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ABSTRACT

The most dynamic and diverse class of macromolecules, proteins come armed with an array
of opportunities in the field of therapeutics. Their delicate and complex structure is essential
to perform multifaceted functions. However, their structure is prone to degradation, which
posses a major challenge in harnessing their therapeutic remuneration. Amid numerous
formulations, maneuvering nanomaterials provide ample scope for judicious designing of

application based nanostructures.

Given the importance of a curative protein in the field of healthcare, the current thesis work
focuses on characterizing and evaluating the anti-proliferative efficacy of the two isoforms,
PTEN and PTEN-Long, alone and in combination with anti-cancer drugs. The introduction
section describes in details the role of aberrant signaling in cancer and the panorama of
recombinant protein therapy, which is consolidated by presenting literature reports on the
subject in the literature review section. The material and methods section describes in
details the materials required and the methodologies of the experimental procedures. The
results and discussion section begins with the cloning and purification of PTEN and its
transcriptional variant PTEN-Long. The cell based studies establishes the anti-proliferative
and anti-invasive role of the membrane-permeable recombinant PTEN-Long protein in
primary glioblastoma cell line. To investigate the therapeutic benefit of PTEN, silica
nanoparticles were successfully employed to mediate stabilization of the GST tagged PTEN
protein. Silica nanoparticles mediated cellular delivery resulted in reduced proliferation of
drug resistant glioblastoma. Further, amalgamation of delivery and tracking of
therapeutically relevant recombinant PTEN on a single platform was made possible by
utilizing luminescent silver nanoclusters. The PTEN-nanocluster ensemble was then coated
with PEG to formulate spherical nanocomposites. Evaluation of the PTEN-nanocomposite on
monolayer culture and spheroid model of U-87 MG and MCF7 demonstrated modulation of
cellular signaling culminating into reduced proliferation, opening up promising avenues for
PTEN based therapy. Additionally, successful combination therapy of recombinant proteins
with small molecule drugs strengthens the foundation for commercial application of the co-
therapy strategies in future. The conclusion and future prospects section summarizes the

findings of the work with potential biomedical application of the recombinant proteins.
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Fluorescence image of control U-87 MG cells and (I) Merged image of the
same cell, (J) A z-stack projection of U-87 MG cells incubated with PTEN-
nanocomposites. The coloured scale depicts the depth of the entities from
the cover slip. (Scale bar 10 um).

Confocal microscopy based cellular internalization study of
nanocomposites where (A) Fluorescence image of MCF7 cells incubated
with nanocomposites and (B) Merged image of the same cell, (C) A z-stack
projection of MCF7 cells incubated with nanocomposites, (D) Fluorescence
image of U-87 MG cells incubated with nanocomposites and (E) Merged
image of the same cell, (F) A z-stack projection of U-87 MG cells
incubated with nanocomposites. The coloured scale depicts the depth of the
entities from the cover slip. (Scale bar 10 um).

Mode of PTEN-nanocomposites internalization in (A) MCF7 cells (B)
U-87MG cells.

Western blot analysis of PTEN, pAKT, Akt, pFAK, GAPDH in (A) MCF7
cells (B) U-87 MG cells where, Lane 1 represents control untreated cells,
Lane 2 represents nanocomposite treated cells and Lane 3 represents PTEN-
nanocomposites treated cells.
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Figure 4.40

Figure 4.41
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Scratch healing assays for MCF7 and U-87 MG Cells where A, B and C
represents control, nanocomposite treated and PTEN-nanocomposites
treated MCF7 cells at 0 h. D,E and F represents control, nanocomposite
treated and PTEN-nanocomposites treated MCF7 cells at 24 h. G, H and |
represents control, nanocomposite treated and PTEN-nanocomposite treated
U-87 MG cells at 0 h. J, K and L represents control, nanocomposite treated
and PTEN-nanocomposites treated U-87 MG cells at 24 h.

Evaluation of cell cycle profile (A) MCF7 cells, where 1, 2 and 3 are
untreated control cells, nanocomposite treated cells and PTEN-
nanocomposites treated cells, respectively (B) U-87 MG cells, where 1, 2
and 3 are untreated control cells, nanocomposite treated cells and PTEN-
nanocomposites treated cells, respectively (C) Expression of cyclin B1 and
GAPDH in MCF7 cells, where 1, 2 and 3 are control, nanocomposite
treated and PTEN-nanocomposite treated cells, respectively (A) Expression
of cyclin B2 and GAPDH in U-87 MG cells, where 1, 2 and 3 are control,
nanocomposite treated and PTEN-nanocomposite treated cells, respectively.

Calcein-AM/EtBr dual staining where A, B and C are merged images of
control, nanocomposite, PTEN-nanocomposite treated MCF7 cells at 24 h,
D.E and F are merged images of control, nanocomposite,
PTEN-nanocomposite treated MCF7 cells at 48 h, G, H and | are merged
images of control, nanocomposite, PTEN-nanocomposite treated U-87 MG
cells at 24 h, J, K and L are merged images of control, nanocomposite,
PTEN-nanocomposite treated U-87 MG cells at 48 h, respectively (Scale
bar 25 pm).

Assessment of cell viability in (A) MCF7 cells (B) U-87 MG cells
Evaluation of cell viability of MCF7 cells upon treatment with
nanocomposite and PTEN-nanocomposites for 48 h by MTT assay, where
1, 2,3, 4,and 5 are PTEN (12 nM)-Cluster (10 pg/ml) Composite, PTEN
(24 nM)-Cluster (20 pg/ml) Composite, PTEN (36 nM)-Cluster (30 pg/ml)
Composite, PTEN (48 nM)-Cluster (40 pg/ml) Composite and PTEN (72
nM)-Cluster (60 pg/ml) Composite, respectively.

Evaluation of co-therapy module of PTEN-Nanocomposites and drug
erlotinib (A) Expression study of EGFR in U-87 MG cell line where Lane 1
is 100bp DNA ladder. Lane 2 to 5 represents the expression of EGFR1,
EGFR2, EGFR3 and EGFR4, respectively. Lane 6 to 9 represents template
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Figure 4.43

Figure 4.44

Figure 4.45

Figure 4.46
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control for EGFR1, EGFR2, EGFR3 and EGFR4, respectively. Lane 10 is
blank. Lane 11 represents expression of endogenous control B-actin (B)
Evaluation of cell viability of U-87 MG cells upon treatment with erlotinib
for 48 h (C) Combination index determination of erlotinib and PTEN-
nanocomposite using compusyn software (D) Evaluation of cell viability of
U-87 MG cells in combination therapy module with erlotinib and PTEN (24
nM)-Cluster (20 pg/ml) composite upon 48 h treatment by MTT based
assay.

Monitoring the formation of MCF7 and U-87 MG spheroids.

Confocal microscopy based cellular internalization study of PTEN-
nanocomposites where (A) Phase contrast of control MCF7 spheroids and
(B) Fluorescence image of the same cell, (C) Phase contrast image of
MCF7 spheroid incubated with nanocomposites and (D) Fluorescence
image of the same cell, (E) A z-stack projection of MCF7 spheroids
incubated with nanocomposites, (F) Phase contrast image of MCF7
spheroid incubated with PTEN-nanocomposites and (G) Fluorescence
image of the same cell, (H) A z-stack projection of MCF7 spheroid
incubated with PTEN-nanocomposites. The coloured scale depicts the depth
of the entities from the cover slip. (Scale bar 100 um).

Confocal microscopy based cellular internalization study of PTEN-
nanocomposites where (A) Phase contrast of control U-87 MG spheroids
and (B) Fluorescence image of the same cell, (C) Phase contrast image of
U-87 MG spheroid incubated with nanocomposites and (D) Fluorescence
image of the same cell, (E) A z-stack projection of U-87 MG spheroids
incubated with nanocomposites, (F) Phase contrast image of U-87 MG
spheroid incubated with PTEN-nanocomposites and (G) Fluorescence
image of the same cell, (H) A z-stack projection of U-87 MG spheroid
incubated with PTEN-nanocomposites. The coloured scale depicts the depth
of the entities from the cover slip. (Scale bar 100 pum).

Dual staining study where (A, B, C and D) Phase contrast and fluorescence
images of control MCF7spheroids and (E) A z-stack projection of control
MCF7 spheroids (F, G, H and ) Phase contrast and fluorescence images of
control MCF7 spheroids incubated with nanocomposites (J) A z-stack
projection of control MCF7 spheroids incubated with nanocomposites (K,
L, M and N) Phase contrast and fluorescence images of MCF7 spheroid
incubated with PTEN-nanocomposites and (O) A z-stack projection of
MCF7 spheroid incubated with PTEN-nanocomposites.
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Figure 4.48

Figure 4.49

Figure 4.50

Figure 4.51
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Dual staining study where (A, B, C and D) Phase contrast and fluorescence
images of control U-87 MG spheroids and (E) A z-stack projection of
control U-87 MG spheroids (F, G, H and 1) Phase contrast and fluorescence
images of control U-87 MG spheroids incubated with nanocomposites (J) A
z-stack projection of control U-87 MG spheroids incubated with
nanocomposites (K, L, M and N) Phase contrast and fluorescence images of
U-87 MG spheroid incubated with PTEN-nanocomposites and (O) A z-
stack projection of MCF7 spheroid incubated with PTEN-nanocomposites.

Evaluation of cell cycle profile (A) MCF7 spheroids, where 1, 2 and 3 are
untreated control spheroids, nanocomposite treated spheroids and PTEN-
nanocomposites treated spheroids, respectively (B) U-87 MG cells, where
1, 2 and 3 are untreated control spheroids, nanocomposite treated spheroids
and PTEN-nanocomposites treated spheroids, respectively.

RNA profiling of spheroids (A) Expression of cyclin A, BAX, FOXO3a
and GAPDH in MCF7 cells, where 1,2 and 3 are control, nanocomposite
treated and PTEN-nanocomposite treated spheroids, respectively (B)
Expression of cyclin B and GAPDH in U-87 MG cells, where 1,2 and 3 are
control, nanocomposite treated and PTEN-nanocomposite treated spheroids,
respectively.

Determination of viability of MCF7 spheroids upon treatment with
nanocomposites and PTEN-nanocomposites for 48 h by alamar blue assay
where 1 is control spheroids, 2, 3, 4 and 5 are PTEN (24 nM)-Cluster (15
ug/ml) Composite, PTEN (36 nM)-Cluster (22 ug/ml) Composite, PTEN
(48 nM)-Cluster (30 pg/ml) Composite and PTEN (96 nM)-Cluster (60
ng/ml) Composite, respectively.

Determination of viability of U-87 MG spheroids (A) Alamar blue assay
upon treatment with nanocomposites and PTEN-nanocomposites for 48 h
where 1 is control spheroids, 2, 3, 4, 5 and 6 are PTEN (18 nM)-Cluster (10
ug/ml) Composite, PTEN (24 nM)-Cluster (15 pg/ml) Composite, PTEN
(36 nM)-Cluster (22 ug/ml) Composite, PTEN (48 nM)-Cluster (30 pg/ml)
Composite and PTEN (96 nM)-Cluster (60 pug/ml) Composite, respectively
(B) Combination therapy with varying concentration of tamoxifen and
PTEN-nanocomposites at a concentration of PTEN (36 nM)-Cluster (22
pug/ml) Composite.

Xix



Table 2.1
Table 2.2
Table 2.3
Table 2.4
Table 2.5
Table 3.1
Table 4.1

Table 4.2

Table 4.3

TH-1979 136106013

LIST OF TABLES

List of protein based drugs for treatment of different diseases.

The market share of different protein therapeutics.

List of monoclonal antibodies available for treatment of cancer.

List of Akt pathway inhibitors.

Types of PTEN mutations in different samples.

List of Primers.

Kinetic ~ parameters of the recombinant  proteins  towards
para-nitrophenylphosphate.

Kinetic parameters of GST-PTEN, PTEN and GST-PTEN immaobilized onto
silica nanoparticles.

Kinetic parameters for catalysis by GST-PTEN, GST-PTEN-AgNCs and
PTEN-Nanocomposites towards PNPP.

XX



TH-1979_136106013



Introduction | Section 1

TH-1979_136106013



Introduction | Section 1

The ever expanding knowledge of genomics has facilitated to identify an array of proteins
involved in diverse cellular functions. In our body proteins play the most diverse and
dynamic role contributing extensively to the metabolic fitness of the cell. Proteins portray
multitude roles such as surface receptors, hormones, signaling molecules; thereby
maintaining a delicate equilibrium between cellular functions. Disruption of this equilibrium
pushes the cell towards diseased state. This provides tremendous opportunity to capitalize on
proteins as an important class of drugs to alleviate disease conditions. The fundamental
advantages of using proteins as drugs can be summed to high specificity, which reduces their
interference with routine biological processes and thus increasing their acceptance by the
body. Protein therapeutics encompasses a major subset of pharmaceutical products applied
for the treatment of plethora of diseases. Monoclonal antibodies, growth hormones,
cytokines are a few examples of proteins successfully launched for treatment of pathological

conditions.

However, the application of proteins as mainstream drugs is limited due to their complex
structural architecture. Proteins secondary structural elements folds to form the intricate
tertiary structure that endows functionality to the protein. This structure has a half-life and is
prone to environment triggered disintegration leading to loss of protein function. Additional
restraint of intracellular proteins is poor membrane permeation which makes it even more
challenging to achieve the desired therapeutic benefit. Thus the focus rests on maneuvering

formulations to attain stability and intracellular delivery of the protein.

Amongst numerous options under trial, nanomaterials based delivery systems are gaining
considerable interest. Feasibility of synthesis and size-dependent tunable optical properties
makes them advantageous for theranostic applications. Cellular penetration along with
sustained release of bioactive agent makes nanomaterials an attractive vehicle for
intracellular payload delivery, which further culminates to modulation of intracellular
environment. Intracellular environment comprises of a number of cellular signaling pathways
working in tandem to regulate cellular survival. The signaling pathways are precisely
monitored by cell regulators to sustain balance between growth and apoptosis. Loss of

function of the cell signaling regulators is the cardinal reason for disease initiation and
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progression. Therefore, a prospective strategy is modulation of the cellular signaling by
exogenous supply of the signaling regulators.

In this context, signaling-targeting recombinant proteins such as PTEN-Long and PTEN hold
great impetus. Since the discovery of PTEN in 1997, there has been substantial amount of
research highlighting its importance in suppressing the AKT signaling pathway. The
canonical task of the AKT pathway is cell survival and growth via transcriptional regulation.
However, down-regulation of signaling regulator PTEN and recently discovered PTEN-Long
is the underlying cause for perturbation of the AKT signaling pathway. Uncontrolled
manifestation of the AKT protein causes physiologic disturbances in the cell leading to

cancer initiation and progression.

Small molecule drugs have been applied for treatment of different cancers targeting the AKT
signaling pathway. However, like any other chemical compounds, these drugs also give rise
to serious side effects. Therefore harnessing the potential of recombinant PTEN and PTEN-
Long proteins or achieving a combinatorial strategy with small molecule drugs may render

the treatment beneficial with reduced drug-associated side effects.

Given the importance of a stable and functional curative protein in field of health care, the
current investigation establishes the characterization and therapeutic potential of PTEN-Long
in glioblastoma (U-87 MG) alone and in combination with anti-cancer drug temozolomide.
The current work also demonstrates fabrication of a novel system comprising of PTEN
protein and nanomaterials (nanobioconjugate) to target the aberrant AKT/FAK signaling
pathway in glioblastoma (U-87 MG) and breast cancer (MCF7) cell lines. The efficacy of the
chemotherapy was augmented in combinatorial approach with anti-cancer drug erlotinib for
glioblastoma (U-87 MG) cells. Further, the results on cell lines (monolayer culture) was
successfully translated to three dimensional culture (spheroid culture) of glioblastoma (U-87
MG) and breast cancer (MCF7), which boosts the biological relevance and prospective

implication of recombinant PTEN in biomedical applications.
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2.1 Recombinant Protein Based Therapy

Ever since the engineering of recombinant insulin nearly three decades ago, there has been an
appreciable increase in available protein based biopharmaceutical drugs including peptides,
hormones, recombinant proteins and monoclonal antibodies (Mitragotri et al., 2014).
Recombinant protein comes armed with an array of advantages such as, high yield and
specificity (Leader et al., 2008), low immunogenicity and well tolerance. Over small
molecule drugs the major advantage of proteins is their high specificity which is difficult to
be mimicked by chemical compounds. Consequently target specific action reduces their
interference with routine biological processes, thereby reducing possible side effects (Leader,
Baca et al. 2008). A variety of molecular types of therapeutic proteins are available for
disease treatment, which are generally classified as antibody-based drugs, Fc fusion proteins,
anticoagulants, blood factors, bone morphogenetic proteins, engineered protein scaffolds,
enzymes, growth factors, hormones, interferons, interleukins and thrombolytics (Dimitrov
2012). The pharmaceutical industry is undergoing a paradigm shift towards proteins as
therapeutic moieties. A list of commercially available protein based drugs presented in Table
2.1, shows enormous commercial aspects of the protein drugs applied for treatment of a

number of diseases.

A number of recombinant protein drugs, a major subset of biologics, are available and many
more are in pipeline to target major diseases areas, such as cancer, viral diseases,
cardiovascular diseases and endocrine diseases (Russell and Clarke 1999, Liras 2008), as
illustrated in Scheme 2.1 and Table 2.2, which represent the market distribution of different
therapeutic proteins. In many cases, the recombinant protein is effective and plays an
irreplaceable role in the treatment of the pathological condition. Such as hemophilia, except
blood coagulation factor, which has an extremely limited source, the treatment mostly relies
on the recombinant coagulation factor (Swiech et al., 2017). Many recombinant proteins are
in clinical practice for more than two decades with an optimal safety and absence of side
effects. As in case of growth hormone therapy, where administration of the growth hormone
for short as well as long-term adult GH replacement in patients with severe GH deficiency
and hypopituitarism was found to be safe (Gibney and Johannsson 2004, Stochholm and
Johannsson 2015).
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Drug Sponsor/ Source Treatment Sale (2016)
Humira AbbVie Rheumatoid $16.078 billion
(adalimumab) arthritis
Harvoni (ledipasvir | Gilead Sciences | Chronic hepatitis C $9.081 billion
90 mg/sofosbuvir virus (HCV)
400 mg)
Enbrel (etanercept) | Amgen and Pfizer Rheumatoid $8.874 billion
arthritis, psoriatic
arthritis
Rituxan (rituximab, | Roche (Genentech) Non-Hodgkin’s $8.583 billion
MabThera) and Biogen lymphoma
Remicade Johnson & Johnson Crohn's disease $7.829 billion
(infliximab) and Merck
Revlimid Celgene Multiple myeloma $6.974 billion
(lenalidomide)
Avastin Roche (Genentech) Metastatic $6.752 billion
(bevacizumab) colorectal cancer
Herceptin Roche (Genentech) HER?2 $6.751 billion
(trastuzumab) overexpressing
breast cancer
Lantus (insulin Sanofi Type 1 diabetes $6.054 billion
glargine) (pediatric) and in
adults with type 2
diabetes
Prevnar 13 Pfizer pneumococcal $5.718 billion
pneumonia
Xarelto Bayer and Johnson Deep vein $5.390 billion

(rivaroxaban)

& Johnson

thrombosis (DVT)
and pulmonary
embolism (PE)
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Drug Sponsor/ Source Treatment Sale (2016)
Eylea (aflibercept) Bayer and nonvascular (wet) $5.045 billion
Regeneron age-related macular
Pharmaceuticals degeneration
Eylea (aflibercept) Bayer and nonvascular (wet) $5.045 billion
Regeneron age-related macular
Pharmaceuticals degeneration
Lyrica (pregabalin) Pfizer peuropathic pain $4.966 billion
associated with
diabetic peripheral
neuropathy
Neulasta / Peglasta | Amgen and Kyowa | febrile neutropenia $4.701 billion
(pegfilgrastim) and Hakko Kirin
Neupogen / Gran
(filgrastim)
Advair /Seretide GlaxoSmithKline Asthma $4.325 billion
(fluticasone and
salmeterol)

Table 2.1 List of protein based drugs for treatment of different diseases. Data is curated by

genetic  engineering

and

biotechnology

new (GEN),

March 06,

2017

(https://www.genengnews.com/the-lists/the-top-15-best-selling-drugs-of-2016/77900868)
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Scheme 2.1 The market distribution of different protein therapeutics. Data is curated by
Creative BioMart (https://www.creativebiomart.net/blog/market-and-rd-analysis-of-
recombinant-protein-drugs/)

Serial Number Treatment Type Market Share (%0)
1 Growth Hormones 2%
2 Blood Coagulation 3%
3 Erythropoietin 8%
4 Pure Vaccines 7%
5 Interferons 7%
6 Immunostimulating Agents 7%
7 Autoimmune 9%
8 Immunosuppressive Agents 10%
9 Insulins 10%
10 Oncology 21%
11 Others 16%

Table 2.2 The market share of different protein therapeutics. Data is curated by Creative
BioMart (https://www.creativebiomart.net/blog/market-and-rd-analysis-of-recombinant-

protein-drugs/)
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2.2 Recombinant Protein Therapy in Cancer Treatment

In terms of protein therapeutics, currently only monoclonal antibodies, targeting over-
expressed receptors, are prominently available for treatment of different tumors, Table 2.3.
The development of hybridoma technology for monoclonal antibody production
revolutionized the treatment regime for solid tumors. Following approval of the first
monoclonal antibody, rituximab, for clinical treatment of non- hodgkin’s lymphoma, a
number of monoclonal antibodies have been generated and are at present in clinical use for
treatment of solid tumors. However, the clinical success and the long term benefits of
recombinant protein therapy for treatment of different diseases have fostered enormous
interest in their application for treatment of cancer. Li and colleagues reported anti-tumor
effect of novaferon, a novel recombinant protein produced by DNA shuffling of interferon-a
(Li et al., 2014). Evaluation of novaferon bioactivity on tumor cell displayed reduction in
proliferation of HepG2 cells in vitro and in vivo. This promising pre-clinical study has
provided strong lead for clinical trial verification. Likewise Zhang and colleagues
demonstrated HER-2 receptor targeted activity of another recombinant protein e23sFv-Fdt-
casp6 (immune-caspasse-6) in vitro and in vivo (Zhang et al., 2016).

Brand Generic Company Treatment
Rituxan Rituximab Genentech Non-Hodgkin’s
Lymphoma
Herceptin Trastuzumab Genentech Breast Cancer
Campath Alemtuzumab Schering AG Non-Hodgkin’s
Lymphoma
Erbituz Cetuzimab Imclone Systems Colon cancer
Avastin Bevacizumab Genentech Colon cancer

Table 2.3 List of monoclonal antibodies available for treatment of cancer. Data is curated by

Laborant (http://laborant.pl/index.php/recombinant-protein-therapeutics-the-future-is-here)

The recombinant protein e23sFv-Fdt-casp6 displayed inhibition of proliferation of HER-2
over-expressing A172 and U251MG in vitro, but not U-87 MG cells with undetectable HER-
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2 expression. Thus, the ability to produce targeted cytotoxicity makes the recombinant

e23sFv-Fdt-casp6 a promising therapeutic alternative for GBM treatment.

From the viewpoint of therapeutics, choosing the potential drug target is extremely crucial. In
pathological condition such as cancer, the major focus lies on taming the signaling pathways
that have lost their inherent regulation or control, as aberrant signaling is the hallmark of this
disease (Hanahan and Weinberg 2000). One such frequently de-regulated signaling pathway
associated with pathogenesis is the Akt signaling pathway (Robertson 2005, Tokunaga et al.,
2008). The over-expression of pro-proliferation protein Akt and the dependency of the tumor
for its proliferation make the Akt signaling pathway an emerging therapeutic target
(Robertson 2005, Tokunaga, Oki et al. 2008).

2.3 Cellular Role of the Akt Signaling Pathway

Cellular communication or cellular signaling networks regulate the membrane, cellular
organellar and cyto-skeletal activities. A plethora of signaling networks work in tandem to
decide the fate of the cell. With the knowledge accumulated over three decades, the Akt
cellular signaling pathway has become a central figure in the cellular signaling. The
serine/threonine protein kinase Akt defines multitude cellular functions by promoting cell
growth, survivial, migration and angiogenesis among others via both protein and
transcriptional regulation (Song et al., 2005). The Akt/PKB kinase family encompasses three
isoforms, Aktl (PKBa), Akt2 (PKBp) and Akt3 (PKBy). Knockout studies have revealed
specific responsibilities of the three isoforms. Aktl plays a critical role is cell survival (Chen
et al., 2001), Akt 2 is essential for the maintenance of glucose homeostasis (Gonzalez and
McGraw 2009) and Akt3 is involved in brain growth and development (Tschopp et al.,
2005). The PI3K/ Akt pathway is initiated by activation of growth factor receptor tyrosine
kinase that leads to allosteric activation of PI3Kinase. The activated PI3Kinase mediates
phosphorylation of the lipid phosphatidylinositol 4, 5 diphosphate (PIP,) to
phosphatidylinositol 3, 4, 5 triphosphate (PIP3). The protein lipid interaction is mediated by
two binding domain FYVE and pleckstrin homology (PH) domain (Pawson and Nash 2000,
Fresno Vara et al., 2004). Akt was identified as the human homologue of viral oncogene

v-akt, which caused leukemia in mice (Staal et al., 1977, Bellacosa et al., 1991, Jones et al.,
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1991). The activation of Akt is mediated by phosphorylation at two regulatory sites,
threonine308 (T308) and serine473 (S473). PIP3; phopholipid mediates conformational
change in Akt, thereby exposing the regulatory phosphorylation sites. The PH domain
present in both Akt and protein serine/threonine kinase 3'-phosphoinositide-dependent
kinasel (PDK1) may allow hetero-dimerization of the two proteins resulting in
phosphorylation of threonie at T308. Several studies suggest involvement of integrin-linked

kinase (ILK) or mTOR2 complex in phosphorylation of the hydrophobic motif S473.

Therefore the molecules upstream of Akt pathway are involved in regulating the activation of
Akt. Protein kinase Akt catalyzes de-phosphorylation of a number of cellular substrates. The
signature recognition motif includes R-X-R-X-X-S/T-B, where X represents any amino acid
and B represents bulky hydrophobic residue (Alessi and Cohen 1998). The cellular

implications of de-phosphorylation of the substrates can be broadly defined as

e Regulation of Cell Cycle Progression

Akt amend the cell cycle via multiple substrates. Akt positively influences the activity of
Skp2 by phosphorylation at Serine72 site (Gao et al., 2009). This permits cytoplasmic
localization and enhanced stability of Skp2, which results in cyclinE-Cdk2 dependent
degradation of p27 (Liang and Slingerland 2003). The cellular role of p27 involves
maintenance of cell in quiescent stage (Lee and Kim 2009). It is well established that Akt
phosphorylates GSK3 at serine9 and serine21 residues. GSK3 plays a central role in WNT
signaling pathway, by stabilizing the B-catenin destruction complex (Wu and Pan 2010).
Phosphorylation of GSK3 by Akt causes its inactivation, thereby impeding the destruction of
B-catenin. This allows PB-catenin to localize in the nucleus and mediate TCF dependent

transcription of genes involved in cell growth and survival.
e Regulation of Cell Death

Akt catalyzes the phosphorylation and thereby inactivation of pro-apoptotic protein BAD at
serinel36 (Hayakawa et al., 2000). Another important group of transcription factors include
the forkhead box transcription factors (FoxO). The FoxO transcription factors regulate a

plethora of cellular processes ranging from cell proliferation to apoptosis (Zhang et al.,
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2011). Akt phosphorylates Mdm2, which then translocates to the nucleus to bind and
inactivate p53 (Mayo and Donner 2001). Subsequently p53 is translocated to the cytoplasm
to mediate its degradation by ubiquitin-proteosome system. Thus, Akt supports cell cycle
progression and inhibits apoptosis via multiple regulatory proteins. The substrates of Akt are

represented in scheme 2.2.

©.
,__\ .

Scheme 2.2 Illustration of substrates phosphorylated by Akt to regulate cellular environment

Akt
Substrates

‘e

Caspase 9

2.4 Regulation of Akt Pathway by PTEN

The function of Akt is tightly regulated under homeostasis. De-phosphorylation and
inactivation of Akt by protein phosphatase 2A (PP2A) at threonine308, decrease the kinase
activity. Another protein phosphatase PH domain and leucine rich repeat protein phosphatase
(PHLPP) is known to de-phosphorylate Akt at serine473 regulatory site. However, PP2A
activity is not specific to Akt, and it is known to de-phosphorylate other substrates as well.
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The upstream regulation of Akt is dependent on action of a phosphoinositide lipid. The
enzyme phosphoinositide 3-kinase (P13 Kinase) catalyses the phosphorylation of the lipid
PIP, to PIP;. One of the foremost functions of the protein PTEN (phosphatase and tensin
homolog deleted on chromosome ten) is antagonizing the function of PI3Kinase (Stambolic
et al., 1998). PTEN gene located on chromosome 10, encodes a 403 amino acid dual
specificity phosphatase, which belongs to the protein tyrosine phosphatase (PTPs) family.
Like the PTPs family, PTEN possess the signature catalytic motif HCXXGXXR (Lee et al.,
1999). The N-terminal domain includes the phosphatase domain, which shares structural
resemblance to the dual specificity phosphatase VHR. However, the active site pocket or the
P-loop is comparatively larger and deeper with basic residues to fit the negatively charged
lipid or polypeptide substrates (Myers et al., 1997). Thus, cellular role of PTEN makes it a
crucial negative regulator of the Akt transduction pathway, as represented in Scheme 2.3.

RTKs

Activates cell cycle progression  Prevents apoptosis by blocking Induces growth/translation
by inhibiting FOXO, p27 and GSK FOXO, PAR-4 and BAD by negatively regulating
TSC2 thereby inducing mTOR

Scheme 2.3 Overview of the PTEN/Akt/PI3K signaling pathway. Adopted and redrawn from
the article, ‘The role of PTEN signaling perturbations in cancer and in targeted therapy
(Keniry and Parsons 2008)’.
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Under homeostasis the cellular signaling and the regulatory signals work in a well regulated
loop to balance cell survival and apoptosis. Disruption of this loop shifts the cellular behavior
to unregulated territory, which is the hallmark of any pathogenic condition. Since PTEN is a
critical regulator of the Akt signaling pathway loss of PTEN protein function due to
mutations or down-regulation has been correlated with including tumor initiation
(particularly glioma, breast and kidney), progression and poor prognosis. Many of the
missense mutations fall within the phosphatase domain, including several within the highly
conserved signature motif (HCXXGXXR). Within this catalytic domain, the cysteine residue
is essential for catalysis, and the arginine residue plays a crucial role in binding of the
phosphoryl group of the substrate (Fauman and Saper 1996, Spinelli and Leslie 2015). PTEN
deletion or mutation is largely associated with glioblastomas (Liu et al., 1997).
Predominantly glioblastomas display PTEN down-regulation accompanied with EGFR
amplification (Liu, James et al. 1997). Reportedly PTEN has been found to be inactivated by
mutation in prostate cancer (Cairns et al., 1997). Therefore loss of tumor suppressor function

of PTEN contributes to pathogenesis.
2.5 Current Status of the Akt Pathway Inhibition and Limitations

Contemplating the regulatory role of Akt and its frequent de-regulation in pathogenesis, a
number of inhibitors have been designed to achieve therapeutic benefit. A number of Akt
inhibitors are under pre-clinical and clinical studies, among an extensive number of Akt

pathway inhibitors under development, a few have been presented in Table 2.4.

Inhibitor Target Manufacturer Stage of Reference
Development

Perifosine Akt, MAPK, | AEterna Zentaris Phase | and (Van Ummersen et

JNK pathways Phase Il trials | al., 2004, Guidetti

for solid tumors etal., 2014)
MK-2206 Allosteric Merck & Co Preclinical trials | (Hirai et al., 2010,
inhibitor of Akt for solid tumor | Alexander 2011)
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GSK690693 | All isoforms of | GlaxoSmithKline | Preclinical trials | (Aghajanian et al.,
Akt and Phase | for 2018)
solid tumor
Afuresertib | Reversible Akt | GlaxoSmithKline Phase | for (Spencer et al.,
kinase inhibitor Multiple 2013, Spencer et
Myeloma and al., 2014)
hematologic
malignancies
Ipatasertib | Small-molecule Roche Phase Il trial for | (Kimetal., 2017,
AKT inhibitor breast cancer | Sauraetal., 2017)
AZD5363 ATP- AstraZeneca Phase | trials for (Davies et al.,
competitive solid tumors 2012, Hyman et
AKT Kkinase al., 2017)
inhibitor
Wortmannin Irreversible - Clinical trial (Wymann et al.,
inhibition of suspended 1996, Marone et
PI3K al., 2008)
PX-866 Irreversible ProlX Phase 1 Clinical | (Ihle et al., 2004,
inhibition of Pharmaceutical trial for solid Jimeno et al.,
PI3K tumors 2009)
SF1126 pan-PI3K Semaphore Phase | trials for (Garlich et al.,
inhibitor Pharmaceuticals solid tumors 2008, Chiorean et
al., 2009)

Table 2.4 List of Akt pathway inhibitors
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A plethora of chemical compounds have been tested and a number of them are under
development for the inhibition of one of the most important pathological pathway, the
Akt/PI3K pathway. However, the small molecule inhibitors show pharmacological
limitations. Wortmannin was found to have excellent anti-proliferative activity, however it
was unstable in biological fluids, a condition referred to as ‘wortmannin paradox’ (Yuan et
al., 2007). Therefore, poor pharmacological properties, low aqueous solubility, cellular
toxicity and limited stability precluded clinical development of this molecule (Wymann et
al., 2003). MK-2206 an allosteric inhibitor of Akt induced significant apoptosis in human
breast cancer cells. Despite encouraging preclinical trial studies, Ma and colleagues did not
observe any significant anti-tumor effect of MK-2206 in combination with hormonal therapy
in patients under phase I clinical trial (Jansen et al., 2016, Ma et al., 2016). The treatment
with MK-2206 was limited by the development of rash and 17% of patients discontinued
treatment due to toxicities. Similarly, numerous preclinical studies demonstrated inhibition of
all isoforms of Akt by GSK690693. In vivo studies suggested inhibition of SKOV-3 ovarian,
LNCaP prostate, and BT474 breast tumors (Kumar Pal et al., 2010). Despite these preclinical
findings, phase | trial testing was suspended due to drug-related hyperglycemia (Crouthamel
et al., 2009, Kumar Pal, Reckamp et al. 2010). Therefore, it is the side effects associated with
small molecule inhibitors that led the drug discovery industry undergo a paradigm shift

towards alternative approaches viz gene therapy and protein therapy.

2.6 PTEN Based Therapy

One of the reasons for amplified Akt function is the loss or down-regulation of PTEN
function. PTEN mutations have been reported to be a major determinant that influence tumor
development across tissues (Dillon and Miller 2014). Missense, nonsense or frameshift
mutations occur throughout the gene, however hotspot mutations at specific amino acids
have been identified as Arg130, Argl73 and Arg233 (Song et al., 2012). Although PTEN
mutations have been associated with wide range of cancers, uterine cancer and glioblastoma
multiforme have the highest percentages of PTEN mutations and homozygous loss (Dillon
and Miller 2014). The types of PTEN mutations in different tissue samples has been
illustrated in Scheme 2.4 and Table 2.5
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Scheme 2.4 Distribution of PTEN mutations in tissue samples. Data is curated by the

Catalogue of Somatic

Mutations in

(www.sanger.ac.uk/genetics/CGP/cosmic)

Cancer

(COSMIC)

Serial Number Mutation Type Number of samples (%)
1 Nonsense Substitution 890 (18.19 %)
2 Missense Substitution 2038 (41.66%)
3 Synonymous Substitution 60 (1.23%)
4 Inframe Insertion 25 (0.51%)
5 Frameshift Insertion 490 (10.02%)
6 Inframe Deletion 102 (2.09%)
7 Frameshift Deletion 931 (19.03%)
8 Complex Mutation 65 (1.33%)
9 Other 357 (7.30%)

Total Unique Samples 4892

database

Table 2.5 Types of PTEN mutations in different samples. Data is curated by the Catalogue of
Somatic Mutations in Cancer (COSMIC) database (www.sanger.ac.uk/genetics/CGP/cosmic)
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Therefore, one of the potential therapeutic strategies is replenishment of the PTEN function.
Exogenous PTEN function can be mediated via delivery of the correct gene or the gene
product. Non-viral and adenoviral mediated PTEN gene therapy effect has been evaluated
both in vitro cell lines and in vivo. Tanaka and colleagues investigated the in vitro and in
vivo effect of adenoviral vector mediated PTEN delivery in bladder cancer cell lines
expressing PTEN differentially. PTEN gene therapy resulted in enhanced tumor apoptosis
and inhibition of tumor growth in vivo. Combination therapy with doxorubicin resulted in
chemo-sensitization of doxorubicin resistant cell line UM-UC-6dox (Tanaka et al., 2000,
Tanaka and Grossman 2003). Adenoviral vector PTEN gene therapy in combination with
radiation (5 Gy) has been reported to inhibit the growth of human prostate tumors xenografts
(Anai et al., 2006). Examination of the genetic profile of glioblastoma revealed mutations of
the PTEN gene located at 10g23.3 prevail in primary glioblastomas (~25%) (Ohgaki and
Kleihues 2013). Therefore, one of the strategies is restoration of PTEN function in gliomas.
Adenovirus-PTEN gene transfer resulted in in vivo decrease in angiogenesis in orthotopic
brain tumors (Abe et al., 2003). The results indicated PTEN’s role in regulating angiogenesis
in gliomas, in spite of the presence of strong pro-angiogenic signals provided by constitutive
EGFR activation or p53 inactivation (Abe, Terada et al. 2003). Co-transfer of two tumor
suppressor genes TIMP-2 and PTEN by adenoviral mediated method in U-87 MG cells was
attempted by Lu and colleagues (Lu et al., 2004). Combination therapy resulted in enhanced
inhibition of invasion as compared to monotherapy, suggesting that adenovirus-mediated
combined TIMP-2 and PTEN gene therapy can possibly be valuable for anti-invasion therapy
of malignant glioma (Lu, Zhou et al. 2004). In vitro and pre-clinical studies of PTEN gene
therapy in different tumor systems have provided encouraging results. However, the clinical
trials for PTEN gene therapy or even for other tumor suppressor genes are still in the nascent
stage and demands further optimization of the current gene therapy protocols to achieve
clinical success (Okura et al., 2014).

An alternative strategy to combat disease conditions is protein therapy. A study by Hopkins
et al (Hopkins et al., 2013), reported successful purification of a translational variant of
PTEN, termed as PTEN-Long. PTEN-Long is transcribed from an alternative translation start

site (CTG), which is 519 base pairs upstream of the translation start site of PTEN (ATG).
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This adds another 173 amino acids at the N-terminal sequence of the protein. The stretch of
arginine residues in the additional 173 amino acid region grants a membrane-permeable
function to the protein. PTEN-Long has been reported to antagonize the canonical Akt/PI3K
pathway and induce apoptosis in vitro and in vivo (Hopkins, Fine et al. 2013, Wang et al.,
2015).

2.7 Delivery Strategies for Intracellular Recombinant Protein Therapy

Protein therapeutics encompasses a major subset of pharmaceutical products applied for the
treatment of plethora of diseases. As presented above in Table 2.1, there are a number of
commercially available protein drugs. However, proteins are the most dynamic and versatile
class of macromolecules that perform numerous function inside the body. As discussed
above, one of the major functions of proteins is regulation of cellular signaling. This is
because disruption in regulatory proteins gives rise to disease conditions. However, the
endeavor to use intracellular regulatory proteins as regular therapeutic agent faces challenges
due to their inherent complex architecture (Putney and Burke 1998). The macromolecules
are generally susceptible to rapid structural disintegration and degradation leading to
forfeiture of functionality. Intracellular proteins possess additional limitation of poor
membrane permeation (Mitragotri et al., 2014). Therefore, a major quest in protein
therapeutics is the formulation of the protein delivery cargo to achieve successful
intracellular conveyance of functional protein. This necessitates the application of a suitable
stabilization approach to make recombinant proteins acceptable drug candidates (Lu et al.,
2006). While a number of formulations are being characterized to stabilize and deliver
proteins viz liposome (Herrera Estrada and Champion 2015), nanoparticles (Utama et al.,
2012), and injections among others, it is extremely crucial to confirm that the interaction
between the protein and carrier does not hamper the active state conformation and activity of
the protein. Formulation of proteins for their sustained delivery for pharmaceutical
applications has always been a challenging task. Various model as well as therapeutic
proteins, such as bovine serum albumin, myoglobin, erythropoietin and rIL-2 have been
formulated into polymer coated microparticles to achieve their sustained release for
biomedical applications (Geng et al., 2008, Yang et al., 2009, Liu et al., 2012, Xu et al.,
2012, Zhao et al., 2013).
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e Silica Nanoparticles

Among different materials used for synthesis of nanomaterials for biomedical applications,
silica nanoparticles has gained attention as drug delivery vehicles due to their excellent
properties such as, tunable shape and size, biocompatibility and ease of synthesis (Benezra et
al., 2011, Tang and Cheng 2013) Interestingly, silica nanoparticles ranging from 25 to 100
nm in size are reported to cross the blood brain barrier (Hanada et al., 2014). In 2011, FDA
approved first-in human clinical trial of small sized nonporous silica nanoparticles
highlighting their importance in biomedical applications (Tang and Cheng 2013). Besides
silica nanoparticles can be readily modified providing great scope for application dependent
alterations, for example fluorescent silica nanoparticles offer an attractive tool for cell
labeling purposes (Soenen et al., 2013). Since a large number of signaling proteins are
intracellular proteins, there is an ever increasing demand for synthesis of efficient nano-
carriers for delivery. Silica nanoparticles functionalized with n-octadecyltrimethoxysilan
have been successfully employed for intracellular delivery of phospho-AKT antibody into
MCEF-7 cells resulting in regulation of cellular signaling indicating successful delivery (Bale
et al., 2010, Niu et al., 2015). Owning to their properties silica has always been a preferred

material for intended protein stabilization and delivery.

e Metal Nanoclusters

Advancement in fabrication of nanomaterials gave rise to a new class of nanomaterials
known as metal nanoclusters that comes armed with attractive properties such as optical
stability, efficient clearance from the body and low side effects, making them suitable for
biomedical applications (Song et al., 2016). Metal nanoclusters constitute an innovative class
of nanomaterials that provide the missing link between metal atoms and nanoparticles (Diez
and Ras 2011). Ever since the inception of metallic nanoclusters, they have been largely
applied as fluorescent probes or labels for bioimaging application (Li et al., 2012, Das et al.,
2015, Yang et al., 2015). Along with the commonly developed metal clusters of gold (Au)
and silver (Ag) for bioimaging (Shiang et al., 2012), platinum clusters and nanodiamonds are
emerging as innovative materials for theranostic applications (Chen et al., 2015, Ryu et al.,

2016). Additional exciting avenue of nanoclusters applications involve combination of
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fluorescent imaging with delivery of drug or gene to combat disease conditions (Li et al.,
2013, Yahia-Ammar et al., 2016).

A single system comprising delivery of therapeutic biomolecules and simultaneous imaging
of the delivery makes it promising for all biomedical applications. To accomplish successful
medical applications, modification or coating of nanomaterial surface is routinely executed.
An array of biodegradable polymers such as polyethylene glycol (PEG), chitosan
(Chronopoulou et al., 2013) and poly(lactic-co-glycolic acid) (PLGA) have been employed
for the modification of nanomaterial surface. Polymeric coating offers a surplus of
advantages such as regulation of size, charge, density and sustained release of payload
(Budhian et al., 2008). Addition of PEG coating has been reported to overcome elementary
challenges in the clinical applications of nanoparticles, reduced non-specific protein
interactions and enhanced circulation time and stability (Jokerst et al., 2011). Nanoparticles
coated with PEG are known to efficiently diffuse into the brain tissue as compared to
uncoated nanoparticles (Brigger et al., 2002, Nance et al., 2012), perhaps due to the ‘sleath’
(Jokerst, Lobovkina et al. 2011) behavior of PEG and enhanced circulation time (Calvo et al.,
2001). This opens up promising avenues for formulating therapeutic delivery systems for

treatment of diseases pertaining to the central nervous system (CNS).
2.8 Key Features and Scope of the Work

The fundamental understanding that targeting cellular signaling can offer substantial
therapeutic leverage opens enormous scope to generate recombinant proteins and mediate
their cellular delivery. The present research investigation is based on the following scopes as

potential research areas.

e Identification and purification of a specific recombinant signaling molecule

e Targeting defective cellular signaling pathways to achieve therapeutic success

e Exploring the application of novel nanomaterials for stabilization and delivery of
intracellular proteins

e Exploring the combination therapy of recombinant proteins with anti-cancer drugs

with the aim of reducing the drug associated side effects
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e Evaluation of the therapeutic efficacy of the recombinant proteins on different
screening platforms, such as monolayer cultures and three dimensional cultures to

understand the biological relevance of the protein
2.9 Objectives

In the light of the regulatory role of PTEN and formulation of a successful stabilization and

delivery vehicle to achieve therapeutic benefit, the following objectives were framed.

e Cloning, expression and purification of key signaling regulator, such as PTEN and
PTEN Long

e Functional characterization of the recombinant signaling proteins

e Synthesis, characterization of suitable nanocarrier for stabilization and delivery of the
recombinant PTEN to cancer cells

e Deciphering molecular aspects in recombinant PTEN therapy
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Materials and Methods
3.1 Materials

Sigma-Aldrich  (USA) Dulbecco’s modified eagle’s medium (DMEM), Erlotinib
hydrochloride, Fetal bovine serum (FBS), Gel extraction kit, Plasmid mini prep Kit,
Glutathione-agarose beads, Hydroxycinnamic acid, Lysozyme (chicken egg white), o-
phenylenediamine dihydrochloride (OPD), ponceauS, Propidium lodidie (PI), Reduced
glutathione, RIPA buffer, Tamoxifen, Temozolomide, Triton X-100, Tetraethylorthosilicate
(TEOS), Trizma base (Tris), Tween 20, Tetra methyl ethylene diamine (TEMED), Tri
reagent, Trypsin-EDTA, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT)

Sisco Research Laboratories (SRL, India) para-Nitrophenylphosphate disodium salt
(PNPP) N-(2-Hydroxyethylo) piperazine-N-(2-ethanesulphonicacid) (HEPES)

HiMedia (India) Bovine serum albumin (BSA), Isopropyl-p-D-1-thiogalactopyranoside
(IPTG), Luria Bertani (LB) broth, polyethylene glycol (PEG) 4000

Fluka (Sweden) Dichloromethane

NEB (USA) Restriction enzymes (Bam HI, Xho I, Eco RI)

Merck (Germany) Ammonium hydroxide (NH,OH) and Ethanol

GE health care Thrombin and Anti-GST antibody, PGEX-4T-2 vector

Echelon Biosciences Inc (USA) Dioctanoyl Phosphatidylinositol 3,4,5-triphosphate (PIP;
diC8) and Malachite green assay kit

Promega (USA) PCR master mix, pPGEM-T easy vector kit and Quick ligation kit

CST Signaling Technology (USA) anti-PTEN antibody (raised in rabbit), anti-Akt antibody
(raised in rabbit), anti-pAktS473 antibody (raised in rabbit), anti-GAPDH antibody (raised in
rabbit) and HRP conjugated anti-rabbit antibody

Invitrogen anti-pFAKTyr397 antibody (raised in rabbit)
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Amresco RNase

Corning Inc. (USA) Tissue culture dishes

National Centre for Cell Science (NCCYS) cell repository (India) U-87 MG and MCF7 cell

lines

Integrated DNA technologies (IDT) (USA) Primers for all PCR reactions (Table 3.1)

Name

Primer Sequence

PTEN-pGEMT Easy

Cloning Primers

Forward
5'-CGGGATCCGACATGACAGCCATCATCAAAG-3'
Reverse 5-CCCTCGAGGACTTTTGTAATTTGTGTATGC-3'

PTEN-PGEX-4T-2

Cloning Primers

Forward
5'-CGGGATCCGACATGACAGCCATCATCAAAG-3'
Reverse 5'-CCCTCGAGGACTTTTGTAATTTGTGTATGC-3'

PTEN-Long -pGEMT

Easy Cloning Primers

Forward 5'-AGGAGGTAAAACATATGAGCGAGTC-3'
Reverse 5'-CCCTCGAGGACTTTTGTAATTTGTGTATGC-3'

PTEN-Long -PGEX-4T-2

Cloning Primers

Forward 5'- AGGAGGTAAAACATATGAGCGAGTC-3'
Reverse 5'-CCCTCGAGGACTTTTGTAATTTGTGTATGC-3'

Cyclin A Forward 5'- TCAGCTGGGAAGGACCGGGG-3'
Reverse 5-GGGGGCTCTTGGACCCCACA-3'
Cyclin B1 Forward 5'-TCTGGATAATGGTGAATGGACA-3'
Reverse 5-CGATGTGGCATACTTGTTCTTG-3'
Cyclin B2 Forward 5-AAAGTTGGCTCCAAAGGGTCCTT-3'
Reverse 5-GAAACTGGCTGAACCTGTAAAAAT-3'
Cyclin D1 Forward 5'- CGCCCCACCCCTCCAG-3'
Reverse 5'- CCGCCCAGACCCTCAGACT-3'
BAX Forward 5'- CGCCCCACCCCTCCAG-3'

Reverse 5'- CCGCCCAGACCCTCAGACT-3'
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FOXO3a Forward 5-GCGTGCCCTACTTCAAGGATAAG-3'
Reverse 5-GACCCGCATGAATCGACTATG-3'
GAPDH Forward 5-GAAGGTGAAGGTCGGAGTC-3'
Reverse 5-GAAGATGGTGATGGGATTTC-3'
EGFR1 Forward 5-TGGAGAACTGCCAGAAACTGACC-3'
Reverse 5'- GCCTGCAGCACACTGGTTG-3'
EGFR2 Forward 5-TGTGACTGCCTGTCCCTACAA-3'
Reverse 5'-CCAGACCATAGCACACTCGG-3'
EGFR3 Forward 5-AGTCATGAGGGCGAACGAC-3'
Reverse 5'-TCACACTCAGGCCATTCAGA-3'
EGFR4 Forward 5-ACAGGACTTTGGGTCTGGGT-3'
Reverse 5-CAAGGCTCGGTACTGCTGTT-3'

3.2 Maintenance of Cell Lines

Breast cancer cell line (MCF7) and glioblastoma (U-87 MG) were procured from the
National Centre for Cell Science (NCCS) cell repository, Pune, India. The cells were
maintained in DMEM supplemented with 10% FBS, 20 U/mL penicillin and 50 mg/mL
streptomycin in 5% CO; humidity at 37 °C in a humidified incubator. The media were

periodically changed and the cells were sub-cultured.
3.3 Cloning of Human PTEN-Long and PTEN

The coding sequence of human PTEN gene in pANT_cGST vector and PTEN-long gene in
JpExpress404 vector was procured from DNASU plasmid repository (USA) and Addgene
(USA), respectively. For cloning of PTEN-Long gene the PCR amplification conditions
consisted of 30 cycles of 95 °C for 30 seconds, 55 °C for 1 min and 72 °C for 1 min 40
seconds using gene specific forward primer 5-AGGAGGTAAAACATATGAGCGAGTC-3'
with a BamHI overhang and reverse primer 5-CCCTCGAGGACTTTTGTAATTTGT-
GTATGC-3' with a Xhol overhang. The 1.8 kb PCR product was purified from agarose gel

by gel extraction method using manufacturer’s protocol and cloned into pPGEMT easy vector

TH-1979 136106013
39



Materials and Methods | Section 3

by TA ligation method. The legated product was transformed to competent Escherichia coli
DH5a by standard heat shock process. Transformed cells were spread onto ampicillin-LB
agar plates coated with X-gal/ IPTG for assisting in blue-white screening. Following
overnight growth in incubator at 37 °C selected white and blue colonies were screened for
positive clones by restriction digestion with BamHI and Xhol restriction enzymes. The clones

with insert were stored as glycerol stocks in -80°C until further use.

The PCR amplification conditions for cloning of PTEN gene consisted of 30 cycles of 95 °C
for 30 seconds, 50 °C for 1 min and 72 °C for 1 min 20 seconds using gene specific forward
primer 5'-CGGGATCCGACATGACAGCCATCATCAAAG-3" with a BamHI overhang and
reverse primer 5-CCCTCGAGGACTTTTGTAATTTGTGTATGC-3' with a Xhol
overhang. The 1.2 kb PCR product was purified from agarose gel by gel extraction method
using manufacturer’s protocol and cloned into pGEMT easy vector by TA ligation method.
Competent Escherichia coli DH5a was prepared by employing TSS buffer. The legated
product was transformed to competent Escherichia coli DH5a by standard heat shock
process. Transformed cells were spread onto ampicillin-LB agar plates coated with X-gal/
IPTG for assisting in blue-white screening. Following overnight growth in incubator at 37 °C
selected white and blue colonies were screened for positive clones by restriction digestion
with BamHI and Xhol enzymes. The clones with insert were stored as glycerol stocks in -80

°C until further use.
3.4 Cloning into Bacterial Expression Vector

PTEN-Long and PTEN genes cloned into pGEMT easy vector were further cloned into
bacterial expression vector PGEX-4-T2 for bacterial expression and purification of the
recombinant proteins. PTEN-Long gene and PTEN gene were PCR amplified from the
PGEMT-PTEN-Long and pGEMT-PTEN constructs, respectively. The PCR product purified
by gel extraction method was subsequently digested by BamHI and Xhol restriction
enzymes. Simultaneously the PGEX-4T-2 vector was also digested by the same set of
enzymes. The digested gene and vector product were then legated by quick ligation method
following manufacturer’s protocol. The legated product was then transformed into competent
Escherichia coli BL21 (DE3) by standard heat shock process. The transformed cells were

spread onto amplicillin-LB agar plates and allowed to grow overnight at 37 °C. Selected
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colonies were screened for positive clones by restriction digestion with BamHI and Xhol

enzymes. The clones with insert were stored as glycerol stocks in -80 °C until further use.
3.5 Bacterial Expression of the Recombinant PTEN-Long and PTEN Proteins

A single colony of Escherichia coli BL21 (DE3) containing the cloned construct was
inoculated in 5 mL LB medium containing 100 pg/ mL ampicillin and allowed to grow
overnight in incubator shaker at 37 °C , 180 rpm to generate the primary culture. This
primary culture was used as inoculum for secondary culture of 500 mL LB media. The
expression of recombinant PTEN-Long was induced at an ODggo of 0.6 by addition of IPTG
at a final concentration of 0.5 mM. Culture was then shifted to 21 °C and allowed to further
grow for 12 h. The cells were harvested by centrifugation at 7000 rpm for 8 min and stored at
-20 "C until further use.

To induce the expression of recombinant PTEN at an ODgoy of 0.6, IPTG was added to a
final concentration of 0.5 mM. Culture was then shifted to 28 °C and allowed to further grow
for 4 h. The cells were harvested by centrifugation at 7000 rpm for 8 min and stored at -20 'C

until further use.
3.6 Purification of the Recombinant PTEN-Long and PTEN Proteins

The frozen bacterial pellet of Escherichia coli BL21 (DE3) containing the pGEX-4T-2-
PTEN-Long construct was re-suspended in chilled lysis buffer of 50 mM Tris pH 7.4, 1 mM
EDTA, 1 mM PMSF and 150 mM NaCl. The bacteria were lysed by probe sonication on ice
at 30 % amplitude for 10 cycles of 1 minute ON and 1 minute OFF. Supernatant collected
after centrifugation at 12000 rpm for 20 min was diluted with an equal amount of HBS (50
mM Hepes and 150 mM NaCl, pH 7.4) and filtered through 0.45 um syringe filter. The lysate
was allowed to bind to glutathione-agarose beads under slow rocking conditions on ice for 45
min followed by several washes with HBS. Bound recombinant PTEN-Long was eluted
using 10 mM L-reduced glutathione in 50 mM Hepes pH 8.0. Eluted fractions were subjected
to buffer exchange by dialysis against 25 mM Hepes pH 7.4 at 4 °C for 4 h. The dialyzed
protein was concentrated by centrifugation at 5000 rpm (30kDa MWCOQO) Spin-X UF
concentrator and verified by 12 % SDS-PAGE analysis.
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The lysis buffer for PTEN protein purification consisted of 20 mM Tris pH 7.4, 1 mM
EDTA, 1 mM PMSF and 150 mM NaCl. The bacteria were lysed by probe sonication on ice
at 30 % amplitude for 30 cycles of 2 seconds ON and 25 seconds OFF. Supernatant collected
after centrifugation at 12000 rpm for 20 min was diluted with an equal amount of HBS (50
mM Hepes and 150 mM NacCl, pH 7.4) and filtered through 0.45 um syringe filter. The lysate
was allowed to bind to glutathione-agarose beads under slow rocking conditions on ice for 1
h followed by 8 washes of 5 min each with HBS. Bound recombinant PTEN was eluted using
10 mM L-reduced glutathione in 50 mM Hepes pH 8.0. Eluted fractions were subjected to
buffer exchange by dialysis against 25 mM Hepes pH 7.4 at 4 °C for 4 h. The dialyzed
protein was concentrated by centrifugation at 5000 rpm (30kDa MWCO) Spin-X UF
concentrator and verified by 12 % SDS-PAGE analysis. The method for protein purification

is illustrated in Scheme 3.1
3.7 Thrombin Cleavage of the Recombinant Proteins

To excise the GST tag, on-column thrombin cleavage was performed where the protein
PTEN-Long or PTEN was cleaved from GST while it was still bound to glutathione-agarose
beads. The cell lysate after binding and washing with HBS was incubated with thrombin
cleavage buffer composed of 50 mM Hepes pH 7.4, 150 mM NacCl and 15 pl of thrombin
(0.0004 NIH Units/ul) for 6 h at room temperature. Cleaved protein (PTEN-Long or PTEN)
was finally eluted and analyzed on 12 % SDS-PAGE.

3.8 Characterization of the Recombinant Proteins
3.8.1 Western Blot

Purified GST-PTEN-Long and GST-PTEN were separated on 12% SDS-PAGE followed by
transfer onto a PVDF membrane. After verifying the transfer of protein using ponceaus stain,
the membrane was washed with TBST (50 mM Tris pH 7.4 and 150 mM NaCl) several times
to remove the stain. Blocking was performed at room temperature for 2 h using 3 % BSA in
TBST. Subsequently, the membrane was incubated overnight at 4 °C with anti-PTEN
primary antibody raised in rabbit (Dilution 1:2000). The membrane was washed with TBST

four times of 20 min each followed by incubation with HRP conjugated anti-rabbit secondary
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Scheme 3.1 Schematic representation of protein purification employing affinity column
chromatography.

antibody (Dilution 1:2000) at room temperature for 2 h and then the washing step was
repeated. Blot was developed using chemiluminescent peroxidase substrate. GST was also
probed using anti-GST antibody (raised in rat) and anti-rat as the primary and secondary

antibody (Dilution 1:2000), respectively.

3.8.2 MALDI TOF-TOF Analysis

Purified GST-PTEN-Long and GST-PTEN proteins separated on 12% SDS gel was stained
with colloidal coomassie G-250. Following staining the desired band was excised into small
pieces from the SDS-PAGE gel. The gel pieces were de-stained using de-staining solution
from the IGD kit (Sigma). In gel trypsin digestion was performed, using trypsin profile IGD

kit (Sigma), according to manufacturer’s protocol. Peptide samples were then desalted using
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ziptip C18 column. The desalted samples were mixed with the matrix a-Cyano-4-
Hydroxycinnamic acid (10 mg/ml) in the ratio of 3:1(Sample: Matrix) and spotted onto the
MALDI analyzer plate. MS-MS analysis was done using 4800 proteomics analyzer with
TOF-TOF optics, Applied Biosystems. The results were analyzed using Expasy proteomics

Findpept program (Yip et al., 2005).
3.8.3 Secondary Structure Analysis by Circular Dichroism Spectroscopy

The purified proteins GST-PTEN-Long and GST-PTEN were dialyzed against 10 mM Tris
pH 7.4, and further concentrated by centrifugation at 5000 rpm for desired time using (30
kDa MWCO) Spin-X UF concentrator. Samples in 10 mM Tris pH 7.4, taken in cuvette with
5 mm pathlength were analyzed using JASCO-815 spectrometer. The CD spectra were
recorded from 190 nm to 240 nm in 0.5 nm steps under constant nitrogen gas purging at a
flow rate of 5 L/min and 25 °C temperatures. The reading for sample buffer was subtracted
from the experimental data. The data points accumulated in millidegree were converted to
mean residue ellipticity (expressed in deg cm? dmol) by using the following formula
(Greenfield 2006)

Millidegree X Mean Residue Weight

Med7, Resie S i Pathlength X Concentration

Where, mean residue weight is molecular weight divided by number of amino acids,

pathlength in mm and protein concentration in mg ml™.
3.8.4 Protein Phosphatase Assay

Assessment of in vitro phosphatase activity of GST tagged and untagged PTEN-Long and
PTEN was done using para-Nitrophenylphosphate (PNPP) as substrate. The reaction buffer
was composed of 25 mM Hepes pH 7.4, 10 mM DTT and 1 pg of purified GST tagged and
untagged enzymes. The reaction mixture was incubated at 37 °C for desired time. Stop
solution consisting of 1IN NaOH added after the specified incubation period served dual

purpose; terminate the reaction and intensify the colour of the product that was measured by
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colorimetric analysis (McAvoy and Nairn 2010). Under alkaline conditions the product para-
nitrophenol (PNP) is converted to para-nitrophenolate which was measured by absorbance at
405 nm (Martin et al., 2014) using Perkin Elmer Victor X3 multiplate reader. Only substrate
control was kept to eliminate potential nonspecific phosphate release. The amount of
phosphate released was estimated against a standard curve by linear regression analysis. The
schematic representation of the protocol for PNPP phosphatase assay is depicted in Scheme
3.2.

3.9 Cellular Internalization Study of PTEN-Long

To study the cellular uptake of PTEN-Long , U-87 MG cells were seed in 96 well plates in
DMEM media supplement with 10% FBS and was allowed to attached overnight. Following
attachment, the cells were treated with 100 nM of PTEN-Long for different time intervals
(15, 30, 60, 120, 240 min). After incubation with PTEN-Long for the desired time, the media
containing the protein was removed and supplemented with fresh DMEM serum media. The
cells were then incubated at 37 °C under humidified atmosphere of 5% CO, for 48 h. After
incubation, fresh serum media containing 5 pl of 5 mg/ml MTT solution was added to each
well and the plates were incubated at 37 °C under CO, humidified atmosphere. Subsequently,
the media was discarded and DMSO was added to dissolve the formazan crystals formed by
enzymatic conversion by live cells. The product was measured by absorbance at 570 nm
along with background measurement at 690 nm using multiplate reader (Tecan, Infinite
M200PRO).

3.10 Cell Viability Assay

The effect of the recombinant proteins alone or in combination with drugs was evaluated on
two cell lines expressing PTEN differentially, PTEN null glioblastoma cell line U-87 MG
and breast cancer cell line MCF7. U-87 MG and MCF7 cell lines were seed in 96 well plate
DMEM media supplemented with 10% FBS was allowed to attach overnight. Following
adherence, the media was removed and fresh serum media containing varying concentrations
of the protein alone or in combination with drugs were added and incubated at 37 °C under
humidified atmosphere of 5% CO, for desired time. After incubation, fresh serum media

containing 5 pl of 5 mg/ml MTT solution was added to each well and the plates were
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Scheme 3.2 Schematic representation of the para-nitrophenylphosphate (PNPP) phosphatase
assay protocol.

incubated at 37 °C under CO, humidified atmosphere. Subsequently, the media was
discarded and DMSO was added to dissolve the formazan crystals formed by enzymatic
conversion by live cells. The product was measured by absorbance at 570 nm along with
background measurement at 690 nm using multiplate reader (Tecan, Infinite M200PRO).
Cell viability (%) relative to the control untreated cells was calculated using the following

formula-

Cell viability (%) = A ' 4
er VIADTIY R0 = 4bs 570 — Abs 690) Control

For all experiments with PTEN-Long, U-87 MG cells were seeded at a cell density of 3500
cells per well in 96 well plate. For all experiments with PTEN, U-87 MG cells and MCF7
cells were seeded at a cell density of 4000 and 6000 cells per well in 96 well plate,

respectively.
3.11 Scratch Assay

For wound healing assay, U-87MG and MCF7 cells were seeded in 35 mm tissue culture
dishes at a density of 1x10° cells per well and allowed to grow to 85-90% confluence in
DMEM serum media. The confluent cell monolayer was scraped with a sterile pipette tip to

create a ‘scratch’ (Liang et al., 2007). Wounded monolayer was then washed with PBS to
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remove any cell debris. Immediately after the wound was created, images of the wound were
acquired using Nikon ECLIPSE Ti microscope. Cells were then treated with the recombinant
proteins and incubated at 37 °C, under humidified condition of 5% CO, for the desired
period of time. Subsequently, the control and treated tissue culture dishes at the end of the
experiment were examined under the microscope. The schematic representation depicting the

protocol of the scratch assay is illustrated in Scheme 3.3.
3.12 Determination of Cell Cycle Pattern

The effect of the recombinant proteins on the cell cycle pattern of U-87 MG cells and
MCF7 cells were determined by flow cytometry using propidium iodide (Pl) DNA
staining dye. Cells seeded in 6 well plates at a density of 1x10° cells per ml were
allowed to attach overnight. Prior to treatment the cells were synchronized by serum
starvation for 48 h. Cells were then treated with varying concentrations of the
recombinant proteins for the desired time in serum DMEM media. For experiments
with PTEN-Long, U-87 MG cells were treated with 100 nM of the protein for 48 h in
serum DMEM media. For experiments with PTEN, U-87 MG were treated with PTEN
(72 nM)-Cluster (60 pg/ml) composite and MCF7 cells were treated with PTEN (36
nM)-Cluster (30 pg/ml) composite for 48 h in serum DMEM media. The cell
collected by trypsinization were fixed by adding chilled 70% ethanol drop wise while
vortexing the pellet, and stored at -20 °C until further analysis. The samples were
processed as per the protocol described by Riccardi et al (Riccardi and Nicoletti 2006)
The fixed samples were centrifuged at 650 rcf for 6 min.

Scratch with Take image
Seed Cells ”stenle tip

Grow to 90%
Confluency

Scheme 3.3 The schematic representation of the scratch assay.
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The pellet was washed with chilled 1X PBS following incubation with RNase at 37 °C
for 1 h. Samples were then incubated with PI staining dye and 0.01% Trition X-100
until analysis using BD FACSCalibur. The samples were recorded using Cell Quest
programme and the data collected was examined using FCS express software.

3.13 Modulation of Cellular Signalling

The expression of intracellular signalling proteins upon treatment with the
recombinant proteins was determined by the Western blot analysis. U-87 MG and
MCF7 cells seeded in 6 well plates at a density of 1x10° cells per ml were allowed to
attach overnight. For experiments with PTEN-Long, U-87 MG cells were treated with
100 nm of the protein for 2 h and 4 h in serum DMEM media. For experiments with
PTEN, U-87 MG Cells were treated with PTEN (72 nM)-Cluster (60 pg/ml)
composite and MCF7 cells were treated with PTEN (36 nM)-Cluster (30 pg/ml)
composite for 8 h in serum DMEM media.

Upon treatment, the total protein from the mammalian cells was extracted using RIPA
buffer. To each well 150 uL of RIPA buffer was added along with protease inhibitors
(Sodium orthovandate, Sodium fluoride and PMSF) and incubated for 20 min under
rocking conditions on ice. Following incubation, the cells were scraped and collected.
The collected cells were sonicated for 10 sec on ice at 25% amplitude and then stored
in -80 °C until further application.

The total protein was estimated using lowry protein estimation method. A total of 12
pg of protein for each sample was separated on 12% SDS gel and subsequently
transferred onto PVDF membrane. The membrane was stained with ponceauS to
verify protein transfer. Blocking was performed at room temperature for 2 h using 3%
BSA in TBST following overnight incubation at 4 °C with respective primary
antibody (Dilution 1:2000). The membrane was washed with TBST several times and
incubated with secondary antibody (Dilution 1:2000) at room temperature for 2 h.
Following washing with TBST, the blot was developed using chemiluminescent

peroxidase substrate using chemi gel doc (Biorad).
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3.14 Calcein-AM/ Ethidium Bromide (EtBr) Dual Staining

MCF7 and U-87 MG cells were cultured in 96 well plates, in DMEM media
supplemented with 10% FBS. Cells were left untreated or treated with the
recombinant proteins for desired time. The cells were washed with 1X PBS pH 7.4
and dual staining solution in PBS containing calcein-AM and EtBr was added and
incubated for 5 min. After incubation the cell were washed twice with 1X PBS pH 7.4

and visualized using fluorescence microscope (Nikon ECLIPSE Ti).
3.15 Synthesis of Silica Nanoparticles

To study stabilization of GST-PTEN protein for intracellular delivery, silica
nanoparticles were synthesized. Synthesis of silica nanoparticles were carried out by
modification of Stober’s process (Clemments et al., 2015). Ethanol was mixed with
NH;OH at room temperature and the mixture was stirred for about 5 min to attain
homogeneity. TEOS was then added to the solution under stirring condition and
allowed to stir for 3 h. Nanoparticles formed were collected by centrifugation at 12000
rpm for 10 min and re-suspended in EtOH using water bath sonicator for 4 min. This
process was repeated three times to remove any unreacted reagents. Finally the
nanoparticles were washed twice with Milli-Q and stored at 4 °C until further use.

Stored nanoparticles were sonicated prior to any applications.
3.16 Characterization of Silica Nanoparticles
3.16.1 Surface Morphology Study

To determine the morphology of the synthesized silica nanoparticles FESEM and
TEM study was performed. For FESEM, synthesized silica NPs were drop coated on
aluminum foil, air dried overnight, double coated with gold (SC7620°“Mini”, Polaron
Sputter Coater, Quorum Technologies, Newhaven, England) and analyzed in a Carl
Zeiss, SIGMA VP, instrument. For TEM, 7 ul of sample was drop coated on carbon
coated copper grid, air dried overnight and observed in JEM 2100 (Jeol, Peabody,
MA; accelerating voltage of 200 keV). The same study was repeated after binding of
the protein onto the nanoparticles.
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3.16.2 Hydrodynamic Diameter and Zeta Potential Measurements

For DLS and zeta potential analysis, silica nanoparticles diluted in Milli-Q was analyzed
using Malvern Zeta sizer Nano ZS to determine the hydrodynamic diameter and surface
charge, respectively. The same study was performed after binding of the protein onto the

nanoparticles.
3.17 Determination of Immobilization of GST-PTEN onto Silica NPs

Interaction between protein and nanoparticles can be monitored by various analytical
strategies like fluorescence spectroscopy, FTIR spectroscopy, dynamic light scattering, Zeta
potential and Enzyme Linked Immunosorbent Assay (ELISA). To immobilize GST-PTEN on
Silica NPs, varying concentrations (6 nM to 30 nM) of GST-PTEN was incubated with
constant concentration of silica NPs (0.8 mg/ml) at room temperature for 2 h. The final
volume was made to 1 ml using 25 mM Hepes pH 7.4. Following incubation, the samples
were centrifuged at 10000 rpm for 10 min, and the pellet was re-dispersed in 1 ml Milli-Q
water. To determine binding, fluorescence intensity of protein was recorded at a wavelength
of 340 nm for an excitation wavelength of 280 nm using Fluoromax-4, Horiba JobinYvon,
Edison, NY, USA.

Binding percentage was calculated as follows
Binding (%) =

Emission of Total Protein — Emission of Unbound Protein e

Emission of Total Protein

To corroborate successful interaction between the recombinant protein and nanoparticles,
ELISA was performed. The overall strategy was similar to bead-based ELISA platform
(Scholler et al., 2006), where the silica nanoparticles were used as beads to capture
recombinant PTEN (Scheme 3.4). This method was advantageous due to requirement of
relatively small amount of protein sample. ELISA was performed with maximum binding
ratio of protein to nanoparticles. After binding 100 ul of the samples in triplicate were
distributed in 1.5 ml
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Scheme 3.4 [lllustration of bead based ELISA study for determining recombinant
PTEN-silica nanoparticles binding.

eppendorf tubes previously treated with blocking buffer consisting of TBS (50 mM Tris pH
7.4 and 150 mM NaCl) with 2% BSA for 12 h. Samples were incubated at room temperature
under slow rocking conditions for 4 h and washed with TBS and finally centrifuged. The
pellet was re-dispersed in blocking buffer and incubated at room temperature for 2 h.
Following washing with TBS, 100 pul of TBS containing anti-PTEN primary antibody raised
in rabbit (1:1000 dilution) was added to each sample and incubated overnight at 4 °C.
Subsequently, the samples were washed with TBS twice followed by addition of HRP
conjugated anti-rabbit secondary antibody. After washing with TBS twice, the samples were
incubated with o-phenylenediaminedihydrochloride (OPD) substrate. The product developed
was measured at 450 nm using Tecan infinite M200 PRO multiplate reader. All
centrifugation was performed at 8000 rpm for 5 min. Protein binding was also studied by
Fourier Transform Infrared (FTIR) Spectroscopy, Zeta and DLS measurements. FTIR

analyses of the lyophilized samples were carried out by mixing the samples with KBr to form
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pellet and the spectra was recorded in the frequency range of 4000-500 cm™ using Perkin
Elmer Spectrum One machine. The peaks obtained were analyzed to study binding of the
recombinant protein to the silica nanoparticles. For DLS measurement, diluted and

thoroughly mixed samples were analyzed using Malvern Zeta sizer Nano ZS.
3.18 Release Studies of GST-PTEN from Silica NPs

To study the cumulative protein release of GST-PTEN from the surface of silica
nanoparticles, the ratio of protein to nanoparticles exhibiting maximum binding percentage
was selected. After binding, the samples were centrifuged at 10000 rpm for 10 min and the
pellet was re-distributed in 10 mM Tris pH 7.4. The sealed tubes were placed in water bath
maintaining temperature at 37 °C. Samples taken out at specific time intervals ranging from 1
to 72 h were centrifuged at 10000 rpm for 10 min. The supernatant was collected and
intrinsic fluorescence of the protein was probed at 280 nm to determine the amount of protein

released using Fluoromax-4, Horiba JobinYvon, Edison, NY, USA.
3.19 Evaluating GST-PTEN-Silica Nanoparticles Interaction
3.19.1 Evaluation of Structural Integrity

To study the structural changes induced upon nanoparticles interaction, the secondary
structure of the GST-PTEN released from the nanoparticles surface was analyzed by
circular dichroism spectroscopy. After binding, the sample was centrifuged at 10000
rpm for 10 min and the pellet was re-distributed in 10 mM Tris pH 7.4. Samples taken
in cuvette with 5 mm pathlength were analyzed using JASCO-815 spectrometer. The
CD spectra were recorded from 190 nm to 240 nm in 0.5 nm steps under constant
nitrogen gas purging at a flow rate of 5 L/min and 25 °C temperatures. The reading for
sample buffer was subtracted from the experimental data after measurement. The

spectra obtained were further analyzed by Yang’s reference.
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2.19.2 Assessment of Functional Integrity

Assessment of in vitro phosphatase activity of GST-PTEN bound to silica
nanoparticles was performed using both protein and lipid substrates. The reaction
buffer for PNPP phosphatase assay was composed of 25 mM Hepes pH 7.4, 10 mM
DTT and 1 pg of purified GST-PTEN or GST-PTEN bound to silica nanoparticles
(GST-PTEN-SNP). DTT is an important component of reaction buffer, as it is
required to maintain the cysteine residue in the active site of the enzyme in the
reduced state (Spinelli and Leslie 2015). The reaction was incubated at 37 °C for
desired time. After incubation, stop solution consisting of 1 N NaOH was added to
terminate the reaction and intensify the colour of the product, para-Nitrophenol (PNP).
The product was measured by colorimetric analysis at 405 nm using Perkin Elmer
Victor X3 multiplate reader. Only substrate control was kept to eliminate potential
nonspecific phosphate release. The amount of phosphate released was estimated

against a standard curve by linear regression analysis.

Lipid phosphatase assay was performed using water soluble phosphatidylinositol
3,4,5-trisphosphate diC8 (PIP3; diC8) (Rodriguez-Escudero et al., 2011) ranging from
15 to 150 uM in 25 pl of reaction mixture consisting of 25 mM Hepes pH 7.4, 10 mM
DTT, 2 mM EDTA and 1 pg of purified GST-PTEN and GST-PTEN-SNP. The
phosphate released was quantified by colorimetric assay using malachite green
solution. Detection of phosphate is based on formation of complex between free
phosphate and molybdate (malachite green) which was quantified by absorbance at
660 nm using Perkin Elmer Victor X3 multiplate reader. The amount of phosphate
released was determined by standard linear regression analysis. The principle of the

phosphates assay is illustrated in Scheme 3.5.

3.19.3 Protease Protection Assay

Free and silica nanoparticles bound GST-PTEN (exhibiting maximum binding
percentage) were incubated with 0.5 pg/ml of Proteinase K for 30 min at 37 °C. After
Proteinase K digestion the samples were analyzed by phosphatase assay using PNPP
as substrate. Phosphatase assay of the treated and untreated protein samples was

TH-1979 136106013
53



Materials and Methods | Section 3

I/W I,W
0" 0”0
PIP, diC8
Na,0,PO PO,Na, Na,0,PO’
OPONe, GST PTEN OPONa,
- N 4
( ) 4% ) <
== - == ‘ Malachite Green Absorption
? | i > ‘ 3 at 620 nm
4 T
" A =
25 mM HEPES (pH 7.4) B
2 mM EDTA 10 mM DTT osphate

Scheme 3.5 Schematic representation of the lipid (PIP; diC8) phosphatase assay
protocol.

performed using 50 mM PNPP at 37 °C for 60 min following colorimetric
quantification of the product formed at 405 nm using multiplate reader (Tecan, Infinite
MZ200PRO). The overall principle of the assay is illustrated in Scheme 3.6
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Scheme 3.6 Schematic representation of the protease protection assay design.
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3.20 Synthesis of Lysozyme Stabilized Silver Nanoclusters

Lysozyme stabilized silver nanoclusters were synthesized by slight modification of the
protocol developed by Zhou et al (Zhou et al., 2012). To 5 ml of Milli-Q, 75 mg of
lysozyme (chicken white egg) was added with stirring conditions. To the same
solution 1 ml of silver nitrate (10 N) was added drop wise and allowed to stir for 5
min. Alkaline environment was created by addition of 300 uL of 1 N NaOH and
allowed to stir. To mediate reduction of silver, 40 uL of sodium borohydride was
added drop wise. Change in the colour of the solution from colourless to brown

indicated the reduction of silver.
3.21 Characterization of Silver Nanoclusters

The synthesis of lysozyme stabilized silver nanoclusters was characterized by TEM
and spectroscopy based analysis. For TEM analysis, 7 pl of sample was drop coated
on carbon coated copper grid, air dried overnight and observed in JEM 2100 (Jeol,
Peabody, MA; accelerating voltage of 200 keV). To determine the absorbance profile
of synthesized silver nanoclusters, 1 ml of nanoclusters was taken in cuvette and the
absorbance was recorded from 380 nm to 700 nm using Cary 300 UV-Vis
spectrophotometer. The fluorescence spectrum of the synthesized nanoclusters was
recorded from 500 nm to 800 nm upon excitation at 480 nm using Fluoromax-4,
Horiba JobinYvon, Edison, NY, USA. For DLS and zeta potential analysis, silver
nanoclusters diluted in Milli-Q was analyzed using Malvern Zeta sizer Nano ZS to

determine the hydrodynamic diameter and surface charge, respectively.
3.22 Binding Study of GST tagged PTEN and Silver Nanoclusters

The interaction between protein and nanoclusters was determined by probing the
fluorescence of the nanoclusters. To achieve binding of GST-PTEN to silver
nanoclusters, fixed concentration of nanoclusters was incubated with varying
concentrations of protein (6-48 nM) at room temperature for 2 h. The final volume
was made up to 1 ml using 25 mM Hepes, pH 7.4. Following incubation, the samples

were centrifuged at 10000 rpm at 4 °C for 10 min. The pellet was re-dispersed in 25
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mM Hepes, pH 7.4. The pellet was probed at 480 nm and the fluorescence was
recorded at 650 nm using Fluoromax-4, Horiba JobinYvon, Edison, NY, USA.

Binding percentage was calculated as follows-

Binding (%)

Fluorescence Intensityycs — Fluorescence Intensitygound ncs 100
= - X
Fluorescence Intensityy s

Where, Fluorescence Intensityncs is the fluorescence of the nanoclusters and
Fluorescence Intensitygound ncs 1S the fluorescence of the nanoclusters after binding to
GST-PTEN.

3.23 Polymer Encapsulation and Characterization of PTEN Bound Nanoclusters

GST-PTEN bound silver nanoclusters (GST-PTEN-AgNCs) as well as free silver
nanoclusters were coated with polyethylene glycol 4000 (PEG) by double emulsion
technique according protocol described by Samadi et al (Samadi et al., 2014), with
small modifications. Protein bound nanoclusters (GST-PTEN-AgNCs) solution was
emulsified in Dichloromethane (DCM) containing (5% wi/v) PEG 4000 using a probe
sonicator for 4 min at 40% amplitude. The water-in-oil emulsion (w/o) was further
emulsified in aqueous phase of NaCl solution (0.9% w/v) to form water-in-oil-in-
water emulsion (w/o/w) in an ice bath using probe sonicator for 5 min at 60%
amplitude. DCM was evaporated in a vacuum desiccator overnight. The solution was
then centrifuged at 12000 rpm for 20 min at 4 °C to collect the nanoparticles formed.
The nanoparticles formed were washed twice with Milli-Q. The pellet was finally
dispersed in Milli-Q for further applications. The strategy for PEG encapsulation is

depicted in scheme 3.7.

Protein loading efficiency was determined by method involving dimethyl sulphoxide
(DMSO), sodium hydroxide (NaOH) and SDS that allowed solubilization of both PEG
polymer and protein in a single phase, as described by Sah et al (Sah 1997). Following
coating of the ensemble with PEG, the pellet obtained was dried. The dried pellet of
the samples was mixed with DMSO and 0.05 M NaOH containing 0.05% SDS.
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Scheme 3.7 Schematic representation of PEG coating protocol of GST-PTEN-AgNCs
ensemble.

Upon incubation at 37 °C for 12 h, clear solution was obtained. The solution obtained
was analyzed for protein estimation.

Protein loading efficiency was determined by applying the following definition-

Protein Loading Effici %) = Amount of Protein Entraped £=400
rotein Loading Ef ficiency (%) = N orioal Protis

The silver nanoclusters coated with PEG have been named as nanocomposites and the
silver nanoclusters bound with the GST-PTEN protein have been referred to as PTEN-
nanocomposites. The concentration of the nanocomposites is expressed as nM of
protein (PTEN) and pg/ml of silver in the cluster. The formation of nanocomposites
and PTEN-nanocomposites was confirmed by TEM analysis, hydrodynamic diameter

and zeta potential measurements as mentioned above.

3.24 Cellular Internalization of the PTEN-Nanocomposites

The luminescent property of silver nanoclusters was capitalized to study the intracellular
delivery of the protein cargo. Intracellular uptake was investigated employing flow
cytometry, confocol microscopy and fluorescence spectroscopy. For flow cytometry based
analysis, glioblastoma cell line U-87 MG and breast cancer cell line MCF7 were seeded in 6
well plates at a cell density of 1x10° cells per well in DMEM media supplemented with 10 %
FBS and incubated at 37 °C under humidified condition of 5% CO, for cell adherence.
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Following attachment, PTEN-nanocomposites [PTEN (12nM)-Cluster (10ug/ml) composite]
was added to cells and incubated in CO; incubator. At different time points of 2 h, 4 h and 8
h cells were trypisinized and washed with 1X PBS followed by analysis using Beckman
coulter. For confocal microscopy, MCF7 and U-87 MG cells grown on cover slip were
incubated with PTEN-nanocomposites. After 4 h of incubation, the serum media was
removed and the cells were washed with PBS thrice. The cells were then fixed using chilled
absolute ethanol. The cover slip was mounted on a clean glass side and the sides were sealed.
The fixed cells were then analyzed using Zeiss LSM 880 microscope with excitation at 488
nm, accompanied by z-stacking analysis. For fluorescence spectroscopy study, following
incubation with the PTEN-nanocomposites the cells were trypsinized and collected by
centrifugation at 650 rcf for 7 min. The pellet was washed with 1X PBS pH 7.4 thrice and
finally re-dispersed in 1X PBS pH 7.4. Uptake was determined using multiplate reader Tecan

infinite M200PRO at 480 nm and 650 nm excitation and emission wavelength, respectively.

To understand the mode of cellular internalization, U-87 MG and MCF7 were seeded in 6
well plates at a cell density of 1x10° cells per well in DMEM media supplemented with 10 %
FBS and incubated at 37 °C under humidified condition of 5% CO, for cell adherence.
Following adherence the cells were either incubated with sodium azide or incubated at low
temperature of 4 °C for 30 min. U-87 MG and MCF7 cells were incubated with 10 mM and 3
mM of sodium azide, respectively. Following incubation the cells were treated with PTEN
(12nM)-Cluster (10ug/ml) composite for different time points. After incubation at different
time points of 30 min, 120 min and 480 min the cells were trypisinized and washed with 1X
PBS followed by analysis using multiplate reader Tecan infinite M200PRO at 480 nm and

650 nm excitation and emission wavelength, respectively.

3.25 RNA Isolation and Expression Study

U-87 MG and MCF7 cells were seeded in 6 well plates at a cell density of 1x10° cells
per well in DMEM media supplemented with 10% FBS and incubated at 37 °C under
humidified condition of 5% CO, for cell adherence. For experiments with
PTEN-Long, U-87 MG cells were treated with 100 nM of the protein for 2 h and 4 h
in serum DMEM media. For experiments with PTEN, U-87 MG cells were treated
with PTEN (72 nM)-Cluster (60 pg/ml) composite and MCF7 cells were treated with
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PTEN (36 nM)-Cluster (30 pg/ml) for 8 h in serum DMEM media. To study the
modulation of cyclins upon treatment, total mammalian RNA was isolated using tri
reagent based method from the treated and untreated cells. Total RNA isolated from
the treated and control cells using tri reagent based method was quantified using
nanodrop (Eppendorf). A total of 0.5 pg of RNA was used for cDNA synthesis using
verso cDNA synthesis kit (Thermo scientific). Cyclins and apoptotic genes were
amplified in PCR reaction using gene specific primers with 27 amplification cycles.
GAPDH was also amplified as internal control. The PCR product was run on 1%

agarose gel to analyze gene expression.

3.26 Generation of Spheroids

The U-87 MG and MCF7 spheroids were generated by a facile and reproducible method to
obtain single spheroid in individual well (lvascu and Kubbies 2006, Friedrich et al., 2009).
U-87 MG and MCF7 cells were cultured as 2D monolayer to confluency in DMEM media
supplemented with 10% FBS (DMEM serum media). The cells were harvested by
trypsinization and finally re-suspended in DMEM serum media. To 96 well plates, 50 uL of
serum free media containing agarose was added to each well. Prior to addition to the wells,
agarose (1.5% wl/v) in serum free DMEM media was sterilized by autoclaving. To the
agarose coated 96 well plates, U-87 MG and MCF7 cells were seeded at a cell density of
1x10* cells per well with final media volume of 200 pL. Followed by seeding, the 96 well
plates were centrifuged at 400 rcf for 10 min at room temperature. Subsequently, the plates
were incubated in 37 °C incubator with 5% CO, and humidified atmosphere for 96 h. The
growth of the spheroids was monitored each day using NIKON microscope. The spheroids

generated after 96 h incubation, were subsequently used for all experimental purpose.
3.27 Calcein-AM/ PI Dual Staining of U-87 MG and MCF7 Spheroids

The spheroids generated after 96 h incubation were subsequently used for all experimental
analysis. The spheroids were treated with PTEN-nanocomposite [PTEN (96 nM)-Cluster (60
ug/ml) composite) and nanocomposite [Cluster (60 pug/ml) composite] for 48 h. Following
treatment, the spheroids transferred to fresh flat-bottomed 96 well plates. The plates were

then centrifuged at 400 rcf for 10 min at room temperature to spin down spheroids, clusters
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and single cells. The spheroids were then washed carefully by replacing the media with 1X
PBS pH 7.4. The plates were then again centrifuged under similar conditions and the washing
process was repeated thrice. Finally the spheroids were incubated for 30 min with 100 pL of
1X PBS pH 7.4 containing calcein-AM and PI to a final concentration of 2 pM and 4 pM,
respectively. After incubation, the spheroids were washed with 1X PBS pH 7.4 twice and

imaged using using Zeiss LSM 880 microscope, accompanied by z-stacking analysis.
3.28 Alamar Blue Assay for Spheroid Viability Study

The resazurin reduction assay was performed to determine the presence of metabolically
active cells in the treated and untreated spheroids (Walzl et al., 2014). The detection is based
on the principle of reduction of resazurin into resorufin, which can be measured by
colorimetric method to determine the number of viable cells. Following treatment of the U-
87 MG and MCF7 spheroids with PTEN-nanocomposites and nanocomposites, the alamar
blue assay was performed. To each 96 well plate 50 uL of alamar blue solution was added
and incubated for 4 h at 37 °C under 5% CO, humidified condition. Following incubation,
the product was measured at 570 nm along with background measurement at 600 nm using
multiplate reader (Tecan, Infinite M200 pro). The cell viability (%) relative to the untreated

control spheroids was determined using the following formula

Cell viability(%) = (abs570 —abs600)SampleX100
‘WO (abs570 — abs600)Control

3.29 Cell Cycle Analysis of the Spheroids

Followed by treatment with PTEN-nanocomposite and nanocomposite, the spheroids
were collected in 1.5 ml centrifuge tubes. The spheroid was then dislodged by
trypsinization and collected by centrifugation at 400 rcf for 10 min at room
temperature. The cells were fixed by drop wise addition of 70% chilled ethanol, and
stored at -20 °C until further analysis. The fixed samples were prepared for cycle

analysis using propidium iodide dye by following the protocol as mentioned above.
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Briefly, the samples were centrifuged at 650 rcf for 10 min and washed with chilled
1X PBS pH 7.4. Following washing, the samples were incubated with RNAse for 1 h
at 37 °C. The samples were then incubated with Pl and stored in dark on ice until
further analysis using BD FacsCalibur. The samples were recorded using Cell Quest

programme and the data collected was examined using FCS express software.

3.30 Statistical analysis
All statistical analyses performed in this study were executed using Graphpad prism
software where *p<0.05, **p<0.001, ***p<0.001.
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Cloning, Expression and Purification of Recombinant proteins PTEN and PTEN-Long
4.1 Cloning of PTEN and PTEN-Long

The coding sequence of PTEN-Long was procured from addgene (USA) in JpExpress404
vector. Similarly, the coding sequence of PTEN was purchased from DNASU plasmid
repository in pANT_cGST vector. The genes were PCR amplified using respective gene
specific primers to optimize the PCR conditions. The genes were then PCR amplified with
primers containing BamHI and Xhol restriction enzyme overhangs at the 5’ and 3’ end,
respectively. After amplification, the genes were cloned into pGEMT easy vector and
transformed into competent Escherichia coli DH5a. The TA cloning was confirmed by
release of the 1.8 kb fragment for PTEN-Long and 1.2 kb fragment for PTEN upon
restriction digestion (Figure 4.1A and 4.1B).

The pGEMT-PTEN-Long and the pGEMT-PTEN constructs were used as template to
amplify the genes and sub-clone into bacterial expression vector PGEX-4T-2 vector. After
amplification and sub cloning into PGEX-4T-2 vector, the construct was transformed into
competent Escherichia coli BL21 (DE3). The cloning into bacterial expression system was
confirmed by release of the 1.8 kb fragment for PTEN-Long and 1.2 kb fragment for PTEN
upon restriction digestion (Figure 4.1C and 4.1D).

4.2 Bacterial Expression, Purification and Physical Characterization of the
Recombinant Proteins

Upon confirmation of cloning, the expression of the evaluated proteins was induced. The
expression was first optimized in small scale 5 ml cultures. PGEX-4T-2 vector system
contains the Lac Z gene, which makes it an Isopropyl-p-D-1-thiogalactopyranoside (IPTG)
inducible vector system. The transformed bacteria were grown on LB agar plates containing
ampicillin. Primary culture of 3 ml grown from isolated single colony overnight at 37 °C was
used as an inoculum for secondary culture of 5 ml LB media. The protein expression was
induced by IPTG at different temperatures for different time periods. The expression
conditions optimized for GST-PTEN-Long protein were 0.5 mM IPTG concentration, 12 h

induction time at a temperature of 21 °C. Optimal conditions for expression of the
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1.8 kb

Figure 4.1 Cloning of PTEN and PTEN-Long genes (A) Lane 1 shows 1 kb DNA ladder,
Lane 2-4 shows digestion of pPGEMT-PTEN by EcoRI (B) Lane 1 shows 1 kb DNA ladder,
Lane 2 shows the uncut PGEX-4T-2 plasmid and Lane 3 shows restriction digestion of
PGEX-4T-2-PTEN by BamHI and Xhol (C) Lane 1 shows 1 kb DNA ladder, Lane 2-3 shows
uncut digestion pGEMT-PTEN-Long, Lane 4 shows restriction digestion of
pGEMT-PTEN-Long by EcoRI (D) Lane 1 shows 1 kb DNA ladder, Lane 2-4 shows
restriction digestion of PGEX-4T-2-PTEN-Long by BamHI and Xhol.

recombinant GST-PTEN were 0.5 mM IPTG concentration, 4 h induction time at a

temperature of 28 °C. The expression of the induced recombinant proteins were analyzed on
12% SDS gel (Figure 4.2A and 4.2B).

For both the recombinant proteins, at small scale of 5 ml secondary cultures when the cells
were lysed and analyzed on SDS gel, most of the induced protein was found to be in the
insoluble fraction with a small amount in the soluble fraction. However, upon increasing the
culture volume to 500 ml, considerable amount of induced recombinant protein was found in

the soluble fraction. Therefore, the supernatant fraction was used without solubilizing the
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Figure 4.2 Induction of PTEN and PTEN-Long proteins expression (A) Lane 1 shows 2-212
kDa protein ladder, Lane 2,4,6 displays supernatant fraction of induced cell lysate of
different clones, Lane 3,5,7 displays expression of GST-PTEN in pellet fraction of induced
cell lysate of different clones (around 81 kDa) and Land 8 shows uninduced cell lysate (B)
Lane 1 shows 2-212 kDa protein ladder, Lane 2,6,8 displays supernatant fraction of induced
cell lysate of different clones, Lane 3,7,9 displays expression of GST-PTEN in pellet fraction
of induced cell lysate of different clones (around 81 kDa) and Land 4,5 shows uninduced cell
lysate.

pellet so as to avoid the use of detergents during the course of purification. The bacterial cells
from 500 ml culture were harvested by centrifugation at 7000 rpm for 8 min and stored at -20

°C until further use. The frozen bacterial pellet were lysed and processed for purification.

Purification was carried out using glutathione-agarose affinity chromatography. The protein
was purified on ice under slow rocking conditions by following binding, washing and elution
steps. A band of around 100 kDa and 81 kDa corresponding to GST-PTEN-Long and GST-
PTEN, respectively was observed when the purified fraction was run on 12% SDS-PAGE
(Figure 4.3A and 4.3B). Protein yield determined by Bradford assay was approximately 5 to
10 mg per litre of E.coli culture for the recombinant proteins. GST tag was also excised by
on-column thrombin cleavage and the cleaved fractions were analyzed on 12% SDS-PAGE
(Figure 4.3C and 4.3D). The purified recombinant proteins were further confirmed by
MALDI TOF-TOF and Western blot analysis. The MS/MS profile obtained by MALDI
TOF-TOF analysis of trypsin digested peptide fragments inspected using findpept expasy
tool, generated match of the peptide sequence EKVENGSL with sequence query coverage of
14% for GST-PTEN-Long protein.
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Figure 4.3 Purification profile of PTEN and PTEN-Long (A) Lane 1 shows 2-212 kDa
protein ladder and Lane 2 shows purified GST-PTEN (B) Lane 1 shows 2-212 kDa protein
ladder and Lane 2 shows purified PTEN (C) Lane 1 shows 2-212 kDa protein ladder, Lane 2
and 3 flow through fractions, Lane 4 purified GST-PTEN-Long (D) Lane 1 shows 2-212 kDa
protein ladder and Lane 2 shows purified PTEN-Long.

For GST-PTEN protein the peptide sequence match NDLDKANKDKANRYFSPNFKVK
was generated with sequence query coverage of 16.13% (Figure 4.4A and 4.4B). Protein
purified to homogeneity was investigated by the Western blotting using anti-PTEN antibody
and anti-GST antibody. HRP-conjugated with the secondary antibody was used to develop
the blots, which generated bands at legitimate molecular weight of 100 kDa and 81 kDa
corresponding to GST-PTEN-Long and GST-PTEN, respectively. For GST band was
developed at legitimate molecular weight around 26 kDa (Figure 4.4C and 4.4D).

Following bacterial purification, it is important to study the secondary structure integrity of
the recombinant proteins. Secondary structure of GST-PTEN-Long and GST-PTEN was
characterized by far-UV circular dichroism spectroscopy. The spectrum investigated by
Yang’s reference (Chen and Yang 1971), revealed the content of secondary structural
elements to be 45.5% a-helix and 25.5% pB-sheet for GST-PTEN-Long. The spectrum
investigated revealed the content of secondary structural elements to be 24.5% a-helix, 25.6
% B-sheet for GST-PTEN, as determined by Yang’s reference (Figure 4.5A and 4.5B).
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Figure 4.4 Characterization of the recombinant proteins (A) MALDI TOF-TOF analysis of
purified GST-PTEN (B) MALDI TOF-TOF analysis of purified GST-PTEN-Long (C)
Western blot with Anti-PTEN antibody and Anti-GST antibody for GST-PTEN (D) Western
blot with Anti-PTEN antibody and Anti-GST antibody for GST-PTEN-Long.

The result was in accordance with the available crystal structure of PTEN in PDB (1D5R),
where the estimated secondary structural elements were 19.603 % o-helix and 24.5 %

B-sheet. Once the secondary structure was intact as evident by circular dichroism, the

function of the recombinant enzymes were determined by phosphatase assay.
4.3 Functional Characterization of the Recombinant Proteins

PTEN, a dual specificity phosphatase, contains the signature motif HCXXGXXR in
consensus with the family of PTPase (Myers et al, 1997). Although PTEN
de-phosphorylates artificial protein substrates such as para-nitrophenylphosphate (PNPP),
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Figure 4.5 Characterization of secondary structure by circular dichroism (A) GST tagged
PTEN (B) GST tagged PTEN-Long.

it has higher catalytic affinity towards lipid substrates (Maehama and Dixon 1998). Assaying
PTEN requires a reducing environment to retain the active-site cysteine residue in its reduced
state (Spinelli and Leslie 2015).Therefore, dithiothreitol (DTT) was an important component
of the reaction buffer mixture. However, the phosphatase activity of PTEN-Long was
previously not known. Therefore, its activity was established using PNPP assay in this
current work. Assay results indicated that activity of PTEN-Long and PTEN (nanomole of
phosphate released) over increasing concentration of PNPP substrate fits Michaelis-Menten
kinetics (Figure 4.6A and 4.6B). Kinetic parameters K, and Kg/K, assessed using
GraphPad Prism software were Ky, and Kea/Km as 3767 uM and 0.22 x 10°® min'lpM'1 for
PTEN and 4216 pM and 0.24 x 10 min*uM™ for PTEN-Long, respectively. The kinetic
parameters are illustrated in Table 4.1. The kinetic analysis essentially revealed no
significant difference between the catalytic efficiency of GST-PTEN and PTEN and
GST-PTEN-Long and PTEN-Long towards PNPP substrate, suggesting that the presence of

GST tag did not hinder the enzymatic function of the proteins.

TH-1979 136106013

72



Results and Discussion | Section 4

M) (8)

o ©

3 _ 20 8 _ 125

L = 200- s =%

O C O C

T = o=

~ E 150 E

= 9 F9 g5l

29 100, T 5

3E 50 gE 2

£ o ‘ - - o O
0 50 100 150 0 25 50 75 100

PNPP (mM) PNPP (mM)

- GST-PTEN + PTEN - GST-PTEN-Long -+ PTEN-Long

Figure 4.6 Kinetic profile of the recombinant proteins towards para-Nitrophenylphosphate
(A) GST tagged and untagged PTEN (B) GST tagged and untagged PTEN-Long.

Additional considerations for presence of GST in the protein is that the affinity tag may also
assist in protein folding, protein immobilization onto nanoparticles, facile one step
purification and stabilization of the enzyme (Terpe 2003, Harper and Speicher
2011).Therefore the GST tag was retained and the effect of GST tagged PTEN-Long and
GST tagged PTEN were further evaluated by performing cellular assays.

Sample Km (nM) Keat! K (Min™ pM™)
GST-PTEN 6881 0.16 x 107
PTEN 3767 0.22x10°
GST-PTEN-Long 8387 0.12x 107
PTEN-Long 4216 0.24 x 107

Table 4.1 Kinetic parameters of the recombinant proteins  towards
para-Nitrophenylphosphate.
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In vitro Effects of Recombinant PTEN-Long

4.4 Evaluation of Therapeutic Potential of PTEN-Long

A recent report suggested (Hopkins et al., 2013) membrane-permeable function of PTEN-
Long that would allow it to enter other cells. Therefore, the therapeutic efficacy of GST-
PTEN-Long was evaluated on two different cancer cell lines, PTEN Null glioblastoma (U-87
MG) and PTEN expressing breast cancer cell line (MCF7). Upon 48 h treatment with varying
concentration of GST-PTEN-Long, a dose-dependent reduction in cell viability of the two
cell lines was observed (Figure 4.7A and 4.7B), however ICsy was not achieved for either
case. One possible inference could be the presence of GST tag; the 26 kDa negatively
charged GST protein present at the N- Terminal of PTEN-Long may hinder its cellular entry.
To verify the same, the GST tag was excised by on-column thrombin cleavage and
PTEN-Long was purified. Prior to study the effect of PTEN-Long on the U-87 MG, the
cellular internalization of the protein was assessed. To achieve the same, U-87 MG cells were
incubated with 100 nM of PTEN-Long for different time intervals of 15, 30, 60, 120 and 240
min, followed by MTT assay of the cells after 48 h. It was observed that there was

incubation-time dependent reduction in cell viability (Figure 4.8).
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Figure 4.7 Assessment of viability of (A) U-87 MG Cells (B) MCF7 cells upon treatment
with GST-PTEN-Long recombinant protein for 48 h by MTT assay.
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Figure 4.8 Time dependent uptake study of PTEN-Long in U-87 MG cells based on
determination of cell viability by MTT assay.

The cell viability was same for 60, 120, and 240 min incubation indicating that the cellular
entry of PTEN-Long protein is complete around 60 min to 120 min. Subsequently, treatment
with PTEN-Long was performed, which led to dose-dependent reduction in cell viability of
U-87 MG, with ICso at 100 nm (Figure 4.9A). However for MCF7, an estrogen-dependent

cancer, there was no change in the reduction of the viability of the cells (Figure 4.9B).
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Figure 4.9 Assessment of viability of (A) U-87 MG cells (B) MCF7 cells upon treatment
with PTEN-Long recombinant protein for 48 h by MTT assay.
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A plausible explanation is the multiple facet regulation of estrogen signaling. Estrogen
receptor exerts action by regulation of multiple transduction pathways (ERK/MAPK,
p38/MAPK, PI3K/AKT, PLC/PKC) (Marino et al., 2006). As a result, blocking the
PIBK/AKT pathway may not be ample to influence cell growth and survival. All further
experiments were then carried on U-87 MG cell line. The reduction in cell viability was
corroborated with calcein-AM/ EtBr dual staining, where calcein-AM stains the viable cells
and EtBr stains dead cells. Treatment with PTEN-Long resulted in reduction of viable cells

as compared to buffer treated or untreated cells (Figure 4.10).

(A) (B) (€)

Control

Hepes Buffer

©) (H) (1)

PTEN Long

Figure 4.10 Calcein-AM/ EtBr dual staining for assessing U-87 MG cell viability where A,
B, C are calcein-AM stained control cells, EtBr stained control cells and Merged cells,
respectively. D, E, F are buffer treated calcein-AM stained cells, buffer treated EtBr stained
cells and Merged cells, respectively. G, H, | are PTEN-Long protein treated calcein-AM
stained cells, PTEN-Long protein treated EtBr stained cells and Merged cells, respectively.
(Scale bar 25 um).
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Post verification of cellular entry of the recombinant protein, it was crucial to determine its
cellular role. The effect of PTEN-Long on the AKT signaling pathway has been previously
established (Hopkins et al.,, 2013). Therefore the expression of pAKT(Serd73) was
determined by western blot analysis of the total cell protein upon PTEN-Long treatment. It
was seen that there was reduction in the expression of pAKT(Ser473) after treatment with
100 nM PTEN-Long (Figure 4.11). This indicates the regulation of the AKT expression by
PTEN-Long. Since PTEN-Long de-phosphorylated non-specific protein substrate in vitro, we
embarked on the study of determining the cellular protein phosphatase role of PTEN-Long.
Intracellular role of PTEN-Long may involve de-phosphorylation of focal adhesion kinase
(FAK), like its PTEN counterpart. Therefore the modulation of pFAK expression was
studied. Treatment with PTEN-Long resulted in down-regulation of pFAK(Tyr397)
expression, a protein tyrosine kinase involved in cellular migration (Mitra et al., 2005, Zhao
and Guan 2011), as compared to untreated cells. AKT and FAK are key checkpoints to
regulate signal transduction pathways and play a decisive role in controlling diverse array of
functions including cell survival, cell proliferation and motility. Therefore, it was essential to

determine the subsequent implications of the altered signaling on U-87 MG cell line.
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Figure 4.11 Western blot analyses of pAKT, pFAK and GAPDH in U-87 MG cells.
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Since pFAK is involved in integrin signaling pathway regulated cell motility and cell
migration, scratch assay was performed to determine the role of PTEN-Long in cell

migration (Figure 4.12).
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Figure 4.12 Scratch healing assays where A, B and C represents cultured U-87 MG cells, D,
E and F represents control, buffer treated and PTEN-Long treated at 0 h. G, H and |
represents control, buffer treated and PTEN-Long treated at 24 h. J, K and L represents
control, buffer treated and PTEN-Long treated at 48 h.

TH-1979 136106013
78



Results and Discussion | Section 4

A scratch was made with sterile pipette tip and the recovery of the wound was monitored
using Nikon ECLIPSE Ti microscope at 0 h, 24 h and 48 h. It was observed that the cells
treated with PTEN-Long displayed slow healing as compared to buffer treated or untreated
control cells. Therefore the down-regulation of pFAK by PTEN-Long correlated with the
reduced migration of cells. The reduction in pAKT(Ser473) expression of recombinant
protein treated cells reflected in their cycle pattern as determined by propidium iodide (PI)
based flow cytometry. Analyzing the cell cycle pattern of U-87 MG cell line revealed
S-phase arrest upon treatment with 50 nM and 100 nM of recombinant protein, with a 1.54
fold increase in the S-phase cells in treated cells (29.75 %) as compared to untreated control
cells (19.25 %). Cell cycle analysis was performed using FCS express flow cytometry
software (Figure 4.13A). The regulation of cell progression from G1 to S to G2 phases and
finally to the mitotic phase is controlled by cell cyclins also known as cell cycle check points.
To study the expression of the cyclins in the treated and untreated cells, total RNA was
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Figure 4.13 Assessment of cell cycle regulation of U-87 MG cells (A) Cell cycle analysis by
flow cytometry upon treatment for 48 h where 1, 2 and 3 are control, 50 nM GST-
PTEN-Long and 100 nM GST-PTEN-Long treated cells, respectively (B) Expression of
cyclin B1, cyclin D1 and GAPDH upon treatment for 48 h where 1, 2 and 3 are control, 100
nM GST-PTEN-Long treated and buffer treated cells, respectively.
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isolated and cDNA was synthesized. Semi-quantitative PCR analysis of cyclins using gene
specific primers, revealed a decrease in the expression of cyclin B1 and cyclin D1 expression
(Figure 4.13B). Cyclin B1 is an important component of the cell cycle, which promote S
Phase and G2/M phase transitions (Moore et al., 2003) culminating into cell division.
Inhibition of cyclin B1 resulted in accumulation of the PTEN-Long treated cells in the S
phase. The fold change of cyclins is presented in the annexure. The results demonstrated
anti-proliferative activity of PTEN-Long in U-87 MG cells, with modulation of cellular

signaling ensuing reduced cell survival and cell migration.
4.5 Assessment of Co-therapy Module with PTEN-Long

Another approach to combat diseased condition is the possibility of PTEN-Long to act in
combination with commercially applied anti-cancer drugs. The combination therapy was first
attempted with tamoxifen. Treatment of U-87 MG with tamoxifen did not bring about
significant difference in viability of cells in the presence or absence of PTEN-Long (Figure
4.14A). Tamoxifen principally acts by binding to the estrogen receptor and blocking the
proliferative action of estrogen. One of the possible outcomes of blocking estrogen is down-
regulation of the AKT pathway; therefore further adding of PTEN-Long did not cause any
profound effect due to the same target pathway. Therefore, the combinatorial therapy was

further evaluated with anti-cancer drug temozolomide (TMZ) (Figure 4.14B).
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Figure 4.14 Assessment of viability of U-87 MG cells upon treatment with PTEN-Long for
48 h in combination with (A) Tamoxifen drug (B) Temozolomide drug.
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PTEN-Long in combination with temozolomide, an alkylating agent used as first-line
treatment for glioblastoma (2017, Lee 2017), displayed dose-dependent cell viability
reduction with change in 1Cso of TMZ from 960 uM to 640 uM in presence of 50 nM PTEN-
Long protein. Therefore, the combination therapy was successful in reducing the
concentration of drug used for treatment of glioblastoma, which can be possibly applied in

future to reduce the drug-associated side effects.

In Vitro Effects of Recombinant PTEN

PTEN-Long is a membrane permeable protein as previous reported and demonstrated in this
current investigation by the uptake study and ability to modulate cellular environment upon
exogenous addition to the U-87 MG cells. However for PTEN there exists sufficient
literature evidence that it is an intracellular protein (Leslie 2012). To ensure the same, GST
tagged PTEN was added onto different cell lines U-87 MG, A549 and HeLa and the viability
was determined by MTT cell viability assay. No significant reduction in cell viability was
observed upon 48 h treatment (Figure 4.15). Contemplating the regulatory role of PTEN, it

was vital to internalize the functional enzyme to capitalize on its biomedical value.
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Figure 4.15 Assessment of viability of HeLa, A549 and U-87 MG cells upon treatment with
GST-PTEN for 48 h by MTT assay.
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This necessitated the application of a suitable approach for stabilization and delivery of the
recombinant protein. Nevertheless, it is extremely crucial to confirm that the interaction
between the protein and carrier does not hamper the active state conformation and activity of
the protein. Among different existing strategies, employing nanoparticles for optimal protein
stabilization has attracted great interest. In this prospective, silica nanoparticles gained huge
impetus as drug delivery vehicles due to their excellent properties such as, tunable shape and
size, biocompatibility and ease of synthesis (Benezra et al., 2011, Tang and Cheng 2013).
The facile synthesis of silica nanoparticles with diverse structure and morphologies has
always attracted researchers to employ silica for a plethora of biomaterial purposes.
Interestingly, silica nanoparticles ranging from 25 to 100 nm in size have been reported to
cross the blood brain barrier (Hanada et al., 2014). Therefore, in efforts to stabilize PTEN,

silica nanoparticles were synthesized and characterized.

4.6 Synthesis and characterization of Silica Nanoparticles for Recombinant PTEN

Immobilization

Silica nanoparticles were synthesized by modification of the Stober’s process employing
poly-condensation of tetraethylorthosilicate (TEOS) under alkaline environment. The size
and shape of the nanoparticles were examined by TEM and FESEM analysis. TEM analysis
of the silica nanoparticles displayed synthesis of spherical particles with average diameter of
55 +10 nm (Figure 4.16A). The size and morphology of nanoparticles was further confirmed
by FESEM (Figure 4.16B), which validated the TEM results with average diameter of 60£10
nm. Average diameter was calculated from several images consisting of 100 particles using
ImageJ software (Figure 4.16C and 4.16D). Once the synthesis of spherical silica
nanoparticles were confirmed, the stabilization of the GST tagged PTEN onto the

nanoparticles was evaluated.

Adsorption of GST-PTEN on silica nanoparticles was determined by fluorescence
spectroscopy, DLS measurements, ELISA and FTIR study. Binding was determined by
probing the intrinsic fluorescence of protein in 25 mM Hepes pH 7.4 (Figure 4.17A).
Following binding, the supernatant was probed to determine the binding percentage. The

maximum binding percentage was calculated to be 49 %, at a protein concentration of 12 nM
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Figure 4.16 Characterization of silica nanoparticles (A) TEM image of silica nanoparticles
(Scale bar 50 nm, Average diameter 55 + 10 nm) (B) FESEM image of silica nanoparticles
(Scale bar 100 nm, Average diameter 60+ 10 nm) (C) Particle size distribution of silica
nanoparticles calculated from TEM images using ImageJ software (D) Particle size
distribution of silica nanoparticles calculated from FESEM images using ImageJ software.

at silica nanoparticles concentration of 0.8 mg/ml (Figure 4.17B). Bead-based ELISA was
performed using anti-PTEN primary antibody, HRP-conjugated secondary antibody and o-
phenylenediamine dihydrochloride (OPD) as substrate. The product measured at 450 nm
showed substantial difference between GST-PTEN-SNP and SNP control, indicating
successful interaction between the recombinant PTEN and the silica nanoparticles (Figure
4.17C). Protein-nanoparticles interactions are controlled by a number of factors including
charge of the moieties, pH, and surface functionalization among others which can be tuned
based on the prospective application (Saptarshi et al., 2013). Based on electrostatic affinity,
one would assume negatively charged protein to interact with positively charged
nanoparticles. However, electrostatic interactions alone does not represent the major driving

force regulating the silica—protein interactions (Clemments et al., 2015). The interaction of
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Figure 4.17 Immobilization of GST tagged PTEN onto silica nanoparticles (A) Binding of
GST-PTEN onto silica nanoparticles as determined by probing the intrinsic fluorescence of
protein (B) Percentage binding of GST-PTEN onto silica nanoparticles at varying
concentration of proteins, maximum binding obtained was 49 % at a protein concentration of
12 nM (C) ELISA for analysis of binding of GST-PTEN to silica nanoparticles, where 1 is
GST-PTEN immobilized on silica nanoparticles, 2 is only silica nanoparticles and 3 is only
buffer control.

GST-PTEN and silica nanoparticles may be predominantly based on large number of surface
exposed hydroxyl (OH) groups (Marucco et al., 2014), which provided reactive sites to
interact with the protein by several non-covalent interactions, such as Vander Waal’s force,

hydrogen bonding leading to adsorption of protein onto its surface with minimal structural

disruption.

Once interaction was confirmed it was important to verify that the nanoparticles shape and
structure is intact. TEM images of GST-PTEN immobilized silica nanoparticles revealed no
significant change in the average size and morphology of the nanoparticles after binding of
the protein (Figure 4.18A).
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Figure 4.18 Characterization of GST-PTEN-SNPs (A) TEM image of GST-PTEN bound
silica NPs (Scale bar 50 nm, Average diameter 58+ 10 nm ) (B) Particle size distribution of
GST-PTEN-SNPs calculated using ImageJ software.

Average diameter calculated from several images consisting of 100 particles using Image J
software (Figure 4.18B) was in the range of 58 £10 nm. The binding was further analyzed by
zeta potential measurements, dynamic light scattering (DLS) and FTIR study. Zeta potential
measurements show a slight shift in the zeta potential of the nanoparticles upon incubation
with GST-PTEN as compared to free nanoparticles indicating protein-nanoparticle
interactions (Figure 4.19A and 4.19B). Hydrodynamic diameter of GST-PTEN immobilized
silica nanoparticles was found to be 133.4 nm. The increase in the diameter as compared to
free silica nanoparticles (116.5 nm) was indicative of binding of protein with the
nanoparticles (Figure 4.19C and 4.19D). The FTIR spectrum of silica nanoparticles
demonstrated peaks at 3441 cm™ | 1096 cm™ and 803 cm™ corresponding to Si-OH
stretching, Si-O-Si asymmetric stretching and Si-O-Si bending, respectively (Moncada et al.,
2007). The FTIR spectrum of recombinant PTEN displayed signature peaks at 1642 cm™
(Amide 1), 1538 cm™ (Amide 11), 1318 cm-1 (Amide 111), 668 cm™ (Amide V) arising from
C=0 stretching CN stretching, NH bending, OCN bending, respectively (Barth 2007, Kong
and Yu 2007). Observation of peaks corresponding to characteristic bands of peptide linkage
in the FTIR spectra of recombinant protein incubated with silica nanoparticles (Shang et al.,
2007) indicated the binding of the recombinant PTEN protein to the nanoparticles (Figure
4.20).
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Figure 4.19 Immobilization of GST-PTEN onto silica nanoparticles (A) Zeta potential of
silica nanoparticles (B) Zeta potential recombinant GST-PTEN bound silica nanoparticles
(C) Dynamic light scattering data of silica nanoparticles (Average diameter of 116.5 nm) (D)
Dynamic light scattering data of GST-PTEN bound silica nanoparticles (Average diameter of
133.4 nm).
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Figure 4.20 FTIR spectra of silica nanoparticles, GST-PTEN and GST-PTEN SNP
indicating protein loading.

4.7 Evaluation of Structural and Functional parameters of Recombinant PTEN

immobilized onto Silica Nanoparticles

Following binding of the GST-PTEN onto silica nanoparticles, the release of the protein from
the nanoparticles surface was evaluated. To investigate release, protein bound silica
nanoparticles were re-dispersed in 10 mM Tris pH 7.4 and incubated at 37 °C. The release
profile demonstrates an increase in release with increasing time with 55 % release of
recombinant PTEN within 72 h (Figure 4.21A). The release pattern ensures rapid release of
the protein within stipulated time of 72 h at physiological pH.

However, surface interactions can be further tuned to obtain sustained release for prolonged
period (Huang and Brazel 2001). Modifications such as polymeric microencapsulation of the
protein may also significantly improve the sustained release of the protein as in case of
sustained release of erythropoietin, a recombinant protein used for anemia treatment, from

PLGA microspheres for prolonged period suitable for pharmaceutical applications (Geng et
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al., 2008). Structural framework of protein holds the essence for its function. Adsorption of
proteins on solid surfaces may induce structural changes depending upon nature and size of
nanomaterials (Billsten et al., 1995, Satzer et al., 2015). The structural changes influenced by
interaction of protein with the nanoparticles dictate the functional behaviour of the protein.
Hence, preservation of macromolecule structure is essential to achieve intended biological
applications. Stability of the protein can be further enhanced by conjugation of protein to
solvents such as glycerol or Polyethylene glycol (PEG) (Yuan et al., 2009). Stabilization of
protein is crucial during protein delivery to avoid aggregation upon release in aqueous
medium to maintain its biological applications. To track the structural changes induced by
immobilization of GST-PTEN onto silica nanoparticles, secondary structures of free
GST-PTEN and GST-PTEN released from silica nanoparticles in 10 mM Tris pH 7.4 were
analyzed by circular dichroism (Figure 4.21B). Structural elements were determined using
Yang’s reference (Figure 4.21C), which essentially revealed no pronounce difference
between the secondary structural elements of released GST-PTEN (22.4 % a-helix, 15.2 %
[-sheet) compared to free GST-PTEN (24.5 % a-helix, 25.6 % B-sheet) indicating nominal
structural reorganization upon interaction with silica nanoparticles (Billsten, Wahlgren et al.
1995). Decrease in helical content may be attributed to the adsorption of protein onto the
nanoparticles as reported previously (Billsten, Wahlgren et al. 1995). Structural changes in
protein influenced by interaction with silica nanoparticles have been previously documented
for BSA and myoglobin (Satzer, Svec et al. 2015). Both the proteins displayed nanoparticle
size dependent conformational change with no significant structural alteration for smaller
sized nanoparticles. However, there is no such study for interaction of the PTEN with silica
nanoparticles.

Additional experiment was performed to assess the conformational change of the protein
immediately upon interaction with the nanoparticles. Monitoring shift at 222 nm of protein
bound to silica nanoparticles by circular dichroism study revealed that the initial
conformational change was slow indicating that the interaction between the recombinant
protein and silica nanoparticles did not rapidly perturb the folding and stability of the protein
(Figure 4.22). The analysis of secondary structural elements of free GST-PTEN and released

GST-PTEN revealed that the interaction between the protein and the nanoparticles did not
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Figure 4.21 Characterization of protein release (A) Release profile of GST-PTEN over a
period of 72 h in 10 mM Tris pH 7.4 at 37 °C (B) Circular dichroism spectra of purified
GST-PTEN and released GST-PTEN (C) Comparative study of content of secondary
structural elements of purified GST-PTEN and GST-PTEN released from silica
nanoparticles.

cause profound change in the structural properties of GST-PTEN released from nanoparticles
surface. Structural reorganization is inevitable during protein-nanoparticles interactions.
Nonetheless in case of interaction between GST-PTEN and silica nanoparticles the minimal
framework reorganization, ubiquitous for all protein-nanoparticles interactions, provided a

strong motivation for further kinetic evaluation of the bound protein.

To study the effect on enzymatic activity of GST tagged PTEN post immobilization, the
bound protein was assayed against lipid and protein substrate, PIP; diC8 and PNPP,
respectively. Phosphatase activity of GST-PTEN towards PNPP and PIP3 diC8 was
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Figure 4.22 Protein-nanoparticles interaction studies (A) Monitoring shift at 222 nm by
circular dichroism of GST-PTEN immobilized onto silica nanoparticles (B) Monitoring shift
at 222 nm by circular dichroism of GST-PTEN.

determined. Assay results for both the substrates PNPP and PIP3; diC8 indicated that activity
(nanomole of phosphate released) over increasing concentration of substrate fits
Michaelis-Menten kinetics (Figure 4.23). PTEN catalysis has been extensively evaluated
using lipid substrates such as, Inositol phosphate 1(1,3,4,5)P4 and diC6 PIP3;. The kinetic
parameters Kp,, and k../Kn reported for Inositol phosphate 1(1,3,4,5)P4 and diC6 PIP3 were
98.6 uM and 67 pM and 0.005 and 0.038 min™® uM™, respectively (Maehama and Dixon
1998, Bolduc et al., 2013). The experimentally obtained kinetic parameters of GST-PEN are
comparable to previous reports with Ky, of 16.40 uM and kea/Km of 0.0108 min™ pM™. Thus,
comparative study of the kinetic values towards the lipid substrate confirms that GST-PTEN
is catalytically active and can be subjected to immobilization onto silica nanoparticles.
Immobilization of PTEN onto silica nanoparticles was also conducted, which revealed a
maximum binding percentage of 30 % as compared to maximum binding percentage of 49 %
for GST-PTEN immobilization suggesting that GST may facilitate in protein-nanoparticle
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interaction. Also, GST tag does not contribute to any phosphatase activity as determined by
PNPP assay of GST (Figure 4.24). Therefore, it was decided to proceed with GST tagged
PTEN for immobilization onto silica nanoparticles. Surface morphology, size and type of
nanoparticles greatly influence the activity of the adsorbed protein. In many cases, interaction
between nanoparticles and protein causes dramatic loss of enzymatic activity (Vertegel et al.,
2004, Gagner et al., 2011). Nevertheless, maintenance of released GST-PTEN structure
could possibly entail maintenance of native function as well. Therefore, we embarked on the
study of phosphatase activity of immobilized protein towards the same substrates PNPP and
PIP; diC8. It was interesting to observe that the phosphatase activity of immobilized GST-
PTEN followed Michaelis-Menten kinetics with kinetic values as illustrated in Table 4.2.
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Figure 4.23 Kinetic profile towards PNPP of (A) GST tagged and untagged PTEN (B) Free
and silica immobilized GST tagged PTEN, Kinetic profile towards diC8 PIP3; of (C) GST
tagged and untagged PTEN (D) Free and silica immobilized GST tagged PTEN.
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Figure 4.24 PNPP phosphatase activity of GST-PTEN and GST.

Substrate Sample Km (nM) Keat! K (Min™ pM™)
PNPP GST-PTEN 6881 0.16 x 107
PTEN 3767 0.22 x 10°
GST-PTEN-SNP 6102 0.15x 107
PIP; diC8 GST-PTEN 16.40 0.0108
PTEN 19.90 0.0110
GST-PTEN-SNP 16.31 0.0092

Table 4.2 Kinetic parameters of GST-PTEN, PTEN and GST-PTEN immobilized onto silica
nanoparticles.
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The kinetic parameters of immobilized GST-PTEN were comparable to its free counterpart
implying retention of functional integrity upon immobilization. The results are also
consistent with evidences available that smaller sized nanoparticles are known to uphold the
native properties of the protein. Our studies bestow a positive lead towards utilization of
small sized silica nanoparticles as a suitable vehicle for stabilization and delivery of
recombinant PTEN for potential remedial functions. Further, to assess the stability of the
GST-PTEN protein bound onto silica nanoparticles, the nanoparticles bound and free protein
was subjected to protease digestion using Proteinase K. Following Proteinase K digestion of
free and silica bound GST-PTEN; the samples were analyzed by phosphatase assay to
understand the effect of the protease digestion on the enzymatic activity of the protein. The
overall strategy of the experiment is explained in the materials and method section. Protease
treated and untreated GST-PTEN and treated silica bound GST-PTEN was subjected to
PNPP catalysis using 50 mM of the substrate at 37 °C for 60 min. The assay results indicated
that the catalysis of treated silica bound GST-PTEN was higher as compared to treated free
GST- PTEN (Figure 4.25). For silica nanoparticles bound GST-PTEN, the protein cleavage
sites may not be as easily accessible to proteinase K for digestion as compared to the free
enzyme. Therefore, lower digestion of the nanoparticles bound enzyme (GST-PTEN)

replicated in higher phosphatase activity as compared to free enzyme.
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Figure 4.25 Phosphatase assay of Proteinase K treated and untreated samples, 1 is untreated
GST-PTEN, 2 is Proteinase K treated GST-PTEN and 3 is Proteinase K treated silica bound
GST-PTEN.
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4.8 Evaluation of Therapeutic Potential of PTEN loaded Silica Nanoparticles

Once the structural and functional integrity of the GST-PTEN immobilized onto silica
nanoparticles was determined to be intact, the cellular investigation of the conjugate was
initiated. PTEN alterations in gliomas and particularly glioblastoma result in translation of
truncated and non-functional protein products. PTEN expression was checked in
glioblastoma cell line U-87 MG and no expression of PTEN was detected (Figure 4.26A).
PTEN over-expression by gene therapy approaches has shown promising results in inhibiting
tumour growth both in vitro and in vivo (Tanaka and Grossman 2003, Wu et al., 2008).
However, the stabilization and direct delivery of exogenous PTEN protein using suitable
delivery vehicle is an area of research still unexplored. To attain this, GST-PTEN was
immobilized onto silica nanoparticles and the protein-nanoparticle interactions were
thoroughly investigated. Silica stabilized GST-PTEN displayed sound structure, function and
stability. Therefore the subsequent judicious step was to study the effect of this

nanoconjugate on cancer cell line.

U-87 MG cells were treated with varying concentration of GST-PTEN alone for 48 h, which
displayed no significant reduction in the viability of the treated cells as discussed above.
PTEN null U-87 MG cells were then treated with varying concentrations of silica
nanoparticles (varying from 0.9 mg/ml to 5.4 mg/ml) and silica bound GST-PTEN (Protein
concentration varying from 0.375 pg/ml to 2.25 ug/ml) for 48 h. Silica bound GST-PTEN
exhibited dose dependent reduction of cell viability as indicated by the assay (Figure 4.26B).
The slight reduction in viability of cells treated with silica nanoparticles could be due to their

high concentration and small size.

Silica nanoparticles have been reported to induce size and concentration dependent toxicity
with small sized nanoparticles ranging from 25 nm to 75 nm being more toxic as compared to
larger nanoparticles. However, comparative analysis between the silica nanoparticles and the
recombinant protein bound nanoparticles showed protein bound nanoparticles were more
effective in reducing the viability of the cells. Statistical analysis was performed by ANOVA

using GraphPad Prism software with statistical significance denoted by * (p<0.05).
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Figure 4.26 Assessment of cell viability (A) Expression study of PTEN in U-87 MG cells,
where M is the DNA marker (Lambda DNA/ EcoRI + Hindlll Marker), Lanes 1, 2 and 3
represent amplification of cDNA using PTEN gene specific primers at 50 °C, 55 °C and 60
°C annealing temperatures respectively, (+) Positive control showing 1.2 kbp PTEN band, (-)
Negative Control, Lanes 4, 5 and 6 represent amplification of cDNA using -actin primers as
control at 50 °C, 55 °C and 60 °C annealing temperatures respectively (B) Evaluation of
viability of U-87 MG cells upon treatment with free and protein bound silica nanoparticles
for 48 h by MTT assay.

To understand the effect of GST-PTEN-SNP bioconjugate on the cell cycle progression of U-
87 MG cells, the treated and untreated cells were incubated with propidium iodide (Pl) DNA
staining dye and analyzed using flow cytometry. The treated and untreated U-87 MG cells
were fixed by 70% alcohol fixation. The fixed cells were then further processed and
incubated with propidium iodide dye. PI, a fluorescent dye, is capable of binding and thereby
labelling DNA stoichiometrically. Analysis of silica bound GST-PTEN treated U-87 MG
cells displayed S phase arrest (Figure 4.27), with a 1.47 fold increase compared to the
untreated cells proposes silica bound GST-PTEN as a potential candidate for biomedical
applications. Statistical analysis was performed by ANOVA using GraphPad Prism software
with statistical significance denoted by * (p<0.05), ** (p<0.01).
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Figure 4.27 Cell cycle analysis of U-87 MG cells by flow cytometry upon treatment for 48 h
where 1 is control cells, 2 is GST-PTEN protein treated cells, 3 is silica nanoparticles treated
cells and 4 is GST-PTEN-SNP treated cells.

Existence of strong correlation between structure and function for all biological entities
implies that both structure and function needs to be conserved to meet successful delivery
formulation. Successful purification and characterization of the recombinant protein was
followed by immaobilization of GST-PTEN onto silica nanoparticles, which was validated by
fluorescence spectroscopy, FTIR spectroscopy, ELISA and DLS. The nanosystem ensured
efficient release of the protein from the surface of silica nanoparticles with intact structural
integrity and preservation of dual phosphatase activity when compared to the free enzyme
indicating that immobilization does not alter the enzymatic activity of GST-PTEN.
Additionally, higher phosphatase activity of bound GST-PTEN in comparison to free GST-
PTEN post incubation with a protease imply that the nanoparticles confer better stability to
the protein upon adsorption onto the silica nanoparticles. Thus, the results attained addresses
the major prerequisites and challenges in protein stabilization and serve as a model system to
understand protein-nanoparticles interactions. Further to achieve encapsulation of the protein
coupled with fluorescent tracking for theranostic implications of PTEN, silver nanoclusters

were synthesized and characterized.
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Theranostic Application of the Protein-Nanocarrier Composite

Advancement in fabrication of nanomaterials gave rise to a new class of nanomaterials
known as metal nanoclusters that comes armed with attractive properties such as optical
stability, efficient clearance from the body and low side effects, making them suitable for
biomedical applications (Song et al., 2016). Currently the focus application of the
nanoclusters is as fluorescent probes or labels for bioimaging application (Li et al., 2012, Das
et al., 2015, Yang et al., 2015), additional promising avenue of nanoclusters applications
involve combination of fluorescent imaging with delivery of drug or gene to combat disease
conditions (Li et al., 2013, Yahia-Ammar et al., 2016). In this prospective, amalgamation of
delivery and tracking of therapeutically relevant moieties on a single platform can be made
possible by the application of metal nanoclusters, an innovative class of luminescent
nanomaterials. To apprehend simultaneous delivery and tracking of GST-PTEN, the

recombinant protein was stabilized onto lysozyme-template silver nanoclusters.
4.9 Synthesis and Characterization of PTEN-Nanocomposites

Lysozyme stabilized silver nanoclusters were synthesized by sodium borohydride mediated
reduction of silver salt under alkaline condition, as developed by Zhou et al. with slight
modifications. The synthesis of the silver nanoclusters was characterized by UV-Vis
absorption, fluorescence spectra and TEM imaging. The absorbance profile (Figure 4.28A)
of the nanoclusters display a peak around 480 nm with no characteristic surface plasmon
resonance peak for larger Ag nanoparticles at around 425 nm (Zhou et al., 2012). Upon
excitation at 480 nm fluorescence spectra of the synthesized silver nanoclusters exhibited
emission maxima at 650 nm (Figure 4.28B). The inset shows orange-brown solution of
silver nanoclusters under visible light, while a bright red emission was exhibited under UV
excitation. Synthesis of silver nanoclusters was confirmed by TEM analysis which revealed
the average diameter of 2+0.5 nm of the nanoclusters (Figure 4.28C). The particle size
distribution was determined by ImageJ software analysis (Figure 4.28D). Zeta potential
measurement of the synthesized clusters revealed positive charge of +7 mV at pH 7.4 and

DLS measurement displayed hydrodynamic diameter of 7.5 nm (Figure 4.29).
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Figure 4.28 Characterization of lysozyme stabilized silver nanoclusters (A) Absorbance
profile of synthesized silver nanoclusters (B) Fluorescence spectra of silver nanoclusters with
emission maxima at 650 nm upon excitation at 480 nm (C) TEM image displaying
synthesized nanoclusters with average diameter of 2 £ 0.5 nm (Scale Bar 10 nm) (D) Particle
size distribution of silver nanoclusters calculated using ImageJ software.

Following synthesis of the nanoclusters, binding of GST-PTEN to the nanoclusters was
performed. Interaction between protein and silver nanoclusters was determined by probing
the luminescence of the silver nanoclusters using fluorescence spectroscopy. A decrease in
the florescence of the nanoclusters was observed upon increase in protein binding, and the
maximum binding was calculated to be 60 %, at 24 nM of protein concentration (Figure
4.30A and 4.30B). The interaction between biological systems and nanomaterials is driven
by the intrinsic properties of the nanomaterials, such as shape, size surface charge and
hydrophobicity (Mu et al., 2014, Zhao et al., 2016). The surface charge of the nanomaterials
is one of the critical factor in binding of the protein with the nanomaterials (Welsch et al.,
2013).
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Figure 4.29 Characterization of silver nanoclusters (A) Zeta potential measurement of silver
nanoclusters using Malvern Zeta sizer Nano ZS ((= -4.26 mV) (B) Hydrodynamic diameter
of nanoclusters after dialysis against MilliQ for 12 h (Average diameter = 7.5 d.nm).

(A) (B)
E; 11 — 0nM
©
T 0 08 <
N 2 < 60- . .
o O o
E 5 0F 451 %3
S 2 < 301 ¢
Z € 041 m
> 151
-l
0.2 ; : ; . \ 0 . T . .
550 600 650 700 750 800 0 12 24 36 48
Wavelength (nm) Protein Concentration (nM)

Figure 4.30 Characterization of GST-PTEN-Cluster binding (A) Binding of GST-PTEN to
silver nanoclusters as determined by probing the luminescence of the nanoclusters (B)
Determination of binding percentage of GST-PTEN and nanoclusters.
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The pl (Isoelectric pH) of GST-PTEN, as determined by bioinformatic tool Expasy/pl, was
4.9 (Gasteiger et al., 2003). Therefore, at pH of 7.4 the GST-PTEN protein is negatively
charged. The synthesized silver nanoclusters are positively charged (+7.5 mV) at pH 7.4 as
experimentally determined by zeta potential measurements. Therefore, the possible driving
force between negatively charged GST-PTEN protein and positively charged silver

nanoclusters binding is charged based electrostatic interactions.

A key feature of this study is the use of polyethylene glycol (PEG) coating that allows
fabrication of the assembly into spherical nanocomposites. Along with fabrication of
spherical morphology, PEG coating has been well investigated to provide additional
advantages for biomedical applications. The non-fouling or ‘sleath’ behaviour of PEG
reduces non-specific protein interactions reducing aggregation (Jokerst et al., 2011).
Therefore, after binding of PTEN to the silver nanoclusters, the protein bound silver
nanoclusters were encapsulated within polyethylene glycol 4000 (PEG) coating by double
emulsification technique. Only cluster and protein loaded clusters were coated with PEG and
the synthesis of nanocomposites were determined by TEM study (Figure 4.31A and Figure
4.31B). The TEM images revealed the fabrication of spherical nanocomposites of size
125410 nm after polymeric coating of GST-PTEN bound silver nanoclusters (named as
PTEN-nanocomposites). Similarly, synthesized silver nanoclusters were also coated with
PEG to fabricate spherical nanoparticles of size 18+3 nm. These spherical nanoparticles are
referred to as nanocomposites. Besides PTEN-nanocomposite, other nanocomposites
(without PTEN) were synthesized as required for appropriate controls in the subsequent
experiments. The particle size distribution of the nanocomposites and PTEN-nanocomposites
determined by employing ImageJ software is illustrated in Figure 4.31C and 4.31D. The
concentration of the nanocomposites is expressed as nM of protein (PTEN) and pg/ml of
silver in the cluster. The loading percentage of the PTEN-nanocomposites was determined by
protocol developed by Sah et al. The analysis of protein content revealed the encapsulation
percentage to be 78+3 %. PTEN-nanocomposites were also characterized by zeta potential
measurements (Figure. 4.31E). The overall negative surface potential of -4.26 mV is in
consistence with the surface charge distribution of reported PEGylated nanoparticles (Pelaz
etal., 2015).
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Figure 4.31 Characterization of PEG coated silver nanoclusters (referred as nanocomposites)
(A) TEM image of nanocomposites (Scale bar 10 nm) (B) TEM image of distribution of PEG
coated protein loaded silver nanoclusters (referred as PTEN-nanocomposites) (Scale bar 200
nm) (C) Particle size distribution of nanocomposite using ImajeJ (Average diameter 18+3
nm) (D) Particle size distribution of PTEN-nanocomposites using ImajeJ (Average diameter
125+10 nm) (E) Zeta potential measurement of PTEN-nanocomposites using Malvern Zeta
sizer Nano ZS ((=-4.26 mV).
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4.10 Evaluation of Kinetic parameters of PTEN in nanocomposite

Successful formulation of the macromolecules with intact functional integrity for
intracellular delivery is a challenging task. In the perspective of protein therapy,
determination of the function of the protein following interaction with the delivery vehicle is
imperative. Therefore, to determine the effect of nanocluster interaction with GST-PTEN, a
step by step analysis of phosphatase activity was performed. Initially, phosphatase activity of
PTEN bound to silver nanoclusters was determined towards PNPP substrate. It was
interesting to observe retention of enzymatic activity of PTEN after binding to silver
nanoclusters (Referred to as GST-PTEN-AgNCs) (Figure 4.32A). Once the activity was
confirmed we embarked on the study of phosphatase activity of PTEN present in PTEN-
nanocomposites. Both free and PEG encapsulated PTEN exhibited Michealis-Menten
kinetics towards PNPP as illustrated in Figure 4.32B. Kinetic parameters Km and Kca/Kp,
evaluated using Graphpad Prism software, of free and PTEN-nanocomposites has been
illustrated in Table 4.3. The kinetic parameters revealed that the kinetic efficiencies of free
PTEN and PTEN-nanocomposites were comparable. Therefore, the retention of functionality
of the PTEN protein upon interaction with silver nanoclusters followed by PEG

encapsulation
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Figure 4.32 Kinetic profile towards PNPP (A) Free GST-PTEN and GST-PTEN bound to
silver nanoclusters (GST-PTEN AgNCs) (B) Kinetic profile of free GST-PTEN and GST-
PTEN present in PTEN-nanocomposites.
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Sample Km (uM) Kea Km (min™ pM™)
GST-PTEN 6329 0.24x 107
GST-PTEN-AgNCs 6354 0.22 x 10°®
PTEN-nanocomposite 10060 0.15x 107

Table 4.3 Kinetic parameters for catalysis by GST-PTEN, GST-PTEN-AgNCs and PTEN-
Nanocomposites towards PNPP.

paved the way for further analysis of the PTEN-nanocomposites as a suitable therapeutic

module.
4.11 Cellular Internalization Study of PTEN-Nanocomposites

Prior to cell based studies, the cellular uptake of the composite was confirmed. Cellular
uptake studies were carried out using confocal microscopy, flow cytometry and fluorescence
spectroscopy capitalizing on the luminescent property of the silver nanoclusters. Cellular
uptake study analyzed at different time intervals of 2 h, 4 h and 8 h by flow cytometry and
fluorescence spectroscopy suggested time-dependent uptake of the PTEN-nanocomposites in
both U-87 MG and MCF7 cells (Figure 4.33). Additionally, to confirm the internalization of
the nanocomposites and PTEN-nanocomposites inside the cells confocal microscopy

accompanied with z-stacking was performed in MCF7 and U-87 MG cells.

Confocal microscope images of MCF7 and U-87 MG cells upon incubation with PTEN-
nanocomposites for 4 h displayed red fluorescence of the nanocomposites. The uptake of the
cargo was further confirmed by performing z-stacking with layer interval of 0.4 um. The
green colour on the depth coding scale depicted that the PTEN-nanocomposites were
internalized into the cells. There was no fluorescence observed in the control cells under

same analysis parameters (Figure 4.34).
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Figure 4.33 Time dependent cellular uptake study of PTEN-nanocomposite by flow
cytometry in (A) U-87 MG cells (B) MCF7 cells. Time dependent cellular uptake study of
PTEN-nanocomposite by fluorescence spectroscopy in (C) U-87 MG cells (D) MCF7 cells.

U-87 MG and MCF7 were incubated with only nanocomposites as well. Confocal study
performed after 4 h incubation shows similar red fluorescence in the cytoplasm of the cells
with z-stack image confirming the cellular internalization of the nanocomposites (Figure
4.35). Further to investigate the uptake mechanism of the nanocomposites inside the cells,
inhibitors for endocytosis were employed. Endocytosis is the established route for
nanoparticles uptake in different cell types (Yameen et al., 2014). Nonetheless, to confirm
the same for PTEN-nanocomposites uptake by U-87 MG and MCF7, the cells were treated

with broad spectrum inhibitors of endocytosis, that is, sodium azide and low temperature.
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(F) (H) (J)

(G) (1)

Figure 4.34 Confocal microscopy based cellular internalization study of PTEN-
nanocomposites where (A) Fluorescence image of MCF7 cells incubated with PTEN-
nanocomposites and (B) Merged image of the same cell, (C) Fluorescence image of control
MCF7 cells and (D) Merged image of the same cell, (E) A z-stack projection of MCF7 cells
incubated with PTEN-nanocomposites, (F) Fluorescence image of U-87 MG cells incubated
with PTEN-nanocomposites and (G) Merged image of the same cell, (H) Fluorescence image
of control U-87 MG cells and (1) Merged image of the same cell, (J) A z-stack projection of
U-87 MG cells incubated with PTEN-nanocomposites. The coloured scale depicts the depth
of the entities from the cover slip. (Scale bar 10 pm).
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(B)

(E)

Figure 4.35 Confocal microscopy based cellular internalization study of nanocomposites
where (A) Fluorescence image of MCF7 cells incubated with nanocomposites and (B)
Merged image of the same cell, (C) A z-stack projection of MCF7 cells incubated with
nanocomposites, (D) Fluorescence image of U-87 MG cells incubated with nanocomposites
and (E) Merged image of the same cell, (F) A z-stack projection of U-87 MG cells incubated
with nanocomposites. The coloured scale depicts the depth of the entities from the cover slip.
(Scale bar 10 pm).
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U-87 MG and MCF7 cells were either incubated with sodium azide or kept at 4 °C for 30
min or left untreated prior to incubation with the PTEN-nanocomposites. Since almost all the
endocytic pathways are energy driven, the energy dependence can be blocked by lower

temperature of 4 °C or ATPase inhibition by sodium azide (Kou et al., 2013).

Inhibitor treated and untreated cells were then subjected to fluorescence spectroscopy based
analysis. For both MCF7 and U-87 MG cells, studying the fluorescence at 650 nm upon
excitation at 480 nm reveal reduced fluorescence in cells incubated with sodium azide and
low temperature as compared to untreated cells. Thus, the study confirms endocytosis
dependent uptake of the nanocomposites in MCF7 and U-87 MG cells. The results are
consistent with endocytosis based uptake of PEGylated nanoparticles (Brandenberger et al.,
2010, Li et al., 2014) (Figure 4.36)
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Figure 4.36 Mode of PTEN-nanocomposites internalization in (A) MCF7 cells (B) U-87MG
cells.
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4.12 Deciphering Effect of PTEN-Nanocomposites on Cellular Signalling

Tumour suppressor PTEN has been identified as a critical negative regulator of PI3K/Akt
pathway by de-phosphorylation of phosphatidylinositol-(3,4,5)-tri phosphate (PIP3) to
phosphatidylinositol-(4,5)-di phosphate (PIP2) (Maehama and Dixon 1998, Song et al.,
2005). PIP;3 is known to activate Akt by assisting phosphorylation at two regulatory sites
threonine308 and serine473. Phosphorylated Akt in turn activates a signalling cascade
culminating into cell survival, growth and proliferation (Jiang and Liu 2008). This
strengthens the rationale for targeting Akt to achieve therapeutic benefit.

The cellular uptake of PTEN-nanocomposites was determined by optical techniques.
However, to further validate the intracellular delivery of GST-PTEN into U-87 MG and
MCEF7 cell lines, total protein was isolated and subjected to the Western blot analysis. Total
protein was isolated from cells treated with nanocomposites and PTEN-nanocomposites
along with untreated control. MCF7 cell line showed a legitimate band around 81 kDa for
GST-PTEN along with band for endogenous PTEN when the cells were incubated with
PTEN-nanocomposites confirming intracellular delivery of the protein. U-87 MG cells
displayed a band corresponding to GST-PTEN expression only in case of cells treated with
the PTEN-nanocomposites with no endogenous PTEN, thereby validating PTEN delivery
(Figure 4.37). Once the delivery of PTEN was confirmed, the consequent judicious step was
to investigate the modulation of Akt expression level. The isolated protein was probed with
anti-Akt (rabbit) antibody and anti-pAktS473 (rabbit) antibody. HRP conjugated anti-rabbit
secondary antibody was applied to develop the blot by chemiluminescence technique.
Expression analysis of phospho-Akt in MCF7 and U-87 MG cells revealed reduction in
expression of the phosphorylated protein in cells treated with PTEN-nanocomposites as
compared to the nanocomposites treated cells and untreated control cells. A 3.7-fold decrease
in the expression of pAKT in treated MCF7 cells was observed as determined by imageJ
software. For U-87 MG cells there was 2-fold decrease in expression of pAKT. There was no

difference in the expression of total Akt in all the treated and untreated cells.

Alongside de-phosphorylation of lipid PIP3, being a dual specificity phosphatase, PTEN is

known to interact with focal adhesion kinase (FAK) by catalyzing its de-phosphorylation and
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thereby regulating integrin mediated cell invasion and migration (Tamura et al., 1998,
Tamura et al., 1999). Therefore, the expression of pFAKTyr397in treated and untreated
MCF7 and U-87 MG cells was evaluated using anti-pFAKTyr397(rabbit) antibody and
HRP-conjugated anti-rabbit secondary antibody. Western blot analysis of samples from both
MCF7 and U-87 MG cells were in tandem with reduced expression of pFAK upon treatment
with PTEN-nanocomposites. Meticulous analysis of the cellular signalling upon treatment
with exogenously delivered GST tagged PTEN employing luminescent clusters suggested
that PTEN protein was successfully delivered to MCF7 and U-87 MG cancer cell lines with
retention of its functional integrity thereby successfully modulating the cellular signalling
mechanism (Figure 4.37). Since AKT and FAK are key node proteins in the PIP3/Akt and
FAK/Integrin signal transduction pathways, respectively it was crucial to determine the

subsequent implications of the altered signalling on MCF7 and U-87 MG cell lines.
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Figure 4.37 Western blot analysis of PTEN, pAKT, Akt, pFAK, GAPDH in (A) MCF7 cells
(B) U-87 MG cells where, Lane 1 represents control untreated cells, Lane 2 represents
nanocomposite treated cells and Lane 3 represents PTEN-nanocomposites treated cells.
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The repertoire of PTEN functions includes inhibition of cell migration through its C2 domain
(Raftopoulou et al., 2004). This activity of PTEN is dependent on its protein phosphatase
activity that catalyses de-phosphorylation of FAK at tyrosine397 residue. Integrin-FAK
signalling promotes tumour progression and metastasis through phosphorylation of several
regulatory proteins (Mitra, Hanson et al. 2005, Zhao and Guan 2011). To study the effect of
exogenously delivered PTEN protein on the migration of U-87 MG and MCF7 cells, wound
healing assay was performed. Scratch was made in the confluent monolayer of the cells using
a sterile pipette tip and the wound was photographed using Nikon ECLIPSE Ti microscope.
The recovery of the wound, depending on the migration of the cells, was then recorded after
24 h. U-87 MG and MCF7 cells incubated with PTEN-nanocomposites displayed slower
healing as compared to untreated or only nanocomposite treated cells. The slow wound
healing corroborated with the reduced expression of pFAK in cells treated with PTEN-
nanocomposites. Thus, PTEN expression in glioblastoma cells that lack the protein resulted
in inhibition of cell migration (Figure 4.38). For MCF7 cells, the presence of exogenously
delivered recombinant PTEN assisted in modulation of cellular signalling leading to reduced

cell migration (Figure 4.38).

To study the effect of GST-PTEN on the cell cycle progression of MCF7 and U-87 MG cells,
flow cytometry analysis with propidium iodide was performed. Cells treated with PTEN-
nanocomposites for 48 h were subjected to Pl staining as per standard protocol. Pl stained
treated and untreated samples were subjected to cell cycle analysis using BD FACSCalibur.
Treatment of MCF7 with PTEN-nanocomposites displayed accumulation of cells in S phase
with a 1.4 fold increase in treated cells (60.01 %) as compared to untreated control cells
(46.47 %) and nanocomposite treated cells (46.33 %). Treatment of U-87 MG cells with
PTEN-nanocomposites displayed accumulation of cells in G2/M phase with a 5 fold increase
in treated cells (14.54 %) as compared to untreated control cells (3.40 %) and nanocomposite
treated cells (2 %). Cell cycle analysis was performed using FCS express flow cytometry
software (Figure 4.39A and 4.39B).
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Figure 4.38 Scratch healing assays for MCF7 and U-87 MG Cells where A, B and C
represents control, nanocomposite treated and PTEN-nanocomposites treated MCF7 cells at
0 h. D, E and F represents control, nanocomposite treated and PTEN-nanocomposites treated
MCF7 cells at 24 h. G, H and | represents control, nanocomposite treated and PTEN-
nanocomposite treated U-87 MG cells at 0 h. J, K and L represents control, nanocomposite
treated and PTEN-nanocomposites treated U-87 MG cells at 24 h.
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Cell cycle checkpoints principally control the progression through the cell cycle. These
checkpoint control system comprises of the cyclin dependent kinases and cyclins. Cyclins
positively regulate the cell cycle, thereby allowing passage from one phase to another. Akt is
known to modulate the role of cyclins in the cell cycle progression (Chang et al., 2003, Lee
et al., 2005). As a result, the subsequent down-regulation of Akt by exogenously delivered
recombinant PTEN led to impaired transition of cell cycle phases effectuating in
accumulation or arrest of cells in a particular phase for MCF7 and U-87 MG cells. To
corroborate the regulation of Akt and progression of cell cycle, the expression level of cell
cyclins were evaluated. Total RNA isolated from the treated and untreated cells were
subjected to cDNA synthesis. The synthesized cDNA was applied as template in PCR

reaction using cyclin specific primers. GAPDH was used as internal control.

In MCF7 cells, a decrease in the expression of cyclin B1 was observed upon treatment with
PTEN-nanocomposites for a period of 48 h. Cyclin B1 is an important component of the cell
cycle, which promotes S Phase and G2/M phase transitions (Moore, Kirk et al. 2003, Ou et
al., 2013) culminating into cell division. Inhibition of cyclin B1 resulted in accumulation of
the PTEN-nanocomposites treated MCF7 cells in the S phase. Treatment of U-87 MG cells
with PTEN-nanocomposites for 24 h, resulted in decreased expression of cyclin B2, a cyclin
associated with G2/M transition (Wu et al., 2010). The change in expression of cyclins in the
control and PTEN-nanocomposite treated MCF7 and U-87 MG cells is represented in Figure
4.39C and 4.39D. Therefore, the regulation of AKT and the subsequent decrease in
expression of cyclins resulted in S phase arrest in MCF7 cells and G2/M phase arrest in U-87
MG cells. The fold change of the cyclin expression in U-87 MG and MCF7 cell lines upon
treatment with PTEN-Nanocomposites as compared to nanocomposite treated or untreated

sample is presented in the annexure.
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Figure 4.39 Evaluation of cell cycle profile (A) MCF7 cells, where 1, 2 and 3 are untreated
control cells, nanocomposite treated cells and PTEN-nanocomposites treated cells,
respectively (B) U-87 MG cells, where 1, 2 and 3 are untreated control cells, nanocomposite
treated cells and PTEN-nanocomposites treated cells, respectively (C) Expression of cyclin
B1 and GAPDH in MCF7 cells, where 1, 2 and 3 are control, nanocomposite treated and
PTEN-nanocomposite treated cells, respectively (D) Expression of cyclin B2 and GAPDH in
U-87 MG cells, where 1, 2 and 3 are control, nanocomposite treated and
PTEN-nanocomposite treated cells, respectively.

4.13 Effect of PTEN-Nanocomposites on Cell Viability and Combination Therapy

To determine the effect of PTEN-nanocomposite on the proliferation of MCF7 and U-87 MG
cells, calcein-AM/EtBr dual staining and MTT cell survival assay were performed. Dual
staining with calcein-AM/EtBr assisted in visualization of the reduction in cell viability and
presence of apoptotic cells upon treatment with the PTEN-nanocomposites for 24 h and 48 h

as compared to only nanocomposites treated or untreated cells (Figure 4.40)
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Figure 4.40 Calcein-AM/EtBr dual staining where A, B and C are merged images of control,
nanocomposite, PTEN-nanocomposite treated MCF7 cells at 24 h, D, E and F are merged
images of control, nanocomposite, PTEN-nanocomposite treated MCF7 cells at 48 h, G, H
and | are merged images of control, nanocomposite, PTEN-nanocomposite treated U-87 MG
cells at 24 h, J, K and L are merged images of control, nanocomposite, PTEN-nanocomposite
treated U-87 MG cells at 48 h, respectively (Scale bar 25 pum).
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The cells were incubated with varying concentrations of nanocomposites and PTEN-
nanocomposites for 48 h. The results revealed dose dependent reduction in viability of the
cells upon treatment with increasing concentrations of PTEN-nanocomposites for MCF7
(Figure 4.41A) and U-87 MG cells (Figure 4.41B). The 1Cso was achieved for MCF7 cells at
concentration of the PTEN-nanocomposites of PTEN (36 nM)-Cluster (30 pg/ml)
Composite. However, in case of glioblastoma U-87 MG cells 1Cso was not achieved. This
differential outcome in cell survival may be due to the multi-drug resistance characteristic of
the glioblastoma U-87 MG cell line (Nagane et al., 1998).

Direct role of EGFR over-expression in tumour aetiology and progression makes them an
intensely pursued therapeutic target (Holbro and Hynes 2004). However, therapeutic
strategies based on over-expression of EGFR have not met the expected results for

glioblastoma therapy. Therefore, to sensitize U-87 MG cells, dual targeting of AKT and

EGFR was attempted.
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Figure 4.41 Assessment of cell viability in (A) MCF7 cells (B) U-87 MG cells. Evaluation
of cell viability of MCF7 cells upon treatment with nanocomposite and PTEN-
nanocomposites for 48 h by MTT assay, where 1, 2, 3, 4, and 5 are PTEN (12 nM)-Cluster
(10 pg/ml) Composite, PTEN (24 nM)-Cluster (20 pg/ml) Composite, PTEN (36 nM)-
Cluster (30 pg/ml) Composite, PTEN (48 nM)-Cluster (40 pg/ml) Composite and PTEN (72
nM)-Cluster (60 pg/ml) Composite, respectively.
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In this regard, effect of PTEN-nanocomposites combined with anti-cancer drug erlotinib, a
small molecule inhibitor of the EGFR tyrosine kinase, was determined. The EGFR gene
expression in U-87 MG cells was confirmed using gene specific primers and is illustrated in
(Figure 4.42A). Once EGFR expression in U-87 MG cells was confirmed, the effect of the
drug on the cell line was assessed by MTT based viability assay. Treatment with erlotinib
resulted in dose dependent reduction with 1Cso value of 25 uM (Figure 4.42B).
Determination of dose concentrations of erlotinib and PTEN-nanocomposite is a prerequisite
for effective combination studies. The doses of erlotinib and PTEN-nanocomposite were
determined based on the analysis of combination index of various doses employing
compusyn software (Figure 4.42C). It was observed that lower concentration of composite
(12-36 nM PTEN protein) and drug (<20 uM) combinations resulted in synergistic effect on
U-87 MG cells. However at higher concentrations of erlotinib and the PTEN-nanocomposites
the effect was antagonistic (Figure 4.42C). Concentration dependent synergism or
antagonism is possibly linked to the mechanism of action of the drug (Meletiadis et al.,
2007). Erlotinib, an anti-cancer drug, binds and inhibits the tyrosine kinase activity of the
epidermal growth factor receptor (EGFR). EGFR activates several proteins by
phosphorylation and regulates signalling pathways, such as the Ras/Raf/MAPK pathway and
the Akt pathway either directly or indirectly (Scaltriti and Baselga 2006). PTEN is a direct
regulator of the Akt signalling pathway. It is to be noted that both erlotinib and PTEN at their
higher concentrations may block the Akt signalling pathway. Therefore, the outcome of the
combination was not profound at their higher concentrations as they both target the Akt
signalling. However, erlotinib has multiple targets and PTEN blocks AKT at their lower
concentrations and hence, the combinatorial effect was found to be synergistic. Based on this
observation, the doses of erlotinib for treatment of the cells were determined. U-87 MG were
treated with varying concentrations of erlotinib (2.5 to 10 pM) and fixed concentration of the
PTEN-nanocomposites [PTEN (24 nM)-Cluster (20 pg/ml) composite]. There was a dose
dependent reduction in the viability of the cells where ICso was achieved in cells treated with
erlotinib (10 uM) and PTEN (24 nM)-(20 pg/ml) composite combination module (Figure
4.42D).Therefore, low concentration of both erlotinib and PTEN-nanocomposite sensitized
U-87 MG cells ensuing reduced cell viability. Hence, the co-therapy protocol paves the way
for application of this combination as a potential treatment option of drug resistant cancer.
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Figure 4.42 Evaluation of co-therapy module of PTEN-Nanocomposites and drug erlotinib
(A) Expression study of EGFR in U-87 MG cell line where Lane 1 is 100bp DNA ladder.
Lane 2 to 5 represents the expression of EGFR1, EGFR2, EGFR3 and EGFRA4, respectively.
Lane 6 to 9 represents template control for EGFR1, EGFR2, EGFR3 and EGFR4,
respectively. Lane 10 is blank. Lane 11 represents expression of endogenous control -actin
(B) Evaluation of cell viability of U-87 MG cells upon treatment with erlotinib for 48 h (C)
Combination index determination of erlotinib and PTEN-nanocomposite using compusyn
software (D) Evaluation of cell viability of U-87 MG cells in combination therapy module
with erlotinib and PTEN (24 nM)-Cluster (20 pg/ml) composite upon 48 h treatment by MTT
based assay.

Thus, the results demonstrated successful formulation of a nanosystem based delivery cargo
encapsulating tumour suppressor recombinant protein PTEN. Subsequent delivery and

evaluation of therapeutic benefit of exogenous PTEN was attempted. Regulation of the
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cellular signalling pathway and the associated consequences by PTEN ultimately resulted in
dose dependent reduction of the cell viability of MCF7 cells. In case of drug resistant U-87
MG cells, the PTEN-nanocomposites helped in manoeuvring the cells into a state where it
was susceptible to chemotherapeutic agent, erlotinib. Therefore, successful formulation of
PTEN protein encapsulation for delivery and tracking was established which paved the
foundation for potential PTEN based protein therapy.

Evaluation of PTEN-Nanocomposites on Spheroid Model

The comprehensive analysis of the PTEN-nanocomposites on the monolayer (2D) cultures of
MCF7 and U-87 MG provided strong lead towards its potential biomedical applications.
Although irrefutably the most convenient method for screening of therapeutically relevant
products, there exists disparity between the complexity and heterogeneity of in vivo
environment and monolayer cell culture. Three dimensional cell culture models serve as a
bridge between the 2D cell culture and in vivo applications. Therefore, to comprehend the
performance of the nanocomposite encapsulated PTEN protein (PTEN-Nanocomposite),
three dimensional spheroid models were generated and the therapeutic efficacy of PTEN

protein on three dimensional (3D) cultures was evaluated.
4.14 Generation of Spheroid Model

Tumour spheroid model of MCF7 and U-87 MG from their respective monolayer cultures
was developed and the curative efficacy of PTEN-nanocomposites was tested. U-87 MG and
MCF7 spheroids were developed in 96 well plates by facile forced flotation method as
described in the materials and methods section. The formation and growth of spheroids were

monitored every 24 h using Nikon Ti microscope.

Images captured under phase contrast revealed the formation of MCF7 spheroids of size
around 600 um and U-87 MG spheroids of size around 400 um (Figure 4.43). Spheroids

formed after 96 h was tested for all subsequent experiments.
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Figure 4.43 Monitoring the formation of MCF7 and U-87 MG spheroids.
4.15 Internalization and Effect of PTEN-Nanocomposites

The cellular internalization of the PTEN-nanocomposites in the spheroids was evaluated. The
silver nanoclusters exhibited fluorescence maxima at 650 nm upon excitation at 480 nm,
which was utilized to track the uptake of the protein loaded cargo in the spheroids. Following
incubation with PTEN-nanocomposites and nanocomposites, the spheroids were washed with
PBS and analyzed using Zeiss LSM 880 microscope. The microscope images exhibited red
fluorescence in the cytoplasm of the treated cells indicating the internalization of the
nanocomposites in the U-87 MG and MCF7 spheroids. However, no fluorescence was
observed in the untreated control U-87 MG and MCF7 spheroids. To further corroborate the
uptake, z-stacking of the spheroid was performed. Z-stacking allows the collection of images
in the XZ focal planes, which provides three-dimensional data (Collazo et al., 2005). The z-
stack images confirmed the internalization of the nanocomposites into the spheroids. The
green colour on the depth coding scale is indicative of the presence of the nanocomposites
inside the spheroids. The cellular internalization of nanocomposites and
PTEN-nanocomposites in MCF7 spheroids and U-87 MG spheroids is illustrated in Figure
4.44 and Figure 4.45.
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Figure 4.44 Confocal microscopy based cellular internalization study of PTEN-
nanocomposites (A) Phase contrast of control MCF7 spheroids and (B) Fluorescence image
of the same cell, (C) Phase contrast image of MCF7 spheroid incubated with nanocomposites
and (D) Fluorescence image of the same cell, (E) A z-stack projection of MCF7 spheroids
incubated with nanocomposites, (F) Phase contrast image of MCF7 spheroid incubated with
PTEN-nanocomposites and (G) Fluorescence image of the same cell, (H) A z-stack
projection of MCF7 spheroid incubated with PTEN-nanocomposites. The coloured scale
depicts the depth of the entities from the cover slip. (Scale bar 100 um).
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Figure 4.45 Confocal microscopy based cellular internalization study of PTEN-
nanocomposites (A) Phase contrast of control U-87 MG spheroids and (B) Fluorescence
image of the same cell, (C) Phase contrast image of U-87 MG spheroid incubated with
nanocomposites and (D) Fluorescence image of the same cell, (E) A z-stack projection of
U-87 MG spheroids incubated with nanocomposites, (F) Phase contrast image of U-87 MG
spheroid incubated with PTEN-nanocomposites and (G) Fluorescence image of the same cell,
(H) A z-stack projection of U-87 MG spheroid incubated with PTEN-nanocomposites. The
coloured scale depicts the depth of the entities from the cover slip. (Scale bar 100 pm).
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The effect of PTEN-nanocomposite on the spheroids was determined by assessing the
viability using calcein-AM/PI dual staining procedure (Figure 4.46 and 4.47). Fluorescent
dyes have been routinely used for qualitative determination of cell viability (Chan et al.,
2012). Two-colour staining or dual staining with fluorescent dyes allows simultaneous
detection of the viable and non-viable cells. The U-87 MG and MCF7 spheroids were stained
with calcein-AM enzymatic dye, a non-fluorescent fluorescein derivative that passively
crosses the cell membrane of intact viable cells and is converted by cytosolic esterase into
green fluorescent calcein, to assess the live cells. In combination, propidium iodide (PI),
DNA binding dye that is non-permeable to membrane intact live cells, was used to stain the
dead cells. Dual stained spheroids were analyzed using Zeiss LSM 880 microscope,
accompanied by z-stacking analysis. The confocal images and z-stacking data display lower
calcein-AM stained live cells and higher Pl stained dead cells in the spheroid treated with
PTEN-nancomposites for 48 h as compared to only nanocomposite treated or untreated

control spheroids.
4.16 Cell cycle analysis of Spheroids

To understand the retardation in cell proliferation, the cell cycle pattern of the treated and
untreated MCF7 and U-87 MG spheroids was determined by Pl based flow cytometry.
Treatment of MCF7 with PTEN-nanocomposites displayed accumulation of cells in S phase
with a 2.1 fold increase in treated cells (49.36%) as compared to untreated control cells
(23.28%) and nanocomposite treated cells (18.92%). Treatment of U-87 MG cells with
PTEN-nanocomposites displayed accumulation of cells in G2/M phase with a 1.78 fold
increase in treated cells (20.74%) as compared to untreated control cells (11.59%) and
nanocomposite treated cells (12.69 %). Cell cycle analysis was performed using FCS express
flow cytometry software (Figure 4.48A and 4.48B). Further to connect the cell cycle phase
with the expression of the cell cycle regulators, total RNA was isolated from the spheroids by
tri reagent based method. cDNA synthesized was used as template to study expression of the

cyclins and apoptotic genes.
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Figure 4.46 Dual staining study where A, B, C and D are phase contrast and fluorescence
images of control MCF7 spheroids and (E) A z-stack projection of control MCF7 spheroids.
F, G, H and | are phase contrast and fluorescence images of MCF7 spheroids incubated with
nanocomposites (J) A z-stack projection of MCF7 spheroids incubated with nanocomposites.
K, L, M and N are phase contrast and fluorescence images of MCF7 spheroid incubated with
PTEN-nanocomposites and (O) A z-stack projection of MCF7 spheroid incubated with
PTEN-nanocomposites.
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Figure 4.47 Dual staining study where A, B, C and D are phase contrast and fluorescence
images of control U-87 MG spheroids and (E) A z-stack projection of control U-87 MG
spheroids. F, G, H and | are phase contrast and fluorescence images of U-87 MG spheroids
incubated with nanocomposites (J) A z-stack projection of control U-87 MG spheroids
incubated with nanocomposites. K, L, M and N are phase contrast and fluorescence images
of U-87 MG spheroid incubated with PTEN-nanocomposites and (O) A z-stack projection of
MCF7 spheroid incubated with PTEN-nanocomposites.
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Figure 4.48 Evaluation of cell cycle profile (A) MCF7 spheroids, where 1, 2 and 3 are
untreated control spheroids, nanocomposite treated spheroids and PTEN-nanocomposites
treated spheroids, respectively (B) U-87 MG cells, where 1, 2 and 3 are untreated control
spheroids, nanocomposite treated spheroids and PTEN-nanocomposites treated spheroids,
respectively.

4.17 Gene Expression Profile of Spheroids

In MCF7, a decrease in the expression of cyclin A was observed upon treatment with PTEN
(48 nM)-(30 ng/ml) Composites for a period of 48 h. Up-regulation of BAX, a gene involved
in apoptosis, expression was also observed upon treatment with PTEN-nanocomposites for a
period of 48 h. Calcein-AM/ Propidium iodide (PI) dual staining assay also depicted increase
in the number of PI stained cells indicating augmented cell death upon treatment with

PTEN-nanocomposites.

BAX is an important member of the BCL-2 family involved in promoting apoptosis. The
translocation and localization of BAX in response to apoptotic stimuli has been well
established (Westphal et al., 2011). Research investigations have shown that the Akt pathway
functions by inhibiting the apoptotic signalling cascade. In attempt to interrupt apoptosis,
PI3K/Akt pathway plays a vital role in inhibiting BAX translocation to mitochondria
(Tsuruta et al., 2002). Additionally, treatment with PTEN-nanocomposites also demonstrated
an increase in transcriptional regulator FoxO3a. Forkhead box O (FoxOs) transcription
factors are ubiquitously expressed in all mammals and are known to maintain tissue

homeostasis by regulating important cellular functions such as, apoptosis, metabolism and
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tumour suppression (Dansen and Burgering 2008, Fu and Tindall 2008). FoxOs also control
cell division by inhibition of cyclin~-CDK complexes via transcription of p21 and p27
(Medema et al., 2000, Zhang et al., 2011), and interestingly Cyclin A is one of the various
transcriptional targets of FoxO. On the other hand, FoxOs are the downstream target of Akt,
and during tumorigenesis Akt is known to inhibit transcriptional functions of FoxOs by
mediating its phosphorylation (Zhang, Tang et al. 2011). However treatment with
PTEN-nanocomposites resulted in down-regulation of Cyclin A and up-regulation of BAX
and FoxO3a as compared to nanocomposite or untreated spheroids. Thus, the modulation of
gene expressions can be possibly linked to the down-regulation of Akt upon treatment with
PTEN-nanocomposites (Figure 4.49A). In U-87 MG spheroids, a decrease in the expression
of cyclin B (Figure 4.49B) was observed upon treatment with PTEN (48 nM)-Cluster (30
ug/ml) composites for a period of 48 h, which is consistent with the results obtained in U-87
MG monolayer culture.Thus, based on this observation the PTEN-nanocomposite treated U-
87 MG and MCF7 spheroids were further subjected to quantitative cell viability study.

(A) (B)

Cyclin A

i y 1 2 3

r o |
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Figure 4.49 RNA profiling of spheroids (A) Expression of cyclin A, BAX, FOX03a and
GAPDH in MCF7 cells, where 1, 2 and 3 are control, nanocomposite treated and
PTEN-nanocomposite treated spheroids, respectively (B) Expression of cyclin B and
GAPDH in U-87 MG cells, where 1, 2 and 3 are control, nanocomposite treated and
PTEN-nanocomposite treated spheroids, respectively.
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4.18 Determination of Viability of Spheroids and Combination Therapy

Glioblastoma cell line U-87 MG and breast cancer cell line MCF7 were induced to form
three dimensional spheroids. The spheroids were treated with varying concentrations of
PTEN-nanocomposites and nanocomposites for 48 h. MCF7 spheroids upon treatment
displayed dose dependent reduction with 1Csp at PTEN (96 nM)-Cluster (60 pg/ml)
composite as compared to ICsp at PTEN (36 nM)-Cluster (30 pg/ml) composite for
monolayer MCF7 culture (Figure 4.50).

100+
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Figure 4.50 Determination of viability of MCF7 spheroids upon treatment with
nanocomposites and PTEN-nanocomposites for 48 h by alamar blue assay where 1 is control
spheroids, 2, 3, 4 and 5 are PTEN (24 nM)-Cluster (15 pg/ml) Composite, PTEN (36 nM)-
Cluster (22 pg/ml) Composite, PTEN (48 nM)-Cluster (30 pg/ml) Composite and PTEN (96
nM)-Cluster (60 pg/ml) Composite, respectively.

Thus, this demonstrates the wvariation in two-dimensional culture results and
three-dimensional culture results. Testing the effect on spheroids impart biological relevance
to the data, as the spheroids closely resemble in vivo tumour organization. U-87 MG
spheroids upon treatment displayed dose dependent reduction, however ICsy was not
achieved even till concentration of PTEN (96 nM)-Cluster (60 ug/ml) composite (Figure
451A). The reduction pattern was consistent with the PTEN-nanocomposite treated

monolayer culture of U-87 MG cells. However, possibly due to the multi-drug resistance
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nature of U-87 MG ICs, was not achieved. Therefore, co-therapy module was attempted. U-
87 MG spheroids were treated with varying concentration of tamoxifen in combination with
fixed concentration of the PTEN-Nanocomposite. There was a dose dependent reduction in
the viability of the spheroid where 1Cs; was achieved in cells treated with 25 uM of
tamoxifen (TMX) and PTEN-Nanocomposite [PTEN (36 nM)-Cluster (22 pg/ml) composite]
combination module (Figure 4.51B). Combination module resulted in 2 fold decrease in the
concentration of tamoxifen with change in ICsy of TMX from 50 uM to 25 uM in presence of
PTEN-nanocomposites. Therefore, low concentration of both tamoxifen and PTEN-

nanocomposite sensitized U-87 MG spheroids ensuing reduced cell viability.
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Figure 4.51 Determination of viability of U-87 MG spheroids (A) Alamar blue assay upon
treatment with nanocomposites and PTEN-nanocomposites for 48 h where 1 is control
spheroids, 2, 3, 4, 5 and 6 are PTEN (18 nM)-Cluster (10 pg/ml) Composite, PTEN (24 nM)-
Cluster (15 pg/ml) Composite, PTEN (36 nM)-Cluster (22 pg/ml) Composite, PTEN (48
nM)-Cluster (30 pg/ml) Composite and PTEN (96 nM)-Cluster (60 pg/ml) Composite,
respectively (B) Combination therapy with varying concentration of tamoxifen and
PTEN-nanocomposites at a concentration of PTEN (36 nM)-Cluster (22 pg/ml) Composite.

Thus, the current experimental evidence demonstrates the role of exogenously delivered
recombinant protein PTEN in modulation of cellular signaling leading to reduction in cell
viability in monolayer cultures of U-87 MG and MCF7, which translated in three
dimensional spheroid cultures as well imparting biological relevance and paving the way for

PTEN based therapy in future.
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5.1 Conclusions

The drug industry is undergoing a paradigm shift towards protein as therapeutics, owing to
their functional advantages. This necessitates the formulation of a suitable delivery strategy
to achieve the therapeutic benefit of intracellular signaling proteins. The present investigation
focuses on harnessing the therapeutic potential of tumor suppressor proteins PTEN-Long and
PTEN by comprehensive analysis of the regulatory roles of the recombinant proteins in
cancer cell lines and three dimensional spheroid models. The salient findings of the work are

summarized below under the following important categories.
5.1.1 Cloning expression and Purification

e The signaling proteins PTEN-Long and PTEN were sub-cloned into bacterial
expression vector PGEX-4T-2 and purified by affinity chromatography based
purification method

5.1.2 Functional Characterizations

e The purified PTEN-Long and PTEN proteins were confirmed by the Western blot
and MALDI TOF-TOF analysis

e The structural analysis by circular dichroism revealed intact secondary structure of
the proteins following bacterial purification

e Enzymatic analysis using para-nitrophenylphosphate (PNPP) substrate confirmed the
protein phosphatase activity of both PTEN-Long and PTEN. Protein phosphatase
activity of PTEN-Long can be useful in understanding the dual phosphatase role in
vivo. Comparable kinetic efficiencies of GST tagged and untagged proteins
confirmed that GST tag does not hinder the enzyme activity of the proteins

e Assessment of GST-PTEN-Long on cancer cell line U-87 MG ad MCF7 revealed
that although GST tag did not alter in vitro phosphatase activity, it may be
responsible for posing hindrance to cellular uptake of the otherwise membrane-
permeable PTEN-Long. This necessitated the thrombin cleavage of the tag and

assessment of the untagged protein on the cell lines
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e Treatment of U-87 MG with PTEN-Long revealed that along with regulation of
canonical Akt activity, PTEN-Long also regulated the expression of focal adhesion
kinase (FAK), confirming its anti-invasive role in the U-87 MG cell line

e Further the combination therapy module with temozolomide, used for treatment of
gliomas, displayed enhanced anti-proliferative activity as compared to mono-therapy.

e Following evaluation of anti-proliferative activity of PTEN-Long, the cellular study

of PTEN protein was performed
5.1.3 Intracellular Delivery of PTEN

e Intracellular delivery of PTEN was mediated by binding of the recombinant protein
onto silica nanoparticles. PTEN protein-silica nanoparticles interaction was
confirmed by spectroscopy based techniques and ELISA

e Once the binding was confirmed, it was imperative to determine the functional and
structural alterations upon interaction with the nanoparticles

e Structural changes of the protein after interacting with nanoparticles is inevitable,
however circular dichroism study of the GST-PTEN released from nanoparticles
displayed minimal structural re-organization, which is the prerequisite of any protein
based therapy

e Structural integrity was further corroborated by analysis of the functional integrity of
the recombinant enzyme. Functional analysis of the protein-nanoparticles composite
illustrated retention of dual phosphatase activity towards PIP; diC8 and PNPP
substrates, with Kinetic efficiency comparable to free recombinant protein

e Treatment of U-87 MG with PTEN-silica composite resulted in concentration
dependent reduction in proliferation of the cells accompanied with amended cell
cycle pattern, highlighting successful stabilization of the PTEN protein onto the

silica nanoparticles
5.1.4 Intracellular Tracking

e To achieve amalgamation of delivery, tracking and improved binding of the protein,
lysozyme-template silver nanoclusters (AgNCs) were synthesized and subsequently

characterized
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e The favorable optical property of the nanoclusters was capitalized to study the
interaction with the recombinant protein and the cellular internalization of the cargo

e The formulation of the protein delivery vehicle is very crucial to preserve the protein
function in complex environment. In this context, the GST-PTEN-AgNCs were
encapsulated within polyethylene glycol (PEG) to aid fabrication of spherical
nanoparticles to mediate intracellular delivery accompanied with additional
advantages of polymeric coating such as ‘sleath’ behavior that prevents nanoparticles
aggregation

e TEM DLS zeta potential measurements of PEG coated composite (named as PTEN-
Nanocomposites) confirmed the formation of spherical nanocomposites of average
diameter of 125 nm with neutral surface charge

e An imperative emphasis of the study was demonstration of functional aspect of the
encapsulated recombinant protein. Proteins are delicate biomacromolecules, prone to
degradation and disintegration. As a result each step of the formulation demands
meticulous inspection of the function of the protein. The functional integrity of the
recombinant protein was analyzed after binding to the nanoclusters and also after
PEG encapsulation. The enzyme Kkinetic assay elucidated retention of the
phosphatase activity of PTEN

5.1.5 Modulation of Cellular Signaling

e Endocytosis mediated cellular uptake of the PTEN-Nanocomposites in cell lines
expressing endogenous PTEN differentially (PTEN null U-87 MG and PTEN
expressing MCF7) effectuated in modulation of the cellular signaling

e PTEN-Nanocomposites regulated the expression of two central signaling proteins
Akt and FAK along with modulation of cell cycle regulators

e The implications of altered cellular signaling was perceptible as reduced wound
healing capacity, cell cycle arrest and reduced proliferation in both U-87 MG and
MCF7 cell lines

e Further the capacity of PTEN-Nanocomposites to function as co-therapy agent was
evaluated in presence of drug erlotinib. Treatment of U-87 MG cells with the

combined therapy resulted in chemo-sensitization towards erlotinib, thereby reducing
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the concentration of the small molecule drug to bring about the same effect in the
multi-drug resistant cell line

e The monolayer culture results provided strong lead towards the potential therapeutic
application of the nanocomposite, which provided the motivation to translate the

results to three dimensional cultures
5.1.6 Effect on Spheroids

e Three dimensional cultures have gained enormous importance as a drug testing
platforms due to their close resemblance to the complex and heterogeneous in vivo
tumor microenvironment

e PTEN-Nanocomposite uptake in the spheroid model was confirmed by z-stacking
analysis using confocal microscopy

e Cellular uptake of PTEN-Nanocomposites resulted in modulation of expression of
genes involved in apoptosis and cell cycle regulation, which effectuated in
successfully reduction in the proliferation of the spheroids

e In case of MCF7 spheroids, ICsy was achieved at a considerably higher concentration
of PTEN-Nanocomposites as compared to monolayer MCF7 cultures. This confirms
the incongruity in monolayer cultures and in vivo tumor environment, making three
dimensional cultures a vital screening step to augment the biological relevance of the
therapeutic agent

e Successful co-therapy module was executed in U-87 MG spheroids, where tamoxifen
and PTEN-nanocomposites in combination displayed dose dependent inhibition of
the spheroids proliferation. Thus, the present investigations strengthen the foundation
for application of recombinant signaling protein as a therapeutic agent. It further
paves the way for generating novel composites to accomplish the stabilization and
delivery of intracellular recombinant protein PTEN. The recombinant proteins were
successful as a therapeutic agent in both mono-therapy therapy and combination
therapy modules. Successful co-therapy with anti-cancer drugs assisted in reducing
the required dosage of the small molecule drug, which can be applied to reduce the

drug associated side effects. The essence of the work is illustrated in Scheme 5.1.
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Scheme 5.1 The essence of the current investigation.

5.2 Future Prospects
The future scope of the work based on current investigations include

e Appropriate functionalization of the nanocomposites will furnish scope for
development of targeted cancer therapy

e Understanding signaling pathways in presence of the drugs will provide a better
insight in developing successful combination therapy modules to combat drug
resistant cancer

e Since PTEN-nanocomposite demonstrated successful activity on spheroid model, the

efficacy of the nanocomposite system can be further evaluated on in vivo studies
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ANNEXURE

e Fold change

Recombinant proteins PTEN-Long and PTEN treatment of U-87 MG and MCF7 cell lines
resulted in modulation of expression of signaling proteins and genes. The fold change of the
treated and untreated samples is presented in the table below, where U-87 MG and MCF7
refers to the control cells, U-87 MG-PTEN-Long (2h) refers to cells treated with PTEN-Long
for 2 h, U-87 MG-PTEN-Long (4h) refers to cells treated with PTEN-Long for 4 h, U-78
MG-Nancomposites refers to cells treated with only nanocomposites, U-78 MG-PTEN-
Nancomposites refers to cells treated with PTEN encapsulated within the nanocomposites.
MCF7-Nancomposites refers to cells treated with only nanocomposites, MCF7-PTEN-
Nancomposites refers to cells treated with PTEN encapsulated within the nanocomposites.
The fold change was calculated using ImajeJ software and normalized against endogenous

control GAPDH.

Western Blot Study

Treatment with PTEN-Long

Expression Analysis of pAKTS473

U-78 MG 1
U-78 MG-PTEN-Long (2h) 0.53
U-78 MG-PTEN-Long (4h) 0.23
Expression Analysis of pFAKTyr397

U-78 MG 1
U-78 MG-PTEN-Long (2h) 0.51
U-78 MG-PTEN-Long (4h) 0.35
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Treatment with PTEN-Nanocomposite on Cell lines (Monolayer Culture)

Expression Analysis of pAKTS473

U-78 MG 1
U-78 MG-Nancomposites 0.84
U-78 MG-PTEN-Nancomposites 0.52
MCF7 1
MCF7-Nancomposites 0.84
MCF7-PTEN-Nancomposites 0.26

Expression Analysis of pFAKTyr397

U-78 MG 1
U-78 MG-Nancomposites 0.77
U-78 MG-PTEN-Nancomposites 0.12
MCF7 1
MCF7-Nancomposites 0.59
MCF7-PTEN-Nancomposites 0.06

RNA Expression Study

Treatment with PTEN-Long

Expression Analysis of Cyclin B

U-78 MG 1
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U-78 MG-Buffer 1.21
U-78 MG-PTEN-Long 0.64
Expression Analysis of Cyclin D

U-78 MG 1
U-78 MG-Buffer 1.15
U-78 MG-PTEN-Long 0.37

Treatment with PTEN-Nanocomposites on Cell Lines (Monolayer Culture)

Expression Analysis of Cyclin B2

U-78 MG 1
U-78 MG-Nanocomposites 1.1
U-78 MG-PTEN-Nanocomposites 0.44
Expression Analysis of Cyclin B1

MCF7 1
MCF7-Nanocomposites 1.04
MCF7-PTEN-Nanocomposites 0.52

Treatment with PTEN-Nanocomposites on Spheroid Culture

Expression analysis of Cyclin A

U-78 MG

U-78 MG-Nanocomposites

0.89
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U-78 MG-PTEN-Nanocomposites 0.2

Expression analysis of Bax

U-78 MG 1
U-78 MG-Nanocomposites 1.5
U-78 MG-PTEN-Nanocomposites 1.6

Expression Analysis of FOXO3a

U-78 MG 1
U-78 MG-Nanocomposites 1.1
U-78 MG-PTEN-Nanocomposites 1.61

Expression analysis of Cyclin B1

MCF7 1
MCF7-Nanocomposites 0,88
MCF7-PTEN-Nanocomposites 0.27
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e Buffers and their composition

Alkaline lysis solution for plasmid
isolation 1

50 mM glucose, 25 mM Tris-Cl (pH-8.0),
EDTA (10 mM)

Alkaline lysis solution Il

0.2 N NaOH, (freshly diluted from 10 N
stock), 1% (w/v) SDS

Alkaline lysis solution I11

5 M potassium acetate (60 mL), glacial acetic
acid (11.5 mL), water (28.5 mL)

Blocking buffer for western blot

3% (w/v) BSA in PBST/TBST

Cleaning buffer 1 for column
regeneration (pH-8.5)

0.1 M boric acid, 0.5 M NaCl, adjust the pH
8.5 with sodium hydroxide

Cleaning buffer 2 for column
regeneration (pH-4.5)

0.1 M sodium acetate, 0.5 M NacCl, adjust the
pH 4.5 with acetic acid

Hepes Buffer Saline

50 mM Hepes and 150 mM NaCl, pH adjusted
to 7.4 with NaOH

Lysis buffer for PTEN-Long protein
purification

50 mM TrispH 7.4, 1 mM EDTA, 1 mM
PMSF and 150 mM NaCl

Lysis buffer for PTEN protein
purification

20mM TrispH 7.4, 1 mM EDTA, 1 mM
PMSF and 150 mM NaCl

Phosphate buffered saline

137 mM NaCl, 2.68 mM KCI, 7.98 mM
Na2HPO4, 1.4 mM KH2PO4, pH 7.4

Polyacrylamide solution (30%)

29.2% (w/w) acrylamide, 0.8% (w/w) N,N'-
methylenebisacrylamide

Protein elution buffer

25 mM Hepes, pH 8.0 and 15 mM L-reduced
glutathione

Tris-acetate EDTA (TAE) 50X (100 mL)

24.2 g Tris base, 5.71 mL of glacial acetic
acid, 10 mL of 0.5 M EDTA (pH-8.0)

Tris Buffered Saline Tween-20

Tris-HCI (50 mM), NaCl (150 mM), Tween-
20 (0.1% v/v) pH-7.5

TSS buffer for competent cells

10% (w/v) PEG 8000, 0.6% (w/v)
MgCI2.6H20, 5% (v/v) DMSO in LB media

4X protein loading dye (for 10 mL)

2.0 ml 1 M Tris-HCI (pH 6.8), 0.8 g SDS, 4.0
ml 100% glycerol, 0.4 ml 14.7 M j-
mercaptoethanol, 8 mg bromophenol blue in
water

6X DNA loading dye

0.25 (%)(w/v) bromophenol blue, 0.25% (w/v)
xylene cyanol FF, 30% (v/v) glycerol in water
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