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The naturally occurring polysaccharide hyaluronic acid (HA) is a major component of the extracellular matrix and is found over expressed in many cancer
cells. Hyaluronic acid is reported to be a potential carrier for drug delivery with the dual advantage of accumulation at the tumor site and receptor-mediated
uptake. The use of drugs conjugated with macromolecules was shown to improve the drug pharmacokinetic profile. The various biological potentials such as
biodegradability, biocompatibility, non-toxicity, hydrophilicity and non-immunogenicity, together with the availability of various chemical groups that allow
the conjugation of drugs, put forward HA as a potential choice for the development of drug conjugates. In this context, the present study is focused to provide,
through docking studies, insights on the activity of cancer drugs such as methotrexate, 3',5'-dichloromethotrexate and ornithine-methotrexate and their activity
against the receptor caspase-1, which is a well-established drug target in the treatment of cancer. The docking study envisages that the usage of methotrexate
properly conjugated to the natural polysaccharide HA might serve as a potential drug to effectively treat some cancer diseases.
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INTRODUCTION

The naturally occurring polysaccharide hyaluronic acid (HA) is a
major component of the extracellular matrix and, additionally, it is
found in the synovial fluid of joints and scaffolding that comprises
cartilages. Peculiarly, one of its cellular receptors (CD44) it is found
over expressed in many cancer cells [1,2]. Structurally, HA consists
of B-(1—4)-linked D-glucopyranuronic acid and B-(1—3)-linked 2-
acetamido-2-deoxy-D-glucopyranose.  Its  basic  disaccharide
repeating unit presents a carboxyl group at C-5’ and two free
hydroxyl groups at the C-2’ and C-3’ positions in the B-D-GlcpA
and two hydroxyl groups at C-4 and C-6 position in the B-D-
GlcpNAc moiety; chemical and enzyme-catalyzed reactions at some
of these positions have led to a wide range of derivatives [3-5].

The well documented physico-chemical and biochemical
characteristics such as network-forming and viscoelastic and
polyelectrolitic behaviour of HA signifies its importance in
contributing the biochemical properties of living tissues and also
put forward this polymer as a potential nano carriers for the
development of new anticancer drug-conjugates [6]. HA appears to
be important in cell-cell interactions and takes part in regulating cell
behavior during various morphogenic processes in the body [7]. The
role of this natural polysaccharides in diseases such as various
forms of cancers, arthritis and osteoporosis has led to the
development of both biomaterials for surgical implants and drug
conjugates for targeted delivery [8-10]. The use of drugs
conjugatedwith macromolecules improves their pharmacokinetic

profile. The various biological potentials such as biodegradability,
biocompatibility, = non-toxicity,  hydrophilicity = and  non-
immunogenicity together with the presence of chemical groups
favoring the conjugations with drugs put forward HA as a potential
choice for carrier macromolecules to be employed for the
development of drug conjugates.

In cancer disease, some cells display uncontrolled growth, invasion
and sometimes metastasis. These malignant properties differentiate
cancer from benign tumors, which are self-limited, do not invade or
metastasize [11]. The development of cancer is generally
considered a multistep process driven by carcinogen-induced
genetic and epigenetic damage in susceptible cells, which as a
result, gain selective growth damage. Subsequently, cells may
undergo clonal expansion as the result of activation of proto-
oncogenes and/or inactivation of tumor suppressor genes [12].

Nowadays, various types of cancers are reported spreading
according to various mechanisms. The most frequently diagnosed
cancers are bone, brain, breast, colon and skin cancers. There are
many known causes of cancer like exposure to chemicals, drinking
excess alcohol, excessive exposure to sunlight, and genetic
differences, to name a few [13]. The caspase are a family of
cysteine proteases that are one of the main executors of the
apoptotic process and exist within the cell as inactive pro-forms or
zymogens. These zymogens can be cleaved to form active enzymes
following the induction of apoptosis [14].The origin of cancer
involves deregulated cellular proliferation and the suppression of
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apoptotic processes, ultimately leading to tumor establishment and
growth. Several lines of evidence point toward the family of
proteins playing a role in oncogenesis, via their effective
suppression of apoptosis. The central mechanisms of apoptotic
suppression appear to be through direct caspase and pro-caspase
inhibition.

Thus, the present study is focused to provide insights, through
docking studies, on the activity of cancer drugs such as
methotrexate, 3'5'-dichloromethotrexate and ornithine-methotrexate
and their activity against the receptor of caspase-1, a well establish
drug target in the treatment of cancer.

RESULT AND DISCUSSION

Globally, it is estimated that deaths from cancer will raise to 13.1
million in 2030 [15,16] with lung, stomach, liver, colon and breast
cancers being the most prominent causes for cancer deaths each
year. Even though a number of advancing techniques have been put
forward in delineating the molecular and cellular biology of cancer
cell, the urgency in the treatment of metastatic diseases remains
challenging. Due to certain limitation such as low specificity and
efficacy, and high toxicity of anticancer drugs, great effort is
devoted to the research of improved therapeutics based on
molecular targeted approaches as alternatives to treat malignant
tumor cells.

In most of the target-based therapeutics, the drugs are made to
differentiate the malignant and healthy tissues on the basis of their
physiological and biochemical differences. Most prominently, the
poor intra-tumor lymphatic drainage and the vascular leakage are
exploited by employing passive drug delivery systems that allow
large molecules, such as polymeric conjugates [17], liposomes [18],
micro-particles, and nanoparticles [19], to accumulate at the tumor
site. In addition to this, due to the biochemical differences of
cancerous and normal tissues, the usage of conjugated drugs may be
proposed to selectively target over-expressed tumor specific
receptors. Interestingly, evidence was provided that the conjugation
of drugs with macromolecules enhances the pharmacokinetic
profiles of the drugs themselves [20]. Furthermore, the sustained
high intra-tumor drug levels and its lower plasma concentrations are
driven by the slow release of the drug from the macromolecular
carrier. This process can be effectively achieved by employing
specific macromolecules with biodegradable linkage and suitable
spacer, which can hold a potent anticancer agent that can
preferentially be released within the tumor tissue [21]. The natural
polysaccharide hyaluronic acid (HA) has the dual advantage of a
potential accumulation at the tumor site and of a receptor-mediated
uptake. Thus the anticancer activity of methotrexate, 3',5'-
dichloromethotrexate, ornithine-methotrexate and its HA-drug
conjugates HA-methotrexate, HA-3',5'-dichloromethotrexate and
HA-ornithine-methotrexate against caspase-1, a well-established
drug target in the treatment of cancer, was explored through
docking studies.

The origin of cancer involves the deregulation of the cellular
proliferation and the suppression of apoptotic processes that
ultimately leads to the establishment of tumors and cell growth;
caspase-1, as the main executor of the apoptotic process, exists
within the cell as inactive pro-form or zymogen [22]. Since the
central mechanisms of apoptotic suppression appear to involve
direct caspase and pro-caspase inhibition, the choice of caspase-1 as
potential cancer target is significantly worthy to be explored as
alternative therapeutic choice of drugs that can exhibit their efficacy
through the delivery by a polymer-drug conjugate. The crystal
structure of the human caspase-1 [23] in complex with malonate,
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determined by X-ray crystallography resolved at 1.80*° with PDB
ID: 1SC3, is shown in Figure 1. The drug target interactions
between methotrexate, 3',5'-dichloromethotrexate, ornithine-
methotrexate and HA-drug conjugates such as HA-methotrexate,
HA-3',5'-dichloromethotrexate and HA-ornithine-methotrexate were
explored through docking studies.

Ligands: The 2D structures of potential anticancer drugs such as
methotrexate, 3',5'-Dichloromethotrexate and Ornithine-
methotrexate and the HA-drug conjugates HA-methotrexate, HA-
3',5'-dichloromethotrexate and HA-ornithine-methotrexate sketched
in ACD Chemsketch along with the HA dimer and HA-peptide
linker (Phe-Phe used in HA-drug conjugates) are shown in Figure 2.
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Figure 2: 2D structures of HA-dimer, HA-peptide linker, anti-cancer drugs and
HA-drug conjugates used in docking studies.
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Figure 3: Docking complex and interactions of methotrexate within the active site of
human caspase-1 (Dock score: — 26.9011 kJ/mol).

Docking interactions of methotrexatez The compound
methotrexate docked within the active site of human caspase-1
exhibited the dock score of — 26.9011 kJ/mol. It was observed that
the compound occupied the ligand binding site of malonate as in the
crystal structure of human caspase-1 by favoring the H-bond
interactions and non-bonded interactions. The amino acids Argl79,
Gly238, GIn283, Ala285 and Arg286 favored the H-bond
interactions and the non-bonded interactions are supported by
His237, Ala285, Arg286 and Ser289. The docking complex and
docking interactions of methotrexate within the active site of human
caspase-1is shown in Figure 3.

Docking interactions of 3',5'-dichloromethotrexate: The
compound 3',5'-dichloromethotrexate docked within the active site
of human caspase-1 exhibited the dock score of —21.6994 kJ/mol. It
was observed that the compound occupied the ligand binding site of
human caspase-1 by favoring the H-bond interactions with amino
acids such as Argl79, Gly238, GIn283 and Ala285 while non-
bonded interactions were exhibited by His237, Ala285, Arg286 and
Ser289.The docking complex and docking interactions of 3',5'-
dichloromethotrexate within the active site of human caspase-1is
shown in Figure 4.

Docking interactions of ornithine-methotrexate: The compound
ornithine-methotrexate docked within the active site of human
caspase-1 exhibited the dock score of —17.5100 kJ/mol. It was
observed that the compound occupied the ligand binding site of
malonate as in the crystal structure of human caspase-1 by favoring
the H-bond interactions and non-bonded interactions. The amino
acids Argl79, Gly238, GIn283, arg286 and Ser289 favored the H-
bond interactions and the non-bonded interactions are supported by
His237, GIn283, Ala284, Ala285 and Arg286. The docking
complex and docking interactions of ornithine - methotrexate within
the active site of human caspase-1is shown in Figure 5.

Docking interactions of HA: The compound HA docked within
the active site of human caspase-1 exhibited the dock score of
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Figure 4: Docking complex and interactions of 3',5'-dichloromethotrexate within the
active site of human caspase-1 (Dock score: —21.6994 kJ/mol).

Figure 5: Docking complex and interactions of ornithine-methotrexate within the
active site of human caspase-1 (Dock score: —17.5100 kJ/mol).

-24.4711 kJ/mol. It was observed that the compound partially
occupied the ligand binding site of malonate as in the crystal
structure of human caspase-1 by favoring the H-bond interactions
and non-bonded interactions. The amino acids Argl79, Gly238,
GIn283, Ala285 and Gly287 favored the H-bond interactions while
non-bonded interactions are supported by His237, Gly238, Ala284
and Ala285. The docking complex and docking interactions of HA
within the active site of human caspase-1 are shown in Figure 6.
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Figure 6: Docking complex and interactions of HA dimer within the active site of
human caspase-1 (Dock score: -24.4711 kJ/mol).
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Figure 7: Docking complex and interactions of HA with Phe-Phe peptide linker within
the active site of human caspase-1 (Dock score: -26.2475 kJ/mol).

Docking interactions of HA-peptide (Phe-Phe) linker: The
compound HA-Phe-Phe peptide docked within the active site of
human caspase-1 exhibited the dock score of -26.2475 kJ/mol. It
was observed that the compound occupied the ligand binding site of
malonate as in the crystal structure of human caspase-1 by favoring
the H-bond interactions and non-bonded interactions. The amino
acids Argl79, Thr180, Gly181, Aspl185, Ser236, I1e282, GIn283,
Ala284 and Ala285 favored the H-bond interactions while non-
bonded interactions are favored by Argl79, His237, [1e282, GIn283,
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Figure 8: Docking complex and interactions of HA-methotrexate conjugate within the
active site of human caspase-1 (Dock score: -34.3024kJ/mol).

Figure 9: Docking complex and interactions of HA-3'5'-dichloromethotrexate
conjugate within the active site of human caspase-1 (Dock score: -31.5882kJ/mol).

Ala284, Ala285 and Ala286. The docking complex and docking
interactions of HA-peptide linker within the active site of human
caspase-1 is shown in Figure 7.

Docking interactions of HA-methotrexate conjugate: The
compound HA-methotrexate conjugate docked within the active site
of human caspase-1 exhibited the dock score of -34.3024kJ/mol. It
was observed that the compound occupied the ligand binding site of
malonate as in the crystal structure of human caspase-1 by favoring
the H-bond interactions and non-bonded interactions. The amino
acids Argl79, Gly238, GIn283, Ala285 and Arg286 favored the
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Tablel: Docking interactions (H-bond & non-bonded) and respective dock scores of the compounds within the predicted binding pocket of caspase-1 (*H-bond interactions).

C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8

- - - - - *Glul71

- - - - - Glul71

- - - - - *Glul72

- - - - - Argl78
*Argl79 *Argl79 *Argl79 - *Argl79 - *Argl79 *Argl79

- Argl79 - - - - Argl79

- *Thr180 - - - -

- *Gly181 - - - - *Gly181

- - - - - *Alal82

- - - - - Alal82

- - - - - Glul83

- - - - - *Glul83

- - - *Arg286 - - *Vall184

- - - - - Vallg4

- *Aspl85 - - - - *Aspl85

- - - - - Aspl85

- *Ser236 - - *Ser236 - -

- - - *His237 - - - -
His237 His237 His237 - His237 His237 His237 His237
*Gly238 *Gly238 - *Gly238 *Gly238 *Gly238 -
Gly238 - - - - -

- - 11239 11e239 - -

- - *Arg240 - - -

- - Arg240 Arg240 - -

- - *Glu241 - - -

- - Glu241 Glu241 - -

- - Glu250 Glu250 - -

- - Leu258 - - -

- *11e282 - *11e282 - - - -

- 11e282 - 11e282 - - -
*Gln283 *Gln283 *GIn283 - *Gln283 - *Gln283 *Gln283

- GIn283 - - - GIn283 GIn283

- *Ala284 - *Ala284 *Ala284 - -
Ala284 Ala284 - - Ala284 Ala284 -
*Ala285 *Ala285 *Ala285 - *Ala285 - - -
Ala285 Ala285 Ala285 - Ala285 Ala285 Ala285 Ala285

- *Arg286 - *Arg286 *Arg286 -

- Arg286 Arg286 Arg286 Arg286 Arg286 Arg286 -
*Gly287 - *Gly287 - - -

- - - Gly287 - -

- - *Asp288 *Asp288 - *Asp288

- - - Asp288 - -

- - - - *Ser289 *Ser289 -

- Ser289 - Ser289 - - -
-24.4711 -26.2475 -26.9011 -34.3024 -21.6994 -31.5882 -17.5100 -28.7427

C-1: HA dimer; C-2: HA-peptide linker; C-3: methotrexate; C-4: HA-methotrexate conjugate; C-5: 3',5'-dichloro-methotrexate;
C-6: HA-3',5"-dichloro-methotrexate conjugate; C-7: ornithine-methotrexate; C-8: HA-ornithine-methotrexate conjugate.

H-bond interactions and the non-bonded interactions are supported
by His237, Ala285, Arg286 and Ser289. The docking complex and
docking interactions of HA-methotrexate conjugate within the
active site of human caspase-1lare shown in Figure 8.

Docking interactions of HA-3',5'-dichloromethotrexate
conjugate: The compound HA-3',5'-dichloromethotrexate conjugate
docked within the active site of human caspase-1 exhibited the dock
score ligand binding site of humancaspase-1 by favoring the H-
bond interactions with amino acids such as Argl79, Gly238,
GIn283 and Ala285 while non-bonded interactions were exhibited
by His237, Ala285, Arg286 and Ser289.The docking complex and
docking interactions of HA-3',5'-dichloromethotrexate conjugate
within the active site of human caspase-1is shown in Figure 9.

Docking interactions of HA-ornithine-methotrexateconjugate:
The compound HA-ornithine-methotrexate conjugate docked within

the active site of human caspase-1 exhibited the dock score
of -28.7427kJ/mol. It was observed that the compound occupied the
ligand binding site of malonate as in the crystal structure of human
caspase-1 by favoring the H-bond interactions and non-bonded
interactions. The amino acids Argl79, Gly238, GIn283, arg286 and
Ser289 favored the H-bond interactions and the non-bonded
interactions are supported by His237, GIn283, Ala284, Ala285 and
Arg286. The docking complex and docking interactions of HA-
ornithine-methotrexate conjugate within the active site of human
caspase-1is shown in Figure 10.

The docking interactions of HA dimer, HA-peptide (Phe-Phe)
linker,  methotrexate,  3',5'-dichloromethotrexate,  ornithine-
methotrexate, HA-methotrexate conjugate, HA-3',5'-dichloro-
methotrexate conjugate and HA-ornithine-methotrexate conjugate
with their docking scores were given in Table.1.
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Figure 10: Docking complex and interactions of HA-ornithine-methotrexate conjugate
within the active site of human caspase-1 (Dock score: -28.7427kJ/mol).

Theoretically, it was observed that all the compounds exhibited
better binding efficacy in terms of highest dock score, which
significantly reveals the lowest binding energy of stable
confirmation. The best dock score of -34.3024 kJ/mol was exhibited
by HA-methotrexate conjugate, while the poor dock score of
-17.5100 kJ/mol was obtained for ornithine-methotrexate
interactions with caspase-1. It is note-worthy to mention that the
dock score of anti-cancer drugs methotrexate, 3'.5'-
dichloromethotrexate and ornithine-methotrexate is poor when
compared to the dockscore of the corresponding HA-drug
conjugates HA-methotrexate, HA-3',5'-dichloromethotrexateand
HA-ornithine-methotrexate, thus indicating that these compounds
would certainly possess a better activity when employed as HA-
drug conjugate. It is also worth to mention that the dock score of -
24.4711 kJ/mol and -26.2475 kJ/mol, exhibited by HA dimer and
HA-peptide linker molecules, are almost the same as the dock score
of -26.7427 exhibited by methotrexate within the binding pocket of
human caspase-1. This finding suggests that the HA-dimer and the
use of a peptide linker for the design of HA-drug conjugate would
also plays a major role in drug interactions.

The HA-drug conjugates designed to specifically target
overexpressed CD44 in lung carcinoma cells as reported by Akima
et al., [24] reveals the uptake of a fluorescent HA conjugate, of HA-
conjugated mitomycin C (MMC), and of epirubicin.

Similarly, HA-butyrate and HA-paclitaxel conjugates showed
increased apoptosis activity [25, 26] and inhibited cell growth in
vitro, with significant decrease in tumor burden in vivo [27].
However, only few studies on HA-drug conjugation were reported
to be promising. In this regards, the docking study reported here
indicates that H-bond interactions favored by Arginine (Argl79 and
286), Glycine (Gly238) and Glutamine (GIn283) plays a crucial role
in binding the methotrexate, 3',5'-dichloromethotrexate, ornithine-
methotrexate compounds with human caspase-1. While the amino
acids Aspartic acid (Asp288) plays a crucial role in binding the HA-
methotrexate, HA-3',5'-dichloromethotrexate and HA-ornithine-
methotrexate compounds, the amino acid Arginine (Arg286) is
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found to be crucial in favoring the non-bonded interactions with all
the compounds.

These docking interactions imply that the keto group (C=0) of the
compounds and the amino group (NH) on the amino acids of
caspase-1 molecule favor the H-bond interactions. In line with this,
the efficacy of the conjugation of methotrexate, 3',5'-
dichloromethotrexate and ornithine-methotrexate with HA
macromolecules would certainly envisages that, as anti-cancer
agent, HA-methotrexate is a better choice and might be employed
in the treatment of various cancers and also provides a suggestion
for the selection of novel HA-based anti-cancer agents with more
target specificity.

CONCLUSIONS: As the estimated deaths from cancer continues
to raise to 13.1 million in 2030 with lung, stomach, liver, colon and
breast cancers being the most prominent causes for cancer deaths
each year, the identification of potential drug conjugate with dual
advantages of accumulation at the tumor site and receptor-mediated
uptake would serve as a potential alternative to effectively treat
cancer. In this scenario, the naturally-occurring polysaccharide
hyaluronic acid (HA),a major component of the extracellular matrix
whose cellular receptor CD44 is over expressed in many cancer
cells, was selected as a potential carrier of anticancer drugs to
synthesize new selective, potent drug-conjugates. Thanks to its
biological potentials such as biodegradability, biocompatibility,
non-toxicity, hydrophilicity and non-immunogenicity, and the
presence, in the macromolecular backbone, of chemical groups that
may favor drug conjugations make HA a potential choice for the
development of anticancer drug conjugates. Thus, in the present
study the binding efficacy of the selected cancer drugs such as
methotrexate, 3',5'-dichloromethotrexate and ornithine-methotrexate
and their activity against the receptor caspase-I, were explored
through docking studies. The docking study envisages that the
Aspartic acid (Asp288) and Arginine (Arg286) plays a crucial role
in favoring H-bond and non-bonded interactions with all the
compounds. The binding efficacy of the methotrexate, 3',5'-
dichloromethotrexate and ornithine-methotrexate and the HA
conjugate of these drugs has revealed that the usage of methotrexate
as HA-methotrexate conjugate might represent a potential
alternative to effectively treat cancer through the -caspase-1
pathway.

Methodology

Potential drug Target: The 3D structure of caspase-1, that plays a
central role as an executor of the apoptotic process, is retrieved
from PDB [28]. The crystal structure of the human caspase-1 in
complex with malonate, determined by X-ray crystallography
resolved at 1.80A’with PDB ID: 1SC3 was selected as a potential
drug target.

Binding Site determination: To determine the interactions of
methotrexate, 3',5'-dichloromethotrexate, ornithine-methotrexate
and HA-drug conjugates such as HA-methotrexate, HA-3',5'"-
dichloromethotrexate and HA-ornithine-methotrexate with crystal
structure of the human caspase-1, the potential binding pockets
were predicted by submitting the co-ordinate file to DoGsite scorer
[29]. The potential binding sites with predicted high drug score
value was considered as potential binding site for further docking
studies.

Drugs and HA-drug conjugates: The 3D structures of specified
cancer drugs such as Methotrexate, 3',5'-Dichloromethotrexate and
Ornithine-methotrexate were retrieved in SDF format from
Pubchem database [30]. Further, the 2D structures of HA-drug
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conjugates such as HA-Methotrexate, HA-3',5'-Dichloro-
methotrexate and HA-Ornithine-methotrexate were sketched by
using ACD Chemsketch and their respective 3D structures were
converted into SDF by using ‘Online Smiles translator’.

Molecular Docking: All the compounds in SDF file format were
docked with the amino acids in the predicted binding pocket of
human caspase-1 by using the following parameters [31]: (i) default
general docking information’s; (ii) base placement using triangle
matching; (iii) scoring of full score contribution and threshold of
0,30 and No score contribution and threshold of 0,70;(iv) chemical
parameters of clash handling values for protein ligand clashes with
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maximum allowed overlap volume of 2.9 A” and intralegend
clashes with clash factor of 0.6 and considering the hydrogen in
internal clash tests; and (v) default docking details values of 200 for
both the maximum number of solutions per iteration and maximum
number of solutions per fragmentation.

Ligand- Receptor Interactions: The interactions of the
compounds Methotrexate, 3',5'-Dichloromethotrexate, Ornithine-
methotrexate and HA-drug conjugates such as HA-Methotrexate,
HA-3',5"-Dichloromethotrexate and HA-Ornithine-methotrexate
with human caspase-1in the docked complex were analyzed by the
pose-view of LeadIT [32].

References

[1] Murano E, Perin D, Khan R, Bergamin M. (2011) Hyaluronan: from biomimetic to industrial business strategy. Natural Product Communications,
6, 555-572.

[2] Khan R, Mahendhiran B, Aroulmoji V. (2013) Chemistry of hyaluronic acid and its significance in drug delivery strategies: A review. International
Journal of Pharmaceutical Sciences and Research, 4, 3699-3710.

[3] Lapcik Jr L, Lapcik L, De Smedt S, Demeester J, Chabrecek P (1998) Hyaluronan: preparation, structure, properties and applications. Chemical
Reviews, 98, 2663-2684.

[4] Khan R, Bella J, Konowicz PA, Paoletti S, Vesnaver R, Linda P (1998) Selective acetylation reactions of hyaluronic acid. Carbohydrate Research,
306, 137-146.

[5] Khan R, Vesnaver R (1991) New derivatives of hyaluronic acid: Synthesis and characterization. Ph.D Thesis, University of Trieste, Italy.

[6] Schanté CE, Zuber G, Herlin C, Vandamme TF (2011) Chemical modifications of hyaluronic acid for the synthesis of derivatives for a broad range
of biomedical applications. Carbohydrate Polymers, 85, 469—489.

[7] Goodarzi N, Varshochian R, Kamalinia G, Atyabi F, Dinarvand R. (2013) A review of polysaccharide cytotoxic drug conjugates for cancer therapy.
Carbohydrate Polymers, 92, 1280-1293.

[8] Laurent TC (1998) The Chemistry, Biology and Medical Applications of Hyaluronan and its derivatives. Cambridge University Press, Cambridge,
UK

[9] Davidson JM, Nanney LB, Broadley KN, Whitsett JS, Aquino AM, Beccaro M, Rastrelli A (1991) Hyaluronate derivatives and their application to
wound healing: Preliminary observations. Clinical Materials, 8, 171-177.

[10] Lipponen P, Aaltoma S, Kosma V, Ala-Opas M, Eskelinen M (1998) Expression of CD44 standard and variant-v6 proteins in transitional cell
bladder tumours and their relation to prognosis during a long term follow up. Journal of Pathology, 186, 157-164.

[11] Siegel R, Desantis C, Virgo K, Stein K, Mariotto A, Smith T, Cooper D, Gansler T, Lerro C, Fedewa S (2012) Cancer treatment and survivorship
statistics. CA: A Cancer Journal for Clinicians, 62, 220-241.

[12] Tsurumi T, Fujita M, Kudoh A (2005) Latent and lytic Epstein-Barr virus replication strategies. Reviews in Medical Virology, 15, 3-15.

[13] Anand P, Kunnumakkara AB, Kunnumakara AB, Sundaram C, Harikumar KB, Tharakan ST, Lai OS, Sung B, Aggarwal BB. (2008) Cancer is a
preventable disease that requires major lifestyle changes. Pharmacological Research, 25,2097-2116.

[14] Kerr JF, Wyllie AH, Currie AR (1972) Apoptosis: a basic biological phenomenon with wide-ranging implications in tissue kinetics. British Journal
of Cancer, 26, 239-257.

[15] Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. (2010) Estimates of worldwide burden of cancer in 2008. International Journal of
Cancer, 127,2893-2917.

[16] Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. (2011) Global cancer statistics CA: A Cancer Journal for Clinicians, 61, 69-90.

[17] Torchilin V (2011) Tumor delivery of macromolecular drugs based on the EPR effect. Advanced Drug Delivery Reviews, 63, 131-135.

[18] Stapleton S, Allen C, Pintilie M, Jaffray DA. (2013) Tumor perfusion imaging predicts the intra-tumoral accumulation of liposomes. Journal of
Controlled Release, 172, 351-357.

[19] Brigger I, Dubernet C, Couvreur P (2012) Nanoparticles in cancer therapy and diagnosis. Advanced Drug Delivery Reviews, 64, 24-36.

[20] Arpicco S, Milla P, Stella B, Dosio F. (2014) Hyaluronic acid conjugates as vectors for the active targeting of drugs, genes and nanocomposites
cancer treatment. Molecules, 19, 3193-3230.

[21] Arpicco S, De Rosa G, Fattal E (2013) Lipid-based nano vectors for targeting of CD44-overexpressing tumor cells. Journal of Drug Delivery
860780, 78-86.

[22] Shi Y. (2004) Caspase activation. Cell, 117, 855-858.

[23] Romanowski MJ, Scheer JM, O'Brien T, McDowell RS. (2004) Crystal structures of a ligand-free and malonate-bound human caspase-1:
implications for the mechanism of substrate binding. Structure, 12, 1361-1371.

[24] Akima K, Ito H, Iwata Y, Matsuo K, Watari N, Yanagi M, Hagi H, Oshima K, Yagita A, Atomi Y (1996) Evaluation of antitumor activities of
hyaluronate binding antitumor drugs: Synthesis, characterization and antitumor activity. Journal of Drug Targeting, 4, 1-8.

[25] Benitez A, Yates TJ, Lopez LE, Cerwinka WH, Bakkar A, Lokeshwar VB. (2011) Targeting hyaluronidase for cancer therapy: Antitumor activity
of sulfated hyaluronic acid in prostate cancer cells. Cancer Research, 71, 4085-4095.

[26] Mero A, Campisi M. (2014) Hyaluronic acid bioconjugates for the delivery of bioactive molecules. Polymers, 6, 346-369.

[27] Coradini D, Pellizzaro C, Miglierini G, Daidone MG, Perbellini A. (1999) Hyaluronic acid as drug delivery for sodium butyrate: Improvement of
the anti-proliferative activity on a breast-cancer cell line. International Journal of Cancer, 81,411-416.

[28] Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, Shindyalov IN, Bourne PE. (2000). The Protein Data Bank. Nucleic Acids
Research, 28, 235- 242.

[29] Volkamer A, Kuhn D, Rippmann F, Rarey M. (2012) DoGSiteScorer: a web server for automatic binding site prediction, analysis and druggability
assessment. Bioinformatics, 28,2074-2075.

[30] Kim S, Thiessen PA, Bolton EE, Chen J, Fu G, Gindulyte A, Han L, He J, He S, Shoemaker BA, Wang J, Yu B, Zhang J, Bryant SH (2015)
PubChem Substance and Compound databases. Nucleic Acids Research, 44, D1202-13.

[31] GnanendraShanmugam, Syed Mohamed, Jeyakumar Natarajan (2013) Identification of potent inhibitors for Salmonella typhimurium quorum
sensing via virtual screening and pharmacophore modeling. Combinatorial Chemistry & High Throughput Screening, 16, 826—839.

[32] Rarey M, Kramer B, Lengauer T, Klebe G (1996) A fast flexible docking method using an incremental construction algorithm. Journal of

Molecular Biology, 261, 470-489.



