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Abstract: Prolyl 4-Hydroxylase Subunit Alpha 1 (P4HA1) is a catalytic enzyme that involves
synthesis of collagen and extracellular matrix interactions. Aberrant expression of PAHA1
promotes carcinogenetic invasion and metastasis in breast cancer. In this study, we combined
the transcriptomic and drug repositioning approach to intervention new targeted anti-cancer
therapy for breast cancer. The mRNA expression, copy number variation, mutation, and
clinical patient’s outcome of PAHA1 validated through cBioportal. High-throughput virtual
screening and MM-GBSA analysis were performed with Drugbank approved molecules
(9,612) for identifying the potent therapeutic drug molecules against PAHA1l using
Schrodinger. The cBioportal based gene expression of PAHAI in the TCGA-breast cancer
cohort revealed significant elevated expression in the breast tumor compared to the normal.
Subsequently, the high copy number amplification and mRNA expression were high in the
invasive breast carcinoma than the other subtypes. In addition, the overall survival was
validated with median P4AHA1 expression and conferred with poor prognosis of breast cancer
patients. Further, receptor-based virtual screening identified top hits of aminoglycoside
derivatives, amikacin (glide score —9.58kcal/mol) and gentamicin (glide score
—7.02 kcal/mol) with best docking score and stable interaction with favorable amino acid
residues of PAHALI includes Glul71, Asp178, Lys213, Lys 206, and Leul 74. Moreover, both
the drug passed the drug-likeness property (ADME) and MM-GBSA energy model. This
study integrates genomic and molecular docking approach, suggesting PAHA1 as a prognostic
biomarker and selective inhibition might be therapeutically involved in the breast cancer

intervention.
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1. INTRODUCTION:

Cancer is a significant global threat to public health. Breast cancer is one of the world's
most prevalent forms of cancer-related mortality in women. According to recent cancer
figures, around 24.2% of women globally have new diagnoses (Global Cancer Estimates,
2018), and nearly 6,27,000 died from the disease [1,2]. The diagnosis and treatment strategies
mainly focus on the clinicopathologic factors including hormonal response, grade, size, stage,
and subtypes. The breast cancer heterogeneity accounts for the drug resistance, metastasis,
and the patient’s survival still a big clinical issue [3-5]. Therefore, investigation of the
potential candidates and its targeted inhibitory effect would majorly impact the breast cancer
therapeutic efficacy.

The prolyl-4-hydroxylase is a tetrameric, collagen synthesizing, and a-KG dependent
dioxygenase enzyme. Prolyl 4-hydroxylase, alpha polypeptide I (P4HA1) is the largest
isoform that contributes to the majority of prolyl 4-hydroxylase activities. Initial studies
focused mainly on its role in adhesion, protein folding, and cell stability [6-8]. Subsequently,
later PAHA1 was identified in the association of hypoxic related pathways, epithelial-
mesenchymal transition, tumor invasion, and metastasis. The elevated expression of PAHAI
is substantially correlated with the progression, and poor survival in breast cancer [9-11].

Nevertheless, the targeted P4AHA1 inhibitor is still in the inventory and screening approach.

The high-throughput technologies such as microarrays, next-generation sequencing indeed
account for the study of gene expression and alteration in the disease pathogenesis [12]. Few
studies reported the altered expression of PAHAI in breast and other cancer using the gene
profiling studies. For the targeted therapeutics scenario, in-silico drug discovery techniques
have become faster, cheaper and widely used in the investigation of molecular binding
properties and its efficacy in the inhibitory effects of the target protein for new drug

development approaches [13-16].

In the present study, we aim to enumerate the transcriptomic expression, mutation, and
clinical significance of PAHA1 with the cancer genome atlas (TCGA) breast cancer cohorts
using cBioportal. We proposed the virtual screening workflow to identify of the potent site

and selective PAHALI inhibitors from Drug Bank small molecules. The affinities and stability
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of drug+tP4HA1 were explored from free-binding energy calculations. Therefore, we
combine functional genomic and structural virtual screening in a compendium for the

potential diagnosis and effective tailored therapy for breast cancer patients.

2. METHODS:

2.1 Transcriptomic Data

The cBio Cancer Genomics Portal (http:/cbioportalorg) [17,18] is open access and
multidimensional cancer open-source databases for visualization and interpretation. This
portal includes nearly 56,250 tumor samples from 215 cancer trials. It comprises copy
number variation, mRNA expressions, non-synonymous mutations, DN A methylation, and
minimal clinical data. The z-score of PAHA1 expression has been set for the comparison of
expression and covariates. For the study, the TCGA dataset Breast METABRIC 2016 (2509
primary breast tumors with 548 corresponding normal) was selected. The primary parameters
for the quest included amplification, mutation, copy number variation (CNV), expression and

clinical attributes.
2.2 Preparation of Protein Structures

The X-ray crystal structure of wild type peptide-binding domain of human type I collagen
prolyl 4-hydroxylase (PDB Id: 2V5F) at a resolution of 2.03 A was retrieved from the RCSB
PDB database (http://www.rcsb.org/pdb) [19]. Before docking, the retrieved structure was
subjected to protein-processing wizard implemented in maestro, Schrodinger. Bond orders
and charges were altered, and hydrogen atoms were added, and all the water molecules were
deleted. The energy minimization OPLS-AA (optimized capacity for liquid simulations)

force fields also accompanied during protein preparation [20].

2.3 Preparation of Ligand

The molecular crystal structure of small molecules was downloaded from the recently
updated Drug Bank (v.5.1.7, released 2020-07-02), includes 9,612 entries, including 4,051

(approved), 131 (nutraceuticals), 204 (Illicit), and 5,226 (non-redundant protein). All the
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compounds were imported to the LigPrep module of v2.3 from Schrodinger Suite 2018-1 for
energy minimization, conformational analysis, and ligand preparation before docking. [21].
LigPrep is applied to correct the structures of Lewis and remove ligand errors. It generates
ligand libraries with the necessary structural and chemical features for the virtual screening in

Schrodinger software.

2.4 Active Site / Grid Generation

SiteMap algorithm of maestro was used to identify and evaluate binding sites with a high
degree of confidence and predict their pharmacological performance in PAHAL. It also spot
the regions within the binding site, which can be used by hydrophobic or ligand-bonded
donors, accepters, or metal binders (Impact, v7.8, Schrodinger, LLC, New York, NY, 2018-1)
[22,23]. For the prediction, stringent hydrophobicity and OPLS force filed were used. Glide
(Grid-based Ligand Docking with Energetics) finds beneficial interactions between protein
and ligands. The grid box was generated as the centroid of the sitemap binding site (96 A x
96 A x 96A) in the protein and site region 35 Ax35Ax35A (Glide, v7.8, Schrodinger,
LLC, New York, NY, 2018-1) [2].

2.5 Virtual Screening Workflow

The molecular docking analysis was carried out using the Schrodinger software suite’s
virtual screening workflow against Drug Bank compound libraries. The scaling factor and the
charge cut-off of the Van der Waals radius are 0.80 and 0.15 set for all ligand molecules,
respectively. The final score was assigned by the docked ligand in the receptor's active site.

The lowest glide score of ligand was regarded as the best ligand.

All the small molecular components were retrieved from the Ligprep module, and the
output of the PAHA1 protein preparation wizard was subjected to the virtual screening
workflow. Glide provides a wide selection of pace and precision, from HTVS (high-
throughput virtual screening) to the efficient enrichment of a million compounds, to SP
(standard accuracy) to effective docking of tens to hundreds of tens with high precision, XP

(extra accuracy) to further false positive deletion. A sequentially top 10% of hits were set as
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selection criteria for the next parameter (HTVS-10% — SP-10% — XP-10%). The

interaction results were analyzed and visualized on the maestro.

2.6 ADME Properties

QikProp v5.10 program analyze the properties of ADME (absorption, distribution,
metabolism, and excretion) of the compounds [24]. All the compounds have been neutralized,
and physiochemical properties have been predicted. The acceptance of the Lipinski law,
aqueous solubility, and human oral absorption are also tested.

2.7 Molecular Mechanics Energies - Generalized Born and Surface Area (MM-GBSA)

The Prime's MM-GBSA (Prime, Schrodinger, LLC, New York, 2018-1) technology was
implemented to measure the ligand binding, and ligand tension energies for the docked
complex protein poses. This employs a single minimal protein — ligand structure, thus rapidly
optimize and rescore docking results. With the default setting, VSGB 2.0 for solvent model
and OPLS3 force filed incorporated, which performs analytical modifications for hydrogen-

bond and p stacking interactions.

3. RESULTS

3.1 The Expression of P4HA1 in Breast Cancer Patients

The expression of PAHATL was investigated using cBioPortal. The PAHA1 was altered in the
breast cancer tissue with amplification, deep deletion, and mRNA expression. The result
depicts that PAHAI1 expression was high in the breast carcinoma compared to the normal
(Figure 1). We further investigated the association clinicopathologic parameters with the
altered frequency of PAHAI1. The high mRNA expression was correlated with the hormonal
HER?2 negative status, compared to the ER and PR status. Similarly, stage 2 of the patients
was highly linked with the higher mRNA expression. The invasive ductal carcinoma subtypes
were found with high frequency of amplification and expression compared to the lobular,
mixed ductal & lobular, and mixed mucinous carcinoma (Figure 2). An mRNA expression z-

score +2.0 was set as the threshold.

924



European Journal of Molecular & Clinical Medicine

ISSN 2515-8260

Volume 07, Issue 06, 2020

ersans || HNNERERNERRER AR U
verzsis || HNNHRRERNERRERRR R T ET UM
prsaus || AR T A A

norstage {1 NNADIORRR- 000K ERERDECRRRROEERR DONERRRREORRERNOURRERORUORDOOE TR RnTRRED00 000N
| e oooooag

st o [INNNRRRRRRNEARRRERRORERRRRROOOOY

Genetic Alteration | ampitcaton [ Deeppeeton | mrnatign [ mRnaLow | Noateratons
ER Status I Negative l Positive

HER? Status | negatve | posiive

PR Status I Negative I Positive

Tumor Stage lo b 2 |5 |4 tocea

Figure 1: Transcription level of PAHAL in Breast cancer METABRIC (2016)- TCGA

dataset (cBioportal). This graph depicts the association of amplification, expression, and

deletion with clinicopatholigic variables of breast cancer.
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Figure 2: Correlation of copy number variations (CNVs) and expression of PAHAL.

(A) Box plot of Putative CNVs (Amplification, Gain, Diploid, Shallow deletion and Deep
deletion). (B) Bar chart of correlation of expression, CN'Vs and mutation to the different sub-

types of breast cancer.
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3.2 High Expression of P4AHAI Correlates with Poor Outcome

The prognostic significance of P4AHAI in breast cancer patients was estimated with
cBioportal with preferable overall survival. The median expression value of PAHA1 was used
for high and low expression criteria. The results showed that high expression of PAHA1 was
significantly correlated with the poor overall survival clinical outcome (p-value 0.0170).

(Figure 3)
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Figure 3: Kaplan-Meier survival plot with PAHAI alterations (red) compared to the
unaltered group (blue).

3.3 Protein and Ligand Optimization

For analysis of the protein structure of PAHAI, the protein preparation wizard module
was used. The prepared structures were then relaxed with the restrained minimization using
OPLS 2005 force field. In addition, it ensures the metal ionization, and deletes the water
molecules that are crystallized (Figure 4 (A)). The Ramachandran plot produced by Maestro
software after protein preparation, displays the distribution of phi and psiangles of the amino
acid residues. The plot depicts almost all amino acids in the "favored" region (red), a few
amino acids in the allowed region (yellow) and only one amino acid in the disallowed region
(white) (Figure 4 (B)). The strongest possible binding site has been predicted by SiteMap
(Schrodinger). The best site score predicted was 0.480 A, with 0.449 hydrogen bond score,
0.876 hydrophilic, and 0.359 hydrophobic. Residues from the active locations have been
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identified with the Lys213, Lys206, Leu209, Glul71, Leul94, Leul74, Leu210, and Asp178.
With this site location, the grid has been generated for the receptor-based virtual screen.
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Figure 4: (A) Three-dimentaional cartoon model represenation of PAHA1 protein. (B)
Ramachandran Plot depicts the stereochemical spatial arrangement of amino acid residues in
the PAHA1 strucure. The favourable region represented in red color, additionally allowed in

yellow, generously allowed in light yellow and disallowed region in white in color.

The extracted ligands (9,612) from Drug Bank repository were rendered in SDF format
and prepared using LigPrep. LigPrep was used with OPLS2005 force field enables to
eliminate errors in ligands and with Epik at 7 + 2.0 pH units. It generates accurate 3D
molecular structures that are reduced in energy with correct chiralities. In addition, this
allows the optimized output structures for the simulation programs without further user

intervention. The virtual screening process was performed with these optimized ligands.

3.4 Receptor Based Virtual Screen and Interaction

A total of 9,612 compounds obtained from Drug Bank library were docked into the
predicted active site of PAHA1l. A sophisticated filtering protocol has been used, where
compounds were docked using HTVS and top 10% hits have been collected as output. These
hit compounds were further docked with Glide SP, 10% hits were obtained. Finally, the hits
from the previous stage were subjected to Glide XP docking. Top 3 hits with glide score were

shown in Table 1. Among the top 3 drugs, two drugs were aminoglycoside derivatives;
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Amikacin (Figure 5 (A), Gentamicin (Figure 5 (B) and other lactulose (Figure 5 (C)). Thus,
the approved drugs with stringent docking score and binding affinity can be considered for

the therapeutic interventions for the PAHAL.

Table 1: The glide docking score, Emodel and hydrogen bond of the top 3 hits from Drug
Bank compounds iteracted with the P4AHA1protein.

Glide
Drug Bank Docking score XP XP_H
Entry Name Status Emodel
ID (kcal/mol) GScore | Bond
(kcal/mol)

DB00479 Amikacin approved -9.51 -9.59 -5.61 -37.04
DB00798 Gentamicin approved -7.02 -7.02 -4.31 -42.91
DB00581 lactulose approved -6.80 -6.98 -4.05 -45.04

Amikacin was found to be with a strong binding affinity (-9.58 kcal/mol) with the
P4HAI. Protein-ligands hydrogen interactions pattern revealed with Asp295, Asn203,
GInl110, Argl05, Lys102, and Aspl53. Other minor interactions include hydrophobic
contacts with Cys152, and Pro108 (Figure 6 (A)). Gentamicin attributed to the high docking
XP score (-7.02 kcal/mol). In the active site of PAHALI, it directly interacts with Asp245,
Asp248, ARG 105, THR292, SER158, GLN110, LYS102, GLN107 forms hydrogen bond.
Additionally, weak m-stacking interaction with Lys102, hydrophobic contacts with ILE152
and salt bridge with the Asp245 residue were exhibited (Figure 6 (B)).
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Figure 5: Chemical structure of potent inhibitors and binding interactions with the
P4HAL. (A) Amikacin, (B) Gentamicin and (C) Lactulose
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Figure 6: (A) Superimposition of the PAHAI protein structure (surface) and amikacin

binding interaction (Sticks). A closeup view of the amikacin- PAHA1 and interacting amino
acid residues are depicted. (B) Superimposition of the PAHA1 protein structure (surface) and
gentamicin binding interaction (Sticks). A zoom view of the gentamicin- P4HA1 and

interacting amino acid residues are depicted.
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3.5 Drug-Likeness Property

The significant drugs amikacin, gentamicin, and lactulose were analyzed for its drug-
likeness and ADME using Qikprop of Maestro. The drug-likeness was prioritized based on
Lipinski’s rule. Pursuant to Lipinski’s law of five for drug-like molecules, the molecular
bond should be < 500, and the octanol-water fraction should be < 5.0, the hydrogen bonding
donor groups < 5.0, and the hydrogen bond acceptor groups should be < 10. All the drugs,
amikacin (3 violation), gentamicin (2 violation), and lactulose (2 violation), violated
Lipinski’s law of five. Similarly, these drugs also violated Lipinski’s law of three. In
assessing of the adsorption and delivery of drugs, octanol/water partition coefficient QPlogPo
/ w and aqueous solubility QPlog S both the aminoglycoside drugs were in acceptable range
amikacin (-8.8, -0.46) and gentamicin (-3.5, -0.46). The other parameter which is important in
assessing the ADME/T were binding to human serum albumin (QPlogKhsa), Caco-2 cell
permeability in nm/sec (QPPCaco) and brain/blood partition coefficient (QPlogBB), which
aminoglycoside drugs were in an acceptable range. The drug-likeness and ADME/T
properties were listed in Table 2. From the results, it was noticed that both the best lead

molecules fulfill all the essential criteria.

Table 2: The ADME (Adsorption, Distribution, Metabolism, and Excretion) properties of the

top hits of small molecule compounds

Rule Rule QPlog | QPPC | QPlogB

Name of the | QPlogPo
QPlogS Of Of HOA | Khsa aco B
Compound Iw .

Five Three
Amikacin -8.282 -0.462 3 2 1 -2.23 0.004 -5.62
Gentamicin -3.519 -0.465 2 2 1 -1.13 1.08 -1.67
lactulose -3.398 1.74 2 1 1 -1.05 28.67 -2.38

Predicted octanol/water partition coefficient (QPlogPo/w =—2.0 to 6.5),

Predicted aqueous solubility, (QPlogS =—-6.5t0 0.5),
Rule Of Five = Number of violations of Lipinski’s rule of five,
Rule Of Three = Number of violations of Lipinski’s rule of three.

Predicted qualitative human oral absorption (HOA): 1, 2, or 3 for low, medium, or high.
Prediction of binding to human serum albumin. (QPlogKhsa =—1.5to 1.5)

Predicted apparent Caco-2 cell permeability in nm/sec. (QPPCaco = <25 poor, >500 great)
Predicted brain/blood partition coefficient (QPlogBB =-3.0—1.2)
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3.6 Free Binding Energy - MM-GBSA

MM-GBSA calculations were carried out to determine the relative ligand affinity to the
receptor after glide docking. MM-GBSA is commonly used for the free-energy ligands in a
congeneric sequence. The negative and weak value (AGBind score) of the molecule's binding
energy considered to be highly preferred. The drug binding energies of PAHA1 for amikacin
and gentamicin were -56.56 Kcal/mol and -66.83 Kcal/mol respectively. Table 3. shows the
MM-GBSA results for the top 3 drugs. The result has revealed a strong binding affinity of

aminoglycoside derivatives and may serve as effective inhibitor to suppress P4AHAT1 levels.

Table 3: The free binding calculations (MM-GBSA) of top 3 hits from Drug Bank
compounds mteracted with the PAHA1 protein.

Drug Bank dG Bind Complex dG Bind Receptor
Entry Name
ID (AGbind = kcal/mol) | Energy Coulomb Energy
DB00479 Amikacin -21.673 -3478.21 -162.872 -3484.15
DB00798 Gentamicin -20.526 -3435.87 -213.415 -3484.15
DB00581 lactulose -16.641 -3509.64 -10.986 -3484.15

4. DISCUSSION

A large volume of knowledge available to the public integrating gene expression
knowledge related to clinical results is generated by the TCGA. Online-portal allows the
scientific community to conduct effective broad genomic research and explore onco-
regulators and biomarkers. This study thoroughly examined P4HA1 expression in TCGA
METABRIC breast cancer and reported its aberrant expression. In addition, the copy number
gain was high in the breast cancer tissue compared to the normal The overall survival
outcome of patients was directly proportional to the poor prognosis. Further, the
pharmacological aminoglycoside derivatives (Amikacin and Gentamicin) were identified as a
potent, selective inhibitor for PAHAI through the virtual screen of drug-target interaction
with the Drug Bank compound library. Our findings provided the potential candidate
identification and therapeutic targeted drugs, thus contributing to insight into the treatment

strategy.
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Prolyl hydroxyl hydroxylation of collagen is important for folding, stabilization, and
secretion of the fibrillar collagen triple collagen helix [25,26]. The latest findings have shown
that straightened and oriented collagen fibers predict cell proliferation and cell migration, and
patient mortality [27,28]. Expression of PAHAI helps to deposit collagen, invade breast
cancer, and contribute to the lymph node and lung metastases [11]. We found PAHAI to be
highly expressed in breast carcinoma and strongly correlated with the clinicopathologic
features, especially hormonal status. PAHA1 expression has recently been associated with the
diameter of the tumor microvessel, and matrix metallaoproteinase 1 (MMP1), thereby
regulating glioma's neovascularization and prostate cancer progression [29]. In addition,
P4HAI has been identified as bifunctional growth and invasive regulators in melanoma [30].
The knockdown of P4AHA1 in breast cancer cells contributed to a significant decrease in
collagen production and tumor rigidity in- vivo. PAHAT was found to be overexpressed in oral
squamous cell carcinoma, hepatocellular carcinoma, lung cancer, and pancreas cancer [31-
33,11]. Inthe TCGA-BC METABRIC breast cancer patients, PAHA1 strongly correlates with
the patient’s clinical significance. PAHA1 mRNA levels were shown as an independent
prognostic indicator of local recurrence and OS in high- grade gliomas, squamous carcinoma,
and colorectal cancer [34,31]. In the case of triple-negative breast cancer, its expression is
associated with short relapse-free survival [9]. Therefore, these finding suggests that targeting

P4HAL1 for the selective inhibition might overcome breast cancer proliferation and invasion.

The molecular docking resulted in the strong binding relationship between the
aminoglycoside derivatives and the active site of PAHA1. Aminoglycoside antibiotics are
natural or semisynthetic products of fermentation. They are water-soluble that have a
bactericidal potency against Gram-negative bacteria by inhibiting the synthesis of proteins
[35,36]. Strengthening research indicates that aminoglycosides can activate the acute signals
from the renal cells, which eventually contribute to a pro-inflammatory response by
allosterically stimulating phosphatidylinositol phospholipholipase C (PPC) [37,38].
Furthermore, they demonstrate significant involvement in suppressing premature termination
codons PTC and counteracted p53 mRNA degradation, thus actively contributing to apoptosis
n tumor cells [39-41].

The PAHA1 protein residues establish significant interactions with amikacin atoms (-9.58

kcal/mol). Amikacin is the first semisynthetic kanamycin- A aminoglycoside antibiotic used
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specifically for joint inflammation, intra-abdominal infections, meningitis, sepsis, diarrhea,
and urinary tract disease [42,43]. A study established the role of amikacin in cancer, mainly
used in the routine treatment of granulocytopenia cancer patients in conjunction with beta-
lactam antibiotics [44]. Similarly, we found that gentamicin showed strong binding with the
residues of PAHA1 (-7.02 kcal/mol). Gentamicin is another gram-negative aminoglycoside
antibiotic. Recently, the application of gentamicin has shown that cell growth and cell death
in lymphoma cells are delayed by cell cycle arrest in the G1 phase [45,46]. Furthermore, in
breast cancer cells, the addition of gentamicin to culture media promotes the dissemination of
glycolytic enzymes and glucose transporters by stimulating the inducer hypoxia alpha factor
1 (HIF1a) and promotes DNA damage [47]. Thus, the aminoglycoside antibiotic agents that

bind to the PAHAI protein might serve in controlling the proliferation of breast cancer.

Our study explored the molecular insights of PAHAL in the progression and may be a
prognostic biomarker in breast cancer. Further, aminoglycoside derivatives showed strong
binding efficacy with the active site of PAHAI and provided the foundation for precise

inhibitors in breast cancer management.

S. CONCLUSION

We employed an integrative genomic and virtual screening approach to investigate the
potential expression of PAHA1 in breast cancer and predict selective targeted inhibitors from
Drug Bank small molecular drugs. Our results indicated that PAHAI is strongly expressed
with high amplification and closely associated with poor prognostic in breast cancer. In
addition, computational methods such as virtual screening predicted the lead molecules
aminoglycoside derivatives (Amikacin and Gentamicin) as a potent selective inhibitor for
P4HAL1. The overall results suggested that aminoglycoside derivatives for the inhibition of

P4HAI could be a promising therapeutic strategy for the intervention of breast cancer.

6. ACKNOWLEDGEMENT

M.M. is gratefully acknowledging Indian Council Medical Research, New Delhi for
sanctioning Senior Research Fellowship (ICMR SRF: 5/3/8/26/ITR-F/2018-ITR). Authors
also thankfully acknowledge DST-FIST (Grant No.: SR/FST/LSI-368/2015) to the

Department of Biomedical Science, Bharathidasan University, Trichy.

934



European Journal of Molecular & Clinical Medicine
ISSN 2515-8260 Volume 07, Issue 06, 2020

Conflict of Interest

The authors declare that they have no conflict of interest

Author’s Contributions

M.M., Conceptualization, Methodology, Data analysis and interpretation, drafted the
manuscript. P.K., Supervision, Reviewing and Editing. All authors approved with final

drafted manuscript.

7. REFRENCES

[1] Momenimovahed Z, Salehiniya H (2019) Epidemiological characteristics of and risk
factors for breast cancer in the world. Breast Cancer (Dove Med Press) 11:151-164.

doi:10.2147/BCTT.S176070

[2] BrayF, FerlayJ, Soerjomataram I, Siegel RL, Torre LA, Jemal A (2018) Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countriecs. CA Cancer J Clin 68 (6):394-424. doi:10.3322/caac.21492

[3] Kern R, Correa SC, Scandolara TB, Carla da Silva J, Pires BR, Panis C (2020) Current
advances in the diagnosis and personalized treatment of breast cancer: lessons from

tumor biology. Per Med 17 (5):399-420. doi:10.2217/pme-2020-0070

[4] Annaratone L, Cascardi E, Vissio E, Sarotto I, Chmielik E, Sapino A, Berrino E,
Marchio C (2020) The Multifaceted Nature of Tumor Microenvironment in Breast
Carcinomas. Pathobiology 87 (2):125-142. doi:10.1159/000507055

[S] Harbeck N, Penault-Llorca F, Cortes J, Gnant M, Houssami N, Poortmans P, Ruddy K,

Tsang J, Cardoso F (2019) Breast cancer. Nat Rev Dis Primers 5 (1):66.
doi:10.1038/s41572-019-0111-2

935



European Journal of Molecular & Clinical Medicine
ISSN 2515-8260 Volume 07, Issue 06, 2020

Vasta JD, Raines RT (2018) Collagen Prolyl 4-Hydroxylase as a Therapeutic Target. J
Med Chem 61 (23):10403-10411. doi:10.1021/acs.jmedchem.8b00822

Vasta JD, Raines RT (2016) Human Collagen Prolyl 4-Hydroxylase Is Activated by
Ligands for Its Iron  Center. Biochemistry 55 (23):3224-3233.
doi:10.1021/acs.biochem.6b00251

Gorres KL, Raines RT (2010) Prolyl 4-hydroxylase. Crit Rev Biochem Mol Biol 45
(2):106-124. do1:10.3109/10409231003627991

Xiong G, Stewart RL, Chen J, Gao T, Scott TL, Samayoa LM, O'Connor K, Lane AN,
Xu R (2018) Collagen prolyl 4-hydroxylase 1 is essential for HIF-1alpha stabilization
and TNBC chemoresistance. Nat Commun 9 (1):4456. doi:10.1038/s41467-018-06893-
9

Walker C, Mojares E, Del Rio Hernandez A (2018) Role of Extracellular Matrix in
Development and Cancer Progression. Int J Mol Sci 19 (10). doi:10.3390/ijms19103028

Gilkkes DM, Chaturvedi P, Bajpai S, Wong CC, Wei H, Pitcairn S, Hubbi ME, Wirtz D,
Semenza GL (2013) Collagen prolyl hydroxylases are essential for breast cancer

metastasis. Cancer Res 73 (11):3285-3296. doi:10.1158/0008-5472.CAN-12-3963

Casamassimi A, Federico A, Rienzo M, Esposito S, Ciccodicola A (2017)
Transcriptome Profiling in Human Diseases: New Advances and Perspectives. Int J Mol

Sci 18 (8). doi:10.3390/jms18081652

Settivari RS, Ball N, Murphy L, Rasoulpour R, Boverhof DR, Carney EW (2015)
Predicting the future: opportunities and challenges for the chemical industry to apply

21st-century toxicity testing. J Am Assoc Lab Anim Sci 54 (2)2214-223

Leelananda SP, Lindert S (2016) Computational methods in drug discovery. Beilstein J
Org Chem 12:2694-2718. doi:10.3762/bjoc.12.267

Anitha D, Suganthi M, Gnanendra S, Govarthanan M (2020) Identification of Potential

Carbonic Anhydrase Inhibitors for Glaucoma Treatment Through an In-Silico Approach.

936



European Journal of Molecular & Clinical Medicine
ISSN 2515-8260 Volume 07, Issue 06, 2020

International Journal of Peptide Research and Therapeutics 26 (4):2147-2154.
doi:10.1007/s10989-019-10011-8

Rao BS, Lakshmi V, Kaushik V (2020) An In Silico Comparative Study of Anti-
inflammatory Role of Biochanin A and Genistein with 9 Omega-3-fatty Acids Using
Complex Docking Analysis with PPARy and GPR120. International Journal of Peptide
Research and Therapeutics 26 (4):2587-2602. do1:10.1007/s10989-020-10052-4

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y, Jacobsen A,
Sinha R, Larsson E, Cerami E, Sander C, Schultz N (2013) Integrative analysis of
complex cancer genomics and clinical profiles using the cBioPortal. Sci Signal 6

(269)pll. doi:10.1126/scisignal. 2004088

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, Jacobsen A, Byrne CJ,
Heuer ML, Larsson E, Antipin Y, Reva B, Goldberg AP, Sander C, Schultz N (2012)
The cBio cancer genomics portal: an open platform for exploring multidimensional
cancer genomics data. Cancer Discov 2 (5):401-404. doi:10.1158/2159-8290.CD-12-
0095

Madej T, Lanczycki CJ, Zhang D, Thiessen PA, Geer RC, Marchler-Bauer A, Bryant
SH (2014) MMDB and VAST+: tracking structural similarities between

macromolecular complexes. Nucleic Acids Res 42 (Database issue):D297-303.
doi:10.1093/nar/gk t1208

Sastry GM, Adzhigirey M, Day T, Annabhimoju R, Sherman W (2013) Protein and
ligand preparation: parameters, protocols, and influence on virtual screening
enrichments. J Comput Aided Mol Des 27 (3):221-234. doi:10.1007/s10822-013-9644-
8

Sailo BL, Banik K, Girisa S, Bordoloi D, Fan L, Halim CE, Wang H, Kumar AP, Zheng

D, Mao X, Sethi G, Kunnumakkara AB (2019) FBXW7 in Cancer: What Has Been
Unraveled Thus Far? Cancers (Basel) 11 (2). doi:10.3390/cancers11020246

937



European Journal of Molecular & Clinical Medicine
ISSN 2515-8260 Volume 07, Issue 06, 2020

Wang Z, Liu P, Inuzuka H, Wei W (2014) Roles of F-box proteins in cancer. Nat Rev
Cancer 14 (4)2233-247. doi:10.1038/mrc3700

Jiang JX, Sun CY, Tian S, Yu C, Chen MY, Zhang H (2016) Tumor suppressor Fbxw?7
antagonizes WNT signaling by targeting beta-catenin for degradation in pancreatic

cancer. Tumour Biol 37 (10):13893-13902. d0i:10.1007/s13277-016-5217-5

Duijf PHG, Nanayakkara D, Nones K, Srihari S, Kalimutho M, Khanna KK (2019)
Mechanisms of Genomic Instability in Breast Cancer. Trends Mol Med 25 (7):595-611.
doi:10.1016/j.molmed.2019.04.004

Gjaltema RA, Bank RA (2017) Molecular insights into prolyl and lysyl hydroxylation
of fibrillar collagens in health and disease. Crit Rev Biochem Mol Biol 52 (1):74-95.
doi:10.1080/10409238.2016.1269716

Shoulders MD, Raines RT (2009) Collagen structure and stability. Annu Rev Biochem
78:929-958. doi:10.1146/annurev.biochem.77.032207.120833
Martins Cavaco AC, Damaso S, Casimiro S, Costa L (2020) Collagen biology making

inroads into prognosis and treatment of cancer progression and metastasis. Cancer

Metastasis Rev 39 (3):603-623. doi:10.1007/s10555-020-09888-5

Bourgot I, Primac I, Louis T, Noel A, Maquoi E (2020) Reciprocal Interplay Between
Fibrillar Collagens and Collagen-Binding Integrins: Implications in Cancer Progression

and Metastasis. Front Oncol 10:1488. doi:10.3389/fonc.2020.01488

Chakravarthi BV, Pathi SS, Goswami MT, Cieslik M, Zheng H, Nallasivam S,
Arekapudi SR, Jing X, Siddiqui J, Athanikar J, Carskadon SL, Lonigro RJ, Kunju LP,
Chinnaiyan AM, Palanisamy N, Varambally S (2014) The miR-124-prolyl hydroxylase

P4HA1-MMPI1 axis plays a critical role in prostate cancer progression. Oncotarget 5

(16):6654-6669. doi:10.18632/oncotarget.2208

Atkinson A, Renziehausen A, Wang H, Lo Nigro C, Lattanzio L, Merlano M, Rao B,
Weir L, Evans A, Matin R, Harwood C, Szlosarek P, Pickering JG, Fleming C, Sim VR,
Li S, Vasta JT, Raines RT, Boniol M, Thompson A, Proby C, Crook T, Syed N (2019)

938



European Journal of Molecular & Clinical Medicine
ISSN 2515-8260 Volume 07, Issue 06, 2020

Collagen Prolyl Hydroxylases Are Bifunctional Growth Regulators in Melanoma. J
Invest Dermatol 139 (5):1118-1126. doi:10.1016/j.jid.2018.10.038

LiQ, Shen Z, Wu Z, Shen Y, Deng H, Zhou C, Liu H (2020) High PAHA1 expression
is an independent prognostic factor for poor overall survival and recurrent-free survival
in head and neck squamous cell carcinoma. J Clin Lab Anal 34 (3):e23107.
do1:10.1002/jcla.23107

Kappler M, Kotrba J, Kaune T, Bache M, Rot S, Bethmann D, Wichmann H, Guttler A,
Bilkenroth U, Horter S, Gallwitz L, Kessler J, Greither T, Taubert H, Eckert AW,
Vordermark D (2017) P4HAI: A single-gene surrogate of hypoxia signatures in oral

squamous cell carcinoma patients. Clin Transl Radiat Oncol 5:6-11.

doi:10.1016/j.ctro.2017.05.002

Hu WM, Zhang J, Sun SX, Xi SY, Chen ZJ, Jiang XB, Lin FH, Chen ZH, Chen YS,
Wang J, Yang QY, Guo CC, Mou YG, Chen ZP, ZengJ, Sai K (2017) Identification of

P4HA1 as a prognostic biomarker for high-grade gliomas. Pathol Res Pract 213
(11):1365-1369. doi:10.1016/}.prp.2017.09.017

Tanaka A, Zhou Y, Shia J, Ginty F, Ogawa M, Klimstra DS, Hendrickson RC, Wang
JY, Roehrl MH (2020) Prolyl 4-hydroxylase alpha 1 protein expression risk-stratifies

early stage colorectal cancer. Oncotarget 11 (8):813-824.
doi:10.18632/oncotarget.27491

Krause KM, Serio AW, Kane TR, Connolly LE (2016) Aminoglycosides: An Overview.
Cold Spring Harb Perspect Med 6 (6). doi:10.1101/cshperspect.a027029

Vakulenko SB, Mobashery S (2003) Versatility of aminoglycosides and prospects for
therr future. Clin Microbiol Rev 16 (3):430-450. doi:10.1128/cmr.16.3.430-450.2003

Jiang M, Taghizadeh F, Steyger PS (2017) Potential Mechanisms Underlying

Inflammation-Enhanced Aminoglycoside-Induced Cochleotoxicity. Front Cell Neurosci

11:362. doi:10.3389/fncel.2017.00362

939



European Journal of Molecular & Clinical Medicine
ISSN 2515-8260 Volume 07, Issue 06, 2020

Ward DT, Maldonado-Perez D, Hollins L, Riccardi D (2005) Aminoglycosides induce
acute cell signaling and chronic cell death inrenal cells that express the calcium-sensing
receptor. J Am Soc Nephrol 16 (5):1236-1244. doi:10.1681/ASN.2004080631

Colombani T, Haudebourg T, Decossas M, Lambert O, Ada Da Silva G, Altare F,
Pitard B (2019) Lipidic Aminoglycoside Derivatives: A New Class of

Immunomodulators Inducing a Potent Innate Immune Stimulation. Adv Sci (Weinh) 6

(16):1900288. doi:10.1002/advs.201900288

Bidou L, Bugaud O, Belakhov V, Baasov T, Namy O (2017) Characterization of new-
generation aminoglycoside promoting premature termination codon readthrough in

cancer cells. RNA Biol 14 (3):378-388. doi:10.1080/15476286.2017.1285480

Keeling KM, Xue X, Gunn G, Bedwell DM (2014) Therapeutics based on stop codon
readthrough. Annu Rev Genomics Hum Genet 15:371-394. doi:10.1146/annurev-
genom-091212-153527

Tamma PD, Cosgrove SE, Maragakis LL (2012) Combination therapy for treatment of
infections with gram-negative bacteria. Clin Microbiol Rev 25 (3):450-470.
doi:10.1128/CMR.05041-11

Sivanandan S, Soraisham AS, Swarnam K (2011) Choice and duration of antimicrobial
therapy for neonatal sepsis and meningitis. Int J Pediatr 2011:712150.
doi:10.1155/2011/712150

Paul M, Dickstein Y, Schlesinger A, Grozinsky-Glasberg S, Soares-Weiser K,
Leibovici L (2013) Beta-lactam versus beta-lactam-aminoglycoside combination

therapy in cancer patients with neutropenia. Cochrane Database Syst Rev
(6):CD003038. doi:10.1002/14651858.CD003038.pub2

Codini M, Cataldi S, Ambesi-Impiombato FS, Lazzarini A, Floridi A, Lazzarini R,
Curcio F, Beccari T, Albi E (2015) Gentamicin arrests cancer cell growth: the intriguing

involvement of nuclear sphingomyelin metabolism. Int J Mol Sci 16 (2):2307-2319.
doi:10.3390/5jms 16022307

940



European Journal of Molecular & Clinical Medicine
ISSN 2515-8260 Volume 07, Issue 06, 2020

[46] Rosario MC, Thomson AH, Jodrell DI, Sharp CA, Elliott HL (1998) Population

pharmacokinetics of gentamicin in patients with cancer. Br J Clin Pharmacol 46

(3)2229-236. doi:10.1046/5.1365-2125.1998.00779.x
[47] Elliott RL, Jiang XP (2019) The adverse effect of gentamicin on cell metabolism in

three cultured mammary cell lines: "Are cell culture data skewed?". PLoS One 14

(4):0214586. do1:10.1371/journal.pone.0214586

941



