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Breast cancer (BC) represents the most diagnosed female malignant neoplasm over the 

past few decades. BC is categorized into several subtypes based on the presence or 

absence of molecular markers, such as estrogen (ER) or progesterone receptors (PR), 

human epidermal growth factor 2, and gene mutations (e.g., mutations of breast cancer 

1/2). The BC treatment paradigm has changed in recent years due to improved 

comprehension of the illness's complex molecular and genetic causes. Targeted medicines 

have become a potent tool in the battle against BC, promising precision medicine and 

better patient outcomes. Hsp90 is a chaperone molecular that assist protein folding and 

refolding during stress, protein transport and degradation. Hsp90 interacts with a variety 

of proteins that play key roles in breast neoplasia including ER, tumour suppressor p53 

protein, antiapoptotic kinase as Akt, and a variety of receptor tyrosine kinases. 

Pharmacological inhibition of Hsp90 shows great promise in the field of BC treatment 

because Hsp90 inhibitors have the potential to suppress multiple oncogenic signaling 

pathways simultaneously, thus reducing the possibility of molecular feedback loops and 

mutations leading to tumour resistance. In the present study, we investigated the 

antitumor activity of the second-generation Hsp90 inhibitor, Ganetespib, alone or in 

combination with deacetylase inhibitor, such as SAHA, in MCF-7 cell line. The 

combination treatment showed synergistic inhibition of the downstream Akt/pAkt and 

Bcl2 pathways, in addition to enhancing induction of early apoptotic cell death. Thus, the 

inhibition of Hsp90 activity by Ganetespib with SAHA could represent a promising 

strategy in the treatment of BC.  

 

 

 

 

 

 



5 

 

 

 

 

 

 

 

Introduction 

 

 

 

 

 

 

 

 



6 

 

1. BREAST CANCER 

Breast cancer (BC) is a highly complex and heterogeneous disease driven by a multitude 

of genetic and epigenetic changes, which give rise to the well-known histopathological 

and molecular heterogeneity, with variable clinical outcomes and therapeutic responses 

with multiple entities. Importantly, this phenotypic and molecular difference influences 

the diagnosis, treatment and therefore prognosis of patients with BC. At the beginning of 

the last century, it was enough to know that the patient had BC and everyone received 

uniform treatment. Over time, the observation that patients with the same type of tumour 

have different prognoses and the identification of increasingly numerous forms of 

different morphological variants by pathologists in recent years has led to the discussion 

on the classification of BC. It follows that, currently, there are several types and subtypes 

of BC that have been defined and included in the recently published WHO classification 

(Tan PH, et al 2020). Underlying all this complexity appears to be the absence of specific 

markers and incomplete understanding of epithelial cell development of the breast tissue 

(Weigelt B, et al 2009). The heterogeneity of BC should not be seen as an obstacle to a 

better understanding of the biology of the disease or to the possibility of designing more 

appropriate systemic treatments, since, on the contrary, it could represent a huge 

opportunity to better personalize patient therapy. To achieve this goal, it is necessary to 

increasingly improve the molecular knowledge underlying development, progression, 

and metastasis, in order to adopt targeted therapeutic plans for each individual patient. 

 

1.1 Breast Cancer Classification 

BC is a genetically and clinically heterogeneous disease with multiple subtypes. The 

classification of these subtypes has evolved over the years and are an important aspect as 

they allow an accurate diagnosis of the disease, as well as predicting the behaviour of 

tumours essential to the decision-making process in oncology. However, this significant 

heterogeneity, which manifest themselves through different morphological and biological 

characteristics, have emphasized the importance of a patient focused pathological 

classification with biological and clinical relevance (Table 1). Recent studies, using high-

throughput technologies, have provided crucial information on the genetic alterations and 
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biological events that develop in this type of tumour that could allow better stratification 

of patients with an important impact on the development of innovative and targeted 

therapeutic approaches. Following initial diagnosis and confirmation of a primary breast 

tumour, the classification of BC is mainly based on the histological classification of the 

tumour based on the type and degree of differentiation, as outlined in the World Health 

Organization Classification of Tumours (IARC publications website WHO Classification 

of Breast Tumours (accessed on 13 April 2022). The assessment of prognostic markers 

and other parameters, such as tumour stage, lymphovascular invasion (LVI), margin 

status, and the identification of coexisting and precursor lesions, guide further 

management and complement the diagnostic classification of BC. Similarly, 

documentation of the molecular features of BC, which are primarily used for predictive 

purposes, may also have diagnostic and prognostic value. Recent advances in BC 

research, combined with increased histopathological and molecular understanding of this 

tumour, could guide decisions about systemic therapy. 
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Table 1. Classification methodology used for BCs (Tan PH, et al 2020). 

 

1.2 Histologic Analysis 

Despite the clinical importance of BCs staging, the histo-morphological classification 

plays a key role in BC diagnosis and provides the basis for all other classification systems. 

For BC, daily challenges include distinguishing between in situ and invasive disease, 

tumour typing and classification, as well as distinguishing between primary breast 

tumours and those that mimic them. No molecular staging or classification system is of 

value without histological confirmation of BC and specificity of the diagnosis. 
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Specifically, histological diagnosis is based on the evaluation of certain properties, which 

can be considered individually and in combination, including the cytological 

characteristics of actively proliferating cells, the tumour-associated microenvironment, 

the identification of myoepithelial cells at the interface of the epithelial stroma, and much 

more; all this is possible through the use of Haematoxylin & Eosin (H&E) staining 

supported by immunohistochemistry (IHC) analysis. Confirmation of invasive BC of 

primary breast origin is followed by evaluation of tumour differentiation and stromal 

infiltration which can be determined morphologically using the grade and histological 

type of the tumour. Currently, the most prevalent among these is invasive carcinoma of 

no special type (IDC-NST), constituting 70% to 80% of all invasive cases, followed by 

invasive luminal carcinoma (ILC), making up approximately 10% of invasive cancers. 

Specifically, the criteria for classifying into histologic types involve diverse factors like 

tumor cell characteristics (e.g., carcinoma with apocrine features), extracellular secretion 

(e.g., mucinous carcinoma), architectural features (e.g., papillary carcinoma), and 

immunohistochemical profile (e.g., carcinoma with neuroendocrine differentiation). 

IDC-NST lacks distinct morphologic traits of more specific histologic types, leading to 

most BC being categorized under a single designation (i.e., IDC-NST). However, this 

classification may not fully capture the biological diversity present in BCs (Tsang JYS et 

al.,2020). 

The microscopic evaluation of histological differentiation focused on identifying tubule 

formation, nuclear pleomorphism, proliferative activity, and tendency to infiltrate. The 

widely accepted Nottingham modification of the Scarff-Bloom Richardson classification 

currently in use employs a numerical scoring system (1 to 3) for each parameter, leading 

to a cumulative score that determines grade assignment. Generally, BCs are classified 

into three different grades of malignancy based on the sum of these scores. This 

categorization leads to the distinction between grade 1 (G1) tumours characterized by 

good differentiation and slow growth, grade 2 (G2) tumours showing moderate 

differentiation, and grade 3 (G3) tumours manifesting as poorly differentiated malignant 

tumours and highly proliferative. The classification proves to be a powerful prognostic 

factor and plays a crucial role in various clinical decision-making tools, such as the 

Nottingham Prognostic Index. Furthermore, specific genetic and transcriptomic 

characteristics associated with BCs are linked to distinct and different tumour grades. 

Analyses of large patient cohorts consistently reveals that invasive BC grade serves as a 
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robust predictor of disease recurrence and patient mortality, independent of lymph node 

status and tumour size. For untreated patients, G1 disease is associated with an 

approximately 95% 5-year survival rate, while G2 and G3 malignancies exhibit 5-year 

survival rates of around 75% and 50%, respectively. Despite the significant prognostic 

value of histologic grade, concerns arise from reports highlighting significant 

interobserver variability among pathologists (Younes M et al.,1997). This has triggered 

considerable debate regarding the role that grade should play in therapeutic planning. 

Moreover, while the prognostic significance of G1 and G3 disease is clinically evident, 

the prognostic value of the more diverse, moderately differentiated G2 tumours, 

constituting approximately 50% of all BC cases, remains less clear (Hayes DF et 

al.,2001). 

 

1.3 Immunophenotypes Characterization  

Combining histopathological grades with molecular immunophenotypes/subtypes in BC 

tissue can be considered one of the best combinations for prognosis and treatment 

protocol decisions in these patients. The evaluation of molecular markers, i.e., estrogen 

receptor (ER), progesterone receptor (PR), and Human epidermal growth factor receptor 

2 (HER2), represents a routine practice in the management of BCs, as they play a crucial 

role as prognostic markers and predictive factors for therapeutic strategies. The ER is an 

intracellular protein belonging to the nuclear receptor family, present mainly in cells of 

hormone-sensitive tissues, such as breast epithelial cells. The main function of the ER is 

to bind to estrogen hormones, such as estradiol, at its specific binding site, thus activating 

gene transcription. Activation of the ER regulates various cellular processes, including 

those related to cell growth and proliferation. The analysis of ER expression is 

fundamental in the evaluation of breast tumours since the presence or absence of this 

receptor can influence therapeutic choices. PR is a cell surface protein belonging to the 

nuclear receptor family and is also expressed mainly in epithelial cells of hormone-

sensitive tissues, such as those of the breast. The PR is involved in the cellular response 

to steroid hormones, in particular to progesterone, which following binding with its 

receptor activates genetic transcription processes that influence cellular growth and 

differentiation. Analysis of PR expression is critical in the characterization of BCs, 



11 

 

providing information on the sensitivity of tumour cells to hormones. For this, ER and 

PR exert significant influence on the growth of mammary epithelium under both normal 

and neoplastic conditions. Their expression is found in approximately 75% of all breast 

tumours, serving as a reliable indicator of sensitivity to hormonal therapy (Cui X et 

al.,2005). The immunohistochemical analysis of ER and PR, with a cut-off of nuclear 

expression at 1%, is a fundamental tool for assessing these molecular markers. Tumours 

expressing ER+ and/or PR+ are generally associated with a more favourable prognosis 

and, consequently, develop a better response to hormone therapy. However, there is a 

small percentage of tumours that show positivity for only one hormonal receptor, in most 

cases there is a co-expression of ER and PR. Interestingly, tumours expressing only one 

ER or PR show a more aggressive behaviour accompanied by a lower response to 

hormone therapy compared to ER/PR-positive tumours. HER2, also known as c-erbB-2, 

is a cell surface protein belonging to the epidermal growth factor receptor family and is 

involved in regulating cell growth and division. In BC, amplification or overexpression 

of HER2 can occur, leading to excessive activation of signaling pathways involved in cell 

growth. Analysing HER2+ expression is essential in stratifying breast tumours, as the 

hyperactivation of this protein can influence prognosis and therapeutic options, including 

the use of targeted drugs such as Herceptin (Ethier JL et al.,2018; Bedard PL et al.,2009). 

HER2 is a receptor involved in the regulation of cell growth and its overexpression is 

associated with greater aggression; therefore, it is extremely important for therapeutic 

management. It follows that the combined evaluation of ER+, PR+, and HER2+ is able 

to provide a detailed overview of the molecular mechanisms involved in the development 

and progression of BC, thus guiding therapeutic decisions toward personalized strategies 

necessary to maximize clinical efficacy (Yam C et al.,2017). The analysis of these 

molecular markers  comprehensively stands as a cornerstone in the management of BCs, 

offering invaluable insights into prognosis and guiding therapeutic decisions. The 

intricate interplay of these receptors, both individually and collectively, paints a nuanced 

picture of the biological mechanisms at play in breast tumours.  

Overall, ER and PR exhibit a significant impact on mammary epithelium growth. Their 

presence serves as a reliable indicator of sensitivity to hormonal therapy. Although their 

co-expression is common, there is a subgroup of tumours that show positivity for only 

one hormone receptor characterized by increased aggressiveness and reduced 

responsiveness to hormone therapy. Regarding the overexpression of HER2+, it is known 
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to be implicated with greater tumor aggressiveness, and its identification guides the 

application of targeted therapies, thus improving the overall effectiveness of therapeutic 

interventions. Finally, the evaluation of ER+, PR+, and HER2+ not only provides a 

comprehensive understanding of the biological complexities of BC but also guides 

therapeutic choices towards personalized treatments, thus maximizing clinical 

effectiveness in the intricate landscape of breast cancer management (Cui X et al.,2005). 

 

1.4 Different Molecular Subtypes  

Currently, many technologies have significantly transformed our understanding of BC by 

providing direct molecular-level evidence of its significant complexity, reshaping 

established paradigms in BC biology. Through global gene expression profiling studies, 

BCs have been classified by hierarchical clustering into five subtypes: Luminal A, 

Luminal B, HER2-overexpressing, basal-like breast cancers (BLBC), and normal-like 

tumours (Figure1) (Alberti et al, 2022). These ground-breaking studies not only identified 

distinct molecular profiles but also underscored the importance of immunophenotypic 

classification based on hormone receptors and HER2 status. Specifically, Luminal A and 

B subtypes were notably enriched with ER-positive molecular, whereas BLBC and 

normal-like tumours, HER2-overexpressing, tended to be ER-negative. Beyond ER 

expression and related genes, each subtype exhibited unique patterns of gene expression 

related to proliferation, the HER2 amplicon, and myoepithelial cells (Perou CM. et 

al.,2000). These subtypes not only revealed differences in incidence but also showcased 

variations in clinical and pathological features. Of note, these molecular classifications 

often overlapped with established clinical and histopathologic classifications, offering a 

more nuanced and comprehensive understanding of breast cancer (Voduc KD et al.,2010). 

The Luminal A and B subgroups are characterized by gene expression profiles resembling 

normal luminal epithelial cells of the breast and other genes associated with ER activation 

(Figure 1). Luminal A represents the most common molecular subtype, with 40% to 50% 

of invasive BC and of low grade, and the best prognosis among all intrinsic subtypes. 

Instead, Luminal B cancers tend to be higher grade and have a worse prognosis compared 

to Luminal A cancer. Both have a low expression of ER-related gene; however, they are 

enriched in genes involved in proliferation and HER2 expression. It follows that the 
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Luminal A subtype is easily treatable with hormone therapy alone, while the Luminal B 

subtype represents a candidate for conventional therapy. The HER2 overexpressing 

subtype, which constitutes approximately 15% of all invasive BCs, is characterized by 

increased expression of HER2 and of genes associated with HER2 expression, as present 

in the HER2 regulatory and transcription amplicon on chromosome 17q12. Tumours that 

overexpress HER2 tend to be high grade, with a lack of ER and PR expression follow an 

aggressive clinical course and show notable responsiveness to anti-HER2 targeted 

therapy. However, not all tumours that fall into the HER2-overexpressing subtype are 

HER2 positive and vice versa. In some cases, in fact, a minority of HER2-positive cancers 

can express ER, leading to their classification as Luminal B tumours. This highlights the 

complex interplay between molecular subtypes and clinical categorizations in breast 

cancer, underlining the importance of tailored therapeutic approaches based on the 

specific characteristics of each case. BLBCs are characterized by the expression of genes 

associated with normal mammary basal/myoepithelial cells, including basal cytokeratins. 

This subtype also shows overexpression of proliferation-related genes, although it lacks 

expression of ER, PR, and HER2-related genes (Figure1). Histologically, BLBC tumours 

are typically high-grade, exhibit a high proliferation index, and exhibit a triple-negative 

phenotype. Unfortunately, patients with BLBC face a difficult prognosis, often 

experiencing relapses within the first 5 years after diagnosis. On the other hand, the wild-

type cluster initially identified in the research was characterized by gene expression 

patterns that resembled normal breast epithelium (Perou CM et al., 2000). However, this 

subgroup sparked controversy and was later seen as a potential artifact. This skepticism 

arises from considerations of potential contamination by true normal epithelial cells 

within tumours that possess a low content of malignant cells. The existence and 

classification of the normal-type cluster remains a matter of debate within the scientific 

community, adding a layer of complexity to our understanding of BC subtypes. In the 

context of this knowledge, Luminal A emerges as the most widespread molecular subtype 

of invasive breast tumours with a typically low-grade nature, on the contrary, Luminal B 

tends to be of higher grade and carries a less optimistic prognosis. The HER2 

overexpressing subtype presents aggressive clinical behaviour but is remarkably 

responsive to anti-HER2 targeted therapy. Instead, the BLBC subtype, characterized by 

basal/myoepithelial gene expressions and a triple-negative phenotype, presents as a high-

grade tumour with frequent relapses within the first five years after diagnosis. This 
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comprehensive overview emphasizes the dynamic nature of our knowledge, urging 

continued exploration and refinement of these classifications in the pursuit of more 

effective diagnostic and therapeutic strategies (Voduc KD et al., 2010). 

 

Figure 1. Drawings representing histological and molecular BC subtypes with corresponding 

prognostic implications. The red dots indicate the cancer localization (Alberti et al, 2022).   

 

1.5 Breast Cancer Susceptibility Genes  

Approximately 70% of BC cases are considered sporadic cancers, while the remaining 

30% are attributed to familial cases, often identified in families with a high incidence of 

BCs as they are associated with numerous susceptibility genes with high, moderate, and 

low penetrance. Hierarchical studies have identified highly penetrant genes, such as 

BRCA1, BRCA2, PTEN, and TP53, responsible for hereditary syndromes.  Despite their 

importance as the major genetic risk factors for BC, pathogenic variants in BRCA1 and 

BRCA2 account for only ~20% of familial BC risk (Figure 2). To date, it is expected that 

all BC-related genes in the familial context will be included in genetic testing. However, 

further research on the clinical management of moderate- and low-risk variants is needed 

before the full implementation of multigene panel testing into clinical workflows 

(Filippini SE et al.,2013).  
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Figure 2. Contribution of BC susceptibility risk genes that contribute to its development (Torabi 

Dalivandan S et al, 2021) 

 

There are several factors, in addition to genetic ones, that can contribute to the onset of 

BC, among these include environmental factors widely known in the development of 

cancer but also involved in aging processes, obesity, and more. In addition, a significant 

fraction of BC cases, estimated to be between 5% and 10%, is attributed to inherited 

pathogenic variants found in the germline of various cancer predisposition genes. These 

hereditary cases of breast cancer follow an autosomal dominant inheritance pattern, 

emphasizing the importance of genetic variants in susceptibility to this condition 

(Filippini SE et al.,2013). 

 

1.6 BRCA1 and BRCA2 Genes 

The predominant factor leading to hereditary BC is the presence of a germline variant 

(GPV) in either BRCA1 or BRCA2 (BRCA1/2), commonly associated with hereditary 

breast and ovarian cancer (HBOC). Additionally, BRCA1 is recognized for being 

deactivated in sporadic BC through somatic promoter hypermethylation. This implies that 

both germline and somatic inactivation of these genes contribute significantly to the 
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critical processes involved in BC tumorigenesis Several BC-associated cancer 

predisposition genes (CPGs) have been identified (Ruscito I et al.,2021). Additionally, 

ATM, BARD1, CHEK2, PALB2, RAD51C, and RAD51D have also been recognized as 

cancer predisposition genes (CPGs) with a risk ranging from high to moderate for the 

development of BC (Ruscito I et al.,2021). The CPGs associated with BC are involved in 

DNA damage repair pathways and cell cycle checkpoint mechanisms, working 

collaboratively in these intricate physiological cascades. Therefore, gaining a 

fundamental understanding of the factors regulating these cascades would be crucial for 

accurately estimating the genetic risk of developing BC.  

BRCA1, BRCA2, and PALB2 stand out as the most extensively recognized high-

penetrance genes associated with a significant risk of severe BCs (Figure 2). The 

hereditary breast is linked to BRCA1 and BRCA2, collectively contributing to around 

50% of instances of familial BC (Melchor L et al.,2013).  Of note, these genes contribute 

to the maintenance of chromosomal structural integrity through key processes, such as 

homologous recombination (HR)-mediated repair, activation of cell cycle checkpoints, 

and protection of DNA replication forks. Furthermore, their influence extends beyond 

mere genomic stability preservation to actively modulating processes essential for proper 

DNA replication and cellular response to DNA damage. Thus, a comprehensive 

understanding of the roles of BRCA1 and BRCA2 provides critical insights for exploring 

new therapeutic avenues and preventive strategies in the context of the elevated BC risk 

associated with these genes.  

Notably, phosphorylated BRCA1 is concentrated in DNA damage focal areas, and the 

BRCA1-BARD1 heterodimer interacts with PALB2 and BRCA2 to recruit RAD51, an 

essential mediator in the HR repair pathway. This results in the BRCA2-mediated 

displacement of RPA with RAD51, homology search, invasion of the filament towards a 

homologous template, and the formation of a D-loop for HR (Yoshimura A et al.,2022). 

Individuals carrying germline pathogenic variants (GPV) in BRCA1/2 typically inherit a 

single copy of the variant in the germline. Loss of heterozygosity (LOH) of the wild-type 

allele in BRCA1/2 GPV carriers results in a loss of function (LOF) of these genes. 

Dysfunction of BRCA1/2 leads to cancer susceptibility by inducing chromosomal 

instability and mutagenesis. These mechanisms underscore the critical relevance of 

pathogenic variants in cancer predisposition and highlight the crucial role of BRCA1/2 in 

maintaining genomic integrity and preventing carcinogenesis. LOH and LOF thus 
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represent crucial keys in understanding the underlying molecular processes and provide 

fundamental foundations for the development of targeted diagnostic and therapeutic 

strategies in individuals with BRCA1/2 GPV (Lee JK et al.,2016). BRCA1 actively 

participates in the initiation of DNA damage checkpoints throughout the G1/S, intra-S, 

and G2/M phases. Various BRCA1 complexes intricately regulate distinct phases of the 

cell cycle. Consequently, the LOF in BRCA1 leads to aberrations in checkpoint functions. 

Conversely, the precise role of BRCA2 in governing cell cycle checkpoints remains 

shrouded in uncertainty. Particularly noteworthy is BRCA1's indispensable role in both 

the initial activation and sustained maintenance of the G2/M checkpoint. In contrast, 

BRCA2 and PALB2 seem to assume a more pronounced role in upholding this checkpoint 

during instances of DNA damage. These intricate dynamics underscore the unique 

contributions of BRCA1, BRCA2, and PALB2 in ensuring the proper functionality of cell 

cycle checkpoints, thereby holding profound implications for genomic stability and the 

prevention of carcinogenesis (Simhadri S et al.,2019). BRCA1 and BRCA2 assume vital 

functions in the dynamic turnover of R-loops, collaborating with various R-loop 

processing factors specifically at sites of promoter-proximal pausing (PPP) or 

transcription termination (TT) sequences in actively expressed genes. In cells lacking 

functional BRCA1/2, there is a notable buildup of R-loops, emerging as a primary catalyst 

for replication stress and DNA damage, ultimately culminating in chromosomal fragility. 

The consequential accrual of R-loops linked to the inactivation of BRCA1/2 has been 

implicated as a significant contributor to the development of BC. This underscores the 

pivotal role of BRCA1 and BRCA2 in safeguarding genomic stability by ensuring the 

controlled and efficient management of R-loop dynamics, shedding light on their critical 

involvement in mitigating factors that can lead to cancer-associated genomic instability 

(VenkitaramanAR.2019).  

In the course of normal mammary development, luminal progenitors characterized by the 

absence of ER-negative and PR-negative undergo differentiation, ultimately transforming 

into ER-positive mature luminal cells. This transition is governed by luminal fate genes, 

among which ESR1, responsible for encoding the ER (i.e., Erα), which plays a crucial 

role in orchestrating the differentiation process from luminal progenitors to mature 

luminal cells. Notably, in the context of BC, associated with BRCA1 mutations, there is 

a notable prevalence of basal-like and TNBC, both of which originate from luminal 

progenitor cells. The mutation in BRCA1 induces an elevated presence of R-loops, a 
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complex nucleic acid structure, at a potential transcriptional enhancer located upstream 

of the ESR1 gene. This, in turn, results in a reduction in the transcriptional activity of 

adjacent genes, including ESR1, CCDC170, and RMND1. The consequential abnormal 

expansion of ER-negative luminal progenitors becomes a susceptible target for additional 

oncogenic hits, potentially triggering the initiation of basal-like BC associated with 

BRCA1 mutations. This key interplay between genetic alterations, transcriptional 

dysregulation, and the differentiation trajectory of luminal progenitor sheds light on the 

multifaceted mechanisms contributing to the formation of BRCA1-associated BC 

subtypes (Venkitaraman AR., 2019). 

 

1.7 Breast Cancer Metastasis: Mechnism and Therapeutic Implications 

BCs constitute a complex pathological entity, demanding an understanding of molecular 

importance for specific clinical management. Among many factors, the assessment of 

ER, PR, and overexpression of HER2 emerges as a pivotal element in tumour 

stratification and the delineation of personalized therapeutic approaches. Cancers 

expressing ER and/or PR benefit from therapeutic strategies aimed at blocking hormones 

responsible for cell stimulation. Conversely, in cases of HER2 overexpression, the use of 

agents, such as Herceptin, represents a strategic option aimed at selectively inhibiting 

aberrant cell proliferation. The exposition aims to introduce the complexity of BC 

therapies, emphasizing the crucial role of molecular characterization for personalized and 

targeted therapy. BC is a cancer characterized by metastasis, a complex process that 

allows malignant cells to establish secondary tumours at distant sites, with three main 

processes: (i) local invasion, (ii) intravasation, and (iii) extravasation. Following the 

formation and establishment of the primary tumour, malignant cells initiate the first phase 

of the metastatic cascade, invading the local tumour microenvironment (TME) and 

tumour stroma. At this stage, malignant cells begin to disaggregate due to a disruption in 

their cell-cell adhesion. This is marked by the loss of the epithelial cell adhesion marker 

E-cadherin, which forms the core of the epithelial adherent junction. Thus, loss of E-

cadherin expression and its associated downstream events mediate the process of 

epithelial-to-mesenchymal transition (EMT) during which malignant cells undergo 

morphological changes acquiring a more invasive and highly motile phenotype. This 
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process is highly dynamic and involves the modulation of invading tumour cells and the 

endothelial cells comprising the vessel wall to induce vessel remodeling and 

simultaneously inhibit vascular leakage (Sambi M et al.,2019). 

Therapeutic options for BC depending on the type of tumour, stage of the disease, and 

individual patient characteristics. Despite this, the first approach of surgical excision can 

be performed through mastectomy (complete removal of the breast) or breast-conserving 

surgery (removal of only the tumour and surrounding tissue). The choice between these 

two approaches depends on the size of the tumour, its location, and other clinical factors. 

Following the surgery, radiation therapy is a commonly used treatment modality in BC. 

Further, systemic therapies, which act on the body as a whole, are often employed in BC 

treatment, as hormonal therapies, alongside radiotherapy, chemotherapy is often 

performed, alone or in combination, depending on the patient's needs. Additionally, 

targeted therapies are available that specifically target molecular alterations present in 

tumour cells. These therapies include drugs targeting specific targets such as epidermal 

growth factor receptors (EGFR) or vascular endothelial growth factor receptors 

(VEGFR), as well as immunotherapy, which harnesses the patient's immune system to 

fight cancer. Immunotherapy may include the use of monoclonal antibodies targeting 

tumour proteins or therapies that enhance the patient's immune response against tumour 

cells (Sambi M et al.,2019). 

 

1.8 Radiation Therapy 

Radiation therapy is a treatment utilizing high-energy rays or particles aimed at targeting 

and disrupting the DNA of cancer cells, leading to necrosis, apoptosis, or accelerated 

cellular senescence. This approach is particularly effective in cases where relatively few 

well-vascularized malignant cells are present. Radiation therapy exists in two primary 

forms: external beam radiation, administered from outside the body, and internal 

radiation, also known as brachytherapy, where a radioactive source is delivered inside the 

body for a brief period. External beam radiation involves the precise delivery of radiation 

to the tumour site while minimizing exposure to surrounding healthy tissue (Morrow M 

et al., 2015). This is typically achieved using advanced imaging techniques to accurately 

target the cancerous cells. On the other hand, brachytherapy entails the placement of 
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radioactive implants or sources directly into or near the tumour, allowing for a more 

localized and intense radiation dose to be delivered to the cancerous tissue. Nevertheless, 

the efficacy of radiation therapy is influenced by various factors, including the type and 

location of the tumour, its size, and the overall health of the patient. By contrast, the 

response of tumour cells to radiation can be influenced by factors, such as their 

oxygenation status, with well-oxygenated cells being more susceptible to radiation-

induced damage compared to hypoxic cells. Advancements in radiation therapy 

techniques, such as intensity-modulated radiation therapy (IMRT), stereotactic body 

radiation therapy (SBRT), and proton therapy, have enhanced the precision and 

effectiveness of treatment delivery while minimizing side effects on healthy tissues. 

These technologies allow for more tailored and personalized treatment approaches, 

optimizing outcomes for patients undergoing radiation therapy as part of their cancer 

treatment regimen (Sambi M et al.,2012). 

 

1.8 Hormone Therapy 

Tumour cells are defined as hormone-positive if they express ER and/or PR, and for this 

reason, hormonal therapy is generally the first-line treatment option provided the patient 

does not suffer from metastatic disease threatening visceral organ function. Hormonal 

therapy acts to halt or delay the progression of hormone-sensitive tumours by either 

blocking the body's hormone production or interfering with the effect of these hormones 

on breast cancer cells. There are various classes of drugs with distinct mechanisms of 

action, including the gonadotropin-releasing hormone (GnRH) agonists, also recognized 

as luteinizing hormone-releasing hormone (LH-RH) agonists, impede ovarian function 

by interrupting signals from the pituitary gland that stimulate estrogen production in the 

ovaries. Conversely, the production of estrogen can be hindered through the use of 

aromatase inhibitors (AIs). Aromatase, an enzyme found in the peripheral tissues of the 

body, facilitates the synthesis of estrogen. Anastrozole and letrozole are two nonsteroidal 

AIs that transiently deactivate aromatase; however, letrozole has been identified as a more 

potent inhibitor of body aromatization and estrogen levels. Exemestane is an orally active 

steroidal AI that permanently deactivates the enzyme. Research has demonstrated that 

exemestane remains effective even after previous failures with other AIs. Additionally, 
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patients may commence treatment with exemestane as their initial AI and still experience 

therapeutic benefits from anastrozole or letrozole if their condition progresses, indicating 

that partial resistance between steroidal and nonsteroidal AIs is irrespective of the order 

of administration. Selective estrogen receptor modulators (SERMs) are artificial 

compounds that bind to ER, preventing estrogen from binding and thwarting its effects. 

Tamoxifen is the standard SERM for ER-positive BC. It operates by impeding the effects 

of estrogen in breast tissue (acting as an estrogen antagonist) but mimics estrogen actions 

in the uterus and bone (acting as an estrogen agonist). Instead, fulvestrant exhibits a 

greater affinity for ER compared to tamoxifen but lacks agonistic effects, functioning 

solely as an estrogen antagonist. Upon binding to ER, fulvestrant targets both the receptor 

and the cell for destruction. Nevertheless, it is imperative to consider the menopausal 

status of women when prescribing hormonal therapies (Morrow M et al.,2015; Howell SJ 

et al.,2004). 

 

1.9 Chemotherapy 

Chemotherapy works by interfering with certain processes, such as cell division which is 

a key mechanism since cancer cells are characterized by uncontrolled growth. However, 

it should be noted that treatment with cytotoxic agents can also affect other non-malignant 

cells, such as those found in hair follicles, nails, oral mucosa, the gastrointestinal tract, 

and bone marrow. These cells show a proliferation rate like that of cancer cells, and this 

is due to the adverse effects associated with chemotherapy. Chemotherapy can be 

administered at different stages of BC treatment, as neoadjuvant therapy, before surgery 

to reduce the amount of tissue to be removed, or as adjuvant therapy after surgery to 

prevent recurrence. Classes of chemotherapeutic drugs commonly used for the treatment 

of metastatic BC include taxanes, anthracyclines, and antimetabolites (Zeichner SB et 

al.,2016). Taxanes, such as docetaxel and paclitaxel, constitute a class of 

chemotherapeutic drugs that are widely used for the treatment of breast cancer. their 

mechanism of action is based on the inhibition of microtubules, interfering with the 

assembly and disassembly dynamics of cellular microtubules, which are crucial for cell 

division. Taxane-based therapy is considered the first-line therapeutic option for patients 

with metastatic BC who have already received treatment with anthracyclines and who 
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experience disease progression or recurrence. This therapeutic preference is based on the 

accumulating evidence from numerous clinical trials that have demonstrated the efficacy 

and tolerability of Taxanes in this specific patient population (O’Shaughnessy J. 2016). 

Anthracyclines, such as doxorubicin, constitute a class of chemotherapeutic drugs whose 

mechanism of action is to target cancer cells by damaging the genetic material. 

Unfortunately, anthracyclines are problematic due to their cardiac toxicity and the risk of 

developing secondary haematological malignancies.  Doxorubicin is the most widely 

used anthracycline, however, its efficacy is limited by its high toxicity, which may 

contribute to drug resistance. Another chemotherapeutic agent used is capecitabine, a 

pyrimidine antimetabolite, known as a 5-fluorouracil (5-FU) prodrug, administered 

orally. Capecitabine is effective in patients with metastatic breast cancer refractory to 

paclitaxel and previously treated with anthracyclines (Blum JL et al., 1999). HER2 is 

commonly overexpressed in approximately 30% of BCs, and this amplification leads to 

high expression of the corresponding protein, known as the P185 transmembrane 

glycoprotein receptor HER2, also seen in malignant cells. HER2 overexpression is often 

associated with increased resistance to endocrine therapies, necessitating the 

administration of other therapies for effective treatment.  Thus, HER2 overexpression 

may impair sensitivity to hormone therapy in patients with hormone receptor-positive 

breast cancer. Furthermore, it has been seen that carcinoma cells that do not express HER 

but do express HER2 may acquire resistance over time through increased expression of 

receptors involved in cross-talk with estrogen receptors (Lipton A et al.,2002; Johnston S 

et al., 2009). HER2+ tumours are generally treated with anti-HER2 drugs such as 

trastuzumab (i.e., Herceptin). Trastuzumab is a recombinant monoclonal antibody that 

recognizes and targets an extracellular domain of P185 HER2 and is generally active and 

well tolerated as first-line treatment for women with metastatic BC with HER2 

overexpression.  Another monoclonal antibody that is used as a targeted therapy is 

bevacizumab, which targets vascular endothelial growth factor (VEGF). VEGF promotes 

angiogenesis and is therefore implicated in the growth and metastasis of breast cancer 

(Cobleigh MA et al., 2003; Sambi M et al., 2017). 
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2. THE CHAPERONE SYSTEM: FUNCTION AND COMPONENTS 

Chaperones constitute a functional network that operates synergistically to maintain 

protein homeostasis both at a systemic level and within the tumour tissue, both in 

physiological and pathological conditions. In addition to their canonical functions related 

to the maintenance of protein homeostasis, chaperones interact with the Ubiquitin-

Proteasome system (UPS) and the process of chaperone-mediated autophagy (CMA). 

Furthermore, they also exhibit non-canonical functions that go beyond protein quality 

control, influencing other biological mechanisms. Molecular chaperones interact with the 

Immune System (IS), participating in non-canonical functions, thus resulting importance 

in the context of cancer, inflammatory, and autoimmune conditions. This interaction can 

have significant impacts on the tumour microenvironment and on the immune response 

against tumour cells (Alberti G et al., 2022).  The chaperone system (CS) within an 

organism is an intricate complex consisting of a variety of molecular actors, including 

chaperones, co-chaperones, chaperone cofactors, and chaperone receptors and 

interactors. These elements work in synergy to ensure the proper folding of proteins and 

perform other important cellular functions. Importantly, the molecular chaperones, which 

are crucial within this system, rarely act alone but form teams, which in turn can interact 

with other teams to create intricate functional networks. The key role of CS cellular 

physiology makes it an extremely important topic in the study of disease. Any alteration 

or disruption in this system can have significant consequences on cellular health and lead 

to the development of disease. Therefore, investigating the involvement of the chaperone 

system in various diseases is of paramount importance for understanding the underlying 

mechanisms and developing possible targeted therapies. Among the best-known 

members of the chaperone system are heat shock proteins (Hsps), which play a critical 

role both under normal conditions and in response to cellular stress. Their ability to assist 

in the proper folding of proteins is essential for maintaining cellular integrity and 

preventing protein damage, which can be caused by various environmental stressors 

(Basset CA et al.,2023; Macario AJL et al., 2021). A key concept for understanding the 

involvement of molecular chaperones in carcinogenesis is that they work in synergy with 

other cellular actors rather than acting individually. They join several proteins, including 

Hsp70, Hsp90, prefoldin, and CCT (Chaperonin Containing T-CP1), to form functional 

teams and networks within the cells. This interaction is not isolated but is an integral part 
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of the complex functions of the CS in maintaining protein homeostasis. In addition, the 

CS interacts closely with other cellular systems, such as the UPS and the chaperone-

mediated autophagy process. These interactions are fundamental to the canonical 

functions of the CS, which works tirelessly to ensure that cellular proteins are folded 

correctly and maintained in a functional state (Macario AJL. et al.,2019). This 

collaboration between molecular chaperones and other cellular components underlines 

the complexity of the mechanisms that regulate protein homeostasis and suggests a crucial 

role of the chaperone system in preventing cellular alterations that could contribute to 

carcinogenesis. It is through understanding these intricate interactions that we can gain a 

more comprehensive view of the molecular processes involved in cancer development 

and progression (Rios J. et al.,2021; Liao Z. et al.,2021).  

 

2.1 Molecular Chaperones 

Cells can preserve the integrity of their functional proteins even in stressful situations 

through a variety of mechanisms, including those in which the CS plays a key role. At 

the core of this system are molecular chaperones, many of which are known as Hsps, 

because their production is stimulated by a sudden increase in temperature or thermal 

stress. Hsps can be divided into two main categories: those that are constitutively present, 

which mainly perform everyday functions within the cell, and those that are inducible, 

which only come into action in response to environmental stress signals (Macario AJ et 

al.,1995). These molecular chaperones, together with other components of the chaperone 

system, are essential to ensure that cellular proteins maintain their correct three-

dimensional conformation and, consequently, their functionality, even under adverse 

conditions. Although the name 'heat shock proteins' was originally given to these proteins 

because of their induction in response to sudden changes in temperature, it has emerged 

that they can also be expressed following a wide range of environmental stresses, 

including radiation, inflammatory processes, exposure to heavy metals, antibiotics, 

alcohol consumption and various types of oxidative, osmotic, pH and mechanical stress. 

This flexibility in their expression pattern underlines their importance in coping with a 

wide range of stressful conditions within cells. Their ability to rapidly adapt to the cell's 

needs during stressful situations is crucial for maintaining its survival and functionality. 
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By understanding how the chaperone system interacts with proteins during cellular stress, 

we can gain a deeper insight into the mechanisms that cells use to adapt and respond to 

external stimuli (Dahiya V et al.,2018; Macario AJ et al.,1995). Molecular chaperone 

proteins have historically been classified based on molecular weight, with ranges defined 

as <34 kDa; 35-54 kDa; 55-64 kDa; 65-80 kDa; 81-99 kDa; 100-199 kDa; and ≥ 200 kDa. 

Within these categories, there are Hsp families that are phylogenetically related, such as 

the Small Hsp families, characterised by the presence of the alpha-crystallin motif, 

Hsp40/DnaJ, CCT, and Hsp70/DnaK. However, the nomenclature of molecular 

chaperone proteins, including Hsps, has often been confused and subject to discrepancies 

in the scientific literature (Kampinga HH et al.,2009). This classification effort aims to 

improve clarity and consistency in scientific communication, thus facilitating 

understanding of the roles and functions of these important proteins within cell biology 

(Macario AJ et al.,1995). 

 

2.2 Hsp70 Function 

Hsp70 is a highly conserved protein with a crucial role as a chaperone. Its bacterial 

homolog is DnaK, sharing 50% sequence identity). The HSP70 gene encodes various 

protein products that differ in amino acid sequence, expression level, and subcellular 

localization (Brocchieri., 2008). The Hsp70 protein family comprises isoforms that are 

constitutively expressed (HspA8/Hsc70), highly stress-inducible (HspA1A/Hsp70), and 

isoforms that perform compartment-specific functions (e.g., HspA5/GRP78 and 

mtHsp70/Grp75 are confined to the lumen of the ER and mitochondrial matrix, 

respectively) (Radons., 2016). Under physiological conditions, Hsp70 operates within the 

cell by folding misfolded polypeptides through ATP binding and hydrolysis (Clerico., 

2015). This process can be divided into three related activities: i) preventing aggregation, 

ii) promoting folding to the native state, and iii) solubilizing and refolding aggregated 

proteins. Hsp70 collaborates with co-chaperones from the J-domain protein (JDP) family 

by associating with hydrophobic patches on substrate molecules, shielding them from 

intermolecular interactions (‘holder’ activity). An increasing number of eukaryotic 

regulatory proteins are known to be controlled by transiently associating with Hsp70 

(Kampinga., 2019). The proteins mentioned in this text include nuclear receptors, kinases, 
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and transcription factors. Additionally, Hsp70 interacts with Hsp90 and several co-

chaperones. Hsp70 is a multifaceted protein that can change its conformation during its 

functional cycle, enabling it to operate in various states and conditions. In the context of 

pathology, the ability of the subject to suppress apoptosis, senescence, and immune 

responses, and promote angiogenesis and metastasis is not yet fully understood. Attempts 

to develop small molecule inhibitors targeting its two major domains in different states 

have shown promising results. However, it is not yet clear how this can be translated into 

clinics (Albakova., 2020). 

 

2.3 Hsp90: Structure and Isoforms 

The Hsp90 protein is one of the central figures in the protein support network that 

maintains the stability and correct conformation of proteins in living cells. Surprisingly, 

this chaperone is pervasive in all kingdoms of life, except in Archaea. Bacteria, while 

harbouring a version of Hsp90, appear not to be strictly dependent on it for their survival, 

even under conditions of thermal stress. However, when it comes to eukaryotes, the story 

is very different (Figure 3). Here, gene duplication has generated paralogues of Hsp90, 

indicating increasing complexity in multicellular organisms. This proliferation of Hsp90 

reflects the increasing need for assistance in protein folding and maintaining protein 

stability in increasingly complex cellular environments. This evolutionary phenomenon 

suggests an interesting correlation between the increasing complexity of organisms and 

the complexity of their chaperone system. In other words, the more complex an organism 

becomes, the more sophisticated a protein chaperone apparatus becomes necessary to 

ensure that all its components function properly (Biebl & Buchner., 2019; Hoter El-

Sabban et al., 2018). The Hsp90 family of proteins plays a fundamental role in the cellular 

system, contributing to the maintenance of protein balance, known as protein 

homeostasis. In humans, this family consists of four members that are closely related to 

cancer development processes and are in specific cellular compartments. For example, 

Hsp90 alpha and Hsp90 beta reside in the cytosol, while Grp94 and TRAP-1 are in the 

endoplasmic reticulum and mitochondria, respectively. The basic molecular structure of 

Hsp90 is characterized by three conserved domains: the carboxy-terminal domain (CTD), 

the aminoterminal domain (NTD), and the medium domain (MD). Each domain performs 
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distinct functions within the protein. For example, the NTD domain is involved in ATP 

binding, while the CTD domain is critical for interaction with co-chaperones and client 

proteins, and the MD domain regulates ATPase activity and binding to co-chaperones 

and client proteins. Furthermore, the presence of the Charged Linker Region (CLR) gives 

the Hsp90 protein greater flexibility and dynamism, allowing it to adapt more effectively 

to its multiple functions within the cell (Birbo B et al.,2021). Hsp90 does not work alone, 

but forms teams with other co-chaperone proteins, such as Hsp70. Some examples of 

Hsp90 co-chaperones include HOP, Cdc37, FKBP5, CHIP, CYP40 and p23. These 

protein teams are activated through ATP hydrolysis cycles to perform their chaperoning 

functions. Cdc37 is a co-chaperone that acts by inhibiting ATP hydrolysis by binding to 

the N-terminal domains of Hsp90 dimers, thereby prolonging the association between the 

two Hsp90 molecules and enhancing the effectiveness of the chaperoning cycle. The 

binding of Cdc37 to Hsp90 alpha and beta inhibits their ATPase activity, thus maintaining 

the interaction between the chaperone and the client protein for longer. During this 

interaction with Hsp90, Cdc37 binds to both the client kinase and Hsp90 itself, both of 

which interactions are crucial for chaperone function. For example, the oncogenic 

receptor tyrosine kinase ERBB2 requires a stable association with Hsp90-Cdc37 

complexes to maintain its stability and activity. Furthermore, Hsp90 can undergo various 

post-translational modifications, such as acetylation, phosphorylation, and S-

nitrosylation, which significantly affect its activity and function (Calderwood SK.,2015). 
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Figure 3. The main components of CS are molecular chaperones, and the figure shows the 

stages of carcinogenesis, for example, in BC, in which they actively participate, promoting 

tumor growth, which makes them suitable targets for negative chaperonetherapy, i.e., 

eliminating/blocking/inhibiting the pathogenic chaperone. Components of the 

PI3K/AKT/mTOR pathway are Hsp90 clients and this chaperone thus plays a role in the 

regulation of autophagy with a pro-survival function of tumor cells (Alberti G et al, 2022). 

 

2.4 Hsp90 Regulation 

Hsp90 activity is transcriptionally regulated by HSF1 (heat shock factor 1), which is its 

primary regulator of the heat shock response (HSR) (Figure 3). HSF1, on the other hand, 

is regulated by a negative feedback loop in which high levels of Hsp90 and Hsp70 are 

key factors in suppressing HSF1 activity.  Hsp90 is also subjected to post-translational 

modifications (PTMs), which include phosphorylation, acetylation, SUMOylation, S-

nitrosylation, methylation, and ubiquitylation, which regulate its function by regulating 

ATPase activity, conformational changes, accessibility to binding sites and interaction 

with its co-chaperones, thus resulting in impaired chaperone function and client 

maturation. All these intricate regulatory mechanisms of Hsp90 are further augmented by 

the interaction between its co-chaperones and Hsp90 protein complexes that modify the 
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function of certain client proteins (Hoter El-Sabban et al., 2018; Zuehlke & Johnson., 

2010). 

 

2.5 Molecular Mechanisms of Hsp90 in Breast Cancer 

The importance of Hsp90 in the context of cancer has been extensively studied over the 

years, mainly due to its crucial role as a 'helper' in mutated oncogenic proteins. These 

proteins are crucial for tumour growth and progression and, consequently, become the 

main 'clients' of Hsp90. This protein plays a key role in regulating cell cycle progression 

and in activating signalling pathways by cooperating with the co-chaperone Cdc37. These 

signalling pathways are essential for promoting the survival of cancer cells and their 

ability to proliferate, two key aspects in cancer formation. Cancer cells develop a kind of 

dependency on Hsp90 and other similar proteins, as their demand for these proteins, 

including Hsp90, increases exponentially. This creates a vicious circle in which the 

increasing presence of mutated proteins stimulates Hsp production, which in turn 

increases protein production processes and the expression of proteins that promote cell 

transformation. The high expression of Hsp90 has been found in several tumour types, 

suggesting that it could be a promising candidate for biomarker studies (Rappa F. et al., 

2014). High Hsp90 expression in tumour tissues is directly correlated with advanced 

disease stages and a less favourable prognosis. Interestingly, the expression pattern of 

Hsp90 may vary depending on tissue type, as evidenced by the decreased Hsp90 levels 

in infiltrating lobular carcinoma-type tumours (Barone R et al., 2021; Bavisotto C et al., 

2019; Gorska-Ponikowska et al., 2020; Zagouri et al., 2010). It is well known that Hsp90 

promotes cancer development through the activation of the NF-kB pathway, an 

intracellular signalling network involved in several crucial cancer processes, such as cell 

proliferation, cell cycle, inflammation, apoptosis, and cancer cell migration (Yeramian et 

al., 2016). This pathway begins with the activation of tumour necrosis factor receptor 1 

alpha (TNFR1) by TNF-α, which causes a series of changes in cell structure and the 

release of the death silencing domain (SODD) from the intracellular death domain of 

TNFR1. Once SODD is released, the TRADD protein is recruited to the TNFR1 death 

domain which can lead to the formation of further complex namely TRADD/TRAF-2. 

The latter is capable of recruiting the apoptosis inhibitor protein (IAP) to suppress the 
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TNF-α-activated apoptosis pathway and allow activation of the NF-kB pathway 

(Yeramian et al., 2016). Hsp90 positively regulates carcinogenesis by enhancing the NF-

kB survival pathway by activating Akt and inhibiting apoptotic pathways through 

blockade of caspase 3 cleavage and up-regulation of x inhibitor of apoptosis protein 

(xIAP) and cIAP. Hsp90 and its co-chaperone protein Cdc37 are required for the 

formation of the active AKT and IKK complex that phosphorylates and degrades. In 

addition, Hsp90 modulates tumour cell proliferation and migration through activation of 

the PI3K/AKT and MAPK/ERK signalling pathways, thus mediating to increase of NF-

kB activity by the regulation of IKKα and IKKβ (Yeramian et al., 2016). In the cancer 

context, Hsp90 plays a key role by facilitating the proper folding and maturation of newly 

synthesised IKKα and IKKβ proteins. Overall, Hsp90 is believed to be an essential factor 

in the activation of constitutive and inducible NF-kB pathways. (Lam et al., 2008; 

Broemer et al., 2004).  

Furthermore, FKBP4 is a member of the immunophilin family and is also a co-chaperone 

of Hsp90, the expression of this protein has been seen to be increased in breast, 

hepatocellular, prostate, and lung tumours and is linked to an unfavourable prognosis. 

FKBP4 can enhance the NF-kB pathway and its transcriptional activity through IKKβ 

and enhances the phosphorylation of IKKα/β, IkB, and RelA (p65) in carcinoma. FKBP4 

further associates with Hsp70 and therefore forms a complex that allows the nuclear 

translocation of p65 (Zong et al., 2021; Qu et al., 2013). The TNF-α/NF-kB signalling 

pathway constitutes a positive feedback loop as it activates transcription of the TNFα 

gene, which in turn further amplifies and enhances the signalling pathway, thus 

facilitating metastasis. Furthermore, it has been hypothesized that Hsp90 may play a 

central role as a master chaperone in the folding and maturation process of TLR5 surface 

receptors, specifically involved in the flagellin-TLR5-activated NF-kB signalling 

pathway during the carcinogenesis process. These molecular mechanisms, characterized 

by a signalling amplification cycle and regulation via Hsp90, outline a complex but 

crucial picture in understanding the pathological processes associated with metastasis and 

tumour progression (Luo et al., 2021).  Additionally, Hsp90 is able to form a complex 

with survivin which is a powerful inhibitor of apoptosis and stabilizes its mature form 

through physical binding, which determines the subsequent inhibition of apoptosis. The 

promoter region of the survivin gene contains binding sites for NF-kB and p53, which 

regulate its expression. During the G2/M phase of the cell cycle, active expression of 
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survivin is observed, which can directly influence the expression of cyclin D1, a key 

factor in the regulation of cell proliferation. Importantly, cyclin D1 itself is a target of 

NF-kB regulation and its expression is reduced when Hsp90 activity is inhibited in 

carcinoma (Goldstein et al., 2011; Kim et al., 2016; Ai et al., 2006). Based on these 

considerations and evidence, tumour cells appear to be dependent on Hsp90, and, for this 

reason, Hsp90 has been extensively studied as a possible target for anti-tumour therapy. 

Based on the important roles that Hsp90 plays in carcinogenesis, several Hsp90 inhibitors 

have been studied, and, considering the promising results, a wide range of them have 

already been included in several clinical studies (Kim et al., 2016). 

 

2.6 Hsp90 Inhibitors 

Progress in understanding the structure, dynamics, and mechanisms of action of Hsp90, 

including its ATPase activity, has led to the discovery of compounds that competitively 

bind to the N-terminal ATP binding domain and disrupt its function. This sub-section will 

focus on the limitations of N-terminal Hsp90 inhibitors. The naturally occurring Hsp90 

inhibitor geldanamycin (GA) is a 1,4-benzoquinone ansamycin antibiotic derived from 

Streptomyces hygroscopicus. It was discovered in the early 1990s and has shown potency 

in killing cancer cells. However, it never made it into clinical trials due to its in vivo 

toxicity, instability, and poor solubility (Biamonte et al., 2010). Hepatotoxicity induced 

by GA is primarily caused by its reactive quinone moiety, which generates superoxide 

radicals, leading to cell death that is not related to Hsp90 inhibition (Samuni et al., 2010). 

Radiciol (RC), which is derived from the fungus Monosporium bonorden, is a naturally 

occurring inhibitor of Hsp90 (Huryn & Wipf., 2013). Although GA and RC were not 

chosen for clinical trials due to their adverse effects (AE), their anti-cancer effect was the 

driving force behind the development of semi-synthetic derivatives that are more 

effective and have been used in clinical studies. The mechanism of action and liver 

toxicity of GA were attributed to its C-17 position. Therefore, new compounds were 

synthesized by adding a substituent to the C-17 position to counteract GA toxicity 

(Gorska et al., 2011). 
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Although first-generation Hsp90 inhibitors demonstrated significant pre-clinical 

potential, their progress into Phase III clinical trials was impeded by limitations. 

Therefore, efforts were made to improve binding affinity, potency, adverse effects, and 

bioavailability. The second generation of Hsp90 inhibitors, which includes fully synthetic 

small molecules, were designed as novel inhibitors of Hsp90.   The article lists several 

types of inhibitors, including purine-based inhibitors (PU-3, BIIB021, BIIB028, MPC-

3100, PU-H71, and Debio0932), benzamide inhibitors (SNX-5422), resorcinol-

containing inhibitors (AUY922, STA9090, AT13387, and KW-2478), and miscellaneous 

inhibitors (XL888, HSP990, DS2248) (Sanchez et al., 2019). Ganetespib is currently the 

most potent second-generation inhibitor of Hsp90 and has been extensively studied 

clinically. As of 2021, the drug STA-9090 has been involved in a total of 38 clinical trials 

ranging from Phase I to Phase III (Ray-Coquard et al., 2019; Sanchez et al., 2019). 

Although second-generation Hsp90 inhibitors were successful in avoiding liver toxicities, 

some of the drugs, such as AUY922, caused ocular toxicities in the form of night 

blindness, blurred vision, and visual disturbances (Pillai & Ramalingam, 2018). The 

dosage limitations of N-terminal domain Hsp90 inhibitors have been a major concern and 

a limiting factor for FDA approval. This is due to the pan-inhibitory effect of both semi-

synthetic and fully synthetic compounds, which trigger the heat shock response (HSR) 

and increase Hsp70 expression as a pro-survival response. As a result, higher doses are 

required to maintain the inhibitory effect, which is accompanied by an increase in toxicity 

(Sanchez et al., 2019; L. Wang et al., 2019b; Ray-Coquard et al., 2019).  

A novel approach to targeting Hsp90 in cancer while circumventing HSR and 

HSF1/Hsp70 upregulation is to disrupt the interaction between chaperones and co-

chaperones containing TPR domains on the CTD. Novobiocin and its analogue KU-174 

are the most prominent examples. Their binding to the CTD motif leads to aberrant 

chaperone function and ubiquitination-mediated degradation of the client protein 

(Donnelly & Blagg., 2008; Yun et al., 2004). DDO-5936 is a small molecule that acts on 

cell proliferation by halting the cell cycle at G0/G1 because it disrupts the interaction 

between the Hsp90-Cdc37 complex by targeting it (L. Wang et al., 2019c, 2020). It is 

worth noting that Cdc37 is a co-chaperone of Hsp90 that binds to non-mature kinases and 

promotes their proper folding and maturation. Kinases are proteins that are particularly 

involved in carcinogenesis. Additionally, it was observed to not effect on other non-

oncogenic Hsp90 protein clients, which were therefore unaffected by DDO-5936. This 
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contrasts with the pan-inhibitory effect of first- and second-generation inhibitors. In 

addition, it is worth noting that DDO-5936 has a distinct and autonomous binding site on 

Hsp90. It does not interfere with the binding of other co-chaperones or impede ATPase 

activity on NTD. This allows for the preservation of normal chaperone activity and 

prevents any potential toxicities (Wang et al., 2019c, 2020). The data presented suggest 

that although single-acting Hsp90 inhibitors exhibit considerable antitumor potential, 

combination therapy would be more effective. It is not surprising, therefore, that Hsp90 

is regarded as a component of the cellular system, a complex physiological system in 

which various elements are functionally interconnected throughout the body. 

Consequently, actions aimed at manipulating Hsp90 activity are likely to produce the 

desired effect of inhibiting its function but may also result in unexpected effects. Some 

of these effects may paradoxically compensate for the inhibited function of Hsp90. This 

highlights the importance of carefully considering the potential consequences of 

manipulating Hsp90 activity. 
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3. HISTONE DEACETYLASE (HDACs) PROPERTIES IN CANCER 

Genetic and epigenetic processes are major factors in the development of cancer. 

Epigenetic modifications significantly alter gene function and expression without directly 

affecting the DNA sequence. In breast tissue tumorigenesis, a wide range of epigenetic 

modifications have been identified as crucial in the development and progression of 

malignancies. Breast cancer pathogenesis is often associated with changes in DNA 

methylation, histone protein structure, and gene regulation by non-coding microRNAs. 

Altered gene expression is a result of post-translational modifications of histone N-

terminal tails, which are mediated by various proteins and specific enzyme complexes 

(Eckschlager T et al.,2017). Among the various modifications that affect histones, 

methylation, acetylation, phosphorylation, and ubiquitination is the most common. The 

acetylation/deacetylation of lysine and arginine residues, mediated by two distinct classes 

of enzymes, histone acetyltransferases (HATs) and histone deacetylases (HDACs), is one 

of the main processes that affect histone structure. These modifications may cause 

specific chromatin regions to open or close, significantly influencing gene activity and 

regulating the expression of multiple genes. Moreover, it has been confirmed that these 

enzymes may be involved in specific cellular functions, such as cell cycle progression, 

apoptosis, DNA repair, proliferation, and differentiation, through their impact on the 

activity of non-histone proteins or gene expression.  These proteins include tumour 

suppressors oncoproteins, signalling mediators, and transcription factors, and co-

regulators like HIF-1α, and NF-kB.   The fragment of text contains a list of transcription 

factors and steroid receptors, including E2F1, YY1, TFIIE, TFIIF, AR, ER, and Hsp90 

(Li G et al.,2020). The primary role of HDACs is to create condensed heterochromatin 

by removing acetyl groups from lysine residues in the NH2 end of central histones, 

resulting in the repression of gene expression. HDACs have been shown to affect many 

non-histone proteins, including hypoxia-inducible factors (HIF-1α), Hsp90, and alpha-

tubulin. The HDAC family comprises 18 members and is divided into four classes. 

Enzymes are classified into three classes: class I, II, and IV, with most being zinc-

dependent. Additionally, NAD+-dependent enzymes form class III HDACs (Seto E et 

al.,2014). Thus, it can be concluded that there is a balance between acetylation and 

deacetylation, which plays a key role in gene expression, especially in regulating 

oncogenes and tumour suppressor genes. The N-terminal regions of histones undergo 
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various enzymatic modifications, such as acetylation, methylation, phosphorylation, and 

ubiquitination. These modifications have significant effects on gene expression and are 

collectively known as the 'histone code'. Histone proteins in the nucleus undergo 

reversible and dynamic acetylation at multiple lysine residues in their N-terminal tails. 

This process plays an important role in regulating gene expression and modifying 

chromatin structure in eukaryotes. The intrinsic properties of histones and their 

interactions with other proteins and DNA are influenced by histone acetylation and 

deacetylation. Histone acetylation is regulated by histone acetyltransferases (HATs), 

which transfer acetyl groups to the side chain of lysine residues, and by HDACs, which 

remove acetyl groups from lysine residues and counteract the activity of HATs (Khan O 

et al.,2008). The HDAC enzyme family regulates the acetylation level of histones in 

chromatin and non-histone substrates, including proteins involved in tumour progression, 

cell cycle control, apoptosis, angiogenesis, and cell invasion. The family comprises 18 

genes classified into classes I, II, III, and IV (Gregoretti IV et al.,2004). HDAC inhibitors 

usually target classical HDACs of classes I, II, and IV, which consist of 11 family 

members in humans. Class III HDACs are known as sirtuins (SIRT1-7) and differ from 

classical HDACs in that they require NAD+ as an essential cofactor, whereas classical 

HDACs contain a catalytic Zn2+ ion in their active site. There is increasing evidence 

supporting the significance of class III HDACs in transcriptional regulation (Liu et al., 

2009). Class II HDACs can be found in both the cytoplasm and nucleus and can be moved 

between these compartments. Their functions are typically tissue-specific and are divided 

into two subclasses: class IIA members include HDACs 4, 5, 7, and 9, while class IIB 

members include HDACs 6 and 10 (de Ruijter et al., 2003).  

Class I HDACs are expressed in all cells and play a role in regulating cell proliferation. 

For instance, the tumour suppressor pRb recruits HDAC1 in a complex with E2F (Satoh 

et al., 2011) to bind to E2F target promoters during the early G1 phase of the cell cycle. 

This results in a decrease in histone H4 acetylation of specific lysines, leading to gene 

silencing and cell cycle arrest. In addition, they are involved in the response to DNA 

damage. HDAC1 and HDAC2 are recruited to promote hypoacetylation of histone H3 

K56 after DNA damage, which represses gene transcription and enables DNA repair. 

Depletion of HDAC1 and HDAC2 in cells causes hypersensitivity to DNA-damaging 

agents, leading to the misrepair of the double-strand break by joining non-homologous 

ends (Miller et al., 2010). Class II HDACs are present in the cytoplasm or nucleus and 
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can move between these compartments. They have tissue-specific functions, such as 

regulating the differentiation of muscle cells by modifying gene expression, and are 

divided into two subclasses: class IIA members include HDACs 4, 5, 7, and 9, while class 

IIB members include HDACs 6 and 10 (de Ruijter et al., 2003). Class IIA members also 

contain three conserved 14-3-3 protein binding sites, which regulate the cellular 

trafficking of class IIA HDACs in a phosphorylation-dependent manner. The 

phosphorylation of this 14-3-3 binding site is dependent on the action of several signalling 

pathways (Verdin et al., 2003). In contrast, HDAC6 and HDAC10 are two structurally 

related class IIB members, both contain two catalytic domains and a C-terminal zinc 

finger, although HDAC10 also possesses an extra catalytically inactive domain. HDAC6 

has several functions that are dependent and independent of its histone deacetylase 

activity. It deacetylates α-tubulin and Hsp90, regulating cell motility, adhesion, and the 

response to misfolded proteins. HDAC6 has unique characteristics due to its possession 

of two catalytic sites and the BUZ ubiquitin-binding domain, which enables it to target 

cargo proteins for further processing. The zinc-finger ubiquitin-binding domain of 

HDAC6 is crucial in the formation of aggresomes during autophagy and heat shock 

factor-1 activation in response to cytotoxic protein aggregates and platelet-derived 

growth factor (PDGF) function (Gao et al., 2007). HDAC10 has fewer roles than HDAC6 

but can also regulate the acetylation of Hsp90, leading to the degradation of the vascular 

endothelial growth factor receptor (VEGFR) by the proteasome. Inhibition of HDAC10 

increases acetylation of Hsp90, resulting in VEGFR degradation (Park et al., 2008). 

HDAC11 is the only class IV HDAC, and its role in the regulation of the immune system 

has been implicated through its involvement in the expression of interleukin-10 and the 

surface expression of OX40L in Hodgkin's lymphoma (Buglio et al., 2011; Lian et al., 

2012). However, very little is currently known about it. 

 

3.1 HDACs Inhibitors  

Histone deacetylase inhibitors (HDIs) are potent antiproliferative agents and have been 

shown to induce apoptosis in cell models. Therefore, they have great potential in the 

development of anticancer drugs and agents to dissect the roles of HDAC. Most inhibitors 

developed as anticancer agents target class I, II, and IV enzymes. Many compounds are 
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already in clinical trials or other stages of preclinical development. HDIs can be classified 

based on their chemical structure, such as cyclic peptides, hydroxamates, benzamides, 

and fatty acids (Marks., 2010). Alternatively, they can be classified based on their 

specificity for various classes of HDACs. Recently, chemo-proteomic approaches that 

combine affinity capture and quantitative mass spectrometry have been useful in 

identifying which HDACs complexes are targeted by HDIs, rather than isolated HDACs. 

For instance, valproate has a weaker effect on the Sin3 complex compared to other class 

I complexes that have the same catalytic subunit (Bantscheff et al., 2011). HDACs target 

not only histone proteins but also many cellular substrates, both cytosolic and nuclear. 

While some HDACs have redundant activity, others are highly specific for client proteins, 

resulting in distinct effects. As a result, HDACs have a significant impact on the entire 

acetylome. For instance, HDAC6 regulates numerous genes and proteins, exhibiting 

pleiotropic functions. HDACs are involved in regulating the cell cycle, mitosis, the 

cellular stress response, protein degradation, DNA damage response, cytokine signalling, 

immune system function, inflammation, angiogenesis, and cell survival. HDAC 

inhibition can cause a wide range of cellular changes, including apoptosis in cancer cells, 

due to the important cellular functions regulated by these proteins (Choudhary et al., 

2009). HDACs, including HDACs 1, 2, 3, 4, and 6, have been found to play a role in cell 

cycle progression and cell proliferation, particularly in tumour cells (Glaser et al., 2003; 

Haberland et al., 2009). For example, HDAC1 positively regulates cell proliferation, as 

demonstrated in HDAC1 knockout mice that showed developmental abnormalities 

followed by elevated levels of the cyclin-dependent kinase inhibitors (CKIs) 

p21WAF1/CIP1 and p27/KIP1. Based on this evidence, HDAC1 targets genes involved 

in both proliferation and developmental processes (Zupkovitz et al., 2006). After the 

downregulation of HDAC1, upregulation of HDAC2 was observed. Despite sharing 86% 

protein sequence identity, HDAC1 and HDAC2 only have partially overlapping functions 

and cannot compensate for each other's loss (Table 1). The inhibition of both enzymes 

can lead to developmental abnormalities and abnormal cell cycle progression (Wilting et 

al., 2010; Yamaguchi et al., 2010). However, the absence of both proteins blocked 

progression towards G1 and proliferation in several cell types (Yamaguchi et al., 2010; 

Haberland et al., 2009).  HDAC4 has been shown to affect cell proliferation and repress 

p21 WAF1/CIP1 in tumour cells. Inhibition of HDAC4 increased the expression levels 

of p21 WAF1/CIP1 in some tumour cell lines and inhibited cell proliferation and tumour 
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growth. On the other hand, HDAC3 is involved in cell cycle arrest in the G2/M phase. 

Inhibition of HDAC3 or its reduced expression levels has been shown to reduce 

phosphorylation in S10 and cause errors during mitosis (Wilson et al., 2006). Inhibition 

of HDAC3 and HDAC6 leads to increased degradation of kinases A and B, highlighting 

the importance of HDAC6 during protein degradation and providing further evidence for 

the involvement of HDACs in cell division. HDACs inhibitors have also been found to 

disrupt the formation of spindle checkpoint proteins (Cha et al., 2009). Overall, HDACs 

can negatively regulate these processes and also activate the DDR. t has been suggested 

that HDACs inhibitors positively regulate the DDR by increasing acetylation and making 

chromatin more susceptible to physical and chemical agents, such as radiation, drugs, or 

reactive oxygen species (ROS) (Bhalla et al., 2009; Petruccelli et al., 2011). 

 

Figure 4. HDI classification by chemical structure and clinical trial use (New M. et al., 2012). 

 

Particularly HDAC6 plays a significant role in various protein quality control systems, 

specifically in post-translational modifications, stress response, and protein degradation. 
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In HDAC6-deficient cells reconstituted with wild-type or mutant HDAC6, VCP/p97 is 

recruited by HDAC6 and associates with the Hsp90/HSF1 complex under normal 

conditions (Boyault et al., 2007). Under stress conditions, Hsp90 and HDAC6 dissociate 

due to the action of HSF1, which trimerizes and translocate into the nucleus as a 

transcription factor. HDAC6 senses misfolded proteins and initiates the stress response 

by releasing HSF1 along with Hsp90. It is noteworthy that both HSF1 and HDAC6 play 

a crucial role in carcinogenesis, as they are involved in the RAS/MAPK signaling cascade 

(Lee et al., 2008). Considering these factors, inhibitors that are specific to Pan-HDAC or 

HDAC6 could aid in inducing cell death by blocking these pathways (Westerheide et al., 

2009). Administration of HDIs has also been shown to result in reversible 

hyperacetylation of Hsp90, leading to inhibition of Hsp90 chaperone function and 

subsequent degradation of Hsp90 client proteins more susceptible to polyubiquitination 

and proteasomal degradation (Bali et al., 2005). In addition, HDAC6 is involved in 

recognizing and transporting aggregated proteins to aggresomes where functions as an 

adapter protein that identifies polyubiquitin substrate chains and the motor protein 

dynein. It subsequently conveys ubiquitinated substrates along dynein to the MTOC, 

facilitating the creation of aggresomes (Figure 5). 
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Figure 5. Mechanism of action of HDACs in the complex with Hsp90 and HDF1                                                                                       

(New M. et al., 2012). 

For instance, inhibition of HDAC6 could result in the destruction of the HDAC6-dynein-

substrate complex and hinder the formation of larger aggresomes (Figure 5) (Kawaguchi 

et al., 2003). HDACs inhibitors have been shown to activate apoptosis in many cancer 

types and models through the extrinsic (death receptor) pathway, the intrinsic 

(mitochondrial) pathway, or both (Rosato et al., 2003). The pan-HDAC inhibitor SAHA 

has been demonstrated to induce TRAIL receptor expression in BC cells and increase 

cytotoxicity induced by other anticancer drugs (Xu et al., 2008; Frew et al., 2008). The 

pleiotropic activities of HDAC6 in protein quality control are important because 

misfolded proteins accumulate inside the cell and are recognized by HDAC6 after client 

proteins can be released by Hsp90. HDAC6 targets misfolded proteins in the microtubule-

organizing centre (MTOC) and is also involved in autophagy (Figure 2) (New M et 

al.,2012). 
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The aim of the present experimental study was to evaluate the inhibitory effect of a 

second-generation inhibitor, i.e., Ganetespib, and a deacetylase inhibitor, such as SAHA, 

separately and in combination on a BC cell line belonging to the subgroup Luminal A, 

called MCF-7. Initially, immunomorphology experiments were conducted on BC tumour 

tissues compared with normal tissues, granted by the Surgical Anatomy Laboratory of the 

“Paolo Giaccone” University Hospital of Palermo. Subsequently, we treated BC cells 

with Ganetespib and SAHA, both separately and in combination, at different times and at 

different concentrations to evaluate its cytotoxic effect by MTT assay. Using Western 

blotting analysis, we studied the expression of specific target proteins, namely Hsp90 and 

some of its client proteins that are part of a death pathway. Furthermore, we performed 

immunomorphological and H&E analyses to extend our findings and to further confirm 

the molecular data. Finally, a Multiplex assay was used to study the apoptotic pattern on 

cell lysates of MCF-7. 
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1. Study in Silico: Molecular Dynamics (MD) Simulation  

The crystallographic structures of Vorinostat, also known as suberoylanilide hydroxamic 

acid, (SAHA), and Ganetespib are deposited in PubChem with CID 5311 and 135564985, 

respectively (https://pubchem.ncbi.nlm.nih.gov/ accessed on 10 November 

2023).  Molecular dynamics (MD) simulations of Vorinostat and Ganetespib with the 

Hsp90 were performed from 2 to 3 microseconds in the reported cases using GROMACS. 

MD simulations for the various molecules and conditions were as described in (Antona, 

V. et al. 2020). The equilibration procedure was performed in several steps, starting from 

an NVT (substance (N), volume (V) and temperature (T)) simulation at 300 K with the 

protein-heavy atom positions restrained to equilibrate the solvent around it, followed by 

an NPT (substance (N), pressure (P) and temperature (T)) run at 300 K and pressure at 1 

bar, for a 10 ns run. After the equilibration phase, the system was run for at least 2000 

nanoseconds (3000 ns) for an NVT production run; the trajectory was saved at a 

frequency of 10 ps to evaluate dynamical and structural properties. All the simulations 

were carried out on a workstation equipped with AMD Threadripper 3960X, 128 GB 

DDR4 system memory, and Nvidia GeForce GTX 2080 TI GPU with 11GB DDR5 

memory. All the possible interactions were calculated through the PLIP web server 

(Adasme, M. et al. 2021) 

 

2. Cell Line Propagation 

MCF-7 (Luminal A breast cancer cell line) cell lines were cultured in high glucose 

Dulbecco’s Modified Eagle Medium (DMEM) (Corning, Manassas, VA) supplemented 

with 10% heat-inactivated fetal bovine serum (FBS) (Corning, Woodland, CA), 1% 

200mM (100X) L-Glutamine (gibco, Life Technologies, Carlsbad, CA), 1% 

Penicillin/Streptomycin (gibco, Life Technologies). Cells were cultured in un-coated T75 

flasks (Corning, Falcon) at 37.0°C, 5% CO2. Cells were passed (1:3) every week using 1 

round of 0.25% of trypsin solution (Sigma-Aldrich) for 5min.  Cells were frozen at every 

passage number in freezing medium containing 50% of complete DMEM, 10% of 

dimethylsulfoxide (DMSO) (Sigma-Aldrich), and 40% of FBS.  
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3. Cell Viability Assay 

MCF-7 cells were seeded at a density of 4x104 cells per well of 96-well plates in 200 µL 

of DMEM culture medium (Dulbecco's Modified Eagle Medium-high glucose) 

supplemented with FBS 10%, L-Glut 1%, Pen/Strep 1% in a humidified incubator 

containing 5% CO 2 at 37°C.  After 24 h of growth, the cells were subjected to starvation 

conditions and after 24 h were treated with Ganetespib, SAHA, and Ganetespib+SAHA 

diluted in a serum-free culture medium. For Ganetespib decreasing concentrations of the 

drug were used by serial dilutions: 100; 50; 25; 12,5; 6,25; 3,125; 1,56 nM for 24, 48, and 

72 hours. For SAHA: 60; 30; 15; 7,5; 3,75; 1,875; 0,9 µM for 24, 48, and 72 hours. For 

Ganetespib+SAHA: 50+30; 25+15; 12,5+7,5; 6,25+3,75; 3,125+1,85; 1,156+0,09; 

0,587+0,045 nM+μM for 24, 48, and 72 hours. After 24, 48, and 72 h of treatment, the 

medium was removed and MTT 0.5 mg/mL in phosphate-buffered saline (PBS) was 

added. After an incubation period of 2 h, the cells were solubilised in 200 µL DMSO/well 

and the optical density (OD) was measured with a plate reader (Titertek Multiskan 

MCC/340, Flow Laboratories, McLean, VA, USA) at 570 and 650 nm. Cell viability was 

expressed as the percentage of the OD value of inhibitor-treated cells compared to 

untreated controls, according to the following equation: viability = (sample 

OD/CONTROL OD) × 100.  

 

4. Hematoxylin and Eosin Staining 

MCF-7 cells were seeded in 8 well chamber slides at a density of 6x104 per well with 

DMEM with FBS 10%, L-Glut 1%, Pen/Strep 1% in a humidified incubator containing 

5% CO 2 at 37°C. After 24 h growth, they were subjected to starvation conditions and 

after 24 h were treated with 100nM Ganetespib, 60µM SAHA, and 6,25 nM Ganetespib 

+ 3,75 µM SAHA for 24, 48, and 72 h. The cells were then washed with PBS and fixed 

with methanol on ice. Subsequently, the cells were brought to water by decreasing 

concentrations in ethanol (ethanol 100% 5’-95%5’-70% 5’-H20 5’) and stained using 

Harris Haematoxylin (5’) and Eosin Y (5’) (Bio-optica). They were then returned to 

Xylene through rapid passages in increasing concentrations of alcohol from 70% to 100% 

and mounted with synthetic mount. Images were captured using an optical microscope 
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(Microscope Axioscope 5/7 KMAT, Carl Zeiss, Milan, Italy) connected to a digital 

camera (Microscopy Camera Axiocam 208 colour, Carl Zeiss, Milan, Italy). 

 

5. DAPI Staining 

MCF-7 cell were seeded in chamber-slides at a density of 6x 104 cells for 24, 48, and 72 

hours and left to reach confluency. DMEM culture medium (Dulbecco's Modified Eagle 

Medium-high glucose) in serum-free conditions supplemented with L-Glut 1%, Pen/Strep 

1% was replaced by 100nM of Ganetespib, 60µM SAHA, and 6,25 nM Ganetespib + 3,75 

µM SAHA diluted in 0% FBS DMEM and incubated for 24, 48, and 72 hours. After 24-

, 48-, and 72-hour treatments, cells were washed three times with PBS and then fixed with 

cold methanol on ice for 30min followed by two washes with PBS. Then, the cells were 

stained by DAPI for 15min in the dark. The stained cells were washed twice with PBS 

and examined by fluorescence microscopy. Apoptotic cells were identified by chromatin 

condensation, nuclear fragmentation, and apoptotic bodies. The percentage of apoptotic 

cells was assessed by calculating the apoptotic index (A.I.) using the following formula:  

A. I =
number of apoptotic cells

total number of cells
 × 100  

 

6. Immunofluorescence and Confocal Microscopy  

MCF-7 cell were seeded in chamber-slides at a density of 6*104 per well with DMEM 

FBS supplemented with 10%, L-Glut 1%, Pen/Strep 1% in a humidified incubator 

containing 5% CO 2 at 37°. After 24 h they were treated with 100nM Ganetespib, 60µM 

SAHA, and 6,25 nM Ganetespib + 3,75 µM SAHA diluted in 0% FBS DMEM and 

incubated for 24, 48, and 72 hours. The cells were then washed with PBS and fixed with 

methanol on ice and incubated with unmasking solution (10 mM trisodium citrate, 0.05% 

Tween 20), then treated with 3% BSA blocking solution. Subsequently, cells were 

incubated, in a humidified chamber overnight at 4°C with specific primary antibodies 

(HSP 90α/β mouse monoclonal antibody, Santa Cruz Biotecnology diluted 1:50; HSP 

70/HSC 70 mouse monoclonal antibody, Santa Cruz Biotecnology diluted 1:50). The day 
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after, the cells were washed twice in PBS, and were incubated with ATTO 488 secondary 

antibodies diluted 1:100. Nuclei were detected with DAPI, diluted1:1000 for 15 minutes 

at room temperature. Finally, the slides were covered with drops of PBS and mounted 

with coverslips. Images were captured using a Leica TCS SP8 Confocal Microscope 

(Leica Microsystems) upright fluorescence microscope. 

 

7. Immunohistochemistry (IHC)  

Immunohistochemical staining was performed using formalin-fixed paraffin-embedded 

samples of normal and neoplastic breast tissue. Briefly, 5-μm-normal tissue and BC 

sections, obtained by microtome cutting, were deparaffinized in xylene and hydrated by 

immersing in a series of graded ethanol. Antigen retrieval was performed in agitation by 

placing the sections in epitope retrieval solution (0.01 M citrate buffer, pH 6.0) at 95°C 

for 8 minutes and immersed for 8 min in acetone at -20 C to prevent the detachment of 

the sections from the slide. All subsequent reactions were conducted at room temperature. 

After washing the sections with Dulbecco’s phosphate buffered saline (DPBS, pH 7.4) 

for 5 min at 22 C, the immunohistochemical reaction was performed by the streptavidin–

biotin complex method using a IHC Select® HRP/DAB, 500 (Millipore, Burlington, MA, 

USA & Canada). The sections were treated for 5’ with 3% hydrogen peroxide for 10 

minutes to inhibit the endogenous peroxidases. After a wash with PBS, the samples were 

covered by drops of blocking reagent for 5 minutes in a humid chamber before incubation 

with primary antibody overnight at 4◦C. the primary antibodies used were: anti Hsp90 

(HSP 90α/β mouse monoclonal antibody, sc-59578, diluted 1:100, Santa Cruz 

Biotecnology); anti-Hsp70 (HSP 70/HSC 70 mouse monoclonal antibody, W27, sc-24, 

diluted 1:100, Santa Cruz Biotecnology). The following day, the sections underwent a 

30-second rinse with Rinse Buffer, followed by a 10-minute incubation with secondary 

antibody at room temperature. After another buffer wash, the sections were treated with 

Streptavidin HRP for 10 minutes at room temperature, followed by a 10-minute 

incubation with Chromogen Reagent in darkness. Subsequently, another buffer wash 

preceded the incubation with Hematoxylin solution for nuclear counterstaining. Finally, 

following the reaction, the slides were mounted with coverslips using a permanent 

medium (Vecta Mount, H-5000, Vector Laboratories, Inc., Burlingame, CA, USA). The 
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slides were observed with an optical microscope (Microscope Axioscope 5/7 KMAT, 

Carl Zeiss) connected to a digital camera (Microscopy Camera Axiocam 208 color, Carl 

Zeiss) to take the images. The immunomorphological evaluation was conducted to 

provide a semiquantitative analysis of immunopositivity percentage. All the observations 

were made at a magnification of 400X (HPF, High power field) to calculate the 

percentage of immunopositivity, and repeated for 10 HPF. The evaluation of 

immunopositivity was expressed as the average percentage of all immuno-quantifications 

performed in each case for each Hsp. 

 

8. Western Blotting 

MCF-7 cell was treated with 100nM Ganetespib, 60µM SAHA, 6,25 nM Ganetespib + 

3,75 µM SAHA, and incubated for 24, 48, and 72 hours, and untreated cells as control 

are lysed using RIPA buffer containing 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium 

deoxylate, 10% TRITON X100, 25mM HEPES, 500 mM DTT, 1.5 mM of magnesium 

chloride, 300 mM sodium chloride, 200 µM EDTA, 10mM NaF and 2% of the protease 

inhibitors. The lysates were centrifuged at 14,000 rpm for 30 minutes at 4°C. Protein 

concentration in the supernatants was measured using the Bradford Protein Assay. For 

immunoblotting, 25 μg of proteins were separated on 12% polyacrylamide gel 

Electrophoresis (Bio-Rad Laboratory, CA, USA) and transferred to nitrocellulose 

membranes (Bio-Rad Laboratory, CA, USA). The blots were blocked with 5% BSA in 

Tris-buffered saline and then incubated overnight with mouse monoclonal anti-Hsp90 

(HSP90 α/β mouse monoclonal antibody, sc-59578, diluted 1:1000, Santa Cruz 

Biotecnology); mouse monoclonal anti-Hsp70 (HSP 70/HSC 70 mouse monoclonal 

antibody, W27,  sc-24, diluted 1:1000, Santa Cruz Biotecnology); anti-NF-kB (sc-372, 

C-20, diluted 1:200, Santa Cruz Biotecnology); mouse monoclonal anti-Akt1/2/3 (sc-

514032, C-11, diluted 1:200, Santa Cruz Biotecnology); mouse monoclonal anti-pNF-kB 

(p65 A8 diluited 1:200 Santa Cruz Biotecnology); mouse monoclonal anti pAKT 1/2/3 

(sc-135650, diluted 1:200, Santa Cruz Biotecnology);  anti-GAPDH (ABS16, diluted 

1:1000 Sigma-Aldrich). The primary antibodies were detected using horseradish 

peroxidase–conjugated IgG (rabbit IgG, diluted 1:20,000, GTX26795, Gene Tex, Irvine, 

CA; mouse IgG, diluted 1:10,000, AP124P, Chemicon International, Temecula, CA. 
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Bands were visualized by enhanced chemiluminescence. Densitometric analysis was 

performed using Image J software. 

 

9. Magpix Multiplex Assay  

Cell lysates of MCF-7 were treated with 100nM Ganetespib, 60µM SAHA, 6,25 nM 

Ganetespib + 3,75 µM SAHA, and untreated samples for 24, 48, and 72 h were prepared 

by harvesting the cells by low-speed centrifugation (400 × g for 10 min at 4°C). 

Subsequently, the cells were washed twice in cold PBS, collecting them between washes 

by low-speed centrifugation (400 × g for 10 min at 4°C). Cell lysis was performed by 

adding 100 μL of cell extraction buffer directly to the dry pellet (RIPA buffer). The 

samples were incubated on ice for 30 minutes by shaking every 10 minutes. The lysate 

was placed in a microcentrifuge tube, then centrifuged at 13,000 rpm for 10 minutes at 

4°C and the samples were then collected. To prepare the standard mixtures Add 125 μL 

of diluent to each stock vial, vortex the vials at high speed for 30 seconds and centrifuge 

at 2,000 × g for 10 seconds to collect the contents at the bottom of the vials and incubate 

on ice for 10 minutes to ensure complete reconstitution.  The vials were then vortexed for 

30 seconds, and then centrifuged at 2,000 × g for 10 seconds to collect the contents at the 

bottom of the vial. Next, a 3-fold serial dilution of the standards was prepared by 

transferring 75 μL of the mixed standards from the tube named std1 to std7. 50 μL of the 

capture bead mixture was then added to each well of the plate. The plate was then placed 

on the magnetic base for 2 minutes to allow the beads to settle on the bottom of each well. 

The liquid was then removed by inverting the plate placed on its magnetic base and 150 

μl of 1X Wash Buffer was added to each well for 30 seconds. 25 μL of 1X assay diluent 

was added to each well and 25 μL of prepared standards and cell lysates, the plate was 

then closed using the microplate lid provided in the kit, and the plate was placed on 

shaking at 600 rpm for 2 hours at room temperature. After the 2-hour incubation period, 

the wells were washed as described above and the detection antibody mixture was added 

to the plate.  25 μL of detection antibody solution (1X) was then added to each well of 

the plate and incubated at 600 rpm for 30 minutes at room temperature; the plate was 

washed again as above and 50 μL of SA-PE solution was added to each well. The plate 

was then incubated under agitation at 600 rpm for 30 minutes at room temperature. The 
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plate was washed nil as described before and 120 μL of reading buffer was added to each 

well and shaken at 600 rpm for 5 minutes at room temperature. The concentration of the 

samples was calculated by plotting the expected concentration of the standards against 

the NET MFI generated by each standard. The samples were then analysed according to 

the Luminex™ or Bio-Plex™ instrument operating manual (ProcartaPlex™ Human 

Apoptosis Panel 6-Plex (Bcl-2, Caspase-3 active, Cleaved PARP, Cytochrome C, 

GAPDH, p53). 

 

10. Statistical Analysis  

 Statistical analyses of the immunomorphological and molecular experiments were 

conducted using one-way ANOVA with Bonferroni’s post hoc test for all experiments, 

or Student’s t-test for immunohistochemistry specifically. Graphs and statistical analyses 

were carried out using GraphPad Prism™ 4.0 software (GraphPad Software, San Diego, 

CA, USA). All data are presented as means ± standard deviation (SD) of at least three 

independent experiments, with the level of statistical significance set at p ≤ 0.05. 
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1. Molecular Dynamics Simulation 

In order to assess the flexibility and stability of the interaction of Ganetespib and 

Vorinostat with the Hsp90, as above mentioned, MD simulations were performed (Figure 

6). Overall, the structure and atoms disposition of the Hsp90 seem to be maintained in 

both cases with Ganetespib or Vorinostat.  

 

Figure 6. Molecular dynamics (MD) simulations of Ganetespib (yellow structure in the left 

panel) and Vorinostat (yellow structure in the right panel) with the Hsp90, here represented 

sand-colored in the left panel and cyan in the right panel. 

Figure 7. 3D interaction diagrams of some aminoacid residues of Hsp90 (blue) with Ganetespib 

(yellow structure in panel A) and Vorinostat (yellow structure in panel B) are shown. (A) Purple 

straight lines represent the hydrogen-bond interactions, while the hydrophobic interactions are by 

blue dashed lines. 
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The protein-ligand interaction profiler was evaluated using PLIP v2.3.0 (Adasme, M. et 

al, 2021) (Figure 7). The SAHA, also called Vorinostat, consists of hydroxamic acid as 

the zinc binding group (ZBG) which showed very high HDACs inhibitory and 

antiproliferative activities. The advantages of the hydroxamic acid group as ZBG include 

superior zinc binding ability, fair in vitro stability, good solubility, and easy synthesis. 

Therefore, in most cases, this group was the preferred ZBG in the design of new inhibitors 

of HDACs (Bian J, et al 2015). In this regard, SAHA displayed a mild hydrophilic and 

hydrophobic interaction with Hsp90 (Figure 8 A,). Ganetespib is a second-generation 

small molecule inhibitor of Hsp90 with potent inhibitory effects on Hsp90-dependent 

oncoproteins relevant to breast cancer pathogenesis, which appears to be well tolerated 

when combined with chemotherapy. In MD simulation, Ganetespib showed good 

coordination of hydrophobic and H-bonds with Hsp90, the latter in particular near the 

amide group, showing promising results in terms of pharmacokinetic properties and 

stability (Figure 9). 

A 

 

 

  

B 

 

 

 

 

Figure 8 A) Hsp90 residues involved in hydrophobic interactions with Vorinostat. B) 

Hydrogen Bonds between Hsp90 and Vorinostat. The “Protein donor” and “Side 

chain” appear True or False depending on whether the ligand consists of several 

separate subunits or not.  
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Figure 9 A) Hsp90 residues involved in hydrophobic interactions with Ganetespib. B) 

Hydrogen Bonds between Hsp90 and Ganetespib. The “Protein donor” and “Side 

chain” appear True or False depending on whether the ligand consists of several 

separate subunits or not.  

 

The analysis demonstrates a greater number of hydrophobic interactions between 

vorinostat and Hsp90, compared to hydrophobic Hsp90-Ganetespib bonds. Instead, the 

hydrogen bonds appear rather maintained in both simulations with the two components. 

Hydrogen bonds play a crucial role in protein structure and function through their impact 

on several key aspects, such as conformation and stability of the protein; flexibility, or 

dynamics, important for certain protein functions or interaction with other molecules; 

substrate binding, which determines how tightly and specifically the substrate binds the 

protein and therefore may influence the protein's function; the positioning and 

accessibility of the functional groups crucial for protein interactions with other molecules, 

signaling pathways, and overall cellular processes; the responsive to various stimuli like 

pH, temperature, or specific molecules since they may lead to break and formation of 

hydrogen bonds adapting the protein structure to the needed function.  According to the 

in-silico results, Vorinostat and Ganetespib may determine a different function of Hsp90 

overall during cell life and in different environmental conditions. 
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2. Immunohistochemistry (IHC) of human breast Hsp70 and Hsp90 

Immunohistochemistry analyses was conducted to study the levels expression in BC 

tissue compared to heathy control of Hsp70 and Hsp90 (Figure 10 and 11). In detail, we 

observed an immunopositivity in the cytoplasm of the epithelial cells with an average of 

24±6,75 in the normal breast group (Figure 10 A) and of 27,28±8,67 in the BC group. 

The semiquantitative analysis confirmed no statistically significative difference (Figure 

10 B).  

 

Figure 10: Immunohistochemistry analyses for Hsp70. A) Representative images of 

immunohistochemical results for Hsp70 in normal breast (a,b) and in breast cancer 

(c,d). a,c: Magnification 200x, scale bar 50µm. b,d: Magnification 400x, scale bar 20 

µm. B) Statistical analysis for Hsp70 results and the data are presented as arithmetic 

mean ±standard deviation. 

 

For Hsp90, immunopositivity was observed in cytoplasm of epithelial cells with an 

average of 28,2±9,34 in normal breast group and of 83,15±6 in breast cancer group 

(Figure 11 A).  Statistical analysis revealed a significant difference between two groups 

(p-value ≤ 0.01) (Figure 11 B).  
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Figure 11: Immunohistochemistry analyse for Hsp90. A) Representative images of 

immunohistochemical results for Hsp90 in normal breast (a,b) and in breast cancer 

(c,d). a,c: Magnification 200x, scale bar 50µm. b,d: Magnification 400x, scale bar 20 

µm. B) Statistical analysis for Hsp90 results and the data are presented as arithmetic 

mean ±standard deviation (* p ≤ 0.001). 

 

3. MTT Assay 

To evaluate cell viability of MCF-7 cell line following the treatment with Ganetespib and 

SAHA, alone and in combination, we perform MTT assay at 24, 48, and 72 hours. (Figure 

12) Specifically, after 24 hours of treatment we observed that Ganetespib exhibited a 

cytotoxic effect on MCF-7 cells, reducing their viability in dose-dependent manner.  

However, at 48 and 72 we did not observe a further increase in their vitality. Using the 

MTT test, a concentration of 100 nM of Ganetespib we observed a reduction in viability 

at 24 hours of exposure to the drug; nonetheless, after 48 and 72 hours of treatment we 

found an increase in cell viability (Figure 12 B, C). As regards SAHA, we observed a 

cytotoxic effect at 24 hours, and a more pronounced inhibitory activity at 48 and 72 hours 

at a concentration of 60 μM (Figure 12 D). In addition, we performed a combined 

treatments of Ganetespib plus SAHA on MCF-7 cells at a range of concentrations 

between 50 nM of Ganetespib plus 30 µM of SAHA at 24, 48, and 72 hours. The viability 

of the cells was significantly reduced after 72 hours of treatment when we used the range 

of concentration between 6,25 nM Ganetespib plus 3,75 µM SAHA (Figure 12 I).  
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Figure 12: Evaluation of the viability of the MCF-7 cell line treated with Ganetespib, with 

SAHA, and in combination, using MTT assays. (A, B, C) Range of concentrations between100 

nM and 1,56 nM for Ganetespib used at 24, 48 and 72 h. (D, E, F) Range of concentrations 

between 60µM and 0,9 µM for used for SAHA at 24, 48 and 72 h. (G, H, I) Range of 

concentrations between 50nM Ganetespib plus 30 µM SAHA used for the experiments at 24 h, 

48h and 72 h .One way anova &  Bonferroni's multiple comparisons test: A) * p ≤ 0.01 vs 

control; # p ≤ 0.05 vs control B) * p ≤ 0.05 vs control. ) * p ≤ 0.01 vs control. E) * p ≤ 0.0001 

vs control; ** p ≤ 0.01 vs control. F) * p ≤ 0.0001; # p ≤ 0.001 vs control. H) * p ≤ 0.001; # p 

≤ 0.01 vs control. I) * p ≤ 0.0001 vs; # p ≤ 0.001 vs control. 

 

4. Expression levels of Hsp70, Hsp90, Akt/pAkt, and NF-kB/pNF-kB in Ganetespib-

treated cells  

To assess the toxicity of Ganetespib on the expression levels of the Hsp90 protein, we 

conducted western blotting analyses on MCF-7 cell lysates obtained following treatment 
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with Ganetespib and SAHA, alone and in combination, at 24, 48, and 72 hours (Figures 

13). Following treatment with 100nM of Ganetespib at 24, 48 and 72 hours, the 

expression levels of the Hsp90 were found to be significantly reduced after 24 hours of 

treatment when compared to untreated cells (Figure 13 A, B); however, after 48 and 72 

hours the effects on the inhibition on the expression levels were less marked than at 24 

hours. In contrast, no change was observed in the expression levels of the Hsp70 protein 

following treatment with Ganetespib at the same time points when compared to untreated 

cells (Figure 13 A, B). The analysis for Hsp70 was evaluated only after treatment with 

100 nM Ganetespib because it has been reported that following treatment with Ganetespib 

there could be an increase in the levels of this protein, due to the Heat shock response 

phenomenon. (Kamal A et al., 2003). The expression levels of NF-kB and pNF-kB 

proteins did not exhibit a statistically significant change following 24, 48 and 72 hours of 

treatment with Ganetespib, when compared to untreated cells (Figure 13 A, B). 

Regarding, the expression levels of Akt following treatment with Ganetespib at 24, 48 

and 72 hours, were slightly reduced at 24 hours, resulting statistically significant only 

after 48 and 72 hours (Figure 13 A, B). Instead, treatment with Ganetespib influenced the 

expression levels of its phosphorylated form, i.e., pAkt, which underwent a statistically 

significant change after 24, 48, and 72 hours of treatment (Figure 13 A, B). Ganetespib 

treatment produced a potent and robust dose-dependent destabilization of Hsp90 and both 

Akt and pAkt. This was accompanied by no change in Hsp70 expression, which serves 

as a surrogate marker for Hsp90 inhibition. As shown in Figure 10 A and B, treatment 

with 100 nM Ganetespib rapidly (within 24 hours) induced a decrease in Hsp90 

expression levels and sustained complete destabilization of Akt and pAkt over a period 

of 48 and 72 hours. 
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Figure 13: Western blotting analysis of MCF-7 cell lysates after treatment with Ganetespib. 

A) Representative western blot of Hsp90, Hsp70, NF-kB, pNF-kB, Akt, pAkt and GAPDH 

expression. B) Histogram representing Hsp90, *p ≤ 0.001 vs control; ** p ≤ 0.001 vs control; 

*** p ≤ 0.001 vs control. C) Histogram representing Hsp70. D) Histogram representing NF-

kB. E) Histogram representing pNF-kB. F) Histogram representing Akt, * p ≤ 0.05 vs control; 

** p ≤ 0.05 vs control. G) Histogram representing p-Akt, * p ≤ 0.01 vs control; ** p ≤ 0.01 vs 

control. Equal amount of protein was loaded for each condition and normalized with GAPDH 

as housekeeping. 

 

 

5. Expression levels of Hsp90, Akt/pAkt, e NF-kB/pNF-kB in SAHA-treated cells  

To assess the inhibitor effects of SAHA on the expression levels of the Hsp90 protein, 

we conducted a western blotting analysis on the MCF-7 cell lysate as showed in the 

Figure 14.  After treatment with 60 μM SAHA at 24, 48 and 72 hours, the expression 

levels of the Hsp90 were not statistically affected when compared to non-treated cells 

(Figure 14 A and B). The expression levels of NF-kB and pNF-kB proteins did not exhibit 

a statistically significant change following 24, 48 and 72 hours of treatment with SAHA 

when compared to untreated cells (Figure 14 A, C, D). Instead, the treatment with SAHA 

influenced the expression levels of the Akt protein and its phosphorylated form (Figure 

14 A and B). Specifically, we observed a statistically significant decrease in the 

expression levels of Akt and pAkt after 24, 48 and 72 hours of treatment (Figure 14 A, E, 

F). 
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Figure 14: Western blotting analysis of MCF-7 cell lysates after treatment with SAHA. A) 

Representative western blot of Hsp90, NF-kB, pNF-kB, Akt, pAkt and GAPDH expression. B) 

Histogram representing Hsp90. C) Histogram representing NF-kB. D) Histogram representing 

pNF-kB. E) Histogram representing Akt, * p ≤ 0.01 vs control; ** p ≤ 0.01 vs control; # p ≤ 

0.01 vs control. F) Histogram representing p-Akt, *p ≤ 0.05 vs control; ** p ≤ 0.05 vs control; 

# p ≤ 0.01 vs control.  Equal amount of protein was loaded for each condition and normalized 

with GAPDH as housekeeping. 

 

6. Expression levels of Hsp90, Akt/pAkt, e NF-kB/pNF-kB in Ganetespib plus 

SAHA-treated cells  

Using western blotting analysis, we also evaluated the inhibitor activity of Ganetespib 

plus SAHA on the expression levels of the Hsp90 protein (Figure 15). After treatment 

with 6,25 nM Ganetespib plus 3,75 µM SAHA, the expression levels of the Hsp90 protein 

were found to be statistically significant decreased respect the non-treated cells at 48 and 

72 hours of treatment (Figure 15 A and B). The expression levels of NF-kB and pNF-kB 

proteins did not exhibit a statistically significant change following 24, 48 and 72 hours of 

treatment with 6,25 nM Ganetespib plus 3,75 µM SAHA when compared to untreated 

cells (Figure 15 A and B). The treatment with 6,25 nM Ganetespib plus 3,75 µM SAHA, 

instead, influenced the expression levels of the Akt and pAkt proteins at 24, 48, and 72 

hours (Figure 15 A, E, F).  
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Figure 15: Western blotting analysis of MCF-7 cell lysates after treatment with Gantespib plus 

SAHA.  A) Representative western blot of Hsp90, NF-kB, pNF-kB, Akt, pAkt and GAPDH 

expression. B) Histogram representing Hsp90, *p ≤ 0.001 vs control; **p ≤ 0.001 vs control. 

C) Histogram representing NF-kB. D) Histogram representing pNF-kB. E) Histogram 

representing Akt, * p ≤0.05 vs control; ** p ≤ 0.0001 vs control; *** p ≤0.01 vs control. F) 

Histogram representing p-Akt, * p ≤ 0.01 vs control; **p ≤ 0.001 vs control; *** p ≤ 0.0001 vs 

control. Equal amount of protein was loaded for each condition and normalized with GAPDH 

as housekeeping. 

 

7. Immunofluorescence analysis on the MCF-7 cell line after Ganetespib, SAHA, 

and Ganetespib plus SAHA treatment 

Immunofluorescence staining was performed to evaluate the protein levels of Hsp70 and 

Hsp90 in the MCF-7 cell line following treatment with 100nM of Ganetespib, 60µM of 

SAHA, and 6,25 nM of Ganetespib plus 3,75 µM SAHA at 24, 48 and 72 hours. The 

immunopositivity of Hsp90 protein was cytoplasmic both Ganetespib, SAHA, 

Ganetespib plus SAHA (Figure 16). Of note, we observed that at 24 hours of treatment 

with Ganetespib the expression level of Hsp90 protein undergoes a decrease, while at 48 

and 72 hours there is a slight positivity (Figure 16). Regarding the SAHA treatment, we 

obtained an immunopositivity of Hsp90 at 24 and 48, less marked at 72 hours (Figure 

16). Instead, the immunopositivity levels of Hsp90 protein is important at 24 hours of 
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treatment with Ganetespib plus SAHA, albeit after 48 and 72 hours of treatment there 

was a decrease in the immunopositivity (Figure 16). For the levels of Hsp70 protein, the 

immunopositivity was also cytoplasmic in all cells observed (Figure 16). There was no 

difference in the immunopositivity between Ganetespib-treated and untreated cells, this 

is in line with the results obtained by western blotting analysis as shown in figure 13.  The 

analysis for Hsp70 was evaluated only after treatment with 100 nM Ganetespib because 

it has been reported that following treatment with Ganetespib there could be an increase 

in the levels of this protein, due to the Heat shock response phenomenon. (Kamal A et al., 

2003). 

 

Figure 16: Confocal microscopy analysis for Hsp90 on the MCF-7 cell line untreated and 

treated with 100 nM Ganetespib, 60 µM SAHA, and 6,25 nM Ganetespib + 3,75 µM SAHA 

for 24 h, 48 h, and 72 h (on the left) and for for Hsp70 on the MCF-7 cell line treated with     

100 nM Ganetespib for 24 h, 48h, and 72 h (on the right).  

 

8. Hematoxylin & Eosin staining on the MCF-7 cell line after Ganetespib, SAHA, 

and Ganetespib plus SAHA treatment 

Using E&E staining, we observed a high cell proliferation with evident mitosis in control 

cells at 24 and 48 hours, whereas at 72 hours showed a cellular distress and debris with 

persistent mitotic figures (Figure 17). After treatment with 100 nM Ganetespib, 60 µM 
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SAHA, and 6,25 nM Ganetespib plus 3,75 µM SAHA, the MCF-7 cell line maintained 

high proliferation over 24 hours with few affected cells (Figure 17). However, we noticed 

that at 48 and 72 hours the proliferation decreased and affected cells, debris, and a low 

mitotic index. After treatment with Ganetespib plus SAHA for 24, 48, and 72 hours, there 

is evidence of sporadic and severely compromised cellular elements (Figure 17). 

 

Figure 17: Hematoxylin & Eosin staining on MCF-7 cell line untreated and after treatment 

with Ganetespib and SAHA, alone and in combination. Representative images of MCF-7 cells 

treated with 100 nM Ganetespib, 60 µM SAHA, and 6,25 nM Ganetespib + 3,75 µM SAHA 

for 24, 48, and 72 hours. 

 

9. DAPI Staining 

By DAPI staining, we demonstrated that after the treatment with 100 nM Ganetespib, 

60µM SAHA, and 6,25 nM Ganetespib plus 3,75 µM SAHA for 24, 48, and 72 hours the 

MCF-7 cells can undergo apoptosis (Figure 18). In this regard, we considered the 

presence of chromatin condensation (white arrows), the presence of nuclear 

fragmentation (green arrows), and apoptotic bodies (purple arrows) for the evaluation of 

apoptosis (Figure 18). Effects on cell death were observable as early as 48 hours after 

treatment with Ganetespib, SAHA and Ganetespib in combination with SAHA (Figure 

18). 
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Figure 18: DAPI staining. A) Representative images of DAPI nuclear staining of untreated 

cells, 100 nM Ganetespib, 60 µM SAHA, and 6,25 nM Ganetespib + 3,75 µM SAHA for 24 h, 

48 h, and 72 h. B, C, D) Histogram representing the percentage of apoptotic cells reported as 

the apoptotic index. B) * p ≤ 0.001 vs control. C) * p ≤ 0.01 vs control. D) * p ≤ 0.05 vs control; 

** p ≤ 0.01vs control. 

 

10. Magpix Assay Apoptosis Panel 

In order to evaluate whether MCF-7 cells underwent apoptosis following treatment with 

Ganetespib 100nM, SAHA 60μM and Ganetespib 6,25 nM plus SAHA 3,75 µM for 24, 

48, and 72 hours compared to untreated controls we performed a Magpix multiplex 

analysis to study proteins implicated in the apoptotic process, as Bcl2 (Figure 19), 

Caspase-3 active (Figure 20), Cleaved PARP (Figure 21), Cytocrome C (Figure 22), and 

p53 (Figure 23).  

Regarding Bcl2, after treatments, the concentrations of the protein exhibited specific 

variations in comparison to the untreated control (Figure 19). Furthermore, these 
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variations were also evaluated between the treated groups to identify any potential 

differences (Figure 19).  

 

Figure 19: Histograms of the variation of Bcl2 following treatment with Ganetespib 100 nM, 

SAHA 60 μM and Ganetespib 6,25 nM plus SAHA 3,75 µM for 24 h, 48 h, and 72 h. Bcl2 24 

hours: * p ≤ 0.01 vs control; ** p ≤ 0.0001 vs control; # p ≤ 0.01 vs Ganetespib plus SAHA 

24. Bcl2 48 hours: * p ≤ 0.05 vs control; ** p ≤0.01 vs control; # p ≤ 0.001 vs SAHA 48 and 

Ganetespib 48. Bcl2 72 hours: * p ≤0.0001 vs control; # p ≤ 0.0001 vs SAHA 72 and 

Ganetespib 72. 

For Caspase-3 active, following the treatments, the levels protein showed the key 

variations when comparison to control (Figure 20). In addition, these variations were 

evaluated between the treated groups to identify any potential differences (Figure 20).  

 

Figure 20: Histograms of the variation of Caspase 3 active following treatment with 

Ganetespib 100 nM, SAHA 60 μM and Ganetespib 6,25 nM plus SAHA 3,75 µM for 24 h, 48 

h, and 72 h. Caspase 3 active 24 hours: * p ≤ 0.001 vs control; # p ≤ 0.01 vs SAHA 24 and G+S 

24. Caspase 3 active 48 hours: * p ≤ 0.01 vs control; # p ≤ 0.001 vs SAHA 48 and Ganetespib 

48. Caspase 3 active 72 hours: * p ≤ 0.001 vs control; ** p ≤ 0.05 vs control; # p ≤ 0.0001 vs 

SAHA 72 and Ganetespib 72. 
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In figure 21, we showed that following the treatments the levels protein presented the 

variations with respect to control. These variations were also evaluated between the 

treated groups to identify any potential differences (Figure 21). The statistical analysis 

revealed no statistically significant differences between the treated and the control 

groups, or between the treated and each other of Cleaved PARP at 24 hours (Figure 21).  

 

Figure 21: Histograms of the variation in Cleaved PARP following treatment with Ganetespib 

100 nM, SAHA 60 μM and Ganetespib 6,25 nM plus SAHA 3,75 µM for 24 h, 48 h, and 72 h. 

Cleaved PARP 48 hours: * p ≤ 0.0001 vs control; # p ≤ 0.0001 vs SAHA 48 and SAHA + 

Ganetespib 48. Cleaved PARP 72 hours: * p ≤ 0.0001 vs control and vs SAHA 72 and 

Ganetespib 72. 

The levels of the protein the following variations in comparison to the untreated control 

and between the treated groups after treatment with drugs studied for Cytocrome C 

(Figure22). 

 

Figure 22: Histograms of the variation in Cytocrome C following treatment with Ganetespib 

100 nM, SAHA 60 μM and Ganetespib 6,25 nM + SAHA 3,75 µM for 24, 48, and 72 hours. 

Cytocrome C 24 hours: * p ≤ 0.01 vs SAHA and S+G 24; Cytocrome C 48 hours: * p ≤ 0.0001 
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vs SAHA and Ganetespib 48; Cytocrome C 72 hours: * p ≤0.05 vs control; # p ≤ 0.05 vs 

Ganetespib 72.  

Following the treatments, the concentrations of the protein displayed variations in 

comparison to the untreated control, and between the treated groups for p53 (Figure 23).  

 

Figure 23: Histograms of the variation in p53 following treatment with Ganetespib 100nM, 

SAHA 60μM and Ganetespib 6,25 nM + SAHA 3,75 µM for 24, 48, and 72 hours. p53 24 

hours: * p ≤ 0.0001 vs control; # p ≤ 0.001 vs SAHA 24 and Ganetespib 24; P 53 48 hours: * 

p ≤ 0.01 vs control; # p ≤ 0.001 vs SAHA 48 and Ganetespib 48; P 53 72 hours: * p ≤ 0.01 vs 

control; # p ≤ 0.05 vs SAHA 72 and Ganetespib 72. 
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Breast Cancer is the most frequently diagnosed cancer in women, and its incidence has 

increased in most developing countries over the past few decades (Tan PH Et al., 2020). 

Although patients with BC have a high 5-year survival rate following treatment, the 

survival rate decreases rapidly for patients with more advanced disease or metastasis (Tan 

PH et al., 2020). Currently, several subtypes of BC are known that differ in morphological 

characteristics, development of metastasis, prognosis, and treatment methods, making the 

therapeutic approach more complex (Younes M et al.,1997). In terms of molecular 

approaches for BC, targeting Her2, a receptor tyrosine kinase, has been widely used with 

relative success however for Her2-positive BCs. Therefore, the pharmacological targeting 

of a single pathway or a single component of an oncogenic signaling cascade is generally 

not able to translate into long-term efficacy, particularly regarding metastatic disease. 

Thanks to the unique ability to coordinately influence multiple signaling pathways in 

tumour cells, targeted inhibition of Hsps is emerging as a promising new strategy for 

cancer therapy (Alberti G et al., 2022). It is known that the expression of some Hsps can 

be correlated to the carcinogenic process, as well as to the degree of cellular 

differentiation and proliferation, and is implicated in the regulation of apoptosis of BC 

and many other tumours (Alberti G et al., 2022). For instance, Hsp70 appears to foster 

mammary tumorigenesis by inhibiting apoptosis and senescence (Brocchieri L., 2008).  

Instead, Hsp90 appears essential for the growth of BC and other tumours thanks to 

properties that include its ability to chaperone a broad spectrum of oncogenic proteins. 

These include proteins important in BC cell survival and progression, such as Her2/neu, 

and intermediates of oncogenic signaling cascades, such as AKT/MEK/JAK2/STAT3 

(Kamal A et al., 2003). Inhibition of Hsp90 activity causes client proteins to adopt 

aberrant conformations, triggering ubiquitination and proteasomal degradation. For 

hormone-responsive (luminal-type) breast tumours, Hsp90 blockade represents a rational 

approach due to its well-defined role in the chaperoning of steroid receptors, including 

ER and PR (Pratt WB et al., 2004). Recently, a second-generation Hsp90 inhibitor widely 

used, i.e., Ganetespib, at low nanomolar potency was seen as capable of destabilizing 

both ER and PR in hormone receptor-positive BC cells, thus leading to loss of viability 

and suppression of tumour growth in xenograft models. Importantly, pharmacokinetic 

analysis (Goyal L. et al.,2015) confirmed that the loss of these client proteins was a long-

lasting response in vivo. Consequently, adjuvant endocrine therapy represents the 

standard of care for patients with estrogen-dependent disease (Rao RD et al., 2012). In 
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addition, it has been identified that Hsp90 inhibition can overcome endocrine resistance 

in BC cell lines resistant to, for example, tamoxifen; and preliminary studies have shown 

that Ganetespib exhibits such activity (Wong C et al., 2009; Beliakoff J et al., 2003). 

Specifically, Ganetespib is an inhibitor capable of targeting the N-terminal end of Hsp90 

causing translocation of the transcription factor HSF-1 into the nucleus, leading to further 

upregulation of Hsp70, Hsp90, and other Hsps, followed by activation of the survival 

known as heat shock response (HSR) (Kamal A et al., 2003). Therefore, the development 

of new therapies, including molecular targeting agents, as well as treatment strategies to 

overcome chemoresistance that are effective in improving BC, are eagerly awaited. In 

this regard, in recent years, histone deacetylase proteins (HDACs) have attracted great 

interest as anticancer therapeutic targets. Of note, experimental data have suggested that 

HDACs are involved in breast tumorigenesis at multiple levels and participate in the 

negative regulation of genes, such as those encoding cell cycle, differentiation factors, 

and pro-apoptotic factors (Eot-Houllier G et al., 2009; Kim AI et al., 2005). Furthermore, 

the expression of genes associated with angiogenesis along with cell invasion and 

migration are enhanced by HDACs. Therefore, HDACs play an important role in cancer 

development by regulating the expression of numerous genes involved in both cancer 

initiation and progression. Based on the role of HDACs in cancer development, HDAC 

inhibition could have potent antitumor effects on various cancer types, including BC, by 

affecting tumour cells at multiple levels. More specifically, inhibition by HDACs could 

induce cell cycle arrest, apoptosis, and differentiation while inhibiting angiogenesis along 

with cell migration and invasion (Kim AI et al., 2005). SAHA is the first-generation 

HDAC pan-inhibitor belonging to the FDA-approved group of HDI hydroxamic acids 

(Mann BS et al.,2007). The inhibition of the catalytic activity of HDAC by SAHA is 

based on its binding to the zinc ion located in the catalytic domain of the enzyme, and it 

has been demonstrated that it can exert an antiproliferative activity on human tumour cell 

lines, including BCs (Palczewski MB et al. 2021). For example, SAHA-induced ERα 

depletion was correlated with reduction of transcriptional activity of ERα, inhibition of 

cancer cell proliferation, and induction of apoptosis in MCF-7 cells (Yi X et al., 2008). 

In this experimental study, we sought to determine whether targeting the N-terminal 

domain of Hsp90 with Ganetespib and its indirect inhibition via an HDACs inhibitor, 

such as SAHA, could lead to effective suppression of oncogenic signaling while avoiding 

the induction of survival in BC. To find out how and what interactions are established 
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between these two inhibitors and Hsp90, we first performed the molecular docking (MD) 

analysis (Figure 6,7,8,9). This study revealed the presence of more hydrophobic 

interactions between SAHA and Hsp90 than hydrophobic Hsp90-Ganetespib bonds. In 

the MD simulation SAHA showed a slight hydrophilic and hydrophobic interaction with 

Hsp90, in fact SAHA is not described as a direct inhibitor of Hsp90 but rather binds 

HDACs, thus allowing the hyperacetylation of Hsp90 and therefore its degradation via 

the proteasome (Bali et al., 2005). Ganetespib, on the other hand, showed good 

coordination of hydrophobic and H bonds with Hsp90, the latter in particular close to the 

amide group, in accordance with what has already been described in the literature, (Ray-

Coquard et al., 2019; Sanchez et al., 2019) showing promising results in terms of 

pharmacokinetic properties and stability. We executed an immunohistochemical analysis 

to evaluate and compare the expression levels of Hsp70 and Hsp90 in BC tissues and 

normal breast tissues. Hsp70 immunopositivity is mainly found in the cytoplasm of 

normal and tumoural epithelial cells, and the semiquantitative analysis of this 

immunomorphological experiment showed no significant differences between tumour 

tissues and normal tissues (Figure 10). Instead, in the immunohistochemical reactions for 

Hsp90, we observed an intense cytoplasmic immunopositivity in BC cells compared to 

epithelial cells of normal tissue. Additionally, the semiquantitative evaluation of Hsp90 

showed significant differences between the group of healthy tissue cases and the group 

of tumour tissue cases (Figure 11). Based on the data available in the literature (Alberti 

G et al., 2022) and the results of our immunomorphological evaluation, we decided to 

conduct further experiments to evaluate the inhibitory capacity of the two inhibitors under 

study on Hsp90. Most human BCs are luminal types and primarily comprise tumors that 

express varying levels of ER and/or PR. Therefore, we conducted our studies using the 

MCF-7 cell line, which reflects these properties. We specifically studied the impact of 

Ganetespib and SAHA, alone and in combination, on cell viability in the MCF-7 cell line 

at different concentrations and treatment times (Figure 12). A concentration-dependent 

impairment of cell viability was observed in MCF-7 cells in the presence of Ganetespib 

at 100nM for 24 h (p ≤0.001), while SAHA elicited a significant inhibitory effect on cell 

viability at the lowest concentration (60 μM) over a longer period (at 48 h, p ≤ 0.0001) 

(Figure 12). The Hsp90 client oncoproteins Akt and NF-kB are pro-survival factors that 

may be aberrantly activated in BC, promoting tumour growth and drug resistance (Kamal 

A et al., 2003). Furthermore, treatment with dual inhibitors has been shown to induce cell 
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cycle arrest and apoptosis in BC cells, resulting in synergistic inhibition of cell growth. 

Indeed, we observed that Ganetespib plus SAHA significantly reduced cell viability at 48 

and 72 hours (p ≤ 0.0001) in a range of concentration between 6.25 nM Ganetespib plus 

3.75 µM SAHA (Figure 12). Next, we investigated the effects of Ganetespib exposure on 

Hsp90, alongside its client oncoproteins Akt, pAkt, NF-kB, and pNF-kB by western 

blotting analysis (Figure 13). Even a low 60 μM concentration of SAHA resulted in 

measurable decreases in Akt and pAkt expression levels by 24 hours, and these became 

more pronounced over time (Figure 14). The results depicted in Figure 15 show that dual 

inhibitor treatment of the MCF-7 cell line exhibited significantly reduced expression of 

Hsp90 (p≤ 0,0001) compared to individual inhibitions. Moreover, It was observed that 

inhibiting both pathways reduced Akt and pAkt protein levels, particularly at 48 hours 

(Figure 15). Therefore, the aforementioned findings underscore the dual inhibitory 

potential of HDAC and Hsp90 chaperone along with their ability to suppress multiple 

tumour-promoting proteins. We subsequently performed an immunofluorescence 

experiment to confirm the molecular data obtained through western blotting, revealing 

that: (i) after 24 hours of treatment with Ganetespib there was a significant reduction in 

cell viability, (ii) following treatment with SAHA there was a reduction significant after 

48 and 72 hours, (iii) the combined treatment significantly reduces cell viability at 48 

hours (Figure 16). Indeed, E&E staining performed on the cells showed sporadic and 

severely compromised cellular elements during dual inhibition at all treatment times 

employed (Figure 17). Since genomic instability represents a key feature of cancer 

development and DNA repair pathways have a significant impact on genomic stability, 

we performed a DAPI staining to observe the morphological alterations of nuclei, such 

as the presence of chromatin condensation, the presence of nuclear fragmentation, and 

the presence of apoptotic bodies (Figure 18). The data presented in Figure 15 indicates 

that the cells' nuclei exhibit genomic instability, rendering them more vulnerable to DNA-

damaging agents. These findings hold significant implications for anti-tumour therapies, 

particularly 48 hours after the administration of single or combined treatments. To delve 

deeper into the potential treatment options for the MCF-7 cell line, we conducted an 

analysis of the apoptotic process and its underlying mechanism. To accomplish this, we 

employed a multiplexed bead-based platform to assess the expression of anti-apoptotic 

proteins and the activation of caspase 3 in the MCF-7 cells upon inhibition (Figures 19, 

20, 21, 22, 23). For this regard, we quantified the expression levels of Bcl2, a protein with 
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pro- or anti-apoptotic activities intensively studied due to its importance in the regulation 

of apoptosis, tumorigenesis, and cellular responses to anticancer therapy (Youle RJ et al., 

2008; Vogler M. et al.,2014). Another protein we have studied is Caspase 3, a member of 

the cysteine-aspartic protease family, involved in the tumour-promoting carcinogenesis 

process. All caspases are initially produced as inactive zymogens (procaspases), which 

are then activated by a range of internal and external signals. Apoptotic stimuli trigger 

the activation of initiator caspases (such as Caspase 2, 8, 9, and 10), which then cleave 

and activate effector members (such as Caspase 3, 6, and 7). In turn, effector caspases 

target and cleave proteins that contain the Asp-Glu-Val-Asp sequence motif, thereby 

leading to the degradation of the protein (Liu X et al., 2015; Eskandari E. et al.,2022). 

The poly (ADP-ribose) polymerases (PARPs) are an emerging family of enzymes 

important in several cellular processes, including cell proliferation and cell death. 

Specifically, PARPs are nuclear proteins that play a role in promoting poly (ADP-ribose) 

(PAR) chain formation through DNA-dependent modulation; this process transfers an 

ADP-ribose group from nicotinamide adenine dinucleotide (NAD+) to the target protein, 

thereby modifying the physical and enzymatic properties of the PAR chain protein target 

(Morales J et al, 2014; Jiang BH et al.,2015). In addition, we studied a crucial component 

of the apoptotic cascade, Cytochrome C, which is involved in several metabolic 

pathways, such as respiration and cell death (Pessoa J et al., 2022). In our research, we 

analysed the behaviour of p53, a nuclear transcription factor that plays a critical role in 

the regulation of cell cycle and cell death by activating numerous genes. Typically, p53 

is found in minimal amounts, but it undergoes modifications such as phosphorylation and 

acetylation in response to DNA damage, resulting in its accumulation in the nucleus and 

activation. Once activated, p53 transactivates a specific set of its target genes, inducing 

cell cycle arrest and/or apoptosis. The p53-mediated cell cycle arrest allows cells to repair 

damaged DNA, after which they resume the normal cell cycle. Conversely, if the damage 

cannot be repaired, p53 exerts its pro-apoptotic function to eliminate cells with severe 

DNA damage (Ozaki T et al., 2011). By multiplex analyses, we identified a significant 

Bcl2 reduction induced by combined Ganetespib plus SAHA treatment after 24 hours 

compared to control (p ≤ 0.0001), while at 48 hours there was an increase in Bcl2 

expression; however, at 72 hours there was a reduction in Bcl2 but only following a single 

treatment with the individual inhibitor with compared to controls (p ≤0.0001) (Figure 19). 

Different results were obtained for active Caspase 3, i.e., 24 hours after the combined 



74 

 

treatment of Ganetespib plus SAHA there is a significant decrease in the expression of 

the protein compared to controls (p ≤ 0.001), whereas increased at 48 and 72 hours (Figure 

20). Instead, 48 hours after the combined treatment there was an elevation of cleaved 

PARP expression compared to the control and at treatment with Ganetespib alone, 

indicative of apoptotic induction (p ≤ 0.0001) (Figure 21). At 72 hours, we found that 

combined SAHA plus Ganetespib treatment of MCF-7 cells produced a sustained 

increase in PARP proteins over hours compared to control and individual treatments 

(Figure 21). Similarly, the increase in p53 expression observed over 48 hours following 

synergistic Ganetespib plus SAHA treatment may also occur as a result of genetic 

aberrations (p≤ 0.0001) (Figure 23). It has been observed that when a high concentration 

of p53 is accumulated, p53 directly stimulates the transcription of apoptosis-initiating 

genes (Ge Y et al., 2019). 

Interestingly, MCF-7 cells exhibited a synergic response to the Ganetespib-SAHA 

combination by the inactivation of the proliferative pathway lead by Akt phosphorylation. 

As reported above, the Akt pathway plays a crucial role in the regulation of apoptosis and 

looking at the proteins involved in the apoptotic process, and studied in this thesis, we 

observed a decrease in pAkt that could represent the Achilles heel for the inhibition of 

Bcl2, the activation of Caspase 3, and the increase in cleaved PARP, resulting in the 

induction of cell apoptosis. This working hypothesis is showed in Figure 24. 
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Figure 24:  Representative scheme of the effects of the combined treatment Ganetespib/SAHA 

in MCF-7 cells. Ganetespib in combination with SAHA inhibits Hsp90, preventing the protein 

from binding to PI3K and its stabilization. In this manner PI3K failed in the phosphorylation 

and activation of Akt with consequent decrease in phosphorylation levels and inability to 

activate the proliferative/antiapoptotic pathway promoted by pAkt. The reduction of pAkt leads 

to activation of p53 (normally present at low levels in the cell thanks to the binding to MDM2 

phosphorylated by pAkt). p53, on the other hand, leads to both the direct activation of Caspase 

3 and release of Cytochrome C. At the same time, the reduction of p-Akt determines reduction 

in the anti-apoptotic factor Bcl2 levels and consequent release of pro-apoptotic factors (e.g. 

BAX and BAK as reported in literature (Peña-Blanco A.m, et al 2018) and formation of pores 

on the outer mitochondrial membrane which promotes the leakage of Cytochrome C. The 

activation of Caspase 3 could determine the cleavage of its substrate PARP, and together with 

the release of Cytochrome C promotes the triggering of the apoptotic process. 
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In summary, our research findings indicate that the utilization of Ganetespib, either 

independently or in combination with SAHA, induced a significant decrease of Hsp90 

level and the possible inactivation of PI3K/Akt pathway in MCF-7 cell line.  In particular, 

and as reported in literature, there is a direct attachment of Ganetespib to the ATPase area 

located in the N-terminal domain of Hsp90 that induce the impairment of Hsp90 function, 

via its ubiquitination and proteasomal degradation (Ray-Coquard et al., 2019; Sanchez et 

al., 2019). On the contrary, following treatment with SAHA alone, we obtained an 

increase in the expression level of Hsp90, probably induced by the persistent cellular 

stress condition. SAHA represents an indirect Hsp90 inhibitor, since it does not bind 

directly to the protein but to histone deacetylases, targeting Hsp90 for (Bali et al., 2005) 

degradation. in our experimental design, a significant reduction in the proliferative 

activity of MCF-7 cells was obtained following the combined Ganetespib/SAHA 

treatment after 24 hours of treatment and we observed a significant reduction of Hsp90 

protein level starting from 48h This data was confirmed by both morphological and 

molecular findings as better explained in Figure 24. Moreover, Ganetespib and SAHA 

seems to share the same molecular pathway of action in the induction of cell death. In our 

opinion, their combination could be more effective in significantly reducing Hsp90 

protein levels compared to individual treatments and, as a consequence, to induce cell 

dead (Figure 24). Moreover, the combination could have lower toxicity levels due to the 

lower concentration utilization. Taken together, these results could pave the way for a 

potential application in the management of breast cancer therapies.  
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