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ABSTRACT 
 

Brain tumors represents a class of tumors that arises from the malignant transformation of the 

astrocytes and glial cells. Despite various advancements, treatment options remain limited to 

chemotherapy and radiotherapy followed by surgery giving an overall survival of 14~15 

months. These therapies are somewhere restricted in giving a better survival and cure. There is 

a need for new therapeutics that could potentially target various brain tumors based on 

molecular pathways and pathology. Here ubiquitin E3 ligases and heat shock proteins can be 

used as targets as they bind a wide array of substrates and therefore, can be attractive targets 

for new inhibitors. Through our study, we have tried to sort various ubiquitin E3 ligases based 

on their expression, pathways to which these ligases are associated, and mutational frequencies, 

and then we tried to screen potent inhibitors against the most favorable E3 ligase and heat shock 

proteins as very few studies are available concerning inhibition of E3 ligase and heat shock 

proteins in GBM and ependymomas.  

We performed an integrated omics analysis to predict the mutual regulatory differential HSP 

signatures that were associated with both glioblastoma and ependymomas. Further, we explored 

the various common dysregulated biological processes operating in both the tumors, and were 

analyzed using functional enrichment, gene ontology along with the pathway analysis of the 

predicted HSPs. We established an interactome network of protein-protein interaction (PPIN) 

to identify the hub HSPs that were commonly associated with GBMs and ependymoma. To 

understand the mutual molecular mechanism of the HSPs in both malignancies, transcription 

factors, and miRNAs overlapping with both diseases were explored. Moreover, a transcription 

factor-miRNAs-HSPs coregulatory network was constructed along with the prediction of 

potential candidate drugs that were based on perturbation-induced gene expression analysis. 

Finally, the ranking of the drugs was arranged based on various drug scores. In conclusion, this 

study gave a spotlight on the mutual targetable HSPs, biological pathways, and regulatory 
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signatures associated with GBMs and ependymoma with an improved understanding of 

crosstalk involved. Additionally, the role of therapeutics was also explored against HSP90AB1. 

These findings could potentially be able to explain the interplay of HSP90AB1 and other HSPs 

within these two malignancies.
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CHAPTER I: INTRODUCTION 
 

 

1.1 OVERVIEW 

 
Protein folding, aggregation and transport is an important post-translational modification 

required for fundamental processing and to maintain cellular homeostasis. Improper protein 

folding is a hallmark in cancer development and progression. For this machinery to be efficient 

two important protective strategies follow. First strategy brings molecular chaperones into 

action that stabilizes the conformation and promotes folding of non-native proteins whenever 

required. Proteins if found misfolded, are then removed by degradation using the ubiquitin-

proteasome system. Glioblastoma multiforme (GBM) a tumor derived from glial cells in human 

brain are the most malignant and aggressive among all other gliomas [1]. GBMs are located 

within the cerebral cortex and are more prominent in adults within the age scale of 40 - 60 years 

[2]. For several years the treatment regime for GBMs includes surgical resections followed by 

high doses of postoperative radiotherapy, promising a poor survival outcome of just 10-12 

months [3,4] Further administration of temozolomide (TMZ) orally as a chemotherapeutic 

agent in addition to surgery and radiotherapy only prolongs the survival by 2-3 months [3]  . 

Despite various advancements in FDA - approved drugs as chemotherapeutic agents there are 

still very limited therapies that give poor outcome in GBMs. To improve the tumor control rate, 

use of combinatorial therapies that can halt or reduce the tumorigenic functions like cellular 

proliferation, proteostasis, vascularization and other signaling events like apoptosis and 

autophagy can be promising therapeutic approach. Evident studies have also shown that several 

molecular chaperones (such as members of heat shock proteins (HSPs) families -70 and 90) can 

form symbiotic association with the ubiquitin-proteasome system. Dual inhibition of ubiquitin 

ligases and molecular chaperones can therefore, be an effective therapeutic approach and can 

give better survival outcomes.
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           1.2. RATIONALE OF THE STUDY 

 

➢ Achieving inhibition using either small molecule, peptide, siRNA and targeting the enzyme-

substrate complex could be favourable. 

➢ Few or no approved drugs for E3 ligases and molecular chaperones in brain tumors. Chances 

of toxicity is minimal. 

➢ Heat shock proteins can be more promising targets as cancerous cell take up their machinery to 

increase their number, in invasion and metastasis. 

➢ Tumor cells are more HSP chaperonage-dependent than normal cells 

➢ Few inhibitors for glioblastoma and no inhibitors for ependymoma. Chemotherapy and 

radiotherapy only give symptomatic relief  

 

1.3. AIMS AND OBJECTIVES 

 
1.3.1. AIM 

Reversal of brain tumor symptoms by targeting the ubiquitin E3 ligases and the molecular 

chaperones 

1.3.2. OBJECTIVE 

 

1. To identify the various ubiquitin E3 ligases that can be targeted in glioblastomas 

and to predict compounds targeting the identified ubiquitin E3 ligase. 

2. To understand the role of heat shock proteins in brain tumors and to screen 

putative inhibitors targeting these HSPs. 

3. To identify natural compounds targeting the predicted heat shock proteins in 

glioblastoma.  

1.4. SUMMARY OF THE THESIS 

 
The current thesis is designed and divided into six different chapters. Chapter 1 focusses on 
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giving an introduction of brain tumors and the role of ubiquitination and molecular chaperones 

in these brain tumors. The future perspectives and limitations of our study were also delineated 

with potential contributions to the science. Chapter 2 of the thesis focusses on the review of the 

literature and the current knowledge of the studies conducted in glioblastoma and 

ependymomas. Chapter 3 focusses on the identification of potential ubiquitin E3 ligases that 

could be actually targeted using various natural inhibitors, leading to glioblastoma suppression. 

Various pathways that were deregulated in GBMs that were associated with ubiquitin E3 ligases 

were also explored. Chapter 4 describes the role of various heat shock protein and their 

mutualistic role in both glioblastoma and ependymomas. The chapter also defines the various 

regulatory transcriptomes in both of these tumors that could act as potential biomarkers. Finally, 

the identification of potent inhibitors has been done using drug ranking, molecular docking and 

molecular dynamic simulations studies. Chapter 5 predict the role of various natural alkaloids 

in the therapeutic targeting of the predicted heat shock protein HSP90AB1 using bioinformatic 

analysis and simulation studies till 100ns. Chapter 6 describes the discussion of the overall 

findings of the thesis, along with the limitations of the study and the associated future prospects 

and contribution to the science. 
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 CHAPTER II 
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CHAPTER II: REVIEW OF LITERATURE 

 
2.1 INTRODUCTION 

 
For the cell cycle to work efficiently there is need for timely synthesis and degradation of cell 

cycle regulatory proteins. Major regulatory pathway to eliminate these proteins involves the 

ubiquitin proteasome system. This pathway requires various catalytic enzymes to function, 

including the ubiquitin – activating enzymes (E1), ubiquitin - conjugating enzyme (E2) and the 

most important E3 ubiquitin ligases. Activation of ubiquitin by E1 activating enzyme, then 

entering into thioester linkage with catalytic cysteine residue; further transferred to E2 

conjugating part. After that an E3 ligase behaving as “bona fide” enzyme or matchmaker (RING 

E3), transfers the ubiquitin from charged E2 [5,6] to substrate. This leads to the formation of 

an isopeptide bond between C-terminal glycine residue of ubiquitin and lysine residue of 

substrate [7]. Though E3 ligases are the determinants of target of the ubiquitination system, 

they are very prominent in regulating the cell cycle. As E3 ubiquitin ligases binds to specific 

protein substrates and promotes their transfer controlling various key molecules involved in 

apoptosis (caspases), cellular senescence like the p53, p21, hippo), hedgehog signaling, 

inflammation (Necrotic factor- κB), metastasis and therefore, can be an effective intruder in 

GBMs progression and metastatic invasion. 

2.1.1. E3 LIGASES: PUTATIVE GRENADE TO ERADICATE GBMS PROGRESSION 

Bortezomib (Velcade or PS-341) which is a proteasome inhibitor is the first and only drug 

approved by the FDA for the treatment of refractory multiple myeloma and mantle cell 

lymphoma [8]. It causes an overall inhibition of wide range of cellular proteins, which also 

blocks necessary protein to function. To prevent such a chaos, specific E3 ligase inhibitors can 

stabilize a particular set of cellular E3 proteins, thus avoiding any undesirable effects on other 

cellular proteins [9,10]. With this approach high rate of selectivity can be achieved with less 
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associated cytotoxicity. E3 ligases can work either as simple peptides (PARKIN), more 

complex (like MDM2/MDMX, homo or heterodimers) and even larger complexes like the 

anaphase promoting complexes (APCs) / cyclosome or Cullin-RING ligases ( Including RING 

and RING-like ligases ) and the HECT  ligase ( NEDD4 and HERC family) along with 

accessory proteins [11]. HECT ligases consist of C-terminus domain; accepting the ubiquitin 

molecule from E2 enzyme before transferring to the substrate molecule [12] while the RING 

ligases contain a zinc finger domain, allowing the E2 enzymes to directly transfer ubiquitin to 

the substrate molecule [13]. E3 ligases are an important regulator of key oncogenes like 

epidermal growth factor receptors (EGFR) or the tumor suppression genes (like the TP53) [14]. 

Unregulated functions or mutations in these E3 ligases are a causative factor for oncogenic 

overexpression or tumor suppressor gene down-regulation that elevates glioblastoma 

progression. Understanding these molecular targets and functioning of various E3 ligases can 

be fruitful therapeutic venue in treating such aggressive malignancies like GBMs. 

Representation of various ubiquitin E3 ligases along with associated inhibitors targeting 

glioblastoma is shown in Figure 2.1.  
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Figure 2.1: Ubiquitin E3 ligases and proteasome inhibitors targeting glioblastoma (GBMs): 

Ubiquitin E3 ligases classes of enzymes are classified according to the presence of 

characteristic domains and on how the ubiquitin is transferred to the substrate protein. This 

class of enzymes includes RING (Really interesting new gene) family, HECT (homologous to E6-

AP carboxyl terminus) E3 ligases and RBR (RING-between RING) E3 ligase. Inhibitor that targets 

the proteasomal machinery includes Bortezomib, carfilzomib and marizomib that halts 
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proteostasis and prevents the accumulation of abnormal proteins required by GBM in their 

functioning. Inhibitors such as nutlins binds, Cpd A and si-RNA or sh-RNA mediated silencing 

binds various members of RING E3 ligases. Silencing other members like HECT and RBR E3 

family using small interfering RNAs (siRNA) or shRNA mediates the subsequent reduction in 

GBM subpopulation.    

E6AP (Ube3a) is a HECT domain ligase that mediates the interaction between human 

papillomavirus protein E6 and P53 (acts as a proto-oncogene) [14] and this E6/E6AP complex 

is responsible for binding to p53; causing the targeted degradation of ubiquitinated p53 by 

E6AP [15]. This E6/E6AP multi-complex also promotes ubiquitination of various apoptosis-

inducing proteins like Bcl-2 homologous antagonist killer (BAK) [16] and Bcl-2 associated X 

protein (BAX), various cell cycle regulators like Cdk1, Cdk4 [17], proliferation regulators such 

as Mitogen-associated protein kinases-1 (MAPK-1) [18]. 

2.1.2. HDM2 E3 LIGASES AS DRUG TARGETS  

Mouse double minute-2 (MDM2) and MDMX (also called HDMX and MDM4) are the proteins 

whose oncogenic activity is to inhibit the activity of p53 tumor suppressor gene [19]. MDM2 

encodes a 90-kDa protein that was found to be responsible for the spontaneous transformation 

of murine cell line BALB/c3TC [20]. MDM2 is a member of RING family of E3 ligases [21] 

that heterodimers with MDM4 using the RING domains[22]. MDM2 is overexpressed in GBMs 

and therefore exerts their effect by causing the loss of p53 activity [23–25]. Activity of p53 is 

either regulated by binding of MDM2 with N-terminal transactivation domain [26] or by 

modulation of p53 levels by monoubiquitinating at or near the C-terminus [27]. CREB-binding 

protein (CBP) and p300 then, catalyzes the degradation of p53 by polyubiquitination [28,29].  

Hdm2 is also identified as a major target of the RAS (acts as an oncogene and a suppressor of 

GBM phenotype) and RAF kinase pathway [23]. As high expression levels of Hdm2 are 

indicative of poor prognosis and depleted overall survival of glioblastoma patients; therefore, 

it can be valuable asset for targeting in GBMs by reactivating p53 that induces apoptosis in 

glioblastoma cancer cells harboring wild type p53. Due to lack of specific inhibitors of Hdm2 

ligases, target validation remains a crucial step in case of GBMs. Therefore, it is preferable to 
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break the p53-Hdm2 interactions rather than focusing on breaking the activity of E3 ligases 

[24,30]. 

2.1.3. SCF (SKP1-CULLIN-F BOX) E3 LIGASES  

The SCF complex is the largest family of E3 ubiquitin ligases composed of Skp1, Cullin, F-

box proteins and the ROC/SAG/RBX RING finger proteins [31,32]. These are responsible for 

the clearance of most of the proteins that are regulated by Ubiquitin-proteasome system (UPS) 

[33]. Proteins that are removed are composed of cell cycle regulatory proteins, onco-proteins 

and various tumor suppressor proteins [34–37]. Studies have shown that the crystal structure of 

SCF-RBX complex is made up of Cul-1 that acts as a protein scaffold and binds at the N-

terminus of the Skp1-F boxSkp2 which acts a protein substrate-recognition complex and the C-

terminus (RBX1) that is responsible for the recruitment of E2 conjugating enzyme [38,39]. 

There is around 69 F-box proteins in human genome including seven cullins (Cul-1, 2, 3, 4A, 

4B, 5, 7) and RING proteins namely RBX1/ROC1 and RBX2/ROC2 (also called sensitive to 

apoptosis gene (SAG)) [40–43]. Skp2 which is a F box protein, also acting as an oncogene and 

targets p27 for degradation and is also found to be overexpressed in variety of cancer including 

gliomas. It has been seen that a deletion or mutation in the tumor suppressor FBW7, then it 

caused the accumulation of oncogenic protein substrates including c-Jun, c-Myc, Cyclin E, 

mammalian target of rapamycin (mTOR), that increased the cell proliferation and hence, 

tumorigenesis [44,45]. Majority of SCF E3 ligase substrates are required during cell cycle, 

transcription of gene, signal transduction pathways and during replication of DNA [35,46,47]. 

Both members of the RING family contain a functional RING domain at the C-terminus that is 

conserved evolutionally [32]. When there is an overexpression RBX1 and RBX2 then binds to 

any member of Cullin family and can shows an in-vitro ubiquitin E3 ligase activity [48,49]. 

The major difference between these two ligases is that RBX1 is constitutively expressed and 

binds with Cul2/VHL whereas RBX2/SAG/ROC2 is induced during the conditions of stress 

and they binds to Cul5 or to suppressor of cytokine signaling [50] (SOCS). A study showed the 
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small interfering RNA (siRNA) mediated silencing of ROC1 triggered a response for DNA 

damage and cell cycle arrest through G2/M checkpoint, activated apoptosis in p53-independent 

manner causing suppression of glioblastoma cell growth [51]. Silencing of RBX1 induced 

senescence that further caused the accumulation of licensing proteins such as Orc1 and Cdt1, 

released during replication of DNA and were known to be SCF ligase substrates [52–55]. 

Another known protein called sensitive to apoptosis gene (SAG) which showed the property of 

a redox-inducible protein (RIP), later found to be the second member of RBX/ROC of SCF E3 

ubiquitin ligase [32,40,56]. SAG functions as an antioxidant by suppressing the apoptotic 

mechanism induced by stimuli such as ischemia, activity of nitric oxide (NO), exposure to UV 

radiations or due to neurotoxic activity [57–59]. Studies have shown that glioblastoma patients 

with high expression levels of SAG show a poor prognosis and reduced overall survival [60,61]. 

SAG exerts its E3 ubiquitin ligase activity when they form complex with other components of 

SCF family thus, promoting the removal or degradation of procaspaces-3, Hypoxia inducible 

factor-1 alpha (HIF-1α), c-Jun that plays important role in apoptosis, carcinogenesis and during 

cellular proliferation [62–65]. SiRNA silencing of these proteins showed negligible impact on 

the growth of normal cell but was able to reduce the tumorigenic efficiency both in-vitro and 

in-vivo in lung cancer  and in U87MG human glioblastoma cell lines [65]. These findings 

suggest that both RBX1 and RBX2 can act as a potential anti-neoplastic target. F box proteins 

of the SCF complex controls various biological sequences like the targeted degradation of 

substrates as they can recognize and target multiple substrates (Skp2 targeting p57, p21) [66]. 

Among ~ 69 proteins of F box family, tumor suppressive β-TrCP and oncogenic Skp2 and 

Fbxw7 are known to act as potential targets in GBMs [44,67]. Skp2 functions by recognizing 

and causing the degradation of various negative regulators of cell cycle  (p21, p130, p57) 

[35,46,47]. Down-regulation of Skp2 by using siRNA silencing or by using antisense 

oligonucleotides showed a pattern of tumor cells inhibition in various cancers such as oral 

cancer, lung cancer and in GBMs [68,69]. β-transducing repeat-containing E3 ligase (β-TrCP) 
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which is also a substrate recognition component of SCF E3 complex promotes the targeted 

degradation of various tumor suppressors like IκB which acts a negative regulator of Necrotic 

factor- κB [70,71], Programmed cell death protein-4 (PDCD4) acting as translational 

suppressor by inhibiting the eIF4A and BIMeL1, which are known to be pro-apoptotic proteins 

[72]. Expression levels of β-TrCP is found to be high in case of human breast cancer cell lines 

and various primary tumors, but recent data suggest that the expression of β-TrCP is lower in 

low-grade (I and II) as compared to normal brain tissue samples and further studies also 

revealed that is even lower in high grade gliomas (III and IV) than lower grade gliomas. These 

findings suggest that β-TrCP could be an inhibitor in gliomas targeting therapy.  

2.1.4. APC/C UBIQUITIN E3 LIGASES  

Compared to SCF complex the architecture of APC/C is more sophisticated due to larger 

complex [73–75]. APC/C ubiquitin E3 ligases functions by acting as a cell cycle regulator and 

a mediator of mitosis. APC/C in vertebrates acts as a holoenzyme and is composed of fifteen 

different proteins and various co-activator subunits (Cdc20/cdh1) [76–78]. Cdc20 or cdh1is 

coded by FRZ1 gene and are required for binding of APC/C to the substrate followed by its 

degradation [79]. It is made up of three sub complexes namely scaffolding sub-complex 

platform, a tetratricopeptide repeat arm (TPR) and the substrate identification and a catalytic 

core [78]. E2 enzymes such as UBCH10 and UBE2S controls the K11 chain functions like 

initiation and elongation as predicted by studies suggesting the regulatory role of controlling 

cell division and acting as degraders of APC/C complex. Various pathological studies identified 

a chain of mutations in ANAPC6/Apc6, ANAPC8/Apc8 and ANAPC3/Apc3 in case of 

gliomas, neuroblastoma and in various chorio-carcinoma tissues [80].  Studies have been to 

validate the role of APC/CCDH1 as a tumor suppressor in normal brain tissue while deregulating 

the APC/CCDH1 showed glioblastoma progression [74]. APC/CCDH1 also acts as an attenuator in 

GBM cancer stem cells (CSCs) during the G1 phase of cell cycle progression, leading to an 

elevation in levels of APC/CCDH1 substrates like CDC20 [81]. Using RNA mediated interference 
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(RNA-i) in silencing the CDC20 reduced the proliferation, invasion and auto-generation 

capacity of population of CSCs in GBMs [82,83]. These overall findings suggest that targeting 

the APC/C complex may act as a trigger to halt the GBMs survival efficiency. 

2.1.5. OTHER E3 UBIQUITIN LIGASES: SIDE VILLAINS IN GBMS 

ASSASSINATION 

Inhibitor of apoptosis proteins (IAP) are the class of E3 ligases that are characterized by the 

presence of one or more baculoviral IAP repeats (BIR) required during the suppression of 

apoptosis. This family of ligases constitutes a council of eight human members including 

Cellular inhibitor of apoptosis-1 (cIAP-1), cIAP-2, Ts-IAP, NAIP (NLR family apoptosis 

inhibitory protein), Survivin, Livin/ML-IAP and the Apollon/Bruce. Among these members the 

X-linked inhibitors of apoptosis (XIAP) holds a novel position[84–86]. These XIAPs shows the 

most conspicuous activity as an anti-apoptotic element by binding and inhibiting the various 

caspases (-3, -9 and -7). They also work by disabling the induction of cell death using their 

RING domain which shows the E3 ligase activity, responsible for degrading the apoptotic-

regulatory factors using the proteasome machinery[87]. E3 ligases activity of IAP also 

modulates the nuclear factor–kappa B (NF-κB) activation combining with cIAP. IAPs in 

addition to controlling apoptosis also controls necroptosis (non-apoptotic programmed cell 

death) by preventing the assembly of cytosolic multi-protein complex, containing RIP1 and 

stimulates the NF-κB activation followed by NF-κB-dependent up-regulation of cytokines that 

are cytotoxic in nature[87]. Various mitochondrial proteins like as second mitochondrial-

derived activator of caspases (Smac/DIABLO) negatively regulates the caspases inhibition by 

IAPs by binding to multiple IAPs and removing their inhibitory effects on various caspases (-

3, -7, -9). Mitochondrial Smac consisting of four residues on their N-terminal (AVPI) binds to 

the groove on the surface of BIR3 domain of IAP proteins including XIAP, cIAP1 and 

cIAP2[88,89]. IAP proteins can show radio resistance during radiation therapy by tampering 

the cell death pathways at various cellular levels and are found to be highly expressed in various 
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brain malignancies like GBMs and in neuroblastoma[90]. Various therapeutic strategies have 

been developed to counter the direct induction of cell death by IAPs. One such approach focuses 

on the development of miniature molecular inhibitors that can mimic the endogenous IAP 

protein antagonist such Smac that are released from the inter-membrane space within the 

mitochondria into the cytosol, when apoptosis comes under play[87,91]. Smac mediated 

neutralization of XIAP causes an increased caspase activation further promoting caspase-

mediated apoptosis. Inhibition if done for cIAP proteins then it leads to cell death via 

autocrine/paracrine signaling looped with Tumor necrotic factor-α (TNF-α) signaling[91]. 

Death receptor-5 also acts as an important mediator during Smac induced apoptosis. Other 

approach that makes cancer cells radio sensitive is by neutralizing the anti-apoptotic function 

of IAP is by the ectopic expression of Smac. By increasing the expression levels of mature form 

of Smac protein, caused an enhancement in gamma irradiation promoted apoptosis in GBM 

cancer cells and also in neuroblastoma thus, affected the cloning efficiency and long term 

survival capacity of these mutated cells[92]. Apart from activity in GBM cell lines, IAP 

inhibitors also showed sensitized the primary cultured glioblastoma cells obtained from GBM 

patients, as well as the Gliomas stem like cancer cells (GSCs) promising it as a therapeutic 

target. 

PARKIN (Park 2) which is well conserved under RING between RING-RING family of E3 

ligases, shares common characteristics of HECT and RING ligases and are found to be deleted 

or under expressed in case of GBMs[93,94]. Park2 plays an important role in regulating 

mitophagy[95] therefore, affecting the cellular proliferation, the cellular redox potential and 

ultimately metastasis[96,97]. Mutation in Park2 leads to stabilization of G1/S cyclins thus, 

increasing the number of cells in Synthetic and G2/M phase and also increases cellular 

proliferation[98–100]. Park2 is also acts a regulator during mitotic spindle and cytokine 

bridging and also leads to ubiquitination and degradation of HIF-1α that promotes cellular 

migration[101]. Studies have also shown that a loss in Park2 caused tumor metastasis in mouse 
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models[102].  

2.2. HEAT SHOCK PROTEINS (HSPs) AS MOLECULAR CHAPERONES 

Heat shock proteins (HSPs) are the polypeptides that are highly conserved and are ubiquitously 

expressed within all living organisms[103,104]. These proteins are not only induced in 

conditions of stress but also are highly expressed in various high-grade gliomas. Their 

chaperonage function is to serves as molecular chaperones by assisting in protein folding and 

maintaining the activity of their client proteins[105,106]. On the basis of the molecular weight, 

HSPs are categorized into six families containing small HSPs like HSP27, HSP40, HSP60, 

HSP70 and HSP90, the larger family of HSPs containing HSP 110 and the GRP170 (Glucose 

related protein 170)[103,107,108]. Smaller HSPs are encoded by HSPB gene and functions in 

an ATP-independent manner whereas high molecular weights HSPs are ATP-dependent and 

also shows ATPase activity[109]. These chaperones are highly expressed in GBMs[110] and 

are responsive to death stimulus[111]. Multiple stress factors also known as heat shock response 

(HSR) are involved in the induction of HSP expression[112] under various conditions of stress. 

These HSR are regulated at various transcription levels by a class known as heat shock factors 

(HSF) that are known to be upstream transcriptional regulators of HSPs[113]. Vertebral HSFs 

include HSF1, 2, 3, 4 and HSFY that shows structure similarity with highly conserved N-

terminal-turn-helix DNA binding domain and C-terminal by binding with cis-acting sequence 

which is upstream of HSP genes collectively known as heat shock elements (HSEs)[114]. 

HSC70, GRP78, MTP70 and HSP90β are some other known HSPs that are not induced under 

the conditions of stress and are expressed only in normal conditions[115,116]. In Table 2.1 we 

have tried to elaborate the role of various HSPs in GBM.  
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S.no 

Molecular 

HSPs 

Community 

HSP 

classification 

within the 

community 

Associated 

Co-

chaperones 

Implicative 

functions 

during normal 

cellular 

homeostasis 

Impaired 

Molecular 

functions/expressi

on in GBMs 

Known 

therapeutic 

blockers 

References 

1 DNAJ HSP40 
Not 

defined 

Acts as 
molecular 

chaperones, 
Enhancers of 

HSP70 ATPase 
activity 

Promotes GBM 
invasion and 

metastasis; Alters 
the apoptotic 

machinery 

Quercetin, si-
RNA 

mediated 
knockdown 

[117,118] 

2 HSP60 HSP60 HSP 10 

 
Interacts with 

HSP70 and 
HSP10, Assist in 

folding and 
translocation of 
cargo proteins 

Expression rates 
higher in high 
grade gliomas, 

Interaction with 
HSP 90 and 

cyclophilin D, 
shows modulated 

tumor 
environment and 

halts apoptotic 
signaling 

Down-
regulation via 

si-RNA 
mediated 

knockdown 

[119–121] 

3 HSP70 

HSP70, 
GRP75 

(Mortalin), 
GRP78, 
HSPA1, 
HSPA8, 
HSPA9 

CHIP, 
HSP40, 
BAG1, 

BAG3, HIP, 
HOP, GRPE 

Promotes cell 
survival during 
stress, Assists 
during protein 

folding, 

mHSP70 along 
with lipid 

globoyltriaosylcera
mide (GBM3) 

defines tunneling 
nanotubes (TNT) 
clusters in GBM 

cells 

GX15070 
(BAG3), 

Gamintrinib 
[122–125] 

4 HSP90 

GRP94, 
TRAP1, 

HSP90A, 
HSP90B 

CYP40, 
HOP, 

FKBP51, 
FKBP52, 
CDC37 

Signaling 
protein 

stabilizers, 
assist in folding 
and unfolding 

of guided 
proteins, 

Peptides loader 
of Class I MHC 

molecules. 

Facilitates GBM 
cells migration by 

increasing 
cytosolic Ca2+ via 

EGFR in ATP-
dependent 

manner, 
Interaction with 
heparan sulfate 
proteoglycans 
(HSPGs) also 

promotes GBM 
invasion. 

Geldanamyci
n, NVP-

AUY922, IPI-
504, Emodin, 
Radicicol, 17-
AAG, BIB021, 

Onalespib, 
17-DMAG 

[126–133] 
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Table 2.1: List of molecular chaperones with their implicative role in normal cellular 

homeostasis, altered function in GBMs and their associated molecular chaperones. 

 

2.2.1. DEREGULATED HSPS IN GBMS ENVIRONMENT 

High levels of HSPs are an indicative of poor prognosis and show increased resistance to 

radiotherapies with poor survival outcomes. GBMs show an increased level of HSP expression 

combined with hyper-activation of HSF1 that promotes invasion leading to metastasis. Studies 

have shown that HSP27, HSP70 and HSP90 are the most documented stress inducible HSPs in 

GBMs proliferation, progression and shows resistance to various treatment options. Various 

onco-proteomics studies have also identified these HSPs as majorly expressed in high grade 

gliomas as compared to the expression levels in normal cells[140]. Some of these major HSPs 

have been discussed to show the potential role and whether their chaperonin activity can be 

controlled by the inhibitors or through their knockdown to suppress GBMs progression. Figure 

2.2 has tried to showing the various inhibitors that potentially target invasive glioblastoma.  

5 
Smaller 

HSPs 

HSP27, 
HSP10, 
HSPB5 

Not 
defined 

Aggregate 
protein 

disassembly 
and their 

stabilization 

HSP27 and HSB5 
shows inclined 
expressions in 
GBMs, implies 
resistance to 

cytarabine and β-
lapachone 
treatment, 
Increased 

expression leads 
to apoptotic 
resistance in 

GBMs. 

Resveratrol, 
Rosmeric 

acid, 
Quercitin+Te
mozolomide 

(TMZ), 

[107,134–
137] 

6 Larger HSPs 
HSP110, 
GRP170 

Not 
defined 

Dampers 
protein 

aggregation, 
Co-workers of 

HSP70 and 
assist in protein 

folding 

Overexpression 
leads to reduced 

HSP70 interaction, 
Promoter of 

angiogenesis and 
increased 

metastasis. 

Not reported [138–140] 
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Figure 2.2: Distribution of various heat shock proteins (HSPs), molecular chaperons in various 

organelles and associated inhibitors targeting GBMs: HSPs are the modulators in various 

mechanisms such as proteostasis, which are highly relative in brain tumors such as gliomas. 

Class of HSPs such as HSP90 binds mutated proteins and causes stabilization of these 

molecules leading to mutagenesis. HSP9O also promotes resistance to cell death by preventing 
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the activation of procaspace-9. HSP27 inhibits procaspace-9 activation. Selective inhibition of 

HSP90 class (HSP 90A and HSP90B) using inhibitors emodin, 17-AAG, onalespib binds and 

inhibit the activity. Other HSPs such as HSP10, BAG3 and HSP27 are strongly modulated by 

inhibitors such as Rosmeric acid, resveratrol and quercetin binds HSPs and causes sensitization 

of GBMs to conventional therapies. 

 

2.2.2. HSP27 AS MOLECULAR TARGET 

HSP27 or HSPB1 belong to the class of small heat shock proteins (sHSP). These families of 

heat shock proteins are expressed in all human tissues, including neuronal cells (primary), in 

astrocytes but show high expression in skeletal and cardiac muscles and also show the ability 

to get phosphorylated and to get oligomerized. They can form oligomers of around 1,000 kDa 

and plays a central role in regulating the chaperone activity. These can be phosphorylated on 

three serine residues like 15th residue, 78th residue and the 82nd residue by a large number of 

kinases like the MAPKAP kinase, PKG and PKC. Protein partners that interacts with these 

HSPs includes histone deacetylase6 (HDAC-6), β-catenin, procaspace-3 and signal transducers  

and  activators of transcription-2 (STAT2)[141].They are overexpressed in a variety of cancers 

including high grade astrocytoma, intraepithelial neoplasis[108,142], in endometrial cancer but 

an opposite behavior of low expressivity is seen in case of neuroblastomas[143]. They are very 

crucial in promoting the proliferation and metastasis of gliomas cells. This property of HSP27 

makes the cancer cells resistant to radiotherapy and adjuvant therapies. HSP27 shows a 

protective potential for cancer cells, acting as regulator of apoptosis by blocking different steps 

in this pathway. They bind with caspace-3 and cytochrome-3 that are released from 

mitochondria and causes their inactivation[144,145] thus, causing this caspase cascade coming 

to an end. Studies have shown that HSP27 promotes neo-vascularization and promotes cell 

migration in peripheral blood by up-regulation of the vascular endothelial growth factors 

(VEGF) and activation of VEGF receptor type-2[146]. HSP27 have been shown to inhibit the 

p53 mediated transcription (p21), which ultimately targets p53 signaling[147]. HSP27 is known 

to be a modulator of the anti-apoptotic activity by degrading the apoptosome development as 
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cytochrome c released from the mitochondria bounded to HSP27, is unable to interact with 

procaspase9 and apoptotic protease activating factor1 (APAF1) thus, inactivating the 

caspases[148]. Inhibition of HSP27 can activate apoptosis under hypoxic condition and can 

cause depletion of CD133+ subpopulation in the blood serum[149]. Therefore, inactivating 

HSP27 using targeted therapies or siRNA mediated knockdown can be a possible therapeutic 

intervention against GBMs. 

2.2.3. HSP40 AS MOLECULAR TARGETS  

HSP40 proteins come under a class that consists of J-domain called DNAJ family. These HSPs 

mediates the ATPase activity of HSP70 by interacting with J-domain and therefore called as 

co-chaperones[150]. They are further categorized into three subclasses namely DNAJA, 

DNAJB and DNAJC. These chaperones assist HSP70 in various activities such as protein 

folding, unfolding, protein translation and their translocation finally leading to their 

degradation[151,152]. Studies have identified over-expressivity of HSP40 in various 

malignancies and shows potential role in glioblastoma progression[153]. Various members of 

HSP40 family shows tumor suppressive role like Tid1 also known as DNAJA3. Tid1 is a 

member of subclass A and is a regulator of apoptosis mediated by p53 signaling. Their 

overexpression caused apoptosis activation[154] in head carcinomas and therefore decreased 

proliferation, invasiveness and depleted cell growth in in-vitro conditions. HSP70 activity is 

regulated by two isoform of Tid1: hTid1 and hTid2 of which larger hTid1 is responsible for 

inducing apoptosis whereas hTid2 suppresses their activity[155,156]. Tid1 is also able to inhibit 

avian erythroblastosis viral oncogene homolog 2 (v-erb-B2) by inhibiting the extracellular 

signal-regulated kinases (ERK 1/2) and mitogen activated protein kinases (MAPK) therefore, 

switching apoptosis in abnormal cells[156,157]. Tid1 shows a contributive role in Wnt 

signaling by acting as a ligand against adenomatous polyposis coli (APC) which acts as a tumor 

suppressor[158].  

DNA-like heat shock proteins (HJL1) or DNAJB4 a member of subclass B is also tumor 
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suppressive in nature[159]. HLJ1 is activated by YY 1 (Transcription factor) and activator 

protein 1 (AP1)[159]. Studies have identified that HJL1 can slow the cell cycle progression via 

p53/interferon independent STAT1/p21 (WAF1) in companion with reduced level of Cyclin 

D1 expression[160]. Curcumin found in turmeric increased HJL1 expression that reduced the 

invasiveness and metastasis in cells through E-cadherin expressional modulation[159]. Other 

members that can act as a possible therapeutic target includes ERDJ3 (DNAJB11)[161], MRJ 

(DNAJB6)[162], DNAJB8 and DNAJC6[163] however, no  studies have been done yet to show 

their therapeutic role in case of GBMs and still  needs a detailed examination. 

2.2.4. HSP60 AS MOLECULAR TARGETS  

HSP60 are the protein of chaperonin family that are induced during stress conditions and 

consists of fourteen members[150]. They are expressed in almost all the cellular compartments 

predominant being the eukaryotic mitochondria and are known as mitochondrial 

chaperones[164,165]. These HSP60s are encoded by HSPE, CCT, HSPD and various other 

genes[150]. They play an interactive role with HSP10 and acts as a co-chaperone for 

mitochondrial HSP70 also called mortalin[104,105,166]. HSP60 are found to be highly 

expressed in many cancer[104,166] types including high grade gliomas[167]. The structural 

morphology of this protein consists of three domains (apical, intermediate and equatorial)[168] 

and these domains are responsible for binding with Y-box binding protein1[169]. These 

proteins are also responsible for regulating the immune response by acting as an antigen for 

both B and T-lymphocytes[170]. They induce their anti-apoptotic effects on cancer cells by 

regulating the activities like angiogenesis, transformation efficiency and their ability to 

metastasize[171].    

Studies have shown that HSP60 binds with cyclophilin D (CYPD) which is a component of 

mitochondrial permeability transition pore and other cofactors containing tumor necrosis factor 

receptor associated protein-1 (TRAP1) and HSP90[172]. They act as a modulator in tumor 

proliferation and prevent growth suppression. In vivo studies have shown that gene silencing 
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of HSP60 induces caspase dependent apoptosis by CYPD dependent mitochondrial 

permeability transitions[173]. These studies show that HSP60 are master regulators of 

cytoprotective chaperone network thus, preventing CYPD dependent cancer cell death. In case 

of neuroblastoma, HSP60 forms an interaction with intracellular protein clusterin (or SGP-2, 

Apo-lipoproteins J and TRPM-2)[174] and promotes cell survival by amplifying their survival 

and proliferative abilities. Evident studies have identified some of the compounds such as 

myrtucommulone (MC) an acyl-phloroglucinol found in leaves of a plant called myrtle, 

Sinularin present in corals Sinularia flexibilis that inhibited HSP60 in melanoma cells. HSP60 

are known to be an important mediator in controlling drug resistance and therefore, can be a 

fruitful candidate in GBM therapies however, no such HSP60 inhibitor is used in treating 

GBMs. 

2.2.5. HSP70 AS MOLECULAR TARGETS  

HSP70 family of chaperones is composed of thirteen members of specialized proteins, some of 

which shows a positive correlation with the progression and proliferation of malignant 

cells[171,175]. These include the chaperoneic proteins induced during stress such as HSPA1, 

HSPA2, HSPA6 like HSP70B and cytosolic HSC70 (HSPA8), GRP78 (HSPA5) and mortalin 

HSPA9 that are constitutively expressed. HSP70 are localized in different cellular 

compartments that causes a surfeit of conditions induced during stress such as resistance to 

various therapeutic regime and apoptosis deregulation thus, halting cellular death[176,177]. 

Studies identified that not only cytosolic HSP70 are overexpressed in case of GBMs but also 

the membrane (mHSP70) and secreted forms of HSPS are also highly expressed in primary 

GBMs[178]. HSP70 interacts with other class of chaperones such as HSP90 and other co-

chaperones like BAG3 to facilitate their proper functioning[179]. Malignant cells require the 

chaperone activity of HSP70 so that they are able to bypass the defensive mechanism such as 

apoptosis and autophagy that are carried by normal cells[124]. HSP70 implements their tumor 

protective role by suppressing both the extrinsic and intrinsic pathway of apoptosis mediated 
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cell death. HSP70 halts the intrinsic apoptotic machinery by binding with BAX (a member of 

Bcl-2 family) thus, blocking the mitochondrial translocation, also inhibits the apoptosome 

assembly by preventing Apaf-1 and procaspace9 from being oligomerized[180,181]. HSP70 is 

also known to inhibit the MAPK kinase signaling by interfering with c-Jun N-terminal kinase, 

p38 and Extracellular signal regulated kinases (ERK)[182]. Using C6 glioblastoma cell line (rat 

model) researchers identified that HSP70 was able to interact with inactive and oxidized form 

of GAPDH thus preventing their aggregation via the chaperone activity of HSP70. This showed 

the protective mechanism of HSPS70 in oxidative stress induced in GBM cell line thus, 

rescuing the GAPDH activity that further elevated the survival in glioblastoma cells. By binding 

with apoptosis-inducing factors (AIF)[183], HSP70 also interacts with caspase-dependent 

pathway thus preventing chromatin condensation induced by AIF. An HSP70 molecular 

chaperone also prolongs survival in GBM cell by binding with endo-lysosomal bis-phosphate, 

which acts a positive regulator in catabolism of lysosomal sphingolipids[184]. This further 

stabilizes the lysosomal machinery thus inhibiting the process of membrane permeabilization 

and promotes survival of cancer cells[185]. 

2.2.6. HSP90 AS MOLECULAR TARGETS 

Members of this chaperone family are the most studied among all other molecular chaperones 

and are supposed to be high conservative in nature. These molecular chaperones are involved 

in commanding a variety of cellular processes including angiogenesis, proliferation of cells, 

aggregation, stabilization and proteolytic degradation of various oncoproteins (client proteins) 

and also in cell cycle progression[186]. These chaperones are identified to be the key workers 

during invasion and in malignant transformation of GBM cells. HSP90s are encoded by family 

of five genes namely HSPC1 to HSPC5[178] and also exist in two isoform configurations, 

HSP90-alpha and HSP90-beta[187]. These chaperones form large protein complexes by 

binding to various co-chaperones that assist in maturation and degradation of various 

oncoproteins[188]. These chaperone proteins are found to be buttoned onto the plasma 
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membrane and are also found in the extracellular environment (eHSP90 or extracellular 

HSP90)[189]. These eHSP90 modulates AKT signaling by binding with low density lipoprotein 

receptor related protein-1 (LRP1) and thus, phosphorylates AKT on S897 residue of ephrin-A2 

(p-Eph-A2S897). These HSPs are also involved in lamellipodia formation; a factor required by 

glioblastoma cells in migration and invasion to surrounding tissues during oxidative stress or 

hypoxia[189]. Extracellular HSP90 promotes GBM progression by increasing the levels of 

epidermal growth factor receptors (EGFR) cellular response or by activation of Toll-like 

receptors-4 (TLR-4)[190]. 

2.3. CELL CYCLE, CDKS AND REGULATORY PROTEINS AS 

THERAPEUTIC TARGETS 

Cell cycle appears to be the soul of the cell as it is the only process through which a normal cell 

starts its journey to form a progeny of cells. Cell enters the cell cycle in G1 (Gap1) phase and 

commands themselves for DNA replication via mitogenic signals originating in S (synthesis) 

phase. Cell then enters the G2 (Gap2) phase (road to mitosis) further leading to M (Mitotic) 

phase[191,192]. The precision and orderly progression of cell cycle is guided by regulators such 

as cyclin-dependent kinases (CDKs) that forms functional complex network with another class 

known as cyclins[193–195]. Activity of CDKs is strongly governed during different phases of 

cell cycle, and after progression through the restriction point at G1 phase, cells become strongly 

committed to DNA replication and therefore, no further requirement of mitogenic signal to 

complete the cellular activity. Complex surveillance mechanism holds to check the cell cycle 

progression and if any abnormality in the machinery is detected then a sudden halt is initiated 

which triggers a cell cycle arrest[196]. Any mutation in the genes coding for these regulators 

(positive and negative) causes genomic instability, thereby promoting uncontrolled cellular 

proliferation leading to cancer or metastasis. Figure 2.3 gives the overall representation of 

various inhibitors available till date targeting various CDKs that are involved in aberrant cell 

cycle progression leading to glioblastoma invasion and metastasis 
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Figure 2.3: Cell cycle, cyclin-dependent kinase (CDKs) and their inhibitors targeting glioblastoma 

(GBMs): CDKs and cyclin are the key regulatory components in defining the progression of cell 

cycle. Cyclin B/CDK1 involved in M-phase defines the replicative machinery in DNA. During 

tumor invasion and proliferation function of these CDKs are distorted that leads to uncontrolled 

cell growth and increases the tumor load. Pharmacological inhibitors targeting these very 

complexes (Cyclin/CDK) causes sensitization of glioblastoma to conventional therapeutic 

regime such as chemotherapy and radiotherapy. Dinaciclib a potent inhibitor binding to cyclin 

A/CDk1 and Cyclin A/CDK2. Seliciclib binds Cyclin B/CDK1 complex targeting the M-phase of 

cell cycle. Inhibitors such as ON123300 and Palbociclib bind Cyclin D/CDK4. Novartis and 

abemaciclib binds G1 phase of cell cycle thereby preventing initiation of DNA replication in very 

early stage preventing progression of GBMs. 
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Discernment into the cells and mutations that drives to the development of gliomas has been 

seen in various studies concerning human clinical studies and data. Still, it remains 

controversial that whether gliomas have originated from neural stem cells (NSCs) or progenitor 

cells. Two major hypotheses govern the concept of glioma genesis involves cancer stem cell 

hypotheses and clonal hypotheses. Studies conducted using gliomas models suggest that NSCs 

are the actual cells of origin although some studies shows the defined ability of differentiated 

cells in tumor initiation[197]. Deregulation of cell cycle and its various regulators shows critical 

complex in the progression and development of GBMs, leading to resistance from therapeutic 

regime[198]. As GBMs tumor cells are dependent on the activity of CDKs and checkpoint 

kinases for their survival and proliferation therefore CDKs appears to be the prime target in 

combating GBMs. Proteasomal inhibition also leads to accumulation of various non-degrading 

proteins that involves cell cycle proteins and cyclins leading to proteotoxic stress ultimately 

causing cell death[199].  As CDKs are the master kinases in cell cycle therefore selection of 

CDK inhibitors requires specificity against CDKs either they target a specific CDK or are 

nonspecific pan inhibitors. Compounds such as flavopiridol (synthetic flavone) exhibits pro-

apoptotic and anti-proliferative activity when tested in GBM cell lines. Purine-based analogs 

like roscovitine performs cell cycle arrest in G2/M transition and increased level of apoptosis 

in glioblastoma cells[200]. Protein such as cyclin D/CDK 4/6 retinoblastoma (Rb) are highly 

deregulated in GBMs and are critical mediators in cell cycle entry therefore, designing 

inhibitors targeting the functional domains of CDK4 and CDK6 could actually lead to 

phosphorylation of Rb protein thereby causing cell cycle arrest[191]. Other CDK 4/6 includes 

abemaciclib and ribociclib  that are employed as single agents or given in combination with 

TMZ, showing inclined survival stats in xenograft GBM rodents[201].Treatment strategy in 

using these CDK 4/6 inhibitors for invasive GBMs relies on their ability to cross the BBB[201]. 

Researchers have shown that CDK1 knockdown in GBMs showed inhibition in the proliferation 

potential, increased cellular apoptosis and made these abnormal cells sensitive to chemo-
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radiotherapy[202]. Role of various CDK inhibitors that are still in clinical assessment along 

with inhibitory effect is described in Table 2.2. 

S.no 
Selective 

CDKs targets 
in GBM 

Known CDK 
inhibitors 

Associated 
Cyclins 
units 

Functional 
importance of 

associated cyclins 
within the cell 

Effect induced by 
CDKs inhibitors 

on GBMs 

References 

1 CDK 4/6 
Ibrance (or 
Palbociclib) 

Cyclin D 

Guards the G1 
phase of cell cycle 

and also 
maintains the 

E2F/Rb transition 

Shows 
suppressive 

tumor growth; 
Extended rate of 
survival in mice 

model in 
combination with 

radiotherapy; 
Caused G1 arrest 

and showed 
senescence in 

GBM cells 

[203–206] 

2 CDK 1/2 
Selicilib (or 
roscovitine) 

Cyclin A, 
B1, E1, E2 

Maintains DNA 
integrity at G2 
transition and 
during mitosis 

controls spindle 
synthesis and 

assembly 

Showed pro-
apoptotic effects 
along with anti-

proliferative 
activity when 

induced in GBM 
cell lines; Induced 

G2/M arrest 

[207–209] 

3 CDK 4/6 
Abemaciclib 

(or 
LY2835219) 

Cyclin D 

Guards the G1 
phase of cell cycle 

and also 
maintains the 

E2F/Rb transition 

Prolonged survival 
in intracranial 

xenograft models; 
Increased 

synergistic effects 
when combined 

with 
Temozolomide 

(TMZ) 

[201,203,21

0] 

4 CDK2 MK-8776 
Cyclin A, 

B1, E1, E2 

Important 
mediators during 

G1-S transition 

Reduced cellular 
activity in GBM 
cell lines when 
combined with 
gemcitabine; 

[211] 

5 CDK 1/2 
Alvocidib (or 
flavopiridol) 

Cyclin A, 
E1, E2 

Maintains DNA 
integrity at G2 
transition and 
during mitosis 

controls spindle 
synthesis and 

assembly 

Delayed tumor 
load in 

intracranial and 
subcutaneous 

gliomas xenograft 
models; Increased 
re-sensitization of 

TMZ-resistant 
cells to TMZ. 

[212–214] 

6 CDK 4/6 
Novartis (or 
Ribociclib) 

Cyclin D 

Checks G1 phase 
of cell cycle and 

also maintains the 
E2F/Rb transition 

Unknown [215–217] 



28 | P a g e  

7 CDK 4 ON123300 Cyclin D 
Commands the 

RB/E2F transition 
in cell cycle 

Increased 
synergistic activity 

when combined 
with gefitinib; 

[218] 

8 CDK 1/2 Dinaciclib 
Cyclin A, 

E1, E2 

Maintains DNA 
integrity at G2 
transition and 
during mitosis 

controls spindle 
synthesis and 

assembly 

Induced lateral G2 
arrest and 

decreased the 
anti-proliferative 

activity 

[219–221] 

 

Table 2.2:  Cyclin dependent kinases (CDKs) along with their cyclins depicting their altered 

functions in GBMs and known selective inhibitors  

 

Apart from CDKs and cyclins various cell cycle proteins such as ataxia telangiectasia mutated 

(ATM), checkpoint kinase 1 (Chk1), wee1, polo-like kinase, aurora A can also be seen as 

therapeutic targets in handling GBMs. ATM which is a DNA damage checkpoint kinase is an 

important predictable targets, and ATM inhibitors such as KU-55933 (morpholinyl 

thianthrenyl-pyranone) and KU-60019 when administrated increased the sensitization of GBM 

cells to concurrent radiotherapy, suggesting its potential as a TMZ-sensitizing agents[222–224]. 

Wee1 seems to be the negative regulator of Cyclin B/CDK1 complex and can be seen as 

pharmacological targets in GBMs inhibition. NCT02207010 is an ongoing phase 0 clinical trial 

that is using Wee1 inhibitor AZD1775 in treating patients with recurrent GBMs[225,226]. 

Another class of cell cycle regulatory proteins PLK1 plays regulatory role in centrosome 

maturation, activation of Cyclin B/CDK1 and entry to mitosis[227]. Figure 2.4 shows the 

targeted inhibitors that bind various cell cycle regulatory proteins involved in cell cycle. These 

proteins are highly expressed in GBMs, indicating poor prognosis and survival stats. An 

example of this class of inhibitors includes BI6727, BI2536 and GSK461364 that triggers 

apoptosis and prevents proliferation of GBM sub-population[228,229]. However, these 

compounds are still under clinical investigation and still needed to be tested further. Despite 

development of a number of small molecular as therapeutic blockers, targeting the various 

phases of cell cycle still a deep understanding of mechanism underlying cell cycle machinery 
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is required to trace the death pattern in GBMs, so that the survival is somewhere improved from 

current stats.  

 

Figure 2.4: Cell cycle regulatory proteins, checkpoints and their associated inhibitors targeting 

glioblastoma: DNA damage checkpoints are the prime regulators in maintaining the integrity of 

DNA. Replication error if detected then these checkpoints cause inactivation of Cyclin/CDK1 and 



30 | P a g e  

Cyclin/CDK2 complexes. Checkpoint transducer kinases such as ataxia telangiectasia mutated 

(ATM) and ATM and Rad3-related (ATR) leads to the phosphorylation of Checkpoint kinases 

(Chk1 and Chk2) which appears to be the positive regulators in Cyclin/CDK complex. Tumor 

suppressor p53 causes activation of CDK inhibitor p21. During DNA damage p53 is unable to get 

degraded by proteasomal machinery due to binding of mouse-double minute2 (mdm2). 

Therapeutic regime targeting various proteins such as ATM, Wee1 and checkpoint kinases evade 

the DNA damage checkpoints and thus, sensitizes cancer cells to therapies targeting DNA 

damage. Selective inhibitors such as KU-5593 and KU-60019 targeting ATM, AZD11152 targeting 

aurora A and inhibitors such as Mk-1776 binds Wee1 and inhibits their activity. Various inhibitors 

targeting these regulatory proteins are hereby represented. 

 

GBMs being the most lethal form of brain malignancies characterized with increased rate of 

invasiveness and aggressiveness shows poor prognosis in patients and reduced overall survival 

in patients. As these cells are highly resistant to conventional chemotherapy and radiotherapy 

therefore every aspect of treatment should be considered in treating these malignancies. Post 

translational modification, proteostasis and cell cycle are increasing becoming as the study of 

interest in handling these tumors. Inclusion of high-throughput screening in the identification 

of various ubiquitin E3 ligases as inhibitors using structure analysis of the E3 ligase binding 

pockets can be a fruitful aspect in pharmacological development of novel inhibitors that can 

reduce the proliferation and metastasis in GBMs. Molecular HSPs on the other hand can appear 

to be the game changers when talking about the therapeutic options in GBMs. As these classes 

of proteins are divine rulers in handling GBM cellular proliferation, migration, metastasis and 

survival therefore targeting members of this family such as HSP60, HSP90, HSP70 and 

HSP100, will be unraveling the various therapeutic potentials when dealing with GBMs. 

From the therapeutic aspects, targeting the aberrant cell cycle is also considered to be a 

promising approach in combating GBMs. Inhibitors that potentially targets the cell cycle are 

characterized based on their efficiency to bind selective phases or checkpoints, and are known 

as CDK inhibitors and checkpoint kinase inhibitors. Using specific modulators of cell cycle 

either alone or in combination with other regimes such as chemotherapy, HSP inhibitors or 

ubiquitin E3 ligase inhibitors can help to eradicate GBMs and can somewhere will be improving 
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the standard of life in patients diagnosed with these aggressive tumors. In order to improve the 

efficiency of these inhibitors and to make them more effective there is a need to ideally screen 

the affected patient population, use of appropriate biomarkers, making sure that the therapeutic 

dosage should cross the BBB permeability and hit the target and last but not least, using drug 

combinations to avoid resistance from therapy. If these parameters can be possibly rectified in 

future and using the concept of trio inhibition (E3 ligases, molecular chaperones and cell cycle 

inhibitors) then there is a possibility that we will be able to successfully eradicate this very 

sarcastic tumor population known to be GBMs. 
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CHAPTER III: DECODING THE ROLE OF UBIQUITIN E3 LIGASES   

AND THE THERAPEUTIC TARGETING OF UBIQUITIN E3 LIGASES 

 
3.1 INTRODUCTION 

 
Gliomas represent the most frequently occurring primary brain tumors that arise due to the 

abnormality in the glial cells such as ependymal cells, oligodendrocytes, astrocytes, etc. [230]. 

Based on the cells of origin these gliomas are classified as anaplastic astrocytoma, 

oligodendrogliomas, and glioblastoma[231]. Glioblastoma represents the most lethal and 

malignant form of brain tumor and accounts for 80 percent of the cases as recognized by the 

World Health Organization (WHO) [232]. However, the overall median survival of the patient 

remains only 9-15 months following the standard therapeutic regimes such as surgery, 

radiotherapy, and chemotherapy [233,234]. This lack in the precise therapeutic targeting of 

these tumors is due to the undefined etiology and incomplete knowledge of the underlying 

mechanism behind this disease. Recent data published concedes that there is 91% involvement 

of p53 pathway downregulation in a variety of carcinomas[235]. As the treatment options are 

very limited there is an urgent need to explore more options[236]. In that case, ubiquitin E3 

ligase remains an untouched area of discussion as the inhibitors targeting these ligases are very 

few in the count. Ubiquitylation represents a reversible post-translational modification that is 

regulated by ubiquitin E3 ligases[237]. Ubiquitin E3 ligases are known to target a broad 

spectrum of substrates that are involved in processes like DNA repair, apoptosis, and 

metabolism[238]. Ubiquitin E3 ligases are the pinnacle of ubiquitination with a high frequency 

of selectivity against the substrate, therefore, making them an attractive drug target[239].  

Various ubiquitin E3 ligases are known to play an important role in commanding several 

activities of cells. Ubiquitin E3 ligases such as MDM2 (Mouse double minute 2)[240], BRCA1 

(Breast and ovarian cancer susceptibility protein 1)[241], Neural precursor cell expressed 
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developmentally Down-regulated 4 (NEDD4)[242], Tripartite motif-containing 21 

(TRIM21)[243], Ring finger41 (RNF41)[244], Ubiquitin protein E3 ligase (UBE3A)[245] and 

various other E3 ligases impart an important role. Although very few inhibitors are currently 

available that can target these ligases and can cause suppression in GBM proliferation[246–

248]. Our study aimed to identify a ubiquitin E3 ligase whose expression was higher in 

glioblastoma and plays a prominent role in GBM signaling. For that, we performed expressional 

and mutational studies to predict the most suitable E3 ligase for therapeutics. Through our 

observations, MDM2 was found to be the most suitable ubiquitin E3 ligase as it shows higher 

mutational frequencies in GBM and is also involved in the activation of p53[249]. MDM2 acts 

as a ubiquitin E3 ligase and functions by binding to p53 (Tumor suppressor protein)[250]. The 

binding of MDM2 to p53 causes the inactivation of p53, leading to the functional loss in p53 

activity[251]. The functions mediated by p53 are DNA repair, senescence, apoptosis, arrest in 

cellular growth, and cell growth[252]. Whenever there is cellular stress like genotoxicity, 

damage to the DNA, oncogene activation, and hyperproliferative stress there is upregulation of 

an enzyme p14 alternate reading frame protein (ARF)[253]. This enzyme remains upstream to 

MDM2, promotes escape of p53 from MDM2 degradation and therefore, the tumor-suppressing 

functions of p53 are not lost[254]. Researchers have shown that mutation in MDM2 during 

cancerous conditions causes gene amplification in glioblastomas and on the side p53 remains 

wild-type[255]. This amplification causes an overexpression in MDM2 that causes the p53 

inactivation and increased cancer progression. Hence, breaking the MDM2-p53 interactions 

seems to be a promising therapeutic approach to treating glioblastomas[256]. Studies have been 

done to identify inhibitors that can potentially target MDM2 but are still in pipeline. Inhibitors 

such as RG7112 (analogous to nutlin) causes MDM2 inactivation leading to increased cellular 

apoptosis, and cell cycle arrest, and showed a reduction in tumor growth in xenografts[257]. 

Nutlin-3a is known to inhibit the MDM2-p53 interactions and enhance p53-mediated apoptosis 
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in osteosarcoma[258]. Other inhibitors of MDM2 such as CGM097, MK8242, MI77301, and 

RG7388 are known to be used in various cancer although only a few are known to play an 

important role in the therapeutics of GBM[259–262]. Studies have also shown that inhibiting 

MDM2 can also be a therapeutic option in treating GBMs possessing p53 wild type[263,264]. 

These studies prove that MDM2 can be an effective target in tumorgenicity and breaking the 

p53-MDM2 interactions can be significant in GBM treatment. However, computational and in-

silico analysis by inculcating a combined approach of docking at a molecular level and dynamic 

simulation studies at the initial screening and analysis can help us to identify potential inhibitors 

against these ligases as they are very limited in count[265,266].  

Researchers have focused on identifying synthetic inhibitors as therapeutic options but these 

chemical inhibitors possess enhanced cytotoxicity. Studies concerning the use of natural 

alkaloids in GBM therapeutics are very few in number[267]. Natural alkaloids can be of great 

value as they show very less or no side effects. Alkaloids represent an important class of natural 

compounds and are shown to induce cell death in GBM as they are potent antioxidants[268]. 

Alkaloids such as melatonin (monoamine alkaloid) were able to inhibit MDM2 in the MCF7 

breast cancer cell line[269]. Melatonin is also known to inhibit phosphorylation of MDM2, 

enhancing acetylation of p53 thereby leading to p53-MDM2 disruption and gain of functions 

of p53[270]. Another study found papaverine (non-narcotic opium alkaloid) was able to induce 

suppression in GBM activity[271]. Evodiamine is a natural alkaloid derived from the fruit of 

Evodia rutaecarpa (medicinal plant) mostly used by the Chinese in medicine[272]. This 

alkaloid is known to exhibit the property of anti-inflammation and is known to be reported in 

reducing the proliferation of cancerous cells by the process of apoptosis and cell cycle 

arrest[273].  Evodiamine was found to induce calcium/JNK mediated autophagy mitochondrial-

mediated apoptosis in GBM[274,275]. However, the role of evodiamine in targeting MDM2 as 

ubiquitin E3 ligase remains unclear. Another alkaloid sanguinarine which is a benzo 
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phenanthridine alkaloid was able to induce apoptosis in human breast carcinoma cells[276]. A 

recent study shows that evodiamine can inhibit liver carcinoma via Met/EGFR signaling[277]. 

Evodiamine was found to induce apoptosis in lung carcinoma[278]. Evodiamine has been 

shown to target the cancer stem-like cells through the p55-p21-Rb pathway in breast 

cancer[279]. Sanguinarine a benzophenanthridine and is a nitrogen containing alkaloid, isolated 

from the roots of Sanguinaria canadeni[280]. This alkaloid is known to possess antibacterial 

and anti-inflammatory properties. Sanguinarine is found to induce apoptosis in p53 dependent 

manner in hepatocellular carcinoma[281]. Sanguinarine was also able to induce apoptosis in C6 

rat glioblastoma cells[282]. Sanguinarine was also able to induce metastasis in breast 

cancer[283]. Sanguinarine is known to induce ROS-dependent activation of autophagy and 

possessed anti-glioma effect[284]. 

However, the role of sanguinarine in targeting MDM2 is not understood and how these 

alkaloids can be the potential inhibitors of ubiquitin E3 ligase is also unknown. [285]. Studies 

have shown that alkaloids can induce self-ubiquitination and degradation in MDM2 by targeting 

the MDM2-DAXX-HAUSP interactions [286]. Alkaloids such as berberine, matrine, and 

melatonin are reported to be effective in reducing the expression of MDM2 or decreasing the 

stability in acute lymphoblastic leukemia, liver carcinoma, and breast cancer [270,287]. Other 

studies in which alkaloids can be seen in altering the MDM2-p53 signaling are indole-3-

carbinol [288] and fluspirilene[289] targeting breast and colon cancer. Since alkaloids can 

target a variety of cancers very few or no studies are available on the therapeutic targeting of 

GBM using alkaloids. In our study, we screened two natural alkaloids i.e., evodiamine and 

sanguinarine based on the literature, docking, and simulation studies. Also, we checked how 

these compounds are interacting with MDM2 and used nutlin-3a as the reference against 

MDM2[265].  

Our study was focused on the identification of a potent ubiquitin E3 ligase and how these 
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ubiquitin E3 ligases can be targeted by using natural inhibitors. Our approach was based on 

using mutational analysis, pathway studies, and expressional analysis to explore the role of 

various ubiquitin E3 ligases in GBM. In the end, we were able to identify MDM2 as a targetable 

E3 ligase and we also tried to target this ligase with evodiamine and sanguinarine. These 

alkaloids were screened from the compound library and the various physiochemical properties 

of these compounds were also accessed. Further, molecular docking and dynamic simulation 

studies were also performed to predict whether these inhibitors can target MDM2 and could be 

a new therapeutic avenue in targeting GBMs. 
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3.2 MATERIAL AND METHODOLOGY 

 
3.2.1. COLLECTION OF RAW DATA 

Datasets that are used in the current study have been extracted from the National Centre of 

Biotechnology Information (NCBI) gene expression omnibus (GEO) 

(https://www.ncbi.nlm.nih.gov/geo/) [290]. The microarray gene expression profiles were 

obtained from GSE 4290, GSE 104291, and GSE 50161 datasets. The platform used in GSE 

104291, GSE 50161, and GSE4290 is GPL570 [HG-U133_Plus_2] Affymetrix human genome.  

3.2.2. IDENTIFICATION OF DIFFERENTIALLY EXPRESSED GENES  

The present study utilized GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r) a web-based 

interactive tool that works on the R language limma package. GEO2R can be used as a 

comparative tool for two or more sets of samples and is helpful in the prediction of differential 

expression in the GEO series[290]. We used GEO2R to filter out the genes which were 

differentially expressed in these three datasets. To study the biological prospects, biological 

functions were annotated for differentially expressed genes. P-value <0.05 and the |Log FC|>2 

and |Log FC|<2 were used as cut-off criteria to filter out the differentially expressed genes 

(DEGs). 

3.2.3.  SCREENING OF UBIQUITIN E3 LIGASES AND VENN ANALYSIS 

The DEGs from the above three datasets were screened for the presence of any ubiquitin E3 

ligases. UbiBrowser2.0 (http://ubibrowser.bio-it.cn/), an integrated bioinformatics platform 

was used as an identification tool for ubiquitin E3 ligases in these DEGs. Final confirmation of 

these DEGs as ubiquitin E3 ligases was done using UbiNet2.0 

(https://awi.cuhk.edu.cn/~ubinet/index.php). DEGs that were identified as ubiquitin E3 ligases 

were then analyzed by VENN analysis to filter out common E3 ligases in these three datasets.  

 

 

 

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/geo2r
http://ubibrowser.bio-it.cn/
https://awi.cuhk.edu.cn/~ubinet/index.php
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3.2.4. FUNCTIONAL ENRICHMENT ANALYSIS OF IDENTIFIED UBIQUITIN E3 

LIGASES 

To scrutinize the biological, cellular, and molecular functions and the various pathways 

involved in these ubiquitin E3 ligases, Gene Ontology (GO) term and pathway prediction was 

done using SHINYGO 7.16 ( http://bioinformatics.sdstate.edu/go/). Parameters such as P-value 

<0.05 and count >3 were set as the threshold for significantly enriched terms. Eventually, the 

functional enrichment network was constructed. 

3.2.5. MUTATIONAL ANALYSIS AND EXPRESSION ANALYSIS OF COMMON 

UBIQUITIN E3 LIGASE 

To predict the mutational signatures of the identified ubiquitin E3 ligases we used the 

cBiocancer genomic portal (https://www.cbioportal.org/). This platform can analyze the 

molecular data retrieved from cancerous tissues and cytogenetics and is useful in the 

determination of epigenetics and genetic levels. Expression analysis followed by mutational 

analysis was done using Gene expression profiling interactive analysis 2 ( http://gepia2.cancer-

pku.cn/) to predict the rate of expression of identified E3 ligases in glioblastoma and to check 

whether the data is statistically significant or not. Here n represents the number of normal 

patient count whereas t represents the number of patients affected suffering from glioblastoma. 

This data was obtained from TCGA and the expression analysis was performed using GEPAI2. 

3.2.6. COMPOUND LIBRARY SCREENING 

In the present study, 70 alkaloids were taken from the Naturally occurring plant-based anti-

cancer compound activity-target (NPACT) database. The 3D chemical structure and canonical 

smiles of these alkaloids were downloaded using PubChem[291]. Ligand confirmations were 

downloaded in 2D SDF format and visualization was done using Avogadro 

(https://avogadro.cc/ ) and then converted to PDB format. These structures were checked for 

the presence of any H-bond or any other bound group apart from our ligand of interest.  

3.2.7. ANALYSIS OF ADMET DESCRIPTORS AND BLOOD-BRAIN BARRIER (BBB)  

http://bioinformatics.sdstate.edu/go/
https://www.cbioportal.org/
http://gepia2.cancer-pku.cn/
http://gepia2.cancer-pku.cn/
https://avogadro.cc/
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ADMET profiling (i.e., absorption, distribution, metabolism, excretion, and toxicity)  of 

selected compounds was conducted using SwissADME [292]. Both the physical and 

pharmaceutical properties were screened using SwissADME. CBligand 

(https://www.cbligand.org/CCGS/) was used as a platform to check the BBB permeability of 

the compounds used in the study. Based on the results obtained from SwissADME and 

CBligand analysis, filtered compounds were considered further for molecular docking and 

simulations with the filtered ubiquitin E3 ligase. 

3.2.8. MOLECULAR DOCKING STUDIES 

The PDB structure of MDM2 (PDB id: 3JZK) was downloaded from the RCSB PDB database. 

Molecular docking was performed against MDM2 receptor protein with filtered alkaloids. 

Docking analysis was performed using WEBINA (https://durrantlab.pitt.edu/webina/), a 

JavaScript that runs Auto Dock Vina entirely in a web browser [293]. Molecular docking of 

MDM2 was performed with different alkaloids. Heteroatoms that were present within the PDB 

structure of MDM2 were removed and hydrogen was added by using WEBINA. Structural 

visualization of MDM2 was done using Avogadro and UCSF chimera 

(https://www.cgl.ucsf.edu/chimera/). Docking was performed by employing a grid size of x-

axis= 40, y-axis= 45 and z-axis=40. Prediction of docking results was done based on the best 

interactions between the receptor and the ligand and on the binding affinity. The 3D and 2D 

confirmations were generated using Discovery Studio 2020 [294]. The complex which showed 

the best binding affinity as compared to reference then proceeded for MD simulation studies. 

3.2.9. MOLECULAR DYNAMIC SIMULATIONS OF PROTEIN-LIGAND 

COMPLEXES 

MD simulation of the identified compounds with MDM2 was performed individually using 

GROMACS 2019.3 package (https://bioexcel.eu/gromacs-2019-6-is-available/).  The top 

fourteen ligand-protein complexes were first simulated at 20 ns to check the stability of the 

complexes. Complexes that were found to be stable at 20 ns were then considered for simulation 

https://www.cbligand.org/CCGS/
https://durrantlab.pitt.edu/webina/
https://www.cgl.ucsf.edu/chimera/
https://bioexcel.eu/gromacs-2019-6-is-available/
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at a 50 ns timescale to provide an insight into how stable they are and to see how they behave 

dynamically.  Complex preparation was done using CHARMM36 all-atom force field. The 

charge topology of the compounds was generated using CGenFF and then solvated in a cubical 

boundary box with the dimensional separation of 1.0nm, using the TIP3 water model.  Charge 

neutralization was done via the addition of precise concentration of chloride [Cl-]ions and 

sodium [Na+] ions. Energy minimization was performed at 10 kJ/mol/nm using the long steepest 

descent algorithm for 10000 steps followed by 10000 steps of a conjugate gradient to avoid any 

steric clashes. The system was then subjected to equilibration with position-restrained (NVT 

and NPT) dynamics simulations at a constant temperature and pressure of 300K and 1 bar for 

a duration of 50 ns. The plot for root-mean-square deviation (RMSD), root mean square 

fluctuation (RMSF), the radius of gyration (Rg), and the number of hydrogen bonds were then 

plotted.  
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Figure 3.1: Workflow overview: Data extraction was performed from the National Centre of 

Biotechnology Information (NCBI) gene expression omnibus (GEO). Data analysis and 
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processing were performed using GEO2R. After data processing, the differentially expressed 

genes (DEGs) were filtered out from the datasets GSE4290, GSE104291 & GSE50161. These 

DEGs were then filtered by using parameters such as P-value and the fold change (Log FC) 

values. prediction of potential ubiquitin E3 ligases present within these three datasets was done 

using UbiNet and the confirmation of the DEGs acting as ubiquitin E3 ligases was done using 

UbiBrowser. Post E3 ligase prediction, Venn analysis was done to identify the common ubiquitin 

E3 ligases present within the three datasets. GO Functional enrichment and pathways analysis 

was done using SHINYGO 7.16 to identify the functions of each of 21 common ubiquitin E3 

ligases and the pathways associated with them. After enrichment and pathway analysis, 

mutational frequencies of the 21 common E3 ligases were checked using cBiportal to predict the 

most suitable and targetable ubiquitin E3 ligase for our study focusing on Glioblastomas 

(GBMs). Using Gene expression profiling interactive analysis 2 (GEPAI2), the expressions were 

checked for the ligases filtered after mutational analysis.  Selection of the most appropriate E3 

ligase for our study was preceded by exploring the compound libraries and we selected the 

Naturally occurring plant-based anti-cancer compound activity-target (NPACT) library and 

alkaloids class for this study. The blood-brain permeability (BBB) scores were checked to 

identify the compounds that can cross the BBB using SwissADME. ADMET analysis was then 

applied to the filtered compound passing BBB to check the parameters such as absorption, 

distribution, metabolism, excretion, and toxicity of the alkaloids. The protein structure of mouse 

double minute (MDM2) that was identified as the most suitable target based on mutational 

frequencies was downloaded using a protein database (PDB). Ligand structures were 

downloaded using PubChem along with their canonical smiles. After the preparation of the 

receptor and ligand, docking was carried out to check for the most suitable ligand binding with 

the receptor (MDM2), showing the highest binding affinity and rate of inhibition. Compounds 

showing the best interaction and inhibition then proceeded for molecular dynamics simulations 

(MDS) studies till 50ns to validate the interactions and the stability of the complex (Protein-

Ligand). Based on all the analyses performed, a mechanism was proposed for how the identified 

inhibitors can target the MDM2 that might be able to suppress GBMs. 

 

3.3 RESULTS  

3.3.1. RAW DATA COLLECTION AND DEGS SCREENING  

The raw data from three gene expression profiles (GSE 4290, GSE 104291, and GSE 50161) 

were downloaded from NCBI GEO databases. Of these GSE4290 datasets comprised of 81 

glioblastoma samples and 23 non-tumor samples, 4 glioblastomata, and 2 non-tumor samples 

existed in GSE 104291 dataset and, 34 glioblastoma and 13 normal brain samples were present 

in GSE 50161 dataset. DEGs between the GBM samples and normal control samples were 

obtained from these three datasets.  
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3.3.2.  UBIQUITIN E3 LIGASE IDENTIFICATION AND VENN ANALYSIS 

After the identification of DEGs, screening of ubiquitin E3 ligases was done within these DEGs. 

These DEGs were individually picked up to check whether they show the activity of an E3 

ligase or not. DEGs which functioned as a substrate for a particular ligase were omitted from 

the study. A total of 181 ligases were predicted out of which 89 were present in GSE4290, 50 

in GSE50161, and 42 in GSE104291. Venn analysis was then conducted to deduce the common 

ligases among all the ligases that were present in these three datasets. Furthermore, 21 

overlapping ubiquitin E3 ligases were procured using the Venn diagram and are represented in 

Figures 3.2(A).   

 

 

 

 

 

 

 

 

 

 

 

 



45 | P a g e  

 

Figure 3.2: (A) Venn diagram and tabular description of the overlap between ubiquitin E3 ligases 

obtained from the datasets GSE 104291, GSE 4290 and GSE 50161. Significant overlaps show 

that 21 ubiquitin E3 ligases were commonly shared in these datasets (B) Mutational analysis of 
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the 21 common ubiquitin E3 ligases revealed that MDM2 showed the highest frequency among 

all the other ligases in GBM. The percentage of mutations in top 8 ubiquitin E3 ligases was MDM2 

(9%), BRCA1 (1.8%), TRIM24 (1.6%), NEDD4 (1.3%), TRIM21 (1.1%), RNF41 (1%) and UBE3A (1%), 

TNFAIP3 (0.9%). MDM2 was found to be the most favorable ubiquitin E3 ligases that can be 

targeted in countering GBM (C) Expression levels of MDM2. The expressional rate was defined 

between the GBM and normal samples from the TGCA database. Plot with an asterisk (*) on the 

top suggest that the data is statistically significant. 

3.3.3. EXPRESSION PROFILING AND MUTATIONAL ANALYSIS 

To further substantiate the study, mutational signatures were predicted for 21 E3 ligases. Each 

gene acting as ubiquitin E3 ligase was checked for to rate of mutational frequencies and the 

kind of mutations they carry. MDM2 (9%) showed the highest percentage among the 21 

ubiquitin E3 ligases. For ligases other than MDM2 the frequency of mutations was BRCA1 

(1.8%), TRIM24 (1.6%), NEDD4 (1.3%), TRIM21 (1.1%), RNF41 (1%), and UBE3A (1%) 

and the mutational signatures that were carried in most of the ligases were of amplification and 

missense type. An overview of the mutational analysis performed for all the ubiquitin E3 ligases 

have been shown in Figure 3.2(B). Out of these 21 E3 ligases, the expressional analysis of only 

those ligases was performed which showed higher mutational frequencies using TGCA GBM 

data. The expressional analysis was carried out using GEPAI2. Noteworthy, when compared 

with control samples, the expression levels of MDM2, BRCA1, TRIM24, NEDD4, and 

TRIM21 were higher in GBM samples and showed statistical significance and the expressional 

analysis can be derived from Figure 3.2(C). On the other hand, expressional levels in the case 

of UBE3A and RNF41 were also higher but the data was not significant statistically. On the 

other hand, expressional levels in the case of UBE3A and RNF41 were also higher but the data 

was not significant statistically, the expressions can be seen in  

3.3.4. FUNCTIONAL ENRICHMENT AND PATHWAY ANALYSIS 

Based on the results mentioned above, a functional enrichment analysis of 21 ubiquitin E3 

ligases was performed. Three types of enrichment analysis were done, comprising biological 

process (BP), molecular function (MF), and cellular component (CC). All these enrichments 
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are shown in Figure 3.3(A-C). The majority of ligases were mainly associated with GO_BP 

terms such as ubiquitin-protein transferase activity, protein polyubiquitination, ubiquitin-

protein ligase activity, and protein autoubiquitination. In the case with GO_CC terms, these 

genes were involved in the formation of ubiquitin ligase complex, transferase complex, Cul4B-

RING E3 ubiquitin ligase complexes, and BRCA1-BARD1 complexes. As for GO_MF, most 

of the genes were related to ubiquitin binding, ubiquitin-protein transferase activity, ubiquitin-

protein ligase activity, ubiquitin-like protein transferase activity, and damaged DNA binding. 

A detailed overview of the ligases and the process with which they are associated have been 

summarized in Table 3.1. 
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Table 3.1: Tabular representation of GO Functionally enriched ubiquitin E3 ligases with 

associated biological processes and molecular functions 

GO Category Description Log P Enrichment 
Z-

score 
Hits Hits list 

GO:0016567 
GO 

Biological 
Processes 

Protein 
ubiquitination 

-31.79 42.48 28.79 20 

BRCA1|DDB2|MDM2|TRIM3
7|NEDD4|SKP2|TRIM21|TNF
AIP3|UBE3A|TRIM25|TRIM24
|RNF41|TRIM22|TRIM38|RB

CK1|MYLIP|RNF138|DTL|RAD
18|TRIM5 

GO:0032446 
GO 

Biological 
Processes 

Protein 
modification 

by small 
protein 

conjugation 

-30.96 38.65 27.43 20 

BRCA1|DDB2|MDM2|TRIM3
7|NEDD4|SKP2|TRIM21|TNF
AIP3|UBE3A|TRIM25|TRIM24
|RNF41|TRIM22|TRIM38|RB

CK1|MYLIP|RNF138|DTL|RAD
18|TRIM5 

GO:0000209 
GO 

Biological 
Processes 

Protein 
polyubiquitina

tion 
-24.92 89.47 35.14 14 

BRCA1|DDB2|MDM2|NEDD4
|SKP2|TRIM21|TNFAIP3|UBE
3A|RNF41|TRIM22|TRIM38|

RBCK1|DTL|TRIM5 

GO:0030163 
GO 

Biological 
Processes 

Protein 
catabolic 
process 

-14.19 24.27 16.56 12 

MDM2|NEDD4|SKP2|TNFAIP
3|UBE3A|TRIM25|TRIM24|R
NF41|TRIM38|RBCK1|MYLIP|

DTL 

GO:0051603 
GO 

Biological 
Processes 

Proteolysis is 
involved in the 

cellular 
protein 

catabolic 
process 

-13.08 25.22 16.17 11 
MDM2|NEDD4|SKP2|TNFAIP
3|UBE3A|TRIM25|RNF41|TRI

M38|RBCK1|MYLIP|DTL 

GO:0004842 
GO 

Molecular 
Functions 

ubiquitin-
protein 

transferase 
activity 

-32.88 63.09 34.33 19 

BRCA1|DDB2|MDM2|TRIM3
7|NEDD4|TRIM21|TNFAIP3|
UBE3A|TRIM25|TRIM24|RNF
41|TRIM22|TRIM38|RBCK1|

MYLIP|RNF138|DTL|RAD18|T
RIM5 

GO:0019787 
GO 

Molecular 
Functions 

ubiquitin-like 
protein 

transferase 
activity 

-32.41 59.65 33.36 19 

BRCA1|DDB2|MDM2|TRIM3
7|NEDD4|TRIM21|TNFAIP3|
UBE3A|TRIM25|TRIM24|RNF
41|TRIM22|TRIM38|RBCK1|

MYLIP|RNF138|DTL|RAD18|T
RIM5 

GO:0061630 
GO 

Molecular 
Functions 

ubiquitin-
protein ligase 

activity 
-22.81 63.70 29.56 14 

MDM2|TRIM37|NEDD4|TRI
M21|UBE3A|TRIM25|TRIM24
|RNF41|TRIM22|TRIM38|MY

LIP|RNF138|RAD18|TRIM5 

GO:0061659 
GO 

Molecular 
Functions 

ubiquitin-like 
protein ligase 

activity 
-22.56 61.19 28.95 14 

MDM2|TRIM37|NEDD4|TRI
M21|UBE3A|TRIM25|TRIM24
|RNF41|TRIM22|TRIM38|MY

LIP|RNF138|RAD18|TRIM5 

GO:0003713 
GO 

Molecular 
Functions 

transcription 
coactivator 

activity 
-13.12 48.65 20.59 9 

BRCA1|TRIM37|TRIM21|UBE
3A|TRIM25|TRIM24|TRIM22|

TRIM38|TRIM5 
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Besides, the KEGG pathway analysis showed that these ubiquitin E3 ligases were significantly 

involved in ubiquitin mediated proteolysis, Epstein-Barr virus infection, p53 signaling, and 

endocytosis. Figure 3(D-E) tried to give an overview of KEGG pathways in which these ligases were 

involved. Further, all the terms were merged into clusters based on similarities and the top pathways 

that were enriched with most of the overlapping ligases are represented in Table 3.2. 

                                                                                                                  

 

 

Table 3.2: Tabular representation of KEGG pathway analysis of the predicted ubiquitin E3 ligases 

along with their fold change and enrichment false discovery rate (FDR).  

                                                                                 
 

 

Enrichment FDR Hits Fold 
Enrichment 

Pathway Hit list 

1.74E-09 7 53.89125296 Ubiquitin mediated 

proteolysis 

BRCA1, NEDD4, 

TRIM37, UBE3A, 

DDB2, MDM2, 

SKP2 

2.55E-05 5 26.86940123 Epstein-Barr virus 

infection 

NEDD4, TNFAIP3, 

DDB2, MDM2 SKP2 

0.013265001 2 29.74037834 Platinum drug 

resistance 

BRCA1, MDM2 

0.013265001 2 29.74037834 P53 signaling pathway DDB2, MDM2 

0.013265001 3 12.92290249 Endocytosis NEDD4, MDM2, 

RNF41 

0.013265001 3 16.04222379 Viral carcinogenesis UBE3A, MDM2, 

SKP2 

0.013265001 2 28.94730159 Glioma DDB2, MDM2 

0.013265001 2 30.15343915 Melanoma DDB2, MDM2 

0.013265001 2 28.56641604 Chronic myeloid 

leukemia 

DDB2, MDM2 

0.017380146 2 23.59834369 Small cell lung cancer DDB2, SKP2 

0.020082398 2 20.87545788 NF-kappa B signaling 

pathway 

TNFAIP3, TRIM25 

0.026614554 2 16.57288259 Fox O signaling 

pathway 

MDM2, SKP2 
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Figure 3.3: (A-C) Gene ontology (GO) functional enrichment analysis of 21 common ubiquitin E3 

ligases and (D-E) Schematic representation of the KEGG pathway enrichment. (A) GO cellular 

Enrichment analysis revealed that the top processes in which most of the ligases are involved 

were ubiquitin ligase complex, transferases complex, intracellular protein-containing complex, 

and catalytic complex The color and the size of the dots represent the false discovery rate (FDR) 

is significant or not. The bigger the dots, the greater the color is too red, showing the greater 

significance and number of genes involved in that process. (B) GO Biological process 

enrichment showed that the majority of ubiquitin E3 ligases were involved in processes like 

protein ubiquitination, protein modification by small protein conjugation, protein 

polyubiquitination, and proteolysis involved in the cellular protein catabolic process. (C) GO 

molecular function enrichment identified that most of the ligases were involved in ubiquitin 

protein transferase activity, ubiquitin-like protein transferase activity, ubiquitin protein ligase 

activity, and transcription coactivator activity. The more the red color of the dots the more 

significant the FDR and the processes in which these ligases are involved. (D) Depicts the bar 

plot images of the various pathways for 21 ubiquitin E3 ligases and how they are enriched. The 

red bar here represents the most enriched and significant pathway and the blue represents less 

significance. Ubiquitin-mediated proteolysis is composed of most of the significant and 
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overlapped genes followed by Epstein-Barr virus infection, platinum drug resistance, p53 

signaling, endocytosis, and glioma. (E) KEGG pathway network based on nodes and edges. The 

bigger the nodes represent a greater number of genes involved and thicker edges here represent 

significance. Edges for glioma have been highlighted in yellow.  

3.3.5. COMPOUND PREDICTION, BBB, AND ADMET PARAMETERS 

Based on the literature mining, we identified NPACT a database comprising different classes 

of natural compounds, and selected the alkaloid class from the compound library.  70 

compounds were selected from the database and the BBB permeability and the BBB score were 

checked using the SVM algorithm in CBligand. Based on BBB prediction, initially, 54 

compounds were filtered. ADMET profiling for these 70 compounds was done to check 

whether the compounds fall under the prescribed limits of ADMET analysis. Properties such as 

molecular mass (<500 Da), number of H-bond donors (<5), no. of H-Bond acceptor (< 10), 

octal water partition coefficient (log<5), and molar refractivity (40-130) were considered for 

our study. The no. of violations of the Lipinski rule of five was also taken into consideration 

for these 70 compounds. Only 54 compounds showed zero violation of the Lipinski rule and 

also satisfied the ADMET threshold and were further assessed for docking and simulation 

studies. 

3.3.6. MDM2-ALKALOIDS INTERACTION PROFILING 

 Molecular docking was carried out for the screened ubiquitin E3 ligase (MDM2) with different 

alkaloid compounds. Any extra residue attached to the ligand was removed along with any 

heteroatom. Any hydrogen or water attached to either ligand or the receptor was also omitted 

before proceeding for docking. The reference study conducted before using nutlin-3a as a 

reference compound with MDM2 shows a binding affinity of -7.9 kcal/mol. However, we used 

a more stringent threshold of -8.0 kcal/mol in our study to shortlist the compounds, showing 

specific and non-specific bindings. Docking was performed for 54 compounds and out of these 

only 14 compounds showed binding energy of above -8.0 kcal/mol. These binding energies 

demonstrate the high binding affinity of these compounds against MDM2. Th e higher the 
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binding in negative terms indicates more inhibition capability of these compounds for MDM2.  

During MDM2 docking, the maximum no. of compounds along with reference ligand, showed 

common interactions with the receptor residues at Ile61, His96, Ile99, Leu54, Val93 & Ty r100.  

Binding potential of above -8.5 kcal/mol was seen in cepharanthine (-9 kcal/mol), sanguinarine 

(-8.6 kcal/mol), evodiamine (-8.6 kcal/mol), tomatidine (-8.6 kcal/mol), ellipticine (-8.6 

kcal/mol) and tylophoridicine F (-8.6 kcal/mol). The binding energies of various alkaloids with 

the best affinity and the docking coordinates along with other properties can be interpreted in 

Table 3.3.  

Alkaloid 

BBB 

predicto

r 

BB

B 

Sw

iss 

AD

M

E 

Affin

ity 

(kcal

/mol) 

Molecular 

Mass 

(<500Da) 

Docking 

coordin

ates 

H-Bond 

donor 

(<5) 

H-

Bond 

accept

or 

(<10) 

Octal water 

partition 

coefficient 

(log<5) 

Molar 

refractivit

y (40-130) 

Brucine Yes 
Ye

s 
-8.2 

394.46 

g/mol 
40-40-40 0 5 1.84 114.04 

Chelerythrine Yes 
Ye

s 
-8.1 

348.37 

g/mol 
40-40-40 0 4 3.02 101.6 

Isostrychnine Yes 
Ye

s 
-8.2 

334.41 

g/mol 
40-40-40 1 3 1.85 102.77 

Sanguinarine Yes 
Ye

s 
-8.6 

334.41 

g/mol 
40-40-40 0 3 2.09 101.05 

Tomatidine Yes 
Ye

s 
-8.6 

354.44 

g/mol 
40-40-40 1 4 2.61 103.74 

(R)-

cryptopleurin

e 

Yes 
Ye

s 
-7.9 

393.48 

g/mol 
40-40-40 0 5 4.04 119.16 

Cepharanthin

e 
Yes 

Ye

s 
-9 

369.45 

g/mol 
40-40-40 0 5 3.33 108.8 

Ellipticine Yes 
Ye

s 
-8.6 

303.36 

g/mol 
40-40-40 1 1 2.7 97.67 

Evodiamine Yes 
Ye

s 
-8.6 

315.49 

g/mol 
40-40-40 1 2 3.88 96.52 

Isotetrandrin

e 
Yes No -8.2 

275.26 

g/mol 
40-40-40 0 4 2.88 76.67 

liriodenine Yes 
Ye

s 
-8.3 

478.62 

g/mol 
40-40-40 0 6 4.43 147.34 

Tylophoridici

ne C 
Yes No -8.1 

381.42 

g/mol 
40-40-40 2 5 0.78 112.73 

Tylophoridici

ne F 
Yes 

Ye

s 
-8.6 

395.45 

g/mol 
40-40-40 1 5 1.11 117.2 

6-O-

desmethylant

ofine 

Yes 
Ye

s 
-8.2 

349.42 

g/mol 
40-40-40 1 4 3.67 108.2 

 

 



53 | P a g e  

Table 3.3: Tabular representation of the various alkaloids docked against MDM2 and their ADMET 

profiling 

* Alkaloids highlighted in red represent evodiamine and sanguinarine with their binding energies 

highlighted in yellow 

 

After the successful completion of docking, these 14 compounds then proceeded for molecular 

simulation studies. Evodiamine and sanguinarine showed the best possible interactions as 

compared to the reference used in our study and the binding energies along with interaction can 

be observed in Table 3.4.  
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Figure 3.4: (A-C) Molecular docking confirmations: Representation of 2D and 3D confirmation of 

MDM2 binding with (A) Sanguinarine shows binding at the residue Val93, Ile61, His96, Tyr100, 
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Leu64 of MDM2 protein (B) Evodiamine represents interaction at the site Val93, Ile61, His96, Ile99, 

Leu54 and Leu57 of MDM2. (C) Reference ligand (Nutlin-3a) showing interaction with MDM2 at 

the residues site Val93, Ile61, His96, Ile99, Leu54, Phe55, Phe91, Phe86, Leu57, and Lys51. 

The 2D and 3D confirmations of evodiamine, sanguinarine, and reference after binding with 

MDM2 can be observed in Figure 3.4 (A-C). 

 

Compounds 
Binding energy 

(KJ/mol) 
Interacting residues 

Evodiamine -8.6 
Val93, Ile61, His96, Ile99, Leu54 

and Leu57 

Sanguinarine -8.6 
Val93, Ile61, His96, Tyr100, 

Leu64 

Reference (nutlin) -7.9 

Val93, Ile61, His96, Ile99, Leu54, 

Phe55, Phe91, Phe86, Leu57 and 

Lys51. 

 

Table 3.4: Tabular representation of binding energies and the interaction of evodiamine, 

sanguinarine, and nutlin with MDM2. 

 

3.3.7. MDM2-ALKALOIDS COMPLEXES DYNAMIC STABILITY  

All the 14 compounds having binding energy above -8.0 kcal/mol were subjected to MD 

simulations for 50 ns which helped us to understand the pattern of interaction and the dynamic 

behavior. The stability of these compounds with MDM2 was analyzed using RMSD obtained 

from MD simulations. The RMSD of different protein-ligand complexes along with the RMSD 

of ligands alone were considered. The backbone of the complexes (MDM2- Sanguinarine & 

MDM2-Evodiamine) were found to be stable when compared with the MDM2-reference 

complex or with protein alone. The RMSD showed a fluctuation in the beginning and reached 

0.30 nm but gradually decreased and was stable in the range of 0.15 nm to 0.25 nm when 

compared with the reference complex. Till 20 ns there was a slight deviation in the stability of 

complexes (MDM2-Sagnuinarine and MDM2-Evodiamine) from the MDM2- reference 

complex. After 25ns of simulation the complexes started stabilizing themselves and after 35ns 
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both the complexes achieved better stability and were interactive till 50 ns which can be seen 

in Figure 3.5(A). Similarly, the RMSD of all the ligands is given in Figure 3.5(B) and it is 

clearly showing that sanguinarine and evodiamine are both stable when compared with the 

reference compound however, the RMSD of ligand sanguinarine fluctuated in the beginning 

and reached 0.7 nm but after 32 ns it started to stabilize and was in the range of 0.2 nm to 0.4 

nm. 
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Figure 3.5: (A-C) Plots depicting variations in root mean square deviation (RMSD) and root mean 

square fluctuations (RMSF) in protein alone, ligand alone, and protein-ligand complexes. (A) 
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RMSD of MDM2, MDM2-Evodiamine, MDM2-Sanguinarine, and MDM2- Reference complexes 

were calculated and plotted on the graph. Y-axis represents the RMSD in nanometer (nm) and X-

axis represents the time in nanoseconds (ns). The RMSD of each of these was calculated at the 

timescale of 50 ns. Highlighted in gold represents the RMSD peak of MDM2 protein itself. MDM2-

evodiamine RMSD peak can be seen in blue. RMSD peak of MDM2-sanguinarine complex is 

represented with orange and the peak for MDM2-Reference complex is represented with orange. 

This graph clearly shows that when overall RMSD was compared, MDM2-Evodiamine and MDM2- 

sanguinarine complexes were found to be stable against the MDM2-Reference complex till 50 ns. 

RMSD of these complexes can be seen as stable in the range of 0.15nm to 0.25nm and showed 

stability after 35ns. (B) Overall RMSD peak of the reference ligand, sanguinarine, and evodiamine 

are highlighted in blue, gray, and gold. The RMSD of the sanguinarine and evodiamine was found 

in the range of 0.2nm to 0.4nm and was stable till 50ns. (C) RMSF peaks of MDM2-Reference, 

MDM2-Sanguinarine, and MDM2-Evodiamine are represented in blue, orange, and gray. The 

RMSF of MDM2-sanguinarine and MDM2-evodiamine can be seen in range with the MDM2-

reference complex.  

The RMSF of both the complexes along with MDM2-Reference can be depicted in Figure 

3.5(C). Observations can be obtained that the RMSF of the two complexes was in the range 

with MDM2- Reference complex and are found to be stable in the range of 0.1 nm to 0.2 nm. 

The Rg is generally identified to check the compactness of the protein structure and if the 

structure is stably folded it will remain stable over time. It can be seen that the Rg for both 

MDM2-evodiamine and MDM2-sanguinarine were found to be stable and compact for 50 ns, 

holding an average Rg of 1.6 nm Figure. 3.6(A) when compared with MDM2-Reference. The 

coulomb’s interaction energy of each of the complexes was calculated and from the analysis it 

was seen that as compared to the reference the interaction energy was more negative in the case 

of the other two complexes, suggesting a higher binding potential of the MDM2 receptors with 

ligand sanguinarine and evodiamine. The overall interaction can be seen in Figure. 3.6(B). The 

plots for H-bonds and pairing within 0.35 nm in Figure. 3.6(C-D) shows the interactions of the 

amino acid residue of MDM2 with evodiamine, sanguinarine, and reference compounds during 

the 50 ns simulations. The formation of different types of bonds between various complexes, 

suggests important evidence for the inhibitory potential of evodiamine and sanguinarine.  
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Figure 3.6: (A-D) Plot representing Radius of gyration (Rg), Interaction energy, Number of H-

bonds, and H-Bond pairs within 0.35nm. (A) Rg of all the complexes (MDM2- Evodiamine, MDM2- 

Sanguinarine, and MDM2-Reference) plotted against time with Y-axis representing Rg in 

nanometer (nm) while the x-axis shows time interval in picoseconds (ps). Peak showing 

interaction Rg of MDM2- Evodiamine is highlighted in blue, orange in case of MDM2- 

Sanguinarine, and gray in MDM2-Reference. The Rg of MDM2-Reference showed fluctuations 

from the other two complexes but in the case of MDM2- Evodiamine and MDM2- Sanguinarine, 

the peaks were in the range when compared with MDM2-Reference complex, (B) Coulombs 

interaction energy in KJ/mol plotted against time in ps. The coulomb's interaction energy peaks 

in the case of MDM2- Evodiamine are shown in light green, MDM2- Sanguinarine in yellow, and 

for MDM2-Reference in blue. The interaction was more towards the negative and reached -70 

KJ/mol in the case of MDM2- Evodiamine and reaching -60KJ/mol in MDM2- Sanguinarine as 

compared to MDM2-Reference (-40 KJ/mol) suggesting a more stable interaction in case of 

evodiamine and sanguinarine. (C) Plot for the number of H-bonds on each residue against time 

in ps. The overall H-bonds in case of reference per residue were comparatively lower and the 

peak is displayed in blue. The peak for H-bonds in the case of evodiamine is shown in orange 

and for sanguinarine in gray. The number of H-bonds in the case of evodiamine was higher, 

followed by sanguinarine and reference. (D) H-bond pairing within a radius of 0.35 nm can be 

seen in Reference (Blue), Evodiamine (Yellow), and Sanguinarine (Gray). These paring with 

MDM2 suggest that the pairs per residues formed in the case of sanguinarine and the pair 
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formation was almost equal in reference and evodiamine suggesting greater stability of 

sanguinarine and evodiamine with MDM2 till 50000 ps (50ns). 

3.4. DISCUSSION 

GBM is highly aggressive and metastatic among other tumors of the central nervous system 

(CNS) with very complicated biology and carries a poor prognosis. The molecular mechanism 

and the signaling pathways underlying these tumors are of great significance and therefore in-

depth studies are needed to counter these tumors. The overall survival in patients is very less 

and the therapeutic angles are also fewer. When talking about chemotherapeutics, 

temozolomide acts as a gold standard against these solid tumors. surgery followed by 

concurrent radiotherapy remains an option. As ubiquitin E3 ligases target a large number of 

substrates that are regulators of the majority of cellular functions such as apoptosis, DNA repair, 

and metabolism hence, they can be the therapeutic drug targets in GBMs [295]. This study has 

tried to identify the various ubiquitin E3 ligases whose expressions are comparatively higher in 

GBMs, their involvement in functions operating at molecular and cellular levels, and mutational 

frequencies of the identified ubiquitin E3 ligase in GBMs. After the identification of targetable 

E3 ligases, we also tried to predict substantial inhibitors that could inhibit the expression of 

these identified ubiquitin E3 ligases.  

Using high-throughput studies and a bioinformatics approach, DEGs were first extracted from 

three GBM datasets using the GEO database. These DEGs were analyzed using UbiNet and 

Ubibrowser (tools to predict whether the DEG is ubiquitin E3 ligase or just the substrate of any 

ligase). Only 21 ubiquitin E3 ligases were retrieved that were shared equally among the three 

datasets for GBM. Functional enrichment and KEGG analysis were carried out to see how these 

ubiquitin E3 ligases are playing an intricate role in glioblastoma at molecular, cellular, and 

biological levels along with the pathways on which they are acting. It was seen that at biological 

levels, out of 21 ligases 20 were involved in the process of protein ubiquitination, protein 

modification by small protein conjugation, and 14 hits were involved in protein 
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polyubiquitination. At molecular levels, most of the hits were associated with ubiquitin protein 

transferase activity and ubiquitin protein ligase activity. It was conferred from these functional 

enrichments that most of the hits that were common in these processes were MDM2, BRCA1, 

RNF41, TRIM21, NEDD4, and TRIM24. Similarly, the KEGG pathway analysis also revelated 

that out of these ligases, MDM2 was majorly involved in the pathways like endocytosis, 

ubiquitin mediated proteolysis, and various pathways in cancer.  Researchers have shown that 

MDM2 plays a prominent role in mediating the activation of p53 during various signaling 

cascades [296] and therefore they can be better targets as ubiquitin E3 ligases. The mutational 

frequencies of these ubiquitin ligases were checked using data from TGCA and Mayo clinic 

and it was found that MDM2 carried a mutational frequency of 9% and the mutations were of 

amplification type. Expression analysis of MDM2 along with other ubiquitin E3 ligases in GBM 

revealed that in most of the cases the data showed statistical significance. This tells us that the 

expression of MDM2 was comparatively higher in patients with GBM as compared to the 

normal group of people according to TGCA. As very few studies are available on how ubiquitin 

E3 ligases can be therapeutically important and therefore, by predicting the expression of every 

ligase, selective targeting using either siRNA or any drug or natural compound can somehow 

reduce the expression of these ubiquitin E3 ligases.  

Molecular docking studies showed that binding energies of evodiamine (-8.6 KJ/Mol) and 

Sanguinarine (-8.6 KJ/Mol) were comparatively higher than the reference compound (-7.6 

KJ/Mol), suggesting a more sustained inhibitory effect of these alkaloid against MDM2. 

Sanguinarine was able to binding at the residue Val93, Ile61, His96, Tyr100, Leu64 of MDM2 

protein while evodiamine represents interaction at the site Val93, Ile61, His96, Ile99, Leu54 

and Leu57 of MDM2. Reference showed interaction with MDM2 at the residues site Val93, 

Ile61, His96, Ile99, Leu54, Phe55, Phe91, Phe86, Leu57, and Lys51. Although evodiamine and 

sanguinarine predicted less interactions as compared to the reference but based on the affinity 

score these compounds were checked for stability with MD simulations. From the results 
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obtained from simulation studies, the fluctuation and stability of the system during simulation 

and the outcome trajectories for all the complexes were inspected using different simulation 

parameters. These parameters included the backbone RMSDs for all the atoms and ligands, 

RMSF of individual amino acid residues, formation of H-bonds and Rg. RMSD plots when 

compared showed that the hits bounded to MDM2, evodiamine and sanguinarine possessed 

lower fluctuations in RMSD and greater stability at the active site during simulation at 50ns. 

The RMSDs were calculated between the initial confirmations and final confirmations 

throughout 50ns in dynamic simulations. This showed us that evodiamine and sanguinarine 

showed more stable binding when compared with the reference. RMSF on the other hand 

represented the important residues that were involved in strong interactions with specific 

ligands. The pattern of RMSF peaks suggest that the fluctuations in the values of evodiamine 

and sanguinarine were close to the reference and exhibited almost similar patterns. Coming to 

the Rg , it was seen that Rg values of the backbone atoms of MDM2 when bound to evodiamine 

and sanguinarine were nearly same when compared with the reference bound to MDM2 and 

was maintained thoroughly till 50ns. Results generated from interaction energy peaks, it can be 

conferred that the interactions between evodiamine, sanguinarine and MDM2 were more stable 

and stronger as compared to the reference. These findings somewhere reinforced the credibility 

of docking results, suggesting the potential role of evodiamine and sanguinarine as potent 

inhibitors of MDM2. 

Previous studies have shown that MDM2 acts as ubiquitin E3 ligases and also promotes the 

ubiquitination of p53 [297]. This process mediated by MDM2 leads to the identification and 

interaction of proteasome by p53 thereby, causing increased degradation of p53 However, the 

mechanism by which evodiamine and sanguinarine targets the MDM2 and hence p53 remains 

unclear.  We therefore proposed a mechanism of how both of these compounds could 

potentially target the MDM2 and can induce a therapeutic response in GBM and the proposed 

mechanism can be seen in Figure 3.7.  
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Figure 3.7: Proposed mechanism of action of evodiamine and sanguinarine in MDM2 inhibition. 

Stress-induced due to genotoxicity, DNA damage, ionizing radiations, and other factors cause 

the activation of p53(Tumor suppressor gene) bound to MDM2. Overexpressed MDM2 causes 

the degradation of p53 and is not able to function properly. We hypothesized that breaking the 

MDM2-p53 interaction by either evodiamine or sanguinarine can prevent the degradation of p53. 

Upon prevented degradation of p53, activation of downstream targets associated with p53-MDM2 

interaction such as Bcl2 associated protein (BAX) causing apoptosis, growth arrest, and DNA-

damage inducible gene (GADD45), and the P21 WAF causes an increase in apoptosis, DNA 

repair, and cell cycle arrest, therefore, restoring the normal cellular mechanism and can 

suppress glioblastoma.  
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3.5. KEY FINDINGS OF THE STUDY 

✓ The role of MDM2 as a potential ubiquitin E3 ligase was identified and how can be the 

game changer in the therapeutic targeting of GBM.  

✓ Targeting MDM2 using a natural class of inhibitors instead of synthetic compounds can 

be more fruitful.   

✓ We proposed a mechanism of how evodiamine and sanguinarine are disrupting the 

MDM2-p53 interactions and targeting the p53 signaling in GBM.  
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CHAPTER IV: DISSECTING THE FUNCTIONAL SIGNIFICANCE OF 

HEAT SHOCK PROTEINS IN GLIOBLASTOMA AND EPENDYMOMAS 

USING OMICS ANALYSIS AND DRUG PREDICTION USING VIRTUAL 

SCREEENING 

 

4.1 INTRODUCTION 

 
Heat shock proteins (HSPs) also known as stress proteins are an important class of proteins that 

are activated by the cells in response to heat shock or in response to stimuli (external or internal) 

such as unavailability of nutrition, heat and cold, hypoxia and so on(Bond et al., 1987). These 

classes of proteins are involved in presentation of antigens, assembly of hormonal receptors, 

protein folding and cell trafficking[110]. Due to various roles that HSPs play in maintaining the 

cellular integrity, a disruption in their machinery causes a depletion in cellular proteostasis 

leading to cell death( Saibil .H, 2013). Due to this malfunction their levels are significantly 

increased in cancerous cells as compared to the normal tissue[300]. Therefore, their mechanism 

is taken up by the malignant cells for their proliferation and survival[301]. As HSPs plays an 

intricate role in origin of these cancerous cells, increased cellular growth and in the maintenance 

of tumor cells, shows their importance in cancer biology and are therefore, can be employed as 

potential therapeutic targets. HSPs also plays important role in cancer cell evasion, tumor 

cellular division, mechanism of DNA repair, metastasis and invasion into the surrounding 

normal cells(Hasan et al., 2022). These HSPs are classified based on the molecular weights 

comprising of different families- HSP90, HSP110, DNAJ and smaller HSPs[150].  

Malignant tumors that originate from the brain are hard to treat due to their location of origin 

as they are deeply embedded within the brain, their ability to metastasize rapidly, aggressive 

behavior thereby, leading to poor prognosis in patients and decreased overall survival. 

Glioblastomas (GBMs) and ependymomas are Grade IV tumors that originates from the glial 
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cells and are most aggressive tumors of the central nervous system (CNS)[303]. Ependymomas 

are the tumors of the neuroectodermal region and arises from the glial cells and are present in 

the parenchyma of the brain due to the migration of the ependymal cells of the fetus from the 

periventricular areas(Centeno et al., 1986). The prevalence of ependymoma is more in males as 

compared to females and can happen in age groups[306].  Overall survival of the patients 

suffering from ependymoma remains around 40%[307]. Glioblastoma on the other hand is the 

most commonly occurring brain tumors and can arise from oligodendrocytes, astrocytes or from 

the ependymal cells. Their classification is based on the site of the origin and can be defined as 

either oligodendrogliomas, astrocytoma or glioblastomas[231]. These tumors are more 

aggressive than ependymomas and are more lethal and account for almost 75 % of the cases as 

recognized by the World Health organization (WHO). Standard therapy in glioblastoma still 

remains temozolomide followed by radiotherapy thus, causes short survival and poor prognosis 

in patients. The median survival in patients suffering from glioblastoma remains only 10-16 

months after treatment[234]. In both the tumors described there is a lack in therapeutically 

targeting these tumors as these tumors have unpredictable etiologies and the complex 

mechanism of these tumors are still unknown. Availability of the information regarding the role 

of chemotherapy in case of ependymoma[308] is very less and only surgery remains an option. 

Although the potency to counter the primary tumors in both the high-grade and low-grade 

ependymomas is not upon the mark therefore more aggressive therapies are being employed in 

the clinics to find some better therapeutics in countering ependymomas. Here HSPs comes into 

counterplay as they mediate a number of cellular processes and could be a potential therapeutic 

avenue in countering both GBMs and ependymomas.  

HSP90 is the most studied class and its inhibitors are found to be effective in the treatment of 

cancer. One study investigated the role of 17-allylamino-17demethoxygeldanamycin (17-AAG) 

or Tanespimycin as a therapeutic agent in GBM. This inhibitor was found to be effective in 

combination with Olaparib and also caused the inhibition of Poly ADP-ribose polymerase 
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(PARP) in case of glioblastoma. However, no study claims its role in the inhibition of 

ependymomas. Another study used ZD1839 , which is an inhibitor of epidermal growth factor 

receptor (EGFR) against the glioma cells[310].  Inhibitors of HSP70 such as VER-155008, 

MAL3-101 also showed promising results against various brain tumors. Studies have also 

shown that cannabinoid agonist such as WIN55-212-2 was found to be efficient in human 

glioblastoma cell line U-251MG and also showed to alter the expressional levels of HSP70, 

cathepsin and p53(Silva et al., 2019). These studies suggest that targeting HSPs can be more 

fruitful and hence, more studies are needed to be done against HSPs in understanding the role 

of HSPs in countering both the tumors. Therefore, our findings may provide a better 

understanding of the pathways of the HSPs that are mutually dysregulated in both GBMs and 

ependymomas, and this open new opportunities in the therapeutic options in both the brain 

malignancies.  
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4.2. METHODOLOGY 

4.2.1. RETRIEVAL OF RAW DATA  

Dataset that was employed in the study was extracted from the National Centre of 

Biotechnology Information (NCBI) gene expression omnibus (GEO) 

(https://www.ncbi.nlm.nih.gov/geo/) [290]. The microarray gene expression profiles were 

obtained from GSE 50161 dataset. The dataset used for the study was based on the criteria as 

discussed. First criteria were to use only those datasets that contained the array expressional 

analysis data of human brain tissue samples from GBM patients, ependymoma and healthy 

patients. Secondly, the dataset must possess the ependymoma, GBM and the control samples in 

one dataset itself. Thirdly, all the patient samples present within the dataset whether healthy or 

tumor are not previously exposed to any kind of prior treatment (chemotherapy or 

radiotherapy). Fourthly, the number of human patient samples either healthy, GBM and 

ependymoma affected should not be less than 10 in number within the dataset respectively[313]. 

The platform that is used in GSE 50161 is GPL570 [HG-U133_Plus_2] Affymetrix human 

genome.  

4.2.2. DATA PROCESSING, ANALYSIS OF DEGS AND PREDICTION OF HSPS 

Raw read counts for input data were obtained from TCGA or GEO dataset. R package DESeq2 

was also used for data extraction. The analysis was further nurtured using GEO2R 

(https://www.ncbi.nlm.nih.gov/geo/geo2r) a web-based interactive tool that works on the R 

language limma package. GEO2R acts as a tool for the comparative establishment for two or 

more sets of gene samples in the GEO series[290]. To study the underlying biological prospects, 

biological functions were annotated for the differentially expressed genes. Parameters such as   

P-value <0.05 and the |Log FC|>2 and |Log FC|<2 were used as cut-off criteria to filter the 

differentially expressed genes. Identification of HSPs from the screened DEGs, commonly 

regulating in both tumors was done using HSPMdb[314] database and by literature survey.  

 

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/geo2r
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4.2.3. PROTEIN-PROTEIN FUNCTIONAL INTERACTION AND NETWORK 

ANALYSIS 

Interaction of proteins was committed using Network Analyst[315] which is an online 

bioinformatic tool(Zhou et al., 2019). All the common heat shock proteins were used as input 

in network preparation. Network Analyst is used as network construction and visualization tool 

that incorporates various databases for analysis. Topological parameters such as Degree 

centrality and distribution of betweenness was done using network analyzer using CytosScape. 

Degree centrality refers to the number of connections in the network and also the impact of a 

node on the network. The betweenness centrality of the nodes represents the shortest distance 

between the nodes passing through the query node. In addition to this, module explorer panel 

was also used for the identification of interlinked proteins in the network. Based on the number 

of proteins involved in the interaction these modules were ranked. First order network analysis 

was done to reduce the hairball effect. For the analysis of large and complicated biological 

networks, nodes are considered significant and is hampered by this hairball effect. 

4.2.4. FUNCTIONAL ENRICHMENT AND PATHWAY ANALYSIS  

To determine the functional aspects of the predicted overlapping HSPs, the functional 

annotation map module of the database for visualization, annotation and integration we used 

DAVID bioinformatics database. This database was used for the analysis and to give annotation 

to the identified overlapping HSPs. We also used another tool for the Gene Ontology (GO) term 

and the pathway prediction was done using SHINY GO 7.16 

(http://bioinformatics.sdstate.edu/go/). Parameters such as |P-value <0.05|, |Log Fc >2| and |Log 

Fc <2| were used as threshold for significantly enriched terms. Eventually, the functional 

enrichment network was constructed[317]. Enrichment analysis was done to understand the 

biological process, molecular function and cellular components using GO term analysis. Kyoto 

encyclopedia of genes and genomes (KEGG) pathway analysis was conducted for the common 

predicted HSPs in glioblastoma and ependymoma. The analysis was performed using Web-

http://bioinformatics.sdstate.edu/go/
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Gestalt (WEB-based Gene Set Analysis Toolkit). Web-Gestalt which is a web based functional 

enrichment tool is able to identify the KEGG pathway that are associated with the genes 

required to be studied. Also helps to identify the genes interacting in each pathway along with 

their Entrez ID[318][319]. P-value of less than 0.05 was used as cutoff criterion in KEGG 

analysis. Further, the dot plot for the enriched KEGG pathways was plotted using cluster 

Profiler package 4.0 [320]. 

4.2.5. IDENTIFICATION OF COMMON REGULATORY TRANSCRIPTOMES  

For the identification of common HSPs transcriptomes, the coinciding genes were targeted in 

different databases. This analysis was done to identify the common transcription factors (TFs) 

and miRNAs that were regulatory at both translational and post-translational levels in GBM 

and ependymoma. The prediction of common regulatory transcriptional factors[321] was done 

using ENCODE database[322][323], which is a ChIP sequencing data that is based on BETA 

Minus algorithm(Bisht et al., 2020). The signals with peak intensity <500 and potential 

regulatory score <1, used as threshold in the BETA algorithm used by this database. Potential 

prediction of miRNA was done using DIANA-TarBase v8 database(Karagkouni et al., 2018), 

that encompasses experimentally validated miRNA targets of genes of different species. 

4.2.6. TRANSCRIPTIONAL AND POST TRANSCRIPTIONAL REGULATION OF TF-

HSP, TF-MIRNA, MIRNA-HSPS AND HSPS-TF 

The prediction of TF-HSPs and TF-miRNA interactions was done using Transcription factor 

(TRANSFAC) database. TRANSFAC[326,327] is a comprehensive database of transcription 

factor-target genes interactions. We selected only those TF-HSPs pairs that were found to be 

conserved in humans. To study the post-transcriptional regulation at miRNA and TF levels, we 

used three reliable databases for miRNA-target prediction. The three databases that were used 

are miRanda[328], TargetScan[329] and PITA[330]. The data in these databases is obtained 

from low and high throughput experimental procedures. Only those pairs were selected that 

were present in atleast two databases. Further, the construction of miRNA-TF-HSPs 
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coregulatory network was done using Network Analyst. 

4.2.7. DRUG SCREENING AND TARGET HSP CONFIRMATION 

The common regulatory HSPs and key drivers that were screened from DEGs obtained were 

then used for CREEDS[331]. The database can be accessed using 

(https://maayanlab.cloud/CREEDS/) After the prediction from CREEDS the results obtained 

were then subjected to Drug Gene Budger (https://maayanlab.cloud/DGB/). Confirmation of 

the best HSP that could be targeted from the list of identified HSPs was done using Brain-RNA 

seq (https://www.brainrnaseq.org/). Brain-RNA seq is a web-based database containing the 

RNA sequences information of the cells of the glial and neuronal origin.  

4.2.8. RANKING AND SCORING OF PREDICTED DRUGS 

Drugs predicted using CREEDs and Drug Gene Budger analysis was then used as an input to 

computational drug repositioning score (CoDRES) tool. CoDRES[332] is a computational 

analysis tool that allows a functional score (FS) and structural score (STS) to independent drugs 

based on the disease of interest. This tool gives the best repositioning score to the identified 

drugs based on the similarity and functions. 

4.2.9. MOLECULAR DOCKING, ADMET AND BLOOD-BRAIN BARRIER (BBB) 

ANALYSIS 

Molecular docking studies were performed for the confirmation of the identification of 

candidate drugs. The PDB confirmation of HSP90AB1 (PDB ID: 3NMQ) was retrieved from 

RCSB PDB database. WEBINA ( https://durrantlab.pitt.edu/webina/) which is a web-based 

interaction that works on JavaScript and runs AUTODOCK Vina on web. Heteroatoms within 

the HSP90AB1 structure were omitted and addition of hydrogen was done using UCSF chimera 

and Avogadro. The grid size was set with the following coordinates (X-axis=30, Y-axis=30 and 

Z-axis=30). The 2D and the 3D interactions of the complexes were visualized using Discovery 

Studio (https://biovia-discovery-studio-2022-client.software.informer.com/ ). The ADMET 

(absorption, distribution, metabolism, excretion and toxicity) of the predicted candidate drugs 

https://maayanlab.cloud/CREEDS/
https://maayanlab.cloud/DGB/
https://www.brainrnaseq.org/
https://durrantlab.pitt.edu/webina/
https://biovia-discovery-studio-2022-client.software.informer.com/


73 | P a g e  

was done using SWISSADME. The BBB permeability[333] of the predicted candidate drugs 

was checked using CBligand (https://www.cbligand.org/BBB/mainpage.php).  

4.2.10. MOLECULAR DYNAMIC (MD) SIMULATION STUDIES 

Dynamic simulation studies were performed using GROMACS 2019.3 package 

(https://bioexcel.eu/software/gromacs/) following docking analysis for final validation. 

Preparation of the complexes was done using Charmm37 all atom forcefield. The generation of 

the charge topology was conducted using CGenFF along with solvation in cubical boundary 

box with a dimensional gap of 1.0nm (applying TIP3 water model). The addition of Na+ and 

Cl- ion was done to perform charge neutralization. Minimization of energy carried out at 

20KJ/mol/mm by implementing a descent long algorithm of 10000 steps proceeded by 10000 

steps of conjugate gradient to remove any stearic hinderance. Calculation for the root mean 

square fluctuation (RMSF), root mean square deviations (RMSD), Interaction energy and radius 

of gyration was done and then plots were constructed.  

The detailed pipeline of the study is represented in Figure 4.1.  

https://www.cbligand.org/BBB/mainpage.php
https://bioexcel.eu/software/gromacs/
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Figure 4.1. Workflow pipeline: Data was retrieved from Gene expression omnibus (GEO) 

database for transcriptomics studies. Data processing was done using Gene expression 

profiling interactive analysis 2 (GEPAI2) After data processing the identification of putative Heat 

shock proteins (HSPs) was carried out using literature survey and HSPMdb database. Following 

the prediction, the intersection of common HPSs in Glioblastoma (GBMs)and ependymoma was 

done using Venn diagrams. Protein-protein interaction (PPI) analysis extracted common hub 

genes to search for disease-disease similarity. These hub genes were further subjected to 

enrichment analysis and pathway analysis to obtain significant pathways and common GO 

terms. The common regulation of the two indications was further confirmed by identifying 

common transcription factors (TFs) and microRNAs (miRNA). CREEDs analysis and LINC1000 

Drug Gene Budger was used to identify potential candidate drugs targeting HSPs mutually in 

GBMs and ependymoma. Finally, the ranking of the candidate drugs was done using CoDReS 

giving the functional, structural and composite scores of the candidate drugs.  

 

4.3. RESULTS 

4.3.1. COLLECTION OF RAW DATA 

Microarray data from the gene expression profile GSE 50161 was downloaded from NCBI 

GEO databases. A total of 130 human surgical samples of the brain were present in the dataset. 
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Out of these the count of the diseased ependymoma samples present in this dataset was 46, 

count for diseased glioblastoma samples was 33 and the number of normal brain samples that 

were present in this dataset was 13. Rest of the samples were not employed for analysis as those 

were astrocytoma and medulloblastoma samples and our study was focused to GBM and 

ependymoma only. 

4.3.2. DIFFERENTIAL EXPRESSION OF HSPS IN EPENDYMOMA AND GBM 

SAMPLES 

Identification of the DEGs of which the expression levels were highly correlated may highlight 

the pathological and the biological events occurring between GBMs, ependymoma and the 

potential signature genes. The DEGs were picked by comparing the genes between the normal 

and the diseased samples. In case of glioblastoma based on the P-value out of 20713 genes, 

9261 genes were filtered out. A total of 6107 genes were identified to be differentially expressed 

and downregulated after applying a fold change of less than or equals 2 and 1736 genes found 

to be upregulated when the fold change was above or equal to 2. When talking about 

ependymoma, out of 21051 gene, 9222 genes were filtered out based on the P-value. From these 

7214 gene were identified to be downregulated based on Log Fc<2 and 1919 genes found to be 

upregulated when we applied a Log Fc>2. After the prediction of DEGs in both the diseased 

states, evaluation of the heat shock proteins in both GBM and ependymoma was done. Based 

on the data available from HSPMdb and literature mining, HSPs were selected from these 

DEGs. A total of 52 HSPs were identified from the DEGs obtained from GBM samples and 41 

HSPs was obtained from DEGs of ependymoma samples. Following Venn analysis, a total of 

22 HSPs was predicted, commonly regulating in both the tumors. The summarization of the 

overlapping HSPs can be seen in Figure 4.2. These 22 HSPs were preceded for further analysis.  

 



76 | P a g e  

 

Figure 4.2: Representation of the various heat shock proteins (HSPs) identified to be common in 

both Glioblastoma and ependymoma. (A) 22 out of 65 HSPs predicted using literature survey 
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were found to be overlapping in Glioblastomas and ependymomas. (B) 6 out of 7 predicted HSPs 

identified to be upregulated in both glioblastoma and ependymomas. (C) 16 out of 38 HSPs 

predicted to be mutually occurring in both glioblastoma and ependymomas. 

 

4.3.3. CONSTRUCTION OF HSPS PPIN IDENTIFIES DYSREGULATED GENES 

LINKING GBM AND EPENDYMOMA 

HSPs are known to possess many important biological functions and a vast biological 

significance. 22 regulatory HSPs obtained after Venn analysis were used to construct a 

panorama of the protein-protein interaction network. This interaction network was plotted to 

predict the biological interactions that were significant commonly in glioblastoma and 

ependymoma. These 22 differentially expressed HSPs were used for mapping to the parental 

network as the hub nodes which later formed subnetwork comprising of all the interactions. 

Resultant PPI network showed 8 different subnetworks with several nodes and intercalating 

edges. To further reduce the ‘hairball effect’ PPI network mapping of first order was done that 

only contained the seed nodes and other interconnecting nodes. From these 8 different 

subnetworks only the largest subnetwork comprising of 669 nodes and 1247 edges, which are 

known to be differential HSPs interaction and were used for further analysis. The assessment 

of the subnetwork was based on different topological parameters consisting of betweenness and 

degree centrality. We found that degree ranging from 1 to 371 and betweenness ranging from 

0 to 137466.1 in the largest subnetwork. Nodes with the higher values were predicted to be the 

hub nodes while with higher betweenness values were known to be bottleneck nodes. Through 

our observations we predicted that HSP90AA1 (Degree:371; Betweenness: 137466.1), HSPD1 

(Degree:103; Betweenness: 41658.09), CCT2 (Degree:103; Betweenness: 31247.69), 

HSP90AB1 (Degree:172; Betweenness: 29831.8), HSPA1A (Degree:106; Betweenness: 

26204.73) as the top five hub nodes with the highest values of degrees. These hub nodes can be 

seen as the possible therapeutic targets in both glioblastoma and ependymoma as they show the 

largest involvement with the interacting signaling cascades. To further give a better illustration 
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of the network we performed module analysis to identify modules possessing identical 

biological functions. Out of different modules, we only selected top 3 modules based on the P-

value ≥0.05 and the size of the module ranging from 5 to 70 genes. Module 0 (p-value 6.34E-

11) consisted of HSP90AB1, DNAJC2, DNAJC4, HSPA1A, HSPA12A and HSPH1 as hub 

nodes, module 1 (p-value 7.66E-19) had CCT2, CCT6B and CCT3 hub nodes while module 2 

(p-value 3.04E-03) had HSPD1 and HSPE1 hub nodes. 

4.3.4. FUNCTIONAL ENRICHMENT AND PATHWAY ANALYSIS OF THE 

PREDICTED HSPS  

Gene ontology (GO) enrichment analysis of 22 HSPs was performed using DAVID database 

and with SHINY GO enrichment tool. Based on the above-mentioned results, three types of 

functional enrichment analysis were performed. This analysis was done to look at the biological 

process (BP), cellular component (CC) and molecular functions (MF). These enrichments can 

be seen in Figure 4.3.  
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Figure 4.3: (A-C) Gene ontology (GO) functional enrichment analysis of 22 common ubiquitin E3 

ligases. (A) GO Biological Enrichment analysis involved in protein folding, chaperone-mediated 

protein complex assembly and chaperone-mediated protein folding requiring cofactors. The 

bigger the dots, the greater the color is too red, showing the greater significance and number of 

genes involved in that process. (B) GO Cellular process enrichment showed that the majority of 

HSPs were associated with extracellular exosomes, endoplasmic reticulum, membrane 

formation, endoplasmic reticulum chaperone complexes and endocytic vesicle lumens. (C) GO 

Molecular function enrichment identified that majority of the HSPs can be seen in processes 

such as unfolded protein binding, ATP binding, ATPase activity, RNA binding and ubiquitin 

protein ligase binding. (D-F) Depicts the images of the various pathways for 22 Heat Shock 

proteins (HSPs) and how they are enriched in Reactome, WikiPathway and KEGG analysis. Most 

of overlapping HSPs can be visualized in pathways such as ‘protein processing in endoplasmic 

reticulum (Enrichment FDR: 2.43E-09)’, ‘IL-signaling pathway reticulum (Enrichment FDR: 

0.000493)’, ‘Pathway involved in Glioma reticulum (Enrichment FDR: 0.000498)’, ‘Antigen 

processing and presentation reticulum (Enrichment FDR: 0.000543)’, ‘Estrogen signaling 

pathways reticulum (Enrichment FDR: 0.000933)’, ‘Lipid and atherosclerosis pathway reticulum 

(Enrichment FDR: 0.000419)’, and ‘Pathways in cancer (Enrichment FDR: 0.017039)’. HSP90AB1, 

HSP90B1 and HSP90B1 found to be involved in most of the intersecting pathways in both 

glioblastoma and ependymoma. Other HSPs that were identified in other pathways were 
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DNAJC10, DNAJB11, HSPH1 and DNAJB12. The bigger the nodes represent a greater number of 

genes involved and thicker edges here represent significance. 

 

Most of the HSPs in GO_BP were involved in protein folding, chaperone-mediated protein 

complex assembly and chaperone-mediated protein folding requiring cofactors. When taking 

about the GO_CC, these HSPs were associated with extracellular exosomes, endoplasmic 

reticulum, membrane formation, endoplasmic reticulum chaperone complexes and endocytic 

vesicle lumens. Coming to the GO_MF, majority of the HSPs can be seen in processes such as 

unfolded protein binding, ATP binding, ATPase activity, RNA binding and ubiquitin protein 

ligase binding. A comprehensive overview of these heat shock proteins commanding various 

processes in GBMs and ependymoma can be visualized in Table 4.1. To enumerate the various 

common regulatory pathways that are deregulated mutually in GBMs and ependymoma, we 

conducted pathway enrichment of the hub HSPs using reactome, wiki and KEGG analysis. The 

22 differentially expressed HSPs were used as an input for enrichment. A distinct count of 15 

pathways had been enriched for this study. These are represented in Figure 4.3 (D-F).  
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Category Term 
Hit 

Count 
GO P-Value 

Genes Hit 
list 

List Total 
Fold 

Enrichment 
Benja
min 

FDR 

GO 
Biologica

l 
Processe

s 

Protein 
folding 

15 

GO
:00
064
57 

2.04E-16 

DNAJC10, 
HSP90AA1, 
DNAJB11, 

HSP90AB1, 
DNAJC2, 
HSPE1, 
HSPH1, 
CCT6B, 
DNAJA4, 
HSPD1, 

DNAJB12, 
CCT3, 

DNAJB14, 
CCT2, 

HSP90B1 

22 61.82063953 
3.6766
7E-14 

3.288
58E-
14 

 
GO 

Biologica
l 

Processe
s 

Chape
rone-

mediat
ed 

protein 
compl

ex 
assem

bly 

5 

GO
:00
511
31 

4.82E-09 

CCT2, 
HSP90AA1, 
HSP90AB1, 

HSPD1, 
HSPA1A 

22 219.6931818 
2.8909
7E-07 

2.585
81E-
07 

 
GO 

Biologica
l 

Processe
s 

Chape
rone 

mediat
ed 

protein 
folding 
requiri

ng 
cofact

or 

5 

GO
:00
510
85 

3.03E-08 

HSPH1, 
DNAJB12, 
DNAJB14, 
HSPE1, 
HSPA1A 

22 142.1544118 
1.3644
1E-06 

1.220
39E-
06 

GO 
Biologica

l 
Processe

s 

Protein 
refoldi

ng 
4 

GO
:00
420
26 

1.83E-06 

HSP90AA1, 
DNAJA4, 
HSPD1, 
HSPA1A 

22 154.664 
5.5853
5E-05 

4.995
79E-
05 

 
GO 

Biologica
l 

Processe
s 

Protein 
stabiliz
ation 

6 

GO
:00
508
21 

1.86E-06 

CCT3, 
CCT2, 

HSP90AA1, 
HSP90AB1, 

HSPD1, 
HSPA1A 

22 26.36318182 
5.5853
5E-05 

4.995
79E-
05 

GO 
Biologica

l 
Processe

s 

Cellula
r 

respon
se to 
heat 

4 

GO
:00
346
05 

1.93E-05 

HSP90AA1, 
HSP90AB1, 

HSPD1, 
HSPA1A 

22 71.6037037 
0.0004
97264 

0.000
4447
75 

 
GO 

Biologica
l 

Processe
s 

Ubiquit
in-

depen
dent 

ERAD 
pathw

ay 

4 

GO
:00
304
33 

6.54E-05 

DNAJC10, 
DNAJB12, 
DNAJB14, 
HSP90B1 

22 47.73580247 
0.0014
71778 

0.001
3164
24 

GO 
Biologica

Regula
tion of 

3 
GO
:00

0.000139 
HSP90AA1, 
HSP90AB1, 

22 161.1083333 
0.0027
73943 

0.002
4811
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l 
Processe

s 

protein 
ubiquiti
nation 

313
96 

HSPA1A 38 

GO 
Biologica

l 
Processe

s 

Positiv
e 

regulat
ion of 

telome
rase 

activity 

3 

GO
:00
519
73 

0.000504 
CCT2, 

HSP90AA1, 
HSP90AB1 

22 85.29264706 
0.0090
68588 

0.008
1113
48 

GO 
Biologica

l 
Processe

s 

Regula
tion of 
cellular 
protein 
localiz
ation 

2 

GO
:19
038
27 

0.014646 
HSP90AA1, 
HSP90AB1 

20 128.8866667 
0.1255
36434 

0.112
2853
66 

GO 
Molecula

r 
Function

s 

Unfold
ed 

protein 
bindin

g 

11 

GO
:00
510
82 

3.11E-17 

CCT3, 
CCT2, 

HSP90AA1, 
HSP90AB1, 

DNAJA4, 
DNAJB11, 
HSPE1, 

HSP90B1, 
HSPD1, 
CCT6B, 
HSPA1A 

21 75.60450745 
2.3029
8E-15 

1.898
4E-
15 

GO 
Molecula

r 
Function

s 

ATPas
e 

activity 
8 

GO
:00
168
87 

4.78E-08 

CCT3, 
CCT2, 

HSP90AA1, 
HSP90AB1, 
HSP90B1, 
HSPD1, 
CCT6B, 
HSPA1A 

21 20.34759214 
1.7675
3E-06 

1.457
02E-
06 

GO 
Molecula

r 
Function

s 

ATP 
bindin

g 
12 

GO
:00
055
24 

8.57E-08 

CCT3, 
CCT2, 

HSP90AA1, 
HSPH1, 

HSP90AB1, 
DNAJA4, 

HSPA12A, 
HSPE1, 

HSP90B1, 
HSPD1, 
CCT6B, 
HSPA1A 

21 7.011402614 
2.1135
3E-06 

1.742
24E-
06 

GO 
Molecula

r 
Function

s 

Hsp70 
protein 
bindin

g 

5 

GO
:00
305
44 

1.58E-07 

DNAJC2, 
DNAJA4, 

DNAJC10, 
DNAJB12, 
DNAJB14 

21 95.7852077 
2.7679
7E-06 

2.281
71E-
06 

GO 
Molecula

r 
Function

s 

Protein 
bindin

g 
involve

d in 
protein 
folding 

5 

GO
:00
441
83 

1.87E-07 

CCT3, 
CCT2, 

HSP90AB1, 
CCT6B, 
HSPA1A 

21 91.87560739 
2.7679
7E-06 

2.281
71E-
06 
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GO 
Molecula

r 
Function

s 

Chape
rone 

bindin
g 

4 

GO
:00
510
87 

0.000203 

DNAJA4, 
DNAJC10, 

HSPE1, 
HSPD1 

21 32.74112554 
0.0025
06195 

0.002
0659
17 

GO 
Molecula

r 
Function

s 

Ubiquit
in 

protein 
ligase 
bindin

g 

5 

GO
:00
316
25 

0.000269 

CCT2, 
HSP90AA1, 
HSP90AB1, 

HSPD1, 
HSPA1A 

21 14.66418489 
0.0028
4237 

0.002
3430
35 

GO 
Molecula

r 
Function

s 

RNA 
bindin

g 
8 

GO
:00
037
23 

0.000533 

CCT3, 
DNAJC2, 

HSP90AA1, 
HSP90AB1, 

HSPE1, 
HSP90B1, 
HSPD1, 
HSPA1A 

21 4.896701305 
0.0043
86134 

0.003
6155
97 

GO 
Molecula

r 
Function

s 

Disord
ered 

domai
n 

specifi
c 

bindin
g 

3 

GO
:00
977
18 

0.000692 
HSP90AA1, 
HSP90AB1, 

HSPA1A 
21 73.003861 

0.0051
2362 

0.004
2235
24 

GO 
Molecula

r 
Function

s 

TPR 
domai

n 
bindin

g 

2 

GO
:00
309
11 

0.008432 
HSP90AA1, 
HSP90AB1 

21 225.0952381 
0.0529
58379 

0.043
6548

8 

GO 
Cellular 

compone
nt 

Endopl
asmic 
reticul

um 
chaper

one 
compl

ex 

3 

GO
:00
346
63 

5.42E-05 
DNAJB11, 
DNAJC10, 
HSP90B1 

22 255.1239669 
0.0020
88319 

0.001
6272
61 

GO 
Cellular 

compone
nt 

Chape
ronin-
contai
ning T-
compl

ex 

3 

GO
:00
058
32 

5.42E-05 
CCT3, 
CCT2, 
CCT6B 

22 255.1239669 
0.0020
88319 

0.001
6272
61 

GO 
Cellular   

compone
nt 

Endoc
ytic 

vesicle 
lumen 

3 

GO
:00
716
82  

0.00015 
HSP90AA1, 

HSPH1, 
HSP90B1 

22 155.9090909 
0.0032
67354 

0.002
5459

9 

 
GO 

Cellular 
compone

nt 

Extrac
ellular 
exoso

me 

10 

GO
:00
700
62 

0.00017 

CCT3, 
CCT2, 

HSP90AA1, 
HSPH1, 

HSP90AB1, 
HSPA12A, 

HSPE1, 
HSP90B1, 
HSPD1, 
HSPA1A 

22 4.215658159 
0.0032
67354 

0.002
5459

9 
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Table 4.1: Tabular representation of GO functionally enriched heat shock proteins (HSPs) with 

associated biological processes, molecular functions and cellular components in glioblastoma 

and ependymoma. 

Pathways having high enrichment FDR values were selected for the study. Most of overlapping 

HSPs can be visualized in pathways such as ‘protein processing in endoplasmic reticulum 

(Enrichment FDR: 2.43E-09)’, ‘IL-signaling pathway reticulum (Enrichment FDR: 0.000493)’, 

‘Pathway involved in Glioma reticulum (Enrichment FDR: 0.000498)’, ‘Antigen processing 

and presentation reticulum (Enrichment FDR: 0.000543)’, ‘Estrogen signaling pathways 

reticulum (Enrichment FDR: 0.000933)’, ‘Lipid and atherosclerosis pathway reticulum 

(Enrichment FDR: 0.000419)’, and ‘Pathways in cancer (Enrichment FDR: 0.017039)’. 

HSP90AB1, HSP90B1 and HSP90B1 found to be involved in most of the intersecting pathways 

GO 
Cellular 

compone
nt 

Melan
osom

e 
3 

GO
:00
424
70 

0.004989 
HSP90AA1, 
HSP90AB1, 
HSP90B1 

22 26.98426573 
0.0557
95764 

0.043
4772
19 

GO 
Cellular 

compone
nt 

Endopl
asmic 
reticul

um 

6 

GO
:00
057
83 

0.005072 

DNAJB11, 
DNAJC10, 
DNAJB12, 
DNAJB14, 
HSP90B1, 
HSPA1A 

22 4.906230134 
0.0557
95764 

0.043
4772
19 

 
GO 

Cellular 
compone

nt 

Ficolin
-1-rich 
granul

e 
lumen 

3 

GO
:19
048
13 

0.007017 
HSP90AA1, 
HSP90AB1, 

HSPA1A 
22 22.63196481 

0.0583
22387 

0.045
4460
16 

 
GO 

Cellular 
compone

nt 

Sperm 
plasm

a 
membr

ane 

2 

GO
:00
975
24 

0.007122 
HSP90B1, 

HSPD1 
22 267.2727273 

0.0583
22387 

0.045
4460
16 

 
GO 

Cellular 
compone

nt 

Zona 
pelluci

da 
recept

or 
compl

ex 

2 

GO
:00
021
99 

0.008136 
CCT3, 
CCT2 

22 233.8636364 
0.0583
22387 

0.045
4460
16 

 
GO 

Cellular 
compone

nt 

Membr
ane 

10 

GO
:00
160
20 

0.008332 

HSP90AA1, 
HSP90AB1, 

DNAJA4, 
DNAJB11, 
DNAJC10, 
DNAJB12, 
DNAJB14, 
HSPE1, 

HSP90B1, 
HSPD1 

22 2.468869215 
0.0583
22387 

0.045
4460
16 
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in both glioblastoma and ependymoma. Other HSPs that were identified in other pathways were  

DNAJC10, DNAJB11, HSPH1 and DNAJB12. These results suggests that HSP90AB1, 

HSP90b1 and HSP90B1 have multiple metabolic functions and are involved in various 

processes in human body. The detailed information is summarized in Table 4.2 

 

 

 

 

 

 

Enrichment 
FDR 

Hits 
Pathway 
Genes 

Fold 
Enrichment 

Pathway Genes Hit list 

2.43E-09 7 169 44.96252 

Protein 
processing in 
endoplasmic 

reticulum 

|DNAJC10|HSP90AA1|DNAJB11|H
SP90AB1|HSPH1|DNAJB12|HSP9

0B1| 

0.000493 3 93 35.0169 
IL-17 

signaling 
pathway 

|HSP90AA1|HSP90AB1|HSP90B1| 

0.000498 3 97 33.5729 Glioma |HSP90AA1|HSP90AB1|HSP90B1| 

0.00543 2 78 27.83394 

Antigen 
processing 

and 
presentation 

|HSP90AA1|HSP90AB1| 

0.000933 3 138 23.59834 
Estrogen 
signaling 
pathway 

|HSP90AA1|HSP90AB1|HSP90B1| 

0.000933 3 138 23.59834 

Fluid shear 
stress and 

atherosclerosi
s 

|HSP90AA1|HSP90AB1|HSP90B1| 

0.00766 2 100 21.71048 

Progesterone-
mediated 

oocyte 
maturation 

|HSP90AA1|HSP90AB1| 

0.000419 4 214 20.29016 
Lipid and 

atherosclerosi
s 

|HSP90AA1|HSP90AB1|HSPD1|H
SP90B1| 

0.007706 2 108 20.10229 
Th17 cell 

differentiation 
|HSP90AA1|HSP90AB1| 

0.002261 3 197 16.53082 
Chemical 

carcinogenesi
s 

|HSP90AA1|HSP90AB1|HSP90B1| 

0.015034 2 159 13.65439 Necroptosis |HSP90AA1|HSP90AB1| 

0.003886 3 249 13.0786 
Salmonella 

infection 
|HSP90AA1|HSP90AB1|HSP90B1| 

0.017039 2 180 12.06138 

NOD-like 
receptor 
signaling 
pathway 

|HSP90AA1|HSP90AB1| 

0.00766 3 354 9.199354 
PI3K-Akt 
signaling 
pathway 

|HSP90AA1|HSP90AB1|HSP90B1| 

0.017039 3 530 6.144474 
Pathways in 

cancer 
|HSP90AA1|HSP90AB1|HSP90B1| 
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Table 4.2: Tabular representation of KEGG pathway analysis of the predicted HSPs along with 

their fold change and enrichment false discovery rate (FDR) in glioblastoma and ependymoma.  

 

4.3.5. IDENTIFICATION OF MUTUAL REGULATORY TRANSCRIPTOMES 

LINKING HSPS IN GBMS AND EPENDYMOMA 

To study the mutualistic role of each of the predicted HSPs and to establish a link in 

glioblastoma and ependymoma at transcriptional and post-transcriptional levels, we tried to 

decipher a connection of the hub genes with the miRNAs and TFs. GATA2, FOXC1, USF2,  

NFIC, FOXL1, RELA, YY1, CREB1, NFKB1 and E2F1 were disclosed to be the top 10 

interacting transcription factors with the hub HSPs and are summarized in Table 4.3. The link 

can be visualized in Figure 4.4 
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Figure. 4.4 (A) Transcription Factor-Heat shock protein networks showing the interaction between 

the hub HSPs and associated transcription factors (TFs). The red circles represent the hub genes 

and the blue diamond represent the associated TFs. (B) Module 0 represent 11 query nodes, 

HSP90AB1, HSPA1A, HSP90B1, CCT2, DNAJC2, DNAJB11 and CCT6B. (C) Module 1 represent 2 
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query nodes DNAJb14 and HSP90AA1. Yellow diamond in the module represents interacting TFs 

common in Glioblastoma (GBMs) and Ependymoma. 

 

 

Table 4.3: Tabular summarization of top transcription factors and their associated heat shock 

proteins (HSPs) common both in glioblastoma and ependymoma. 

 

Likewise, hsa-miR-16-5p, hsa-miR-26b-5p, hsa-miR-92a-3p, hsa-miR-335-5p and hsa-miR-92a-

Id 
Transcription 
factor (TFs) 

Associated HSPs Degree Betweenness 

2624 GATA2 

CCT2, DNAJC12, 
HSP90AB1, HSP90AA1, 

HSPH1, CCT3, 
DNAJC11, DNAJC2, 
HSP90B1, DNAJA4, 

HSPA12A, DNAJB14, 
HSPD1 

14 188.62 

2296 FOXC1 

CCT2, DNAJC12, 
DNAJC6, HSPB3, 

HSP90AA1, HSPH1, 
DNAJC2, DNAJC10, 
DNAJC27, DNAJA4, 
DNAJB14, HSPD1, 

HSPE1 

13 171.09 

7392 USF2 

HSPA1A, HSPH1, 
CCT3, HSP90B1, 

DNAJC27, HSPE1, 
DNAJB11, DNAJB12 

8 66.85 

4782 NFIC 

HSPA1A, DNAJC12, 
HSP90AB1, DNAJC10, 

HSP90B1, HSPD1, 
CCT6B, DNAJB11 

8 54.68 

2300 FOXL1 

CCT2, HSPB3, 
HSP90AA1, HSPH1, 
DNAJB14, HSPD1, 

HSPE1, CCT6B 

8 51.5 

5970 RELA 

HSP90AB1, HSP90AA1, 
DNAJC11, HSP90B1, 
DNAJA4, HSPA12A, 

DNAJB11 

7 48.25 

7528 YY1 
CCT2, HSPH1, CCT3, 
DNAJA4, DNAJB14, 

DNAJB11 
7 31.86 

1385 CREB1 
DNAJC6, HSP90AB1, 
HSP90B1, DNAJC27, 
DNAJA4, HSPA12A 

6 23.18 

4790 NFKB1 
HSP90AB1, DNAJC2, 
HSP90B1, HSPA12A, 

DNAJB11 
5 14.14 

1869 E2F1 
DNAJC12, HSP90B1, 
DNAJA4, DNAJB14, 

HSPE1 
5 12.81 
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3p, hsa-miR-15a-5p, hsa-miR-193b-3p, hsa-miR-218-5p, hsa-miR-501-5p, hsa-miR-1-3p/ hsa-

miR-206/hsa-miR-613 were selected as the top interacting miRNAs with hub HSPs and can be 

visualized in Figure 4.5A. 

All of these interacting miRNAs are summarized in Table 4.4.   

 

Table 4.4: Tabular representation of common regulatory miRNAs targeting various heat shock 

proteins (HSPs) in glioblastoma and ependymoma. 

4.3.6. ESTABLISHMENT OF MIRNA-TFS- TARGET HSPS COREGULATORY 

NETWORK 

In order to understand the regulatory relationship between miRNAs and TFs, the miRNA-TFs-

HSPs regulation network was constructed as shown in Figure 4.5B. hsa-miR-181d and has-miR-

23a had the rate of connectivity with the target HSPs and TFs. Whereas, several miRNAs were 

microRNA p-value FDR Odd ratio 
Number of 

interactions 
Target Genes 

hsa-miR-16-5p 1.63361E-05 0.008462105 0.217053903 10 

HSPA1A, HSP90B1, 
DNAJC2, DNAJA4, 

CCT6B, CCT3, HSPD1, 
HSPH1, HSP90AA1, 

DNAJC10 

hsa-miR-26b-5p 0.038242532 0.354424512 0.435408922 6 
DNAJC2, DNAJC12, 

HSPA12A, DNAJC11, 
DNAJC6, HSPD1 

hsa-miR-92a-3p 0.040501731 0.354424512 0.392286245 5 
HSP90B1, HSP90AB1, 

HSPH1, DNAJB12, 
DNAJC27 

hsa-miR-335-5p 0.298229545 0.392050052 0.732434944 5 
HSPB3, DNAJB14, 

HSP90B1, HSPA1A, 
HSP90AB1 

hsa-miR-92a-3p 0.040501731 0.354424512 0.392286245 5 
HSP90B1, HSP90AB1, 

HSPH1, DNAJB12, 
DNAJC27 

hsa-miR-15a-5p 0.015947705 0.354424512 0.249883829 4 
HSPA1A, HSP90B1, 
CCT6B, DNAJC10 

hsa-miR-193b-
3p 

0.02825663 0.354424512 0.297281599 4 
HSP90AB1, DNAJC11, 

CCT2, HSPH1 

hsa-miR-218-5p 0.02446857 0.354424512 0.284386617 4 
HSP90B1, DNAJC2, 
DNAJC11, DNAJA4 

hsa-miR-501-5p 0.001310597 0.339444689 0.073420074 3 
HSP90AB1, HSP90AA1, 

DNAJB14 

hsa-miR-1-3p/ 
hsa-miR-

206/hsa-miR-613 
0.133738208 0.354424512 0.427973978 3 

HSPD1, HSP90B1, 
DNAJC10 
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identified to have mutual targets such as has-miR-30C and has-miR-30b showed interactions with 

HSPH1 and CCT2. Also, various TFs were also found to be interconnected with different HSPs 

like GABA, MYC, RFX1 and EGFR1. These regulatory TFs interacted with DNAJC2, 

DNAJC10, HSPH1 and CCT2. We also visualized different modules to develop a better 

relationship amongst the transcriptomes and the target HSPs.  

Module 0 shows the interaction of CCT3 with E2F1 that was interacting with DNAJC10. hsa-

miR-141 was found to be interacting with HSPD1 and with E2F1. Other miRNA has-miR-206 

showed interlink with HSPD1 and HSF2. Similarly, hsa-miR-217 interacted with CCT2 and with 

transcription factor E2F7. From module 1 we predicted that HSP90B1 was interacting with has-

miR-522 which in turn was regulated by ZEB1. HSP90B1 was also interacting with NFYA, 

SREBF1 and BPTF along with has-miR-99a, hsa-miR-148 and has-miR-624. Module 2 revealed 

interaction of DNAJC6 with FOXO3B, FOXO1, NFIL3 which in turn also showed interactions 

with has-miR-323-3p, hsa-miR-876-3p and hsa-miR-501-5p.  
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Figure 4.5. (A): Representation of the miRNAs showing interacting with Heat shock proteins 

(HSPs) common in GBMs and ependymoma. The green circles represent the HSPs and the blue 

squares represent the associated. (B) The regulatory relationship between miRNAs and TFs, the 
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miRNA-TFs-HSPs regulation network was constructed highlighting HSP90B1 interacting with 

various miRNAs that are mutually associated in both the tumors. Similarly, hsa-miR-217 interacted 

with CCT2 and with transcription factor E2F7. HSP90B1 was interacting with has-miR-522 which 

in turn was regulated by ZEB1. HSP90B1 was also interacting with NFYA, SREBF1 and BPTF along 

with has-miR-99a, hsa-miR-148 and has-miR-624. 

 

4.3.7. PREDICTION OF POTENTIAL DRUG CANDIDATES AND PUTATIVE 

TARGETABLE HSP VALIDATION 

To identify therapeutic candidates that could potentially target HSPs in GBMs and ependymoma, 

we performed the CREEDS analysis followed by Drug Gene Budger from LINC1000. As 

CREEDS dataset comprises of thousands of single-drugs induced gene expression signatures 

obtained from GEO, these drugs could be possibly be used as therapeutics in the reversal of 

GBMs and ependymoma. To nurture our study, we used those gene set-drug pairs that carried 

significant p-values. In the initial screening we identified 26 drugs when we feed the upregulated 

hub HSPs into CREEDS with P-value <10-10 as threshold. Similarly, 148 drugs were obtained 

when downregulated hub HSPs were screened against the CREEDS database with same filters. 

From further analysis we predicted 5 drugs that could reverse the expression of the upregulated 

hub HSPs and 30 drugs which could reverse the expressional signature of the downregulated hub 

HSPs by checking the drug profiles. To crosscheck our results, we used Drug Gene Budger to 

explore our predicted drugs in L1000 database. Only the drugs that caused the differential gene 

expression of important HSPs, followed by Log Fc higher than 2 for upregulated HSPs and Log 

Fc lower than 2 for downregulated HSPs were considered for analysis using Drug Gene Budger. 

We found that only 2 drugs could reverse the expression pattern of upregulated HSPs in 

glioblastoma and ependymoma and 11 drugs for the expression reversal in downregulated HSPs. 

Resveratrol and cycloheximide was found to be changing the expression patterns of the 

upregulated HSPs. Similarly, Gefitinib, trovafloxacin, bortezomib, doxorubicin, imatinib, 

cytarabine, estradiol, luteolin, nilotinib and dasatinib were able to reverse the activity in 

downregulation hub HSPs. Out of 22 HSPs only 9 were found targetable based on the analysis 
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made from CREEDS and Drug Gene Budger. These HSPs were HSP90AB1, HSPH1, CCT2, 

HSP90B1, DNAJA4, DNAJC6, HSPAA1, DNAJC10 and HSPA1A.  We further proceeded to 

identify the most suitable HSP among all as a target against all the predicted drugs. Based on the 

RNA sequencing data and expression pattern of these HSPs, HSP90AB1 was found to be the 

most prominent HSPs against the identified ones. The expression rate in the microglial cells was 

227.30 in case of HSP90AB1, 92.03 in case of HSPH1, 18.67 in DNAJC10, 15.93 in CCT2, 0.33 

in DNAJC6 and 120.37 in case of HSP90B1. Therefore, HSP90AB1 was used to target for further 

analysis.  

4.3.8.  DRUG PRIORITIZATION BASED ON RANKING SCORES USING CODRES 

The results obtained from CREEDS and LINC 1000 Drug Gene Budger analysis were then 

checked for the functional and structural properties. The comprehensive comparative scores 

representing the structural, functional and composite scores are shown in Figure 4.6. 
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Figure 4.6. Representation of the scores of the candidate drugs obtained using CoDReS (A) 

Function scores of the candidate drugs. We predicted that four drugs- imatinib, cytarabine, 

estradiol and resveratrol have functional score value of 1 (B) Structural score value of 1 while 
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three drugs- Nilotinib, gefitinib, doxorubicin have a functional score of 1 but structural score was 

less than one (C) Composite CoDReS scores of various candidate drugs. With these observations 

we considered that resveratrol, cycloheximide and gefitinib as the most promising candidates. 

 

From the analysis, we predicted that four drugs- imatinib, cytarabine, estradiol and resveratrol 

have functional and structural score value of 1 while three drugs- Nilotinib, gefitinib, doxorubicin 

have a functional score of 1 but structural score was less than one. On the other hand, bortezomib, 

cycloheximide, luteolin and dasatinib had a structural score of 1 but the functional score was less 

than 1. These drugs were repositioned based on their composite CoDReS scores and imatinib, 

cytarabine, estradiol, resveratrol, and cycloheximide were identified as the top drugs. With these 

observations we considered that resveratrol, cycloheximide, gefitinib and imatinib as the most 

promising candidates for this study. The details of the individual scores are summarized in Table 

4.5.  
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Drug name 

Targetable 

Heat shock 

proteins 

(HSPs) 

 

 

 

Expression 

Pattern 

 

 

Drug 

Bank ID 

Functiona

l   Score 

Structural 

Score 
CoDReS 

Gefitinib 
 

HSPH1 

 

Downregulat

e 

DB0013

7 
1 0.833333 1 

Trovafloxacin 
 

HSPH1 
Downregulat

e 

DB0068

5 
0.762656 0.833333 0.87054 

Bortezomib 
 

HSPH1 
Downregulat

e 

DB0018

8 
0.199532 1 0.65429 

Gefitinib 
 

CCT2 

 

Downregulat

e 

 

 
DB0031

7 
 

 
 

0.887728 
 

 

1 

 
 
1 
 

 
Doxorubicin 

 
CCT2 

Downregulat

e 

 
DB0099

7 
 

0.050992 1 0.573268 

 
 

Imatinib 
 

 

HSP90B1 

 

Downregulat

e 

 
 

DB0061
9 
 

 

1 

 

1 

 

1 

 
 

Cytarabine 
 

 

DNAJA4 

 

Downregulat

e 

 

 
DB0098

7 
 

 

1 

 

1 

 

1 

 
Cycloheximide 

 
HSP90AB1 Upregulate N/A 0 1 0.666667 

 
 

Estradiol 
 

 
DNAJC6 

 

Downregulat

e 

 

 
DB0078

3 
 

 

1 

 

1 

 

1 

 
 

Luteolin 
 

 

HSPAA1 

 

Downregulat

e 

 
 

DB1558
4 
 

 
 

0.024504 
 

 

1 

 

0.5 
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Table 4.5: Tabular representation of the comparative scores of different drug targeting heat shock 

proteins (HSPs) 

 

4.3.9.  DOCKING, ADMET AND BBB STUDIES AGAINST HSP90AB1  

Drugs that were prioritized based on the drug ranking and various scores were then proceeded for 

docking analysis. Docking analysis of HSP90AB1 was done against a reference drug 

(cepharanthine) to compare the binding scores and with imatinib, gefitinib, cycloheximide and 

resveratrol. All these four drugs along with the reference were checked for the presence of any 

extra residue or any heteroatom. Any extra water atoms were removed before docking analysis. 

Reference drug (Cepharanthine) to compare the binding affinity of HSP90AB1 shows a score of 

-9.1 Kcal/mol. Binding energy here shows the overall affinity of the drugs for HSP90AB1. The 

greater the binding scores in negative terms displays more inhibition capacity of all these four 

prioritized drugs against HSP90AB1. The common residues identified during the docking 

analysis of all these targets along with reference were Met98, Gly135 and Val186. The binding 

 
 

Doxorubicin 
 

 

DNAJC11 

 

Downregula

te 

 

 
DB0099

7 
 

 
 
1 
 

 

0.5 

 

1 

 
 

Resveratrol 
 

 

 

HSP90AB1 

 

 

Upregulate 

 
 

DB0270
9 
 

 

 

1 

 

 

1 

 

 

1 

 
 

Nilotinib 
 

 

DNAJC10 

 

Downregulat

e 

 
 

DB0486
8 
 

 

1 

 

0.833333 

 

0.959982 

 
 

Gefitinib 
 
 

HSPA1A 
Downregulat

e 

 

DB0031
7 
 

0.887728 1 1 

Imatinib HSP90AB1 Upregulate 

 
DB0061

9 
 

1 1 1 

 
Dasatinib 

 

HSP90AB1 Upregulate 
DB0125

4 

 
0.161974 

 

 
1 
 

1 
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energies calculated post docking analysis were -9.1 Kcal/mol for the reference drug, -9.3 

Kcal/mol for resveratrol, -9.2 Kcal/mol in case of cycloheximide, -9.7 Kcal/mol for gefitinib and 

-10.9 in case of imatinib. The results obtained after docking analysis can be visualized in Figure 

4.7.  

 

  

Figure 4.7: (A-F) Molecular docking confirmations: Representation of 2D interactions of the various 

ligands with HSP90AB1 along with the number of interacting residues. (A) Interaction of the 

cepharanthine with the HSP90AB1 showing an affinity score of -9.1 and interacting residues are 

Asp54, Ala55, Met98, Leu107, Gly135, Val186. (B) Interaction of imatinib with the HSP90AB1 

showing an affinity score of -10.9 and interacting residues are Ala55, Met98, Leu103, Phe170, 

Phe138, Leu107, Asn51, Ile104 (C) Interaction of resveratrol with the HSP90AB1 showing an affinity 
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score of -9.3 and interacting residues are Met98; Val150; Leu107; Phe138; Val186; Trp162; Asp93. 

(D) Interaction of cycloheximide with the HSP90AB1 showing an affinity score of -9.2 and 

interacting residues are Phe138, Gly135, Asn51, Gly137. (E) Interaction of gefitinib with the 

HSP90AB1 showing an affinity score of -9.7 and interacting residues are Leu107, Phe138, Leu48, 

Asp93, Val150, Trp162, Leu103, Asn51, Gly135.  
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Compound 

Affinit
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(kcal/
mol) 

Gri
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Size 

Interacti
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Canonic
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CBligan
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Score 
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ecu
lar 
Ma
ss 
(g 

/mo
l) 

H-
bon

d 
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or 

(<5) 

H-
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nd 
do
nor 
(<1
0) 

Octal 
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ion 

coeffi
cient 
(Log 
<5) 

Molar 
Refra
ctivit

y 

Reference 
(Cepharanth

ine) 
-9.1 

30-
30-
30 

Asp54; 
Ala55; 
Met98; 
Leu107; 
Gly135; 
Val186 

CN1CC
C2=CC3
=C(C4=
C2C1CC
5=CC=C
(C=C5) 
OC6=C(
C=CC(=

C6) 
CC7C8=
CC(=C(
C=C8C
CN7C) 

OC) O4) 
OC) 

OCO3 

Yes 0.076 
493
.6 

2 6 3.49 154.5 

Resveratrol -9.3 
30-
30-
30 

Met98; 
Val150; 
Leu107; 
Phe138; 
Val186; 
Trp162; 
Asp93 

C1=CC(
=CC=C1
C=CC2=
CC(=CC
(=C2) O) 

O) O 

Yes 0.041 
228
.24 

3 3 2.48 67.88 

Cycloheximi
de 

-9.2 
30-
30-
30 

Phe138; 
Gly135; 
Asn51; 
Gly137 

CC1CC(
C(=O) 
C(C1) 

C(CC2C
C(=O) 

NC(=O) 
C2) O) C 

Yes 0.05 
281
.35 

2 4 1.3 78.47 

Gefitinib -9.7 
30-
30-
30 

Leu107; 
Phe138; 
Leu48; 
Asp93; 
Val150; 
Trp162; 
Leu103; 
Asn51; 
Gly135 

COC1=
C(C=C2
C(=C1) 
N=CN=
C2NC3=
CC(=C(
C=C3) 
F) Cl) 

OCCCN
4CCOC

C4 

Yes 0.027 
446
.9 

7 1 3.92 
121.6

6 

Imatinib -10.9 
30-
30-
30 

Ala55; 
Met98; 
Leu103; 
Phe170; 
Phe138; 
Leu107; 
Asn51; 
Ile104 

CC1=C(
C=C(C=

C1) 
NC(=O) 
C2=CC=
C(C=C2) 
CN3CC
N(CC3) 

C) 
NC4=N
C=CC(=

N4) 

Yes 0.03 
606
.71 

0 8 3.96 
179.1

8 
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Table 4.6: Tabular representation of scores for binding affinity, ADMET and BBB permeability 

 

After docking analysis, these drugs were targeted for the ADMET to check for any violation of 

the Lipinski rule of five for better results and whether they are able to cross the BBB parameter. 

Our results demonstrated that all the drugs fitted to the ADMET scores and all of them were able 

to cross the BBB permeability filter that was done using CBligand. All the docking scores along 

with the ADMET and BBB scores can be visualized in Table 4.6. 

4.3.10.  MD SIMULATIONS 

After the docking analysis for the final confirmational studies, drugs were subjected to MD 

simulations till 50 nanoseconds to check whether the complexes were stable or not. These 

simulations will help to identify the expression patterns and the dynamic nature. The pattern of 

stability was checked by calculating the RMSD plot of the all the complexes with HSP90AB1. 

The RMSD of all the ligands complexed with protein and the ligands alone was calculated. The 

comparison of all the complexes with the reference (HSP90AB1-Cephatanthine) revealed that the 

backbone of complexes (HSP90AB1-resveratrol, HSP90AB1-gefitinib, HSP90AB1-imatinib, 

HSP90AB1-Cycloheximide) were stable and integrated. There was a slight fluctuation in the 

starting and the peak intensity reached between 0.30nm and 0.33nm for all the complexes but its 

decreased eventually thereby showing a stability ranging from 015nm to 0.25nm as compared to 

the reference. A deviation was observed in the beginning up to 20ns but as the simulation time 

increased the complex started to stabilize themselves and all the complexes achieved defined 

stability till 50 ns and can be visualized in Figure 4.8(A). The compactness in the protein-ligand 

complex and the folding capacity of protein over time was calculated using the Rg of 1.7nm. 

However, a increase in the Rg in case of HSP90AB1-Gefitinb was observed and the peak intensity 

of 2.70nm was observed at around 43 nanoseconds but the compactness was maintained in all the 

C5=CN=
CC=C5 



102 | P a g e 

 

structure at an average Rg of 1.8nm and can be seen in Figure 4.8(B). Interaction energy of every 

complex was measured and it can be preferred from the observations that binding potential of all 

the four complexes was more as compared to the reference complex Figure 4.8(C). The greater 

the values in negative terms suggests a stronger binding and more stability. Coming to the RMSF 

which measure the rate of displacement of atoms around the reference, the stability in the peaks 

of all the complexes (HSP90AB1-cycloheximide, HSP90AB1-resveratrol, HSP90AB1-Imatinib, 

HSP90AB1-gefitinib) was more as compared to the reference complex and can be observed from 

Figure 4.8(D).  
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Figure 4.8: (A-D) Plot representing the root mean square deviation (RMSD), Radius of gyration (Rg) 

of all the complexes, interaction energies and the root mean square fluctuations (RMSF) till 50 ns. 

(A) Represent the various RMSD of different complexes. RMSD values of the complexes when 

compared with the reference complex (HSP90AB1-Cephatanthine) showed that the backbone of 

complexes (HSP90AB1-resveratrol, HSP90AB1-gefitinib, HSP90AB1-imatinib, HSP90AB1-

Cycloheximide) were more stable and integrated. (B) Radius of gyration of all the complexes 

showing the folding capacity of the protein over a period of time and the peak intensity showed a 

slight deviation of peak value 2.70nm. Rest all the complexes were under the limit and better peaks 

were observed. (C) Coulombs energy represent the interaction energy of the complexes. Binding 

affinities of all the four complexes was better than the reference complex. (D) RMSF represents the 

rate of displacement of atoms around the target atom. Stability can be seen to be more in all the 

four complexes when compared with the reference complex. 

 

4.4.  DISSCUSSION 

HSPs comprises a family of proteins that are conserved in both the eukaryotes and prokaryotes 

and plays significant role in the regulation of apoptosis and autophagy, proteostasis and regulation 

of polypeptides. They also act to prevent the cells from various stresses like ionizing radiations, 

heat shock and hypoxia. Coming from the class of molecular chaperones they are involved in 
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protein folding under normal metabolic conditions and thus, are the enhancers in protein repair 

during molecular stress. When talking about tumors cells the expression of HSPs is highly 

elevated as compared to the normal cells. We retrieved the data for both GBM and ependymoma 

from GEO and also studied the transcriptomic data and further analyzed the integrated pathways, 

biological processes and therapeutic targets. Starting with the analysis we first identified the 

overlapping differentially expressed genes in both the tumors. From the list of filtered DEGs, 

identification of potential HSPs was done using literature mining and from HSPMdb database. 

Based on Venn analysis, 22 overlapping HSPs were obtained that were called as differentially 

expressed HSPs.  

We constructed a protein-protein interaction network with all the predicted 22 differentially 

expressed HSPs based on different topological parameters. The hub HSPs obtained after network 

analysis are known to be the mediators in a variety of biological processes in both glioblastoma 

and ependymoma. HSP90AA1 one of the hub proteins is found to be overexpressed in IDH-wild 

type GBMs[334] although the role of HSP90AA1 in ependymoma is still unclear. HSP90AA1 

plays significant role in maintaining the integrity of various signaling pathways and resistance to 

stress-induced apoptosis in normal cells. Another hub protein HSPD1 is known to play an 

important role in folding of proteins imported from mitochondria or their refolding under 

mitochondrial stress. Studies have also shown that HSPD1 are involved in many diseases such as 

neurodegenerative diseases and cardiovascular diseases(Teng et al., 2019). They are also reported 

to play an important role in cancer development. Very few studies are available on their role in 

brain tumors, however their expression was seen elevated in meningiomas. Ependymomas do not 

show any positive immunohistochemical reaction and show lower expression levels of HSPD1. 

CCT2 (Chaperonin containing tailless complex, TCP) are the members of HSP60 family and their 

expression is found to be elevated in cancerous brain tissues as compared to normal brain tissues. 

Studies have shown that the expression of these proteins are elevated in Grade IV glioblastomas 

and can be used as a diagnostic markers[338]. Role of CCT2 in ependymoma remains still 
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unexplored. HSP90AB1 comes under the class of HSP90 superfamily and are known to be 

overexpressed in tumors of glial origin[136]. HSP90AB1 levels are seen to be elevated in 

recurrent GBMs(Zhang et al., 2005). Expression levels of HSP90AB1 was found to be highly 

elevated in carcinomas of head and neck and showed poor prognosis along with high mortality 

rate. Researchers have shown that HSP90AB1 can be a better prognostic factor and therapeutic 

option in both the malignancies[340]. Gefitinib is also known to induce cell death and decreased 

cell proliferation in non-small cell lung carcinomas[341]. Imatinib on the other hand is known to 

be an effective treatment in case of stromal tumors of gastrointestinal origin and in a variety of 

malignancies(Venkataraman et al., 2023). HSPA1A another class coming from HSP70 family are 

found to be interacting with endoplasmic reticulum-alpha and causes its increased expression and 

leads to an increase in cellular proliferation in MCF-7 breast cancer[343]. Higher expression level 

of HSPA1A are observed in ependymoma[344] suggestive of a better therapeutic targets in 

combating these lethal tumors. 

To better understand the functional aspects of the identified HSPs and what are the mutual role 

they play in GBMs and ependymoma, different enrichments have been done to predict a 

relationship of the interconnected dysregulated pathways between these two tumors. Functional 

enrichment and KEGG pathway analysis revealed the role of these 22 HSPs and how they play 

an intricate role at biological, molecular and cellular levels along with the pathways on which 

they act. From the enrichment done at biological levels, out of 22 HSPs, 15 differentially 

expressed HSPs were involved in protein folding, 6 HSPs were involved in protein stabilization 

and 5 were involved in chaperone mediated protein complex assembly and chaperone mediated 

protein folding requiring cofactors. Out of these HSP90AA1, HSP90AB1, HSPD1, HSPA1A and 

CCT2 were commonly present in every biological process. Studies suggest that HSP90AA1 is 

exploited by the tumor cells to enhance and support their activation of oncoproteins, comprising 

of several kinases and TFs[345]. Researchers have seen that the product of  HSP90AA1 protein 

is known to act as a key player in tumor invasion and proliferation[346]. At molecular levels, 11 
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of the counts were associated with unfolded protein binding, 12 were involved in ATP binding 

and 8 were involved in ATPase activity. Here also the prevalence of HSP90AB1, HSPA1A, 

CCT2, HSPD1 and HSP90AA1 was the most even at molecular levels. Coming to the cellular 

counterpart, out of 22 hub HSPs, 10 were present in extracellular exosomes, 6 were in 

endoplasmic reticulum and 10 HSPs were present in the membrane. HSP90AA1 was present in 

almost all the cellular counterpart suggesting its major role in GBMs and ependymoma. The 

expression of HSP90AA1 is found to be elevated in various cancers and studies have predicted 

that the therapeutic inhibition of HSP90AA1 results in good prognosis and increased overall 

survival of lung cancer patients[347]. When we performed the KEGG pathway analysis, we 

observed that most of the HSPs were involved in protein processing in the endoplasmic reticulum, 

pathways in cancer and in glioma signaling. [339]. Studies have shown that the activator also 

acting HSPs in various pathways like the PI3K/AKT/mTORc1[348] and the sonic hedgehog 

signaling are found to be related with various high-grade tumors of glial origin[349]. These were 

the common dysregulated pathways identified in GBMs and ependymoma. Studies have defined 

the role of endoplasmic reticulum (ER) stress in the unfolded protein responses (UFP). These ER 

stress are the modulators of cancer progression and are known to play an important role in 

chemotherapeutic resistance in glioblastoma[350]. Some common regulatory signaling pathways 

such as the Wnt signaling(Manfreda et al., 2023; Misawa-Omori et al., 2023), the sonic hedgehog 

signaling[353], the IGF-IR signaling and the ERbB signaling are shared in both of these 

malignancies giving us a better insight of how these both can be targeted from the therapeutic 

aspects. IGF-IR is known to be involved in epithelial to mesenchymal transitions in both the brain 

tumors and can be seen as important target[354]. Researchers have also shown that the aberrant 

levels of the EGFR, Platelet derived growth factor receptors β (PDGFR- β) and the vascular 

endothelial growth factor receptors-2 (VEGFR-2) are identified as important regulators and 

important prognostic markers in both the malignancies[303,355,356]. Dysregulated expression 

levels of the receptor tyrosine kinases  (RTKs) and various other growth factors such as the PDGF, 
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HGF in both these tumors, leads to increased tumor proliferation and can be used as an important 

prognostic markers(Weiner et al., 1996). Therefore, it can be conferred that the therapeutic side 

of these 5 HSPs can be explored to counter these malignant brain tumors as they major 

involvement in their pathology and occurrence.  

To further nurture our study and to establish a more concrete connection of the identified HSPs 

with GBMs and ependymomas, we explored the regulatory signatures of the transcriptomes (TFs 

and miRNAs). Among the top identified TFs, GATA2 (GATA-binding factor 2) was found to be 

the most interactive in both the pathologies. GATA2 is known to be the regulator of constitutive 

PD-L1 and PD-L2 expression in most of the brain tumors[358]. Another interacting TF Forkhead 

box C1 (FOXC1) is a known conserved TF and play an important role in the tumorigenesis and 

is also involved in epithelial-to-mesenchymal transitions (EMT) in gliomas[359].Upstream 

transcription factor 2 (USF2) is known to be a modulators of the cellular proliferation and its 

silencing can reduce the tumor load in glioblastomas[360]. Among the top interacting miRNAs, 

hsa-miR-16-5p is known to be involved in the pathogenesis of glioblastoma and astrocytoma 

however, no study claims the involvement of hsa-miR-26b-5p in ependymomas and glioblastoma, 

hsa-miR-16-5p are reported to be the regulators of signaling cascades along with WEE1, CHEK1 

and MCL1. Here the increased expression of this miRNA, reduced cellular proliferation, 

increased cell viability, increased the cell cycle arrest and increased response to irradiation and 

chemotherapy[361]. Another miRNA hsa-miR-26b-5p is known to inhibit the cellular 

proliferation and EMT in triple negative breast cancer[362]. Also, miR-26b-5p is found to be an 

important regulator in Burkitt lymphoma cellular growth[363]. We also established a miRNA-

TFs-HSPs coregulatory network to understand how these TFs and miRNAs are commanding the 

HSPs in both of these morbidities. Using an integrative miRNA-TF- HSPs target network we 

identified several dysregulated miRNAs that were connective to the various HSPs and the 

associate TFs. GABA, MYC, RFX1 and EGFR were the major TFs that were interconnected with 

the HSPs along with the miRNAs. MYC is an important TFs family and is composed of TFs c-
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myc, Mycn and Mycl. These regulatory TFs are required for the development of the brain and its 

overexpression  induces cellular proliferation in gliomas[364] and medulloblastomas[365,366]. 

Regulatory factor X1 (RFX1) is known to play an intricate role in causing chemoresistance and 

recurrence in glioblastoma[367]. However, their role is unknown in ependymomas. From the 

modules prepared from network, it was found that CCT3 was interacting with E2F1 and 

DNAJC10.  Another module showed interaction of HSP90B1 with BPTF, SREBF1 and NFYA. 

Through these interactions we can conclude that these HSPs are interacting commonly with 

regulatory miRNAs and TFs. 

In order to understand the potential role of different drugs and to identify putative candidates that 

can reverse the effect of both GBMs and ependymomas, we analyzed the CREEDS database and 

the LINC1000 Drug Gene Budger. From the drug screening it was found that 2 drugs were able 

to reverse the effects of the HSPs whose expressions were upregulated while 11 drugs were able 

to reverse the effect of the downregulated HSPs. Resveratrol a polyphenol is present in plants 

such as grapes and peanuts  is known to possess properties of antioxidants[368].  Studies have 

shown that resveratrol have been found to shown suppression activity in various neurological 

disorders like Alzheimer’s disease[369] and Parkinson’s disease[370]. Cycloheximide is known 

to induce paraptosis that is induced by the inhibition of cyclophilins in GBMs[371].  However, 

the role of cycloheximide in ependymoma remains unclear. Various inhibitors like the ganetespib 

and cycloheximide is known to induce apoptotic arrest and reduced tumorigenicity targeting 

HSP90 class in various cancers(Youssef et al., 2023).  Cycloheximide is also known to cause 

differential effect in neuronal and glioma cells that are treated with chemotherapy and 

radiotherapy[373]. To further validate our results and the drugs obtained we performed the drug 

ranking and predicted the structural, functional and composite scores of the drugs obtained after 

the analysis from CREEDS and Drug gene Budger. Imatinib, cytarabine, gefitinib, estradiol, 

resveratrol, and cycloheximide were predicted as the top 5 drugs. With these observations we 

considered that resveratrol, cycloheximide, gefitinib and imatinib as the most promising 
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candidates for this study and the hub HSPs that were found targetable with these drugs were 

HSP90AB1, CCT2, HSPH1, DNAJC10. We further proceeded the study by identifying the most 

suitable HSPs candidate amongst all the top HSPs. Using Brain-RNA sequencing data, the 

expression patterns of the individual HSPs was checked whether the expression levels are higher 

in glial cells or not as both of these tumors originates from microglial cells within the brain. From 

our results discussed above, HSP90AB1 was found to be the most promising HSPs and the 

expression levels were elevated in both the GBM and ependymoma. Studies have shown that 

inhibition of HSP90AB1 significantly reduced the activity of adenylate cyclase post chronic 

morphine treatment[374]. Another study identified the role of gallic acid has an inhibitory effect 

on skin squamous cell carcinomas  and reduced expression of HSP90AB1[375]. Expression levels 

of HSP90AB1 in recurrent glioblastomas. Inhibitor NW457 is known to suppress glioblastoma 

when given in combination with radiotherapy[376]. This shows that the effective targeting of 

HSP90AB1 could ideally suppress the activity of both of these tumors.  

To validate the drugs identified from CREEDS and DrugGene Budger we performed molecular 

docking and MD simulations of all the four predicted drugs (gefitinib, imatinib, cycloheximide 

and resveratrol) against HSP90AB1. Cepharanthine was used as a reference drug to compare to 

docking scores of our predicted drugs against HSP90AB1[377].  From docking analysis, it was 

identified that the binding affinities for resveratrol (-9.3 Kcal/mol), cycloheximide (-9.2 

Kcal/mol), gefitinib (-9.7 Kcal/mol), imatinib (-10.9 Kcal/mol) were comparatively higher when 

checked with the reference drug (-9.1 Kcal/mol), suggesting an inhibitory effect of these drugs 

against HSP90AB1. As the docking results were favorable, we further validated our study using 

MD simulations at till 50ns. The stability index and the fluctuations in the system and probable 

result trajectories of all the complexes were seen by applying different parameters during 

simulations. The parameters used while conducting the analysis were RMSD for all the 

complexes, RMSF of all the amino acid residues, Rg and the interaction energies of each of the 

individual complexes. The RMSD of all the complexes was measured between the initial and the 
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final confirmations of the protein-ligand complexes till 50ns. A stable binding was observed in 

all the complexes when compared with the reference complex. The peak pattern of RMSF showed 

us that all the four complexes were in close proximity during fluctuations in amino acids residue 

when compared with reference complex suggesting a much stronger bonding.   When talking 

about the Rg and the coulombs interaction energy, all the findings showed a much better 

interactions pattern of HP90AB1 with resveratrol, gefitinib, imatinib and cycloheximide. Overall, 

these findings were able to nurture the credibility of the results obtained using CREEDS, 

DrugGene Budger and docking analysis, suggesting the potential therapeutic efficiency of these 

drugs in therapeutics suppression of GBMs and ependymomas. We also proposed an inhibitory 

mechanism of how these drugs are acting in the signaling cascades in both the diseases and how 

targeting HSP90AB1 can mutually suppress both the tumors. A proposed mechanism of these 

inhibitors can target the HSP machinery has been shown in Figure 4.9.  
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Figure 4.9: Diagrammatic representation of proposed mechanism of inhibitory action of HSPs 

inhibitors in Heat Shock Protein (HSPs) mediated pathway. Binding of the HSPs inhibitors to 

HSP70 and HSP90 cochaperone machinery can cause an increased in the level of the apoptotic 

protease activating factor-1 (APAF-1) which is suppressed under normal conditions. This 

activation can cause an increase in the levels of the apoptotic machinery. We also hypothesized 

that gefitinib, imatinib, cytarabine and cycloheximide directly could prevent the binding of 

cochaperones that are induced in response to stress and hence, promotes autophagy. Gefitinib, 

imatinib, cytarabine and resveratrol binding to the target HSP causes inhibition of the downstream 

targets and prevents the binding of HSPs co-chaperones with HSP70 and HSP90 assembly causing 

cell cycle arrest, increased apoptosis and other cellular processes finally, causing death of tumor 

cells. Also, these inhibitors could possibly induce senescence and inhibition in the progression 

of ependymomas and glioblastomas. 
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4.5. CONCLUSION 

This study has tried to identify the molecular mechanism and the common regulatory pathway of 

HSPs and how they are sharing various transcriptomes and regulatory signatures mutually in 

GBMs and ependymomas. With our findings we have explored a mechanistic approach to 

understand the interlink of HSPs in between GBMs and ependymoma. We identified HSP90AB1, 

HSPA1A, CCT2, HSPD1 and HSP90AA1 as the key candidate HSPs that can be used as 

therapeutic targets in countering GBMs and ependymomas.  With this study we identified 

HSP90AB1 as a promising candidate in the therapeutic targeting of GBM and ependymomas. We 

proposed that gefitinib, imatinib, resveratrol and cytarabine could potentially target HSP90AB1 

and can promote cell death in both glioblastoma and ependymomas. This study will provide a 

more mechanistic link of how these two malignancies can be targeted mutually and the interlinked 

molecular mechanisms. However, more concrete studies are needed how these drugs are actually 

working against HSP90AB1 in both of the morbidities. 
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CHAPTER V: IN SILICO MOLECULAR DOCKING AND 

SIMULATION ANALYSIS TO IDENTIFY NATURAL 

COMPOUNDS TARGETING HEAT SHOCK PROTEINS IN BRAIN 

TUMORS 

 

5.1 INTRODUCTION 

 
Heat shock proteins are known to be an important category of proteins and are involved 

in a variety of biological processes and are activated in response to heat shock or any 

other stimuli[124]. Their machinery is taken up by the malignant cells for their survival 

and growth. Glioblastomas (GBMs) are Grade IV tumors seen by the World health 

organization. Chemotherapy and radiotherapy only remain an option and the overall 

survival of the patient is around 10-14 months. Therefore, more stringent strategies are 

needed against this morbidity. HSP90 is the most studied class of HSPs are various 

studies have shown that can be targeted in various cancers[376]. HSP90AB1 expressions 

are found to be elevated in case of recurrent GBMs along with poor prognosis[339]. 

Another class HSP70 is also known to target various cancers. Studies have shown that 

WIN55-212-2 which is a cannabinoid agonist is effective in human glioblastoma cell 

line U-251 MG[378]. Alkaloids are the valuable category of natural compounds known 

to possess the property of antioxidants and have been shown to promote cell death in 

GBM[379]. Papaverin an alkaloid was found to suppress GBM and is a non-narcotic 

opium alkaloid[380]. Another alkaloid melatonin was found to inhibit the activity of 

phosphorylation in the MDM2 gene[270,317]. This shows that alkaloids can be an 

important parameter in the suppression of GBMs and with the current study, we have 

tried to show the prospects of various alkaloids importantly chelerythrine and 

cepharanthine as therapeutics in countering GBMs. 
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5. 2. COMPUTATIONAL METHODS AND METHODOLOGY 

5.2.1.  DATA SOURCE 

Data used in the study were retrieve using NCBI from the gene expression omnibus (GEO) 

(https://www.ncbi.nlm.nih.gov/gds). The gene expression profile was taken from GSE 50161 

datasets.  

5.2.2. SCREENING OF DIFFERENTIALLY EXPRESSED GENES AND HEAT SHOCK 

PROTEIN 

 We used GEO2R which is a web-based interaction tool. GEO2R 

(https://www.ncbi.nlm.nih.gov/geo/geo2r) a web-based interactive tool using the R language 

limma package. In order to understand the biological aspects, functions were put for the DEGs. 

Further, P-value <0.05 and the Log Fc were used to filter the DEGs. Prediction of the HSPs was 

committed through the literature survey. 

5.2.3.  ENRICHMENT AND PATHWAY ANALYSIS 

To understand the cellular, molecular, and biological functions and the various pathways involved 

with the predicted. The tool used for these enrichment and pathway analyses performed by using 

SHINYGO (http://bioinformatics.sdstate.edu/go/). 

5.2.4.  MUTATIONAL ANALYSIS OF PREDICTED HSPS 

Prediction of the mutational signatures of the identified HSP, cBiocancer genomic portal was 

used for the analysis (https://www.cbioportal.org/). This tool is helpful in the analysis of the 

molecular data obtained from the tumorous tissues and for analysis at genetic and epigenetic 

levels. 

5.2.5. COMPOUND SCREENING, ADMET ANALYSIS, AND BBB  

PERMEABILITY CHECK 

 For this study, 95 alkaloids were taken from the naturally occurring plant-based anti-cancer 

compound activity target database (NPACT). Canonical smiles and 3D structures of these 

https://www.ncbi.nlm.nih.gov/gds
https://www.ncbi.nlm.nih.gov/geo/geo2r
http://bioinformatics.sdstate.edu/go/
https://www.cbioportal.org/
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compounds were obtained using PubChem. ADMET was checked using SwissADME. To access 

the blood-brain permeability (BBB) CBligand (https://www.cbligand.org/CCGS/) used in the 

study. 

5.2.6.  MOLECULAR DOCKING ANALYSIS 

The receptor structure of HSP90AB1 (PDB id: 1UYM) was taken from the RCSB PDB database. 

Molecular Docking analysis done using the WEBINA software 

(https://durrantlab.pitt.edu/webina/), which is a script running Autodock vina in web browser 

mode. 65 alkaloids were docked against the identified HSP. The grid box of dimensions, x-

axis=30, y-axis=30, and z-axis=30 was taken. Visualization of the structures was done using 

UCSF chimera (https://www.cgl.ucsf.edu/chimera/). Generation of the 3D conformers was done 

using Discovery Studio 2021.  

5.2.7.  MOLECULAR DYNAMIC SIMULATION STUDIES 

Following docking analysis, all the three compounds were then proceeded for MD simulations 

studies. MD simulations was performed suing GROMACS till 100 ns. The plots were generated 

for RMSD, RMSF and the radius of gyration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.cbligand.org/CCGS/
https://durrantlab.pitt.edu/webina/
https://www.cgl.ucsf.edu/chimera/
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 5. 3. RESULTS 

5.3.1. DATA COLLECTION AND IDENTIFICATION OF DEGS 

The gene expression profile GSE 50161 comprised 13 normal brain samples and 34 GBM 

samples. From these 9262 genes were filtered based on the P-value and Log Fc. Following the 

prediction of DEGs, the identification of HSPs was done using the literature survey. 

5.3.2. FUNCTIONAL ENRICHMENT AND PATHWAY ANALYSIS OF IDENTIFIED 

HSPS 

 Enrichment analysis of the predicted HSPs to determine the molecular, cellular, and biological 

process was done to identify their role in GBMs. 44 HSPs were targeted for this analysis. Most 

of the HSPs were involved in processing in the ER and antigen processing in biological 

enrichment. At molecular levels, most of the HSPs were functioning in chaperone-containing T-

complex and the formation of chaperone complexes. At cellular levels, these HSPs were found to 

be involved in protein folding chaperone assembly and ATPase activator activity. From KEGG 

analysis, de novo protein folding and chaperone-mediated protein folding were the major 

pathways in which most of the HSPs were involved. All these enrichments can be seen in Figure 

5.1.  
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Figure 5.1: Representation of the enrichments of the Heat shock proteins (HSPs) and KEGG 

analysis. 

 

5.3.3. MUTATIONAL ANALYSIS 

All 44 predicted HSPs were subjected to mutational analysis using the cbiocancer genomic portal. 

The rate of mutation was maximum in the case of HSPH1 (3%), HSP90AB1 (1%), and HSPB1 

(1%). The mutation identified was of missense type and out of these HSP90AB1 was used for 

further analysis. The analysis could be visualized in Figure 5.2. 

 

 

 



119 | P a g e 

 

 
 

Figure 5.2: Mutational analysis of the identified HSP.  

5.3.4.  COMPOUND SELECTION, BBB CHECK, AND ADMET ANALYSIS 

Using the NPACT library, 95 alkaloids were screened in the preliminary stage. By further 

applying the BBB and ADMET filters only 65 compounds were found suitable for further analysis 

using SwissADME and BBB using CBligand. These compounds were selected based on the drug-

likeness and bio-availability scores.  
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5.3.5.  MOLECULAR DOCKING ANALYSIS AND INTERPRETATION 

Molecular docking analysis of HSP90AB1 with the identified 65 alkaloids was carried out. 

Removal of any kind of extra residue in conjugation with any kind of heteroatom was done. 

Docking was conducted for 65 alkaloid was performed. 10 alkaloids represented better binding 

affinity of above -8.5 Kcal/mol. Binding energy here shows the highest rate of binding of these 

compounds with HSP90AB1. From docking analysis, it was seen that chelerythrine and  
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cepharanthine showed the maximum binding affinities of -10.3 Kcal/mol and -10.0 Kcal/mol. 

These two were identified to be the most ideal inhibitors against HSP90AB1. Overall scores can 

be seen in Table 5.1. 

 

                   

                 Figure 5.3: Representation of the 3D and 2 D conformation of alkaloids 

 

5.3.6. MOLECULAR DYNAMIC SIMULATION ANALYSIS AND INTERPRETATION 

The RMSD, RMSF and Rg of chelerythrine and cepharanthine were calculated against the target 

protein HSP90AB1and were compared against the reference compound tomatidine. The 

simulation was conducted till 100 ns and the peaks were observed against the reference 

compound tomatidine. The peaks were comparatively stable for chelerythrine-HSP90AB1 and 

cepharanthine-HSP90AB1 in the beginning and no fluctuations in the peaks were observed.  
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Figure 5.3: Representation of the 3D and 2 D conformation of alkaloids  
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5.4. DISCUSSION 

 Despite several advancements chemotherapy and radiotherapy only remains a standard for the 

treatment of GBMs. Here HSPs can be an important target for therapeutic purposes as they are 

involved in various signaling cascades. Using the dataset GSE50161, DEGs were screened 

based on the P-value and Log Fc. From these DEGs, we predicted the potential HSPs using 

literature mining. Following the identification, functional enrichment comprising the biological 

processes, cellular components, and molecular functions was done for these HSPs. 44 HSPs 

were predicted. Mutational analysis was then carried out to determine the rate of mutation 

frequency of these HSPs in GBMs and the rates were higher for HSPH1, HSP90AB1, 

HSP90B1, and HSP90AA1[381]. Based on the literature survey and the availability of the 

HSP90AB1 was found to be the most suitable for this study. Alkaloids were used for targeting 

HSP90AB1 as they show the property of antioxidants and also possess anti-cancer properties. 

From ADMET and BBB analysis, only 65 compounds were used for further screening. From 

docking analysis, it was revealed that chelerythrine[382] and cepharanthine showed the 

maximum binding affinities of -10.3 Kcal/mol and -10.0 Kcal/mol which can be visualized in 
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5.5. CONCLUSION AND FUTURE PROSPECTS 

Overall, the efficiency and efficacy of HSPS could be further explored to predict their role in 

the therapeutic targeting of GBMs. Using the expressional signatures of HSP90AB1 and their 

interaction in GBMs these can be seen from the therapeutic prospects. With this study 

chelerythrine and cepharanthine were found to be the most promising candidates against 

HSP90AB1 in GBMs. However, more studies are required to determine how these inhibitors 

can be fruitful against GBMs. 
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CHAPTER VI: DISCUSSION, LIMITATIONS OF THE STUDY AND 

FUTURE PROSPECTS 
 

 
6.1. DISCUSSION 

 
Brain tumors represents a heterogenous group of tumors arising from abnormal mass of cells in 

the brain. These tumors are categorized based on the site from which they originate within the 

brain along with the cells of the origin. Despite various advancements chemotherapy and 

radiotherapy only remains an option in the therapeutic aspects. Very few inhibitors are available 

that could possibly counter these tumors with bortezomib and carfilzomib remaining the only 

options besides radiotherapy. Even after these treatments the overall survival of the patients 

suffering from glioblastoma and ependymomas remains 10-12 months. Ubiquitination and heat 

shock proteins shows an electrifying option for the development of new treatments in these 

brain tumors. Current therapeutics does not guarantee a better survival outcome and the levels 

of toxicity is higher in case of the drugs that are currently available. Also, the various signaling 

pathways associated with ubiquitin E3 ligases and HSPs are somewhere interconnected with 

the ability of the cells to proliferate, metastasize to other regions of the body, autophagy and 

vascularization. As these two mechanisms, ubiquitination and HSP assembly are the two key 

processes that are involved in the post-translational modifications, and are required for the 

correct dumping of the proteins that have been mutated or becomes unnecessary for the 

proteasome machinery, therefore, targeting these two mechanisms could possibly be an 

emerging therapeutic approach, and how these HSPs and ubiquitin E3 ligases could be used as 

biomarkers still needs a spotlight. Even the exact mechanism of how these two machineries is 

eroded by these abnormal cells and the various pathways associated along with the mechanistic 

side of them still remains unanswered, and requires further investigations.  
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The current study was based on the identification of potential ubiquitinE3 ligases that were highly 

upregulated in glioblastomas and to predict various other E3 ligases that can be possible 

therapeutic targets in combating GBMs. After the identification of ubiquitin E3 ligase, screening 

of inhibitors was done based on molecular docking and simulation studies. The second part of 

the study was based on the prediction of HSPs that were mutually occurring in GBMs and 

ependymomas, and also to identify the various regulatory signatures that were associated with 

them. This part was further preceded with the identification of various inhibitors that could 

possibly target the predicted HSP in both GBMs and ependymomas. The third part of the study 

brings into spotlight the identification of various natural compounds can actually target the 

predicted HSPs from part second. 

In the initial steps, we utilized the microarray expression data from different datasets, and the 

extraction of this data was done using the gene expression omnibus. We then identified the 

various differentially expressed genes based on the parameters like P-value and Log Fc. After 

the confirmation of the DEGs, screening of the ubiquitin E3 ligases was done using the 

computational tools Ubinet and Ubibrowser. Venn analysis was also done to screen the most 

common occurring ubiquitin E3 ligases in all the three datasets. Based on the preliminary 

screening, 21 ubiquitin E3 ligases were taken. The mutational analysis and expression analysis 

of all these ubiquitin E3 ligases was done to identify the ligase that was showing the highest 

levels of expression in GBM. We then performed the functional enrichment and pathway analysis 

to check the various regulatory pathways in GBMs. MDM2 was identified as the most promising 

candidate E3 ligase from our study. BRCA1, TRIM22, TRIM24, UBE3A and RNF41 were some 

of the other E3 ligases that were identified but the best results were shown by MDM2. We the 

targeted MDM2 with various alkaloids and studies their inhibitory effects based on the molecular 

docking studies and molecular dynamic simulation studies. Evodiamine and sanguinarine were 
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identified as the most promising candidates based on docking and simulation studies that were 

showing the highest level of interactions with MDM2. We therefore proposed that evodiamine 

and sanguinarine could potentially target the p53-MDM2 signaling axis in GBMS. The binding 

of either these of them would possibly prevent the activation of MDM2 by p53, the machinery 

which is taken up by cancer cells and therefore can lead to increased apoptosis, autophagy and 

finally cell death. 

The second part of the study was based on the prediction of a common regulatory HSP in both 

GBMs and ependymoma. As HSPs are a diverse class of proteins that are activated in response 

to any kind of cellular stress, however, the exact mechanism still remains a question to answer. 

We performed the literature survey and used the HSPMDB database to screen all the HSPs that 

were present in the DEGs. We identified that the HSP90AB1 was the most ideal HSPs for the 

therapeutic targeting in both GBMs and ependymomas. We also identified the various regulatory 

pathways and the proteins interconnected in both the malignancies at transcriptomic levels. hsa-

miR-16-5p, hsa-miR-26b-5p and hsa-miR-92a-3p were identified as the most potential 

regulatory miRNAs in both GBMs and ependymoma that could be used as potent biomarkers. 

Another finding revealed that GABA, MYC, RFX1 and EGFR were the major interconnected 

transcription factors in both of these tumors. We also conducted the PPI network analysis to 

identify the hub proteins, and we screened 6 hub proteins from this analysis. Based on the drug 

ranking and CoDReS analysis, we screened inhibitors that could possibly target HSP90AB1. For 

the final confirmations of the screened inhibitors, molecular docking and simulation studies were 

performed till 50 nanoseconds, and based on these finding Gefitinib, imatinib, resveratrol, and 

cytarabine were identified as the most promising candidate drugs that could possibly be seen as 

therapeutic options in countering mutually both GBM and ependymomas. We proposed a 

mechanism of how these drugs could possibly break the HSP70-HSP90 chaperone interactions, 
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and could regulate the various downstream targets. This break in the interaction further leads to 

an increased level of autophagy, mitophagy, decreased cell proliferation, invasion and finally 

leading to the death of cancerous cells. 

Another important finding of the study was the identification of putative alkaloids chelerythrine 

and cepharanthine that could possibly be used as natural inhibitors in targeting HSP90AB1. From 

the mutational analysis and functional enrichment analysis it was identified that HSP90AB1 was 

involved in various major regulating pathways. We used the NPACT library to screen various 

alkaloids and further used these alkaloids after passing them through the BBB permeability 

analysis and ADMET analysis. Validation of how these compounds were actually targeting the 

predicted HSP90AB1 and the various possible number of interactions was done using molecular 

docking and dynamic simulation studies. After plotting the graphs for the final RMSD, RMSF 

and Rg till 100 ns, we came to conclusion that cepharanthine and chelerythrine could be the 

promising candidates in the natural therapeutic in glioblastoma suppression. 

Overall summarization of the study showed various significant outcomes that were achieved 

from this work. The most interesting finding was the role of various ubiquitin E3 ligases 

specifically the MDM2 E3 ligases and its interaction in GBM p53-MDM2 signaling. Another 

important finding revealed the role of HSP90AB1 in the suppression of GBMs and 

ependymomas and how various inhibitors could possibly target these HSPs. All the mechanism 

and summarization of this study is shown in Figure 6.1. Despite all the findings, 

experimentational studies are still necessary to understand the complete role and how these 

proposed drugs are actually targeting the ubiquitin E3 ligases and HSPs.  
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6.2. LIMITATIONS OF THE STUDY 

 
The present study has some of the limitations. This study is entirely based on the computational 

analysis based on the utilization of different tools and filters for result interpretations and 

analysis. However, the result may slightly vary based on different tools and software applied 

during various stages of screening of different drugs. Also, these proposed drugs and 

candidates’ genes needs wet lab validations for their final confirmation either in-vitro or in-

vivo. This validation will be able to show the efficacy of these predicted candidate drugs and 

how they showing the mechanism of action, BBB permeability factors and other downstream 

and upstream targets. 

 

 

 
 

Figure 6.1: The function of various signaling targets associated with glioblastoma and 

ependymomas and the drugs targeting them. 
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6.3. FUTURE PROSPECTS 

 
▪ Through the integrated studies and using various computational analysis tools, identification of 

the putative ubiquitin E3 ligases and heat shock proteins would possibly bring in spotlight the 

therapeutic targeting of them with reduced burden on the use of cytotoxic drugs that actually 

even kills healthy cells. 

▪ The findings from the study would actually bring a breakthrough in the development of new 

therapeutic strategies by targeting the ubiquitin E3 ligases and HSPs and the exploration of 

interconnected pathways will open more therapeutic opportunities in the therapeutic 

suppression of these morbidities. 

▪ This study has identified the role of various potential biomarkers that can be further explored 

for the development of novel therapeutic avenues in GBMs and ependymomas. 

▪ The study pipeline and the methodology adopted would be extremely useful for identifying the 

therapeutic capacity of new drugs and the use of natural inhibitors and small molecules in 

combating brain tumors.  
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ANNEXURES 
 

 
Annexure 1: Representation of various ubiquitin E3 ligases present in datasets GSE4290, 

GSE50161, and GSE 104291 

 

 
 

 

 

 
 
 
 

 GSE4290 (89) GSE 50161 (50) GSE 104291 (42) 

Ubiquitin E3 

Ligases 

UHRF1, DTL, MDM2, TRIM5, FBXO4, 

CDCA3, NEDD4 

, UBE3C, TRIM22, SOCS3, TRIM38, 

BRCA1, MAP3K1, ITCH, TRAF4, 

SMURF2, CBL, DYRK2, RBCK1, SIAH1, 

BARD1, ARID1B, CCNB1P1, TANK, 

RNF216, HUWE1, RBBP6, RNF115, 

CNOT4, CHFR, RNF40, MKRN1, RLIM, 

VHL, RAD18, TRIM13, DDB2, KLHL20, 

MIB2, SKP2, CBLB, TRIM25, WWP2, 

TNFAIP3, SH3RF1, TRAF2, TRIM21, 

RAG1, MIB1, RNF138, TRAF6, XIAP, 

F2R1, TRIM65, DCAF1, RNF4, SMURF1, 

KCTD10, FBXO45, FBXO21, RBX1, 

WWP1, RNF2, RCHY1, TRIM32, PJA2, 

RNF43 

FBXO3, MYLIP, RNF14, TRIM62, 

TRAF3, STUB1, RNF8, CDC34, RFFL, 

FBXW11, UBE4B, TRIM17, CRBN, 

RNF220, TRIM37, TRIM9, TRIM24, 

KLHL2, RNF41, LNX1, FBXO2, FBXW7, 

UBE3A, NEDD4L 

 

 

 

RNF220, TRIM25, TANK, 

RBCK1, MDM2, SKP2, 

STUB1, TRIM21 

RNF41, ITCH, FBXD4 

RFWD3, RAD18 

BRCA1, BARD1, 

TRIM24, TRIM5, 

TRIM37, DTL, CDCA3, 

CDC20, NEDD4, 

TNFAIP3 

RNF8, CRBN 

RNF13, UBE3A 

TRAF3, PELI1 

TRIM17, SMURF1 

MYLIP, UBE4B, CHFR, 

RHOBTB1 

RNF43, BIRC2 
TRIM38, CBLB 

TRIM22, WWP1 

RLIM, DDB2, PJA2 

FBXO28, CBL, HUWE1, 

BIRC3, NEDD4L 

 

 

TRIM21, TANK, TRIM37, 

BRCA1, TRIM38, DTL, 

RAD18, FBXO4, TRIM5, 

UBE3C, RBCK1, MIB1, 

RNF138, TNFAIP3, CDC20, 

BIRC2, MDM2, TRIM22, 

RNF41, MYLIP, MAP3K1, 

TRIM25, DDB2, FBXO28, 

SIAH1, TRAF6, ARID1B, 

CNOT4, TRIM62, TRIM9, 

NEDD4, TRIM2, BRAP, 

CISH, SMURF2, FBXO31, 

CCNB1IP1 

, ASB2, SKP2, FBXO32, 

TRIM24, UBE3A 
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Annexure 2: Tabular representation of common interacting ubiquitin E3 ligases filtered using 

Venn analysis 

 

Names 
 

Total 
 

Elements 

GSE 104291; GSE 4290; 
GSE 50161 

21 

RNF138, BRCA1, TNFAIP3, SKP2, DTL, TRIM5, TRIM21, MYLIP, MDM2, 
DDB2, NEDD4, TRIM37, RAD18, RBCK1, RNF41 

TRIM24, TRIM22, TRIM38, TRIM25, TANK 
, UBE3A, CDCA3, STUB1, UBE4B, BARD1, CBLB, WWP1, RNF43, CHFR, PJA2, 

RNF220, NEDD4L, TRAF3, CBL, RNF8, CRBN, TRIM17, SMURF1, HUWE1, 
RLIM, ITCH 

GSE 4290; GSE 50161 20 
STUB1, UBE4B, BARD1, CBLB, WWP1, RNF43, CHFR, PJA2, RNF220, NEDD4L, 

TRAF3, CBL, RNF8, CRBN, TRIM17, SMURF1, HUWE1, RLIM, ITCH 

GSE 104291; GSE 4290 11 
UBE3C, MIB1, FBXO4, TRIM9, TRIM62, CNOT4, SMURF2, TRAF6, SIAH1, 

ARID1B, MAP3K1 

GSE 104291; GSE 50161 3 CDC20, FBXO28, BIRC2 

 
 

 

Annexure 3: Tabular representation of various alkaloids with their BBB scores and ADMET 

profiling 

 

Final List 
of alkaloids 

crosses 
BBB 

            

PubChem 
Id Alkaloid Canonical 

SMILES 

SV
M_
MA
CC
SFP 
BB
B 

Sco
re 

B
B
B 
pr
ed
ict
or 

B
B
B 
S
c
o
r
e 

BBB
_SW
ISS

ADM
E 

MOLECUL
AR MASS 
(<500Da) 

H-
B
O
N
D 
D
O
N
O
R 
(<
5) 

H-BOND 
ACCEPT
OR (<10) 

OCTAL 
WATER 
PARTITI

ON 
COEFFI
CIENT 
(log<5) 

MOLA
R 

REFR
ACTIV

ITY 
(40-
130) 

LIPINSKI 
RULE 

10723258 
3,5'-

dihydrox
ythalifab
oramine 

CN1CCC2=C3
C1CC4=C(C(=
C(C=C4C3=C(
C(=C2O)OC)O
C)OC)O)OC5=
CC=C(C=C5)C
C6C7=CC(=C(
C(=C7CCN6C)

O)OC)OC 

0.04
4 

ye
s 

1
.
2
2 

no 684.77 
g/mol 3 11 4.72 197.55 No; 2 

violations 
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10170 Berbami
ne 

CN1CCC2=CC(
=C3C=C2C1CC
4=CC=C(C=C4)
OC5=C(C=CC(
=C5)CC6C7=C(
O3)C(=C(C=C7
CCN6C)OC)OC

)O)OC 

0.03
6 

Y
E
S 

2
.
9
4 

no 608.72 
g/mol 1 8 5.15 181.6 Yes; 1 

violation 

442021  Brucine 

COC1=C(C=C2
C(=C1)C34CC

N5C3CC6C7C4
N2C(=O)CC7O
CC=C6C5)OC 

0.06
4 

Y
E
S 

4
.
7
4 

yes 394.46 
g/mol 0 5 1.84 114.04 Yes; 0 

violation 

161215 Brucine 
N-oxide 

COC1=C(C=C2
C(=C1)C34CC[
N+]5(C3CC6C7
C4N2C(=O)CC
7OCC=C6C5)[

O-])OC 

0.08
2 

Y
E
S 

4
.
0
6 

no 410.46 
g/mol 0 5 0.49 117.41 Yes; 0 

violation 

2703 Cheleryt
hrine 

C[N+]1=C2C(=
C3C=CC(=C(C
3=C1)OC)OC)C
=CC4=CC5=C(
C=C42)OCO5 

0.05
8 

Y
E
S 

4
.
1
2 

yes 348.37 
g/mol 0 4 3.02 101.6 Yes; 0 

violation 

82143 Cryptole
pine 

CN1C2=CC=C
C=C2C=C3C1=
C4C=CC=CC4=

N3 

0.11
5 

Y
E
S 

3
.
9
8 

yes 232.28 
g/mol 0 1 3.29 76.01 Yes; 0 

violation 

 

73481 Fangchi
noline 

CN1CCC2=CC(
=C3C=C2C1CC
4=CC=C(C=C4)
OC5=C(C=CC(
=C5)CC6C7=C(
O3)C(=C(C=C7
CCN6C)OC)O)

OC)OC 

0.03
6 

Y
E
S 

2
.
9
6 

no 608.72 
g/mol 1 8 5.16 181.6 Yes; 1 

violation 

3565 Harmalo
l 

CC1=NCCC2=
C1NC3=C2C=C

C(=C3)O 
0.04

6 
Y
E
S 

5
.
1
6 

yes 200.24 
g/mol 2 2 1.99 64.76 Yes; 0 

violation 

5281404 Harman
e 

CC1=NC=CC2=
C1NC3=CC=C

C=C23 
0.10

5 

Y
E
S 

5
.
1
4 

yes 182.22 
g/mol 1 1 2.7 58.57 Yes; 0 

violation 

5280953 Harmine 
CC1=NC=CC2=
C1NC3=C2C=C

C(=C3)OC 

0.05
8 

Y
E
S 

5
.
2
1 

yes 212.25 
g/mol 1 1 2.78 65.06 Yes; 0 

violation 

68094 Harmol 
CC1=C2C(=C3
C=CC(=O)C=C

3N2)C=CN1 
0.03

7 

Y
E
S 

4
.
5
7 

yes 198.22 
g/mol 2 0 1.86 61.39 Yes; 0 

violation 

197835 Hydrasti
ne 

CN1CCC2=CC
3=C(C=C2C1C
4C5=C(C(=C(C
=C5)OC)OC)C(
=O)O4)OCO3 

0.06
1 

Y
E
S 

4
.
1
1 

yes 383.39 
g/mol 0 7 2.55 103.38 Yes; 0 

violation 

https://pubchem.ncbi.nlm.nih.gov/compound/442021
https://pubchem.ncbi.nlm.nih.gov/compound/3565
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11024113 Isostryc
hnine 

C1CN2CC(=CC
O)C3CC2C14C
5C3=CCC(=O)

N5C6=CC=CC=
C46 

0.18
3 

Y
E
S 

5
.
1
1 

yes 334.41 
g/mol 1 3 1.85 102.77 Yes; 0 

violation 

4072580 Mahani
mbicine 

CC1=CC2=C(C
=C1)NC3=C2C
=CC4=C3C=CC
(O4)(C)CCC=C(

C)C 

0.09
4 

Y
E
S 

4
.
5
5 

no 331.45 
g/mol 1 1 5.63 108.45 Yes; 1 

violation 

167963 Mahani
mbine 

CC1=CC2=C(C
3=C1OC(C=C3)
(C)CCC=C(C)C
)NC4=CC=CC=

C42 

0.09
4 

Y
E
S 

4
.
5
6 

no 331.45 
g/mol 1 1 5.62 108.45 Yes; 1 

violation 

36689305 Mahanin
e 

CC1=CC2=C(C
3=C1OC(C=C3)
(C)CCC=C(C)C
)NC4=C2C=CC

(=C4)O 

0.02
2 

Y
E
S 

4
.
6
1 

no 347.45 
g/mol 2 2 5.2 110.48 Yes; 0 

violation 

10105653 Marcani
ne A 

CC1=CC(=O)N
C2=C1C(=O)C3
=CC=CC=C3C2

=O 

0.10
6 

Y
E
S 

3
.
0
9 

yes 239.23 
g/mol 1 3 1.72 65.34 Yes; 0 

violation 

 

91466 

 Matrine 
C1CC2C3CCC
N4C3C(CCC4)
CN2C(=O)C1 

0.12
1 

Y
E
S 

5
.
0
2 

yes 248.36 
g/mol 0 2 1.79 79.59 Yes; 0 

violation 

124256 

N-(4-
hydroxy
undecan
oyl)anab

asine 

CCCCCCCC(C
CC(=O)N1CCC
CC1C2=CN=C

C=C2)O 

0.09
8 

Y
E
S 

4
.
5
3 

yes 346.51 
g/mol 1 3 3.78 107.37 Yes; 0 

violation 

390526 Neocryp
tolepine 

CN1C2=CC=C
C=C2C=C3C1=
NC4=CC=CC=

C43 

0.15
8 

Y
E
S 

3
.
8
2 

yes 232.28 
g/mol 0 1 3.47 76.01 Yes; 0 

violation 

162334 

N-n-
octanoyl
nornicoti

ne 

CCCCCCCC(=
O)N1CCCC1C2

=CN=CC=C2 
0.12

2 

Y
E
S 

4
.
9
4 

yes 274.40 
g/mol 0 2 3.35 86.98 Yes; 0 

violation 

275196 Noscapi
ne 

CN1CCC2=CC
3=C(C(=C2C1C
4C5=C(C(=C(C
=C5)OC)OC)C(
=O)O4)OC)OC

O3 

0.04
2 

Y
E
S 

3
.
7 

no 413.42 
g/mol 0 8 2.55 109.88 Yes; 0 

violation 

4680 Papaver
ine 

COC1=C(C=C(
C=C1)CC2=NC
=CC3=CC(=C(
C=C32)OC)OC)

OC 

0.09
2 

Y
E
S 

4
.
7
6 

yes 339.39 
g/mol 0 5 3.32 97.16 Yes; 0 

violation 

5983 Physosti
gmine 

CC12CCN(C1N
(C3=C2C=C(C=
C3)OC(=O)NC)

C)C 
0.14 

Y
E
S 

5
.
0
3 

yes 275.35 
g/mol 1 3 1.68 84.93 Yes; 0 

violation 

https://pubchem.ncbi.nlm.nih.gov/compound/36689305
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5281408 Rhynco
phylline 

CCC1CN2CCC
3(C2CC1C(=C

OC)C(=O)OC)C
4=CC=CC=C4N

C3=O 

0.06 
Y
E
S 

3
.
9 

yes 384.47 
g/mol 1 5 2.46 113.39 Yes; 0 

violation 

13422573 Rohituki
ne 

CC1=CC(=O)C
2=C(O1)C(=C(
C=C2O)O)C3C

CN(CC3O)C 

0.06
8 

Y
E
S 

3
.
2
7 

no 332.33 
g/mol 0 4 2.88 94.68 Yes; 0 

violation 

5154 Sanguin
arine 

C[N+]1=C2C(=
C3C=CC4=C(C
3=C1)OCO4)C
=CC5=CC6=C(
C=C52)OCO6 

0.11
5 

Y
E
S 

4
.
1
3 

yes 334.41 
g/mol 0 3 2.09 101.05 Yes; 0 

violation 

441071 Strychni
ne 

C1CN2CC3=C
COC4CC(=O)N
5C6C4C3CC2C
61C7=CC=CC=

C75 

0.12
8 

Y
E
S 

5
.
2
5 

yes 622.75 
g/mol 0 8 5.41 186.07 Yes; 1 

violation 

 

73078 Tetrandr
ine 

CN1CCC2=CC(
=C3C=C2C1CC
4=CC=C(C=C4)
OC5=C(C=CC(
=C5)CC6C7=C(
O3)C(=C(C=C7
CCN6C)OC)OC

)OC)OC 

0.05
6 

Y
E
S 

3
.
1
5 

no 413.64 
g/mol 2 3 4.67 127.23 Yes; 1 

violation 

12442871 Tomatid
enol 

CC1CCC2(C(C
3C(O2)CC4C3(
CCC5C4CC=C
6C5(CCC(C6)O

)C)C)C)NC1 

0.13 
Y
E
S 

4
.
5 

yes 415.65 
g/mol 2 3 4.9 127.7 Yes; 1 

violation 

65576 Tomatidi
ne 

CC1CCC2(C(C
3C(O2)CC4C3(
CCC5C4CCC6
C5(CCC(C6)O)

C)C)C)NC1 

0.10
5 

Y
E
S 

4
.
5
1 

yes 354.44 
g/mol 1 4 2.61 103.74 Yes; 0 

violation 

15376  Vincami
ne 

CCC12CCCN3
C1C4=C(CC3)

C5=CC=CC=C5
N4C(C2)(C(=O)

OC)O 

0.04
7 

Y
E
S 

4
.
8
8 

yes 265.31 
g/mol 1 3 2.88 80.13 Yes; 0 

violation 

160597 
(-)-

anonain
e 

C1CNC2CC3=
CC=CC=C3C4=
C2C1=CC5=C4

OCO5 
0.11 

Y
E
S 

5
.
4
3 

yes 365.42 
g/mol 2 5 2.96 109.37 Yes; 0 

violation 

161749 
(+)-

tylophori
nidine 

COC1=CC2=C(
C=C1)C3=C(C
N4CCCC4C3O)
C5=CC(=C(C=

C52)O)OC 

0.04
9 

Y
E
S 

4
.
2
3 

yes 363.45 
g/mol 0 4 4.07 112.67 Yes; 0 

violation 

639288 (R)-
antofine 

COC1=CC2=C(
C=C1)C3=C(C
C4CCCN4C3)C
5=CC(=C(C=C5

2)OC)OC 

0.09
8 

Y
E
S 

5
.
1
8 

yes 377.48 
g/mol 0 4 4.35 117.48 Yes; 0 

violation 

https://pubchem.ncbi.nlm.nih.gov/compound/15376
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92765 
(R)-

cryptopl
eurine 

COC1=CC2=C(
C=C1)C3=C(C
C4CCCCN4C3)
C5=CC(=C(C=
C52)OC)OC 

0.07
6 

Y
E
S 

5
.
1
4 

yes 393.48 
g/mol 0 5 4.04 119.16 Yes; 0 

violation 

92114 
(R)-

tylophori
ne 

COC1=C(C=C2
C(=C1)C3=C(C
N4CCCC4C3)C
5=CC(=C(C=C5
2)OC)OC)OC 

0.08 
Y
E
S 

4
.
9
4 

yes 409.47 
g/mol 1 5 3.47 120.75 Yes; 0 

violation 

373661 
(S)-

tyloindici
ne I 

COC1=C(C=C(
C=C1)C2=CN3
CCCC3C=C2C
4=CC(=C(C(=C
4)OC)OC)O)OC 

0.02
4 

Y
E
S 

4
.
2
3 

yes 250.25 
g/mol 0 3 2.38 74.15 Yes; 0 

violation 

9881423 
9-

methoxy
canthin-
6-one 

COC1=CC2=C(
C=C1)C3=C4N
2C(=O)C=CC4=

NC=C3 

0.11
6 

Y
E
S 

4
.
6
7 

yes 266.25 
g/mol 0 3 1.72 77.52 Yes; 0 

violation 

 

44593495 

9-
methoxy
canthin-
6-one 
3N-

oxide 

COC1=CC2=C(
C=C1)C3=C4N
2C(=O)C=CC4=
[N+](C=C3)[O-] 

0.12
1 

Y
E
S 

4
.
3
5 

yes 240.26 
g/mol 2 3 2.15 69.95 Yes; 0 

violation 

5375436 

beta-
carbolin

e-1-
propioni
c acid 

C1=CC=C2C(=
C1)C3=C(N2)C(
=NC=C3)CCC(

=O)O 

0.04
9 

Y
E
S 

4
.
1
8 

yes 220.23 
g/mol 0 2 2.39 67.66 Yes; 0 

violation 

97176 canthin-
6-one 

C1=CC=C2C(=
C1)C3=C4N2C(
=O)C=CC4=NC

=C3 

0.13
7 

Y
E
S 

4
.
8
2 

yes 305.41 
g/mol 2 3 3.43 90.52 Yes; 0 

violation 

1548943 Capsaici
n 

CC(C)C=CCCC
CC(=O)NCC1=
CC(=C(C=C1)O

)OC 

0.06
4 

Y
E
S 

4
.
1
6 

yes 331.36 
g/mol 1 5 0.53 91.35 Yes; 0 

violation 

637173 
Cephalo
taxine 

alpha-N-
oxide 

COC1=CC23C
CC[N+]2(CCC4
=CC5=C(C=C4
C3C1O)OCO5)[

O-] 

0.06
8 

Y
E
S 

 no 331.36 
g/mol 1 5 0.53 91.35 Yes; 0 

violation 

10404434 

Cephalo
taxine 

beta-N-
oxide 

COC1=CC23C
CC[N+]2(CCC4
=CC5=C(C=C4
C3C1O)OCO5)[

O-] 

0.06
8 

Y
E
S 

 no 606.71 
g/mol 0 8 5.36 179.15 Yes; 1 

violation 

10206 Cephara
nthine 

CN1CCC2=CC
3=C(C4=C2C1
CC5=CC=C(C=
C5)OC6=C(C=
CC(=C6)CC7C
8=CC(=C(C=C8
CCN7C)OC)O4

)OC)OCO3 

0.07
6 

Y
E
S 

 no 369.45g/m
ol 0 5 3.33 108.8 Yes; 0 

violation 
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101301 Corydali
ne 

CC1C2C3=CC(
=C(C=C3CCN2
CC4=C1C=CC(
=C4OC)OC)OC

)OC 

0.02
1 

Y
E
S 

 yes 622.75 
g/mol 0 8 5.47 186.07 Yes; 1 

violation 

121313 Cycleani
ne 

CN1CCC2=CC(
=C(C3=C2C1C
C4=CC=C(C=C
4)OC5=C6C(C
C7=CC=C(O3)
C=C7)N(CCC6
=CC(=C5OC)O

C)C)OC)OC 

0.05
6 

Y
E
S 

 no 246.31 
g/mol 1 1 3.92 81.04 Yes; 0 

violation 

3213 Ellipticin
e 

CC1=C2C=CN=
CC2=C(C3=C1
NC4=CC=CC=

C43)C 

0.11
8 

Y
E
S 

 yes 303.36 
g/mol 1 1 2.7 97.67 Yes; 0 

violation 

 
 

151289 Evodiam
ine 

CN1C2C3=C(C
CN2C(=O)C4=
CC=CC=C41)C
5=CC=CC=C5N

3 

0.13
9 

Y
E
S 

 yes 315.49 
g/mol 1 2 3.88 96.52 Yes; 0 

violation 

12310548 Holamin
e 

CC(=O)C1CCC
2C1(CCC3C2C
C=C4C3(CCC(

C4)N)C)C 

0.06
9 

Y
E
S 

4
.
6
6 

yes 315.36 
g/mol 1 5 1.98 88.77 Yes; 0 

violation 

10245167 
Isoceph
alotaxin

e 

COC1=C2C3=
CC4=C(C=C3C
CN5C2(CCC5)
CC1O)OCO4 

0.02
5 

Y
E
S 

 yes 622.75 
g/mol 0 8 5.41 186.07 Yes; 1 

violation 

5351212 Isotetran
drine 

CN1CCC2=CC(
=C3C=C2C1CC
4=CC=C(C=C4)
OC5=C(C=CC(
=C5)CC6C7=C(
O3)C(=C(C=C7
CCN6C)OC)OC

)OC)OC 

0.05
6 

Y
E
S 

 no 275.26 
g/mol 0 4 2.88 76.67 Yes; 0 

violation 

10144 liriodeni
ne 

C1OC2=C(O1)
C3=C4C(=C2)C
=CN=C4C(=O)
C5=CC=CC=C5

3 

0.15
7 

Y
E
S 

 yes 478.62 
g/mol 0 6 4.43 147.34 Yes; 0 

violation 

15560508 Psychotr
ine 

CCC1CN2CCC
3=CC(=C(C=C3
C2CC1CC4=N
CCC5=CC(=C(
C=C54)OC)OC)

OC)OC 

0.02
1 

Y
E
S 

4
.
8
1 

yes 393.48 
g/mol 0 5 4.08 119.16 Yes; 0 

violation 

 
 
 
 
 
 
 
 



139 | P a g e                                               

637044 Secoant
ofine 

COC1=CC=C(C
=C1)C2=C(CC3
CCCN3C2)C4=
CC(=C(C=C4)O

C)OC 

0.09
1 

Y
E
S 

5
.
4
5 

yes 381.46 
g/mol 1 5 3.32 113.12 Yes; 0 

violation 

246845 tylocrebr
ine 

COC1=C(C2=C
(C=C1)C3=C(C
C4CCCN4C3)C
5=CC(=C(C=C5
2)OC)OC)OC 

0.08 
Y
E
S 

4
.
9
5 

yes 393.48 
g/mol 0 5 4.08 119.16 Yes; 0 

violation 

373658 tyloindici
ne F 

COC1=CC=C(C
=C1)C2=CC3(C
CCN3CC2C4=
CC(=C(C=C4)O

C)OC)O 

0.07
4 

Y
E
S 

4
.
9
6 

yes 381.46 
g/mol 1 5 3.32 113.12 Yes; 0 

violation 

373659 tyloindici
ne G 

COC1=C(C=C2
C(=C1)C3CN4
CCCC4(C=C3C
5=CC(=C(C=C2
5)OC)OC)O)OC 

0.08
2 

Y
E
S 

4
.
5
7 

yes 409.47 
g/mol 1 6 3.24 118.61 Yes; 0 

violation 

44443382 tylophori
dicine C 

COC1=CC2=C(
C=C1)C3=C(C[
N+]4(CCCC4C3

O)[O-
])C5=CC(=C(C=

C52)O)OC 

0.08
5 

Y
E
S 

 no 381.42 
g/mol 2 5 0.78 112.73 Yes; 0 

violation 

44443383 tylophori
dicine F 

COC1=CC2=C(
C=C1)C3=C(C[
N+]4(CCCC4C3

O)[O-
])C5=CC(=C(C=

C52)OC)OC 

0.10
2 

Y
E
S 

 yes 395.45 
g/mol 1 5 1.11 117.2 Yes; 0 

violation 

249332 
Vincristi

ne 
sulfate 

CCC1(CC2CC(
C3=C(CCN(C2)
C1)C4=CC=CC
=C4N3)(C5=C(
C=C6C(=C5)C7
8CCN9C7C(C=
CC9)(C(C(C8N
6C=O)(C(=O)O
C)O)OC(=O)C)
CC)OC)C(=O)O
C)O.OS(=O)(=

O)O 

0.04
7 

Y
E
S 

 no 923.04 
g/mol 5 16 2.26 247.33 No; 2 

violations 

92114 
(S)-

tylophori
ne 

COC1=C(C=C2
C(=C1)C3=C(C
N4CCCC4C3)C
5=CC(=C(C=C5
2)OC)OC)OC 

0.08 
Y
E
S 

 yes 393.48 
g/mol 0 5 4.04 119.16 Yes; 0 

violation 

 

9975115 
6-O-

desmeth
ylantofin

e 

COC1=C(C=C2
C(=C1)C3=C(C
N4CCCC4C3)C
5=C2C=C(C=C

5)O)OC 

0.09
6 

Y
E
S 

 yes 349.42 
g/mol 1 4 3.67 108.2 Yes; 0 

violation 
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11741391 

13(R)-
14(R)-

hydroxy
antofine-
N-oxide 

COC1=CC2=C(
C=C1)C3=C(C(
C4CCC[N+]4(C

3)[O-
])O)C5=CC(=C(
C=C52)OC)OC 

0.09
6 

Y
E
S 

 yes 395.45 
g/mol 1 5 1.74 117.2 Yes; 0 

violation 

51041425 Sapros
mine B 

CCOC1(C2=CC
=CC=C2C(=O)
C3=C1C(=CC(=

O)N3)C)OC 

0.02
6 

Y
E
S 

 yes 299.32 
g/mol 1 4 2.24 81.39 Yes; 0 

violation 

10263500   

9-
hydroxy
canthin-
6-one 

C1=CC2=C3C=
CNC4=C3N(C2
=CC1=O)C(=O)

C=C4 

0.05
1 

Y
E
S 

 yes 
236.23 
g/mol 

1 2 1.55 70.49 
Yes; 0 

violation 

10408269 
Isotylocr
ebrine 

COC1=C(C2=C
(C=C1)C3=C(C
N4CCCC4C3)C
5=CC(=C(C=C5
2)OC)OC)OC 

0.08
0 

Y
E
S 

4

.

9

4 

yes 
393.48 
g/mol 

0 5 4.04 119.16 
Yes; 0 

violation 

 
 

Annexure 4: Representation of Various Heat shock proteins in different tumors from GSE50161 

 

Glioblastoma Medulloblastoma Ependymoma Astrocytoma 

DNAJC6 DNAJC5 DNAJC6 DNAJC6 

DNAJB2 DNAJC6 DNAJC5 DNAJC27 

HSPB8 HSPA12A DNAJC12 HSPA4L 

HSPA2 DNAJA4 DNAJC27 DNAJA4 

HSPA12A HSPA4L DNAJA4 HSPH1 

DNAJA4 DNAJC27 HSPA12A HSPA4L 

DNAJC27 DNAJC12 HSPB3 HSPB3 

DNAJB4 HSPB3 
 

CRY2 

HSPA1A HSPA2 
 

CRYM 

HSPB3 CRY2 
  

DNAJC12 CRYM 
  

CRYAB 
   

 

https://pubchem.ncbi.nlm.nih.gov/compound/10263500
https://pubchem.ncbi.nlm.nih.gov/compound/10408269
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Annexure 5: Representation of TFs interacting with HSPs with their Degree and Betweenness 

 
 
 
 

Id Label Degree Betweenness Expression 

3303 HSPA1A 174 17613.78 0 

3326 HSP90AB1 151 12793.97 0 

3329 HSPD1 48 1221.89 0 

3336 HSPE1 48 1221.89 0 

51726 DNAJB11 47 1629.38 0 

7184 HSP90B1 46 1654.28 0 

79982 DNAJB14 41 1759.37 0 

27000 DNAJC2 38 1211.68 0 

51277 DNAJC27 26 917.65 0 

9829 DNAJC6 22 1625.29 0 

7203 CCT3 21 412.22 0 

10693 CCT6B 18 703.06 0 

10808 HSPH1 18 681.23 0 

54431 DNAJC10 16 423.05 0 

10576 CCT2 14 83.25 0 

56521 DNAJC12 13 149.87 0 

55735 DNAJC11 12 65.33 0 

3320 HSP90AA1 12 57.83 0 

2002 ELK1 10 440.9 0 

1997 ELF1 9 468.73 0 

90993 CREB3L1 9 355.87 0 

687 KLF9 9 289.8 0 

1105 CHD1 8 309.17 0 

22882 ZHX2 8 180.99 0 

7027 TFDP1 7 207.59 0 

2961 GTF2E2 7 198.36 0 

8462 KLF11 7 188.83 0 

3659 IRF1 7 170.88 0 

3054 HCFC1 7 123.47 0 

27107 ZBTB11 6 211.1 0 

55769 ZNF83 6 183.57 0 

6749 SSRP1 6 148.86 0 

8061 FOSL1 6 144.24 0 

10168 ZNF197 6 144.24 0 

473 RERE 6 144.24 0 

4090 SMAD5 6 143.81 0 

10155 TRIM28 6 135.37 0 

2113 ETS1 6 124.28 0 

8625 RFXANK 6 122.91 0 

23133 PHF8 6 119.83 0 
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10765 KDM5B 6 119.83 0 

8819 SAP30 6 119.83 0 

11279 KLF8 6 109.2 0 

80108 ZFP2 5 212.58 0 

3399 ID3 5 180.3 0 

5437 POLR2H 5 136.3 0 

79618 HMBOX1 5 134.68 0 

466 ATF1 5 122.17 0 

9923 ZBTB40 5 103.83 0 

57798 GATAD1 5 101.22 0 

7572 ZNF24 5 100.92 0 

55810 FOXJ2 5 95.78 0 

5371 PML 5 89 0 

6667 SP1 5 89 0 

60436 TGIF2 5 87.57 0 

4152 MBD1 5 70.47 0 

6879 TAF7 5 65.19 0 

56897 WRNIP1 5 60.33 0 

7490 WT1 4 155.02 0 

7003 TEAD1 4 100.86 0 

51385 ZNF589 4 97.41 0 

26959 HBP1 4 93.02 0 

2305 FOXM1 4 89.11 0 

3662 IRF4 4 89.11 0 

1958 EGR1 4 89.11 0 

5978 REST 4 83.37 0 

5430 POLR2A 4 83.01 0 

571 BACH1 4 78.56 0 

83881 MIXL1 4 78.56 0 

51621 KLF13 4 77.51 0 

7025 NR2F1 4 75.67 0 

11218 DDX20 4 75.67 0 

162963 ZNF610 4 69.92 0 

7528 YY1 4 69.27 0 

7030 TFE3 4 67.64 0 

604 BCL6 4 67.64 0 

25942 SIN3A 4 67.61 0 

7586 ZKSCAN1 4 66.32 0 

64919 BCL11B 4 66.21 0 

6945 MLX 4 64.6 0 

23309 SIN3B 4 64.6 0 
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9112 MTA1 4 64.6 0 

10346 TRIM22 4 61.52 0 

5927 KDM5A 4 60.25 0 
 

 

3164 NR4A1 4 59.32 0 

9611 NCOR1 4 54.74 0 

83855 KLF16 4 53.8 0 

84146 ZNF644 4 53.8 0 

5914 RARA 4 53.8 0 

2118 ETV4 4 53.8 0 

10362 HMG20B 4 53.8 0 

8648 NCOA1 4 53.8 0 

3171 FOXA3 4 53.8 0 

23028 KDM1A 4 53.8 0 

7543 ZFX 4 51.05 0 

4798 NFRKB 4 49.96 0 

5089 PBX2 4 49.22 0 

6772 STAT1 4 41.57 0 

6932 TCF7 4 40.69 0 

1385 CREB1 4 35.48 0 

58491 ZNF71 4 34.86 0 

51548 SIRT6 3 119.25 0 

6597 SMARCA4 3 119.25 0 

10320 IKZF1 3 119.25 0 

10488 CREB3 3 119.25 0 

51193 ZNF639 3 88.93 0 

5977 DPF2 3 75.2 0 

6257 RXRB 3 72.72 0 

84905 ZNF341 3 54.43 0 

3726 JUNB 3 51.09 0 

10589 DRAP1 3 50.51 0 

6670 SP3 3 49.64 0 

3727 JUND 3 49.49 0 

10009 ZBTB33 3 49.49 0 

6935 ZEB1 3 49.12 0 

4899 NRF1 3 48.88 0 

3068 HDGF 3 48.88 0 

2063 NR2F6 3 48.88 0 

2115 ETV1 3 48.88 0 

51341 ZBTB7A 3 48.88 0 

9324 HMGN3 3 48.88 0 
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2551 GABPA 3 47.04 0 

23394 ADNP 3 46.14 0 

84124 ZNF394 3 46.12 0 

55892 MYNN 3 40.87 0 

4298 MLLT1 3 40.87 0 

7549 ZNF2 3 40.87 0 

57684 ZBTB26 3 40.87 0 
 

7799 PRDM2 3 40.87 0 

2626 GATA4 3 40.87 0 

1054 CEBPG 3 40.47 0 

7756 ZNF207 3 40.35 0 

1875 E2F5 3 39.78 0 

25799 ZNF324 3 39.78 0 

8467 SMARCA5 3 39.78 0 

8805 TRIM24 3 38.75 0 

7023 TFAP4 3 38.31 0 

4774 NFIA 3 38.31 0 

2101 ESRRA 3 37.81 0 

23090 ZNF423 3 37.36 0 

2738 GLI4 3 37.05 0 

7068 THRB 3 37.05 0 

6660 SOX5 3 37.05 0 

4150 MAZ 3 37.05 0 

55929 DMAP1 3 36.09 0 

2958 GTF2A2 3 35.94 0 

167465 ZNF366 3 35.55 0 

9967 THRAP3 3 34.21 0 

8726 EED 3 34.21 0 

1316 KLF6 3 31.53 0 

4802 NFYC 3 31.04 0 

57492 ARID1B 3 29.05 0 

4149 MAX 3 29.05 0 

7629 ZNF76 3 28.36 0 

201514 ZNF584 3 28.01 0 

83463 MXD3 3 27.14 0 

8932 MBD2 3 26.51 0 

10608 MXD4 3 21.79 0 

54815 GATAD2A 3 21.79 0 

7005 TEAD3 3 19.56 0 

4601 MXI1 3 16.48 0 

26205 GMEB2 3 16.48 0 
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51742 ARID4B 3 16.48 0 

4089 SMAD4 3 14.11 0 

10363 HMG20A 3 8.62 0 

4609 MYC 3 8.47 0 

468 ATF4 3 7.68 0 

2623 GATA1 2 267 0 

54880 BCOR 2 47.96 0 

84450 ZNF512 2 47.96 0 

30009 TBX21 2 30.78 0 

2114 ETS2 2 23.18 0 
 

 

7799 PRDM2 3 40.87 0 

2626 GATA4 3 40.87 0 

1054 CEBPG 3 40.47 0 

7756 ZNF207 3 40.35 0 

1875 E2F5 3 39.78 0 

25799 ZNF324 3 39.78 0 

8467 SMARCA5 3 39.78 0 

8805 TRIM24 3 38.75 0 

7023 TFAP4 3 38.31 0 

4774 NFIA 3 38.31 0 

2101 ESRRA 3 37.81 0 

23090 ZNF423 3 37.36 0 

2738 GLI4 3 37.05 0 

7068 THRB 3 37.05 0 

6660 SOX5 3 37.05 0 

4150 MAZ 3 37.05 0 

55929 DMAP1 3 36.09 0 

2958 GTF2A2 3 35.94 0 

167465 ZNF366 3 35.55 0 

9967 THRAP3 3 34.21 0 

8726 EED 3 34.21 0 

1316 KLF6 3 31.53 0 

4802 NFYC 3 31.04 0 

57492 ARID1B 3 29.05 0 

4149 MAX 3 29.05 0 

7629 ZNF76 3 28.36 0 

201514 ZNF584 3 28.01 0 

83463 MXD3 3 27.14 0 

8932 MBD2 3 26.51 0 

10608 MXD4 3 21.79 0 
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54815 GATAD2A 3 21.79 0 

7005 TEAD3 3 19.56 0 

4601 MXI1 3 16.48 0 

26205 GMEB2 3 16.48 0 

51742 ARID4B 3 16.48 0 

4089 SMAD4 3 14.11 0 

10363 HMG20A 3 8.62 0 

4609 MYC 3 8.47 0 

468 ATF4 3 7.68 0 

2623 GATA1 2 267 0 

54880 BCOR 2 47.96 0 

84450 ZNF512 2 47.96 0 

30009 TBX21 2 30.78 0 

2114 ETS2 2 23.18 0 
 

 

84733 CBX2 1 0 0 

10919 EHMT2 1 0 0 

3065 HDAC1 1 0 0 

148979 GLIS1 1 0 0 

5316 PKNOX1 1 0 0 

6668 SP2 1 0 0 

4335 MNT 1 0 0 

9831 ZNF623 1 0 0 

5452 POU2F2 1 0 0 

639 PRDM1 1 0 0 

7182 NR2C2 1 0 0 

7004 TEAD4 1 0 0 

1052 CEBPD 1 0 0 

3170 FOXA2 1 0 0 

7702 ZNF143 1 0 0 

1879 EBF1 1 0 0 

9126 SMC3 1 0 0 

118738 ZNF488 1 0 0 

3087 HHEX 1 0 0 

8328 GFI1B 1 0 0 

7566 ZNF18 1 0 0 

1106 CHD2 1 0 0 

6045 RNF2 1 0 0 

1999 ELF3 1 0 0 

1959 EGR2 1 0 0 

6829 SUPT5H 1 0 0 
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10127 ZNF263 1 0 0 

83746 L3MBTL2 1 0 0 

7709 ZBTB17 1 0 0 

90780 PYGO2 1 0 0 

7728 ZNF175 1 0 0 

6908 TBP 1 0 0 

2120 ETV6 1 0 0 

4209 MEF2D 1 0 0 

23186 RCOR1 1 0 0 

7675 ZNF121 1 0 0 

2033 EP300 1 0 0 

11244 ZHX1 1 0 0 

9232 PTTG1 1 0 0 

3660 IRF2 1 0 0 

3090 HIC1 1 0 0 

5970 RELA 1 0 0 

6721 SREBF2 1 0 0 

4286 MITF 1 0 0 
 

1523 CUX1 1 0 0 

10661 KLF1 1 0 0 

6934 TCF7L2 1 0 0 

1390 CREM 1 0 0 

2959 GTF2B 1 0 0 

861 RUNX1 1 0 0 

4602 MYB 1 0 0 

9314 KLF4 1 0 0 

7539 ZFP37 1 0 0 
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ABSTRACT: Glioblastomas (GBMs) represent the most aggressive form of brain tumor arising from
the malignant transformation of astrocytes. Despite various advancements, treatment options remain
limited to chemotherapy and radiotherapy followed by surgery giving an overall survival of 14−15
months. These therapies are somewhere restricted in giving a better survival and cure. There is a need
for new therapeutics that could potentially target GBM based on molecular pathways and pathology.
Here, ubiquitin E3 ligases can be used as targets as they bind a wide array of substrates and therefore
can be attractive targets for new inhibitors. Through this study, we have tried to sort various ubiquitin
E3 ligases based on their expression, pathways to which these ligases are associated, and mutational
frequencies, and then we tried to screen potent inhibitors against the most favorable E3 ligase as very
few studies are available concerning inhibition of E3 ligase in GBM. Our study found MDM2 to be the
most ideal E3 ligase and further we tried to target MDM2 against various compounds under the alkaloid
class. Molecular Docking and MD simulations combined with ADMET properties and BBB scores
revealed that only evodiamine and sanguinarine were effective in inhibiting MDM2. We also tried to
give a proposed mechanism of how these inhibitors mediate the p53 signaling in GBM. Therefore, the new scaffolds predicted by the
computational approach could help in designing promising therapeutic agents targeting MDM2 in glioblastoma.

1. INTRODUCTION
Gliomas represent the most frequently occurring primary brain
tumors that arise due to the abnormality in the glial cells such
as ependymal cells, oligodendrocytes, astrocytes, etc.1 Based on
the cells of origin, these gliomas are classified as anaplastic
astrocytoma, oligodendrogliomas, and glioblastoma.2 Glioblas-
toma represents the most lethal and malignant form of brain
tumor and accounts for 80% of the cases as recognized by the
World Health Organization (WHO).3 However, the overall
median survival of the patient remains only 9−15 months
following the standard therapeutic regimes such as surgery,
radiotherapy, and chemotherapy.4,5 This lack of precise
therapeutic targeting of these tumors is due to the undefined
etiology and incomplete knowledge of the underlying
mechanism behind this disease. Recent data published
concedes that there is 91% involvement of p53 pathway
downregulation in a variety of carcinomas.6 As the treatment
options are very limited, there is an urgent need to explore
more options.7 In that case, ubiquitin E3 ligase remains an
untouched area of discussion as the inhibitors targeting these
ligases are very few in count. Ubiquitylation represents a
reversible post-translational modification that is regulated by
ubiquitin E3 ligases.8 Ubiquitin E3 ligases are known to target
a broad spectrum of substrates that are involved in processes
like DNA repair, apoptosis, and metabolism.9 Ubiquitin E3
ligases are the pinnacle of ubiquitination with a high frequency

of selectivity against the substrate, therefore, making them an
attractive drug target.10

Various ubiquitin E3 ligases are known to play an important
role in commanding several activities of cells. Ubiquitin E3
ligases such as MDM2 (mouse double minute 2),11 BRCA1
(breast and ovarian cancer susceptibility protein 1),12 neural
precursor cell-expressed developmentally downregulated 4
(NEDD4),13 tripartite motif-containing 21 (TRIM21),14 ring
finger 41 (RNF41),15 ubiquitin-protein E3 ligase (UBE3A),16

and various other E3 ligases impart an important role.
Although very few inhibitors are currently available that can
target these ligases and can cause suppression in GBM
proliferation,17−19 our study aimed to identify a ubiquitin E3
ligase whose expression was higher in glioblastoma and plays a
prominent role in GBM signaling. For this, we performed
expressional and mutational studies to predict the most
suitable E3 ligase for therapeutics. Through our observations,
MDM2 was found to be the most suitable ubiquitin E3 ligase
as it shows higher mutational frequencies in GBM and is also
involved in the activation of p53.20 MDM2 acts as a ubiquitin
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E3 ligase and functions by binding to p53 (tumor suppressor
protein).21 The binding of MDM2 to p53 causes the
inactivation of p53, leading to the functional loss in p53
activity.22 The functions mediated by p53 are DNA repair,
senescence, apoptosis, arrest in cellular growth, and cell
growth.23 Whenever there is cellular stress like genotoxicity,
damage to the DNA, oncogene activation, and hyper-
proliferative stress, there is upregulation of an enzyme p14
alternate reading frame protein (ARF).24 This enzyme remains
upstream to MDM2, promotes escape of p53 from MDM2
degradation and therefore, the tumor-suppressing functions of
p53 are not lost.25 Studies have shown that mutation in
MDM2 during cancerous conditions causes gene amplification
in glioblastomas and on the side, p53 remains wild type.26 This
amplification causes an overexpression in MDM2 that causes
p53 inactivation and increased cancer progression. Hence,
breaking the MDM2-p53 interactions seems to be a promising
therapeutic approach to treating glioblastomas.27 Studies have
been done to identify inhibitors that can potentially target
MDM2 but are still in the pipeline. Inhibitors such as RG7112
(analogous to nutlin) cause MDM2 inactivation leading to
increased cellular apoptosis and cell cycle arrest showing a
reduction in tumor growth in xenografts.28 Nutlin-3a is known
to inhibit the MDM2-p53 interactions and enhance p53-
mediated apoptosis in osteosarcoma.29 Other inhibitors of
MDM2 such as CGM097, MK8242, MI77301, and RG7388
are known to be used in various cancers although only a few
are known to play an important role in the therapeutics of
GBM.30−33 Studies have also shown that inhibiting MDM2 can
also be a therapeutic option in treating GBMs possessing wild-
type p53.34,35 These studies prove that MDM2 can be an
effective target in tumorgenicity and breaking the p53-MDM2
interactions can be significant in GBM treatment. However,
computational and in silico analysis by inculcating a combined
approach of docking at a molecular level and dynamics
simulation studies at the initial screening and analysis can help
us to identify potential inhibitors against these ligases as they
are very limited in count.36,37

Researchers have focused on identifying synthetic inhibitors
as therapeutic options but these chemical inhibitors possess
enhanced cytotoxicity. Studies concerning the use of natural
alkaloids in GBM therapeutics are very few in number.38

Natural alkaloids can be of great value as they show very less or
no side effects. Alkaloids represent an important class of
natural compounds and are shown to induce cell death in
GBM as they are potent antioxidants.39 Alkaloids such as
melatonin (monoamine alkaloid) are able to inhibit MDM2 in
the MCF7 breast cancer cell line.40 Melatonin is also known to
inhibit phosphorylation of MDM2, enhancing acetylation of
p53 thereby leading to p53-MDM2 disruption and gain of
functions of p53.41 Another study found that papaverine (non-
narcotic opium alkaloid) was able to induce suppression in
GBM activity.42 Evodiamine is a natural alkaloid derived from
the fruit of Evodia rutaecarpa (medicinal plant) mostly used by
the Chinese in medicine.43 This alkaloid is known to exhibit
the property of anti-inflammation and is known to be reported
in reducing the proliferation of cancerous cells by the process
of apoptosis and cell cycle arrest.44 Evodiamine was found to
induce calcium/JNK-mediated autophagy and mitochondrial-
mediated apoptosis in GBM.45,46 However, the role of
evodiamine in targeting MDM2 as a ubiquitin E3 ligase
remains unclear. Another alkaloid sanguinarine, which is a
benzophenanthridine alkaloid, was able to induce apoptosis in

human breast carcinoma cells.47 A recent study shows that
evodiamine can inhibit liver carcinoma via Met/EGFR
signaling.48 Evodiamine was found to induce apoptosis in
lung carcinoma.49 Evodiamine has been shown to target the
cancer stem-like cells through the p55-p21-Rb pathway in
breast cancer.50 Sanguinarine, a benzophenanthridine, is a
nitrogen-containing alkaloid isolated from the roots of
Sanguinaria canadeni.51 This alkaloid is known to possess
antibacterial and anti-inflammatory properties. Sanguinarine is
found to induce apoptosis in a p53-dependent manner in
hepatocellular carcinoma.52 Sanguinarine was also able to
induce apoptosis in C6 rat glioblastoma cells.53 Sanguinarine
was also able to induce metastasis in breast cancer.54

Sanguinarine is known to induce ROS-dependent activation
of autophagy and possesses an anti-glioma effect.55

However, the role of sanguinarine in targeting MDM2 is not
understood and how these alkaloids can be the potential
inhibitors of ubiquitin E3 ligase is also unknown.56 Studies
have shown that alkaloids can induce self-ubiquitination and
degradation in MDM2 by targeting MDM2-DAXX-HAUSP
interactions.57 Alkaloids such as berberine, matrine, and
melatonin are reported to be effective in reducing the
expression of MDM2 or decreasing the stability in acute
lymphoblastic leukemia, liver carcinoma, and breast can-
cer.41,58 Other studies in which alkaloids can be seen in
altering the MDM2-p53 signaling are indole-3-carbinol59 and
fluspirilene60 targeting breast and colon cancer. Since alkaloids
can target a variety of cancers, very few or no studies are
available on the therapeutic targeting of GBM using alkaloids.
In our study, we screened two natural alkaloids, i.e.,
evodiamine and sanguinarine based on the literature, docking,
and simulation studies. Also, we checked how these
compounds interact with MDM2 and used nutlin-3a as the
reference against MDM2.36

Our study was focused on the identification of a potent
ubiquitin E3 ligase and how these ubiquitin E3 ligases can be
targeted using natural inhibitors. Our approach was based on
using mutational analysis, pathway studies, and expressional
analysis to explore the role of various ubiquitin E3 ligases in
GBM. In the end, we were able to identify MDM2 as a
targetable E3 ligase and we also tried to target this ligase with
evodiamine and sanguinarine. These alkaloids were screened
from the compound library, and the various physiochemical
properties of these compounds were also accessed. Further,
molecular docking and dynamics simulation studies were also
performed to predict whether these inhibitors can target
MDM2 and could be a new therapeutic avenue in targeting
GBMs.

2. MATERIALS AND METHODOLOGY
2.1. Collection of Raw Data. Datasets that are used in the

current study have been extracted from the National Centre for
Biotechnology Information (NCBI) gene expression omnibus
(GEO) (https://www.ncbi.nlm.nih.gov/geo/).61 The micro-
array gene expression profiles were obtained from GSE 4290,
GSE 104291, and GSE 50161 datasets. The platform used in
GSE 104291, GSE 50161, and GSE 4290 is GPL570 [HG-
U133_Plus_2] Affymetrix human genome.
2.2. Identification of Differentially Expressed Genes.

The present study utilized GEO2R (https://www.ncbi.nlm.
nih.gov/geo/geo2r), a web-based interactive tool that works
on the R language limma package. GEO2R can be used as a
comparative tool for two or more sets of samples and is helpful
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Figure 1. Workflow overview: data extraction was performed from the National Centre for Biotechnology Information (NCBI) gene expression
omnibus (GEO). Data analysis and processing were performed using GEO2R. After data processing, the differentially expressed genes (DEGs)
were filtered out from the datasets GSE 4290, GSE 104291, and GSE 50161. These DEGs were then filtered using parameters such as P-value and
the fold change (log FC) values. Prediction of potential ubiquitin E3 ligases present within these three datasets was done using UbiNet and the
confirmation of the DEGs acting as ubiquitin E3 ligases was done using UbiBrowser. Post E3 ligase prediction, Venn analysis was done to identify
the common ubiquitin E3 ligases present within the three datasets. GO functional enrichment and pathway analyses were done using SHINYGO
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in the prediction of differential expression in the GEO series.61

We used GEO2R to filter out the genes that were differentially
expressed in these three datasets. To study the biological
prospects, biological functions were annotated for differentially
expressed genes. P-value < 0.05 and the |log FC| > 2 and |log
FC| < 2 were used as cut-off criteria to filter out the
differentially expressed genes (DEGs).
2.3. Screening of Ubiquitin E3 Ligases and Venn

Analysis. The DEGs from the above three datasets were
screened for the presence of any ubiquitin E3 ligases.
UbiBrowser2.0 (http://ubibrowser.bio-it.cn/), an integrated
bioinformatics platform was used as an identification tool for
ubiquitin E3 ligases in these DEGs. Final confirmation of these
DEGs as ubiquitin E3 ligases was done using UbiNet2.0
(https://awi.cuhk.edu.cn/~ubinet/index.php). DEGs that
were identified as ubiquitin E3 ligases were then analyzed by
VENN analysis to filter out common E3 ligases in these three
datasets.
2.4. Functional Enrichment Analysis of Identified

Ubiquitin E3 Ligases. To scrutinize the biological, cellular,
and molecular functions and the various pathways involved in
these ubiquitin E3 ligases, Gene Ontology (GO) terms and
pathway prediction were done using SHINYGO 7.16 (http://
bioinformatics.sdstate.edu/go/). Parameters such as a P-value
< 0.05 and count > 3 were set as the threshold for significantly
enriched terms. Eventually, the functional enrichment network
was constructed.
2.5. Mutational Analysis and Expression Analysis of

Common Ubiquitin E3 Ligases. To predict the mutational
signatures of the identified ubiquitin E3 ligases, we used the
cBio cancer genomic portal (https://www.cbioportal.org/).
This platform can analyze the molecular data retrieved from
cancerous tissues and cytogenetics and is useful in the
determination of epigenetics and genetic levels. Expression
analysis followed by mutational analysis was done using gene
expression profiling interactive analysis 2 (http://gepia2.
cancer-pku.cn/) to predict the rate of expression of identified
E3 ligases in glioblastoma and to check whether the data is
statistically significant or not. Here, n represents the value of
normal patient count, whereas t represents the number of
patients affected and suffering from glioblastoma. This data
was obtained from TCGA and the expression analysis was
performed using GEPAI2.
2.6. Compound Library Screening. In the present study,

70 alkaloids were taken from the naturally occurring plant-
based anticancer compound activity-target (NPACT) data-
base. The 3D chemical structure and canonical SMILES of

these alkaloids were downloaded using PubChem.62 Ligand
confirmations were downloaded in the 2D SDF format and
visualization was done using Avogadro (https://avogadro.cc/)
and then converted to the PDB format. These structures were
checked for the presence of any H-bond or any other bound
group apart from our ligand of interest.
2.7. Analysis of ADMET Descriptors and the Blood−

Brain Barrier (BBB). ADMET profiling (i.e., absorption,
distribution, metabolism, excretion, and toxicity) of selected
compounds was conducted using SwissADME.63 Both the
physical and pharmaceutical properties were screened using
SwissADME. CBligand (https://www.cbligand.org/CCGS/)
was used as a platform to check the BBB permeability of the
compounds used in the study. On the basis of the results
obtained from SwissADME and CBligand analysis, filtered
compounds were considered further for molecular docking and
simulations with the filtered ubiquitin E3 ligase.
2.8. Molecular Docking Studies. The PDB structure of

MDM2 (PDB id: 3JZK) was downloaded from the RCSB PDB
database. Molecular docking was performed against the
MDM2 receptor protein with filtered alkaloids. Docking
analysis was performed using WEBINA (https://durrantlab.
pitt.edu/webina/), a JavaScript that runs Auto Dock Vina
entirely in a web browser.64 Molecular docking of MDM2 was
performed with different alkaloids. Heteroatoms that were
present within the PDB structure of MDM2 were removed and
hydrogen was added using WEBINA. Structural visualization of
MDM2 was done using Avogadro and UCSF Chimera
(https://www.cgl.ucsf.edu/chimera/). Docking was performed
by employing a grid size of x-axis = 40, y-axis = 45, and z-axis =
40. Prediction of docking results was based on the best
interactions between the receptor and the ligand and on the
binding affinity. The 3D and 2D confirmations were generated
using Discovery Studio 2020.65 The complex that showed the
best binding affinity as compared to the reference then
proceeded for MD simulation studies.
2.9. Molecular Dynamics Simulations of Protein−

Ligand Complexes. MD simulation of the identified
compounds with MDM2 was performed individually using
the GROMACS 2019.3 package (https://bioexcel.eu/
gromacs-2019-6-is-available/). The top 14 ligand−protein
complexes were first simulated at 20 ns to check the stability
of the complexes. Complexes that were found to be stable at 20
ns were then considered for simulation on a 50 ns timescale to
provide an insight into how stable they are and to see how they
behave dynamically. Complex preparation was done using the
CHARMM36 all-atom force field. The charge topology of the

Figure 1. continued

7.16 to identify the functions of each of the 21 common ubiquitin E3 ligases and the pathways associated with them. After the enrichment and
pathway analysis, mutational frequencies of the 21 common E3 ligases were checked using cBiportal to predict the most suitable and targetable
ubiquitin E3 ligase for our study focusing on glioblastomas (GBMs). Using gene expression profiling interactive analysis 2 (GEPAI2), the
expressions were checked for the ligases filtered after mutational analysis. Selection of the most appropriate E3 ligase for our study was preceded by
exploring the compound libraries and we selected the naturally occurring plant-based anticancer compound activity-target (NPACT) library and
alkaloids class for this study. The blood−brain permeability (BBB) scores were checked to identify the compounds that can cross the BBB using
SwissADME. ADMET analysis was then applied to the filtered compound passing the BBB to check the parameters such as absorption,
distribution, metabolism, excretion, and toxicity of the alkaloids. The protein structure of mouse double minute (MDM2) that was identified as the
most suitable target based on mutational frequencies was downloaded using a protein database (PDB). Ligand structures were downloaded using
PubChem along with their canonical SMILES. After the preparation of the receptor and ligand, docking was carried out to check for the most
suitable ligand binding with the receptor (MDM2), showing the highest binding affinity and rate of inhibition. Compounds showing the best
interaction and inhibition then proceeded for molecular dynamics simulations (MDS) studies till 50 ns to validate the interactions and the stability
of the complex (protein−ligand). Based on all the analyses performed, a mechanism was proposed for how the identified inhibitors can target the
MDM2 that might be able to suppress GBMs.
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Figure 2. (A) Venn diagram and tabular description of the overlap between ubiquitin E3 ligases obtained from the datasets GSE 104291, GSE
4290, and GSE 50161. Significant overlaps show that 21 ubiquitin E3 ligases were commonly shared in these datasets. (B) Mutational analysis of
the 21 common ubiquitin E3 ligases revealed that MDM2 showed the highest frequency among all of the other ligases in GBM. The percentages of
mutations in the top 8 ubiquitin E3 ligases were MDM2 (9%), BRCA1 (1.8%), TRIM24 (1.6%), NEDD4 (1.3%), TRIM21 (1.1%), RNF41 (1%),
UBE3A (1%), and TNFAIP3 (0.9%). MDM2 was found to be the most favorable ubiquitin E3 ligase that can be targeted in countering GBM. (C)
Expression levels of MDM2. The expressional rate was defined between the GBM and normal samples from the TGCA database. Plots with an
asterisk (*) on the top suggest that the data is statistically significant.
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compounds was generated using CGenFF and then solvated in
a cubical boundary box with a dimensional separation of 1.0
nm using a TIP3 water model. Charge neutralization was done
via the addition of precise concentrations of chloride [Cl−]
ions and sodium [Na+] ions. Energy minimization was
performed at 10 kJ/mol/nm using the long steepest descent
algorithm for 10,000 steps followed by 10,000 steps of a
conjugate gradient to avoid any steric clashes. The system was
then subjected to equilibration with position-restrained (NVT
and NPT) dynamics simulations at a constant temperature and
pressure of 300 K and 1 bar for a duration of 50 ns. The plots
for the root-mean-square deviation (RMSD), root-mean-
square fluctuation (RMSF), the radius of gyration (Rg), and

the number of hydrogen bonds were then plotted. Complete
methodology and workflow are shown in Figure 1.

3. RESULTS
3.1. Raw Data Collection and DEG Screening. The raw

data from three gene expression profiles (GSE 4290, GSE
104291, and GSE 50161) were downloaded from NCBI GEO
databases. Of these, GSE 4290 datasets comprised 81
glioblastoma samples and 23 nontumor samples, 4 glioblasto-
ma and 2 nontumor samples existed in the 104291 dataset, and
34 glioblastoma and 13 normal brain samples were present in
the GSE 50161 dataset. DEGs between the GBM samples and
normal control samples were obtained from these three
datasets.

Figure 3. (A−C) Gene ontology (GO) functional enrichment analysis of 21 common ubiquitin E3 ligases and (D, E) schematic representation of
the KEGG pathway enrichment. (A) GO cellular Enrichment analysis revealed that the top processes in which most of the ligases are involved were
the ubiquitin ligase complex, transferases complex, intracellular protein-containing complex, and catalytic complex The color and the size of the
dots indicate if the false discovery rate (FDR) is significant or not. The bigger the dots, the more is the intensity of the red color, showing the
greater significance and number of genes involved in that process. (B) GO biological process enrichment showed that the majority of ubiquitin E3
ligases were involved in processes like protein ubiquitination, protein modification by small protein conjugation, protein polyubiquitination, and
proteolysis involved in the cellular protein catabolic process. (C) GO molecular function enrichment identified that most of the ligases were
involved in ubiquitin-protein transferase activity, ubiquitin-like protein transferase activity, ubiquitin-protein ligase activity, and transcription
coactivator activity. The more the red color of the dots, the more significant the FDR and the processes in which these ligases are involved. (D)
Depicts the bar plot images of the various pathways for 21 ubiquitin E3 ligases and how they are enriched. The red bars here represent the most
enriched and significant pathway and the blue bars represent less significance. Ubiquitin-mediated proteolysis is composed of most of the significant
and overlapped genes followed by the Epstein−Barr virus infection, platinum drug resistance, p53 signaling, endocytosis, and glioma. (E) KEGG
pathway network based on nodes and edges. The bigger the nodes present, the greater the number of genes involved, and thicker edges here
represent significance. Edges for glioma have been highlighted in yellow.
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3.2. Ubiquitin E3 Ligase Identification and Venn
Analysis. After the identification of DEGs, screening of
ubiquitin E3 ligases was done within these DEGs. These DEGs
were individually picked up to check whether they showed the
activity of an E3 ligase or not. DEGs that functioned as a
substrate for a particular ligase were omitted from the study. A
total of 181 ligases were predicted out of which 89 were
present in GSE 4290, 50 in GSE 50161, and 42 in GSE 104291
and are shown in the Supporting Information File, Table 1.
Venn analysis was then conducted to deduce the common
ligases among all of the ligases that were present in these three
datasets. Furthermore, 21 overlapping ubiquitin E3 ligases
were procured using the Venn diagram and are represented in
Figure 2A. The number of overlapping ubiquitin E3 ligases
present in these datasets are shown in the Supporting
Information File 1, Table 2.
3.3. Expression Profiling and Mutational Analysis. To

further substantiate the study, mutational signatures were
predicted for 21 E3 ligases. Each gene acting as ubiquitin E3
ligase was checked for the rate of mutational frequencies and
the kind of mutations they carry. MDM2 (9%) showed the
highest percentage among the 21 ubiquitin E3 ligases. For
ligases other than MDM2, the frequency of mutations was
BRCA1 (1.8%), TRIM24 (1.6%), NEDD4 (1.3%), TRIM21
(1.1%), RNF41 (1%), and UBE3A (1%) and the mutational
signatures that were carried in most of the ligases were of
amplification and missense type. An overview of the mutational
analysis performed for all of the ubiquitin E3 ligases has been
shown in Figure 2B. Out of these 21 E3 ligases, the
expressional analysis was performed only for those ligases
that showed higher mutational frequencies using TGCA GBM
data. The expressional analysis was carried out using GEPAI2.
Noteworthily, when compared with control samples, the
expression levels of MDM2, BRCA1, TRIM24, NEDD4, and
TRIM21 were higher in GBM samples and showed statistical
significance and the expressional analysis can be derived from
Figure 2C. On the other hand, expressional levels in the case of
UBE3A and RNF41 were also higher but the data was not
significant statistically. On the other hand, expressional levels
in the case of UBE3A and RNF41 were also higher but the
data was not significant statistically, and the expressions can be
seen in the Supporting Information File, Figure 1.
3.4. Functional Enrichment and Pathway Analysis.

On the basis of the results mentioned above, a functional
enrichment analysis of 21 ubiquitin E3 ligases was performed.
Three types of enrichment analysis were done, comprising
biological process (BP), molecular function (MF), and cellular
component (CC). All these enrichments are shown in Figure
3A−C. The majority of ligases were mainly associated with
GO_BP terms such as ubiquitin-protein transferase activity,
protein polyubiquitination, ubiquitin-protein ligase activity,
and protein autoubiquitination. In the case with GO_CC
terms, these genes were involved in the formation of the
ubiquitin ligase complex, transferase complex, Cul4B-RING E3
ubiquitin ligase complexes, and BRCA1-BARD1 complexes. As
for GO_MF, most of the genes were related to ubiquitin
binding, ubiquitin-protein transferase activity, ubiquitin-
protein ligase activity, ubiquitin-like protein transferase activity,
and damaged DNA binding. A detailed overview of the ligases
and the process with which they are associated have been
summarized in Table 1.
In addition, the KEGG pathway analysis showed that these

ubiquitin E3 ligases were significantly involved in ubiquitin- T
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mediated proteolysis, Epstein−Barr virus infection, p53
signaling, and endocytosis. Figure 3D,E tries to give an
overview of KEGG pathways in which these ligases were
involved. Further, all of the terms were merged into clusters
based on similarities and the top pathways that were enriched
with most of the overlapping ligases are represented in Table 2.
3.5. Compound Prediction, BBB, and ADMET Param-

eters. On the basis of literature mining, we identified NPACT,
a database comprising different classes of natural compounds
and selected the alkaloid class from the compound library; 70
compounds were selected from the database and the BBB
permeability and the BBB score were checked using the SVM
algorithm in CBligand. On the basis of BBB prediction,
initially, 54 compounds were filtered. ADMET profiling for
these 70 compounds was done to check whether the
compounds fall under the prescribed limits of ADMET
analysis. Properties such as molecular mass (<500 Da),
number of H-bond donors (<5), number of H-bond acceptors
(<10), octal water partition coefficient (log < 5), and molar
refractivity (40−130) were considered for our study. The
number of violations of the Lipinski rule of five was also taken
into consideration for these 70 compounds. Only 54
compounds showed zero violation of the Lipinski rule and
also satisfied the ADMET threshold and were further assessed
for docking and simulation studies. The parameters of the

alkaloid can be seen in the Supporting Information File, Table
3.
3.6. MDM2-Alkaloids’ Interaction Profiling. Molecular

docking was carried out for the screened ubiquitin E3 ligase
(MDM2) with different alkaloid compounds. Any extra residue
attached to the ligand was removed along with any
heteroatom. Any hydrogen or water attached to either the
ligand or the receptor was also omitted before proceeding with
docking. The reference study conducted before using nutlin-3a
as a reference compound with MDM2 shows a binding affinity
of −7.9 kcal/mol. However, we used a more stringent
threshold of −8.0 kcal/mol in our study to shortlist the
compounds, showing specific and nonspecific bindings.
Docking was performed for 54 compounds and out of these
only 14 compounds showed a binding energy of above −8.0
kcal/mol. These binding energies demonstrate the high
binding affinity of these compounds against MDM2. The
higher the binding in negative terms indicates the more the
inhibition capability of these compounds for MDM2. During
MDM2 docking, the maximum number of compounds along
with the reference ligand showed common interactions with
the receptor residues at Ile61, His96, Ile99, Leu54, Val93, and
Tyr100. A binding potential of above −8.5 kcal/mol was seen
in cepharanthine (−9 kcal/mol), sanguinarine (−8.6 kcal/
mol), evodiamine (−8.6 kcal/mol), tomatidine (−8.6 kcal/

Table 2. Tabular Representation of the KEGG Pathway Analysis of the Predicted Ubiquitin E3 Ligases along with Their Fold
Change and Enrichment False Discovery Rate (FDR)

enrichment FDR hits fold enrichment pathway hit list

1.74 × 10−09 7 53.89125296 ubiquitin-mediated proteolysis BRCA1, NEDD4, TRIM37, UBE3A, DDB2, MDM2, SKP2
2.55 × 10−05 5 26.86940123 Epstein−Barr virus infection NEDD4, TNFAIP3, DDB2, MDM2 SKP2
0.013265001 2 29.74037834 platinum drug resistance BRCA1, MDM2
0.013265001 2 29.74037834 P53 signaling pathway DDB2, MDM2
0.013265001 3 12.92290249 endocytosis NEDD4, MDM2, RNF41
0.013265001 3 16.04222379 viral carcinogenesis UBE3A, MDM2, SKP2
0.013265001 2 28.94730159 glioma DDB2, MDM2
0.013265001 2 30.15343915 melanoma DDB2, MDM2
0.013265001 2 28.56641604 chronic myeloid leukemia DDB2, MDM2
0.017380146 2 23.59834369 small-cell lung cancer DDB2, SKP2
0.020082398 2 20.87545788 NF-kappa B signaling pathway TNFAIP3, TRIM25
0.026614554 2 16.57288259 FoxO signaling pathway MDM2, SKP2

Table 3. Tabular Representation of the Various Alkaloids Docked against MDM2 and Their ADMET Profilinga

alkaloid
BBB

predictor
BBB

SwissADME affinity (kcal/mol)
molecular mass
(<500 Da)

docking
coordinates

H-bond
donor
(<5)

H-bond
acceptor
(<10)

octal water
partition
coefficient
(log < 5)

molar
refractivity
(40−130)

brucine yes yes −8.2 394.46 g/mol 40−40−40 0 5 1.84 114.04
chelerythrine yes yes −8.1 348.37 g/mol 40−40−40 0 4 3.02 101.6
isostrychnine yes yes −8.2 334.41 g/mol 40−40−40 1 3 1.85 102.77
sanguinarine yes yes −8.6 334.41 g/mol 40−40−40 0 3 2.09 101.05
tomatidine yes yes −8.6 354.44 g/mol 40−40−40 1 4 2.61 103.74
(R)-cryptopleurine yes yes −7.9 393.48 g/mol 40−40−40 0 5 4.04 119.16
cepharanthine yes yes −9 369.45 g/mol 40− 40−40 0 5 3.33 108.8
ellipticine yes yes −8.6 303.36 g/mol 40−40−40 1 1 2.7 97.67
evodiamine yes yes −8.6 315.49 g/mol 40−40−40 1 2 3.88 96.52
isotetrandrine yes no −8.2 275.26 g/mol 40−40−40 0 4 2.88 76.67
liriodenine yes yes −8.3 478.62 g/mol 40−40−40 0 6 4.43 147.34
tylophoridicine C yes no −8.1 381.42 g/mol 40−40−40 2 5 0.78 112.73
tylophoridicine F yes yes −8.6 395.45 g/mol 40−40−40 1 5 1.11 117.2
6-O-desmethylantofine yes yes −8.2 349.42 g/mol 40−40−40 1 4 3.67 108.2
aAlkaloids highlighted in red represent evodiamine and sanguinarine with their binding energies highlighted in yellow.
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mol), ellipticine (−8.6 kcal/mol), and tylophoridicine F (−8.6
kcal/mol). The binding energies of various alkaloids with the
best affinity and the docking coordinates along with other
properties can be interpreted in Table 3.
After the successful completion of docking, these 14

compounds then proceeded with molecular simulation studies.
Evodiamine and sanguinarine showed the best possible
interactions as compared to the reference used in our study,
and the binding energies along with the interactions can be
observed in Table 4.
The 2D and 3D confirmations of evodiamine, sanguinarine,

and the reference after binding with MDM2 can be observed in
Figure 4A−C.
3.7. MDM2-Alkaloid Complexes’ Dynamic Stability.

All of the 14 compounds having binding energy above −8.0
kcal/mol were subjected to MD simulations for 50 ns, which
helped us to understand the pattern of interaction and the
dynamic behavior. The stability of these compounds with
MDM2 was analyzed using RMSD obtained from MD
simulations. The RMSD of different protein−ligand complexes
along with the RMSD of ligands alone were considered. The
backbone of the complexes (MDM2-sanguinarine and MDM2-
evodiamine) were found to be stable when compared with the
MDM2-reference complex or with the protein alone. The
RMSD showed a fluctuation in the beginning and reached 0.30
nm but gradually decreased and was stable in the range of
0.15−0.25 nm when compared with the reference complex.
Till 20 ns there was a slight deviation in the stability of
complexes (MDM2-sanguinarine and MDM2-evodiamine)
from the MDM2-reference complex. After 25 ns of simulation,
the complexes started stabilizing themselves and after 35 ns
both the complexes achieved better stability and were
interactive till 50 ns, which can be seen in Figure 5A. Similarly,
the RMSD of all of the ligands is given in Figure 5B, and it
clearly shows that sanguinarine and evodiamine are both stable
when compared with the reference compound; however, the
RMSD of the ligand sanguinarine fluctuated in the beginning
and reached 0.7 nm, but after 32 ns, it started to stabilize and
was in the range of 0.2−0.4 nm.
The RMSF of both the complexes along with the MDM2-

reference is depicted in Figure 5C. It can be seen that the
RMSF values of the two complexes are in the range with the
MDM2-reference complex and are found to be stable in the
range of 0.1−0.2 nm. The Rg is generally identified to check
the compactness of the protein structure, and if the structure is
stably folded, it will remain stable over time. It can be seen that
the Rg values for both MDM2-evodiamine and MDM2-
sanguinarine were found to be stable and compact for 50 ns,
holding an average Rg of 1.6 nm (Figure 6A) when compared
with MDM2-reference. The Coulomb’s interaction energy of
each of the complexes was calculated and from the analysis it
was seen that as compared to the reference, the interaction
energy was more negative in the case of the other two
complexes, suggesting a higher binding potential of the MDM2
receptors with ligands sanguinarine and evodiamine. The

overall interaction can be seen in Figure 6B. The plots for H-
bonds and pairing within 0.35 nm in Figure 6C,D shows the
interactions of the amino acid residue of MDM2 with
evodiamine, sanguinarine, and reference compounds during
the 50 ns simulations. The formation of different types of
bonds between various complexes suggests important evidence
for the inhibitory potential of evodiamine and sanguinarine.

4. DISCUSSION
GBM is highly aggressive and metastatic among other tumors
of the central nervous system (CNS) with very complicated
biology and carries a poor prognosis. The molecular
mechanism and the signaling pathways underlying these
tumors are of great significance and therefore in-depth studies
are needed to counter these tumors. The overall survival in
patients is very less and the therapeutic angles are also fewer.
When talking about chemotherapeutics, temozolomide acts as
a gold standard against these solid tumors. Surgery followed by
concurrent radiotherapy remains an option. As ubiquitin E3
ligases target a large number of substrates that are regulators of
the majority of cellular functions such as apoptosis, DNA
repair, and metabolism, hence, they can be the therapeutic
drug targets in GBMs.15 This study has tried to identify the
various ubiquitin E3 ligases whose expressions are compara-
tively higher in GBMs, their involvement in functions
operating at molecular and cellular levels, and mutational
frequencies of the identified ubiquitin E3 ligase in GBMs. After
the identification of targetable E3 ligases, we also tried to
predict substantial inhibitors that could inhibit the expression
of these identified ubiquitin E3 ligases.
Using high-throughput studies and a bioinformatics

approach, DEGs were first extracted from three GBM datasets
using the GEO database. These DEGs were analyzed using
UbiNet and Ubibrowser (tools to predict whether the DEG is
ubiquitin E3 ligase or just the substrate of any ligase). Only 21
ubiquitin E3 ligases were retrieved that were shared equally
among the three datasets for GBM. Functional enrichment and
KEGG analysis were carried out to see how these ubiquitin E3
ligases play an intricate role in glioblastoma at molecular,
cellular, and biological levels along with the pathways on which
they act. It was seen that at biological levels, out of 21 ligases,
20 were involved in the process of protein ubiquitination,
protein modification by small protein conjugation, and 14 hits
were involved in protein polyubiquitination. At molecular
levels, most of the hits were associated with ubiquitin-protein
transferase activity and ubiquitin-protein ligase activity. It was
conferred from these functional enrichments that most of the
hits that were common in these processes were MDM2,
BRCA1, RNF41, TRIM21, NEDD4, and TRIM24. Similarly,
the KEGG pathway analysis also revealed that out of these
ligases, MDM2 was majorly involved in the pathways like
endocytosis, ubiquitin-mediated proteolysis, and various path-
ways in cancer. Researchers have shown that MDM2 plays a
prominent role in mediating the activation of p53 during
various signaling cascades,66 and therefore, they can be better

Table 4. Tabular Representation of Binding Energies and the Interaction of Evodiamine, Sanguinarine, and Nutlin with
MDM2

compounds binding energy (kJ/mol) interacting residues

evodiamine −8.6 Val93, Ile61, His96, Ile99, Leu54 and Leu57
sanguinarine −8.6 Val93, Ile61, His96, Tyr100, Leu64
reference (nutlin) −7.9 Val93, Ile61, His96, Ile99, Leu54, Phe55, Phe91, Phe86, Leu57 and Lys51.
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Figure 4. (A−C) Molecular docking confirmations: Representation of 2D and 3D confirmation of MDM2 binding with (A) sanguinarine shows
binding at the residues Val93, Ile61, His96, Tyr100, and Leu64 of the MDM2 protein. (B) Evodiamine represents the interactions at the sites
Val93, Ile61, His96, Ile99, Leu54, and Leu57 of MDM2. (C) Reference ligand (nutlin-3a) showing interactions with MDM2 at the residues sites
Val93, Ile61, His96, Ile99, Leu54, Phe55, Phe91, Phe86, Leu57, and Lys51.
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targets as ubiquitin E3 ligases. The mutational frequencies of
these ubiquitin ligases were checked using data from TGCA
and Mayo clinic and it was found that MDM2 carried a
mutational frequency of 9% and the mutations were of the
amplification type. Expression analysis of MDM2 along with
other ubiquitin E3 ligases in GBM revealed that in most of the

cases, the data showed statistical significance. This tells us that
the expression of MDM2 was comparatively higher in patients
with GBM as compared to the normal group of people
according to TGCA. As very few studies are available on how
ubiquitin E3 ligases can be therapeutically important and
therefore, by predicting the expression of every ligase, selective

Figure 5. (A−C) Plots depicting variations in the root-mean-square deviation (RMSD) and root-mean-square fluctuations (RMSF) in protein
alone, ligand alone, and protein−ligand complexes. (A) RMSD of MDM2, MDM2-evodiamine, MDM2-sanguinarine, and MDM2-reference
complexes were calculated and plotted on the graph. The Y-axis represents the RMSD in nanometers (nm), and the X-axis represents the time in
nanoseconds (ns). The RMSD of each of these was calculated at a timescale of 50 ns. Highlighted in gold represents the RMSD peak of the MDM2
protein itself. The MDM2-evodiamine RMSD peak can be seen in blue. The RMSD peak of the MDM2-sanguinarine complex is represented in
orange and the peak for the MDM2-reference complex is represented in blue. This graph clearly shows that when the overall RMSD was compared,
MDM2-evodiamine and MDM2-sanguinarine complexes were found to be stable against the MDM2-reference complex till 50 ns. RMSD of these
complexes can be seen as stable in the range of 0.15−0.25 nm and showed stability after 35 ns. (B) Overall RMSD peak of the reference ligand,
sanguinarine, and evodiamine are highlighted in blue, gray, and gold. The RMSD of the sanguinarine and evodiamine was found in the range of
0.2−0.4 nm and was stable till 50 ns. (C) RMSF peaks of MDM2-reference, MDM2-sanguinarine, and MDM2-evodiamine are represented in blue,
orange, and gray, respectively. The RMSF of MDM2-sanguinarine and MDM2-evodiamine can be seen in the range with the MDM2-reference
complex.
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targeting using either siRNA or any drug or natural compound
can somehow reduce the expression of these ubiquitin E3
ligases.
Molecular docking studies showed that binding energies of

evodiamine (−8.6 kJ/mol) and sanguinarine (−8.6 kJ/mol)
were comparatively higher than that of the reference
compound (−7.6 kJ/mol), suggesting a more sustained
inhibitory effect of these alkaloids against MDM2. Sanguinar-
ine was able to bind at the residues Val93, Ile61, His96,
Tyr100, and Leu64 of the MDM2 protein while evodiamine
represents interactions at the sites Val93, Ile61, His96, Ile99,
Leu54, and Leu57 of MDM2. The reference showed
interaction with MDM2 at the residue sites Val93, Ile61,
His96, Ile99, Leu54, Phe55, Phe91, Phe86, Leu57, and Lys51.
Although evodiamine and sanguinarine predicted fewer

interactions as compared to the reference, based on the
affinity score, these compounds were checked for stability with
MD simulations. From the results obtained from simulation
studies, the fluctuation and stability of the system during the
simulation and the outcome trajectories for all of the
complexes were inspected using different simulation parame-
ters. These parameters included the backbone RMSDs for all
of the atoms and ligands, RMSF of individual amino acid
residues, formation of H-bonds, and Rg. RMSD plots when
compared showed that the hits bounded to MDM2, evodi-
amine, and sanguinarine possessed lower fluctuations in RMSD
and greater stability at the active site during the simulation at
50 ns. The RMSDs were calculated between the initial
confirmations and final confirmations throughout 50 ns in
dynamics simulations. This showed us that evodiamine and

Figure 6. (A−D) Plots representing the radius of gyration (Rg), interaction energy, number of H-bonds, and H-bond pairs within 0.35 nm. (A) Rg
of all of the complexes (MDM2-evodiamine, MDM2-sanguinarine, and MDM2-reference) plotted against time with the Y-axis representing Rg in
nanometers (nm), while the X-axis shows time interval in picoseconds (ps). Peak showing the interaction Rg of MDM2-evodiamine is highlighted
in blue, orange in the case of MDM2-sanguinarine, and gray in MDM2-reference. The Rg of MDM2-reference showed fluctuations from the other
two complexes but in the case of MDM2-evodiamine and MDM2-sanguinarine, the peaks were in the range when compared with the MDM2-
reference complex, (B) Coulomb’s interaction energy in kJ/mol plotted against time in ps. The Coulomb’s interaction energy peaks in the case of
MDM2-evodiamine are shown in light green, MDM2-sanguinarine in yellow, and MDM2-reference in blue. The interaction was more toward the
negative and reached −70 kJ/mol in the case of MDM2-evodiamine and reached −60 kJ/mol in MDM2-sanguinarine as compared to MDM2-
reference (−40 kJ/mol) suggesting a more stable interaction in the case of evodiamine and sanguinarine. (C) Plot for the number of H-bonds on
each residue against time in ps. The overall H-bonds in the case of reference per residue were comparatively lower and the peak is displayed in blue.
The peak for H-bonds in the case of evodiamine is shown in orange and for sanguinarine in gray. The number of H-bonds in the case of evodiamine
was higher, followed by sanguinarine and reference. (D) H-bond pairing within a radius of 0.35 nm can be seen in the reference (blue), evodiamine
(yellow), and sanguinarine (gray). These parings with MDM2 suggest that the pairs per residue formed in the case of sanguinarine and the pair
formation were almost equal in the reference and evodiamine suggesting greater stability of sanguinarine and evodiamine with MDM2 till 50,000 ps
(50 ns).
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sanguinarine showed more stable binding when compared with
the reference. RMSF on the other hand represented the
important residues that were involved in strong interactions
with specific ligands. The pattern of RMSF peaks suggests that
the fluctuations in the values of evodiamine and sanguinarine
were close to the reference and exhibited almost similar
patterns. Coming to the Rg, it was seen that Rg values of the
backbone atoms of MDM2 when bound to evodiamine and
sanguinarine were nearly the same when compared with the
reference bound to MDM2 and were maintained thoroughly
till 50 ns. The results were generated from interaction energy
peaks, and it can be conferred that the interactions between
evodiamine, sanguinarine, and MDM2 were more stable and
stronger as compared to the reference. These findings
somewhere reinforced the credibility of docking results,
suggesting the potential role of evodiamine and sanguinarine
as potent inhibitors of MDM2.
Previous studies have shown that MDM2 acts as ubiquitin

E3 ligases and also promotes the ubiquitination of p53.67 This
process mediated by MDM2 leads to the identification and
interaction of the proteasome by p53 thereby causing increased

degradation of p53. However, the mechanism by which
evodiamine and sanguinarine target the MDM2 and hence
p53 remains unclear. We, therefore, proposed a mechanism of
how both of these compounds could potentially target MDM2
and can induce a therapeutic response in GBM, and the
proposed mechanism can be seen in Figure 7.

5. CONCLUSIONS
In summary, the role of MDM2 as a potential ubiquitin E3
ligase was identified, and how it can be the game changer in
the therapeutic targeting of GBM. Through our studies, it was
assumed that targeting this ligase using a natural class of
inhibitors instead of synthetic compounds can be more fruitful.
Also, our study tried to give a proposed mechanism of how
evodiamine and sanguinarine disrupt MDM2-p53 interactions
and target the p53 signaling in GBM. As very few studies are
available concerning therapeutics in GBM, there is an urgent
need to explore other opportunities so that survival can be
enhanced in patients suffering from this cancer. However,
more concrete studies are still needed to display how

Figure 7. Proposed mechanism of action of evodiamine and sanguinarine in MDM2 inhibition. Stress-induced due to genotoxicity, DNA damage,
ionizing radiations, and other factors cause the activation of p53 (tumor suppressor gene) bound to MDM2. Overexpressed MDM2 causes the
degradation of p53 and is not able to function properly. We hypothesized that breaking the MDM2-p53 interaction by either evodiamine or
sanguinarine can prevent the degradation of p53. Upon preventing degradation of p53, activation of downstream targets associated with p53-
MDM2 interactions such as the Bcl2-associated protein (BAX) causing apoptosis, growth arrest, and DNA-damage inducible gene (GADD45), and
the P21 WAF causes an increase in apoptosis, DNA repair, and cell cycle arrest, therefore, restoring the normal cellular mechanism and can
suppress glioblastoma.
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evodiamine and sanguinarine can exploit this cancer for better
therapeutics.
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A B S T R A C T   

Heat shock proteins (HSPs) are the evolutionary family of proteins that are highly conserved and present widely 
in various organisms and play an array of important roles and cellular functions. Currently, very few or no studies 
are based on the systematic analysis of the HSPs in Glioblastoma (GBMs) and ependymomas. We performed an 
integrated omics analysis to predict the mutual regulatory differential HSP signatures that were associated with 
both glioblastoma and ependymomas. Further, we explored the various common dysregulated biological pro-
cesses operating in both the tumors, and were analyzed using functional enrichment, gene ontology along with 
the pathway analysis of the predicted HSPs. We established an interactome network of protein-protein inter-
action (PPIN) to identify the hub HSPs that were commonly associated with GBMs and ependymoma. To un-
derstand the mutual molecular mechanism of the HSPs in both malignancies, transcription factors, and miRNAs 
overlapping with both diseases were explored. Moreover, a transcription factor-miRNAs-HSPs coregulatory 
network was constructed along with the prediction of potential candidate drugs that were based on perturbation- 
induced gene expression analysis. Based on the RNA-sequencing data, HSP90AB1 was identified as the most 
promising target among other predicted HSPs. Finally, the ranking of the drugs was arranged based on various 
drug scores. In conclusion, this study gave a spotlight on the mutual targetable HSPs, biological pathways, and 
regulatory signatures associated with GBMs and ependymoma with an improved understanding of crosstalk 
involved. Additionally, the role of therapeutics was also explored against HSP90AB1. These findings could 
potentially be able to explain the interplay of HSP90AB1 and other HSPs within these two malignancies.   

1. Introduction 

Heat shock proteins (HSPs) also known as stress proteins are an 
important class of proteins that are activated by the cells in response to 
heat shock or in response to stimuli (external or internal) such as un-
availability of nutrition, heat, and cold, hypoxia and so on(Bond and 
Schlesinger, 1987). These classes of proteins are involved in the pre-
sentation of antigens, assembly of hormonal receptors, protein folding, 
and cell trafficking(Lianos et al., 2015). Due to the various roles that 

HSPs play in maintaining cellular integrity, a disruption in their ma-
chinery causes a depletion in cellular proteostasis leading to cell death 
(Saibil, 2013). Due to this malfunction, their levels are significantly 
increased in cancerous cells as compared to the normal tissue(Hu et al., 
2022). Therefore, their mechanism is taken up by the malignant cells for 
their proliferation and survival(Sherman et al., 2007). As HSPs play an 
intricate role in the origin of these cancerous cells, increased cellular 
growth and the maintenance of tumor cells show their importance in 
cancer biology and therefore, can be employed as potential therapeutic 

Abbreviations: GBM, Glioblastomas; HSPs, Heat shock proteins; PPIN, Protein-Protein interaction network; EGFR, Epidermal growth factor receptor; HSPMdb, 
Heat shock protein modulatory database; TRANSFAC, Transcription factor database; EMT, epithelial-to-mesenchymal transitions; GEPAI2, Gene expression profiling 
interactive analysis 2; GEO, Gene expression; KEGG, Kyoto encyclopedia of genes and genomics; GO, Gene ontology; GATA2, GATA-binding factor 2; FOXC1, Fork 
head box C1; USF2, Upstream transcription factor 2; PDGFR- β, Platelet derived growth factor receptors; β: RTKs, Receptor tyrosine kinases; IDH1, Isocitrate de-
hydrogenase 1; CREEDS, Crowd extracted expressions of differential signatures; RMSD, Root mean square deviations; RMSF, Root mean square fluctuations; Rg, 
Radius of gyration; TFs, Transcription factors; WNT, Wingless-type murine mammary tumor virus integration sites; BBB, Blood brain barrier; PDB, Protein databank; 
ADMET, absorption, distribution, metabolism, excretion and toxicity.. 
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targets. HSPs also play an important role in cancer cell evasion, tumor 
cellular division, mechanism of DNA repair, metastasis, and invasion 
into the surrounding normal cells(Hasan et al., 2022). These HSPs are 
classified based on the molecular weights comprising different families- 
HSP90, HSP110, DNAJ, and smaller HSPs(Kampinga et al., 2009). 

Malignant tumors that originate from the brain are hard to treat due 
to their location of origin as they are deeply embedded within the brain, 
their ability to metastasize rapidly, and aggressive behavior thereby, 
leading to poor prognosis in patients and decreased overall survival. 
Glioblastomas (GBMs) and ependymomas are Grade IV tumors that 
originate from the glial cells and are the most aggressive tumors of the 
central nervous system (CNS)(Han et al., 2018). Ependymomas are tu-
mors of the neuroectodermal region(Oppenheim et al., 1994) and arise 
from the glial cells and are present in the parenchyma of the brain due to 
the migration of the ependymal cells of the fetus from the periven-
tricular areas(Centeno et al., 1986). The prevalence of ependymoma is 
higher in males as compared to females and can happen in age groups 
(De Angelis et al., 2013). Overall survival of the patients suffering from 
ependymoma remains around 40%(Gatta et al., 2002). Glioblastoma on 
the other hand is the most commonly occurring brain tumor and can 
arise from oligodendrocytes, astrocytes, or ependymal cells. Their clas-
sification is based on the site of the origin and can be defined as either 
oligodendrogliomas, astrocytomas, or glioblastomas(Masui et al., 2016). 
These tumors are more aggressive than ependymomas are more lethal 
and account for almost 75% of the cases recognized by the World Health 
Organization (WHO)(Komori, 2022.). Standard therapy in glioblastoma 
remains temozolomide followed by radiotherapy, which causes short 
survival and poor prognosis in patients. The median survival in patients 
suffering from glioblastoma remains only 10–16 months after treatment 
(Krex et al., 2007). In both the tumors described there is a lack in 
therapeutically targeting these tumors as these tumors have unpredict-
able etiologies and the complex mechanism of these tumors is still un-
known. The availability of information regarding the role of 
chemotherapy in the case of ependymoma(Bouffet and Foreman, 1999) 
is very limited, and only surgery remains an option. Although the po-
tency to counter the primary tumors in both the high-grade and low- 
grade ependymomas is not upon the mark more aggressive therapies 
are being employed in the clinics to find some better therapeutics in 
countering ependymomas. Here HSPs come into counterplay as they 
mediate several cellular processes and could be a potential therapeutic 
avenue in countering both GBMs and ependymomas. 

HSP90 is the most studied class and its inhibitors are found to be 
effective in the treatment of cancer. One study investigated the role of 
17-allylamino-17demethoxygeldanamycin (17-AAG) or Tanespimycin 
as a therapeutic agent in GBM(Sauvageot et al., 2009). This inhibitor 
was found to be effective in combination with Olaparib and also caused 
the inhibition of Poly ADP-ribose polymerase (PARP) in the case of 
glioblastoma. However, no study claims its role in the inhibition of 
ependymomas. Another study used ZD1839 (Iressa), which is an in-
hibitor of epidermal growth factor receptor (EGFR) against glioma cells 
(Premkumar et al., 2006). Inhibitors of HSP70 such as VER-155008, and 
MAL3–101 also showed promising results against various brain tumors 
(Braunstein et al., 2011). Studies have also shown that cannabinoid 
agonist such as WIN55–212-2 was found to be efficient in human glio-
blastoma cell line U-251MG and also showed to alter the expressional 
levels of HSP70, cathepsin, and p53(Silva et al., 2019). These studies 
suggest that targeting HSPs can be more fruitful and hence, more studies 
are needed to be done against HSPs to understand the role of HSPs in 
countering both tumors. Therefore, our findings may provide a better 
understanding of the pathways of the HSPs that are mutually dysregu-
lated in both GBMs and ependymomas, and this opens new opportunities 
in the therapeutic options in both brain malignancies. 

2. Material and methodology 

2.1. Retrieval of raw data 

The dataset employed in the study was extracted from the National 
Centre of Biotechnology Information (NCBI) gene expression omnibus 
(GEO) (https://www.ncbi.nlm.nih.gov/geo/) (Clough and Barrett, 
2016). The microarray gene expression profiles were obtained from the 
GSE 50161 dataset. The dataset used for the study was based on the 
criteria as discussed. The first criterion was to use only those datasets 
that contained the array expressional analysis data of human brain tissue 
samples from GBM patients, ependymoma, and healthy patients. Sec-
ond, the dataset must possess the ependymoma, GBM, and control 
samples in one dataset itself. Third, all the patient samples present 
within the dataset whether healthy or tumor are not previously exposed 
to any kind of prior treatment (chemotherapy or radiotherapy). 
Fourthly, the number of human patient samples either healthy, GBM, or 
ependymoma-affected should not be <10 in number within the dataset 
respectively(Yao et al., 2019). The platform that is used in GSE 50161 is 
GPL570 [HG-U133_Plus_2] Affymetrix human genome. 

2.2. Data processing, analysis of DEGs, and prediction of HSPs 

Raw read counts for input data were obtained from the TCGA or GEO 
dataset. R package DESeq2 was also used for data extraction. The 
analysis was further nurtured using GEO2R (https://www.ncbi.nlm.nih. 
gov/geo/geo2r) a web-based interactive tool that works on the R lan-
guage limma package. GEO2R acts as a tool for the comparative estab-
lishment of two or more sets of gene samples in the GEO series(Clough 
and Barrett, 2016). To study the underlying biological prospects, bio-
logical functions were annotated for the differentially expressed genes. 
Parameters such as P-value <0.05 and the |Log FC| > 2 and |Log FC| < 2 
were used as cut-off criteria to filter the differentially expressed genes. 
Identification of HSPs from the screened DEGs, commonly regulating in 
both tumors was done using the HSPMdb(Singh et al., 2020) database 
and by literature survey. 

2.3. Protein-protein functional interaction and network analysis 

Interaction of proteins was committed using Network Analyst 
(Advani and Kumar, 2022) which is an online bioinformatic tool(Zhou 
et al., 2019). All the common heat shock proteins were used as input in 
network preparation. Network Analyst is used as a network construction 
and visualization tool that incorporates various databases for analysis. 
Topological parameters such as Degree centrality and distribution of 
betweenness were done using a network analyzer using CytosScape. 
Degree centrality refers to the number of connections in the network and 
also the impact of a node on the network. The betweenness centrality of 
the nodes represents the shortest distance between the nodes passing 
through the query node. In addition to this, a module explorer panel was 
also used for the identification of interlinked proteins in the network. 
Based on the number of proteins involved in the interaction these 
modules were ranked. First-order network analysis was done to reduce 
the hairball effect. For the analysis of large and complicated biological 
networks, nodes are considered significant and are hampered by this 
hairball effect. 

2.4. Functional enrichment and pathway analysis 

To determine the functional aspects of the predicted overlapping 
HSPs, the functional annotation map module of the database for visu-
alization, annotation, and integration we used the DAVID bioinformatics 
database. This database was used for the analysis and to give annotation 
to the identified overlapping HSPs. We also used another tool for the 
Gene Ontology (GO) term and the pathway prediction was done using 
SHINY GO 7.16 (http://bioinformatics.sdstate.edu/go/). Parameters 
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such as |P-value <0.05|, |Log Fc >2| and |Log Fc <2| were used as 
thresholds for significantly enriched terms. Eventually, the functional 
enrichment network was constructed(Sharma and Kumar, 2023). 
Enrichment analysis was done to understand the biological process, 
molecular function, and cellular components using GO term analysis. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis 
was conducted for the common predicted HSPs in glioblastoma and 
ependymoma. The analysis was performed using Web-Gestalt (WEB- 
based Gene Set Analysis Toolkit). Web-Gestalt which is a web-based 
functional enrichment tool can identify the KEGG pathway that is 
associated with the genes required to be studied. Also helps to identify 
the genes interacting in each pathway along with their Entrez ID(Liao 
et al., 2019)(Zhang et al., 2005). A P-value of <0.05 was used as the 
cutoff criterion in KEGG analysis. Further, the dot plot for the enriched 
KEGG pathways was plotted using cluster Profiler package 4.0 (Wu 
et al., 2021). 

2.5. Identification of common regulatory transcriptomes 

For the identification of common HSP transcriptomes, the coinciding 
genes were targeted in different databases. This analysis was done to 
identify the common transcription factors (TFs) and miRNAs that were 
regulatory at both translational and post-translational levels in GBM and 
ependymoma. The prediction of common regulatory transcriptional 
factors(Falktoft et al., 2009) was done using ENCODE database(Auer-
bach et al., 2013)(Goi et al., 2013), which is a ChIP sequencing data that 
is based on the BETA Minus algorithm(Bisht et al., 2020). The signals 
with peak intensity <500 and potential regulatory score < 1, are used as 
thresholds in the BETA algorithm used by this database. Potential pre-
diction of miRNA was done using the DIANA-TarBase v8 database 
(Karagkouni et al., 2018), which encompasses experimentally validated 
miRNA targets of genes of different species. 

Fig. 1. Workflow pipeline: Data was retrieved from the Gene Expression Omnibus (GEO) database for transcriptomics studies. Data processing was done using Gene 
expression profiling interactive analysis 2 (GEPAI2) After data processing the identification of putative Heat shock proteins (HSPs) was carried out using a literature 
survey and the HSPMdb database. Following the prediction, the intersection of common HPSs in Glioblastoma (GBMs)and ependymoma was done using Venn di-
agrams. Protein-protein interaction (PPI) analysis extracted common hub genes to search for disease-disease similarity. These hub genes were further subjected to 
enrichment analysis and pathway analysis to obtain significant pathways and common GO terms. The common regulation of the two indications was further 
confirmed by identifying common transcription factors (TFs) and microRNAs (miRNA). CREEDs analysis and LINC1000 Drug Gene Budger were used to identify 
potential candidate drugs targeting HSPs mutually in GBMs and ependymoma. Finally, the ranking of the candidate drugs was done using CoDReS giving the 
functional, structural, and composite scores of the candidate drugs. 
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Fig. 2. Representation of the various heat shock proteins (HSPs) identified to be common in both Glioblastoma and ependymoma. (A) 22 out of 65 HSPs predicted 
using a literature survey were found to be overlapping in Glioblastomas and ependymomas. (B) 6 out of 7 predicted HSPs identified to be upregulated in both 
glioblastoma and ependymomas. (C) 16 out of 38 HSPs predicted to be mutually occurring in both glioblastoma and ependymomas. 
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2.6. Transcriptional and post-transcriptional regulation of TF-HSP, TF- 
miRNA, miRNA-HSPs and HSPs-TF 

The prediction of TF-HSPs and TF-miRNA interactions was done 
using the Transcription factor (TRANSFAC) database. TRANSFAC(Matys 
et al., 2006; Wingender et al., 2019) is a comprehensive database of 
transcription factor-target gene interactions. We selected only those TF- 
HSP pairs that were found to be conserved in humans. To study the post- 
transcriptional regulation at miRNA and TF levels, we used three reli-
able databases for miRNA-target prediction. The three databases that 
were used are Miranda (Betel et al., 2008), TargetScan(Agarwal et al., 
2015), and PITA(Kertesz et al., 2007). The data in these databases is 
obtained from low and high-throughput experimental procedures. Only 
those pairs were selected that were present in at least two databases. 
Further, the construction of the miRNA-TF-HSPs coregulatory network 
was done using Network Analyst. 

2.7. Drug screening and target HSP confirmation 

The common regulatory HSPs and key drivers that were screened 
from DEGs obtained were then used for CREEDS(Wang et al., 2016). The 
database can be accessed using (https://maayanlab.cloud/CREEDS/) 
After the prediction from CREEDS the results obtained were then sub-
jected to Drug Gene Budger (https://maayanlab.cloud/DGB/). Confir-
mation of the best HSP that could be targeted from the list of identified 
HSPs was done using Brain-RNA seq (https://www.brainrnaseq.org/). 
Brain-RNA seq is a web-based database containing the RNA sequence 
information of the cells of the glial and neuronal origin. 

2.8. Ranking and scoring of predicted drugs 

Drugs predicted using CREEDs and Drug Gene Budger analysis were 
then used as input to the computational drug repositioning score 
(CoDRES) tool. CoDRES(Karatzas et al., 2019) is a computational anal-
ysis tool that allows a functional score (FS) and structural score (STS) for 
independent drugs based on the disease of interest. This tool gives the 
best repositioning score to the identified drugs based on their similarity 
and functions. 

2.9. Molecular docking, ADMET, and blood-brain barrier (BBB) analysis 

Molecular docking studies were performed for the confirmation of 
the identification of candidate drugs. The PDB confirmation of 
HSP90AB1 (PDB ID: 3NMQ) was retrieved from the RCSB PDB database. 
WEBINA (https://durrantlab.pitt.edu/webina/) which is a web-based 
interaction that works on JavaScript and runs AUTODOCK Vina on the 
web. Heteroatoms within the HSP90AB1 structure were omitted and the 
addition of hydrogen was done using UCSF chimera and Avogadro. The 
grid size was set with the following coordinates (X-axis = 30, Y-axis =
30, and Z-axis = 30). The 2D and 3D interactions of the complexes were 
visualized using Discovery Studio (https://biovia-discovery-studio- 
2022-client.software.informer.com/). The ADMET (absorption, distri-
bution, metabolism, excretion, and toxicity) of the predicted candidate 
drugs was done using SWISSADME. The BBB permeability(Masoumi 
et al., 2018) of the predicted candidate drugs was checked using CBli-
gand (https://www.cbligand.org/BBB/mainpage.php). 

2.10. Molecular dynamic (MD) simulation studies 

Dynamic simulation studies were performed using the GROMACS 
2019.3 package (https://bioexcel.eu/software/gromacs/) following 
docking analysis for final validation. Preparation of the complexes was 
done using Charmm37 all-atom forcefield. The generation of the charge 
topology was conducted using CGenFF along with solvation in a cubical 
boundary box with a dimensional gap of 1.0 nm (applying the TIP3 
water model). The addition of Na + and Cl- ions was done to perform 

charge neutralization. Minimization of energy carried out at 20KJ/mol/ 
mm by implementing a descent-long algorithm of 10,000 steps pro-
ceeded by 10,000 steps of the conjugate gradient to remove any stearic 
hindrance. The calculation for the root mean square fluctuation (RMSF), 
root mean square deviations (RMSD), Interaction energy, and radius of 
gyration was done and then plots were constructed. 

The detailed pipeline of the study is represented in Fig. 1. 

3. Results 

3.1. Collection of raw data 

Microarray data from the gene expression profile GSE 50161 was 
downloaded from NCBI GEO databases. A total of 130 human surgical 
samples of the brain were present in the dataset. Out of these the count 
of the diseased ependymoma samples present in this dataset was 46, the 
count for diseased glioblastoma samples was 33 and the number of 
normal brain samples that were present in this dataset was 13. The rest 
of the samples were not employed for analysis as those were astrocy-
toma and medulloblastoma samples and our study was focused on GBM 
and ependymoma only. 

3.2. Differential expression of HSPs in ependymoma and GBM samples 

Identification of the DEGs of which the expression levels were highly 
correlated may highlight the pathological and biological events occur-
ring between GBMs, ependymoma, and the potential signature genes. 
The DEGs were picked by comparing the genes between the normal and 
the diseased samples. In the case of glioblastoma based on the P-value 
out of 20,713 genes, 9261 genes were filtered out. A total of 6107 genes 
were identified to be differentially expressed and downregulated after 
applying a fold change of less than or equal to 2 and 1736 genes were 
found to be upregulated when the fold change was above or equal to 2. 
When talking about ependymoma, out of 21,051 genes, 9222 genes were 
filtered out based on the P-value. From these 7214 genes were identified 
to be downregulated based on Log Fc < 2 and 1919 genes were found to 
be upregulated when we applied a Log Fc > 2. After the prediction of 
DEGs in both the diseased states, evaluation of the heat shock proteins in 
both GBM and ependymoma was done. Based on the data available from 
HSPMdb and literature mining, HSPs were selected from these DEGs. A 
total of 52 HSPs were identified from the DEGs obtained from GBM 
samples and 41 HSPs were obtained from DEGs of ependymoma sam-
ples. Following Venn analysis, a total of 22 HSPs was predicted, 
commonly regulating in both tumors. The summarization of the over-
lapping HSPs can be seen in Fig. 2. These 22 HSPs were preceded for 
further analysis. The list of all HSPs can be seen in the Supporting In-
formation File, Table 1. 

3.3. Construction of HSPs PPIN identifies dysregulated genes linking GBM 
and ependymoma 

HSPs are known to possess many important biological functions and 
a vast biological significance. 22 regulatory HSPs obtained after Venn 
analysis were used to construct a panorama of the protein-protein 
interaction network. This interaction network was plotted to predict 
the biological interactions that were significant commonly in glioblas-
toma and ependymoma. These 22 differentially expressed HSPs were 
used for mapping to the parental network as the hub nodes which later 
formed a subnetwork comprising of all the interactions. The resultant 
PPI network showed 8 different subnetworks with several nodes and 
intercalating edges. To further reduce the ‘hairball effect’ PPI network 
mapping of the first order was done that only contained the seed nodes 
and other interconnecting nodes. From these 8 different subnetworks 
only the largest subnetwork comprising of 669 nodes and 1247 edges, 
which are known to be differential HSPs interaction and were used for 
further analysis. The assessment of the subnetwork was based on 
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different topological parameters consisting of betweenness and degree 
centrality. We found that degrees ranging from 1 to 371 and between-
ness ranging from 0 to 137,466.1 in the largest subnetwork. Nodes with 
higher values were predicted to be the hub nodes while those with 
higher betweenness values were known to be bottleneck nodes. Through 
our observations we predicted that HSP90AA1 (Degree:371; Between-
ness: 137466.1), HSPD1 (Degree:103; Betweenness: 41658.09), CCT2 
(Degree:103; Betweenness: 31247.69), HSP90AB1 (Degree:172; 
Betweenness: 29831.8), HSPA1A (Degree:106; Betweenness: 26204.73) 
as the top five hub nodes with the highest values of degrees. These hub 

nodes can be seen as the possible therapeutic targets in both glioblas-
toma and ependymoma as they show the largest involvement with the 
interacting signaling cascades. To further give a better illustration of the 
network we performed module analysis to identify modules possessing 
identical biological functions. Out of the different modules, we only 
selected the top 3 modules based on the P-value ≥0.05 and the size of the 
module ranging from 5 to 70 genes, and are shown in the Supporting 
Information File, Fig. 2(A-D). Module 0 (p-value 6.34E-11) consisted of 
HSP90AB1, DNAJC2, DNAJC4, HSPA1A, HSPA12A and HSPH1 as hub 
nodes, module 1 (p-value 7.66E-19) had CCT2, CCT6B and CCT3 hub 

Fig. 3. (A-C) Gene ontology (GO) functional enrichment analysis of 22 common ubiquitin E3 ligases. (A) GO Biological Enrichment analysis involved in protein 
folding, chaperone-mediated protein complex assembly, and chaperone-mediated protein folding requiring cofactors. The bigger the dots, the greater the color is red, 
showing the greater significance and number of genes involved in that process. (B) GO Cellular process enrichment showed that the majority of HSPs were associated 
with extracellular exosomes, endoplasmic reticulum, membrane formation, endoplasmic reticulum chaperone complexes, and endocytic vesicle lumens. (C) GO 
Molecular function enrichment identified that the majority of the HSPs can be seen in processes such as unfolded protein binding, ATP binding, ATPase activity, RNA 
binding, and ubiquitin protein ligase binding. (D–F) Depicts the images of the various pathways for 22 Heat Shock proteins (HSPs) and how they are enriched in 
Reactome, WikiPathway, and KEGG analysis. Most overlapping HSPs can be visualized in pathways such as ‘protein processing in endoplasmic reticulum (Enrichment 
FDR: 2.43E-09)’, ‘IL-signaling pathway reticulum (Enrichment FDR: 0.000493)’, ‘Pathway involved in Glioma reticulum (Enrichment FDR: 0.000498)’, ‘Antigen 
processing and presentation reticulum (Enrichment FDR: 0.000543)’, ‘Estrogen signaling pathways reticulum (Enrichment FDR: 0.000933)’, ‘Lipid and athero-
sclerosis pathway reticulum (Enrichment FDR: 0.000419)’, and ‘Pathways in cancer (Enrichment FDR: 0.017039)’. HSP90AB1, HSP90B1, and HSP90B1 were found 
to be involved in most of the intersecting pathways in both glioblastoma and ependymoma. Other HSPs that were identified in other pathways were DNAJC10, 
DNAJB11, HSPH1, and DNAJB12. The bigger the nodes represent a greater number of genes involved and thicker edges here represent significance. 
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Table 1 
Tabular representation of GO functionally enriched heat shock proteins (HSPs) with associated biological processes, molecular functions, and cellular components in 
glioblastoma and ependymoma.  

Category Term Hit 
Count 

GO P-Value Genes Hit list List 
Total 

Fold 
Enrichment 

Benjamin FDR 

GO Biological 
Processes 

Protein folding 15 GO:0006457 2.04E-16 

DNAJC10, HSP90AA1, 
DNAJB11, HSP90AB1, 

DNAJC2, HSPE1, HSPH1, 
CCT6B, DNAJA4, HSPD1, 

DNAJB12, CCT3, DNAJB14, 
CCT2, HSP90B1 

22 61.82063953 3.67667E-14 3.28858E-14  

GO 
Biological 
Processes 

Chaperone- 
mediated protein 
complex assembly 

5 GO:0051131 4.82E-09 
CCT2, HSP90AA1, HSP90AB1, 

HSPD1, HSPA1A 
22 219.6931818 2.89097E-07 2.58581E-07  

GO 
Biological 
Processes 

Chaperone 
mediated protein 
folding requiring 

cofactor 

5 GO:0051085 3.03E-08 
HSPH1, DNAJB12, DNAJB14, 

HSPE1, HSPA1A 22 142.1544118 1.36441E-06 1.22039E-06 

GO Biological 
Processes 

Protein refolding 4 GO:0042026 1.83E-06 
HSP90AA1, DNAJA4, HSPD1, 

HSPA1A 
22 154.664 5.58535E-05 4.99579E-05  

GO 
Biological 
Processes 

Protein stabilization 6 GO:0050821 1.86E-06 CCT3, CCT2, HSP90AA1, 
HSP90AB1, HSPD1, HSPA1A 

22 26.36318182 5.58535E-05 4.99579E-05 

GO Biological 
Processes 

Cellular response to 
heat 4 GO:0034605 1.93E-05 

HSP90AA1, HSP90AB1, HSPD1, 
HSPA1A 22 71.6037037 0.000497264 0.000444775  

GO 
Biological 
Processes 

Ubiquitin- 
dependent ERAD 

pathway 
4 GO:0030433 6.54E-05 DNAJC10, DNAJB12, 

DNAJB14, HSP90B1 
22 47.73580247 0.001471778 0.001316424 

GO Biological 
Processes 

Regulation of 
protein 

ubiquitination 
3 GO:0031396 0.000139 HSP90AA1, HSP90AB1, 

HSPA1A 
22 161.1083333 0.002773943 0.002481138 

GO Biological 
Processes 

Positive regulation 
of telomerase 

activity 
3 GO:0051973 0.000504 CCT2, HSP90AA1, HSP90AB1 22 85.29264706 0.009068588 0.008111348 

GO Biological 
Processes 

Regulation of 
cellular protein 

localization 
2 GO:1903827 0.014646 HSP90AA1, HSP90AB1 20 128.8866667 0.125536434 0.112285366 

GO Molecular 
Functions 

Unfolded protein 
binding 11 GO:0051082 3.11E-17 

CCT3, CCT2, HSP90AA1, 
HSP90AB1, DNAJA4, 

DNAJB11, HSPE1, HSP90B1, 
HSPD1, CCT6B, HSPA1A 

21 75.60450745 2.30298E-15 1.8984E-15 

GO Molecular 
Functions ATPase activity 8 GO:0016887 4.78E-08 

CCT3, CCT2, HSP90AA1, 
HSP90AB1, HSP90B1, HSPD1, 

CCT6B, HSPA1A 
21 20.34759214 1.76753E-06 1.45702E-06 

GO Molecular 
Functions ATP binding 12 GO:0005524 8.57E-08 

CCT3, CCT2, HSP90AA1, 
HSPH1, HSP90AB1, DNAJA4, 
HSPA12A, HSPE1, HSP90B1, 

HSPD1, CCT6B, HSPA1A 

21 7.011402614 2.11353E-06 1.74224E-06 

GO Molecular 
Functions 

Hsp70 protein 
binding 

5 GO:0030544 1.58E-07 DNAJC2, DNAJA4, DNAJC10, 
DNAJB12, DNAJB14 

21 95.7852077 2.76797E-06 2.28171E-06 

GO Molecular 
Functions 

Protein binding 
involved in protein 

folding 
5 GO:0044183 1.87E-07 

CCT3, CCT2, HSP90AB1, 
CCT6B, HSPA1A 21 91.87560739 2.76797E-06 2.28171E-06 

GO Molecular 
Functions Chaperone binding 4 GO:0051087 0.000203 

DNAJA4, DNAJC10, HSPE1, 
HSPD1 21 32.74112554 0.002506195 0.002065917 

GO Molecular 
Functions 

Ubiquitin protein 
ligase binding 

5 GO:0031625 0.000269 
CCT2, HSP90AA1, HSP90AB1, 

HSPD1, HSPA1A 
21 14.66418489 0.00284237 0.002343035 

GO Molecular 
Functions RNA binding 8 GO:0003723 0.000533 

CCT3, DNAJC2, HSP90AA1, 
HSP90AB1, HSPE1, HSP90B1, 

HSPD1, HSPA1A 
21 4.896701305 0.004386134 0.003615597 

GO Molecular 
Functions 

Disordered domain 
specific binding 3 GO:0097718 0.000692 

HSP90AA1, HSP90AB1, 
HSPA1A 21 73.003861 0.00512362 0.004223524 

GO Molecular 
Functions TPR domain binding 2 GO:0030911 0.008432 HSP90AA1, HSP90AB1 21 225.0952381 0.052958379 0.04365488 

GO Cellular 
component 

Endoplasmic 
reticulum 

chaperone complex 
3 GO:0034663 5.42E-05 DNAJB11, DNAJC10, HSP90B1 22 255.1239669 0.002088319 0.001627261 

GO Cellular 
component 

Chaperonin- 
containing T- 

complex 
3 GO:0005832 5.42E-05 CCT3, CCT2, CCT6B 22 255.1239669 0.002088319 0.001627261 

GO Cellular 
component 

Endocytic vesicle 
lumen 

3 GO:0071682 0.00015 HSP90AA1, HSPH1, HSP90B1 22 155.9090909 0.003267354 0.00254599 

(continued on next page) 
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nodes while module 2 (p-value 3.04E-03) had HSPD1 and HSPE1 hub 
nodes. 

3.4. Functional enrichment and pathway analysis of the predicted HSPs 

Gene ontology (GO) enrichment analysis of 22 HSPs was performed 
using the DAVID database and with the SHINY GO enrichment tool. 
Based on the above-mentioned results, three types of functional 
enrichment analysis were performed. This analysis was done to look at 
the biological process (BP), cellular component (CC), and molecular 
functions (MF). These enrichments can be seen in Fig. 3. 

Most of the HSPs in GO_BP were involved in protein folding, 
chaperone-mediated protein complex assembly, and chaperone- 
mediated protein folding requiring cofactors. When taking about the 
GO_CC, these HSPs were associated with extracellular exosomes, endo-
plasmic reticulum, membrane formation, endoplasmic reticulum chap-
erone complexes, and endocytic vesicle lumens. Coming to the GO_MF, 
the majority of the HSPs can be seen in processes such as unfolded 
protein binding, ATP binding, ATPase activity, RNA binding, and 
ubiquitin protein ligase binding. A comprehensive overview of these 
heat shock proteins commanding various processes in GBMs and epen-
dymoma can be visualized in Table 1. To enumerate the various com-
mon regulatory pathways that are deregulated mutually in GBMs and 
ependymoma, we conducted pathway enrichment of the hub HSPs using 
Reactome, wiki, and KEGG analysis. The 22 differentially expressed 
HSPs were used as an input for enrichment. A distinct count of 15 
pathways had been enriched for this study. These are represented in 
Fig. 3 (D–F). 

Pathways having high enrichment FDR values were selected for the 
study. Most overlapping HSPs can be visualized in pathways such as 
‘protein processing in endoplasmic reticulum (Enrichment FDR: 2.43E- 
09)’, ‘IL-signaling pathway reticulum (Enrichment FDR: 0.000493)’, 
‘Pathway involved in Glioma reticulum (Enrichment FDR: 0.000498)’, 
‘Antigen processing and presentation reticulum (Enrichment FDR: 
0.000543)’, ‘Estrogen signaling pathways reticulum (Enrichment FDR: 
0.000933)’, ‘Lipid and atherosclerosis pathway reticulum (Enrichment 
FDR: 0.000419)’, and ‘Pathways in cancer (Enrichment FDR: 
0.017039)’. HSP90AB1, HSP90B1, and HSP90B1 were found to be 
involved in most of the intersecting pathways in both glioblastoma and 
ependymoma. Other HSPs that were identified in other pathways were 
DNAJC10, DNAJB11, HSPH1, and DNAJB12. These results suggest that 

HSP90AB1, HSP90b1, and HSP90B1 have multiple metabolic functions 
and are involved in various processes in the human body. The detailed 
information on all the pathways is summarized in Table 2. 

3.5. Identification of mutual regulatory transcriptomes linking HSPs in 
GBMs and ependymoma 

To study the mutualistic role of each of the predicted HSPs and to 
establish a link between glioblastoma and ependymoma at transcrip-
tional and post-transcriptional levels, we tried to decipher a connection 
of the hub genes with the miRNAs and TFs. GATA2, FOXC1, USF2, 

NFIC, FOXL1, RELA, YY1, CREB1, NFKB1, and E2F1 were disclosed 
to be the top 10 interacting transcription factors with the hub HSPs and 
are summarized in Table 3. The link can be visualized in Fig. 4. 

Likewise, hsa-miR-16-5p, hsa-miR-26b-5p, hsa-miR-92a-3p, hsa- 
miR-335-5p and hsa-miR-92a-3p, hsa-miR-15a-5p, hsa-miR-193b-3p, 
hsa-miR-218-5p, hsa-miR-501-5p, hsa-miR-1-3p/has-miR-206/has- 
miR-613 were selected as the top interacting miRNAs with hub HSPs and 
can be visualized in Fig. 5A. 

All of these interacting miRNAs are summarized in Table 4. The list 
of all HSPs showing interactions with TFs can also be seen in Supporting 
Information File, Table 2, and Fig. 2. 

3.6. Establishment of miRNA-TFs- target HSPs coregulatory network 

To understand the regulatory relationship between miRNAs and TFs, 
the miRNA-TFs-HSPs regulation network was constructed as shown in 
Fig. 5B. hsa-miR-181d and has-miR-23a had the rate of connectivity 
with the target HSPs and TFs. Whereas, several miRNAs were identified 
to have mutual targets such as has-miR-30C and has-miR-30b showed 
interactions with HSPH1 and CCT2., various TFs were also found to be 
interconnected with different HSPs like GABA, MYC, RFX1, and EGFR1. 
These regulatory TFs interacted with DNAJC2, DNAJC10, HSPH1, and 
CCT2. We also visualized different modules to develop a better rela-
tionship between the transcriptomes and the target HSPs. 

Module 0 shows the interaction of CCT3 with E2F1 that was inter-
acting with DNAJC10. hsa-miR-141 was found to be interacting with 
HSPD1 and with E2F1. Other miRNA has-miR-206 showed interlink 
with HSPD1 and HSF2. Similarly, hsa-miR-217 interacted with CCT2 
and with transcription factor E2F7. From module 1 we predicted that 
HSP90B1 was interacting with has-miR-522 which in turn was regulated 

Table 1 (continued ) 

Category Term Hit 
Count 

GO P-Value Genes Hit list List 
Total 

Fold 
Enrichment 

Benjamin FDR  

GO Cellular 
component 

Extracellular 
exosome 10 GO:0070062 0.00017 

CCT3, CCT2, HSP90AA1, 
HSPH1, HSP90AB1, HSPA12A, 

HSPE1, HSP90B1, HSPD1, 
HSPA1A 

22 4.215658159 0.003267354 0.00254599 

GO Cellular 
component 

Melanosome 3 GO:0042470 0.004989 HSP90AA1, HSP90AB1, 
HSP90B1 

22 26.98426573 0.055795764 0.043477219 

GO Cellular 
component 

Endoplasmic 
reticulum 

6 GO:0005783 0.005072 
DNAJB11, DNAJC10, 

DNAJB12, DNAJB14, HSP90B1, 
HSPA1A 

22 4.906230134 0.055795764 0.043477219  

GO Cellular 
component 

Ficolin-1-rich 
granule lumen 

3 GO:1904813 0.007017 HSP90AA1, HSP90AB1, 
HSPA1A 

22 22.63196481 0.058322387 0.045446016  

GO Cellular 
component 

Sperm plasma 
membrane 2 GO:0097524 0.007122 HSP90B1, HSPD1 22 267.2727273 0.058322387 0.045446016  

GO Cellular 
component 

Zona pellucida 
receptor complex 

2 GO:0002199 0.008136 CCT3, CCT2 22 233.8636364 0.058322387 0.045446016  

GO Cellular 
component 

Membrane 10 GO:0016020 0.008332 

HSP90AA1, HSP90AB1, 
DNAJA4, DNAJB11, DNAJC10, 
DNAJB12, DNAJB14, HSPE1, 

HSP90B1, HSPD1 

22 2.468869215 0.058322387 0.045446016  
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by ZEB1. HSP90B1 was also interacting with NFYA, SREBF1 and BPTF 
along with has-miR-99a, hsa-miR-148 and has-miR-624. Module 2 
revealed the interaction of DNAJC6 with FOXO3B, FOXO1, and NFIL3 
which in turn also showed interactions with has-miR-323-3p, hsa-miR- 
876-3p, and hsa-miR-501-5p. Modules can be seen in the Supporting 
Information File, Fig. 3. 

3.7. Prediction of potential drug candidates and putative targetable HSP 
validation 

To identify therapeutic candidates that could potentially target HSPs 
in GBMs and ependymoma, we performed the CREEDS analysis followed 
by Drug Gene Budger from LINC1000. As the CREEDS dataset comprises 
thousands of single-drug induced gene expression signatures obtained 
from GEO, these drugs could be used as therapeutics in the reversal of 
GBMs and ependymoma. To nurture our study, we used those gene set- 
drug pairs that carried significant p-values. In the initial screening, we 
identified 26 drugs when we fed the upregulated hub HSPs into CREEDS 
with a P-value <10− 10 as a threshold. Similarly, 148 drugs were ob-
tained when downregulated hub HSPs were screened against the 
CREEDS database with the same filters. From further analysis, we pre-
dicted 5 drugs that could reverse the expression of the upregulated hub 
HSPs and 30 drugs that could reverse the expressional signature of the 
downregulated hub HSPs by checking the drug profiles. To crosscheck 
our results, we used Drug Gene Budger to explore our predicted drugs in 
the L1000 database. Only the drugs that caused the differential gene 
expression of important HSPs, followed by Log Fc higher than 2 for 
upregulated HSPs and Log Fc lower than 2 for downregulated HSPs were 
considered for analysis using Drug Gene Budger. We found that only 2 
drugs could reverse the expression pattern of upregulated HSPs in 
glioblastoma and ependymoma and 11 drugs for the expression reversal 
in downregulated HSPs. Resveratrol and cycloheximide were found to 
be changing the expression patterns of the upregulated HSPs. Similarly, 
Gefitinib, trovafloxacin, bortezomib, doxorubicin, imatinib, cytarabine, 

Table 2 
Tabular representation of KEGG pathway analysis of the predicted HSPs along 
with their fold change and enrichment false discovery rate (FDR) in glioblastoma 
and ependymoma.  

Enrichment 
FDR 

Hits Pathway 
Genes 

Fold 
Enrichment 

Pathway Genes Hit 
list 

2.43E-09 7 169 44.96252 

Protein 
processing in 

the 
endoplasmic 

reticulum 

|DNAJC10| 
HSP90AA1| 
DNAJB11| 
HSP90AB1| 

HSPH1| 
DNAJB12| 
HSP90B1| 

0.000493 3 93 35.0169 
IL-17 signaling 

pathway 

| 
HSP90AA1| 
HSP90AB1| 
HSP90B1| 

0.000498 3 97 33.5729 Glioma 

| 
HSP90AA1| 
HSP90AB1| 
HSP90B1| 

0.00543 2 78 27.83394 
Antigen 

processing and 
presentation 

| 
HSP90AA1| 
HSP90AB1| 

0.000933 3 138 23.59834 
Estrogen 
signaling 
pathway 

| 
HSP90AA1| 
HSP90AB1| 
HSP90B1| 

0.000933 3 138 23.59834 
Fluid shear 
stress and 

atherosclerosis 

| 
HSP90AA1| 
HSP90AB1| 
HSP90B1| 

0.00766 2 100 21.71048 

Progesterone- 
mediated 

oocyte 
maturation 

| 
HSP90AA1| 
HSP90AB1| 

0.000419 4 214 20.29016 Lipid and 
atherosclerosis 

| 
HSP90AA1| 
HSP90AB1| 

HSPD1| 
HSP90B1| 

0.007706 2 108 20.10229 
Th17 cell 

differentiation 

| 
HSP90AA1| 
HSP90AB1| 

0.002261 3 197 16.53082 
Chemical 

carcinogenesis 

| 
HSP90AA1| 
HSP90AB1| 
HSP90B1| 

0.015034 2 159 13.65439 Necroptosis 
| 

HSP90AA1| 
HSP90AB1| 

0.003886 3 249 13.0786 
Salmonella 
infection 

| 
HSP90AA1| 
HSP90AB1| 
HSP90B1| 

0.017039 2 180 12.06138 

NOD-like 
receptor 
signaling 
pathway 

| 
HSP90AA1| 
HSP90AB1| 

0.00766 3 354 9.199354 
PI3K-Akt 
signaling 
pathway 

| 
HSP90AA1| 
HSP90AB1| 
HSP90B1| 

0.017039 3 530 6.144474 Pathways in 
cancer 

| 
HSP90AA1| 
HSP90AB1| 
HSP90B1|  

Table 3 
Tabular summarization of top transcription factors and their associated heat 
shock proteins (HSPs) common both in glioblastoma and ependymoma.  

Id Transcription 
factor (TFs) 

Associated HSPs Degree Betweenness 

2624 GATA2 

CCT2, DNAJC12, 
HSP90AB1, HSP90AA1, 

HSPH1, CCT3, DNAJC11, 
DNAJC2, HSP90B1, 
DNAJA4, HSPA12A, 
DNAJB14, HSPD1 

14 188.62 

2296 FOXC1 

CCT2, DNAJC12, DNAJC6, 
HSPB3, HSP90AA1, 
HSPH1, DNAJC2, 

DNAJC10, DNAJC27, 
DNAJA4, DNAJB14, 

HSPD1, HSPE1 

13 171.09 

7392 USF2 

HSPA1A, HSPH1, CCT3, 
HSP90B1, DNAJC27, 

HSPE1, DNAJB11, 
DNAJB12 

8 66.85 

4782 NFIC 

HSPA1A, DNAJC12, 
HSP90AB1, DNAJC10, 

HSP90B1, HSPD1, CCT6B, 
DNAJB11 

8 54.68 

2300 FOXL1 
CCT2, HSPB3, HSP90AA1, 
HSPH1, DNAJB14, HSPD1, 

HSPE1, CCT6B 
8 51.5 

5970 RELA 

HSP90AB1, HSP90AA1, 
DNAJC11, HSP90B1, 
DNAJA4, HSPA12A, 

DNAJB11 

7 48.25 

7528 YY1 
CCT2, HSPH1, CCT3, 
DNAJA4, DNAJB14, 

DNAJB11 
7 31.86 

1385 CREB1 
DNAJC6, HSP90AB1, 
HSP90B1, DNAJC27, 
DNAJA4, HSPA12A 

6 23.18 

4790 NFKB1 
HSP90AB1, DNAJC2, 
HSP90B1, HSPA12A, 

DNAJB11 
5 14.14 

1869 E2F1 
DNAJC12, HSP90B1, 

DNAJA4, DNAJB14, HSPE1 5 12.81  
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Fig. 4. (A) Transcription Factor-Heat shock protein networks showing the interaction between the hub HSPs and associated transcription factors (TFs). The red 
circles represent the hub genes and the blue diamond represents the associated TFs. (B) Module 0 represents 11 query nodes, HSP90AB1, HSPA1A, HSP90B1, CCT2, 
DNAJC2, DNAJB11, and CCT6B. (C) Module 1 represents 2 query nodes DNAJb14 and HSP90AA1. The yellow diamond in the module represents interacting TFs 
common in Glioblastoma (GBMs) and Ependymoma. 
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Fig. 5. (A): Representation of the miRNAs showing interacting with Heat shock proteins (HSPs) common in GBMs and ependymoma. The green circles represent the 
HSPs and the blue squares represent the associated. (B) The regulatory relationship between miRNAs and TFs, the miRNA-TFs-HSPs regulation network was con-
structed highlighting HSP90B1 interacting with various miRNAs that are mutually associated in both the tumors. Similarly, hsa-miR-217 interacted with CCT2 and 
with transcription factor E2F7. HSP90B1 was interacting with has-miR-522 which in turn was regulated by ZEB1. HSP90B1 was also interacting with NFYA, SREBF1, 
and BPTF along with has-miR-99a, hsa-miR-148, and has-miR-624. 

S. Sharma and P. Kumar                                                                                                                                                                                                                      



Neuropeptides 102 (2023) 102383

12

estradiol, luteolin, nilotinib, and dasatinib were able to reverse the ac-
tivity in downregulation hub HSPs. Out of 22 HSPs, only 9 were found 
targetable based on the analysis made from CREEDS and Drug Gene 
Budger. These HSPs were HSP90AB1, HSPH1, CCT2, HSP90B1, 
DNAJA4, DNAJC6, HSPAA1, DNAJC10 and HSPA1A. We further pro-
ceeded to identify the most suitable HSP among all as a target against all 
the predicted drugs. Based on the RNA sequencing data and expression 
pattern of these HSPs, HSP90AB1 was found to be the most prominent 
HSP against the identified ones. The expression rate in the microglial 
cells was 227.30 in the case of HSP90AB1, 92.03 in the case of HSPH1, 
18.67 in DNAJC10, 15.93 in CCT2, 0.33 in DNAJC6, and 120.37 in case 
of HSP90B1. Therefore, HSP90AB1 was used to target for further anal-
ysis. The plots of the expression pattern of all the predicted HSPs can be 
visualized in the Supporting Information File, Fig. 5. 

3.8. Drug prioritization based on ranking scores using CoDReS 

The results obtained from CREEDS and LINC 1000 Drug Gene Budger 
analysis were then checked for functional and structural properties. The 
comprehensive comparative scores representing the structural, func-
tional, and composite scores are shown in Fig. 6. 

From the analysis, we predicted that four drugs- imatinib, cytar-
abine, estradiol, and resveratrol have functional and structural score 
values of 1 while three drugs- Nilotinib, gefitinib, doxorubicin have a 
functional score of 1 but structural score was less than one. On the other 
hand, bortezomib, cycloheximide, luteolin, and dasatinib had a struc-
tural score of 1 but the functional score was <1. These drugs were 
repositioned based on their composite CoDReS scores and imatinib, 
cytarabine, estradiol, resveratrol, and cycloheximide were identified as 
the top drugs. With these observations, we considered resveratrol, 
cycloheximide, gefitinib, and imatinib as the most promising candidates 
for this study. The details of the individual scores are summarized in 
Table 5. 

3.9. Docking, ADMET, and BBB studies against HSP90AB1 

Drugs that were prioritized based on the drug ranking and various 
scores were then proceeded for docking analysis. Docking analysis of 
HSP90AB1 was done against a reference drug (cepharanthine) to 
compare the binding scores with imatinib, gefitinib, cycloheximide, and 
resveratrol. All these four drugs along with the reference were checked 
for the presence of any extra residue or any heteroatom. Any extra water 
atoms were removed before docking analysis. The reference drug 
(Cepharanthine) to compare the binding affinity of HSP90AB1 shows a 
score of − 9.1 Kcal/mol. Binding energy here shows the overall affinity 
of the drugs for HSP90AB1. The greater the binding scores in negative 
terms display more inhibition capacity of all these four prioritized drugs 
against HSP90AB1. The common residues identified during the docking 
analysis of all these targets along with reference were Met98, Gly135, 

and Val186. The binding energies calculated post-docking analysis were 
− 9.1 Kcal/mol for the reference drug, − 9.3 Kcal/mol for resveratrol, 
− 9.2 Kcal/mol in case of cycloheximide, − 9.7 Kcal/mol for gefitinib 
and − 10.9 in case of imatinib. The results obtained after docking 
analysis can be visualized in Fig. 7. 

After docking analysis, these drugs were targeted for the ADMET to 
check for any violation of the Lipinski rule of five for better results and 
whether they could cross the BBB parameter. Our results demonstrated 
that all the drugs fitted to the ADMET scores and all of them were able to 
cross the BBB permeability filter that was done using CBligand. All the 
docking scores along with the ADMET and BBB scores can be visualized 
in Table 6. 

3.10. MD simulations 

After the docking analysis for the final confirmational studies, drugs 
were subjected to MD simulations for 50 ns to check whether the com-
plexes were stable or not. These simulations will help to identify the 
expression patterns and their dynamic nature. The pattern of stability 
was checked by calculating the RMSD plot of all the complexes with 
HSP90AB1. 

The RMSD of all the ligands complexed with protein and the ligands 
alone was calculated. The comparison of all the complexes with the 
reference (HSP90AB1-Cephatanthine) revealed that the backbone of 
complexes (HSP90AB1-resveratrol, HSP90AB1-gefitinib, HSP90AB1- 
imatinib, HSP90AB1-Cycloheximide) was stable and integrated. There 
was a slight fluctuation in the starting and the peak intensity reached 
between 0.30 nm and 0.33 nm for all the complexes but it decreased 
eventually thereby showing a stability ranging from 015 nm to 0.25 nm 
as compared to the reference. A deviation was observed in the beginning 
up to 20 ns but as the simulation time increased the complexes started to 
stabilize themselves and all the complexes achieved defined stability till 
50 ns can be visualized in Fig. 8(A). The compactness in the protein- 
ligand complex and the folding capacity of protein over time were 
calculated using the Rg of 1.7 nm. However, an increase in the Rg in the 
case of HSP90AB1-Gefitinb was observed and the peak intensity of 2.70 
nm was observed at around 43 ns but the compactness was maintained 
in all the structures at an average Rg of 1.8 nm and can be seen in Fig. 8 
(B). The interaction energy of every complex was measured and it can be 
preferred from the observations that the binding potential of all four 
complexes was more as compared to the reference complex Fig. 8(C). 
The greater the values in negative terms suggest a stronger binding and 
more stability. Coming to the RMSF which measures the rate of 
displacement of atoms around the reference, the stability in the peaks of 
all the complexes (HSP90AB1-cycloheximide, HSP90AB1-resveratrol, 
HSP90AB1-Imatinib, HSP90AB1-gefitinib) was more as compared to 
the reference complex and can be observed from Fig. 8(D). 

Table 4 
Tabular representation of common regulatory miRNAs targeting various heat shock proteins (HSPs) in glioblastoma and ependymoma.  

microRNA p-value FDR Odd ratio Number of 
interactions 

Target Genes 

hsa-miR-16-5p 1.63361E-05 0.008462105 0.217053903 10 HSPA1A, HSP90B1, DNAJC2, DNAJA4, CCT6B, CCT3, HSPD1, 
HSPH1, HSP90AA1, DNAJC10 

hsa-miR-26b-5p 0.038242532 0.354424512 0.435408922 6 DNAJC2, DNAJC12, HSPA12A, DNAJC11, DNAJC6, HSPD1 
hsa-miR-92a-3p 0.040501731 0.354424512 0.392286245 5 HSP90B1, HSP90AB1, HSPH1, DNAJB12, DNAJC27 
hsa-miR-335-5p 0.298229545 0.392050052 0.732434944 5 HSPB3, DNAJB14, HSP90B1, HSPA1A, HSP90AB1 
hsa-miR-92a-3p 0.040501731 0.354424512 0.392286245 5 HSP90B1, HSP90AB1, HSPH1, DNAJB12, DNAJC27 
hsa-miR-15a-5p 0.015947705 0.354424512 0.249883829 4 HSPA1A, HSP90B1, CCT6B, DNAJC10 

hsa-miR-193b-3p 0.02825663 0.354424512 0.297281599 4 HSP90AB1, DNAJC11, CCT2, HSPH1 
hsa-miR-218-5p 0.02446857 0.354424512 0.284386617 4 HSP90B1, DNAJC2, DNAJC11, DNAJA4 
hsa-miR-501-5p 0.001310597 0.339444689 0.073420074 3 HSP90AB1, HSP90AA1, DNAJB14 

hsa-miR-1-3p/ hsa-miR-206/ 
hsa-miR-613 0.133738208 0.354424512 0.427973978 3 HSPD1, HSP90B1, DNAJC10  
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Fig. 6. Representation of the scores of the candidate 
drugs obtained using CoDReS (A) Function scores of the 
candidate drugs. We predicted that four drugs- imatinib, 
cytarabine, estradiol, and resveratrol have a functional 
score value of 1 (B) Structural score value of 1 while three 
drugs- Nilotinib, gefitinib, doxorubicin have a functional 
score of 1 but the structural score was less than one (C) 
Composite CoDReS scores of various candidate drugs. 
With these observations, we considered resveratrol, 
cycloheximide, and gefitinib as the most promising 
candidates.   
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4. Discussion 

HSPs comprise a family of proteins that are conserved in both the 
eukaryotes and prokaryotes and play a significant role in the regulation 
of apoptosis and autophagy, proteostasis, and the regulation of poly-
peptides. They also act to protect the cells from various stresses like 
ionizing radiations, heat shock, and hypoxia. Coming from the class of 
molecular chaperones they are involved in protein folding under normal 
metabolic conditions and thus, are the enhancers in protein repair 
during molecular stress. When talking about tumor cells the expression 
of HSPs is highly elevated as compared to the normal cells. We retrieved 
the data for both GBM and ependymoma from GEO and also studied the 
transcriptomic data and further analyzed the integrated pathways, 
biological processes, and therapeutic targets. Starting with the analysis 
we first identified the overlapping differentially expressed genes in both 
the tumors. From the list of filtered DEGs, identification of potential 
HSPs was done using literature mining and from HSPMdb database. 
Based on Venn analysis, 22 overlapping HSPs were obtained that were 
called differentially expressed HSPs. 

We constructed a protein-protein interaction network with all the 
predicted 22 differentially expressed HSPs based on different topologi-
cal parameters. The hub HSPs obtained after network analysis are 
known to be mediators in a variety of biological processes in both 
glioblastoma and ependymoma. HSP90AA1 one of the hub proteins is 
found to be overexpressed in IDH-wild type GBMs(Zuehlke et al., 2015) 
although the role of HSP90AA1 in ependymoma is still unclear. 
HSP90AA1 plays a significant role in maintaining the integrity of 
various signaling pathways and resistance to stress-induced apoptosis in 
normal cells. Another hub protein HSPD1 is known to play an important 
role in the folding of proteins imported from mitochondria or their 
refolding under mitochondrial stress(Gomez-Llorente et al., 2020). 
Studies have also shown that HSPD1 is involved in many diseases such as 
neurodegenerative diseases and cardiovascular diseases(Teng et al., 
2019). They are also reported to play an important role in cancer 
development. Very few studies are available on their role in brain tu-
mors, however, their expression was seen elevated in meningiomas. 
Ependymomas do not show any positive immunohistochemical reaction 
and show lower expression levels of HSPD1(Rappa et al., 2013). CCT2 
(Chaperonin containing tailless complex, TCP) are the members of the 
HSP60 family and their expression is found to be elevated in cancerous 
brain tissues as compared to normal brain tissues. Studies have shown 
that the expression of these proteins is elevated in Grade IV glioblas-
tomas and can be used as a diagnostic marker (Hallal et al., 2019). The 
role of CCT2 in ependymoma remains still unexplored. HSP90AB1 
comes under the class of HSP90 superfamily and is known to be over-
expressed in tumors of glial origin(Hermisson et al., 2000). HSP90AB1 
levels are seen to be elevated in recurrent GBMs(Zhang et al., 2005). 

Expression levels of HSP90AB1 were found to be highly elevated in 
carcinomas of the head and neck and showed poor prognosis along with 
a high mortality rate. Researchers have shown that HSP90AB1 can be a 
better prognostic factor and therapeutic option in both malignancies 
(Zhang et al., 2022). Gefitinib is also known to induce cell death and 
decreased cell proliferation in non-small cell lung carcinomas(Zhou 
et al., 2023). Imatinib on the other hand is known to be an effective 
treatment in case of stromal tumors of gastrointestinal origin and a va-
riety of malignancies(Venkataraman et al., 2023). HSPA1A another class 
coming from the HSP70 family was found to be interacting with endo-
plasmic reticulum-alpha causing its increased expression and leading to 
an increase in cellular proliferation in MCF-7 breast cancer(Yano et al., 
1996). A higher expression level of HSPA1A is observed in ependymoma 
(Liu et al., 2020) suggesting better therapeutic targets in combating 
these lethal tumors. 

To better understand the functional aspects of the identified HSPs 
and what are the mutual role they play in GBMs and ependymoma, 
different enrichments have been done to predict a relationship between 
the interconnected dysregulated pathways between these two tumors. 
Functional enrichment and KEGG pathway analysis revealed the role of 
these 22 HSPs and how they play an intricate role at biological, mo-
lecular, and cellular levels along with the pathways on which they act. 
From the enrichment done at biological levels, out of 22 HSPs, 15 
differentially expressed HSPs were involved in protein folding, 6 HSPs 
were involved in protein stabilization and 5 were involved in chaperone- 
mediated protein complex assembly and chaperone-mediated protein 
folding requiring cofactors. Out of these HSP90AA1, HSP90AB1, 
HSPD1, HSPA1A, and CCT2 were commonly present in every biological 
process. Studies suggest that HSP90AA1 is exploited by the tumor cells 
to enhance and support their activation of oncoproteins, comprising 
several kinases and TFs(Xu et al., 2012). Researchers have seen that the 
product of the HSP90AA1 protein is known to act as a key player in 
tumor invasion and proliferation(Sims et al., 2011). At molecular levels, 
11 of the counts were associated with unfolded protein binding, 12 were 
involved in ATP binding and 8 were involved in ATPase activity. Here 
the prevalence of HSP90AB1, HSPA1A, CCT2, HSPD1, and HSP90AA1 
was the most even at molecular levels. Coming to the cellular counter-
part, out of 22 hub HSPs, 10 were present in extracellular exosomes, 6 
were in the endoplasmic reticulum and 10 HSPs were present in the 
membrane. HSP90AA1 was present in almost all the cellular counter-
parts suggesting its major role in GBMs and ependymoma. The expres-
sion of HSP90AA1 is found to be elevated in various cancers and studies 
have predicted that the therapeutic inhibition of HSP90AA1 results in 
good prognosis and increased overall survival of lung cancer patients 
(Niu et al., 2022). When we performed the KEGG pathway analysis, we 
observed that most of the HSPs were involved in protein processing in 
the endoplasmic reticulum, pathways in cancer, and glioma signaling. 

Table 5 
Tabular representation of the comparative scores of different drug-targeting heat shock proteins (HSPs).  

Drug name Targetable Heat shock proteins (HSPs) Expression Pattern Drug Bank ID Functional Score Structural Score CoDReS 

Gefitinib HSPH1 Downregulate DB00137 1 0.833333 1 
Trovafloxacin HSPH1 Downregulate DB00685 0.762656 0.833333 0.87054 
Bortezomib HSPH1 Downregulate DB00188 0.199532 1 0.65429 

Gefitinib CCT2 Downregulate DB00317 0.887728 1 1 
Doxorubicin CCT2 Downregulate DB00997 0.050992 1 0.573268 

Imatinib HSP90B1 Downregulate DB00619 1 1 1 
Cytarabine DNAJA4 Downregulate DB00987 1 1 1 

Cycloheximide HSP90AB1 Upregulate N/A 0 1 0.666667 
Estradiol DNAJC6 Downregulate DB00783 1 1 1 
Luteolin HSPAA1 Downregulate DB15584 0.024504 1 0.5 

Doxorubicin DNAJC11 Downregulate DB00997 1 0.5 1 
Resveratrol HSP90AB1 Upregulate DB02709 1 1 1 

Nilotinib DNAJC10 Downregulate DB04868 1 0.833333 0.959982 
Gefitinib HSPA1A Downregulate DB00317 0.887728 1 1 
Imatinib HSP90AB1 Upregulate DB00619 1 1 1 
Dasatinib HSP90AB1 Upregulate DB01254 0.161974 1 1  
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(Zhang et al., 2018). Studies have shown that the activator also acting 
HSPs in various pathways like the PI3K/AKT/mTORc1(Amini-Khoei 
et al., 1942) and the sonic hedgehog signaling are found to be related to 
various high-grade tumors of glial origin(Henao-Restrepo et al., 2021). 
These were the common dysregulated pathways identified in GBMs and 
ependymoma. Studies have defined the role of endoplasmic reticulum 
(ER) stress in unfolded protein responses (UFP). These ER stress are the 
modulators of cancer progression and are known to play an important 
role in chemotherapeutic resistance in glioblastoma(Obacz et al., 2017). 
Some common regulatory signaling pathways such as Wnt signaling 
(Manfreda et al., 2023; Misawa-Omori et al., 2023), sonic hedgehog 
signaling(Carballo et al., 2018), IGF-IR signaling, and ERbB signaling 

are shared in both of these malignancies giving us a better insight of how 
these both can be targeted from the therapeutic aspects. IGF-IR is known 
to be involved in epithelial to mesenchymal transitions in both brain 
tumors and can be seen as an important target(Li et al., 2017). Re-
searchers have also shown that the aberrant levels of the EGFR, Platelet- 
derived growth factor receptors β (PDGFR- β), and the vascular endo-
thelial growth factor receptors-2 (VEGFR-2) are identified as important 
regulators and important prognostic markers in both the malignancies 
(Abounader and Neuro-oncology, 2005; Han et al., 2018; Sie et al., 
2015). Dysregulated expression levels of the receptor tyrosine kinases 
(RTKs) and various other growth factors such as the PDGF, and HGF in 
both these tumors, lead to increased tumor proliferation and can be used 

Fig. 7. (A-F) Molecular docking confirmations: Representation of 2D interactions of the various ligands with HSP90AB1 along with the number of interacting 
residues. (A) Interaction of the cepharanthine with the HSP90AB1 shows an affinity score of − 9.1 and interacting residues are Asp54, Ala55, Met98, Leu107, Gly135, 
Val186. (B) Interaction of imatinib with the HSP90AB1 showing an affinity score of − 10.9 and interacting residues are Ala55, Met98, Leu103, Phe170, Phe138, 
Leu107, Asn51, Ile104 (C) Interaction of resveratrol with the HSP90AB1 showing an affinity score of − 9.3 and interacting residues are Met98; Val150; Leu107; 
Phe138; Val186; Trp162; Asp93. (D) Interaction of cycloheximide with the HSP90AB1 shows an affinity score of − 9.2 and interacting residues are Phe138, Gly135, 
Asn51, Gly137. (E) Interaction of gefitinib with the HSP90AB1 showing an affinity score of − 9.7 and interacting residues are Leu107, Phe138, Leu48, Asp93, 
Val150, Trp162, Leu103, Asn51, Gly135. 
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as an important prognostic marker (Weiner et al., 1996). Therefore, it 
can be conferred that the therapeutic side of these 5 HSPs can be 
explored to counter these malignant brain tumors as they have major 
involvement in their pathology and occurrence. 

To further nurture our study and to establish a more concrete 
connection between the identified HSPs with GBMs and ependymomas, 
we explored the regulatory signatures of the transcriptomes (TFs and 
miRNAs). Among the top identified TFs, GATA2 (GATA-binding factor 
2) was found to be the most interactive in both pathologies. GATA2 is 
known to be the regulator of constitutive PD-L1 and PD-L2 expression in 
most of the brain tumors(Fu et al., 2020). Another interacting TF 
Forkhead box C1 (FOXC1) is a known conserved TF and plays an 
important role in tumorigenesis and is also involved in epithelial-to- 
mesenchymal transitions (EMT) in gliomas(Cao et al., 2019). Up-
stream transcription factor 2 (USF2) is known to be a modulator of 
cellular proliferation and its silencing can reduce the tumor load in 
glioblastomas(Cox et al., 2013). Among the top interacting miRNAs, 
hsa-miR-16-5p is known to be involved in the pathogenesis of glio-
blastoma and astrocytoma however, no study claims the involvement of 
hsa-miR-26b-5p in ependymomas and glioblastoma, hsa-miR-16-5p are 
reported to be the regulators of signaling cascades along with WEE1, 
CHEK1, and MCL1. Here the increased expression of this miRNA, 
reduced cellular proliferation, increased cell viability, increased cell 
cycle arrest, and increased response to irradiation and chemotherapy 
(Krell et al., 2019). Another miRNA hsa-miR-26b-5p is known to inhibit 
cellular proliferation and EMT in triple-negative breast cancer(Ma et al., 
2021). Also, miR-26b-5p is found to be an important regulator in Burkitt 
lymphoma cellular growth(Niu et al., 2020). We also established a 
miRNA-TFs-HSPs coregulatory network to understand how these TFs 
and miRNAs are commanding the HSPs in both of these morbidities. 
Using an integrative miRNA-TF- HSPs target network we identified 
several dysregulated miRNAs that were connective to the various HSPs 
and the associate TFs. GABA, MYC, RFX1, and EGFR were the major TFs 
that were interconnected with the HSPs along with the miRNAs. MYC is 
an important TFs family and is composed of TFs c-myc, Mycn, and Mycl. 
These regulatory TFs are required for the development of the brain and 
its overexpression induces cellular proliferation in gliomas(Perry et al., 
2009) and medulloblastomas(Haberler et al., 2006; Shrestha et al., 
2021). Regulatory factor X1 (RFX1) is known to play an intricate role in 
causing chemoresistance and recurrence in glioblastoma(Issac et al., 
2021). However, their role is unknown in ependymomas. From the 
modules prepared from the network, it was found that CCT3 was 
interacting with E2F1 and DNAJC10. Another module showed the 
interaction of HSP90B1 with BPTF, SREBF1, and NFYA. Through these 
interactions, we can conclude that these HSPs are interacting commonly 
with regulatory miRNAs and TFs. 

To understand the potential role of different drugs and to identify 
putative candidates that can reverse the effect of both GBMs and epen-
dymomas, we analyzed the CREEDS database and the LINC1000 Drug 
Gene Budger. From the drug screening, it was found that 2 drugs were 
able to reverse the effects of the HSPs whose expressions were upregu-
lated while 11 drugs were able to reverse the effect of the downregulated 
HSPs. Resveratrol a polyphenol present in plants such as grapes and 
peanuts is known to possess properties of antioxidants(Shankar et al., 
2007). Studies have shown that resveratrol has been found to show 
suppression activity in various neurological disorders like Alzheimer’s 
disease(Ma et al., 2020) and Parkinson’s disease(Öztürk et al., 2019). 
Cycloheximide is known to induce paraptosis which is induced by the 
inhibition of cyclophilins in GBMs(Wang et al., 2017). However, the role 
of cycloheximide in ependymoma remains unclear. Various inhibitors 
like the ganetespib and cycloheximide is known to induce apoptotic 
arrest and reduced tumorigenicity targeting HSP90 class in various 
cancers(Youssef et al., 2023). Cycloheximide is also known to cause 
differential effects in neuronal and glioma cells that are treated with 
chemotherapy and radiotherapy(Chao et al., 1999). To further validate 
our results and the drugs obtained we performed the drug ranking and Ta
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predicted the structural, functional, and composite scores of the drugs 
obtained after the analysis from CREEDS and Drug gene Budger. Ima-
tinib, cytarabine, gefitinib, estradiol, resveratrol, and cycloheximide 
were predicted as the top 5 drugs. With these observations, we consid-
ered resveratrol, cycloheximide, gefitinib, and imatinib as the most 
promising candidates for this study and the hub HSPs that were found 
targetable with these drugs were HSP90AB1, CCT2, HSPH1, DNAJC10. 
We further proceeded with the study by identifying the most suitable 
HSP candidate among all the top HSPs. Using Brain-RNA sequencing 
data, the expression patterns of the individual HSPs were checked 
whether the expression levels were higher in glial cells or not as both 
these tumors originate from microglial cells within the brain. From our 
results discussed above, HSP90AB1 was found to be the most promising 
HSP, and the expression levels were elevated in both the GBM and 
ependymoma. Studies have shown that inhibition of HSP90AB1 signif-
icantly reduced the activity of adenylate cyclase post-chronic morphine 
treatment(Koshimizu et al., 2010). Another study identified the role of 
gallic acid as an inhibitory effect on skin squamous cell carcinomas and 
reduced expression of HSP90AB1(de Jesus et al., 2023). Expression 
levels of HSP90AB1 in recurrent glioblastomas. Inhibitor NW457 is 
known to suppress glioblastoma when given in combination with 
radiotherapy(Orth et al., 2021). This shows that the effective targeting 
of HSP90AB1 could ideally suppress the activity of both of these tumors. 

To validate the drugs identified from CREEDS and DrugGene Budger 
we performed molecular docking and MD simulations of all the four 
predicted drugs (gefitinib, imatinib, cycloheximide, and resveratrol) 
against HSP90AB1. Cepharanthine was used as a reference drug to 
compare to docking scores of our predicted drugs against HSP90AB1(Liu 
et al., 2022). From docking analysis, it was identified that the binding 

affinities for resveratrol (− 9.3 Kcal/mol), cycloheximide (− 9.2 Kcal/ 
mol), gefitinib (− 9.7 Kcal/mol), imatinib (− 10.9 Kcal/mol) were 
comparatively higher when checked with the reference drug (− 9.1 Kcal/ 
mol), suggesting an inhibitory effect of these drugs against HSP90AB1. 
As the docking results were favorable, we further validated our study 
using MD simulations at 50 ns. The stability index the fluctuations in the 
system and the probable result trajectories of all the complexes were 
seen by applying different parameters during simulations. The param-
eters used while conducting the analysis were RMSD for all the com-
plexes, RMSF of all the amino acid residues, Rg, and the interaction 
energies of each of the individual complexes. The RMSD of all the 
complexes was measured between the initial and the final confirmations 
of the protein-ligand complexes till 50 ns. A stable binding was observed 
in all the complexes when compared with the reference complex. The 
peak pattern of RMSF showed us that all four complexes were nearby 
during fluctuations in amino acid residue when compared with the 
reference complex suggesting a much stronger bonding. When talking 
about the Rg and the coulombs interaction energy, all the findings 
showed a much better interaction pattern of HP90AB1 with resveratrol, 
gefitinib, imatinib, and cycloheximide. Overall, these findings were able 
to nurture the credibility of the results obtained using CREEDS, Drug-
Gene Budger, and docking analysis, suggesting the potential therapeutic 
efficiency of these drugs in the therapeutics suppression of GBMs and 
ependymomas. We also proposed an inhibitory mechanism of how these 
drugs are acting in the signaling cascades in both diseases and how 
targeting HSP90AB1 can mutually suppress both tumors. A proposed 
mechanism of these inhibitors that can target the HSP machinery has 
been shown in Fig. 9. 

Fig. 8. (A-D) Plot representing the root mean square deviation (RMSD), Radius of gyration (Rg) of all the complexes, interaction energies, and the root mean square 
fluctuations (RMSF) till 50 ns. (A) Represent the various RMSD of different complexes. RMSD values of the complexes when compared with the reference complex 
(HSP90AB1-Cephatanthine) showed that the backbone of complexes (HSP90AB1-resveratrol, HSP90AB1-gefitinib, HSP90AB1-imatinib, HSP90AB1-Cycloheximide) 
was more stable and integrated. (B) The radius of gyration of all the complexes showed the folding capacity of the protein over some time and the peak intensity 
showed a slight deviation of peak value 2.70 nm. Rest all the complexes were under the limit and better peaks were observed. (C) Coulomb’s energy represents the 
interaction energy of the complexes. The binding affinities of all four complexes were better than the reference complex. (D) RMSF represents the rate of 
displacement of atoms around the target atom. Stability can be seen to be more in all four complexes when compared with the reference complex. 
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5. Conclusion 

Herein, we tried to identify the molecular mechanism and the com-
mon regulatory pathway of HSPs and how they share various tran-
scriptomes and regulatory signatures mutually in GBMs and 
ependymomas. With our findings, we have explored a mechanistic 
approach to understanding the interlink of HSPs between GBMs and 
ependymoma. We identified HSP90AB1, HSPA1A, CCT2, HSPD1, and 
HSP90AA1 as the key candidate of HSPs that can be used as therapeutic 
targets in countering GBMs and ependymomas. With this study, we 
identified HSP90AB1 as a promising candidate in the therapeutic tar-
geting of GBM and ependymomas. We proposed that gefitinib, imatinib, 

resveratrol, and cytarabine could potentially target HSP90AB1 and can 
promote cell death in both glioblastoma and ependymomas. This study 
will provide a more mechanistic link to how these two malignancies can 
be targeted mutually and the interlinked molecular mechanisms. How-
ever, more concrete studies are needed on how these drugs are working 
against HSP90AB1 in both of the morbidities through in vitro and in vivo 
studies. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.npep.2023.102383. 

Fig. 9. Diagrammatic representation of the proposed mechanism of inhibitory action of HSPs inhibitors in Heat Shock Protein (HSPs) mediated pathway. The binding 
of the HSPs inhibitors to HSP70 and HSP90 cochaperone machinery can cause an increase in the level of the apoptotic protease activating factor-1 (APAF-1) which is 
suppressed under normal conditions. This activation can cause an increase in the levels of the apoptotic machinery. We also hypothesized that gefitinib, imatinib, 
cytarabine, and cycloheximide directly could prevent the binding of cochaperones that are induced in response to stress and hence, promote autophagy. Gefitinib, 
imatinib, cytarabine, and resveratrol binding to the target HSP causes inhibition of the downstream targets and prevents the binding of HSPs co-chaperones with 
HSP70 and HSP90 assembly causing cell cycle arrest, increased apoptosis, and other cellular processes finally, causing death of tumor cells. Also, these inhibitors 
could induce senescence and inhibition in the progression of ependymomas and glioblastomas. 
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