel Strategies and Future Directions

Beyond monotherapy, the future of Hsp70 inhibition will largely depend on the development of
strategic combination approaches. These approaches described below.
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6.4.1. Synthetic Lethality with Proteasome Inhibitors

While proteasome inhibitors, such as bortezomib, facilitate the degradation of c-FLIP, they con-
currently elicit a substantial upregulation of Hsp70 as a cellular survival mechanism. The concomitant
use of an Hsp70 inhibitor can mitigate this resistance, consequently producing a synthetic lethal inter-
action that induces pronounced proteotoxic stress and activates subsequent cellular responses [67].

6.4.2. Nanoparticle Delivery

To address the pharmacokinetic shortcomings of existing inhibitors, novel delivery systems are
currently under development. Encapsulation of Hsp70 inhibitors within nanoparticles or antibody-
drug conjugates targeting tumor-specific antigens can enhance tumor-specific delivery, diminish sys-
temic exposure, and minimize off-target effects [68].

6.4.3. Targeting Specific Isoforms

While sparing the constitutive Hsc70 (also known as heat shock protein family A member 8) and
the endoplasmic reticulum-specific isoform (BiP, HSPA5- Immunoglobulin Heavy Chain Binding Pro-
tein), developing inhibitors that specifically target the stress-induced Hsp72 (heat shock protein family
A member 1A) represents a crucial area of research aimed at improving selectivity and safety profiles
[69].

6.5. Repurposing Existing Drugs to Target Hsp70

Beyond the development of novel compounds, the strategic repurposing of food and drug admin-
istration-approved drugs offers a promising, expedient approach to targeting the Hsp70-c-FLIP axis in
clinical settings. This strategy leverages established pharmacokinetic and safety profiles; thus, it poten-
tially accelerates translation to clinical application. Several currently utilized drugs have been identified
as indirect or off-target inhibitors of Hsp70 function or expression. For instance, the anthelmintic agent
Mebendazole has been shown to bind to the substrate-binding domain of Hsp70; this, in turn, disrupts
its chaperone activity and promoting the proteasomal degradation of client oncoproteins, including
those essential for oncogenic processes [70]. Another noteworthy example is Oridonin, a naturally oc-
curring diterpenoid with well-documented anti-cancer properties. It directly interacts with Hsp70, in-
hibiting its ATPase activity and facilitating the degradation of its client proteins [71].

7. Challenges and Future Perspectives
Despite encouraging preclinical results, significant challenges remain as follow:

7.1. Selectivity and Toxicity

Hsp70 comprises several isoforms, including cytosolic Hsc70 and Hsp70, mitochondrial mtHspZ70,
and endoplasmic reticulum BiP, each serving vital roles in cellular homeostasis. While preserving its
fundamental proteostatic activities, the development of inhibitors that selectively target the oncogenic
functions of Hsp70 is crucial for mitigating potential off-target toxicities.

7.2. Drug Development

The potency, pharmacokinetic profiles, and pharmacodynamic properties of existing Hsp70 inhib-
itors necessitate further optimization to enhance their suitability for clinical application.
7.3. Biomarker Identification

Not all types of cancer depend equally on the Hsp70-c-FLIP axis. The identification of biomarkers,
such as the concurrent high expression of Hsp70 and c-FLIP, will be essential for stratifying patients in
future clinical trials.

7.4. Combination Strategies

The highest potential is likely found in rational combinations, such as Hsp70 inhibitors paired with
TRAIL receptor agonists, conventional chemotherapy, or immune checkpoint inhibitors.
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8. Conclusions

The ongoing effort to develop effective cancer therapies continues to face a significant obstacle:
overcoming adaptive resistance mechanisms. As discussed in this review, the anti-apoptotic protein c-
FLIP plays a vital role in therapeutic resistance, yet direct pharmacological targeting of c-FLIP remains
challenging. Consequently, a novel indirect approach has been devised: targeting the molecular chap-
erone Heat Shock Protein 70 (Hsp70) to promote c-FLIP degradation.

Robust preclinical data demonstrate that inhibition of Hsp70, through agents such as VER-155008,
2-Phenylethynesulfonamide, and MAL3-101, effectively reduces c-FLIP protein levels via the ubiquitin-
proteasome pathway. This reduction sensitizes resistant cancer cells to extrinsic apoptosis induced by
death receptor agonists (e.g. TRAIL and FasL), overcomes traditional chemoresistance, and potentially
restores immune-mediated cytotoxicity by alleviating c-FLIP’s blockade of Fas signaling. Conse-
quently, pharmacological targeting of Hsp70 to destabilize c-FLIP emerges as a promising indirect an-
ticancer strategy. Progress in this area depends on developing more specific Hsp70 inhibitors, discov-
ering predictive biomarkers for patient selection and combining this strategy with existing chemother-
apy, immunotherapy, or targeted therapies. Further research is essential to translate these preclinical
findings into clinical improvements for patients with cancer.
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