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Abstract

A cluster of closely stored molecules that are engaged in different cellular processes is the mammalian HSP90 protein fam-
ily. HSP90 works with HSP70 but is not dependent on the cochaperone of HSP90. HSPs are molecular chaperones required
to fold, stabilize, and degrade proteins that are responsible for multiple tumor types. Hence targeting HSP90 and HSP70
presents a striking strategy for treating cancers. The present review article provides an overview of the structure, mode of
action as well as role of HSP90 and HSP70. They are part of key regulatory processes that directly influence oncogenic
pathways. As Drosophila melanogaster acts as an appropriate model system for research studies involving the above-stated
disorders, emphasis has been put on summarizing some of the research studies in oncogenesis.
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Introduction

Heat shock proteins (HSPs) are a large group of molecular
chaperones prevents protein aggregations and ubiquitously
expressed and abundantly existent in cancer (Ciocca and
Calderwood 2005; Young and Breslau 2004). HSPs are
intracellular polypeptides that are also induced in response
to stimuli viz. hyperthermia, anoxia, and toxins (Schifer
and Williams 2000). HSPs are involved in the regulation
of apoptosis, immune responses, angiogenesis, and metas-
tasis (Kampinga et al. 2009). Mammalian HSPs are broadly
categorized into HSP70/HSPA, HSP9O/HSPC, HSP40/
DNAJ, HSPB, HSP110/HSPH, and chaperons (Calderwood
et al. 2016). Malignant cancerous cells are more addicted
to molecular chaperonins particularly HSP70 and HSP90
(Rothammer et al. 2019). There are two isoforms of HSP90
is reported and the expression levels are found to be varied in
a tissue specific way (Calderwood et al. 2016; Maiti and Pic-
ard 2022). In mice, the level of HSP90P expression is exclu-
sively expressed in heart, liver, spleen, lung, muscle, and
kidney in comparison to HSP90« (Maiti and Picard 2022).

P4 Pooja Rai
pooja.rai3 @bhu.ac.in

Cytogenetics Laboratory, Department of Zoology, Institute
of Science, Banaras Hindu University, Varanasi 221005,
India

However, the increased levels of HSP90«a are observed in
testis, retina, and brain as compared to Hsp90f. In normal
cells, 2-3% of HSP90u in the total cellular proteins is found
but up to 7% in certain tumor cell lines. Cellular stress leads
to the upregulation of the inducible isoform HSP90x. Hence,
in most cancers, Hsp90a is highly upregulated. The loss of
function of HSP90«a results in the degradation of several
oncogenic client proteins indicating the essential fuctions
of HSP90a-selective inhibitor against Hsp90a-dependent
cancers. In certain, HSP90u is specially expressed during
stress conditions (Clayton et al. 2005; Li et al. 2007), and
was found to be interact with matrix metalloproteinase 2
which promotes cancer cell invasiveness (Eustace et al.
2004). For example, HSP90 directly interacts with Bcl-2
in case of laryngeal carcinoma (LC), and is involved in the
anti-apoptotic progression of LC. In osteosarcoma condition,
extracellular HSP90P secreted by MG63 cells and was found
to be associated with cancer cell survival (Maiti and Picard
2022). Based on this observation, it was hypothesized that
muscle cells in the mouse are solely dependent on HSP90p
for differentiation and regeneration (Maiti and Picard 2022).

Earlier studies linked serum HSPs to gastrointestinal tract
disorders, Breast as well as pancreatic cancers. The up-reg-
ulation of HSPs (HSP70) in serum regulates apoptotic path-
ways and tumor development in Breast cancer, (Albakova
et al. 2020) was likely reported in pancreatic cancer that
provides a diagnostic biomarker for early detection (Dutta
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et al. 2012). The sensitivity of HSP70 to detect pancreatic
cancer was found to be higher 74% as compared to other
HSPs (Liao et al. 2009).

Under normal conditions in the cellular environment,
HSPs are expressed as a counter interactive mechanism to
stressful conditions but in a cancerous micro-environment
with hypoxia and consequent acidity, HSPs are able to main-
tain protein stability and homeostasis which helps malignant
cells to survive. HSPs are expressed at euthermic temperature
(37 °C) and under stressed conditions have different func-
tions and distinct locations. HSPs are found in various loca-
tions and are described based on their molecular weight and
function, into heavy and smaller HSP with former being ATP
dependent and latter being ATP independent (Kregel 2002).
Multiple HSP70s are encoded in all genomes, from bacte-
ria to humans. In humans, 13 HSP70 homologs are expr
essed in different cellular compartments with the cyto-
sol, nucleus, ER, and mitochondria being the most abun-
dant. Recent studies have proven the dynamics of the HSP70,
which includes insights into its component's structural and
practical properties (Evans et al. 2010).

In eukaryotic cells, HSP90 is widely abundant, contrib-
utes to 1 to 2% of total cellular proteins in the body, and is
known to be responsible for their appropriate maturation,
activation, and degradation (Taipale et al. 2010). HSP90
interacts with different substrate proteins in the cell, gener-
ally termed as clients. Much of these client proteins par-
ticipate mainly in chromatin remodeling, protein folding
and their degradation, cellular growth, trafficking and dif-
ferentiation, are regulators of various cellular pathways (Jee
2016). All members of the HSP90 family contain a com-
mon domain structure and three domains are structurally
observed in HSP90, namely the N-terminal ATP-binding
domain, the middle domain as well as the C-terminal dimeri-
zation domain. The C-terminal dimerization of two HSP90
protomers gives rise to a V-shaped dimer with substantial
conformational dynamics, which is essential for chaperone
function (Pearl and Prodromou 2000). The HSP90 dimer
creates conformational modifications, with interact with
co-chaperones and ATP stabilizing different conforma-
tions. The ATP hydrolysis controls the chaperoning period
of HSP90, which is required for the client proteins to be
properly folded (Albakova et al. 2021; Richter and Buchner
2001). The detailed structure of the kinase-binding site on
hHSP90 was configured on the basis of cryo-EM structure
of the hHSP90:Cdk4:Cdc37 complex (Verba et al. 2016).

However, Hsp90 and its associated secreted forms can
also lead to the growth and progression of severe patholo-
gies such as cancer. HSP90 normalizes several oncoproteins
such as v-Src, human epidermal growth factor receptor 2
(ErbB2), hypoxia-inducible factor 1 (HIF1), and telomer-
ase and thus regulates several hubs that are misregulated in
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cancer (Miyata et al. 2013). Hence, HSP90 is intricated in
every hallmark of cancer (Hanahan and Weinberg 2011).

The present review article presents an overview of the
structure, mode of action as well as role of Heat Shock Pro-
tein in oncogenesis.

Role of heat shock proteins in different types
of cancer and cancer therapy

HSP90 and HSP70 are of central importance in anti-can-
cer therapeutic measures due to their role in regulating
many oncogenic proteins. Hsp70 family is a ubiquitously
expressed and diverse family. Four of the main strate-
gies by which HSP70/90 plays a dominant role in onco-
genes is include oncogenic proteins stabilization, pro-
grammed cell death inhibition, activation of repeated
senescence and angiogenesis of tumors as well as invasion
activation and metastasis (Pfosser et al. 2005). A lot of can-
cer-linked proteins with a difference in the primary struc-
ture are unstable and could be returned to native folding by
HSP90 which comprises apoptotic mediators, tumor sup-
pressor genes, regulatory cell cycles proteins, tissue invasion
facilitators, and metastases. A high level of HSP90 in mito-
chondria found in cancer cells leads to anti-apoptosis by
communicating with TRAP1 (receptor-associated protein 1
for tumor necrosis factor) and CYPD (cyclophilin D) (Fulda
et al. 2010). It even blocks AIF (apoptosis-inducing factor),
translocation of HSP90 from mitochondria to the cytosol
as well as inhibits all AIF and endonuclease G nucleolytic
processes. Targeting of HSP90 with specific inhibitors con-
tributes to the degradation of the associated client proteins
and tumor growth inhibition by the specific arrest of the G1
cycle, structural and physiological distinction, and apoptosis
activation. HSP90 has also been reported to be associated
with eNOS, and engage in managing the events of eNOS
which promote angiogenesis (Schopf et al. 2017). HSP90
inhibitors decrease the human expression of VEGFR-1
and VEGFR-3. High HSP90 expression in tumor tissues is
associated with early recurrence and lower survival rates in
patients with breast cancer (Lutz et al. 1996). In addition, the
expression of HSP90 was also found to associate with cancer
of the endometrium. Bladder cancer invasive severity has
been found to be associated with loss of HSP90 expression
(Donnini et al. 2010). In essence, there are major gaps in
the molecular mechanism of tumorigenesis and its develop-
ment in various forms in humans. The proteins regulated
by HSP70/90 play a crucial role in fostering some types of
cancer without any association with the other forms. As a
result, HSP70/90 is active in several critical forms in tumo-
rigenesis and serves as differentiating biomarkers or markers
of prognosis.




Proceedings of the Indian National Science Academy (2023) 89:247-253

249

In certain tumors and hematological malignancies,
heat-shock proteins are stimulated. HSP9O0 client proteins
involve many oncogenic proteins accountable for the transi-
tion of cells to the cancerous ones. These oncogenic proteins
are degraded by attacking HSP90 with chemical inhibitors,
and thus acts as effective anticancer drug molecules. The
list of client proteins, the mode of action of these proteins,
and probable tumors to which HSP90 inhibitors could be
targeted are shown in Table 1, (Vetrone et al. 2009).

Inhibitors of heat-shock protein 90 are employed in ER-
positive breast cancers by targeting the ERa receptors for
proteasomal degradation (Whitesell and Lindquist 2005).
Moreover, in patients who acquire associated resistance to
hormone therapy such as tamoxifen or aromatase inhibitors,
the application of HSP90 inhibitors can be relevant. The
above-stated inhibitors confer their action by preventingER-
alpha phosphorylation and degrading AKT, these inhibitors
prevent ligand-independent activation of ER alpha The typ-
ical hypoxic tumor microenvironment ensures that HIF-1
alpha is always overexpressed while in normoxicconditions,
it is degraded. HSP90 inhibitors in such a scenario facilitate
the degradation of HIF-1 alpha and prove to be more cyto-
toxic under hypoxic conditions (Tang et al. 2008). While
developing resistance to TKIs, tumors with somatic muta-
tions are still responsive to HSP90 inhibitors. Equivalently
resistant to both TKIs and HSP90 inhibitors are tumor cells
lacking EGFR mutations (Park et al. 2008), highlighting the
relevance of suitable patient selection during clinical trial
design and implementation.

Yet another tyrosine kinase overexpressed in about
20-30% of breast and prostate cancers is ErbB2/HER-2.
The stabilization of the HER-2 protein is implicitly based
on HSP90. Inhibition of HSP90 reduced the protein ErbB2,
phosphorylated HER-2, and downstream prosurvival sign-
aling (Basso et al. 2002). Initial results of clinical trials
involving tanespimycin in conjunction with trastuzumab, a
monoclonal HER-2 antibody, demonstrated moderate clini-
cal efficacy in 5 out of 25 refractory patients with overex-
pressed HER-2 tumors (Modi et al. 2007). AKT pathway

mutations, their foundational activation, or the degradation
of the PTEN tumor suppressor can drive the proliferation of
tumor cells and inhibit apoptosis (Peng et al. 2008). AKT
degradation followed by HSP9O0 inhibition leads to amplifi-
cation of its prosurvival impact as an HSP90 client protein
(Sato et al. 2000). An established HSP9O0 client protein is
mutated B-Raf. Consequently, the inhibition of HSP90 inter-
rupts the B-Raf mutant and decreases ERK signaling. Clini-
cal outcomes have been identified in patients with metastatic
malignant melanoma administered with HSP90 17-AAG
inhibitor (Grbovic et al. 2006; Banerji et al. 2008) and cor-
related with B-Raf and N-Ras mutations, resulting in a clini-
cal trial (phase II) involving tanespimycin inhibitor HSP90
in patients with malignant melanoma. Heat-shock proteins
control apoptosis adversely and HSP90 stimulates cell sur-
vival through activating NF-xB. Tumour necrosis factor-
alpha activation regulates and stabilizes the TNF receptor-1
receptor-interacting protein (RIP) to preserve NF-kB func-
tion (Yang et al. 2006). The vital signaling agents such as
VEGF, induce the expression of the antiapoptotic protein
Bcl-2 and thereby promotes the interaction of HSP90 with
Bcl-2 and Apaf-1 to suppress apoptosis (Parkhitko et al.
2019). HSP inhibitors can then strengthen apoptosis and
bypass resistance to anticancer therapies such as TNFa and
TNF-related apoptosis-inducing ligand (TRAIL).

It is explicitly known that in preserving oncogenic protein
homeostasis, HSP90 plays a key role. The inhibition of heat-
shock protein 90 shows considerable potential in the treat-
ment of a large spectrum of solid as well as hematological
malignancies. Various inhibitors of HSP90 have approached
clinical trials and have subsequently been evaluated (Solit
and Chiosis 2008).

Role of HSP90 in oncogenesis in Drosophila

Much of the signaling pathways that regulate mammalian
cell growth and invasion have retained their role in fruit
flies that enables regulation of models that imitate tumor

Table 1 Table showing
processes and client proteins

Protein class

Name of client protein Target cancer type

being affected by HSPs in

r Transcriptional factors
various cancers

Tyrosine kinase

Signaling molecules or kinases

Others

ERa-receptors Breast cancer

HIF-1a Renal cancer

ErbB2/HER-2 Breast cancer

KIT Gastrointestinal stromal tumors
AKT Multiple cancer types

CDK4 Tumours over-expressing CDK4
B-Raf mutant Melanoma

Bcl-2 Small cell lung cancer

MMP2 Multiple cancer types
Telomerase Multiple cancer types
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biology in a basic model organism such as Drosophila. The
convergence of genetic screens with the advent of potent
recombination approaches has allowed the primary role
of preserved oncogenes and tumor suppressor genes in an
entire animal to be rapidly characterized. Moreover, scien-
tific investigations using Drosophila imaginal discs have
investigated the pathways that control the development and
association of epithelial tumors with local tumor microen-
vironment and stromal cells, including several phases in the
mobilization of immune cells to tumor cells (Sonoshita and
Cagan 2017; Muzzopappa et al. 2017). As Drosophila mela-
nogaster acts as an appropriate model system for research
studies involving the above-stated disorders, emphasis has
been put on summarizing some of the research studies in
oncogenesis. The popular Drosophila melanogaster has been
employed as a genetic model system for more than 10 dec-
ades for multiple research works owing to the rapid repro-
duction rate and less requirement for maintenance (Lebret
et al. 2003). Drosophila embodies comprehensive evolution-
ary homology with primates which makes them a valuable
model for investigating the cellular and molecular processes
underlying development and disease.

HSP90 promotes the development of many essential
proteins and serves a major role in the development, pro-
liferation of cancer, and biological diversification. An unex-
plained pathway by which HSP90 configures cellular physi-
ology was discovered by modeling chromatin-binding sites
of HSPI0 at high resolution across the Drosophila genome.
HSP90 inhibition contributes to the upregulation of target
genes, and HSP90 is needed in response to environmental
factors for the total activation of paused genes in Drosophila
and mammalian cells. These results introduce a molecular
layer to the versatility of the chaperone with broad implica-
tions for its diverse role in health, disease, and growth func-
tions. Several genes essential for growth homeostasis are
included in an array of HSP9O0 targets. A potent proto-onco-
gene, c-myc,displays pol II pause and binding of HSP90 in
Drosophila cells. It is extremely possible that human HSP90
also hits the paused c-myc promoter. Thus, HSP90 suppres-
sion may also affect the expression of c-Myc, p53, and other
signaling components through pol II pause in human cells, a
prospect that is essential because of the anticancer activity of
HSP90 inhibitors (Scafuro et al. 2021; Sawarkar et al. 2012).

It was first found two decades ago that HSP9O is precisely
located in the salivary gland of Drosophila melanogaster
93D chromosomal locus and the telomere area of Chirono-
mus thummi during heat-shock therapy (Grbovic et al.
2006; Banerji et al. 2008). Interestingly, the finding that its
localization to certain regions of chromatin was inhibited
by the existence of a transcription inhibitor indicates that
under heat-stressed conditions, HSP90 plays a pivotal role
in transcription. It also helps to degrade unfolded or nones-
sential proteins and thus plays a crucial role in the cellular
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maintenance of protein homeostasis (Morcillo et al., 1993,
1996). HSP9O0 functions as a key regulator of gene expres-
sion as it governs the hormone-dependent transport of ster-
oid hormone receptors into the nucleus. Recent research
indicates that HSP90 and its co-chaperone FKBP51 also
support androgen receptor hormone-independent nuclear
localization in prostate cancer cells and thus play a crucial
role in prostate tumorigenesis (Dias et al. 2002; Leon et al.
2011). A huge volume of androgen receptors is translo-
cated into the nucleus often in the absence of androgen in
hormone-refractory or androgen-independent (AI) prostate
cancer cells, contributing to the transcriptional activation
of target genes leading to tumor development. It has been
documented in Drosophila melanogaster that HSP90 com-
municates with Trithorax G, which is an essential complex
of chromatin modifiers that retes the growth of Drosoph-
ila. Inhibition of the role of HSP90 by Radicicol activates
intracellular Trx loss. As a consequence, Trx induction at
the same locus of chromatin is decreased, contributing to the
downregulation of the target genes of Trx (Tariq et al. 2009).
Genome-wide ChIP-seq research indicates that HSP9O0 is
mobilized from around one-third of the Drosophila genome
at the transcription initiation site (TSS), indicating a rel-
evant role of HSP90 in the initiation of transcription (Kregel
2002). Intriguingly, targeted promoters of HSP90 comprise
transcription factors such as c-myc, pS3; genes implicated
in stress response and signaling for growth such as WNT,
INK, etc.; as well as many genes receptive to the environ-
ment such as HSP70, HSP68, and HSP22. It is reported that
HSP90 suppresses the expression of its target genes along
with negative elongation factor (NELF) by shaping stalled
RNA polymerase II at the target locus. However, HSP90
does not play a basic function in transcription, as is obvious
from another study in which HSP90 and Trx are co-localized
only in the TSS of the actively transcribed Abd-B region in
Drosophila SF4 cells but neither in the TSS of silent genes
(Dfd or Ubx) nor in the TSS of household genes are identi-
fied with Trx (Tariq et al. 2009; Khurana and Bhattacharyya
2015). Some studies suggest that HSP90 also increases tran-
scriptional activation by attaching to the DNA—protein com-
plex in cancer cells. In telomerase positive oral cancer cell
lines, HSP90 associates intensely with the hTERT promoters
relative to standard human oral keratinocytes (NHOKS) cell
lines, triggering enhanced promoters in telomerase positive
oral cancer cell lines (Jafri et al. 2016; Lagadari et al. 2016).

Previous research work has evaluated protective role of
HSP70 in cancer for example pancreatitis. Pancreatic can-
cer is one of the most aggressive cancers due to the late
detection to the disease and its prognosis is deteriorated
by the poor response to the current chemotherapies. Two
important pathways are chosen by HSP-70 to mediate pto-
tection against pancreatic injury viz. NF-kB pathway and
intra-acinar activation of digestive enzymes (Bhagat et al.
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2008; Frossard et al. 2002).These path HSP70 inhibitor—
Quercetin act in Caspase dependent manner for apoptosis
and down-regulates the HSP70 expression both in vivo and
in vitro in pancreatic cancer (Wang et al. 2009). HSP70 is
known to have a protective function in acinar cell injury
during pancreatitis irrespective of the mode of induction of
HSP70. In pancreatic cancer cells, HSP70 inhibits cancer
either by lysosomal stabilization and attenuation of Calcium
level in the cytosol (Dudeja et al. 2009). For example, it has
been reported that the downregulation by siRNAor querce-
tin leads to a temporal increase in cytosolic calcium level.
HSP70 also downregulates apoptosis process by inhibiting
caspases to associate with the Apoptosome complex (Beere
et al. 2000; Giri et al. 2017). In pancreatic cancer cells,
downregulation of HSP70 leads to lysosomal permeabili-
zation which leads to activation of the apoptotic pathway
(Dudeja et al. 2009; Giri et al. 2017). One of the major lyso-
somal enzymes, Cathepsin B inhibition protects against cell
death (Dudeja et al. 2009).

Heat shock proteins act as cryoprotective but also inter-
fere with apoptotic signaling. In pancreatic carcinoma,cancer
cells have elevated levels of HSP70 than neighboring nor-
mal cells. Selective knockdown of HSP70 might have a role
in regulating apoptosis in cancerous pancreatic cells (Steel
et al. 2004). HSP90 act as a molecular chaperone under
normal conditions with an essential role in cellular pro-
cesses. Recently, it has been reported that in the pancreatic
cancer cell line, MIA PaCa-2 and PANC-1, the inhibitors
of HSP90 are known to have anti-cancer properties (Dau-
nys et al. 2019). In general, pancreatic cancer is diagnosed
majorly during late stages and spread fast via the lymphatic
system thus survival is limited up to few years (Wang et al.
2018; Gilardini Montani et al. 2019). HSP90 has two major
isoforms HSP90a (inducible form) and HSP90p (constitu-
tive form) expressed in a majority of cancerous conditions
development (Sreedhar et al. 2004). Many of the oncogenic
proteins viz. Human epidermal growth factor receptor 2,
AKT, estrogen, p53, and androgen receptors are depend-
ent on HSPY0 for their maturation and stabilization. Hence,
HSPO90 acts as a potent anti-cancer molecule. For exam-
ple, the 17-AGG analog of Geldanamycin has been used
asHSP90 potent inhibitor for pancreatic cancer (Moser et al.
2009; Gilardini Montani et al. 2019).

Conclusion

HSP90 and HSP70 are essential regulators for cellular
homeostasis. This review may help to better understand
the clinical importance of Heat shock proteins viz. HSP70
and HSP90 using Drosophila as a model system. Due to the
emerging implications of HSP90 and HSP70 in oncogen-
esis, there is an increasing possibility of clinical trials using

them as potential targets for chemoprevention and anticancer
therapy.

Future perspectives

HSPs are proteins incoleved in various processes of tumor
formation progression. Identifying mechanisms which throw
light on regulating properties of these Heat shock proteins
may help in identifying targets for use in therapeutics. Quan-
tifying the expression levels of these protein in blood and
tissue of cancer patients can help in diagnosis, prognosis,
and treatment monitoring of cancer patients.
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