
Citation: Basset, C.A.; Hajj Hussein,

I.; Jurjus, A.R.; Cappello, F.; Conway

de Macario, E.; Macario, A.J.L.;

Leone, A. The Chaperone Hsp90, a

Key Player in Salivary Gland

Tumorigenesis. Appl. Biosci. 2023, 2,

607–616. https://doi.org/10.3390/

applbiosci2040038

Academic Editors: Robert Henry and

Demetrios A. Arvanitis

Received: 21 July 2023

Revised: 27 September 2023

Accepted: 27 October 2023

Published: 7 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Perspective

The Chaperone Hsp90, a Key Player in Salivary Gland
Tumorigenesis
Charbel A. Basset 1, Inaya Hajj Hussein 2, Abdo R. Jurjus 3, Francesco Cappello 1,4 , Everly Conway de Macario 4,5,
Alberto J. L. Macario 4,5 and Angelo Leone 1,*

1 Department of Biomedicine, Neuroscience and Advanced Diagnostics, Institute of Human Anatomy and
Histology, University of Palermo, 90127 Palermo, Italy; cab19@mail.aub.edu (C.A.B.);
francapp@hotmail.com (F.C.)

2 Department of Foundational Medical Studies, Oakland University William Beaumont School of Medicine,
Rochester, MI 48309, USA; hajjhuss@oakland.edu

3 Department of Anatomy, Cell Biology and Physiological Sciences, Faculty of Medicine, American University
of Beirut (AUB), Beirut 1107 2020, Lebanon; aj00@aub.edu.lb

4 Euro-Mediterranean Institute of Science and Technology (IEMEST), 90139 Palermo, Italy;
econwaydemacario@som.umaryland.edu (E.C.d.M.); ajlmacario@som.umaryland.edu (A.J.L.M.)

5 Department of Microbiology and Immunology, School of Medicine, University of Maryland at
Baltimore-Institute of Marine and Environmental Technology (IMET), Baltimore, MD 21202, USA

* Correspondence: angelo.leone@unipa.it

Abstract: The chaperone system (CS) is emerging as a key multistage participant in carcinogenesis.
The CS chief components are the molecular chaperones (some of which are named heat shock proteins
or Hsp), which are typically cytoprotective but if abnormal in structure, location, or quantity, can
become etiopathogenic and cause diseases, known as chaperonopathies, including some cancers. For
example, abnormal Hsp90 expression is associated with tumorigenesis and poor prognosis. Hsp90 is
positioned at the center of several key oncogenic pathways by stabilizing and activating oncogenic
kinases responsible for driving cell proliferation and survival. Consequently, inhibition of Hsp90 is
being investigated as a possible anti-cancer strategy and some results are encouraging. However,
the 5-year survival rate for patients suffering from salivary gland carcinomas is still unsatisfactory.
Because of the rarity of these malignancies, they may have been overlooked and understudied and,
thus, novel therapies (e.g., inhibition of CS components like Hsp90 and others) are urgently needed.
In this review, we also summarize the histopathological quantitative patterns and the intra- and
extra-cellular location characteristics of Hsp90 in tumors of salivary glands, pointing to their potential
for differential diagnosis, prognostication, and patient monitoring.

Keywords: molecular chaperones; Hsp90; chaperone system; salivary gland tumors; carcinoma;
diagnosis; prognosis; Hsp90 inhibition; salivary gland cancer treatment

1. Introduction

Salivary glands are part of the body’s exocrine system because they secrete their
biological product, the saliva, through a system of ducts. The salivary glands are in the
oral cavity and are classified into two groups: major and minor. The major salivary glands
occur in pairs and are grouped based on their anatomical location in the oral cavity and on
their size, with the parotid gland (PG) being the largest followed by the submandibular
gland (SMG) and the sublingual being the smallest [1–3]. Despite being smaller than the
parotid, the submandibular gland accounts for 70% of the saliva output. The minor glands
consist of hundreds of small clusters of glands scattered throughout the mucosa of the
aerodigestive tract being more concentrated along the buccal, labial, and lingual mucosae,
soft and hard palates, and mouth floor [2,4]. The acini are the secretory units of the salivary
glands, containing secretory granules that produce the saliva (Figure 1). Although saliva
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is formed in the acini, it undergoes several physiological and chemical processes along
its passage through the ductal system to become the final product that is secreted in the
buccal cavity.
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Figure 1. Histological structure of salivary glands. Hematoxilin and eosin staining of adult human
(upper panel) and adult mouse (lower panel) submandibular gland. Acini (short arrow) and ducts
(long arrow) are featured in both human and mouse submandibular glands. (A,C) Bar 50 µm. (B,D)
Bar 20 µm.

Saliva is composed of 99.5% water and 0.5% glycoproteins, mucus, electrolytes, en-
zymes, immunoglobulins, and antibacterial composites [5]. Saliva composition is detailed
in Table 1. As food enters the mouth, digestion is initiated by salivary α-amylase that
catalyzes the breakdown of starch into glucose and maltose. Saliva has other physiolog-
ical functions including: (1) mouth lubrication for facilitating speech and mastication,
(2) protection of teeth from cavities, (3) antibacterial activity, (4) enhancing taste sensation,
(5) hormonal activity, and (6) generation of the food bolus, enabling its swallowing for
further processing [1–3,6,7].

Table 1. Saliva composition.

Water 99.5%

Solid constituents 0.5%

Organic solid constituents 0.3%: mucin, serum albumin, serum globulin, amino acids, amylase,
lysozyme, IgA, IgG, glucose, citrate, lactate, ammonia, urea, uric acid, creatinine, cholesterol,
cyclic nucleotides: cyclic adenosine monophosphate (cAMP) and cyclic guanosine
monophosphate (cGMP)

Inorganic solid constituents 0.2%: NaCl; KCl; NaHCO3; Na2; HPO4; CaCO3; KSCN

Hsp90 (Heat shock protein 90) is recognized as a crucial player in various aspects
of cellular function, including protein folding, stabilization, and degradation. Its role in
cancer, including salivary gland tumorigenesis, has been an area of active research.

Hsp90 functions as a chaperone protein, assisting in the correct folding and maturation
of other proteins that are involved in key signaling pathways regulating cell growth,
survival, and proliferation [8]. In cancer, the overexpression and increased activity of
Hsp90 have been observed in several tumor types, including salivary gland tumors [8].
This increased expression is thought to support the folding and stabilization of oncogenic
client proteins, enabling the survival and proliferation of cancer cells.
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Researchers in many laboratories (including ours) have explored Hsp90 as a potential
therapeutic target for cancer treatment. By inhibiting Hsp90’s activity, the stabilization of
oncogenic proteins could be disrupted, leading to the degradation of these proteins and
impairing tumor growth [8]. Several Hsp90 inhibitors have been investigated in preclinical
studies and clinical trials for various cancers, including some types of salivary gland
tumors [8].

2. Salivary Glands Cancer: Epidemiology and Pathogenesis

The epidemiology and pathogenesis of salivary gland cancer have been subjects of
ongoing research. Here is an overview of the general understanding to date. Salivary
gland cancer can occur at any age, but it is most commonly diagnosed in individuals
between the ages of 50 and 70. Salivary gland tumors are very heterogenous and histo-
logically diverse; more than 30 distinct pathological types of salivary gland tumors have
been categorized [9]. Typically, salivary gland tumors are classified based on cytologic,
histopathologic, and immunohistochemical characteristics. Although these established
parameters for identifying and classifying salivary glands tumors are still considered the
gold standard, lately genetic features have been added to their definition [10]. In their
latest edition of the classification of tumors of head and neck published in 2022, the world
health organization (WHO) has added six new entities [10]. Salivary gland cancers are a
heterogeneous group of tumors that can arise from different cell types within the salivary
glands. The exact pathogenesis can vary depending on the specific subtype of salivary
gland cancer. Some common subtypes include: (1) mucoepidermoid carcinoma (MUC): this
is the most common subtype and is believed to arise from ductal or glandular cells. Genetic
alterations, such as gene fusions involving MAML2 and CRTC1 genes, have been impli-
cated in the development of mucoepidermoid carcinoma. (2) Adenoid cystic carcinoma
(ACC): this subtype is thought to arise from the myoepithelial cells of the salivary glands.
Chromosomal translocations involving the MYB and NFIB genes have been identified in
many cases of adenoid cystic carcinoma. (3) Acinic cell carcinoma: this subtype arises from
the acinar cells of the salivary glands. Specific genetic alterations, including rearrangements
of the genes ETV6 and NTRK3, have been associated with acinic cell carcinoma. (4) Poly-
morphous adenocarcinoma: the pathogenesis of this subtype is not fully understood, but it
is believed to originate from the terminal duct cells of the salivary glands. Research into
the molecular and genetic basis of salivary gland cancer has advanced our understanding
of its pathogenesis, and ongoing studies aim to identify potential therapeutic targets for
these tumors.

Despite being considered rare, a significant increase in salivary gland tumors incidence
has occurred. Salivary gland cancers accounted for 6.3% of all head and neck carcinomas
(HNC) in 1974–1976 and increased to 8.1% in 1998–1999 [11]. Statistical studies conducted
in Europe in 2013 estimate that salivary gland malignancies represent 8.5% of all HNC [4].
Major salivary gland malignant neoplasia increased by 54% from 1973 to 2009 [12]. The
etiology of salivary gland tumors remains largely unknown, although several risk factors
have been established, with irradiation being the most dangerous. Advances in the medical
field and the use of modern tools for diagnosis and for routine screening at medical and
dental clinics have increased our daily exposure to ionizing radiation and may have played
a role in the increase of salivary gland tumor occurrence [11]. Other risk factors have
been associated with salivary gland cancer development, including: (1) gender: certain
subtypes of salivary gland cancer, such as mucoepidermoid carcinoma and adenoid cystic
carcinoma, tend to have a higher incidence in females. (2) Age: the risk of salivary gland
cancer tends to increase with age. (3) Occupational exposures: occupational exposure to
certain substances, such as asbestos and nickel refining, has been suggested as a potential
risk factor for salivary gland cancer. (4) Prior benign tumors: some benign salivary gland
tumors, such as pleomorphic adenomas, may have an increased risk of developing into
malignant tumors.
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3. Salivary Gland Cancer Treatment and Patient Management

Salivary gland cancer treatment and patient management depend on various factors,
including the tumor type, stage, location, and the patient’s overall health. The management
often involves a multidisciplinary approach, with a team of specialists collaborating to
create a personalized treatment plan. The primary treatment options for salivary gland
cancer include surgery, radiation therapy, and in some cases, chemotherapy or targeted
therapy. Here is a summary of the common treatment approaches and patient management
strategies:

(1) Surgery: Surgery is the primary treatment for most salivary gland cancers. The extent
of surgery depends on the tumor size, location, and whether it has spread to nearby
lymph nodes or other tissues. The goal of surgery is to remove the tumor while
preserving as much healthy tissue and salivary gland function as possible.

(2) Radiation therapy: Radiation therapy may be used as the primary treatment for small
tumors, in combination with surgery, or after surgery to destroy any remaining cancer
cells. External beam radiation delivers focused radiation to the tumor site while
sparing surrounding healthy tissues.

(3) Chemotherapy: Chemotherapy is not commonly used for all types of salivary gland
cancer but may be considered for certain aggressive or advanced cases. It involves the
use of drugs to kill cancer cells or stop their growth.

(4) Targeted therapy: Targeted therapy is a newer approach that focuses on specific
molecular targets within cancer cells. It is used in some salivary gland cancers that
have specific genetic mutations or alterations.

(5) Immunotherapy: Immunotherapy is being explored in clinical trials for some salivary
gland cancers. It involves boosting the patient’s immune system to recognize and
attack cancer cells more effectively.

(6) Adjuvant and neoadjuvant therapies: Adjuvant therapy refers to additional treatment
after the primary treatment (surgery or radiation) to reduce the risk of cancer recur-
rence. Neoadjuvant therapy is given before the main treatment to shrink the tumor
and improve the chances of successful surgery or radiation.

(7) Palliative care: For advanced or metastatic cases where a cure may not be possible,
palliative care focuses on improving the patient’s quality of life. It aims to manage
symptoms, alleviate pain, and provide emotional and psychological support to both
the patient and their family.

(8) Patient management also includes regular follow-up visits with the medical team
to monitor treatment response, assess for any recurrence, and manage potential
side effects. Supportive care, including speech and swallowing therapy, nutrition
counseling, and psychological support, is vital for patients dealing with the effects of
treatment on salivary gland function and overall well-being.

Overall, the treatment and management of salivary gland cancer require a comprehen-
sive and individualized approach to optimize the chances of successful outcomes while
minimizing potential side effects and maintaining the patient’s quality of life. As research
continues to advance, more targeted and personalized treatments are likely to emerge,
improving the outlook for patients with this rare form of cancer.

The rarity of salivary gland tumors and their variety are probably the reason of the
scarcity of pertinent animal models and cell lines, which in turn slows down progress in
the understanding of carcinogenic mechanisms and, consequently, blocks development
of efficacious treatments. Therefore, no protocol for salivary gland tumor treatment and
management has yet been standardized [13,14]. Generally, salivary gland tumors are surgi-
cally excised, which may be accompanied by adjuvant radiotherapy (RT) or chemotherapy
(CT) [13]. Because of its low efficiency, CT is usually considered the last resort, palliative,
in locally recurrent or metastatic salivary gland cancers that are not amenable to further
surgery and irradiation [13]. For diagnosis, ultrasound-guided fine needle aspiration
cytology or core biopsy is applied. [15]. For benign tumors, excision of the SMG in a
supracapsular plane is the recommended therapeutic approach, while for PG, a partial or
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radical excision with the facial nerve is usually recommended. RT is not recommended in
most benign tumor cases, especially for younger patients, except for intra-operative tumor
spillage, where it may be considered after a long-term follow up. For malignant tumors
of SMG, wide excision is recommended with a 2 cm margin of healthy tissue, with neck
dissection for patients with clinical metastasis in the neck. Elective neck dissection should
be considered in high-grade tumors of SMG more than 4 cm in size in addition to a 6-week
post-operative adjuvant RT. Primary radiotherapy should be considered for specific cases
in which surgical treatments cannot be applied. For malignant tumors of PG, conserva-
tive or partial parotidectomy is recommended as the method of treatment, the latter for
low-grade tumors (<1.5 cm). If the facial nerve is properly functioning pre-operatively, it
is recommended that a direct microsurgical repair or primary nerve graft be performed
within a year of the surgery. Neck dissection should be performed if clinical or radiological
evidence of nodal diseases is found. In high-grade tumors, a selective/prophylactic neck
dissection may be applied and, finally, radiotherapy may be applied to tumors that are >4
cm in size [15].

4. Hsp90 in Cancer

Recent advances in cancerology have encompassed various areas of research, includ-
ing genetic inheritance, RNA varieties and roles (including diagnostic and therapeutic
applications), drug design and delivery, extracellular vesicles, and chaperonology [16].
The latter pertains to the study of the chaperone system (CS), a physiological system akin
to other systems, e.g., the immune system [17]. The CS is composed of molecular chap-
erones, chaperone co-factors, co-chaperones, chaperone interactors, and receptors. The
molecular chaperones are the chief components of the CS and are typically cytoprotective,
under physiologically normal conditions and under stress. However, when abnormal,
molecular chaperones or any of the other CS components can become etiopathogenic and
cause diseases, i.e., chaperonopathies [18,19]. These diseases have been classified like many
other disorders into genetic and acquired, with the former caused by a change in a gene
encoding a CS member, and the latter caused by post-transcriptional or post-translational
modifications of the gene’s product. Molecular chaperones are the chief members of the CS,
but they typically do not act alone and form teams and networks. This is exemplified by
the chaperone Hsp90, which forms teams and networks with various other components of
the CS [8,18]. Hsp90 represents a group of molecular chaperones that have been named
heat shock proteins (Hsp) accompanied by a number which is its molecular weight (e.g.,
90 kDa for Hsp90). We have been studying the CS in the salivary glands, mapping some of
its components in normal and pathological, including cancerous, tissues [8,20–23]. Heat
shock proteins are molecular chaperones that maintain protein integrity and function to
counteract the effects of stressors such as a heat shock, irradiation, inflammation, heavy
metals, antibiotics, alcohols, oxidation, pH change, osmotic alteration, and mechanical
trauma [8,22]. Under physiological conditions, molecular chaperones maintain protein
homeostasis by promoting folding of newly synthesized proteins into their functional
conformation [22]. Thus, the canonical role of the CS is maintaining protein homeosta-
sis, which, for some functions requires interaction with the ubiquitin–proteasome system
(UPS) and/or with the chaperone-mediated autophagy (CMA) machinery. Apart from
their canonical role, molecular chaperones have other non-canonical functions and for
this they may interact with the immune system [23–25]. For instance, some Hsp mediate
immune reactions by binding to antigenic peptides and chaperone them towards MHC
class I molecules at the cell surface for presentation to lymphocytes, a process known as
cross-presentation [23]. As tumors develop and grow, protein synthesis is increased and
thus the demand for molecular chaperones, including Hsp90, increases and neoplasms
become “chaperone addicted” [8].

Hsp90 is the master regulator of various growth, inflammation, and survival path-
ways [8]. Pronounced expression of Hsp90 in several cancer types has been reported [26–30].
Hsp90 has been proposed as a potential biomarker because its increased expression in
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neoplastic tissue correlates with clinically advanced stages and poor prognosis [31–36]. As
reported for other Hsp, Hsp90 pattern of expression can be tissue-specific as shown by a
decrease in Hsp90 tissue levels in infiltrative lobular carcinoma [37].

Hsp90-targeted therapy has gained considerable attention as a non-invasive alterna-
tive/adjuvant intervention for cancer treatment [8]. Several natural and synthetic com-
pounds have been assessed for their efficacy against cancer. For instance, Hsp90 inhibitors
are considered promising candidates for use to abate cancer progression and some of them
have entered stage III clinical trials [8].

5. Hsp90 in Salivary Gland Tumors

Studies have revealed that Hsp90 is often overexpressed in salivary gland tumors,
promoting the correct folding, stability, and activity of oncogenic client proteins [38–40].
This activity allows cancer cells to survive, proliferate, and resist apoptosis (cell death),
leading to tumor growth and progression. The overexpression of Hsp90 has been associated
with more aggressive tumor behavior and poorer prognosis in some cases.

Researchers have investigated Hsp90 as a potential therapeutic target for salivary
gland tumors. By inhibiting Hsp90’s chaperone function, it is possible to disrupt the
stabilization of oncogenic proteins, leading to their degradation and hindering tumor
growth. Hsp90 inhibitors have been studied in cell models as a potential treatment strategy
for salivary gland cancers as an initial step that precedes preclinical models and clinical
trials with the hope of improving patient outcomes and developing more effective therapies.

Hsp90 histopathological expression and role in pathophysiology has been studied
in a range of cancers but not as much in those of the salivary glands. In this section, we
present findings retrieved from the literature about Hsp90 in salivary glands tumors. A
study investigated the pattern of distribution and expression of a panel of Hsp (Hsp27,
Hsp60, Hsp84, and Hsp86) in 81 specimens of salivary gland tumors [38]. Benign tumors
encompassed adenolymphoma, mixed tumors and others while malignant tumors included
ACC, MUC, and others. The spatial distribution of Hsp84 and Hsp86, members of the
Hsp90 family, was mainly confined to the cytoplasmic portion of the epithelium of the
tumors and partly expressed in the nucleus [38]. Semi-quantitative analysis showed that
Hsp84 and Hsp86 levels were pronounced in both malignant and benign tumors while
being higher in malignant tumors [38]. In benign tumors, Hsp84 and Hsp86 showed higher
levels in mixed tumors than in adenolymphoma [38]. Hsp86 immunopositivity intensity
was positively correlated with neural invasion, metastasis, malignant grading, tumor site,
and proliferation index [38]. Two similar studies assessed the immunohistochemical levels
of Hsp27 and Hsp60 as well as Hsp10 and Hsp90 in 20 and 66 cases of salivary gland
tumors, respectively [20,21]. Illustrative images of chaperone Hsp90 in tumor tissues from
salivary glands are shown in Figure 2. Warthin’s tumor (WT) and pleomorphic adenoma
(PA) represent the benign tumors while ACC, MUC and ex-pleomorphic adenoma (EX-PA)
illustrate the malignant lesions. The panel of the aforementioned molecular chaperones
was distributed in the cytoplasmic portion of the epithelium in all specimens [20]. The
results reported corroborate the findings that were discussed in the previous study [38].
Hsp90 levels, unlike Hsp10, Hsp27, and Hsp60, were significantly increased in ACC,
MUC, and EX-PA and significantly diminished in WT and PA when compared to healthy
salivary glands [20]. In the previous study [38], a comparison of the Hsp90 levels in the
tumors with those in healthy salivary glands was not reported, therefore, insights on
the clinical applicability of Hsp90 measurements as a diagnostic marker to differentiate
between healthy and neoplastic salivary glands and also to differentiate between benign
and malignant tumors were not obtained. Another group examined Hsp90 molecular
expression in benign and malignant tumors of the salivary glands and their findings are in
accordance with the immunohistological data highlighted above as Hsp90 mRNA levels
are prominent in both tissue types [39].



Appl. Biosci. 2023, 2 613

Appl. Biosci. 2023, 2, FOR PEER REVIEW  7 
 

 

between  benign  and malignant  tumors were  not  obtained. Another  group  examined 

Hsp90 molecular expression in benign and malignant tumors of the salivary glands and 

their findings are in accordance with the immunohistological data highlighted above as 

Hsp90 mRNA levels are prominent in both tissue types [39].   

 

Figure 2. Hsp90 tissue levels help discern between different physiological and pathological states of 

salivary glands. (A) Healthy tissue from the periphery of a Warthin’s tumor. Benign tumors pleo-

morphic adenoma (PA) (B) and Warthin’s tumor (WT) (C). Hsp90 tissue levels assessed by immuno-

histochemistry show the highest signal intensity and cellular positivity (arrowhead) in the malig-

nant epithelial cells of mucoepidermoid carcinoma (MUC) (D), adenoid cystic carcinoma (ACC) (E), 

and ex-pleomorphic adenoma (EX-PA) (F) when compared with A, B, and C. Hsp90 levels confined 

to the ducts of healthy salivary glands show a higher positivity and intensity than the neoplastic 

epithelium of both PA and WT. Bar 20 µm. Image (B) was reproduced from Ref. [20] under the terms 

and conditions of the Creative Commons Attribution License (CC BY 4.0). 

Hsp90 plays a major role in promoting the activity of the PI3K-Akt proliferation path-

way and the NF-kB inflammatory pathway, both pathways being upregulated in cancer, 

Figure 3 [8]. Hsp90 inhibition in ACC has been assessed in vitro for its potential anti-can-

cer properties. Hsp90 inhibition via ganetespib, the most potent second generation Hsp90 

inhibitor, diminished cellular viability, proliferation, and migration while exacerbating 

apoptosis [20]. Hsp90-targeted inhibition further altered the activation of PI3K-Akt and 

NF-kB pathways by up-regulating the activity of Akt and down-regulating NF-kB protein 

levels [20]. Although ganetespib promoted cytotoxicity in ACC cells via apoptosis, cleaved 

caspase-3 levels were not altered, suggesting that in this instance apoptosis may not be 

mediated through the mitochondrial pathway. Oncogenic kinases are intrinsically unsta-

ble [40]. Hsp90 interaction with its co-chaperone, Cdc37, is essential for the stabilization 

of the targeted kinases and is required for their oncogenic activity. C-myc is an oncogene 

prevalent in many cancers [40]. C-myc was expressed in vivo in rodents, using a mouse 

mammary tumor virus-c-myc (MMTV-c-myc) transgenic mouse model. Mammary ade-

nocarcinomas formed after ectopic expression of c-myc [40]. The introduction of double 

transgenic MMTV-Cdc37/c-myc mice increased the number of mammary adenocarcino-

mas and simultaneously induced salivary gland adenocarcinomas formation [40]. Despite 

their anti-cancer effect, no Hsp90 inhibitor has yet been FDA approved, because they trig-

ger a regulatory feedback loop in the form of a “heat shock response” (HSR) promoting 

cellular survival [41,42]. This brings the need for higher doses to maintain the inhibitory 

effect of the drug which is accompanied by increased toxicity. Efforts are being re-directed 

into exploring isoform-specific Hsp90 inhibition. This is expected to circumvent the draw-

back of HSR and potentially offer less toxicity than conventional Hsp90 “pan” inhibitors 

[41,43,44]. One of those drugs, Pimitespib (TAS-116), has recently entered phase III clinical 

trials [44]. Although, as this is a rather new area of research, more time is needed for novel 

drugs  to be synthesized and  tested.  Isoform-specific Hsp90  inhibitors may prove  to be 

Figure 2. Hsp90 tissue levels help discern between different physiological and pathological states
of salivary glands. (A) Healthy tissue from the periphery of a Warthin’s tumor. Benign tumors
pleomorphic adenoma (PA) (B) and Warthin’s tumor (WT) (C). Hsp90 tissue levels assessed by
immunohistochemistry show the highest signal intensity and cellular positivity (arrowhead) in
the malignant epithelial cells of mucoepidermoid carcinoma (MUC) (D), adenoid cystic carcinoma
(ACC) (E), and ex-pleomorphic adenoma (EX-PA) (F) when compared with A, B, and C. Hsp90 levels
confined to the ducts of healthy salivary glands show a higher positivity and intensity than the
neoplastic epithelium of both PA and WT. Bar 20 µm. Image (B) was reproduced from Ref. [20] under
the terms and conditions of the Creative Commons Attribution License (CC BY 4.0).

Hsp90 plays a major role in promoting the activity of the PI3K-Akt proliferation path-
way and the NF-kB inflammatory pathway, both pathways being upregulated in cancer,
Figure 3 [8]. Hsp90 inhibition in ACC has been assessed in vitro for its potential anti-cancer
properties. Hsp90 inhibition via ganetespib, the most potent second generation Hsp90
inhibitor, diminished cellular viability, proliferation, and migration while exacerbating
apoptosis [20]. Hsp90-targeted inhibition further altered the activation of PI3K-Akt and
NF-kB pathways by up-regulating the activity of Akt and down-regulating NF-kB protein
levels [20]. Although ganetespib promoted cytotoxicity in ACC cells via apoptosis, cleaved
caspase-3 levels were not altered, suggesting that in this instance apoptosis may not be
mediated through the mitochondrial pathway. Oncogenic kinases are intrinsically unsta-
ble [40]. Hsp90 interaction with its co-chaperone, Cdc37, is essential for the stabilization
of the targeted kinases and is required for their oncogenic activity. C-myc is an oncogene
prevalent in many cancers [40]. C-myc was expressed in vivo in rodents, using a mouse
mammary tumor virus-c-myc (MMTV-c-myc) transgenic mouse model. Mammary ade-
nocarcinomas formed after ectopic expression of c-myc [40]. The introduction of double
transgenic MMTV-Cdc37/c-myc mice increased the number of mammary adenocarcinomas
and simultaneously induced salivary gland adenocarcinomas formation [40]. Despite their
anti-cancer effect, no Hsp90 inhibitor has yet been FDA approved, because they trigger a
regulatory feedback loop in the form of a “heat shock response” (HSR) promoting cellular
survival [41,42]. This brings the need for higher doses to maintain the inhibitory effect
of the drug which is accompanied by increased toxicity. Efforts are being re-directed into
exploring isoform-specific Hsp90 inhibition. This is expected to circumvent the drawback of
HSR and potentially offer less toxicity than conventional Hsp90 “pan” inhibitors [41,43,44].
One of those drugs, Pimitespib (TAS-116), has recently entered phase III clinical trials [44].
Although, as this is a rather new area of research, more time is needed for novel drugs to
be synthesized and tested. Isoform-specific Hsp90 inhibitors may prove to be potent drugs
for cancer treatment, especially for salivary glands as chemotherapy in this case has not
been effective.
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Figure 3. Hsp90 molecular mechanisms and regulation of the NF-kB signaling pathway in cancer. This
diagram captures the various signal transduction cascades through which Hsp90 modulates NF-kB
activity in tumorous cells and tissue to promote growth, progression, invasion, and metastasization.
For the detailed figure caption, please refer to Ref. [8]. This figure is reproduced from Ref. [8] under
the terms and conditions of the Creative Commons Attribution License (CC BY 4.0).

As research in this field continues, a deeper understanding of the specific mechanisms
by which Hsp90 influences salivary gland tumorigenesis is likely to emerge. Targeting
Hsp90 and its associated signaling pathways may offer promising avenues for novel and
targeted therapies to combat these rare tumors.

6. Conclusions

Diagnosis, treatment, and patient follow up of benign and malignant tumors, includ-
ing those of the salivary glands discussed here, can now benefit from the advances in
our understanding of the chaperone system (CS) and its participation in carcinogenesis.
Differential patterns of expression of Hsp90 (a major component of the CS) in salivary
gland tissue may be used in clinical pathology to discern between healthy, benign, and
malignant specimens. Hsp90 tissue levels could be used by pathologists as markers to
enhance diagnosis and identification of salivary gland tumors. Interaction of Hsp90 with
another member of the CS, Cdc37, is emerging as a driving factor behind salivary gland
tissue transformation and progression via stabilizing and activating oncogenic kinases.
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