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Synopsis
Introduction:

Human sodium iodide symporter (NIS) is a transmembrane glycoprotein that
aids in active transport of Na* and I inside the thyroid follicular cells. Energy used for the
uptake of Na" and I is obtained from the Na'-K* ATPase pump. Other than the presence
of NIS in thyroid gland, its expression is also evident in some of the extra thyroidal
tissues including salivary gland, gastric mucosa, lactating mammary gland and ovary. As
NIS can mediate intracellular delivery of radioiodide, it is of great interest as a
therapeutic tool in thyroidal as well as non-thyroidal cancer. Ability of this molecule to
uptake iodine has been used for more than over 70 years in diagnosis and treatment of

thyroid malignancies.

In the year 2000, Tazebay et al. reported that NIS molecule is expressed in above 80% of
breast cancer (BC) cases as opposed to its absence in normal, non-lactating breast tissue’.
Following this study there were several reports suggesting NIS transcript or protein over
expression in BC*®. Translational medicine based studies have also been carried out for
testing the efficacy of NIS based therapy and diagnosis in malignant primary as well as
metastatic BC settings®*°. However the variation in NIS expression level across the

various BC subtypes was unknown.

In addition to analysis of NIS expression in BC patient samples, few groups have over
expressed NIS under ubiquitous or mammary tissue specific promoters and evaluated its

efficacy for diagnosis as well as therapeutics in BC cells***2.

Rationale: As mentioned in the introduction various groups suggest high NIS expression
in BC but its subtype specific expression is not known at present. Ryan et al. in 2013
reported NIS expression at the transcript level from 75 BC patient samples including all

major subtypes and observed significantly high NIS expression in ER, PR-ve, HER2 +ve
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subtypes™®. However the status of NIS at protein level was not reported. As an ion
transporter, the NIS protein expression as well as localization is important, therefore
immunohistochemistry (IHC) for NIS in BC subtypes may provide important information

relevant for addressing functional use of NIS based therapy to the clinic.

In the experimental models developed for evaluation of NIS based **!I therapy in BC
cancer, all the previous studies suggest regression of tumour with **!1 in vivo, however
within 10 days of post-treatment tumour recurs*?. Thus although **I alone results in
tumour growth inhibition, but tumour recurrence suggests further improvement is
required in radioiodine therapy of NIS expressing BC cells. A strategy that can be used
but still unexplored is addition of radio sensitizers to enhance **'I mediated damage to
NIS expressing cells. Exploring the combination of radio sensitizers with radioiodine may

show improved therapeutic efficacy in NIS expressing BC cells.

Aims & Obijectives: Based on the above rationale following are the objectives of the

thesis:

1. Understanding of NIS expression in breast cancer patients

2. Understanding the efficacy of NIS based radioiodine therapy in an experimental model

using engineered cells

Results :

Objective 1. Understanding of NIS expression in breast cancer patients

1.1 Evaluation of NIS expression in primary breast tumour tissues and it’s

correlation with various prognostic markers of breast cancer:

In order to understand NIS expression level in BC we performed immunohistochemistry

(IHC) in 181 primary breast tumour FFPE tissue (formalin fixed paraffin embedded)
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samples including all major BC subtypes. The number and average age of samples in

each subtype is as mentioned in the following table:

ER+ve, PR+ve, ER+ve, PR+ve, ER-ve, PR-ve, ER-ve, PR-ve,

HER2-ve HER2-ve HER2+ve HER2-ve
Sample# 55 26 41 59
Mean age (years) 49 51 50 49

As appeared in DAB (3, 3° Diaminobenzidine) stained IHC staining, the NIS staining was
mainly diffused cytoplasmic type, however in very limited numbers of tissue samples
(n=4) membrane NIS expression was observed using the same protocol and antibody.
Tumour adjacent normal breast tissues were stained negative and membrane specific
staining was observed in salivary gland tissue used as positive control. A thyroid papillary
carcinoma tissue was also used as positive control, which showed diffused cytoplasmic
pattern for NIS staining. Of the total number of samples analyzed, 78% BC cases were
positively stained for NIS. Receptor subtype specific classification showed that 90%
samples of ER, PR+ve, HER2-ve and 92% of ER, PR +ve, HER2+ve subtype are positive
for NIS expression whereas only 74% HER?2 enriched (ER, PR —ve, HER2 +ve) and 60%
of TNBC (ER, PR —ve, HER2 -ve) samples are positive for NIS expression. Further, NIS
staining intensity comparison was done keeping one thyroid papillary carcinoma tissue
sample as a positive reference. Subtype specific intensity analysis of tumour tissue
samples showed equivalent or lesser staining intensity as compared to the thyroid
carcinoma reference used and therefore are categorized as 3+, 2+, 1+ and negative (0)
scores by pathological as well as digital IHC analysis methods. We observed significant
difference among the subtypes in terms of NIS expression. Next we compared NIS

expression on the basis of ER status in patient samples and observed that frequency of
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samples showing positive NIS expression is significantly high in ER+ve samples
(p<0.0001). Classification on the basis of HER2, chemotherapy and menopausal status
did not show any significant difference in frequency of samples showing NIS expression.
Further to compare NIS expression between the age groups, we divided the patient
samples into 2 groups i.e. age group above 50 and below 50 years. We observe increased
frequency of patients showing positive NIS staining in the age group below 50 as
compared to in the age group above 50 (p=0.0283), indicating significant differences in
the age groups. We also evaluated NIS expression in 20 fibroadenoma breast tissues and

all the tissues showed positive NIS expression.

Since, previous reports so far poorly depicts if NIS expression at the transcript and
protein level correlates or not, we have thoroughly analyzed the NIS transcript by real
time PCR in 59 primary breast tumour tissue samples. The samples in each subtype
included 20 ER, PR+ve, HER2-ve, 15 ER, PR+ve, HER2+ve, 12 ER, PR-ve, HER2+ve
and 12 ER, PR-ve, HER2-ve subtypes. We performed Q RT PCR using TagMan probe
and GAPDH was used as an endogenous control for normalization. We used RNA from
normal breast tissue for relative assessment in malignant breast tissue and employed 224
method to calculate the NIS expression in breast tumour tissue as compared to normal
breast tissue. We observed significant upregulation of NIS expression in the breast
tumour tissue as compared to normal breast tissue. When compared among the subtypes,
we observed significantly high NIS expression in ER, PR+ve, HER2-ve subtype as
compared to ER, PR-ve, HER2-ve subtype (p=0.0435). However no significant difference
was observed among the other subtypes. Further, we classified the data on the basis of ER
status and observed significantly high NIS expression in ER+ve samples as compared to

ER-ve samples (p=0.0194), which is concordant with our IHC data. Our data indicates

close association of NIS expression with ER positivity. Further classification on the basis



Synopsis

of age, HER2 and menopause status did not show any significant difference in NIS
mMRNA expression among the groups. Further to investigate the correlation of NIS
expression at the transcript and translational level, we procured 20 samples
simultaneously fixed in formalin (for IHC) as well as RNase later (for real time PCR) and
evaluated NIS protein and mRNA expression level respectively. Except for 2 samples, all
other samples showed correlated expression of NIS mRNA and protein (R?=0.696).
However for different scoring intensity of NIS at IHC, the difference in NIS expression at
RNA level was not significant. Our data for the first time indicates variation in NIS
expression at the transcript as well as translational level with respect to such prognostic
factors, however the samples used in the study is only from Indian population and
whether it holds true to the BC patients from other geographical locations is a matter of

investigation.

1.2. Understanding of NIS expression in BC patients with primary vs.

metastatic tumour:

Since NIS expression pattern has not been compared between primary tumour and its
metastatic counterpart in previous studies, we performed immunohistochemistry in 45
paired (45 primary and 45 lymph node metastatic tumours from the same patients)
paraffin embedded BC tissue samples. Overall total number of samples in each subtype
includes 18 ER, PR+ve, HER2-ve, 5 ER, PR+ve, HER2+ve, 13 ER, PR-ve, HER2+ve and
9 TNBC (Triple negative BC) subtype. Among the metastatic cases only 1 (2%) sample
showed 3+ score, 30 (67%) samples showed 2+ score and 11 (24%) samples showed 1+
score for NIS expression. NIS expression in metastatic tumour tissue samples was
compared with their respective primary tumour tissue samples. The results suggest that in
78% of the metastatic tumour tissue samples NIS intensity was either equal or higher than

their respective primary tumour tissue samples, indicating scope of NIS mediated
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radioiodine therapy in the metastasized tissue as well. Renier et al. reported previously
high NIS expression in the BC brain metastatic tissue?, however comparative study
including all subtypes is lacking in literature and our report indicates distinct differences
in NIS expression among metastatic tumour of BC subtypes. Any significant difference
was not observed in relation to age, HER2 receptor and menopausal status.

Objective 2. Understanding the efficacy of NIS based radioiodine therapy in an
experimental model using engineered cells

2.1. Development of a NIS over-expressing MCF-7 and ZR-75-1 cell model:

Extending the study in an experimental model, an attB integrase based plasmid vector
system was made incorporating human NIS as first cistron and a fusion reporter gene
(TurboFP-Fluc?2) as second cistron linked by EMCV-IRES (Encephalomyocarditis Virus-
Internal Ribosomal Entry Site) DNA sequence under the chicken beta actin promoter and
this vector system was used for construction of MCF-7 and ZR-75-1 stable cells. Stable
cell lines generated were characterized for the expression of NIS as well as
luciferase/fluorescence reporter proteins. By performing stringent screening of clonal
population, we obtained MCF-7 cell clones which express NIS predominantly either at
the cell membrane or in the cytoplasm with different intensity levels; however for ZR-75-
1 all the clones showed predominant cytoplasmic over-expression of NIS. The expression
of NIS was also verified at transcript as well as for functioning in terms of inward iodine
pumping ability which was found to be well correlated with NIS protein expression
levels. An increase in iodine uptake was evident in MCF-7 stable cell clone expressing
NIS at membrane when compared with the plain MCF-7 or MCF-7 stable cells expressing
NIS in cytoplasm. Since NIS is a glycosylated protein, the defect in its membrane
targeting is probably due to incomplete glycosylation. To further characterize the

difference at the molecular level in the established MCF-7 clonal cell population with
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cytoplasmic or membrane NIS expression, we performed glycosylation RT profiler PCR
array and checked the expression levels of 84 gene signatures involved in the process of
glycosylation. The array data suggests distinct up- or down-regulation of specific subsets
of glycosylation enzymes in the two established cell populations. Specifically, the
expression level of mannosidases, sialidases, mannosyltranferases and sialyltransferases

were found significantly high in NIS membrane clones than the cytoplasmic clones.

In case of cytoplasmic NIS expressing clones, iodine uptake was equivalent to that of
plain MCF-7 cells, which indicates that for functional implication, NIS protein must be
located at the cell membrane. In order to show specificity of NIS for iodine uptake we
used potassium perchlorate (KCIO,4) which specifically blocks NIS. Incubation of NIS
expressing MCF-7 stable cells with potassium perchlorate showed complete inhibition of
iodine uptake. Since the time window for iodine retention inside the cells plays a crucial
role for cellular damage, we also evaluated the time for release of iodine from the stable
cells. In order to do so iodine efflux assay was performed at different time points. We
observed that 90% of iodine is released in initial 20 minutes, possibly indicating lack of

iodine trapping (organification) method in BC cell.

2.2. Evaluation of radioiodine mediated therapeutic effect in NIS expressing

tumour cell model by molecular imaging technigues:

Once the NIS expressing cells were characterized, we evaluated the effect of **!1 therapy
on viability of NIS expressing MCF-7 (clone 22) and ZR-75-1 (clone 1) cells by
clonogenic and apoptotic assay. We observed complete cell death with 100pCi ***I where
as with 50pCi !l 40% cell death in MCF-7 and 85% cell death in ZR-75-1 NIS

expressing clones was observed.

Further in order to understand distribution of **1 in the animal model we performed
Cerenkov luminescence imaging (CLI). In brief, Cerenkov radiation generates when

9
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charged particles travel through an optically transparent, insulating material with a
velocity that exceeds the speed of light. The visible light generated is called Cerenkov
luminescence which can be captured by ultrasensitive CCD optical imaging system. As a
process of standardization different doses of *'I was added in 96 black well plate and
CLI was performed using IVIS in vivo imaging system. We observed dose dependent
increase in the signal intensity, which can be blocked by placing a black paper to cover

the wells. Further, CLI after intra peritoneal injection of **!|

showed signal in the thyroid
and tumour of ZR-75 xenografted nude mice suggesting possibility of using CLI in in

vivo mice xenograft model.

For in vivo evaluation of therapeutic potential of NIS, 6x10° NIS over-expressing ZR-75-
1 cells (clone 1) were implanted for subcutaneous tumour growth in 8 nude mice and
when the tumour volume reached to a measurable size, we initiated ***I therapy. Before
starting **!1 therapy thyroid of the control as well as treated group mice were blocked
with T4 and methimazole for 7 days and the thyroid blocking was continued further
throughout the experiment. Tumour bearing mice were randomized into 2 groups, control
and ¥ treated. Based on the previous literature reports we treated tumour bearing mice
with weekly dose of 1mCi **!1 for 3 weeks. Further CLI imaging after 24 hrs of 1mCi **1
injection (intra peritoneal) showed tumour specific accumulation where as thyroid was
significantly blocked (no signal observed). To monitor the efficacy of radioiodine therapy
bioluminescence imaging was performed and quantification of the luminescence signal
showed that in the control group there was continuous increase in the signal intensity over
3 weeks. However in the treated group luminescence signal intensity was decreased after

2 weeks of therapy and it reduced further after 3 weeks, indicating tumour regression by

radioiodine treatment.
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2.3. Effect of 2-DG and metformin as a radio sensitizer for increased radioiodine

mediated damage in NIS expressing cells :

As therapeutic potential of NIS in BC is often found limited due to low iodine uptake
and/or fast efflux rate of iodine due to lack of appropriate iodine organification system, to
further enhance NIS mediated **!I therapeutic efficacy, the scope of radio sensitizers as a
combination strategy is explored. Radiosensitization using either metformin or 2-DG (2-
Deoxy-D-glucose) in various cancer cell has been reported previously. In the present
study combination of two radio sensitizer drugs were used to enhance NIS mediated
radioiodine therapy. Two BC cell lines, MCF-7 and MDA MB231 were tested to
optimize minimal drug doses required for radiosensitization in combination with cobalt
60 radiation. A combination of 2/4mM metformin and 20mM 2-DG with 2Gy Cobalt60
radiation showed significant radiosensitization effect (p=0.0002) in MCF-7 cells. In cells
treated with the combination therapy increased DNA damage is indicated by YH2A.X foci
formation. In addition to MCF-7 cells, effect of radio sensitizers on Cobalt60
radiotherapy in MDA MB231 cells was also evaluated. In MDA MB231 cells
combination of 4mM metformin and 5mM 2-DG dose with 2 Gy radiation showed
significant decrease in cell survival as compared to 2 Gy radiation alone (p=0.0020,
CI=95%). In NIS over-expressing MCF-7 BC cells effect of optimized drug
concentrations was evaluated and we observed significant radiosensitization (p=0.0019)
on combining the drugs with 50pCi **!I. Apoptosis data corroborated with the result of
clonogenic assay showing significant increase in apoptotic population upon dual drug
mediated radiosensitization. We also observed lowered ATP content post 2-DG and
metformin treatment. Since our patient sample data suggests cytoplasmic loacalization of
NIS in majority of patient samples, we also evaluated the effect of radio sensitizer’s

combination with**1 in plain MCF-7 cell. Our data shows that 50uCi ***I results in 30%
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cell death which increases to 60% on addition of 2-DG and metformin. Thus our results
provide novel information and open up the possibility of using radio sensitizers for

enhanced radioiodine treatment efficacy in BC cells over-expressing NIS protein.
Conclusion:

Detailed analysis of the patient samples in the present work suggests upregulated
expression of NIS in majority of the BC tissues in Indian population. Our results from
real time as well as IHC show positive correlation of NIS with ER receptor positivity.
Further, evaluating NIS protein expression in 45 paired samples of lymph node metastatic
and primary breast tumours, good correlation was established, indicating NIS expression

status remains unaltered.

In the experimental settings, we engineered mammalian expression vector for correlated
expression of human NIS and luciferase reporter and established NIS over-expressing
MCF-7 and ZR-75-1 cell clones. Thorough molecular and functional characterization of
two distinct MCF-7 clonal populations with distinct pattern of NIS localization was
carried out during this study. We observe distinct differences in their glycosylation
enzyme expression profile, suggesting important role of glycosylation in correct
membrane targeting of NIS protein. Further, cell culture survival assay upon |
treatment suggests significant loss in viability with radioiodine therapy that can be further
enhanced by the use of 2 radio sensitizers namely, 2-DG and metformin. The encouraging

radiosensitization effect observed may aid in targeted radioiodine therapy in BC cells

with NIS expression.
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Chapter 1

1.1 Breast Cancer:

Breast cancer (BC) is the most frequent cancer among women and 2" most frequent
cancer worldwide, with more than 1.7 million cases diagnosed in 2012 according to
GLOBOCAN 2012. It is the most commonly diagnosed cancer among females (Figure
1.1A) in 140 of 184 countries and accounts for nearly 1 in 3 cancers diagnosed in women
in USA™™_ In India too, BC is the most common cancer among females in urban areas *°.
With rate of BC incidence increasing by 0.5-2% per annum, BC has now exceeded the
number of cervix cancer incidence. BC is the fifth most common cause of cancer deaths
among all cancers, whereas it is the most common cause of cancer deaths among women
in less developed countries, including India. In developed countries, it is the 2" most
common cause of cancer deaths among females after lung cancer (Figure 1.1B).
Worldwide, BC lead to 5,22,000 deaths in the year 2012. Compared to 2008,
GLOBOCAN 2012 statistics suggest a 20% increase in BC incidence and 14% increase in
mortality worldwide. In addition to this, the frequency of young females diagnosed with
BC is very high. Around 6.6% of BC cases are reported in women below 40 years of age,
while the incidence is 2.5% and 0.65% in women below 35 and 30 years of age,
respectively’”*®, In Asian countries the incidence of BC in females peaks at the age of 40s
9 where as in European countries and USA it peaks at the age of 60s. More than 80% of
Indian BC patients are less than 60 years of age. The proportion of Indian BC patients
under the age of 35 varies between 11% at Tata Memorial Hospital, Mumbai % to 26% at
SGPGIMS, Lucknow® . BC at young age tend to exhibit large size tumour, higher
number of metastatic lymph nodes, poorer tumour grade, aggressive tumour subtypes,
earlier and more frequent loco regional recurrences, and poor survival “?2. Thus, there is

a need to prioritize BC screening and control.
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Figure 1.1 Epidemiology of BC?* A. BC occurrence in women in developed countries B. BC

mortality in women in developed countries.

1.2 Risk factors:

Incidence of BC depends on several risk factors which include modifiable as well as non-

modifiable factors. Modifiable risk factors include late age at first child birth, use of oral

contraceptives and hormone replacement therapy, postmenopausal obesity, cigarette

smoking and alcohol consumption. Non-modifiable risk factors include sex, increasing
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age, family history of breast or ovarian cancer, germ line mutation in a high-risk BC
susceptibility gene, benign breast disease with atypical hyperplasia, early age at
menarche, late age at menopause, dense mammary tissue etc.”%. Many of these factors
affect the level of reproductive hormone in females, thereby increasing the risk of BC
incidence. Post menopausal women with higher level of endogenous hormones (estrogen
and testosterone) are at increased risk of BC compared to women with lower hormonal
levels?”. Women with family history of BC, especially first degree relative are at higher
risk of developing BC. BC incidence resulting from inherited mutations is 5-10%. High
breast tissue density (amount of mammary and connective tissue relative to fatty tissue) is

a strong and independent risk factor for BC development.

1.3 Diagnosis:
Since cancer is curable if detected early, diagnosis plays a very important role. BC
diagnosis includes physical breast examination, imaging tests, analysis of nipple

discharge and biopsies of suspicious areas.

Imaging tests create image of the body using X-rays, magnetic field, sound waves or
radioactive tracer. Mammography involves irradiation of breast with X-rays. Ultrasound
can be used to distinguish between cysts and solid masses as well as benign and
malignant tumours. However, its use instead of mammography for screening purpose is
not recommended. In case of nipple discharge some of the fluid is collected and is
examined under the microscope for presence of cancer cell. However, absence of cancer
cell from nipple discharge does not confirm absence of BC. Biopsy is the ultimate test to
find if cancer is present. Different types of biopsies include fine needle aspiration (FNA)
biopsy, core biopsy, vacuum assisted breast biopsy, excisional and incisional surgical

biopsy.
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1.4 Breast cancer stages:

Stage describes state of cancer progression in body. Determination of stage is based on
tumour size, invasiveness, lymph node involvement and metastatic status (Figure 1.2).
Determining the stage of BC is important as it helps in understanding the prognosis and
determines possible treatment strategies for the BC patient. BC stage is usually expressed
as a number on the scale of 0 to IV, with stage 0 referring to the non-invasive cancer and

stage IV describing invasive cancer that has been spread to different organs of the body.

Stage IIA Stage Il Stage IV

Mucosa

Spread to other
organs and distant

Submucosa
lymph nodes

Muscle

Lymph node

Figure 1.2 Breast cancer stages®®

1.5 Histological grade:
Histological grading plays a very important role for treatment of BC. Many reports

| 2° Grading is determined based on 3

suggest its close association with surviva
characteristics of the cells which include tubule formation, nuclear pleomorphism and
mitotic counts (Table 1.1). Determination of tumour grade is based on Scarf Boom

Richardson grading system which was modified by Elston and Ellis*®!. All the three
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mentioned characters of the cells are scored on the scale of 1-3. The score of the three
characters are then added and the score obtained is determined for grading on the scale of
3-9.

Low grade tumours are known to have more favourable prognosis than high grade -
poorly differentiated tumours®****. High grade tumours are also known to show negative

hormone receptor status where as the case is opposite with low grade tumours.

Table 1.1 Criteria for grading a BC tissue sample

Feature Score

Tubule and gland formation

Majority of tumour (>75%) 1
Moderate degree (10-75%) 2
Little or none (<10%) 3

Nuclear pleomorphism

Small, regular uniform cells 1
Moderate increase in size and variability 2
Marked variation 3
Mitotic counts

Dependent on microscopic field area 1-3

1.6 Histology of normal breast:

The functional unit of the mammary gland is a tubular and glandular element embedded
in the fibro-fatty tissue of the breast. The secretory part of the gland is terminal ductal
lobular unit (TDLU), which is connected to an excretory part i.e. the large ductal system
(Figure 1.3). Mammary secretions occur in lobule, which is made up of alveolar glands

encompassed by specialized stroma. Lobular gland is surrounded by a single layer of
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cuboidal cells known as luminal epithelial cells, which is supported by underlying loosely
connected myoepithelial cells. Secretions from lobules are collected via small terminal
ductules that discharge into large ductal system (major lacticiferous duct) and is excreted

at nipple via a secretory pore forming the lacticiferous duct orifice.

Terminal ductal-lobular unit

Myoepithelial cells

Progenitor
Stem cell

Fatty tissue

Stromal fibroblasts
Basement membrane

Breast Cancer Resoarch

Figure 1.3 Structure of the mammary gland. Terminal ductal-lobular unit (TDLU), composed of
ductal cells, is the unit thought to be the origin of most BC. Lobule is made up of two primary

types of cells in normal ducts: outer contractile myoepithelial and inner columnar luminal cells*.

1.7 Histopatholgy of breast cancer:

Histological type refers to the growth pattern of tumour. Pathologists identify specific
morphological and cytological patterns in BCs that are closely associated with outcome of
the disease. Histologically BC is divided largely into two groups: carcinomas and
sarcomas. Carcinomas arise from breast epithelial cells where as sarcomas arise from
stromal cells of the mammary gland. However sarcomas account for less than 1% of

primary breast tumours. Breast carcinomas can be divided into in situ or invasive
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carcinomas. Among all the BCs, invasive ductal carcinoma accounts for 80% cases and
invasive lobular carcinoma accounts for 10-15% cases. Other BC histologic types are
special types that include colloid (mucinous), medullary, micropapillary and tubular

subtypes.

1.8 Breast cancer biomarkers:

Estrogen receptor (ER), progesterone receptor (PR) and Human epidermal growth factor
receptor (HER2) are important prognostic factors for BC. These factors regulate
proliferation and differentiation of mammary cells. ER/PR positivity is observed in 2/3"™
of BCs. It is reported that BC patients with ER/PR positivity have less risk of mortality as
compared to patients with ER/PR negative breast tumours®=.

Various studies suggest that steroid receptor status is closely associated with the disease
outcome when follow-up time is short, but the association is considerably weaker in long
time follow-up studies®’. The hormone receptor status is also important for predicting
response to endocrine therapy. 80% patients with ER/PR positive status responds to
endocrine therapy where as less than 10% patients with ER/PR negative status show
response to hormonal therapy.

Another important biomarker is a member of tyrosine kinase receptor family, namely,
HER2. In a normal mammary epithelial cell, HER2 controls division, growth and repair
of the cell. However in around 25% of BC cases, HER2 gene is amplified resulting in
uncontrolled growth and division of these cancer cells*®*. HER2 positive tumours are
known to have worse prognosis than HER2 negative tumours®*“°. HER2 positive patients
are generally treated with the 1% line therapy of trastuzumab, a monoclonal antibody that

binds to extracellular domain of HER2 receptor. However, only 50% patients with

advanced disease are known to respond to trastuzumab therapy*’.
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In addition to these biomarkers which are routinely used in clinic today, there are
constant research efforts to investigate the molecular signatures for classification of BC
and to predict treatment response. Through expression analysis of a large number of
genes, it is possible to find set of multiple genes that correlate well with a specific
biological behaviour of tumour. Based on molecular classification BC is classified into
four subgroups- luminal, basal-like, HER2 enriched and normal gland like*. With
advancement in gene expression analysis technologies the number of molecular
categories has expanded®. Recently BC has been classified into 10 molecular subtypes
based on copy number variants, single nucleotide polymorphism and acquired gene copy

number aberrations**.

1.9 Metastasis:
As in majority of the cancers, metastasis to distant site is the main cause of BC related
deaths *°. Patients detected with BC are at risk of developing metastasis for their entire

life span. The common site for BC metastasis is bone, brain, lung and liver.

The common risk factors for metastasis are presence of tumour in lymph node, larger
tumour size, loss of histopathological differentiation and vessel invasion in patients with
negative tumour in axillary lymph node*®*’. Due to vast heterogeneity of the disease, it is
difficult to predict the prognostic markers and risk factors for development of metastasis.
Among various markers, HER2 has a value as a prognostic marker*®. Owing to its vital
role in metastasis prediction and treatment prognosis, testing HER2 expression status is a
standard of practice in clinics at present. Another potential prognostic marker is presence
of disseminated tumour cells, known as circulatory tumour cells and several reports
suggest association of circulating tumour cells (CTCs) with metastasis and disease
outcome *°. However, few reports contradict the use of CTC detection for disease
prognosis™ . Thus, further studies are required to establish clinical importance of CTCs.
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Few other markers with prognostic value include presence of BC cell in bone marrow,
expression  of urokinase type plasminogen activator (UPAl) and matrix

metalloproteinases (MMPs)>"%%,

1.10 Disease management:

Currently BC therapy is based on individual patient’s clinical examination. Planning of
treatment is made by a multidisciplinary team involving an oncologist, pathologist,
radiologist, radiation oncologist and onco-surgeon. Tumour grade plays an important role
in diagnosis and management of BC because of its independent prognostic value. In
addition to grade, histological classification by expert pathologists is considered for
treatment decision. With the advancements in genomic analysis tools, scope of
personalized therapy has been explored in past decade. This has given rise to an array of

drugs. At present BC management involves the following strategies:

1.10.1 Surgery:

Radical mastectomy was developed by Dr. William Halsted in the late 1800 and it led to
significant improvement in the overall survival (OS) of BC patients>. For a century,
radical mastectomy was the main therapy for BC. Over the years, it became evident that
all of the BC patients do not require radical mastectomy. The procedure was finally
replaced by modified radical mastectomy and eventually by breast conserving surgery,
owing primarily to the efforts of various clinical trials from National Surgical Adjuvant
Breast and Bowel Project (NSABP) and Milan group. Radiation became the preferred
method for loco regional treatment in suitable BC patients. At present, breast
conservation surgery is the main line of treatment for majority of patients along with
adjuvant therapy of whole body radiation. Adjuvant therapy with radiation is known to
decrease the risk of local recurrence in all subtypes of ductal carcinoma in situ (DCIS).

Outcome of surgery combined with adjuvant therapy is comparable to mastectomy.
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1.10. 2 Radiotherapy:

Radiotherapy is effective as adjuvant as well as palliative BC treatment. Reports suggest
that adjuvant radiotherapy results in decreased risk of first recurrence in all risk groups
and improves overall survival®®. Although there has been advancement in BC
radiotherapy, the molecular basis of radiosensitivity, and biomarkers/ gene signatures to
detect the possible responders is not yet known. Further research in this field is required
to identify non responders, where radiotherapy will result in toxicity.

Although the beneficial effects of radiation are well known in BC, it is sometimes
associated with morbidity and mortality. Recognition and reduction of radiation
associated toxicity is critical for oncologist. Specific radiation related toxicities are
cardiac toxicity, secondary malignancies, radiation pneumonitis and lymphedema.
However with the advancements in 3D planning and improved radiation dose
distributions, radiation associated side effects have been reduced.

Radiation therapy thus plays an important role in multimodality therapy of BC patients,

allowing breast conservation, improved locoregional control and overall survival.

1.10. 3 Chemotherapy:

Search for cytotoxic agents to treat cancer began with German scientist Paul Ehrlich in
1900’s and by 1960s, many of the combinations of cytotoxic agents had been tested®”.
Doxorubicin was considered as most effective drug against BC as early as 1970s%°.
Combination therapy of anthracyclines with cyclophosphamide was the standard therapy
for a long time®’. Further development of taxanes was a breakthrough in the systemic
treatment of BC>®. Following the development of taxanes, other cytotoxic drugs were
developed including vinorelbine, vinca alkaloids, gemcitabine, capecitabine, ixabepilone

59-62

and eribulin®™<. Clinical trials of combination and sequential therapy led to the

development of third-generation adjuvant chemotherapy. Major progress in BC therapy
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was achieved by development of adjuvant chemotherapy. At present, available
chemotherapeutic drugs for the treatment of BC can be classified into alkylating agents,

anthracyclines, plant alkaloids and topoisomerase inhibitors (Table 1.2).

In past few years, much advancement has been made in the treatment of metastatic BC as
well®®, The chemotherapeutic drugs that are used for the treatment of BC metastasis
include anthracyclines, taxanes and 5-fluorouracils. Epothilones and ixabepilone are new
cytotoxic drugs that showed better therapeutic effects in metastatic BC patients®. Despite
steady progress in the treatment with systemic agents, most BCs develop resistance to

these drugs.

Table 1.2 List of major chemotherapeutic agents used in BC treatment

Types of Chemotherapeutic Examples
Agent
Alkylating agents Cisplatin, Carboplatin,
Cyclophosphamide
Anthracyclines Doxorubicin, Epirubicin, ldarubicin
Plant alkaloids Paclitaxel, Vinorelbine, Vindesine
Topoisomerase inhibitors Irinotecan, Etoposide, Teniposide

1.10. 4 Targeted therapy:

Improved understanding of carcinogenesis mechanisms and altered molecular events in
BC has led to the identification of novel molecular targets and development of targeted
therapies. Targeting the molecules that are involved in the process of growth, survival,
metastasis, angiogenesis and invasion of carcinoma cell is critical for effective therapy of
cancer. In past few decades, many monoclonal antibodies and molecular inhibitors have
been developed to target molecules involved in growth and progression of cancer cells.
Clinical trials have demonstrated that several of these agents significantly improve the

survival and outcome of the BC patients. The first and to date most successful targeted
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BC therapy is the competitive inhibitor for ER, tamoxifen®. Adjuvant therapy with

tamoxifen is known to reduce disease recurrence and annual BC death rate by 1/3".

Followed by this, trastuzumab was developed, which is a monoclonal antibody against
HER2 receptor®’. Trastuzumab targets the extracellular domain of the HER2 protein. In
1998, after the demonstration of significant survival benefit, trastuzumab was approved
by the US Food and Drug Administration as first-line treatment in combination with
paclitaxel for women with metastatic HER2/neu-positive BC. Several other targeted
agents currently under evaluation in preclinical and clinical trials include inhibitors of
epidermal growth factor receptor (EGFR), dual EGFR and HER2 inhibitors,
VEGF/VEGFR inhibitors, and agents that interfere with crucial signaling pathways such
as PISBK/AKT/mTOR and RAS/MEK/ERK; agents against other tyrosine kinases such as
Src, insulin-like growth factor (IGF)/IGF-receptor (IGFR); agents that promote apoptosis
such as Poly ADP ribose polymerase inhibitors; agents that target invasion and metastasis
such as matrix metalloproteinase inhibitors and others®®. One of the target proteins also

under active research investigation for BC therapy is the sodium iodide symporter.

1.11 Sodium iodide symporter (NIS)

NIS is a plasma membrane glycosylated protein with 13 transmembrane helices. It
mediates active transport of iodide inside the thyroid follicular cells. NIS couples uphill
transport of 1 1" ion to the downhill transport of 2 Na" ions down to its electrochemical
gradient (Figure 1.4). The energy for the active transport is provided from the sodium
potassium pump. In addition to its presence in thyroid, the protein is also present in other
tissues such as salivary glands, stomach, lactating breast, and small intestine. However
the functional importance of the protein is mainly known in thyroid where the iodide
uptaken is used in the biosynthesis of the thyroid hormones. These hormones play a major
role in the development of brain and lungs throughout the life span as reduced amount of
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iodide in diet results in reduced mental ability, lower school and work performance, and
loss of an estimated 13.5 intelligence quotient (1Q)*. lodide transport by NIS can be

blocked by perchlorate.

ATPase

Figure 1.4 The image showing presence of NIS at basolateral membrane of a thyrocyte. NIS
uptakes Na* and I"in 2:1 ratio. The energy for this transport is obtained from Na*/K* ATPase

pump’.

1.11. 1 Historical perspective of NIS

The direct effect of iodide deficiency, namely endemic goitre and cretinism are known
throughout the human history. Courtois et al. reported use of iodine to treat goitre as early
as 1812"". Thyroid’s ability to concentrate I was also demonstrated in 1896 ™. In
Switzerland iodide supplementation was introduced for humans and animals as early as

in 1922 due to high incidence rate of cretinism "2 The direct link between iodide
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deficiency and cretinism was established in 1966, when a trial was carried out in which
half the families received iodized oil and rest half received saline. The trial showed
dramatic reduction in the incidence of cretinism and goitre in the treated group as
compared to the group that received saline’. These studies formed the basis for diagnosis
and treatment of thyroid disease that lead to the treatment of thyroid cancer with
radioiodide after thyroidectomy’®. The nature of I" channel was not known since many
decades and phospholipids were also proposed to act as I” carriers”. Ultimately NIS was
identified as the molecule required for active I” transport in thyroid’®. However, till date,
the pathway for I" uptaken from basolateral surface across the apical surface into the
thyroid lumen is not very well known. Many molecules including pendrin, chloride
channel and cystic fibrosis transmembrane conductance regulator (CFTR) have been
proposed, but the channel responsible for translocation of I" across apical surface of

thyrocyte is still uncertain.

1.11. 2 lodide organification in thyroid

Once I is translocated into thyroid lumen it is oxidized to I, and then it gets incorporated
into tyrosyl residues. lodinated tyrosyl residues are coupled to thyroglubulin (Tg)
molecule, which is stored in the follicular lumen in colloidal form (Figure 1.5). On Tg
molecule, 3-4 tyrosyl residues are covalently bonded to iodine. This process is catalyzed
by thyroid peroxidase, an apical monotopic membrane protein with a heme catalytic
domain which faces the follicular lumen. The colloidal solution includes insoluble
microglobules of protein highly cross linked with disulfide, dityrosine and glutamyl-
lysine bonds’’. When the thyroid stimulating hormone (TSH) level in the serum increases,
thyroid hormone biosynthesis and release are stimulated. Immediately after TSH

stimulation, pseudopod formation and Tg macropinicytosis occurs, internalized Tg
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undergoes proteolytic cleavage in lysosomes and T3 and T4 are released into the

bloodstream.

%
TSH, cAMP,
forskolin, adenosine

Figure 1.5 llustration of a thyroid follicular cell showing iodide transport by NIS. The
transported iodide is further organified in multiple steps with the aid of pendrin and thyroid

peroxidise (TPO) molecule”.

TSHR = TSH - receptor, NIS = sodium iodide symporter, TPO = thyroid peroxidase, TG =
thyroglobulin, T3 = triiodothyronine, T4 = thyroxine.

1.11. 3 Molecular characteristics of NIS

NIS was cloned for the first time in 1996 from rat thyroid cell line FRTL-5 cells and
functionally expressed in Xenopus laevis oocytes’. Since then, NIS protein has been
extensively characterized and NIS specific antibodies have been generated™*®. NIS has

the excellent ability to concentrate I, 30 to 60 fold in the thyroidal cells®*®.
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Human Sodium lodide Symporter
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A - N-linked glycosylation sites

Figure 1.6 The schematic representing proposed model of NIS with 13 trans membrane helices".

The secondary structure model of NIS shows that it is a hydrophobic protein of 618
amino acids with 13 transmembrane helices (Figure 1.6). It has an extra cellular amino
terminus and an intra cellular carboxyl terminus®. NIS protein is phosphorylated mostly
at its carboxyl terminus. Previous reports suggest that the carboxyl terminus is also
important for correct trafficking and localization of NIS at the plasma membrane®?. There
are also 3 N-linked glycosylation sites for NIS. These 3 glycosylation sites are present at
amino acid position 225, 485 and 497%. However whether glycosylation plays any
important role in its function and localization is still controversial.

NIS sequence from patients and structural homology modelling suggests that the trans
membrane segment IIl, VII and IX play important role in substrate coupling,
coordination, stoichiometry and translocation. Shortly after rat NIS cloning, human NIS
was cloned by Smanick et al. in 1996%°. Human NIS shares 84% identity with rat NIS.

The major difference lies in the 5 amino acid insertion between the last 2 trans membrane
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segment and a 2 amino acid insertion at the carboxyl terminus of human NIS. Human NIS
gene is located on chromosome 19p12-13.2. It belongs to the family of solute carrier
protein, which also include the Na'/glucose transporters (SGLT-1 and 2), the
Na’/monocarboxylate transporters (SMCT-1 and -2), the Na'/multivitamin transporter
(SMVT), and the Na*/myoinositol transporter (SMIT)®’. All these transporters show great
homology with NIS protein, which is annotated as SLC5A5. In addition to the efficient
transport of I', NIS can also mediate transport of many other anions including selenium
cyanate (SeCN"), thiocyanate (SCN") and nitrate (NO3’). Pertechnate (TcO,’), which exists
as P™TcO, is also transported by NIS and widely used for nuclear medicine applications.
NIS also aids transport of perrhenate (ReO4), which is also available in radioactive form
and has clinical application, and ClO,4, which is a well known inhibitor of NIS®®%. In
case of Na' dependent transporters, Na* can be substituted by other cations like H*/Li" but
NIS shows very limited activity with Li* and does not show any activity with H*. The
location of Na* binding site is known to be conserved in all Na* dependent as well as Na*

independent ion channels, by virtue of their available crystal structure.

1.11. 4 NIS expression in extra thyroidal tissues

In addition to thyroid, NIS mediated 1" accumulation has been reported in salivary gland,
gastric mucosa, small intestine, lactating mammary gland, choroid plexus and ciliary
body of eye® . NIS expression at the transcript level has also been detected in colon,
ovary, uterus and spleen, but functional NIS in these tissues has not been reported®*.

NIS expression in normal breast is observed only during pregnancy and lactating phase.
Tazebay et al. reported that in pregnant mice, NIS protein is detected at mid gestation
period which is around day 10/11 of pregnancy in a full gestation period of 19 days and
the intensity of its expression is maximum at the end of gestation period*®. In lactating

mammary gland, NIS is localized in the basolateral membrane of alveolar epithelial cells.
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These cells have been shown to uptake I" from bloodstream and secrete it in the milk for
the development of the newborn®*®, Other than thyroid, lactating mammary gland is the
only organ where I is known to be organified by lactoperoxidases in the alveolar cells®.
Since NIS expression in mammary gland is observed during pregnancy and lactation,
many groups have investigated the role of ovarian and pituitary lactogenic hormones in
mammary gland NIS regulation. These studies have reported that steroid hormones
estrogen and progesterone, and two pituitary lactogenic hormones, prolactin and
oxytocin, either individually or in combination, upregulate NIS expression*“2. It has also
been shown that ERa physically interacts with an estrogen responsive element (ERE) in
NIS gene promoter and activates NIS expression. The ERE sequence is localized only 9
base pairs away from NIS gene TATA box element and this position is conserved in
rodent and human genomes®. NIS expression after child birth is regulated by suckling of
nipples. It has been shown experimentally that NIS expression drops on separation of
pups from mother for 48 hours %, Thus, this excellent regulatory mechanism prevents

unnecessary iodine transport to mother’s milk once pups are grown up.

1.11.5 NIS expression in thyroid malignancy

Thyroid neoplastic tissues show abnormality in iodine metabolism. In thyroid carcinoma,
peroxidase activity is reduced or absent resulting in low iodine organification. As a result,
there is low degree of thyroglobulin iodination and a low rate of thyroid hormone
synthesis. In normal thyroid tissue, iodine uptake is about 1%/g of the administered
activity, whereas it ranges from 0.1%-0.001% in thyroid cancer tissues. Further, the
biological half life of iodine in normal thyroid tissues is 6-8 days, whereas in case of
neoplastic transformations, the half life is 3-5 days®’. Activation of a specific oncogenic
pathway may be responsible for altered iodide trapping ability of the transformed cells

resulting from altered NIS gene expression®™. Immunohistochemistry (IHC) study to
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evaluate NIS expression in human thyroid tumourigenesis demonstrates heterogenous
expression as it is detected only in a few malignant papillary or follicular thyroid cells®.
These studies suggest that, before administration of **'l in thyroid cancer patients,
intensive TSH stimulation should be performed to enhance NIS expression levels and

iodine uptake in these tissue®.

1.11. 6 Clinical application of NIS in thyroid cancer

NIS has diagnostic as well as therapeutic value in the treatment of thyroid cancer. In
patients suffering with differentiated thyroid cancer, total thyroidectomy is followed by
gamma camera imaging with *3'1/*%|, as the remaining lesions show efficient absorption
of iodide due to NIS expression*™ . Since positron emission tomography (PET) imaging
provides better resolution than gamma camera imaging, **I based PET imaging is more
sensitive for detection of the residual lesions compared to **'I mediated whole body
scintigraphy. NIS mediated radioiodine therapy of differentiated thyroid cancer patients
has been a great example of successful targeted radiotherapy to reduce recurrence and
mortality for almost past 70 years'®%. In case of de-differentiated thyroid cancers, NIS
expression is downregulated and therefore 31 therapy is not effective in case of
anaplastic and medullary thyroid carcinoma. One of the possible ways to enhance NIS
expression in de differentiated thyroid cancers is by induction of re differentiation with
differentiating agents such as retinoic acid and thiazolidinedione'®. Additionally,
anaplastic and medullary thyroid cancer patients can be treated with **I after NIS gene

delivery to the tumours, however clinical trials are required in this line.

1.11. 7 NIS expression in breast cancer
Radioactive iodine uptake in malignant breast was detected 40 years ago suggesting
possible role of NIS mediated diagnosis and therapy of BC patients’®. However, in

absence of the cloning sequence, NIS expression was not detected until 2000, when in a
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pioneering study by Tazebay et al., NIS expression was demonstrated in 80% BC cases in
a cohort of 23 samples. It was also shown that 20% of extra tumoural adjacent tissues and
none of the normal breast tissue showed NIS expression. In subsequent studies, NIS
expression was analyzed in larger cohorts by variety of molecular techniques in BC tissue
samples and similar results were obtained. Till date, NIS expression in BC has been
detected by real time polymerase chain reaction (RT-PCR), RNase protection assay,
western blot, scintigraphy and IHC?*®*3. The details of these reports are explained in
Chapter 2 & 3.

At present our knowledge regarding role of NIS in BC and factors that lead to NIS
expression during mammary gland tumourigenesis is limited. According to a report, NIS
expression leads to enhanced cell migration and invasion without involving ion
transport'®. It was also observed that these functions are mediated by binding of NIS to
the leukemia associated RhoA guanine exchange factor that activates small GTPase
RhoA. A further increase in cell migration and invasiveness was observed in case of cells

showing intra cellular localization of NIS.

1.11. 8 NIS as a therapeutic gene

NIS can be used as a therapeutic gene by virtue of its radioiodide concentrating ability in
the target cell’®. For therapeutic application of radioiodine in non-thyroidal cancers
without NIS gene expression, NIS gene transfer is a prerequisite. Cloning of human NIS
in 1996 by Carrasco et al. led to the use of this gene in therapeutic applications with **|
by various groups’®. Some of the other radionuclides like **¥*Re and #*At, which are also
substrates of NIS, have been used for NIS gene mediated therapeutics in non-thyroidal
tumours. Use of NIS as a therapeutic gene in BC is explained in Chapter 4. Here we
have briefly mentioned about the utility of this therapeutic gene for the treatment of

various other cancers.

40



Chapter 1

NIS gene transfer in a hepatocarcinoma animal model by adenoviral vector has shown
strong tumour growth inhibition and prolonged survival*®. In this study, inherent tropism
of adenoviral vector to the liver and intra portal route of injection resulted in targeted
delivery of the NIS gene. Success of gene therapy resides in efficient and targeted
delivery of the gene of interest to the desired tissue. For targeted delivery of the gene
selectively to malignant tissue, tissue specific promoters play an important role. Tissue
specific expression of NIS was demonstrated for the first time in an androgen sensitive
prostate cancer cell line (LnCaP cells) using prostate specific promoter, prostate specific
antigen (PSA) %1% and NIS mediated iodide uptake was observed. Self inactivating
lentiviral vector has also been used for NIS gene expression under immunoglobulin
promoter, to selectively target multiple myeloma cells and showed efficacious results in
mice xenograft model with a tumour free survival in 5 month follow up time**.

Many studies were followed, further using various tissue specific promoters. One of the
important studies was use of telomerase promoter to drive NIS gene expression. Aberrant
telomerase expression is well known in cancer'** and using such a promoter to drive
expression of a therapeutic gene allows its use in any kind of tumour cell. Transcriptional
targeting of NIS in colon and melanoma xenograft model has been achieved by using
promoters of 2 subunits of telomerase, the RNA subunit (hTR) and the reverse
transcriptase subunit (nTERT). Using these promoters, delayed tumour progression was
observed in xenograft models after a therapeutic dose of 1mCi **'1™2. NIS gene transfers
have also been made by using oncolytic measles virus (MV). MV-NIS has been approved
for a phase | clinical trial in patients with advanced or refractory multiple myeloma'**.

In a study, tumouricidal effect of *!| therapy was evaluated in conjunction with canstatin
in MDA MB231 metastatic BC xenograft model and transgenic retinal pigmented

epithelium spontaneous tumour model***. Canstatin is a human basement membrane
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derived fragment of human collagen that is known to inhibit angiogenesis and tumour
growth. In this study, single dose of **'I as low as 300uCi in combination with canstatin
showed tumour growth regression which was sustained throughout the follow up time of
30 days in MDA MB231 xenograft model.

At present several synthetic vectors for efficient delivery of NIS have also been
developed. Few of the examples include development of synthetic polyamine vector,

polyplexes and biodegradable nanoparticles™>**

. These synthetic delivery systems
definitely offer novel, efficient and promising approach to NIS gene transfer.

One of the important measures that should be taken prior to NIS gene mediated
radioiodine therapy in extra thyroidal tissue, is prevention of radioiodine uptake in the
healthy thyroid cells. Since thyroid organifies iodine efficiently, it acts like a sink which

results in destruction of the thyroidal cells and less availability of the radioiodine to NIS

expressing tumour cells that are incapable of iodide organification.

1.11.9 NIS as a reporter gene

In vivo non- invasive imaging of NIS gene was performed for the first time by Shimura et
al.’" by transfecting rat NIS cDNA into malignantly transformed rat thyroid cells
(FRTL). Over the years, importance of NIS gene as a reporter was realized. Unlike
receptor proteins used as reporter, which binds the ligand in 1:1 stoichiometry, NIS
accumulates its ligands which are in form of radiolabelled substrates, concentrates them
and gives signal well above the background. This attribute of NIS makes it a promising
reporter gene. NIS has also been used for monitoring the expression and effect of various
genes on tumour size by performing diagnostic scintigraphic imaging®*1%818,

NIS has been used as a reporter for pulmonary gene therapy when in 2005, Niu et al. used

adenoviral NIS vector for intranasal delivery in the lungs of Cotton rats and observed

signal from ***1 PET imaging upto 17 days post vector administration'*®. NIS gene based
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cardiac imaging has also been demonstrated by various groups'?. Since reporter genes
can be used for tracing the localization of transplanted cells, Terrovitis et al. introduced
lentiviral vector expressing NIS in rat cardiac derived stem cells. Transplantation of these
cells back to rats enabled "I mediated single photon emission computed tomography
(SPECT) imaging*®. NIS has also been used as a reporter for studying the recruitment of
macrophages to the site of inflammation.

Thus, as a reporter gene NIS can be used for monitoring gene expression, vector

122

biodistribution and for cell trafficking™“. Overall, studies suggest that gamma camera and

PET based non- invasive imaging of NIS in extra thyroidal cells is feasible.

Recently, it was reported that *!I and '**I have sufficient energy to emit Cerenkov
radiation and can be visualized with highly sensitive optical imaging instruments. Using
this imaging modality, NIS gene transfected cells have been successfully imaged by

optical imaging instrument in an in vivo animal model*?*.

1.12 Molecular imaging

As mentioned above, there are large numbers of substrates that can be transported by NIS
and this allows in vivo visualization of NIS expressing cells by various molecular
functional imaging modalities. Molecular imaging (MI) aids in characterization and
quantitation of biological processes in living subjects. Another advantage of non- invasive
animal imaging is that, repetitive study can be performed in the same animal using
identical or different imaging modalities at various time points. Such study provides clear
picture of the progressive changes in vivo and also provides temporal assessment of the
therapeutic responses in the same animal without the need to sacrifice it. Ml assays also
provide the benefit of quantifying the image providing meaningful numerical measures of

the biological phenomena. Such advantages suggest that MI plays an important role in
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preclinical trials that are conducted to test therapeutic efficacy of certain agents for their

biodistribution, pharmacokinetics and tumour growth monitoring non-invasively.

There are two major imaging strategies that are being employed in biomedical research:
direct and indirect imaging, of which the latter is predominant in biological studies using
pre-clinical animal models. The direct imaging strategy is based on imaging the target
molecule directly, usually with a target-specific probe. In nuclear medicine, radioactive-
labelled tracers are used for imaging and NIS based radioiodine imaging comes under this
category. Whereas indirect MI is based on reporter gene imaging, which involves single
or multiple reporter genes and their specific reporter probe partners. The advantage of
reporter gene imaging is the ability to develop and validate imaging strategies more

rapidly and at considerably lower cost than direct imaging strategies.

1.12. 1 Radionuclide imaging

Radionuclide imaging techniques allow probing a protein with specific
radiopharmaceuticals. In PET imaging, high-energy rays emitted from within the subject
are recorded. Positron emitting isotopes emit one positron from its nucleus which gets
annihilated by a nearby electron to produce two 511Kev y rays at < 180" apart. Frequently
used PET isotopes are *N, *'C, ®Cu and ®F. Among radioisotopes of iodine **I is used

for PET imaging.

y emitting isotopes of radioiodine *2*I and **!I as well as *™Tc, which is a substrate for
NIS, can be used for NIS based imaging of living subject by applying gamma camera
based instruments, including SPECT. The main difference in PET and SPECT is the
requirement of lead collimeters in SPECT to define the angle of incidence as compared to
electronic collimation in PET imaging. The sensitivity of PET is at least a log order

higher than the SPECT. The primary advantage of NIS is that no substrate labelling is
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required and the imaging parameters are ideal and well standardized in both small animal
and human instruments. A disadvantage of NIS as compared to other commonly used
reporter genes is that *2*1 is the only approved PET isotope for NIS imaging. One of the
limitations of **I decay is that the high energy positrons released have a long range in
tissue prior to annihilation, which limits the resolution as well as total yield of positrons

from 24124,

In our study we have linked NIS with an optical imaging fusion reporter gene, i.e.
Turbofp. Fluc2 in which Turbofp represents the fluorescent partner and Fluc2 represents
the firefly luciferase gene. Linking a therapeutic gene such as NIS with reporter gene aids
in monitoring the expression of the therapeutic gene and at the same time, allows
following the effect of therapeutic gene in tumour xenograft model non-invasively by

optical imaging.

1.12. 2 Optical imaging

Optical imaging allows non-invasive in vivo imaging by capturing light photons for
extracting relevant biological information from within the subject. Optical imaging allows
relatively low cost alternative to studying reporter gene expression in small animal
models. It involves bioluminescence as well as fluorescence imaging, but since we have
not used in vivo fluorescence imaging in our study, a brief introduction of

bioluminescence imaging (BLI) is provided below.

The main advantage with BLI is that it can be used to capture very low levels of visible
light as the background signal is almost null. To increase the efficiency of light detection
emitted from the animals, highly sensitive detectors have been developed. The imaging
system generates a bioluminescence image which is generally represented as a planer

colour image and it is superimposed on a gray scale photographic image of the small

45



Chapter 1

animal subject using overlay option of the image analysis software. After imaging, a
region of interest (ROI) is selected manually or by automated tool on the area of signal
intensity, and the maximum or average intensity is recorded as photons/sec/cm?/steradian.
Optical imaging instruments are easy to operate, have fast acquisition time and allow
imaging from 5-6 animals at the same time. These attributes of optical imaging makes it

suitable for experimental imaging research.

The mainstay of BLI is the variety of available luciferase enzymes such as firefly
luciferase, Renilla luciferase, Gaussia luciferase, Metridia luciferase, Vargula luciferase
or bacterial luciferase'®™®. However the most popular enzymes for optical imaging are
firefly, Renilla and bacterial luciferase. The most commonly used luciferase is firefly
luciferase which is obtained from the firefly, Photonis pyloris, a member of the beetle
family that also includes railroad worms and click beetles which are some of the other
luciferase producing insects. The luciferase produced from these organisms is a single
polypeptide related to the CoA ligase family of proteins®®. The substrates for firefly
luciferase include a benzothiazole luciferin, ATP and oxygen and they emit photons in the
range of 560-614 nm light depending on luciferase and the physiological conditions.
Since these enzymes require ATP as well as oxygen, the luciferase expressing cells give
maximum signal in a highly metabolic state and aerobic environment. Although optical
imaging methods are excellent tools in pre clinical settings, their use in the clinics is
limited, as many of these genes and their substrates are immunogenic and tissue depth in

the human subjects may result in very low signal intensity.

In recent years, a new source of photon signal has been exploited for MI studies. It is
based on the emission of visible light produced by Cerenkov radiation emitted by the

biomolecules labelled with B-emitting radionuclides. This allows imaging of many
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commonly available and clinically relevant radiotracers in widely available in vivo optical

Imaging systems.

1.12. 3 Cerenkov bioluminescence imaging

The Cerenkov optical phenomenon is known since 1940’s however its application for
luminescence imaging is known recently since 2009. The principle of Cerenkov imaging
is that when radionuclide molecules travel through a dielectric media, they lose energy
through interactions with the surrounding matter (Figure 1.7). The molecules of dielectric
media are randomly oriented, but get polarized when radionucleotide passes through.
When the particle travels at a speed higher than the speed of light, these polarized

molecules relax by releasing energy in form of visible radiation luminescence.
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Figure 1.7 The schematic showing principle of Cerenkov luminescence imaging. A. Polarization
of the molecules in dielectric media when a radionuclide travels. B. Once the radionuclide is
passed by at a speed higher than the speed of light, the molecules come back to their random state
and emit energy in terms of photons C. Cerenkov luminescence emitted from the animals, injected

with radionuclide can also be captured through a highly sensitive CCD camera.

Through several studies, the ability of various radioisotopes for the production of
Cerenkov radiation has been evaluated™*****. Cerenkov imaging bridges the gap between
preclinical optical imaging and clinical nuclear imaging by using the approved tracers and

therapeutic agents for optical imaging. Visualizing radiotracer molecule by optical
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imaging system has advantages as well as challenges. In small animal PET imaging
systems, one animal at a time can be scanned and each scan require 10-15 minutes or
more; where as in Cerenkov luminescence imaging (CLI), as many as 5 animals can be
scanned simultaneously. Another advantage is that optical imaging units are considerably
cheaper than most of the animal PET imaging systems. The procedure of CLI is similar to
the BLI, except radionuclide is injected instead of a bioluminescent substrate. Various
reports suggest good correlation between PET and CLI using multiple radiotracer
molecules’®. The ability of ™! to produce Cerenkov luminescence has been
demonstrated by various groups, but only few reports have shown in vivo CLI with
1311123133 1t has been demonstrated in a report that CLI enables higher throughput in the
identification process of **'I accumulation, specifically in NIS transduced implanted
cells'?,

One of the challenges with CLI is the decay of the radioactive material that results in
reduction of active material for production of Cerenkov radiation. However, this
challenge can be overcome by using Cerenkov generating radionuclides which have a
longer half- life. Another issue is the production of low signals generated by CLI as
compared to those produced by standard bioluminescence and fluorescence imaging and
signal attenuation of Cerenkov spectra that peaks at the blue region by animal tissues. For

subcutaneous tumours, this does not pose any problem. But for deep tissue imaging, this

causes considerable loss of the luminescence®.

1.13 Rationale of the study

At present BC disease management is based on adjuvant systemic therapies that are
administered before or after surgery to ablate the remaining micro-metastatic cells
thereby improving the disease free survival of the patients. Adjuvant therapies have

shown success in clinical trials and they reduce the recurrence by nearly 50%*". However
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side effects of such cytotoxic drugs in BC is well known which includes loss of healthy
blood cells, hair loss, tiredness, sore mouth, sore eyes and diarrhea. All over the world
there is constant search for development of alternative therapeutic strategies that can

specifically target BC cells without harming the normal healthy cells of the body.

Sodium iodide symporter is one such therapeutic protein which offers target specific
radioiodine treatment with lesser side effects to healthy tissues as compared to currently
available chemotherapeutic drugs. Decades of basic and clinical research work in
diagnosis and treatment of thyroid cancers by various radioisotope substrate of NIS has
enhanced our learning in the field of NIS biology. However the field of NIS research in
BC is relatively at its young state and constant research efforts are being made to develop

it to a matured state.

At present NIS expression in BC is well known but knowledge regarding its BC subtype
specific variation is limited. A few groups evaluated NIS expression in BC epithelial
subtypes but these studies were performed using small cohort of patient samples (n=28-
32) and mostly had focussed on selected subtype of BC>**. For these obvious reasons
these groups could not observe association of NIS with any specific subtype. In a recent
study by Ryan et al. NIS expression was evaluated at the transcript level from 75 BC
patient samples including all major subtypes and they observed significantly high NIS
expression in ER, PR-ve, HER2 +ve subtypes™. However the status of NIS at protein
level was not reported. As an ion transporter, the NIS protein expression as well as
localization is important. Therefore, IHC for NIS in BC subtypes may provide important

information relevant for addressing functional use of NIS based therapy to the clinic.

NIS expression in BC suggests the potential of targeted radioiodine treatment in these

cells. To validate this it is important to evaluate the pattern and time course of tumour
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response in preclinical model as it may help to guide future applications of NIS based
therapy in BC in clinic. Previous literature demonstrates that although **!1 alone results in
tumour growth inhibition but tumour recurs back after 10-21 days***'*°. Such
observations suggest requirement of further improvement in radioiodine therapy of NIS
expressing BC cells. A strategy that can be used, but still unexplored, is addition of radio
sensitizers to enhance '*'I mediated damage to NIS expressing cells. Exploring the
combination of radio sensitizers with radioiodine may show improved therapeutic

efficacy in NIS expressing BC cells.

1.14 Aims & Objectives

Based on the above rationale, following are the objectives of the thesis:
1. Understanding of NIS expression in BC patient samples

2. Understanding the efficacy of NIS based radioiodine therapy in an experimental model

using engineered cells and imaging method

Aim 1 is covered in chapter 2 & 3 and Aim 2 is covered in chapter 4 & 5.
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Evaluation of NIS expression in
primary breast tumour tissues and it’s
correlation with various prognostic
marRers of breast cancer
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2.1 Introduction

The role of sodium iodide symporter (NIS) expression in thyroid malignancies is well
known since past many decades; however its expression in BC (BC) was reported only a
decade ago and is still under active research investigation. Since NIS mediated
radioiodine therapy has been successful and established in case of thyroid cancer; with
the dose and timing having been optimized, the strategy can be adopted for the treatment

of NIS expressing BC patients.

NIS expression in BC was reported for the first time by Tazebay et al. It was shown that,
out of the 8 normal breast tissue sample analyzed by IHC, none of the samples show
positive staining for NIS, whereas 83% DCIS and 87% invasive cancer samples show
positive NIS expression®. 23% of tumour adjacent tissues also showed NIS positivity but
the intensity of staining was always less than the malignant tissue. Further it was reported
that, in a transgenic female mice model with active ras or neu oncogene under MMTV
promoter, NIS mediated uptake of **™TcO4 occurs only in the tumour bearing mammary
gland and not in the non-tumour bearing mammary gland®. Following this study Wapnir
et al. evaluated NIS expression from 40 normal breast tissues, 17 DCIS and 91 invasive
carcinoma tissues”. Majority (87%) of normal breast tissues were found to be negative for
NIS expression, while 76% invasive and 88% of non- invasive cancers were positive for
NIS expression®’. NIS staining was intense in these cases and localization was
predominantly cytoplasmic. In another report, NIS expression was shown to be
upregulated at transcript as well as translational level in BC®. Additionally, NIS mediated
9MTcO4 uptake in breast tumour was also observed by gamma scintigraphy in a patient
with BC. These observations suggest potential of NIS based radioiodine therapy in BC

patients; however few important questions are to investigate if NIS expressing BC tissues
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can uptake iodide as efficiently as thyroid cancer tissues and whether NIS mediated

radioiodine therapy are effective in these cases despite absence of iodide organification.

From previous literature it is well known that the regulation of NIS expression is different
in thyroid and breast***'*?. In thyroid it is mainly mediated by TSH, whereas TSH is not
expected to show any effect on NIS function in mammary gland. This differential
regulation gives the advantage of modulating the thyroidal NIS without effecting the
status of NIS in BC tissues. Exploiting this differential mechanism of NIS regulation
Wapnir et al. made an important measurement in 2004*. They blocked the thyroidal NIS
with T3 in 13 patients and observed that thyroidal uptake of 2| was significantly less
(0.9-2.8%) than the patients where thyroid was not blocked (20-22%). Further addition of
methimazole, which inhibits iodine organification decreased thyroidal iodine uptake by

90%.

Few groups have focussed on NIS expression in TNBC (triple negative breast cancer ) —a
subtype of BC associated with poor prognosis and aggressive tumors, owing to lack of
available targeted therapies for the same®*3. In a study, 23 TNBC cases were analyzed
for NIS expression by IHC, wherein 15 samples (65.2%) showed positive NIS
expression®. Out of these 15 cases, 11 (47.8%) showed intense NIS expression. Although
the localization of NIS was predominantly cytoplasmic, membrane specific NIS staining
in 4 tissue samples was evident. One of these patients, exhibiting a striking membrane
NIS expression, was subjected to 1.9 mCi dose of Na'?®l followed by scintigraphic
imaging. Higher uptake was observed in the breast with the tumour than the contra-lateral
breast without tumour. Although the concentration of radioiodine accumulated in the
tumour was not sufficient to elicit a therapeutic effect, consistent increase in iodine
uptake was observed in the tumour tissue at different time points. Few groups have also
investigated NIS expression with respect to BC epithelial subtypes. Recently Tandon et
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al. evaluated NIS protein expression in 32 BC tissue samples, which included 26 cases of
ER, PR+ve subtype and 6 cases of ER, PR-ve subtype'**. NIS expression was positive in
90% samples and it was irrespective of ER and PR status. In another report NIS
expression was evaluated in 44 BC patient samples and only 34% samples showed
positivity for NI1S*®°. This study involved 15 ER+ve and 29 ER-ve tumours. Among the
44 samples, 11 were PR+ve and 33 were PR-ve but association of NIS with these

receptors was not observed.

NIS expression in BC metastasis has also been reported by Wapnir et al.* and it was
shown that the iodine uptake in the metastasized tissue correlates well with the IHC data
for NIS expression. NIS transcript level has also been assessed by various groups and
expression was observed in 50-70% cases®******"_In a report 75 BC tissue samples were
evaluated for NIS expression at the transcript level across various BC subtypes and NIS
expression was found to be upregulated as compared to normal breast'®. Further it was
observed that NIS expression in ER, PR-ve, HER2+ve group is significantly higher as
compared to any other subtype. NIS mRNA expression was also analyzed in 10

fibroadenoma tissues and expression level was found significantly higher than malignant

type.

Many of the previous reports provide information on NIS expression status only in TNBC
subtype. In a few studies where comparative analysis of NIS expression in various
subtypes was performed, the sample size is very small and each subtype is not well
represented. Ryan et al. compared NIS expression in major subtypes of BC with similar
number of representative from each subtype; however the report provides NIS expression
at transcript level only. Since for a symporter molecule, expression of the protein plays an

important role, understanding NIS protein expression in various BC subtypes may
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provide some information that may help in the clinical translation of NIS based

radioiodine therapy for BC patients.

In order to analyze NIS expression in various BC subtypes we performed IHC in 181
breast tumour tissue samples. We also analyzed NIS expression with respect to the
prognostic factors like ER, PR, HER2, age group and menopausal status. NIS mRNA
expression in these subtypes was also assessed by quantitative real time PCR and
correlation between NIS expression at RNA and protein levels was evaluated. Further,

NIS expression in few fibroadenoma tissue samples was also analyzed by IHC.

2.2 Materials and Methods

2.2.1 Study population

Project approval was obtained from institutional review board and Ethics committee of
Tata Memorial Hospital. The paraffin embedded breast tumour tissue blocks were
collected from ACTREC tumour tissue repository and used for NIS immunostaining. A
total of 181 tumour tissue samples were randomly collected from patients between the
age group of 24-73 years. All tumour samples were confirmed as infiltrating ductal
carcinoma (IDC), grade Ill and were classified as 55 ER, PR +ve, HER2-ve, 26 ER,
PR+ve, HER2+ve, 41 ER, PR-ve, HER2+ve, and 59 ER, PR-ve, HER2-ve samples on
the basis of available standard IHC report. Of all cases, 60 patients were premenopausal,
11 cases were perimenopausal and 87 cases were postmenopausal. For rest of the cases

menopausal status was not reported.

For real time PCR analysis, 59 fresh tumour tissue samples were collected randomly in
RNAIlater solution from ACTREC tumour tissue repository. The samples collected in
RNAIlater were immediately stored in -80°. All samples were IDC, grade Il and were

from patients between the age group of 29-73 years. Among these samples, 20 samples
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were ER, PR+ve, HER2-ve, 15 were ER, PR+ve, HER?2 +ve, 12 were ER, PR-ve, HER?2
+ve and 12 were ER, PR-ve, HER2-ve subtype. According to available Electronic
Medical Record (EMR), 18 samples were premenopausal and 23 were postmenopausal.
For rest of the samples, menopausal status was not marked as per the medical history

record.

2.2. 2 Immunohistochemitry

Standard IHC protocol was followed to stain the tumour tissue samples using the mouse
monoclonal antibody against NIS (Abcam, ab17795). In brief, 5 um sized paraffin
embedded tissue sections were de-paraffinized with xylene and dehydrated through
graded alcohol. Endogenous peroxidase activity was quenched with 3% H,0, in methanol
for 30 minutes in dark and subjected to antigen retrieval using 10 mM sodium citrate. For
antigen retrieval sections were heated in sodium citrate solution serially at 850, 650 and
340 mega watts, each for 3 minutes. Since fibroadenoma tissues contain large portions of
fats, heating these tissues at high temperature results in detachment of the tissue section
from slide, therefore in case of fibroadenoma tissues heating was reduced to 350 mega
watts for 10 minutes. After the antigen retrieval, sections were washed with 0.01% Tris
borate saline-tween20 (TBST) and then blocked with 5% Bovine serum albumin (BSA)
for one hour. Slides were incubated at 4° overnight with the mouse monoclonal antibody
against NIS diluted with TBS in 1:50 ratio. Slides were washed for 5 minutes in TBST, 3
times and incubated for 1 hour with Horse raddish peroxidise (HRP) conjugated anti
mouse antibody diluted with TBS in 1:200 ratios. After washing, slides were incubated
with 3, 3’-diaminobenzidine tetrahydrochloride (DAB) till the appearance of brown
staining and immediately washed under tap water. Slides not incubated with anti NIS
antibody were used as secondary control. Sections were further rehydrated with graded

alcohol. For each batch of sample staining, a papillary thyroid carcinoma case was kept as
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positive control for NIS expression. A normal salivary gland section was also used as
positive control. For analyzing NIS expression in normal breast tissue, tumour adjacent
breast normal tissue was used. All the slides were counter stained with haematoxylin.

Slides were DPX mounted and observed under light microscope (Carl Zeiss).

2.2. 3 Pathological scoring

Antibody stained permanent slides were examined under light microscope and sections
showing less than 10% of stained area were considered as negative where as sections
showing 10-20% of stained area were considered as focal, 20-70% of stained area were
considered as patchy and more than 70-80% of stained area were considered as diffused.
Intensity variation of the staining was visibly examined and scored by pathologist as 0,

1+, 2+ and 3+.

2.2. 4 Digital image analysis

IHC digital images were used for developing semi-automated analysis protocol. As a first
step, we used a colour de-convolution technique to un-mix the pure DAB, haematoxylin
stained areas leaving a complimentary image. The pixel intensities of separated DAB or
haematoxylin images range from 0 to 255. Value O represents the darkest shade of the
colour while 255 represent the lightest shade of the colour in the image. In-order to assign
an automated score by judging the pure DAB staining pattern, histogram profile of every
image i.e. the number of pixels of a specific intensity value vs. their respective intensity
was raised using imageJ standard program feature. In the histogram profile, we
categorized pixel intensity ranges from 0-60 for a score value of 3+, 61-120 for 2+, 121
170 for 1+ and 171-230 for 0. We excluded the pixel intensity values above 230 as the
abundant fatty tissues in breast tumour tissue sections were found to contribute in the
range of 230-255. A macro was developed and plugged in the ImageJ program to receive

automated counting of numbers of pixels in the four different intensity zones. After
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determining these numbers, we applied them to a simple algebraic formula as shown
below to determine the score of the image.

(Number of pixels in a zone) X (Score of the zone)

S =
core Total number of pixels in the image

Any image that has more than 66% of pixels in one zone is directly graded without the
need to apply the formula. In line with the standard grading procedure, we assigned a 4
tire scoring system i.e. high positive (3+), positive (2+), low positive (1+) and negative

(0).

2.2.5 Immunofluorescence

For the purpose of immunofluorescence study, tissue sections were treated in the same
way as for IHC. After blocking with BSA, sections were incubated with NIS (1:50) and
HER2 (1:20) (Abcam, ab8054) antibodies one by one and then stained with respective
fluorescent dye labelled secondary antibodies. For NIS staining Alexafluor 488 labelled
rabbit secondary antibody (Abcam, ab6737) was used where as HER2 was counter-
stained with Dylight633 labelled goat secondary antibody (Thermo Scientific, 35562).
Antibody stained sections were washed with TBST and then mounted with vecta-shield
(Vector Laboratories) and images were captured using a confocal microscope (Zeiss). The

detailed method is mentioned in section 7.47.

2.2.6 Quantitative real time PCR

Breast tumour tissues were collected in RNase Later and stored in -80°. For RNA
extraction, tissues were cut into small pieces and RNA was extracted using RNA
extraction kit from Qiagen (74106). Quality of RNA was checked in denaturing gel and
integrity of the 2 bands (18s and 28s rRNA) is confirmed. After quality control check c-
DNA was synthesized with 1ug of RNA using c-DNA synthesis kit from Invitrogen

(18080-051). A standard curve was plotted using 1-100ng of cDNA and their respective
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CT (threshold cycle) values. It was observed that 10ng of cDNA is optimum to evaluate
NIS and glyceraldehydes 3-phosphate dehydrogenase (GAPDH) expression, the later was
used as an endogenous control. Total normal breast RNA from Ambion (AM6952) was
used for understanding NIS expression in normal breast tissue. Real time amplification
was performed using the TagMan master mix and (Life technologies, 4304437) primer
probe mix from applied biosciences for NIS (Hs00166567_m1) and GAPDH
(Hs02758991 g1). The real time reaction was run in Quantstudio 12k flex model from
Life technologies. NIS expression level in breast tumour tissue as compared to normal
breast tissue was analyzed by 2*4°T method and plotted as fold change in all the graphs.

The detailed method is mentioned in section 7.48.

2.2. 7 Statistical analysis

In order to understand the significant difference in NIS protein expression among various
subtypes Fisher’s exact test was performed. For multivariate analysis logarithmic
regression was performed. Further, to analyze significance of difference at the transcript
level paired t-test was performed. In order to understand correlation of NIS at RNA and
protein level, Spearman’s correlation test was performed. All the statistical tests were

performed with a confidence interval of 95%.
2.3 Results

2.3.1 NIS protein expression in primary breast tumour tissue

In order to understand NIS expression level in BC we have performed IHC in 181
primary breast tumour tissue formalin fixed paraffin embedded (FFPE) samples including
all major BC subtypes. Demographic details of the samples used are mentioned in the

Table 2.1.
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Table 2.1 Characteristics of patient cohort from which primary breast tumour tissue samples was

procured to evaluate NIS expression by immunohistochemistry

Total Patient Number 181

Age

Stage

Histology
Estrogen Receptor
Positive

Negative

HER?2 Receptor
Positive

Negative
Menopausal Status
Pre

Peri

Post

24-73
1l
Infiltrating Ductal Carcinoma

81
100

67
114

60
11
87

As appeared in DAB stained tissue sections, the NIS staining is mainly diffused

cytoplasmic, however in a limited number of tissue samples (n=4) membrane NIS

expression is observed using the same protocol and antibody. Tumour adjacent normal

breast tissues are stained negative (Figure 2.1A) and membrane specific staining is

evident in salivary gland (Figure 2.1D).
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Figure 2.1 Images of NIS staining pattern in major subtypes of BC. A. Tumour adjacent normal
breast tissue showing negative expression of NIS. B. Secondary control for NIS showing absence
of any staining. C. Thyroid papillary carcinoma tissue section used as positive control. D.
Salivary gland tissue section showing membrane staining for NIS. Image is acquired at 40X. E-G.
NIS expression in ER, PR+ve, HER2-ve subtype representing 0, 1+ and 2+ score respectively. H-
J. NIS expression in ER, PR+ve, HER2+ve subtype with 0, 1+ and 2+ score respectively K-M.
NIS expression in ER, PR-ve, HER2+ve subtype with 0, 1+ and 2+ score respectively. N-P NIS
expression in ER, PR-ve, HER2-ve subtype with 0, 1+ and 2+ scores respectively. Scale bar
represents 100um.

Further NIS staining intensity comparison is done keeping one thyroid papillary
carcinoma tissue sample as a positive reference for NIS staining (Figure 2.1C). Tumour

tissue samples show equivalent or lesser staining intensity as compared to the thyroid
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carcinoma reference used and therefore are categorized as 3+, 2+, 1+ and negative (0)
scores (Figure 2.1E-P) by pathological as well as digital IHC analysis methods'*. The
samples showing 1+ to 3+ score for NIS expression are considered as positive for NIS
expression. Of the total number of samples analyzed, 78% BC cases are positively stained
for NIS (Figure 2.2A). Receptor subtype specific classification shows that 90% samples
of ER, PR+ve, HER2-ve and 92% of ER, PR +ve, HER2+ve subtype are positive for NIS
expression whereas only 74% HER2 enriched (ER, PR —ve, HER2 +ve) and 62% of
TNBC (ER, PR —ve, HER2 -ve) samples are positive for NIS expression (Figure 2.2B).

Thus we observe significant difference among the subtypes in terms of NIS expression.
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Figure 2.2 NIS expression in primary breast tumour tissue A. Graph representing positive
NIS expression in 78% primary breast tumour tissue samples (n=181) B. NIS positive
patient samples in major BC subtypes. Significant difference is observed in various
subtypes with increased frequency of NIS expression in ER, PR+ve HER2-ve and ER,
PR+ve, HER2+ve subtypes.

Further classification on the basis of staining intensity shows (Figure 2.3) that frequency

and intensity of NIS expression is significantly high in ER, PR+ve, HER2-ve and ER,

62

neg

8 pos



Chapter 2

PR+ve, HER2+ve subtypes as compared to ER, PR-ve, HER2+ve (p=0.0052 and 0.0011

respectively) and ER,PR-ve, HER2-ve subtypes (p=<0.0001).

Number of Samples

Figure 2.3 Chart representing IHC scoring intensity in various BC subtypes. It is to be noted that
a major number of samples in ER, PR+ve, HER2-ve subtype show 2+ score for NIS where as in
TNBC a major number of samples show negative NIS expression.

2.3.2 Comparison of digital image analysis with pathological scoring

Images of all 181 BC cases were also analyzed by the software. The IHC images were
first colour de-convoluted by modifying the technique described by Ruifrok et al.**,
followed by pixel intensity profiling of deconvoluted DAB stained image using ImageJ
program. Comparing the scores assigned by pathological analysis with that obtained by

the software based process, a 74% match is observed. Out of the 181 cases, 134 cases

show similar score by both the methods (Table 2.2).
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Table 2.2 Table showing comparison of digital IHC analysis and pathological scoring.

Highlighted boxes are showing number of samples with same score by both the

methods.
Pathological scoring
g 2+(n=73) | 1+(n=63) | NEG(n=41)
g 5
w
E 2+ (n=71) 18
[v]
E | 1+(n=64)
3 | NEG(n=30)

Further, we also found that often software analysis designate lower score in cases where
the analyzed image represents low tumour to stroma ratio, requiring physical examination
of the whole section (Figure 2.4). Importantly, it is also observed that 77% cases with 2+
score matched by both methods, indicating such digital analysis method can benefit

patient stratification for NIS expression across the laboratories.
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" Pixel Count: 5002624
/ .. Total Pixel: 5002624
' 4 Percentage contibution of High Positive: 17.8487
Percentage contibution of Positive: 42.2496
' Percentage contibution of Low Positive: 18.8156
The score is Positive

.......

Pixel Count: 5002624
“ | Total Pixel: 5002624
. Percentage contibution of High Positive: 30.7815
' | Percentage contibution of Positive: 48.0107
Percentage contibution of Low Positive: 12.9013
The score is High Positive

Figure 2.4 Images captured using higher magnification can assign correct scoring by reducing
the averaging effect contributed from the stromal areas. A) Analysis of image score using a 20X
image of a case where low tumour cells were present. After colour deconvolution, the macro was

used on the DAB image to plot a histogram profile and the score was determined as positive. B)
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When an image is captured using a 40X objective focusing on the marked area of the previous

image, score was found to be high positive.

2.3.3 Localization of NIS in breast cancer tissue
As NIS is a transporter protein; its localization plays a very important role in its function.

Except for a few reports which have shown distinct membrane staining®'*’

mostly it
appears as an intracellular protein in breast tumour tissue sections. During this study
except for salivary gland section and a small number of cases, NIS staining majorly
appeared as diffused intracellular by DAB stained tumour tissue sections. This being an
important judgment in estimating the utility of NIS mediated radioiodine uptake, we have
attempted to verify that if HER2 (membrane receptor) and NIS co-localize in the HER2
receptor positive samples. To achieve this, dual IF staining was performed using NIS and
HER2 primary antibodies which are detected by using dual colour fluorescent dye
labelled secondary antibodies. As represented in Figure 2.5, in a few cases merged
confocal microscopic images clearly show marked co-localization of the two molecules at
the cell membrane of tissue section which is not apparent in the image of the same case
stained with DAB colourimetric staining method (upper panel). However, as represented
in the lower panel, in most other cases it is found that similar membrane aggregation of

NIS protein is absent and the whole cytoplasmic area shows uniform staining in NIS

positive cases by both IF and DAB.

65



Chapter 2

——
. W

e
+ Sl 0 - 3

o

P

Figure 2.5 Immunofluorescence staining reveals NIS and HER2 receptor overlaps at the tumour
cell membrane in few cases. Human patient tissue samples stained with NIS and HER2 specific
antibody followed by detection with Alexafluor488 (green) and Dylight633 (red) labelled
secondary antibodies respectively. A, E. DAB stained tissue sections from two representative
patient samples showing similar intracellular expression of NIS. Scale bar represents 100um. B,
F. Dual IF stained confocal overlay images of the same patient samples as in A and E
respectively. Upper panel clearly showed good overlapping membrane expression of HER2 and
NIS staining. C, G. Corresponding images of HER2 staining in red channel and D, H. images of

NIS staining in green channel. Scale bar represents 20um.

2.3.4 NIS transcript levels in primary breast tumour tissue

At present aberrant expression of NIS protein is well known in BC, however not much is
known about its regulation. To evaluate if NIS expression is deregulated at transcript or
translational level in breast malignancies, we analyzed its expression in 59 primary breast
tumour tissue samples including major subtypes of BC. The characteristics of the patient

samples used are mentioned in the Table 2.3.
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Table 2.3 Characteristics of the patient cohort for which tumour tissue was procured to evaluate

NIS expression at the transcript level

Total Patient Number 59
Age 28-72
Stage 11
Histology Infiltrating Ductal Carcinoma
Estrogen Receptor

Positive 35
Negative 24
HER2 Receptor

Positive 27
Negative 32
Menopausal Status

Pre 18
Peri 0
Post 23

Our real time results suggest that NIS expression in BC is upregulated in the range of 1.1
to 8.1 fold as compared to normal breast. Further classification on the basis of BC
subtypes suggests that NIS transcript levels in the ER, PR+ve, HER2-ve group is
significantly high as compared to TNBC group, which is concordant with our IHC data
(Figure 2.6). We observe that in case of TNBC, only 2 samples show 2 fold upregulation,
whereas all other samples show 1.1 to 1.5 fold increase in NIS transcript levels. Instead in
ER, PR+ve, HER2 —ve subgroup, majority of the samples show more than 2 fold increase
in NIS transcript. At transcript level we have not observed significant difference among

other subtypes in terms of NIS expression.
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Figure 2.6 Intensity of NIS expression at transcript level in different subtypes of BC. Data is
represented as fold change as compared to normal breast. NIS expression level is significantly
high in ER, PR+ve, HER2-ve group as compared to TNBC group

2.3.5 NIS protein expression with respect to prognostic markers

BC is a highly heterogenous disease and the treatment plan for BC patient is based on the
expression of few of the prognostic markers like ER, PR and HER2 levels, BRCA
mutations etc. Since testing the levels of these markers for correct judgment of the
treatment plan is part of the routine clinical practice, it is important to understand if NIS
has association with any of these markers. Analysis of such association may help in better
understanding of the patient subtype, which in turn may ensure maximum benefit from
NIS mediated targeted radioiodine therapy in BC. In order to evaluate association of these
factors with NIS expression, we have first classified the samples on the basis of ER
expression and observed that the frequency of samples showing positive NIS protein
expression is significantly high in ER+ve cases as compared to ER-ve cases (p=<0.0001)

(Figure 2.7A, B). We have also classified the samples on the basis of HER2 expression
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status (Figure 2.8A), but do not find any significant difference in NIS expression levels
with respect to HER2 (p=0.3936). Further, we have analyzed NIS expression with respect
to age. To do that, all the samples are classified into 2 groups based on patient age i.e.
below and above 50 years of age. We have observed that the frequency and intensity of
the samples showing positive NIS expression is significantly high in the cases with age

group below 50 (Figure 2.7C, D).
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Figure 2.7 NIS expression in association with ER expression and age group A. Comparison of
NIS expression between ER+ve and ER-ve groups shows high association of NIS positivity in
ER-+ve group. B. Intensity (scores) of NIS expression in ER+ve versus ER-ve patient tissues. It is
observed that majority of ER+ve samples show 2+score where as in case of ER-ve samples
majority of the samples either show negative or 1+ score for NIS expression. C. Graph showing
increased frequency of NIS in the patients with less than 50 yrs of age, where as frequency of NIS
decreased in the patients with age group above 50 yrs. D. Intensity (scores) of NIS expression in

patients with different age groups.

69



Chapter 2

Further classification on the basis of menopausal status does not show any significant

difference in terms of NIS expression (Figure 2.8B).
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Figure 2.8 Association of NIS with HER2 and menopausal status A. Comparison of NIS
expression between HER2+ve and HER2-ve groups do not show any significant difference in NIS
expression. B. Comparison of NIS expression between pre-, post- and perimenopausal groups do

not show any significant difference in NIS expression.

2.3.6 NIS transcript levels with respect to prognostic markers

As classified previously for IHC studies, the breast tumour tissues are classified on the
basis of ER expression and NIS transcript level evaluated (Figure 2.9A). We observe that
NIS expression is significantly high in ER+ve cases as compared to ER-ve cases
(p=0.0194), which is concordant with our IHC data. We have also classified the data on
the basis of HER2, age and menopausal status and NIS transcript expression is evaluated
with respect to these factors (Figure 2.9B, C & D). Our analysis shows that NIS

expression is not associated with these factors at the transcript level.
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Figure 2.9 Association of NIS transcript levels with various prognostic factors of BC
A.Comparison of NIS expression between ER+ve and ER-ve groups shows high association of
NIS positivity in ER+ve group at the transcript level B. Intensity of NIS expression in patients
with different age groups. Intensity of NIS expression is not significantly different among the
groups C. Comparison of NIS expression between HER2+ve and HER2-ve groups do not show
any significant difference in terms of NIS expression at the transcript level D. Frequency of NIS
expression do not show any significant difference between pre and post menopausal patient

samples at the transcript level

2.3. 7 Correlation of NIS expression at RNA and protein level in breast cancer

Since, published data so far poorly depicts correlation between NIS expression at the
transcript and translational level, we have thoroughly analyzed the NIS transcript and
protein levels in 20 primary breast tumour tissue samples. To investigate the correlation
of NIS expression at the transcript and translational level, we procured samples
simultaneously in formalin (for IHC) as well as RNAlater (for real time PCR) and
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evaluated NIS expression. Except for 2 samples, all other samples show correlated
expression of NIS (Table 2.4). However for negative and 1+ scoring intensity of NIS at

IHC, the difference in NIS expression at RNA level is not significant.

Table 2.4: Table representing RQ scores for NIS with their respective IHC score. RQ scores are
mentioned in the decreasing order and IHC scores drops with the decreasing RQ score.

S. Number Case Number RQ for NIS IHC Score
1 CL15832 78.73199 3+
2 CL17813 6.5899 3+
3 CL10251 6.225981 2+
4 CL1171 2.311269 2+
5 CL50163 2.1723 2+
6 CL18398 1.953159 2+
7 CL17290 1.659439 2+
8 CL19468 1.640071 2+
9 CL50291 1.302989 2+
10 CL15175 1.174791 1+
11 CL23752 1.165807 1+
12 CL50205 1.125067 1+
13 CL21057 1.075504 NEG
14 CL50313 1.04202 NEG
15 CL12717 1.038494 NEG
16 CL471 1.006287 NEG
17 CL10651 1.042324 ALL FAT
18 CL22743 1.014297 NEGGILGIBLE TISSUE
19 CL25518 1.117672 3+
20 CK31287 1.013249 2+

We also observe that the samples with negative and 1+ score of NIS at IHC show a very
narrow range of fold change at transcript level, whereas this range is wider in case of
samples with 2+ or 3+ scores of NIS at IHC (Figure 2.10). Our data analysis suggests

that NIS expression is well correlated at RNA and protein level (R*=0.6964)

72



Chapter 2

28

1.5

1.0{ coppes - 1

RQ for NIS
£
I
I

0.5

0.0 A
X

GL

Scoring intensity for NIS IHC

Figure 2.10 BC tissue samples with their respective transcript and protein level of NIS expression
showing correlated NIS expression (R>=0.6964)

2.3.8 NIS expression in breast fibroadenoma

Various isotopes of iodine are used for PET, SPECT and scintigraphy imaging. Since NIS
can uptake these radioisotopes, it has been used as reporter gene for the diagnostic
purpose. NIS expression in fibroadenoma of breast was an important finding, as its
expression undermines the possibility of using this gene expression as a diagnostic
marker for BC. Since there are limited reports on NIS expression in fibroadenoma

tissueslB,lSO,lSl

, Wwe evaluated NIS expression in 20 fibroadenoma tissue samples and
observed that all the samples show positive NIS expression. The localization of the
protein is diffused cytoplasmic. Further classification of the samples on the basis of
staining intensity suggests that out of 20 samples, 6 show 3+, 13 show 2+ and only 1

sample shows 1+ score for NIS expression (Figure 2.11A). NIS expression in

fibroadenoma samples is also compared with that of the BC.
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Figure 2.11 NIS expression in fibroadenoma of breast and its comparison with BC A. Intensity of
NIS expression in fibroadenoma tissue samples B. Comparative analysis of NIS expression in
fibroadenoma vs. breast tissue samples showing increased frequency as well as intensity of NIS in

fibroadenoma tissue samples

We observe that in fibroadenoma cases, 15% samples show 3+ score as compare to only
2% samples in BC and 65% fibroadenoma tissue samples show 2+ score as compared to
40% samples in BC (Figure 2.11B). Thus, the frequency as well as intensity of NIS
expression in fibroadenoma samples is significantly high as compared to BC cases

(p=<0.0001).

2.4 Discussion

Over expression of NIS gene in BC is now well established, as reported by several groups
across the world. However, the available reports on NIS expression are often focused on
selective groups of patients such as TNBC. Due to paucity of knowledge in literatures
available on NIS expression across various BC subtypes, we wanted to conduct a
thorough subtype specific analysis using unbiased breast tumour tissue samples. To the
best of our knowledge, our study for the first time reported the comparative IHC
assessment of NIS protein expression in different subtypes of BC, which indicates that
significant difference lies among various subtypes. Analyzing over 181 samples, our

result suggests that on an average NIS protein over-express in 78% of BC cases.
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Interestingly, our data also shows that ER positive cases have much higher incidence of
NIS co-expression i.e. 90% of ER, PR+ve, HER2 -ve samples and 92% of ER, PR+ve,
HER2+ve samples are found positive for NIS staining. As opposed to this, only 62%
cases of ER, PR-ve, HER2-ve subtype are found positive. Without analyzing cases across
the world, it is difficult to estimate at this point if a geographical variation persists in
terms of NIS expression.

NIS does not show any significant relationship with the HER2 or menopausal status of
the patient. Overall, the study indicates that targeted radioiodine therapy will provide an
alternative option for tumour specific and less toxic treatment in cases where the tumours
become resistant to tamoxifen and other chemotherapeutic drugs. Next, we envisioned
that in order to play its functional role as a transporter, NIS proteins should be localized at
the plasma membrane. But in majority of the cases, a diffused intracellular staining
pattern is observed. Though a few studies in the past have shown membrane specific

>147 clinical studies using *™TcO, showed visible

staining in breast tumour tissues
tumour by scintigraphic imaging only in 17% of BC patients®. This being an important
aspect to judge the localization of functional NIS molecule, reliable determination of
immune-reactivity at plasma membrane required further evaluation. Our
immunofluorescence results using HER2 positive cases confirm that in breast tumour
tissues, differences lie in terms of NIS membrane staining. In certain cases, NIS staining
dominantly overlaps with HER2 receptor staining at the cell surface, whereas in other
cases NIS shows uniform distribution throughout the cytoplasm. Further, DAB based IHC

staining may not be necessarily sensitive enough to determine sub-cellular localization of

NIS protein in FFPE tissue samples.
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Prior to the translation of NIS gene based radioiodine therapy, it will be necessary to
perform nuclear medicine studies using '?I scintigraphic or ***| PET imaging in BC
patients to determine sufficient radioisotope uptake by NIS expressing BC tissues.

Coming to the ER and NIS coexistence in breast tumour tissues, NIS expression is
evident in a significantly high percentage (91%) of ER+ve tumours as oppose to only
66% in ER-ve tumours. Close association of NIS with ER, PR+ve tumours indicate that
these subtypes will possibly have good response for NIS based targeted radioiodine
therapy or radioiodine probe based PET or SPECT diagnosis. Further, it is evident from
our quantitative real time PCR data that NIS expression is also upregulated at the
transcript levels in malignant tissue as compared to normal breast tissue. It is interesting
to note that subtype specific variation in terms of NIS expression is observed at the
transcript level as well and maximum intensity of NIS expression is observed in ER,
PR+ve, HER2-ve subtype. Further classification of the transcript data on the basis of ER
expression shows significantly higher NIS expression in ER+ve patient samples as
compared to ER-ve samples (p=0.0194), which is concordant with our IHC data. In a
recent study by Ryan et al., correlation between NIS gene expression and that of several
proven or putative NIS gene regulators were assessed by quantitative molecular
techniques and a significant positive correlation was observed between NIS and ERa
gene®. Our observation is also supported by a finding that the NIS expression is
upregulated by ER ligand (E2) and ERo expression in MDA MB231 cells®. It is also
reported that RNAi mediated downregulation of endogenous ERa in MCF-7 cells
suppress trans retinoic acid (tRA) induced NIS expression, indicating that ERa plays an
important role in regulation of NIS gene. A novel ERE sequence near TATA element has
also been identified in NIS gene promoter and physical interaction between the ERE site

at NIS promoter and ERa has been shown by CHIP assay™. Various studies also suggest
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retinoic acid receptor (RAR) induced increase in NIS expression in ER+ve cell lines
where as ER-ve BC cell line such as MDA MB231 do not show iodine uptake and NIS
protein expression after tRA treatment %,

Altogether, these reports suggest that higher incidence of NIS positive cases in ER+ve
patient samples may be due to the positive regulation of NIS by ERa, however 60%
positive NIS expression in ER-ve samples indicate that there are other factors which also
play role for upregulated NIS expression in the malignant breast tissue. Classification of
the NIS transcript data on the basis of age did not show any difference in terms of NIS
expression, which is not concordant with the IHC data. At the transcript level, loss in
association of NIS expression with lower age group may be due to the fact that in this
cohort majority of the samples were from TNBC subtype.

For understanding the regulation of NIS in BC, it is important to investigate if NIS gene
is up regulated at the transcript or translational level and whether the NIS protein levels
are well represented by its expression at the transcript level as well. To do that, we
evaluated correlation of NIS RNA and protein. Our study demonstrates that NIS
transcript levels are well in coordination with NIS protein status in 18 out of 20 breast
tissue samples (R?=0.6964). In a previous report by Moon et al., discrepancy in NIS
mRNA expression and its functionality was observed®. Since NIS protein is upregulated
in BC tissues but mainly localized in the cytoplasm, the discrepancy observed by Moon et
al. may be conferred due to disparity of correct protein targeting to the membrane.

Taking the study forward, we evaluated NIS expression in fibroadenoma samples and
observe that all of the fibroadenoma tissues show positive NIS expression. As shown by
previous reports, we also observed significantly high NIS frequency as well as intensity in
fibroadenoma samples as compared to BC tissue samples. However the localization was

diffused cytoplasmic, which is similar to majority of BC tissues. Presence of NIS in
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fibroadenoma as discerned by us as well as other reports suggests that NIS expression
can’t be used as a specific indicator of breast malignancies. At present NIS regulation in
fibroadenoma is not understood clearly. Previous literature suggests higher fibroadenoma
incidence during pregnancy, when the estrogen levels are high***>* Various reports also
suggest role of estrogen in the occurrence of fibroadenoma™®. Thus higher level of
estrogen during fibroadenoma may be responsible for upregulated NIS expression in
these tissues. However, factors responsible for NIS expression in fibroadenoma tissues
has not been investigated thoroughly by any groups as of yet.

In summary, our data indicates upregulation of NIS at transcript as well as translational
level in BC. For the first time, our report shows subtype specific variation in NIS protein
expression in a large cohort of unbiased patient group. Association of NIS with ER
suggests possible use of NIS mediated radioiodine therapeutic response in BC patients
with positive ER status. Since the localization of NIS in BC is predominantly cytoplasmic
as observed by our and various other groups, future directions are required to investigate
the factors that can drive protein targeting to the membrane for efficient radioiodine

uptake in these cells.
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Understanding of NIS expression in breast
cancer patients with primary and
metastatic tumour
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3.1 Introduction

As discussed in the 1% chapter, metastasis is a matter of concern because it is the main
cause of death in BC. Approximately 10-15% of patients diagnosed with BC develop
distant metastases within 3 years*. The common sites for BC metastasis are lungs, bone,
brain and liver **°. Despite years of research, BC metastasis remains incomprehensible.
One of the major hurdles is that, once the tumour cells spread from the original site, they
become comparatively undetectable and can stay in a dormant state for years even after
the removal of primary tumour. Thus at present, many research groups are focussed on
understanding the molecular mechanisms of metastasis, to find ways of early detection
and device therapeutics for metastatic BC. Previous literature suggests that BC subtypes
show differences in their metastatic spread***®. In a study, it was reported that TNBC
subtype shows higher tropism for lung with an OS of 4.3 years whereas ER, PR-ve,
HER2+ve subtype is associated with higher rate of liver metastasis with an OS of 3.61

years™®.

Standard therapy for BC metastasis is chemotherapy and targeted therapy. At present
chemotherapy includes anthracycline, taxane and 5-fluorouracil as 1%, 2" and 3" line of
therapy respectively®®. In younger women with BC, chemotherapy increases the 15 year
survival rate by 10% where as for older women this increase is only 3%. As with majority
of the cytotoxic drugs, side effects of these agents are still a burden, for example,

anthracyclines are known to cause cardiac dysfunction*®.

Targeted therapy for BC includes hormonal, immunological and antiangiogenic therapy.
High dose tamoxifen has shown extremely positive result in bone metastasis in patients
with BC™®L. Treatment of metastatic BC with trastuzumab in addition to chemotherapy is

known to improve OS rate, response rate and time to progression*®2.
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Despite the advancements in the therapeutic strategies, metastatic BC is still considered
as incurable disease®****®, Various studies suggest poor response rate to trastuzumab
therapy in metastatic settings, and many patients develop resistance eventually™®**®’. In
the same way, although most patients with ER+ve metastatic disease benefit from
aromatase inhibitors (Als) as first-line endocrine therapy, approximately 30% patients do
not respond to this treatment %%,

Thus, there is constant search of new therapeutic targets to treat these patients. In 2004,
Wapnir et al. reported NIS expression and I accumulation in metastatic BC*. In this
report, 35% BC tissue samples showed significant NIS expression at the primary site and
of these, I transport and accumulation in the metastatic site was observed in 25%
samples. In 2 cases, NIS expression was lost in the metastatic tissue whereas the primary
tissue showed weak staining for NIS. There were 5 cases where NIS was detected but I’
accumulation was not observed by scintigraphic scan. Since NIS mediated **!1 therapy

has been used successfully for past 70 years to ablate thyroid cancer metastasis, the same

approach may be applied to NIS expressing breast metastatic cancer.

Before clinical trials of NIS based therapy to metastatic BC patients, it is important to
evaluate NIS expression levels in the metastasized tissue. Most of the current treatment
regimens are based on the biomarker characteristics of the primary tumour tissue, but
literature suggests alteration in the expression levels during tumour progression from
primary to metastatic state. Several reports suggest significant discordance in ER, PR and
HER2 status between primary and metastatic tissue and its association with worser
prognosis and poor overall survival'’®*® Thus, evaluation of these biomarkers at the
recurrent or metastatic carcinoma may improve treatment efficacy of targeted therapy and

overall survival.
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Although NIS mediated iodide uptake has been detected in BC metastasis by scintigraphy
as well as NIS expression in BC brain metastasis has been demonstrated by IHC**, none
of the previous studies have reported comparison between NIS protein expression in the
metastatic tissue and primary breast tumour tissue. If a significant proportion of BC
patients show similar level of NIS expression in the primary and metastatic tumour tissue,
the level of NIS expression in the primary tissue can be considered as its measure in the
metastatic tissue. At the same time, **!| therapy could potentially be considered and tested
as an alternative approach for selective targeting of BC metastatic cells. To answer these
questions, in the present study we evaluated NIS expression in lymph node metastatic

tissue and compared its expression with their respective primary tumour tissue.

3.2 Methods

3.2.1 Study population

Project approval was obtained from institutional review board and Ethics committee of
Tata Memorial Hospital. The paraffin embedded lymph node metastatic tumour tissue and
their respective primary breast tumour tissue blocks were collected from ACTREC
tumour tissue repository and used for NIS immunostaining. A total of 45 tumour tissue
samples were randomly collected from patients between the age group of 28-73 years.
All tumour samples were confirmed as IDC, grade Ill and were classified as 18 ER, PR
+ve, HER2-ve, 5 ER, PR+ve, HER2+ve, 13 ER, PR-ve, HER2+ve, and 9 ER, PR-ve,
HER2-ve samples on the basis of available standard IHC report. Of all cases, 16 patients
were premenopausal and 22 cases were postmenopausal. For rest of the cases menopausal

status was not reported.
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3.2. 2 Statistical analysis

In order to understand the significant difference in NIS protein expression in primary and
metastatic tissues representing various subtypes, Fisher’s exact test was performed. For
multivariate analysis logarithmic regression was performed. All the statistical tests were

performed with a confidence interval of 95%.

3.3 Results

3.3. 1 NIS expression in breast cancer lymph node metastatic tissue
NIS expression is evaluated in 45 lymph node metastatic tissues by IHC. Table 3.1 shows

the clinical details of the samples used in the study.

Table 3.1 Characteristics of patient cohort from which primary as well as lymph node meastatic

breast tumour tissue was procured to evaluate NIS expression by immunohistovhemistry

Total Patient Number 45

Age 28-73
Stage Il
Histology Infiltrating Ductal Carcinoma
Estrogen Receptor

Positive 23
Negative 22
HER2

Positive 18
Negative 27
Menopausal Status

Pre 16
Peri 0
Post 22

We observe NIS positivity in 94% cases. As mentioned in the previous chapter, samples
are scored on the basis of intensity of NIS keeping one thyroid papillary carcinoma as a
positive control. The pattern of expression is mainly diffused cytoplasmic, however one
of the metastatic tissues shows faint membrane staining for NIS (Figure 3.1).

Interestingly in the primary BC tissue of the same sample, NIS expression is diffused
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cytoplasmic. We also observe an opposite case, where primary BC tissue displays
membranous NIS expression, whereas the respective lymph node metastatic tissue shows
diffused cytoplasmic localization for NIS (Figure 3.1). These findings suggest
differential localization of NIS in primary breast tumour and its lymph node metastatic
tissue. Further analysis of all the samples on the basis of staining intensity suggests that,
among the metastatic cases, only 1 (2%) sample shows 3+ score, 30 (67%) samples show
2+ score, 11 (24%) samples show 1+ score and 3 samples are negative for NIS

expression.

Figure 3.1 Representative immunohistochemistry images for NIS in primary breast tissue and
their respective lymph node metastatic tissue showing variation in subcellular localization. A.
Membranous localization of NIS in a primary breast tissue sample B. Cytoplasmic localization of
NIS in the respective lymph node. C. Cytoplasmic NIS in a primary breast tumour tissue where as
D. its respective lymph node tissue shows faint membrane staining together with the cytoplasmic
staining. Images are acquired at 40X.
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Further classification on the basis of subtypes (Figure 3.2) as well as prognostic markers

such as ER, HER2, age and menopause does not show association of NIS with any of

these factors (Figure 3.3).
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Figure 3.2 Intensity of NIS expression in lymph node metastatic tissues. Any significant difference
was not observed among various subtypes on the basis of NIS expression.
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Figure 3.3 NIS expression in lymph node metastatic tissue with respect to A. ER status B. Age C.

HER2 and D. Menopause status

3.3. 2 NIS expression in metastatic lymph node tissue as compared to primary BC
tissue

Previous literature suggests altered expression of many molecules during metastasis. At

present, alteration in NIS expression from primary to metastatic tissue is not known. In

order to evaluate changes in NIS expression, we have performed IHC in 45 paired

(primary and lymph node metastatic tumours from the same patients) paraffin embedded

BC tissue samples. NIS expression in metastatic tumour tissue samples is compared with

their respective primary tumour tissue samples.
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Figure 3.4 IHC images of representative primary breast tumour tissues and their respective
lymph node metastatic tissues. A, B and C NIS expression in primary breast tumour tissues. D-F.
NIS expression in respective paired lymph node metastatic tissue showing higher (D) equal (E)
and lower (F) expression of NIS as compared to respective primary tumour as in A, B and C

respectively. Scale bar represents 100um.

The comparative results suggest that intensity of NIS expression in lymph node metastatic
tissue is same as the primary tumour in many cases (over 50%); however in a small subset
of metastatic tissues NIS expression can be found with either lower or higher intensity
than their respective primary tumour tissue (Figure 3.4).

More importantly, classification on the basis of subtypes suggest that none of the ER,
PR+ve, HER2-ve subtype samples and 33% ER, PR-ve, HER2-ve samples show higher
NIS expression in the metastatic tissue as compared to primary tumour tissue (Figure

3.5). We do not observe significant difference in NIS expression among other subtypes.
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Figure 3.5 Comparison of NIS expression variation between primary and lymph node metastatic
tumour tissue in various BC subtypes. The graph suggests that majority of the samples show equal
or higher expression in lymph node metastatic tissue as compared to their respective primary
tumour tissue and a very small subset of population shows lower NIS expression in the lymph

node than their primary counterpart.

3.4 Discussion

In the present study, we have evaluated how NIS expression in lymph node metastatic
breast tissue varies from primary breast tumour tissue by IHC analysis. To the best of our
knowledge, this is the first study on comparison of NIS expression between primary and
lymph node metastatic breast tissue. NIS expression in the distant metastatic tissue could

not be analyzed as it is difficult to procure such metastatic tissue samples.

NIS expression levels and localization are different in primary and respective metastasis
cases for few cases, although these parameters are similar for majority of samples.
However in majority of the cases NIS levels are maintained in the metastasized tissue.

Association of NIS with ER in primary breast tumour tissue shown in chapter 2 is not
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evident in the metastatic lymph node tissues and we do not observe significant differences
among various subtypes in terms of NIS expression. Lack of association between NIS and
ER in metastatic tissues suggests possibility of distinct factors regulating NIS expression
in primary and metastatic tissues. Alternately, change in ER status of the metastatic tissue
may be responsible for the disparity. Overall, NIS expression in majority of lymph node
metastatic tissues observed in our study, indicates potential of NIS mediated targeted

radioiodine therapy in the metastatic BC.

One of the major obstacles in radioiodine therapy of extra thyroidal tissues is efficient
uptake and organification of iodide by thyroid gland, increasing its exposure to high dose
of radiation and resulting in regional inflammation and hypothyroidism. For example,
when **!| tagged monoclonal antibody is given to the lymphoma patients, cleaved **I
from 3'1-Abs is concentrated in thyroid and causes hypothyroidism'°**®°. However in a
recent study, significant blocking of thyroidal iodine uptake was demonstrated by
thyroidal hormones T3 and T4 in combination with methimazole, which blocks the
organification of iodide in the thyroid gland; thus lowering the exposure amount and time
of radioactive iodine to the thyroid gland*. The advantage of targeted therapy with **'1 is
that it is well tolerated and inexpensive, as observed in thyroid cancer treatment. Side
effects are also usually very less and may include nausea, light pain, swelling of salivary
gland, gastritis and cystitis. In very rare cases leukemia or myelodysplasia has been

reported.

For translation of the radioiodine therapy to the BC patients, two of the limitations are its
lack of membrane localization and iodide organification. Inspite of these limitations,
several preclinical studies suggest tumour ablation by radioiodine in extra thyroidal
tissues. In addition, there is constant search of the factors that govern upregulation and
membrane targeting of NIS in BC. Our data on NIS expression from lymph node
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metastatic tissues suggests that IHC should be performed on primary as well as axillary
lymph node tissue sections to evaluate NIS expression for better therapeutic targeting of
radioiodine therapy in BC patients. Since NIS mediated uptake of various radioisotopes
also allows diagnostic imaging, a diagnostic scan may enable in vivo evaluation of uptake

in these tissues.

Future studies will require evaluating in vivo dynamics of iodide in NIS expressing
metastatic BC and the underlying molecular mechanisms of radioiodine therapy in BC
cells. Such studies will help to understand the therapeutic potential of targeting metastatic

BC with *!1 in absence of iodide organification.
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Development of a NIS over-expressing
breast cancer cell model I Evaluation
of radioiodide mediated therapeutic
effect in the model by molecular imaging

techniques
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4.1 Introduction

As mentioned in the previous chapter, various groups including us have observed NIS
expression in 70-80% BC patients; however attempts to evaluate functional relevance of
NIS expression in BC patients show radioiodide uptake in a very small subset
(25%)12*18 "It appears from these literatures that the major hurdles in the translation of
NIS-based radioiodide therapy to BC patients is the lack of NIS protein localization on
the cancer cell membrane. A second issue that has been hypothesized is insufficient
radioiodide accumulation due to lack of proper iodide organification in BC tissues,
promoting fast efflux of radioiodine*®. Therefore, prior to clinical trials of radioiodide
therapy in NIS positive BC patients, it would be important to evaluate the therapeutic
benefit of this modality in pre clinical xenograft models using NIS over-expressing BC
cells. Cloning of rat NIS gene in 1996 allowed the transfer of this therapeutically
important gene to several non-thyroidal tumour tissues for radioiodide based imaging and
therapy®. Since then various preclinical studies have been performed to evaluate the
efficacy and feasibility of NIS gene therapy. Many of the early studies on NIS gene
therapy did not show significant iodide uptake due to insufficient expression of NIS
resulting in less delivery of iodide’®. However over the years, using improved gene
delivery vectors it has been demonstrated that NIS gene can be successfully delivered and
expressed in non-thyroidal cells. As a result significant reduction in tumour volume in
various experimental cancer models were reported**3*#31% _previous reports suggest that
in case of optimum gene expression, NIS mediated radioiodide therapy shows success in
various extra thyroidal cancers including liver, prostate, colon, ovarian, pancreatic,
cervical carcinoma, melanoma, glioma and multiple myeloma by in vitro as well as in

vivo studies!0:184187-200
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Although endogenous NIS expression is well known in BC, very limited numbers of
studies have actually focused on evaluation of radioiodide therapy in NIS over-expressing
preclinical BC models. Biodistribution of radioiodide in MCF-7 BC xenograft model has
been reported earlier detailing the efflux, biological half-life and tissue distribution of

radioiodide®

. In a study conditionally replicating adenoviral vector was developed
which express E1A gene under the tumour specific promoter cell surface associated
mucin (MUC-1) for transcriptional regulation**®. In addition, NIS gene was inserted
under the non-specific Rous Sarcoma virus (RSV) promoter. Since MUC1 gene is over
expressed by more than 90% human BCs, using this approach viral replication and
consequently NIS expression can be targeted to a wide range of BC patients. Although
effective targeting and NIS mediated iodide uptake has been observed but **!I mediated
toxicity was not evaluated. In another study replication deficient adenoviral vectors were
developed to target ER+ve BC cells by using estrogen response promoter for driving NIS
gene expression'?. Using this adenoviral vector ZR-75-1 xenograft model was developed
and PET scanning post 48 hours of intra-tumoural adenoviral injection showed iodide
accumulation in the treated tumour. Further the mice that received intra-tumoural
injection of adenovirus were treated with a single dose of 2mCi **I and slight reduction
in tumour volume was observed after day 10 by BLI. However, in this study thyroid was
not significantly blocked by 3 days of T3 treatment and also the follow up time after
tumour regression has not been reported. In a recent study a replication competent,
recombinant vaccinia virus was developed for NIS gene delivery in TNBC cell line MDA
MB231%. In the virus infected cells and tumour xenografts high radioiodide uptake was
observed:; still a single dose of as high as 5mCi **I did not show significant decrease in

the tumour volume.
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In gene therapy trials with preclinical models one of the limitations is detection of gene
expression. The ideal detection method should be non- invasive to study the localization,
intensity and dynamics of gene expression®®. Since most of the therapeutic genes do not
have substrates or ligands for functional imaging, several strategies for correlated reporter
genes expression have been developed which allows monitoring the therapeutic gene in
action using non- invasive imaging. The advantage of NIS based therapeutics is that it can
also be used for reporter imaging by uptake of various radioisotopes that are useful for
various imaging modalities. Plethora of studies has shown NIS based functional imaging

in various tissugs®>108119.120.204-208 \/arigs

imaging substrates that can be transported by
NIS include I', Br', TcO,4 and ReO,. These radionucleotides are highly cost effective and
widely available. In addition to these imaging modalities, a recent development in the
field of radionuclide imaging is the ability to visualize a decay signal from a radioactive
molecule with a highly sensitive CCD camera and the phenomenon is known as Cerenkov
imaging™®. In vivo optical images can be obtained for several radioactive probes such as
2-deoxy-2-[*®F]fluoro-D-glucose (*|*FFDG), Na'F, Na™'l, **YCl; and a *°Y labelled
peptide that specifically target tumours™®. Since Na'*!l can also be used for Cerenkov
imaging, it aids in evaluation of NIS based radioiodide therapy and to study the
biodistribution and retention of radioactive molecule in whole animal by optical imaging.

Herein, we have developed experimental NIS over-expressing BC model using MCF-7
and ZR-75-1 BC cell lines. To follow the effect of radioiodide in vivo, a bifusion reporter
expressing a fluorescent and a luminescence gene has also been over expressed. The
plasmid vector system we used has an attB site which undergoes homologous
recombination with the pseudo attP site present in the human chromosome and helps in

stable and robust expression of the gene of interest in the mammalian system. Further we

thoroughly evaluated correlated NIS and luciferase expression in the experimental model.
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The model was characterized for NIS specific radioiodide uptake and retention time of
iodide. After basic caracterization of gene expression and functions, therapeutic efficacy
of 31 was evaluated in vitro and in vivo. For in vivo studies Cerenkov imaging was
performed to evaluate iodide uptake in tumour and its retention and effect on tumour size

was followed by BLI.

4.2 Methods
4.2.1 Plasmids used

pTA attB plasmid (Plasmid #18937) was obtained from Addgene. From this vector attB
segment was isolated and introduced into the pcDNA3.1+ vector (Addgene, VV790-20)
upstream to the CAG promoter previously made in lab. The pcDNA3.1+attB-CAG-FTT
(Fluc2-tdtomato-thymidine Kkinase) vector generated was used as a backbone for the
present study. We also used pIRES vector (Clonetech, 631605) for introducing IRES
upstream to fusion reporter gene. The vector map of both the plasmids is displayed in

Figure 4.1.

Nhel (1085}
oA /. Xhol (1091)
ECORI (1096)

\ MiuI (1102) \ - Nhel (2001)

PCcDNA3.1+ attB CAG FI2-tdt-tTK
10,573 bp

NotI (1764) |
[/ Agel (3143)
/ Hpal (3217)

MiuI (3674)

(6124) Notl

BamHI (5143)

Figure 4.1 Vector map of the plasmid backbones used in the study A. pIRES vector used for
integration of NIS cDNA upstream to IRES B. pcDNA3.1+ attB-CAG vector used as backbone for

expression of the therapeutic and reporter gene in mammalian cell.
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4.2. 2 Preparation of NIS over-expression plasmid

NIS gene flanked by a Nhel 5’end and EcoRI 3’ end was isolated from a lentiviral vector
backbone and cloned into pIRES vector resulting in pNIS-IRES (Figure 4.2A). The
positive clone was validated by sequencing and restriction digestion and used for further
experiments (Figure 4.2D). Next, NIS-IRES sequence from pNIS-IRES vector was
isolated by Nhel and Notl enzymes and cloned into pcDNA3.1+attB-CAG-FTT vector to
yield pcDNA3.1+attB-CAG-NIS-IRES (Figure 4.2B & E). Next step was insertion of the
fusion reporter gene which is Turbofp. Fluc2. For this Turbofp. Fluc2 gene was PCR
amplified with forward primer GGGGATCCGCCACCATGGTGGGT and reverse primer
GCGCGGCCGCTTACACGGCGATCTTG and cloned downstream to NIS IRES in
pcDNA3.1+attB-CAG-NIS-IRES vector using Notl and BamHI enzymes (Figure 4.2C).
Thus the clone obtained (pcDNA3.1+ attB CAG-NIS IRES TurbofP. Fluc2/ACNITFI2) is
validated by sequencing and restriction enzyme digestion and used for all the experiments

(Figure 4.2F).
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Figure 4.2 Cloning strategy for construction of pcDNA3.1+ attB-CAG-NIS-IRES-Turbofp. Fluc2.
A. Vector map of pNIS IRES plasmid generated by insertion of NIS between 5°’Nhe and 3 EcoRI
B. Vector map of pcDNA3.1+attB-CAG-NIS-IRES generated by insertion of NIS between 5 Nhe
and 3’Not I C. Vector map of pcDNA3.1+attB-CAG-NIS-IRES-Turbofp. Fluc2 by insertion of the
PCR amplified reporter gene between 5’BamHI and 3 ’'Notl D. Confirmation of pNIS IRES vector
construct by digestion with Nhel and EcoRI showing release of a 2kb NIS fragment in clones 2, 3
and 5 E. Confirmation of pcDNA3.1+attB-CAG-NIS-IRES vector construct by digestion with Pstl
and Notl showing release of a 1.5kb fragment which corresponds to the sequence between Pstl at
3100 and Notl 4613 position and the other fragment of 1.35 kb which corresponds to the DNA
sequence between Notl at 4613 and Pstl at 5948. Only clone 4 showed release of both fragments
and thus used for further subcloning. F. Confirmation of pcDNA3.1+attB-CAG-NIS-IRES-
Turbofp. Fluc2 vector construct by digestion with Agel and another digestion with Pstl and Notl.
Digestion with Agel shows release of a 1.15kb turbo fragment and digestion with Pstl and Notl
shows release of a 4 kb fragment which corresponds to the sequence between Pstl at 3100 and
Notl at 7015 position and a 1.35 kb fragment that corresponds to a sequence between Notl at

7015 and Pstl at 8350. The vector constructed was sequenced and used for further experiments.
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4.2.3 Cells and culture conditions
The different BC cell lines used and their respective media are mentioned in the following
table:

Table4.1 Characteristics of the cell lines used in the study

Origin Pathology

MCEF-7 Pleural Invasive ductal carcinoma + + + RPMI
effusion

ZR-75-1 Ascites Invasive ductal carcinoma + - + RPMI

MDA MB231 Pleural Adenocarcinoma - - - L-15
effusion

All the media were supplemented with 10% FBS (Gibco) and 1% penicillin- streptomycin
(Gibco). Cultures were maintained in 5% CO, and humidified chamber in a 37°C

incubator.

4.2. 4 Preparation of NIS expressing breast cancer cell line

MCF-7 and ZR-75-1 cells were co-transfected with ACNITFI2 and integrase vector 2,
As the plasmid contained neomycin gene, positive clones were selected out using 500ug
G418. The isolated cell colonies were first screened for luciferase expression and the
clones with positive luciferase activity were further screened for NIS expression by
immunofluorescence and functional iodide uptake assay. Cell clones with optimum

luciferase activity and NIS expression were used for the experiments.

4.2.5 Luciferase assay

Cells were cultured in 24 well flat bottom plate at an equal density. The lysates were
collected and the firefly luciferase activity was measured using LAR2 from Promega.
Luciferase activity was measured in a Berthold luminometer for 1 second. The data is
plotted as relative light unit per second (RLU/sec) normalised with protein estimated by

Bradford method.
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4.2. 6 Immunofluorescence for NIS and YH2A.X foci assay

Cells were seeded on cover slip in 35 mm plate and after transfection/ 3| treatment
washed with 1X PBS for three times and fixed with 4% PFA in PBS at 37C. An
additional permeabilization step with 0.2% TritonX 100 in 4% PFA was carried out for
foci staining. Non-specific sites were blocked using 2% BSA in PBS. Cells were then
incubated with YH2A.X/ NIS antibody in 1:400/ 1:50 dilutions respectively for overnight
at 4°C in a humid chamber. After incubation with primary antibody cells were washed
with 1XPBS and incubated with anti rabbit/anti mouse Dylight 633 antibody (1:200) for 1
hour at room temperature in dark humid chamber. Cells were washed with 1X PBS and
nucleus was stained with DAPI (4’,6-diamidino-2-phenylindole). Cells were mounted
with Vecta Shield and images were captured under confocal microscope (LSM510,

Zeiss). Foci assay was performed within 1 hour of **!| treatment.

4.2. 7 lodide uptake assay

50,000 MCF-7 NIS expressing cells were seeded in 24 well plate in duplicates and
incubated with 2uCi **°I/ml for 1 hour in uptake buffer (10mM HEPES in HBSS) in
absence or presence of 30uM KCIO,4 blocking. Next, media was removed; cells were
washed once with cold uptake buffer, trypsinized and collected. The iodide uptake in the
cells is measured by beta counter. For colorimetric method of radioiodide uptake, the

same protocol was followed as published in previous literature®.

4.2. 8 lodide efflux assay

50,000 cells were seeded in 24 well plate in duplicate and incubated with **I for 1 hour.
At the end of 1 hour **°I containing media was removed and replaced with plain media.
Cells were collected at the mentioned time points and remaining *#I activity was

measured by beta counter.
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4.2.9 Real time PCR

For RNA isolation 2*10° cells were collected and RNA was isolated by RNA extraction
kit from Qiagen (74106) and quality was checked on the denaturing RNA gel. 1ug RNA
was used for the preparation of cDNA by cDNA synthesis kit from invitrogen (18080-
051). Real time amplification was performed using the TagMan master mix and (Life
technologies, 4304437) primer probe mix from applied biosciences for NIS
(Hs00166567_m1) and GAPDH (Hs02758991 g1). The real time reaction was run in
Quantstudiol2k flex from life technologies. NIS expression level in NIS over-expressing
2-AACT

cell clones was evaluated as compared to control cells and data was analyzed by

method and plotted as fold change in all the graphs.

4.2.10 Western blotting

MCF-7 NIS expressing cells were gently scraped from the plate, lysed in RIPA lysis
buffer and collected in ice chilled microcentrifuge tube. Cells were vortexed vigorously
for 30 seconds and incubated on ice for 2 hours. Lysed cells were sonicated and
centrifuged at 14,000rpm, 4°C for 45 minutes. The supernatant was collected, and protein
concentration was determined by using Bradford assay. Required amount of protein was
mixed with gel loading buffer and heated at 37°C for 30 minutes. Protein samples were
electrophoresed on a 7.5% SDS-PAGE and subsequently transferred to nitro cellulose
membrane. The membrane was incubated in fresh blocking buffer (0.1% tween 20 in
Tris-buffered saline, pH 7.4, containing 5% nonfat dried milk) at room temperature for 1
hour and then probed with the monoclonal NIS antibody (1:1000) in blocking buffer at
4°C overnight. After washing the membrane with TBST (TBS and 0.1% tween 20) three
times for 10 min each, it was incubated in the anti mouse HRP-conjugated secondary
antibody (1:10000) at room temperature for another 1hour and washed again three times

in TBST buffer. The transferred proteins were incubated with ECL substrate solution and
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visualized with autoradiography Xray-film. All blots were stripped and reprobed with a-

tubullin antibody (1:10000) to ascertain equal loading of protein.

4.2.11 Glycosylation PCR array

The Glycosylation PCR Array supplied by Qiagen (PAHS46Z) is based on SYBR green
based real time PCR array. It profiles the expression of 84 key genes encoding enzymes
that post- translationally add or remove sugar residues to and from proteoglycans and
glycoproteins. Figure 4.3A depicts a representative array plate, which contains primers

for various control genes in addition to primers for glycosylation enzyme’s genes.

A RT pmﬁlerar@y plate for B ConvertRNA Add cDNA to PCR master mix and
84 glycosylation genes to cDNA aliquot mixture across the array plate

1 234567 89101112
A o1 (o2 (03 (o4 ‘08 (08 (07) (08’ (09 (10} M (12

B3 G4 (s (e (7 (18 (19 00 () 22 () (24
Cias (2 (27 28 (29 (30) (31 (32 (33) (34 (35 (38
Dia7 3% 3% 40 41 22 43 44 45 46 & 4
Eav 50 51 52 53 54 355 56 57 58 % 60
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Housakeoping

Runin real time PCR instrument
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Figure 4.3 Schematic of the workflow for glycosylation PCR array A. Overlay of an array plate
showing wells for 84 genes involved in the process of glycosylation, 5 housekeeping genes, 1
genomic DNA control, 3 Reverse transcription control and 3 Positive PCR control B. Workflow of
the array involves cDNA synthesis, addition of the cDNA and PCR master mix to different wells of
the array plate containing primers for respective genes. Real time PCR is performed which is

followed by the data analysis to evaluate glycosylation enzyme’s gene expression level.

The work flow (Figure 4.3B) of the array involves isolation of RNA, digestion of
residual DNA, preparation of cDNA and loading the SYBR green together with the
cDNA and PCR mix in individual wells, which already contain the primer for the
reaction. After setting the reaction real time PCR is run (Quantstudio 12K flex) and the
data obtained is analyzed by the software available from Qiagen

(http://www.sabiosciences.com/dataanalysis.php).

101


http://www.sabiosciences.com/dataanalysis.php

Chapter-4

4.2. 12 Clonogenic assay

2x10° cells were seeded in 25mm flask and either treated with radiation or incubated with
50uCi 1 /ml in HBSS for 5-6 hours. After treatment **!| containing media was removed
and cells were washed with cold HBSS. Cells were trypsinized and 1000 cells were
seeded in 6 well plates in triplicate. Media was changed at regular intervals and after 14
days cells were fixed with 10% chilled formaldehyde and stained with 4% crystal violet
in methanol. Stained colonies were counted under stereomicroscope and survival fraction

was calculated according to the protocol mentioned in previous publication®.

4.2.13 Cell cycle analysis and apoptosis assay
At the mentioned time points 1*10° cells were trypsinized, collected and washed with 1X
PBS. For cell cycle analysis cells were fixed with 70% ethanol and incubated overnight at
-20°C. Next day cells were pallet down and washed with 1X PBS. Washed cells were
treated with 1ug/ml RNase A for 10 minutes at 37°C. 300ul of 50ug/ml propidium iodide

was added in each tube, incubated for 30 minutes at 37°C and acquired in FACS calibre.

For apoptotic cell count, Annexin V apoptosis detection kit (Abcam, 14085) was used and

protocol mentioned in the kit was followed.

4.2.14 Tumour xenografts and ***I therapy

Stably transfected NIS-IRES-TurbofP. Fluc2 ZR-75-1 cells (clone 1) were cultured until
75% confluent. Cells were trypsinized, washed in PBS, counted and resuspended in PBS.
6*10° cells were implanted subcutaneously at right dorsal flanks of six to seven week old
female nude mice. Mice were divided into two groups of three mice each. Before starting
the '3 therapy all the mice in both the groups were treated with T4 (2ug) and
methimazole (10ug) everyday for 10 days to block the thyroid and this blocking was

continued for next 3 weeks. The experimental group was injected with a weekly dose of 1
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mCi of *!I for 3 weeks. Serial bioluminescent monitoring began on the day before the 1*
dose of **1 therapy, designated as Day 0, and continued for the next 35 days. 1 of the

treated mice died after 3 weeks of treatment.

4.2.15 In vivo bioluminescence imaging

Bioluminescence was measured after an intraperitoneal injection of mice (n= 3 in each
group) with 100 pL of 30 mg/mL of D-luciferin (Biosynth International). Imaging was
carried out on IVIS Spectrum imaging platform equipped with a highly sensitive CCD
camera and viewed in real time on a computer screen using a color scale expressed as
total flux (photons per second per square centimeter per steradian [photons/sec/cm?/ sr]).
Mice were anesthetized with isofluorane and placed in the 37°C warmed platform
chamber with continuous 2% isofluorane administration via a nasal cone. Acquisition
times of 10 seconds were used and signal was measured in the ROl overlying the tumour.
Serial readings were taken after each injection and maximum values obtained from each
mouse at individual time points were averaged for each set and the mean values were
compared over time. Baseline readings were taken in all mice before the 1% dose 3|
treatment. Serial bioluminescence was monitored every time prior to **!I therapy on Days
1,7, 14, 21, 28 and 35. Data were analyzed using Living image (4.4) software. Optical

signal was normalized to photons per second per square centimeter per steradian

[photons/sec/cm?/ sr].

4.2.16 Cerenkov luminescence imaging

CLI was performed with the same IVIS spectrum system as used for BLI. For in vitro
studies, radioiodine (**!1) was diluted in phosphate-buffered saline and different amounts
were placed in each well of flat bottom 96 wells black plates. The signal is acquired for

10 seconds using open filter.
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For in vivo Cerenkov imaging animals (n=3) were injected with 1mCi of |
intraperitoneally. Cerenkov imaging was performed after 24 and 72 hours of **!|
injection. Animals were placed in a light-tight chamber under isofluorane anesthesia. For

Cerenkov imaging signal was acquired for 3 minutes each and dorsal as well as ventral

scans were acquired.

4.2. 17 Statistics

Data is presented as mean +/- standard error. Student’s t-test was used to judge the
significance of difference. All tests were two sided and p <0.05 was considered as
significant. Graph pad Prizm software was used for all the statistical analysis. To

calculate the correlation of 2 proteins, Pearson’s correlation test was applied.

4.3 Results

4.3.1 Preparation of NIS over-expressing MCF-7 cells

For validation of the vector construct (ACNITFI2), a BC cell line MDA MB231 and an
ovarian cancer cell line A2780 is co-transfected with the bicistronic vector containing
NIS and bifusion reporter gene (Figure 4.4A) and integrase vector. Both the cell lines
show expression of the luciferase and fluorescent reporter gene (Figure 4.4B & C).
pTFI2 plasmid was used as a positive control, which shows expression of the fusion
reporter gene under Cytomegalovirus (CMV) promoter. Further, transient transfection of

these vectors in MCF-7 cells shows over expression of NIS as evident from Figure 4.4D.
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Figure 4.4 Validation of the vector construct developed to evaluate expression of various genes
A. Cartoon depicting the bicistronic vector used in the study. The therapeutic gene (NIS) and the
reporter gene (Turbofp. Fluc2) are linked by IRES sequence. Use of IRES sequence allows
transcription of both the genes under same promoter. Further protein synthesis of the first gene in
the sequence takes place by CAP dependent and of the second gene by CAP independent
translation B. Transient transfection with the bicistronic vector shows luciferase activity in 2 cell
lines, MDA MB231 and A2780 in presence or absence of integrase vector (Int). pTFI2 was used
as a positive control which expresses fusion reporter gene (Turbofp. Fluc2) under CMV
promoter. C. Expression of the fluorescent gene expression (Turbofp) in MCF-7 cells transiently
transfected with ACNITFI2. D. Immunofluorescence assay shows NIS expression in transiently
transfected MCF-7 cells. Scale bar represents 20pum.

Once the plasmid vector mediated gene expression is evaluated in multiple cell lines we
analyzed the basal level of NIS expression in a panel of BC cell lines. It is observed that
all the BC cells show very faint NIS expression which is predominantly cytoplasmic

(Figure 4.5).
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ZR-75-1 MCF-7 MDA MB-231

Figure 4.5 Endogenous NIS expression in a panel of BC cell lines showing weak cytoplasmic

staining. Scale bar represents 20um.

Since our patient sample data suggests that receptor positive patients may get maximum
benefit by NIS mediated radioiodide therapy, an ER/PR+ve cell line MCF-7 is used as a
model for NIS over expression in the present study. MCF-7 stable cell clones are
generated by co transfection of the bifusion vector and the integrase vector. As evident
from the Figure 4.6A we observe a wide range of luciferase expression from various cell
clones. Interestingly further screening for NIS expression analysis reveals that in majority
of the clones NIS expression is predominantly cytoplasmic where as in very few cell
clones membranous NIS expression is evident (Figure 4.6B). We do not observe any
significant difference in terms of luciferase expression between cells expressing NIS in

cytoplasm versus membrane.
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Figure 4.6 Screening of MCF-7 cells transfected with the bicistronic vector for co-expression of
the therapeutic and a reporter gene A. Luciferase expression in various MCF-7 clone. The bars
highlighted in green represent the cell clones with membranous NIS expression B. NIS expression
in various MCF-7 cell clones showing difference in localization of NIS. Scale bar represents

20pm.

Since this observation was striking, so to validate these cells were maintained in culture
over multiple passages and as shown in Figure 4.7 A-D we observe that luciferase
expression as well as differential NIS localization is maintained over long passages in

various clones. To avoid confusion we named cytoplasmic NIS expressing clones used in
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the study as A3, A4, A5, A6 and membrane NIS expressing clones are numbered as

clone 22, 30, 31, 40, and 42.
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Figure 4.7 Maintenance of the NIS and reporter gene expression over various passages A.
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Luciferase expression in various cytoplasmic NIS expressing clones showing well maintained
luciferase activity B. Consistent lucifearse expression in membrane NIS expressing clones C.
Immunofluorescence images for NIS showing that the localization of NIS in cytoplasm is
maintained over various passages in cytoplasmic clones D. Immunofluorescence images for NIS
showing that the localization of NIS in membrane is maintained over various passages in

membrane NIS expressing clones. Scale bar represents 20pum.

4.3. 2 Glycosylation gene expression profile of the cells expressing NIS in
membrane versus cytoplasm
As we observed distinct differences in the localization pattern of NIS among various

MCEF-7 cell clones, it was of great interest to understand the factors responsible for its
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membrane targeting. To evaluate if glycosylation of NIS plays any role in differential
localization of NIS, western blot analysis is performed to check the glycosylated forms of
NIS in the two different clonal populations. As evident from the western blot image in
Figure 4.8A in clone 22 (membranous NIS) we observe higher intensity of the
completely glycosylated form of NIS (97 kd) where as the intensity of this band is lower
in A4 which shows cytoplasmic localization of NIS but we do not observe significant
difference in the band intensity of partially and incompletely glycosylated forms of NIS
between the 2 clonal populations (50-67kd).

We further investigated if the key players of glycosylation enzyme machinery have any
important role in its localization. To clarify that, a real time PCR based array is performed
for evaluating the expression profile of 84 genes involved in the process of glycosylation.
To do this cDNA samples from 2 of the cytoplasmic NIS expressing MCF-7 cell clones
(A4 and A6) and 1 membrane NIS expressing MCF-7 cell clones (clone31) are run in this
array platform, together with the plain MCF-7 cells. Data analysis from the array shows
that there is distinct up- or down-regulation of specific classes of glycosylation enzymes
in the two established cell populations (Figure 4.8B). The experiment was further

repeated with 2 other membrane NIS expressing clones namely clone 2 and 22.
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Figure 4.8 Role of glycosylation in differential localization of NIS A. Western blot image showing
high intensity of completely glycosylated form of NIS (97kd) in clone 22 which shows
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membranous NIS expression where as the band intensity is lesser in A4 clone which shows
predominantly cytoplasmic NIS B. Data analysis from the glycosylation PCR array shows distinct
differences in the expression level of glycosylation genes. It is evident from figure that many of the
glycosylation genes are upregulated in clone 31 (membrane NIS expressing clone) as compared
to A4, A6 and MCF-7 plain cells.

Further clustering analysis through MEV software classifies all the samples in to 2
groups, 1 of the groups includes A4 and A6 (Cytoplasmic clones) together with the MCF-
7 plain cells and another group includes all the cell clones with membranous NIS
expression, namely clone 2, 22 and 31 (Figure 4.9). Thus the glycosylation array data
analysis suggests that the glycosylation gene expression profile of the membrane NIS and
cytoplasmic NIS expressing clones are distinctly different and cytoplasmic NIS
expressing clones show a glycosylation gene expression profile which is similar to MCF-
7 plain cells. Specifically, the expression level of mannosidases, sialidases,
mannosyltranferases and sialyltransferases are significantly high in NIS membrane clones
as compared to cytoplasmic NIS clones and MCF-7 plain cells (Figure 4.10A-D). Among
mannosidases the maximum difference is observed in case of MAN1Al and MAN1B1
enzymes (Figure 4.10A) and among mannosyl transferases the maximum difference is
observed in MGAT4B and MGATS5 (Figure 4.10B). Previous literature suggests that NIS
is rich in mannose residues and significant difference in mannose related glycosylation

enzyme’s expression suggests its possible role in NIS membrane targeting.
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Figure 4.9 Clustering analysis of the glycosylation PCR array data by MEV software showing 2
distinct clusters of MCF-7 clones based on the expression of genes involved in the process of
glycosylation.
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Figure 4.10 Graphs depicting the levels of glycosylation genes in membrane vs. cytoplsmic NIS
expressing clones. A. Expression level of mannosidases in various MCF-7 NIS expressing clones.

It is evident that expression level of MAN1A1 and MAN1B1 is high in membrane NIS expressing
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clones as compared to cytoplasmic NIS expressing clones B. Expression level of mannosyl
transferases in various MCF-7 NIS expressing clones. MGAT4B and MGAT5 shows increased
expression in membrane NIS expressing clones as compared to cytoplasmic NIS expressing clones
C. Expression level of sialyl transferases in various MCF-7 NIS expressing clones. ST3GALL is
consistently high in all membrane NIS expressing clones where as ST6GALL is high only in clone
31 and 22 D. Expression level of sialidases in various MCF-7 NIS expressing clones. A slight
increase in Neu4 gene is observed in membrane NIS expressing clones. Alltogether the data
suggests distinct upregulation of many important glycosylation enzyme genes in membrane NIS
expressing clones which may play an important role in proper NIS targeting

4.3. 3 Characterization of the experimental model with correlated expression of the
therapeutic and reporter gene
As mentioned previously we have used bicistronic vector to monitor the expression of the
therapeutic gene through the reporter gene. For such bicistronic vector models close
association of both the genes is obligatory. Since earlier reports suggest that for effective
iodide accumulation inside cells, presence of NIS transporter protein at membrane is
crucial, so keeping this fact in mind we have verified correlated activity of NIS and
luciferase in membrane NIS expressing clones only. Overall we observe membranous
NIS expression in 5 MCF-7 cell clones, which show variable intensity of NIS as well as
luciferase expression (Figure 4.11A - D). Except one clone (clone 30), all the other cell
clones show very good correlated expression of NIS with luciferase (R?=0.0908) (Figure
4.11E). NIS transcript level is also evaluated in these clones and we observe difference in
the intensity which is concordant with the NIS protein expression observed by

immunofluorescence assay (Figure 4.11B & C).
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Figure 4.11 Development of the experimental MCF-7 BC model with correlated expression of the
therapeutic and reporter gene. A. Different levels of membrane NIS expression in various clones
detected by immunofluorescence using human NIS monoclonal antibody. Scale bar represents
20um. B. Quantitation of the NIS immunofluorescence staining C. NIS transcript levels in various
clones which is concordant with immunofluorescence data D. Quantitaion of luciferase activity
in these clones shows different levels of luciferase expression E. Graph showing correlated
expression of NIS with the luciferase activity in these clones. Except clone 30 all the clones show

close association of both the genes.

Further to validate the functionality of the molecule in these clones iodide uptake assay is
performed with radioactive iodide (**1). Data from iodide uptake assay suggests that
MCF-7 NIS clones with decreasing level of NIS expression show decrease in amount of

iodide uptake (Figure 4.12A). Further to show NIS specific uptake of iodide in these
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cells, cells are treated with a NIS blocker, KCIO,™ and we observe significant reduction in
iodide uptake indicating that iodide accumulation in these cells specifically takes place
through NIS (Figure 4.12A). We also observe increase in total iodide uptake with
increasing number of clone 22 cells (Figure 4.12C). It is observed that iodide uptake
ability of cells with NIS localized at membrane is significantly high as compared to plain
MCEF-7 cells or cytoplasmic NIS over-expressing MCF-7 cells. All together these data
indicate that for efficient delivery of iodide inside the BC cells localization of the

symporter molecule at the membrane is essential.
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Figure 4.12 Radioactive iodide (**°I) uptake assay in MCF-7 NIS expressing clones A. Uptake
assay with three of the membrane clones suggest difference in the amount of iodide uptaken which
is according to the level of NIS expression in these clones. Blocking of NIS with perchlorate
shows significant decrease in iodide uptake indicating NIS specific uptake of iodide B. Efflux
assay with radioactive iodide suggests major efflux of iodide within 15 minutes of incubation.
Retention of iodide for such a short time window in these cells is due to lack of iodide

orgaification system in BC cells C. The graph shows concomitant increase in iodide uptake with
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increase in cell number. It is also evident that the amount of iodide uptaken by control MCF-7
cells or cytoplasmic NIS (clone A4) expressing cells is significantly lower than the membrane NIS

(clone 22) expressing cells.

For better therapeutic efficacy of radioiodide treatment in BC cells retention time of the
iodide molecule may play an important role, as longer period of radioiodide retention in
the cells will result in more damage. To evaluate the retention time of radioactive iodide
inside NIS over-expressing cells iodide efflux assay is performed and we observe that
90% of radioiodide is effluxed out within 15 minutes of incubation in iodide free medium

(Figure 4.12B).

4.3. 4 Therapeutic efficacy of radioiodide in NIS over-expressing MCF-7 cells

After validating the iodide uptake ability in NIS expressing clones, we evaluated the
therapeutic efficacy of **'I on MCF-7-NIS membrane expressing cell line (clone 22) by
measuring the survival fraction by clonogenic assay. A brief exposure of these cells to
50uCi 1 is found to cause significant decrease in cell survival (p< 0.0001, Cl=95%)
than the untreated cells (Figure 4.13A). Radiation injury resulting cellular apoptosis is
assessed by annexin V staining protocol, which shows only 46.5% live cells in case of ***I
treatment as compared to 86% in control (Figure 4.13B). To confirm that such brief and
low-dose exposure of MCF-7-NIS cell still cause DNA double strand break, YH2A . X foci
formation assay is performed at different time intervals after *!1 treatment. Formation of
a significantly large numbers of foci in treated cells is noted as compared to the untreated
cells (Figure 4.13C). Further cell cycle analysis post *! treatment shows G2-M arrest
which is relieved after 48 hours of treatment (Figure 4.13D). Thus, together our results
confirm that although major amount of iodide is effluxed out by these cells within a short

duration, still sufficient radio-ablative effects on MCF-7-NIS cell are evident.
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Figure 4.13 Evaluation of in vitro therapeutic efficacy of radioiodide (**!1) in MCF-7 membrane
NIS over-expressing clone (clone 22) A. Clonogenic assay showing significant decrease in
survival fraction post **'I treatment B. Apoptotic assay showing decrease in live cell population
after ** treatment C. Immunofluorescence staining for yH2A.X foci shows increased numbers of
foci formation in **I treated cells than untreated controls. Scale bar represents 10pm. D. Cell
cycle analysis is performed at immediate end of 7 hours **1 treatment which is considered as 0
hour time point. It is also analyzed at 24 and 48 hours of treatment. Data shows G2-M arrest at 0

hour time point however this arrest is relieved after 24-48 hours of radioiodide treatment.

4.3.5 Development of ZR-75-1 NIS over-expressing cells

Although we observe significant cytotoxic effects of **'I in membrane NIS expressing
MCEF-7 cells but these cells failed to form tumour in available immunocompromised mice
and therefore we developed another NIS expressing experimental cell model using ZR-
75-1 cell line, which is also a receptor positive BC cell line and shows tumour formation
in available immunocompromised mice. ZR-75-1 cells are transfected with the same
bifusion integrase plasmid vector (Figure 4.14A) and live cell screening of positive
clones with G418 selection shows very few cell clones with luciferase activity in the

culture plate (Figure 4.14B). The positive cell clones are further amplified and
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quantitation of luciferase activity is performed. Luciferase activity is observed in 2 clones
(clone 1 & 3) (Figure 4.14C). Immunofluorescence and colorimetric iodide uptake assay
results show NIS over expression and iodide uptake in both the clones however clone 1
shows higher NIS expression and iodide uptake as compared to clone 3 (Figure
4.14D&E). As opposed to MCF-7 cells, NIS localization is predominantly cytoplasmic in

both the ZR-75-1 NIS over-expressing cell clones.

The firefly luciferase component of the bi-fusion reporter is used in this study to monitor
the expression of the NIS therapeutic gene and radioiodide mediated abrogation as an
indirect measure in the present study. Prior to in vivo BLI the signal intensity of the
luciferase reporter in live cells is evaluated and we observe that 40,000 cells of ZR-75-1
clonel generate sufficient photon signal which is significantly above the background

level (Figure 4.14F&G).
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Figure 4.14 Development of NIS expressing ZR-75-1 BC cells A. Diagrammatic representation of
attB-CAG-NIS-IRES-Turbofp.Fluc2 plasmid DNA vector used for establishing NIS expressing cell
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lines B. Screening of luciferase positive cell clones in 10cm plate using IVIS imaging system C.
Quantitation of luciferase activity in positive clones shows luciferase activity in clonel and
clone3 D. Colorimetric iodide uptake assay of luciferase positive clones showing high iodide
uptake in clonel as compared to clone3 E. Immunofluorescence assay for NIS expression shows
increased NIS expression in the stable cells generated as compared to plain ZR-75-1 cells. The
localization pattern of NIS is however mainly found as cytoplasmic. Scale bar represents 20um.
F. Live cell luciferase imaging using D-Luciferin substrate with different numbers of ZR-75-1
clonel cells in 96 well plate G. Quantitative data of luciferase signal obtained from live cell

imaging showing incremental luciferase signal intensity.

Prior to in vivo **!1 toxicity experiments, in vitro **!1 toxicity is evaluated in ZR-75-1 NIS
expressing cells and treatment with 50pCi **!1 shows significant decrease in the survival
fraction as observed with clonogenic assay (Figure 4.15 A). Radioactive molecule
mediated DNA damage is also measured by YH2A.X assay and we observe high
frequency and intensity of foci in **1 treated cells as compared to control cells (Figure

4.15B).
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Figure 4.15 **'| toxicity assay in ZR-75-1 clonel cells A. Clonogenic assay shows significant
decrease in survival fraction post **'I therapy B. yH24.X assay to detect DNA damage shows
higher number of foci in the **!1 treated cells as compared to untreated cells. Scale bar represents

10pm.
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4.3. 6 Evaluation of radioiodide mediated therapeutic effect in NIS expressing
tumour cell model by molecular imaging techniques

Before evaluation of radioiodide mediated toxicity in the BC xenograft model, it is
important to understand the distribution of **I in the animal model. To do this we
performed CLI to image the radiation emitted from the radioisotope molecule. As a
process of standardization different doses of *'I is added in 96 black well plate and CLI
is performed using IVIS in vivo imaging system. We observe dose dependent increase in
the signal intensity (Figure 4.16A & B). Further emission spectra was recorded from 200
and 100pCi **!1 and maximum average radiance was observed at 500 nanometre (Figure

4.16 C).
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Figure 4.16 Cerenkov luminescence imaging with **!I' A. Qualitative data showing Cerenkov
luminescence signal obtained from **I. No signal is obtained from the control well in which **|

was not added. B. Quantitation of signal intensity showing dose dependent decrease in Cerenkov
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signal C. Spectral profile measured from various concentration of **!1 indicating peak at around

500 nanometre.

Further to perform in vivo CLI, ZR-75-1 xenografted nude mice are injected with 1mCi of
1311, Image acquisition after 24 hours of intra peritoneal injection with **'I shows signal in
the thyroid in the ventral scan (Figure 4.17A) and tumour in the dorsal scan suggesting
possibility of using CLI in in vivo mice xenograft model. Signal is also obtained from
stomach, which is due to NIS expression in gastric mucosa.

For in vivo evaluation of therapeutic potential of radioiodide treatment, 6x10° NIS over-
expressing ZR-75-1 cells (clone 1) are implanted for subcutaneous tumour growth in nude
mice and when the tumour volume reached to a measurable size, we initiated ***I therapy.
Before starting **!I therapy, thyroid of the control as well as treated group mice is blocked
with T4 and methimazole and is continued further throughout the experiment. We
observe that 6 days of thyroidal blocking do not show much effect in thyroidal iodine
uptake but 14 days of blocking significantly reduces iodine uptake in thyroid (Figure
4.17B & C). Tumour bearing mice were randomized into 2 groups, control and 3|
treated. Based on the previous literature reports we treated tumour bearing mice with
weekly dose of 1mCi **I for 3 weeks. Further CLI imaging after 24 hours of 1mCi **
injection (intra peritoneal) shows tumour specific accumulation where as thyroid is
significantly blocked as no signal is detected from thyroid where as signal is obtained
from stomach (Figure 4.17 D). We also performed CLI to check the retention of iodide in

these tissues after 72 hours and observed that majority of iodide is effluxed from the

tumour tissue but a faint signal is obtained from stomach (Figure 4.17D).
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Figure 4.17 In vivo Cerenkov luminescence imaging with **I in NIS expressing ZR-75-1 tumour
bearing mice. Mice undergoing methimazole and T4 treatment were non-invasively monitored for
B distribution in tumour and thyroid. Mice were imaged after 24 and 72 hours of 1mCi ™|
intraperitoneal injection. A. Dorsal scan showing Cerenkov signal obtained from tumour.

Ventral scan showing major signal from unblocked thyroid. Signal is also obtained from stomach
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and a very faint signal is noted in bladder. B. CLI after 6 days of thyroid blocking shows signal in
tumour as well as thyroid indicating insufficient blocking of thyroidal NIS. C. CLI after 14 days of
blocking shows significant reduction in iodine uptake by thyroidal NIS. D.CLI after 21 days of
continuous blocking of thyroidal NIS by T4 and methimazole. Imaging after 24 hours of
Bltherapy shows major signal in tumour in dorsal scan. The ventral scan shows signal from
stomach. No signal is obtained from thyroid showing significant blocking of thyroidal NIS by T4
and methimazole. Imaging procedure repeated after 72 hours of **I therapy shows absence of

iodide from tumour tissue however a faint signal is obtained from stomach.

To monitor the efficacy of radioiodide therapy BLI is performed and quantification of the
luminescence signal shows that in the control group there is continuous increase in the
signal intensity over 3 weeks, which remains constant till 5 weeks (Figure 4.18A).
However in the treated group luminescence signal intensity was decreased after 2 weeks
of therapy and it reduced further after 3 weeks, indicating tumour regression by
radioiodide treatment. After 3 weeks of treatment mice are followed for 2 more weeks
and it is observed that the tumour size remains the same in 4™ week but a slight increase
in the luminescence intensity was observed at the end of 5™ week in the treated group

(Figure 4.18B).
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Figure 4.18 In vivo BLI with **' in ZR-75-1 NIS over-expressing tumour bearing mice to evaluate
therapeutic efficacy of radioiodide. The mice in the treated group (n=3) were injected with weekly
dose of 1mCi **I for 3 weeks. BLI was performed weekly prior to the therapy. A. Quantitation of
the bioluminescence signal to evaluate the effect of radioiodide on tumour size. The graph shows
regression in the tumour volume after 2 doses of **'I therapy in the treated group. In the control
group constant increase in the size of the tumour is noted. B. BLI images of tumour bearing mice
showing increased signal in the tumour tissue of control mice over different weeks where as the

signal obtained from the treated tumour is reduced after **I therapy.
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4.4 Discussion

In the present study we have developed NIS over-expressing BC cell model. We have
thoroughly validated NIS gene expression and its function in terms of cellular iodide
uptake and toxicity by in vitro assays. Further, we have also evaluated the therapeutic
efficacy of !l using ZR-75-1 NIS over-expressing mice tumour xenograft by non-
invasive imaging methods.

We used attB based plasmid vector system for stable integration of NIS gene in BC cell
lines. This integration system is significantly more efficient and specific than the other
available alternatives®*?. Co-transfection of the attB containing plasmid vector together
with the integrase vector also ensures site specific integration of the gene of interest
instead of random integration observed with retro/lentiviral vectors. Our study for the
first time used attB based plasmid vector system for NIS gene expression and we observe
high and stable gene expression in long term culture.

We used a dual expressing plasmid vector that expresses both the therapeutic gene
(human NIS) and a bifusion reporter gene Turbofp. Fluc2. At present there are several
strategies available to link a therapeutic gene with a reporter gene expression. Few of
these strategies include bidirectional promoter, same vector with independent promoter,
peptide 2A based linking and bicistronic transcripts with IRES sequence expressed from
the same promoter®>?!°. Each method has its own advantages and disadvantages. The
major concern for successful non-invasive monitoring of the therapeutic gene through
reporter gene is the close association of therapeutic gene expression with the quantitative
measurement of the reporter gene'®. In the present study we used EMCV-IRES
(encephalomyocarditis virus IRES) for linking both the genes, which showed a good
correlation of luciferase expression with the intensity of NIS expression in MCF-7 BC

cell clones established.

124



Chapter-4

An interesting observation during development of the stable cell clones using MCF-7 was
that transfection with the customized expression plasmid (pattBCAG-NIS-IRES-Turbofp
Fluc2) lead to generation of two different clonal variant where the populations of cells
either represents NIS in the cytoplasm or in the plasma membrane. Over long term culture
where cells undergo several passages, NIS protein expression was found to maintain
respective cellular location in clone specific manner. The frequency of cells showing
distinct membrane expression was very low which is also observed in patient tumour
samples as discussed in Chapter 2. Such observation heightened our curiosity to
investigate the cellular factors that may play important role in NIS localization, where we
hypothesized that perhaps heterogeneous cellular glycosylation processes are responsible
for this differential behavior in NIS protein localization. Western blot analysis data
suggested that there is difference in the intensity of completely glycosylated form of NIS
between membrane and cytoplasmic NIS expressing clones. This observation is further
supported by glycosylation array data which shows that many of the enzymes involved in
the process of glycosylation are upregulated in the membrane NIS expressing clones.
Taken together our data suggests that glycosylation appears to play an important role in
membrane targeting of NIS; however further studies will be required to validate this
observation, which is out of scope for the current study objectivities. Previous literature
suggests that NIS is glycosylated at 3 amino acids located on the extracellular domains
near carboxy terminus, but there are contradicting reports indicating NIS membrane
targeting may or may not be glycosylation dependent®!41:2%,

Staying focused on our study to prove that iodine transporter expressed is functional or
not, we performed uptake assay and observed that even when NIS is localized in
cytoplasm there is iodide uptake at a very low scale. The reason for iodide pumping in

cytoplasmic NIS expressing clones may be due to weak NIS expression at the membrane
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which is beyond the detection limit by immunofluorescence assays or possibly due to
abundant cytoplasmic NIS staining, membrane staining is difficult to judge. However
when NIS is expressed at the membrane, significant amount of iodide is concentrated
inside these cells, which can be specifically inhibited by potassium perchlorate treatment
showing specificity of NIS for transport of iodide inside the cells. Since BC cells lack the
ability to organify iodide we observe that majority of iodide is effluxed out within 15
minutes of incubation. Further to validate if the iodide concentrated for such a short time
window is sufficient to cause cytotoxicity in these cells or not, we performed toxicity
assays. Our data from clonogenic as well as apoptosis in MCF-7 cells suggests significant

cell death in **1 treated cells as compared to untreated cells.

Since MCF-7 NIS expressing cells did not show tumour formation in the nude or SCID
mice available to us, we developed NIS over-expressing BC model using ZR-75-1 cells,
which shows tumourigenic ability. All the NIS transfected ZR-75-1 cells however showed
cytoplasmic localization of NIS with low iodide uptake capacity suggesting weak NIS
expression at the membrane which was not resolved by immunofluorescence microscopy.
Further, in vitro cytotoxicity data suggests low but significant cell death after ***I therapy.
We therefore developed mouse xenograft model using NIS over-expressing ZR-75-1 cells
in which we tested the ability of NIS mediated radioiodide therapy for tumour regression.
Recent advances in the field of non-invasive MI allows optical imaging instruments to be
used for imaging of visible range photons (luminescence) produced by radioactive
materials**2331% \We performed CLI to visualize the tissue distribution of I after 24
hours of intra-peritoneal injection and observed accumulation of radioiodide in the
tumour. The major signal was observed in the thyroid and in addition to thyroid, signals
were also obtained from stomach and bladder. Blocking the thyroidal NIS with T4 and

methimazole for 14 days showed significant decrease in thyroidal radioiodide uptake.
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Thyroid blocking is an important aspect to achieve in case of radioiodide therapy to the
extra thyroidal tissue as it helps in minimizing exposure of thyroid to the radioactive
compound and at the same time increases the probability of better uptake in the non-
thyroidal NIS expressing tissues. For evaluation of tumour inhibition after '3
administration, we co-expressed the luciferase reporter gene with NIS and performed
BLI. BLI provides a relative measure of the tumour volume and is a very useful tool for
non-invasive, serial monitoring of the same animals over long duration of treatment
period. We observe decrease in the bioluminescence signal in the treated mice after 2
doses of 1mCi ™1, which decreased further after the 3" dose of *!I as compared to
untreated mice.

Previously reported clinical trials with NIS based radioiodide imaging in BC patients has
shown positive uptake in a very few cases and it has been suggested that mere presence of
NIS in BC would not be sufficient to produce a therapeutic effect, since these tissues lack
the ability to organify iodide and therefore the biological half life of the radioisotope in
breast tissue is short. Herein, use of dual imaging modalities demonstrated distribution of
radioiodide by CLI and radioiodide mediated tumour regression by BLI. These
observations provide insights into the pattern of radiotracer distribution non- invasively
and also provide information on time course of radiation effects in human BC xenograft
treated with 1. In our study with the NIS expressing BC xenograft model, we do
observe significant regression in the tumour growth in animals treated with *!I. We
performed in vivo experiments with ZR-75-1 NIS expressing cells, which shows
localization of NIS predominantly in the cytoplasm. At this point, we do expect that NIS
based radioiodide therapy may prove to be more effective where the protein is
predominantly represented on the cell membrane, resulting in abundant intake of the

radioactive molecule and thereby higher toxicity. It is also evident from our in vitro
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toxicity data which shows higher toxicity in MCF-7 NIS expressing cells as compared to
ZR-75-1 NIS expressing cells after *! therapy. It is quite possible that this difference in
the toxicity profile is due to the distinct difference in the localization of the transporter
molecule. Thus there is a need to explore the strategies that can direct membrane
targeting of NIS molecule. Various compounds including retinoic acid and HDAC
inhibitors have been shown to induce NIS expression in breast cancer cells resulting in
increased iodine uptake™?*%*, In addition to this, June et al. reported membrane targeting
of NIS by EGF treatment in BC cells, which is through activation of MAPK pathway?®*,
However, EGF treatment in breast cancer patients is not suitable as it may activate
plethora of signalling pathways. Therefore it is important to investigate the compounds
and strategies that can target NIS to the membrane in BC cells and also have potential to
be translated in the clinic. The present study provides an excellent experimental cell
model that can be applied to test the compounds which modulates localization of NIS.

Nevertheless some additional consideration can be taken into account for improvement of
this therapy. One of the factors that can be considered is use of other radioisotopes with
higher energy emissions that are also transported by NIS, could potentially boost the
efficacy of the regime. Both *®Re and #'At have been shown to deliver approximately
five times the dose of radiation delivered by **!1 to NIS expressing tumours. The other
approach could be use of radio sensitizer molecules to enhance local radiation effect in

the BC cells, which has been experimented in the following chapter.
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Effect of 2-DG and metformin as radio
sensitizers for increased radioiodine
mediated DNA damage in NIS expressing
breast cancer cells
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5.1 Introduction

The unique function of NIS to transport iodide into thyroid cells and its success in clinic
for radioiodine mediated thyroid cancer ablation has lead to the proposal and testing of
exogenously induced NIS expression in non-thyroidal cells for radioiodine ablation
treatment™®*?*?%° Such studies in BC are promising but still clinical application’s result
prompted requirement of more studies to improve radioiodine based therapeutic efficacy,
specificity and safety. In the earlier chapters we have delineated NIS expression in BC
tissues and its potential as a target for radioiodine therapy in experimental BC
model*>?%?2" The major reason for insufficient iodide uptake observed in these tissues is
believed to be due to intracellular localization of NIS protein and lack of proper iodide
organification system in these cells">*®°, These discrepancies widen the scope of
multiple studies which have focussed on modulating the expression level of NIS with
agents such as retinoic acids and HDACs before 31 therapy'*#??2%®_ Another strategy
that is still unexplored is to enhance the **!I treatment efficacy itself by using radio
sensitizer drugs. Use of radio sensitizers may enhance cytotoxicity of **I therapy in case
of a very low iodine uptake when NIS expression is low. At the same time with the use of
radio sensitizers a lower concentration of *!I can be used when NIS expression is high,
which may benefit by minimizing the side effects of radiation in other NIS expressing
tissues where entry of radioiodine can’t be avoided. Further, without the presence of a
defined iodide organification mechanism in BC cells, radio sensitizers may enhance
radio-ablative effect even during the short presence of *!I inside these cells enhancing
DNA damage and cell death. Since radiation therapy is known to show cytotoxicity via
free radical mediated oxidative damage, it has been proposed that combining radiation
therapy with agents that cause oxidative stress induced injury may sensitize cells to the

cytotoxic effect of radiation >392,
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One of the radio sensitizer that causes oxidative stress and used during this study is 2-
deoxy glucose (2-DG). 2-DG is a glucose analog that competes with glucose for entry in
to glycolytic pathway. It is converted to phosphorylated 2-DG by hexokinase, which gets
trapped inside the cell and inhibits hexokinase 2*2. Thus 2-DG treatment causes a glucose
deprived state preferentially in the cancer cells resulting reduced output from glycolysis
and pentose phosphate pathway. Selective effect of 2-DG in cancer cells is due to several
metabolic alterations in these cells including increased expression of GLUT
transporters®>®. Recently 2-DG has been shown to function as a radio sensitizer in many
reports®®*?*’. The possible mechanism is that 2-DG mediated glucose deprivation results
in increased pro-oxidant production and profound disruption in thiol metabolism,
inducing an oxidative stressed state 2432,

The other radio sensitizer used in the present study is metformin, which is a biguanide
drug, well known for its use in the treatment of hyperglycemia and type 2 diabetes.
Recent reports suggest association of metformin to low risk of BC in diabetic patients®"
2% \/arious studies suggest that metformin inhibits proliferation of a great range of cancer
cells®"? 1t induces apoptosis in certain cancer cell lines and has also been reported
recently to target cancer initiating cells?®®. Mice model studies using metformin has also
been shown to reduce tumor growth in breast, colon and prostate cancer??®2°726.%67 The
mechanism of metformin action involves lowering the level of insulin and LKB1
mediated activation of AMPK and reduction in mTOR signalling ?®®?*. Since radiation
activates AMPK , metformin enhances radiation induced AMPK activation and cancer
cell death 2’°?"2, Recently in a report metformin has been successfully used as a radio

sensitizer for BC cells and showed eradication of radioresistant cancer stem cells by

activating AMPK and suppressing mTOR?".

131



Chapter-5

To date, this is the first study to show the combination of 2-DG and metformin as radio
sensitizers for enhancement of Cobalt60 or **!| radio-ablative effect on the cancer cells.
We focus on combining the two radio sensitizer drugs against the two different radiation
exposure methods and measure the benefit using BC cells. We show that a combination
of metformin and 2-DG along with Cobalt60 radiation or NIS mediated **I radiation

shows significantly enhanced cytotoxicity.

5.2 Materials and Methods

5.2.1 MTT assay

5000 cells/well were seeded in 96 well plate. Cells were allowed to adhere overnight
before they were treated with mentioned drug doses of metformin or 2-DG. After 48
hours of treatment, cell viability was measured by MTT assay and data is represented as

percentage cell viability as compared to the untreated cells.

5.2. 2 Drug treatment
All the drug treatments were given 12 hours before the **!I treatment/radiation therapy
and were replaced by plain medium after 12 hours of **I treatment, and assay was

performed after 24 hours of the treatment.

5.2. 3 ATP measurement
Total cellular ATP was determined by using manufactured recommended protocol of
Luciferase based ATP detection kit (FF2000, Promega). Total ATP was measured after

24 hours of radiation or **1 therapy.

5.2. 4 Statistics
Data is presented as mean +/- standard error. Student’s t-test was used to judge the
significance of difference. All tests were two sided and p <0.05 was considered as

significant. Graph pad Prizm software was used for all the statistical analysis.
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5.3 Results

5.3.1 Effect of 2-DG and metformin combination on tumor cell ablation upon
Cobalt60 radiation treatment
To determine the cytotoxic effect of 2-DG and metformin, BC cell lines are first exposed

to various concentrations of these two drugs ranging between 0.1-100 mM and viable cell

count was measured by MTT assay (Figure 5.1).

A MCF-7 B MDA MB231
b B Met F @ MetF
_ T T 2-DG 200 . . 2.DG
g .
= > T
§ 50 g
w
-63_ T = 50 r
I i |
. s & Y &
- & & ® & & &
o & & .&“& o o Ly &

Drug Dose Drug Dose

Figure 5.1 Cytotoxic effect of 2-DG and metformin in A. MCF-7 and B. MDA MB 231 BC cell
lines

Further, based on the MTT data 10-50 mM dose of 2-DG and 2-10 mM dose of
metformin is combined with 1 or 2 Gy Cobalt60 radiation to determine the minimal
optimum drug dose required for maximum radiosensitization and cell survival analysis is
performed by clonogenic assay in MCF-7 cells. We observe a combination of 20mM 2-
DG with 1 Gy reduces 2 fold cell survival as compared to 1 Gy radiation alone, while
it’s combination with 2 Gy radiation shows 1.6 fold decrease in cell survival than
radiation alone (Figure 5.2A). Further increment in 2-DG dose does not show any
significant enhancement in radiosensitization effect. Similarly, treatment of cells with
metformin shows dose dependent radiosensitization effect (Figure 5.2B). Combination of

2mM metformin with 1 Gy radiation dose shows 1.5 fold decrease in cell survival as
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compared to 1 Gy radiation alone while the combination of 2 mM metformin with 2 Gy

radiation results in 1.9 fold decrease in cell survival as

compared to 2 Gy radiation alone.
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Figure 5.2 Effect of 2-DG, metformin and their combination with Cobalt60 radiation on MCF-7

and MDA MB231 cells. A Graph showing survival fraction of MCF-7 cells treated with different

doses of 2-DG in presence or absence of radiation B. Survival fraction of MCF-7 cells treated

with different doses of metformin with or without radiation exposure C. Combination of 20mM 2-

DG and 2mM metformin with 2 Gy radiation dose showing further decrease in survival fraction D

& E. Survival fraction of MDA MB231 cells treated with different dose of 2-DG or metformin
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respectively with or without radiation exposure for 24 hours F. Combination of 5mM 2-DG and

4mM metformin with 2 Gy radiation dose showing further decrease in survival fraction.

Upon deciding the effective minimal drug doses, we also combined both the drugs and
tested in combination with 2 Gy Cobalt60 radiation. Cell survival shows significant drop
in cells treated with dual drug radiosensitization to that of cells treated with radiation
alone (p=0.0094, CI=95%) (Figure 5.2C). In addition to MCF-7 cells, the effect of radio
sensitizers on Cobalt60 radiotherapy in MDA MB231 cells has also been evaluated. In
MDA MB231 cells 4mM metformin and 5mM 2-DG dose shows radiosensitization with
1Gy as well as 2 Gy radiation dose (Figure 5.2D & E). Further combination of both the
drugs with 2 Gy radiation shows significant decrease in cell survival as compared to 2 Gy

radiation alone (p=0.0020, C1=95%) (Figure 5.2F).

5.3. 2 Effect of radio sensitizers on different prospects of irradiated cells

Further, YH2A.X foci assay is performed to ensure increased cell death is associated to
increased DNA double strand break (Figure 5.3A) and quantification of the
immunofluorescence images indicates increase in foci intensity in cells treated with drug
for 12 hours followed by the measured radiation exposure as compared to cells treated
with similar radiation dose alone (Figure 5.3B). In case of untreated cells or cells treated
with drugs alone, foci formation is recorded as negligible. Since metformin and 2-DG
therapy are known to reduce ATP content of the cell, we have also analyzed ATP content
with or without drug treatment and observe a significant drop in cells treated with
metformin (p=0.0058, CI=95%) where as this drop is not significant when cells are
treated with 2-DG alone (Figure 5.3C). Further decrease in ATP content is noted when

both the drugs are combined.

Cell cycle analysis is also performed at different time points after the combination

therapy which reveals S phase arrest after 12 hours of treatment in combination as well
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as in case of only radiation therapy (Figure 5.4). It is also observed that after 24 and 48
hours of combination therapy cells remain arrested in S phase whereas in case of only
radiation therapy this arrest is relieved at these time points indicating prolonged cytotoxic

effect of combination therapy.
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Figure 5.3 Effect of cobalt 60 radiation in combination with radio sensitizers on DNA damage of
MCF-7 cells A. Foci assay in cells treated with cobalt 60 radiation and combination with radio
sensitizers showing foci staining with Dylight 633 secondary antibody in red channel, Nucleus
stained with DAPI in blue channel and merged image showing co-localization of foci with
nucleus. Scale bar represents 10um  B. Quantification of foci from the immunofluorescence
images. In each sample 50 cells are quantified for intensity of staining from various fields of the

cover slip. C. Metformin, but not 2-DG, treatment shows significant decrease in ATP content of
the cells.
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Figure 5.4 Cell cycle status at different time points of treatment of MCF-7 cell. Data showing
elongation of S phase in combination therapy after 48 hours of treatment. However, S phase
elongation is not maintained till 48 hours when cells are treated with radiation alone.

5.3.3 Effect of 2-DG and metformin combination on treatment efficacy of
radioiodine (**1) in NIS expressing cells
The effective 2-DG and metformin dose of 20mM and 2mM respectively was tested prior
with Cobalt60 radiation treatment. The similar treatment is applied in combination with
B radioisotope in NIS expressing cells (clone22 mentioned in the previous chapter).
Treatment of cells with 200uCi of **1 alone results in high number of cell death (data not
shown) making radiosensitization effects obscure, a lowered concentration (50uCi) of *|
is used for all the experiments. Combination of dual drugs with 50uCi ***1 shows 9.5 fold
decrease in survival fraction when compared to the cells treated with ***I alone
(p=0.0019) and 4 fold decrease when compared with cells treated with the two drugs
alone (p=0.0036) (Figure 5.5A). The change in cell survival is further confirmed by
Annexin-V staining to measure apoptosis in parallel (Figure 5.5B). Cells are analysed for

apoptosis after 48 hours of treatment and it is observed that live cell population is 37.37%
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in case of **'I therapy where as it is only 11% for the combination therapy. When cells are
treated with both the drugs together in absence of **!I 55.54% cells are live. Thus the
combination of both the drugs with **!I therapy in NIS expressing cells results in a

significant drop in live cell population.
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Figure 5.5 Effect of 2-DG, metformin and their combination with **'I treatment on MCF-7-NIS
cell survival and apoptosis. A. Clonogenic assay in MCF-7-NIS cell population treated with
20mM 2-DG and 4mM metformin with or without ***I (50uCi) for 24 hours. Graph showing
significant decrease in survival fraction in case of combination therapy as compared to control or
only "' treated cells B. Apoptotic assay showing significant decrease in live cell population in

combination therapy than other treatment controls.

5.3.4 Effect of radio sensitizers in combination with radioiodine (**1) on foci
formation

Further YH2A.X foci immunofluorescence staining shows increase in number and

intensity variation of foci in case of combined treatment, while in case of **I treatment

alone the number and size of foci are much lower (Figure 5.6). This result confirms that

the combination of 2-DG and metformin can effectively radiosensitize BC cell and thus

can be combined with either Cobalt60 radiation or NIS targeted radioiodine therapy.
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Figure 5.6 Effect of **I in combination with radio sensitizers on DNA damage of MCF-7 NIS
expressing cells A. Foci assay images of MCF-7 NIS cells treated with **!1 and its combination
with radio sensitizers showing foci staining with Dylight 633 secondary antibody in red channel,
Nucleus stained with DAPI in blue channel and merged image showing co-localization of foci
with nucleus. Scale bar represents 10um. B. Quantification of foci from the immunofluorescence
images. In each sample 50 cells were quantified for intensity of staining from various fields of the

cover slip.
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5.3.5 Toxicity effect of radio sensitizers in combination with **!I on plain MCF-7
cells with cytoplasmic NIS localization
Since in majority of the BC patients NIS expression is localized in the cytoplasm, it is
important to evaluate the effect of radio sensitizers combined with **'1 in plain MCF-7
cells. Our data suggests that treatment with 50uCi **'1 results in 30% cell death (Figure
5.7A) as opposed to 60% death in case of MCF-7 NIS over-expressing cells. However
addition of radio sensitizers to the **'I therapy results in significant increase in cell death
(70%) as compared to **'I alone (p=0.0110, C1=95%). Thus combination therapy of **|
with radio sensitizers in MCF-7 cells is as effective as **I therapy alone in MCF-7 NIS

cells, where NIS is localized at membrane.
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Figure 5.7 Effect of 2-DG, metformin and their combination with **!I treatment on survival of
plain MCF-7 cells. A. Survival fraction of MCF-7 cells treated with 20mM 2-DG and 4mM
metformin with or without **'I (50uCi) for 24 hours. Treatment with *'1 alone shows only 30%
decrease in cell survival, however its combination with 2-DG and metformin results in significant
loss in live cell. B. Immunofluorescence analysis of yH2A.X foci showing increased expression in
combination therapy than various treatment controls as marked. Scale bar represents 10um. It is
to be noted that the intensity and frequency of foci is lesser in MCF-7 plain cells as compared to

MCF-7 NIS clonal population.
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We also performed yH2A.X assay to evaluate DNA damage response in plain MCF-7
cells in presence or absence of radio sensitizers (Figure 5.7B). Our data shows foci
formation post **!1 therapy in plain MCF-7 cells. As expected the intensity of foci in
MCEF-7 plain cells (Figure 5.7B) is much less than the intensity in MCF-7 NIS cells

(Figure 5.6A) undergoing the same treatment.

5.4 Discussion

In the present study we have tested 2-DG and metformin or a comination of the two to
sensitize radio-ablative effect in BC cell and tested the cytotoxic efficacy in combination
with different sources of radiation, i.e. Cobalt60 radiation or **I in NIS expressing MCF-
7 cells. 2-DG treatment creates a glucose deprived state preferentially in cancer cells and
output from glycolysis and pentose phosphate pathway is reduced. Metformin is a bi-
guanide and anti-diabetic drug, which inhibits gluconeogenesis in liver and thus helps to
control the sugar levels in diabetic patients. Previously, metformin was also known to
inhibit proliferation of a large range of cancer cells by inducing apoptosis 2°":28260263 ¢
has also been shown recently to target cancer initiating cells *®. Individually the use of 2-

249.218214 \vhereas the use of both

DG and metformin has been reported as radio sensitizer
in combination with low dose radiation (either from Cobalt60 source or NIS gene targeted
311y shown for first time during this study indicating much enhanced radio-ablative effect
than either of the drugs alone. To avoid drug toxicity at higher doses we used very low
dose of these drugs as radio sensitizers, as evident from MTT assay. We observe nearly 2-
fold decrease in survival fraction upon 2mM metformin treatment in combination with
2Gy radiation as compared to radiation alone which corroborates with the earlier study by
Song et al. where 5mM metformin showed radiosensitization effect in MCF-7 cells 27,

When 20mM 2-DG was combined with 2 Gy radiation dose we observed 1.6 fold

decrease in cell survival as compared to radiation alone as was reported in a study by Lin
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et al. ?. The minor variation in our results may be due to differences in accurate drug
dosing, timing of 2-DG and radiation dose. However, when we combine both 2-DG and
metformin with 2 Gy radiation dose we observe a dramatic difference in cell survival, a
nearly 3 fold decrease (p=0.0094, CI=95%) as compared to 2 Gy radiation alone.
Combined drug treatment mediated cell death proved to be by significantly enhanced

radiosensitization effect than any of the treatment.

Further, our study on y-H2A.X foci formation suggests increase in the intensity of foci in
case of dual-drug combined treatment than radiation alone, confirming radiosensitization
by these agents. It is noteworthy here that cellular heterogeneity for foci formation
encountered can possibly be explained by the presence of cells at different stages of cell
cycle. Previous reports suggest the action of metformin and 2-DG is due to lowered ATP
content of the cell. Metformin alters mitochondrial oxidative phosphorylation and 2-DG
inhibits ATP synthesis through glycolysis. Therefore, we have also evidenced lowered
ATP content of the cell in case of metformin or dual drug treatment, but not the 2-DG
treatment. Further we looked into cell cycle status under different drug treatment
conditions and observed that combined treatment results in elongation of S phase, this S
phase elongation was also observed in case of radiation but was relieved after 48 hours of
treatment whereas it remained nearly constant in case of combination therapy even at 48

hours.

Since 20mM 2-DG and 2mM metformin shows effective radiosensitization with Cobalt60
radiation, we maintained the similar dose and time points in experiments combining 2-
DG and metformin with *¥I treatment in MCF7-NIS and plain MCF-7 cells. The use of
100pCi ***1 treatment alone resulted in complete cell death. Therefore, 50% lower dose of
B (i.e. 50puCi) was attempted which shows 1.5 fold decrease in survival fraction in
MCF-7 NIS cells as compared to untreated cells. Thus for all the radioiodine therapy
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experiments only 50uCi of **'I was used. Even at this low radiation dose, the dual drug
use for radiosensitization showed significant decrease in cell survival which is near-

equivalent to the 2 fold higher dose (i.e. 100uCi alone) of 3.

Apoptosis data
corroborates with the result of clonogenic assay showing significant increase in apoptotic
population with the addition of dual drug radio sensitizers. Since localization of NIS is
crucial for **'1 therapy and various reports suggest cytoplasmic localization of NIS in
breast tumor tissues, it is important to evaluate the potential of radio sensitizers with **|
therapy in plain MCF-7 cells?”. Our results indicate that although **I therapy alone
shows minimal effect on cell survival, combination of radioiodine with radio sensitizers
results in significant loss of live cell population in plain MCF-7cells. Thus the present
study demonstrates the potential of metformin and 2-DG combination treatment as radio
sensitizer in combination with Cobalt60 or **!I radiation in NIS expressing cells. The
combination can deliver better therapeutic efficacy than either of these drugs as a single
agent. In addition to their drug toxicity, such radiosensitization effect may further boost
mass reduction in cancer cases. To note, at present there are ongoing clinical trial with
both these drugs either in combination with chemotherapy or radiation?”**"". Thus
combination of 2-DG and metformin with Cobalt60 radiation might play even more
important role in sensitizing radioresistant population as was observed previously with
combination of metformin and radiation %, Previous report suggests that combination of
metformin and 2-DG induces p53 dependent apoptosis in prostate cancer cells through
AMPK pathway and metformin inhibits 2-DG induced autophagy in these cells %, In
future, it will be interesting to understand how these mechanistic pathways are regulated
when Cobalt 60 radiation or **'I is combined with these two drug combination. Further it

would also be important to understand the effect of these drugs in vivo in combination

with 21 in NIS expressing breast tumour in preclinical and clinical settings.
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In the present study we have shown the use of a combination of two radio sensitizers, 2-
DG and metformin, to enhance the radio-ablative effect in combination with either
cobalt60 radiation or targeted sodium iodide symporter mediated radioiodine therapy. The
combination of the radio sensitizers improves therapeutic efficacy effectively in BC cell
lines than any one of the radio sensitizer. Thus, in addition to the drug cytotoxicity, the
radiosensitization effect may further boost effective mass reduction in pre-surgical cancer

cases.
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BC is a challenge to the currently available treatment regimes. Constant research efforts
are hence being directed towards development of novel and efficacious targeted therapies
for BC patients. One of the several targets under investigation is NIS. NIS is a membrane
glycoprotein that mediates active transport of Na* and I" in the thyroid follicular cells for
synthesis of thyroid hormones, and is a major target for radioiodine therapy in thyroid
cancer patients. NIS expression in malignant breast tissues, and lack of the same in
normal breast; opens up exiting avenues for NIS mediated specific targeting of
radioiodine to BC cells. Several studies have demonstrated NIS expression by IHC in 70-
80% of BC patients*. However analysis of NIS expression with respect to breast

epithelial subtypes may provide better insight of NIS biology in BC.

Therefore, we evaluated NIS expression in 181 randomly collected BC tissues and
analyzed it’s correlation with prognostic markers such as ER, PR and HER2, and risk
factors like age and menopausal status. We observed upregulated NIS expression in 78%
cases as compared to adjacent breast normal tissue used as control. A significant positive
correlation of NIS with ER is observed, although association with other factors was not
evident. The intensity of NIS expression in BC was equivalent to its expression in thyroid
papillary carcinoma used as a positive control. Being a transporter molecule we
anticipated its expression on the membrane but in majority of the BC tissues its
expression is predominantly in the cytoplasm. Questioning the reliability of IHC
technique to determine localization of NIS, we performed immunofluorescence in few
tissue sections and observed that there are certain cases where NIS expression is evident
at membrane by IF which also shows overlap with HER2 membrane staining whereas
IHC with DAB staining in the same tissues showed intra cellular localization of NIS

protein. This is a very important observation as it also explains the disparity between high
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percentage of NIS positive BC cases but very few cases showing positive uptake of iodine

in several earlier reports®*,

Additionally we analyzed NIS expression in 59 primary breast tumour tissues by
quantitative real time PCR using TagMan assays. Our results suggest upregulated NIS
expression and positive correlation between NIS and ER at the transcript level. At present
our knowledge regarding correlation between NIS protein and RNA level, that may
enhance our understanding of its regulation, is limited. More investigation may help in
establishing an appropriate technique for analyzing NIS expression in BC pathology
before the translation of this therapeutic modality to clinic. In a small sample cohort
(n=20) we observe a significant positive correlation of NIS RNA and protein levels
(R?=0.6964). We have also evaluated NIS expression in 20 fibroadenoma samples by IHC
and our data corroborates with previous smaller studies which show increased NIS
expression in fibroadenoma samples as compared to malignant breast tissue®**. Presence
of NIS in fibroadenoma tissues makes it clear that endogenous NIS expression in BC can

not serve as a useful marker of breast malignancy.

Taking the study forward we developed a mammalian expressing plasmid vector for
correlated expression of NIS and a reporter gene Turbofp. Fluc 2 through EMCV IRES
mediated translation of the 2" gene which is the fusion reporter gene. By transfection of
this plasmid vector stably expressing MCF-7 and ZR-75-1 cells were established.
Thorough analysis of the established cells showed consistent and correlated expression of
the therapeutic and reporter gene over multiple passages. Extensive in detailed analysis of
NIS expression in various clones showed 2 distinct clonal population of MCF-7 NIS
expressing cells, 1 with evident membranous NIS staining and the another with
predominantly cytoplasmic NIS staining. Interestingly the 2 distinct populations were
developed by transfection of the same plasmid under identical condition. To find out the
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factors responsible for difference in localization of NIS molecule, we first investigated
the glycosylation status of NIS molecule from cells expressing it at membrane and
cytoplasm. The western blot analysis suggested increased level of completely
glycosylated form of NIS in the NIS membrane expressing cells. Further analysis of the
glycosylation enzyme’s status in the two clonal populations by quantitative real time PCR
array suggested elevated expression of many glycosylation genes in the membrane NIS
expressing clone, compared to cytoplasmic NIS expressing clone, indicating possible role

of glycosylation in the efficient targeting of NIS protein.

NIS over-expressing MCF-7 and ZR-75-1 cell lines were characterized for in vitro iodine
uptake and cytotoxicity assay. Significant loss in live cell population and radioiodine
mediated DNA damage was observed with both the cell lines. To further evaluate the
therapeutic efficacy of '*!l, subcutaneous human xenograft ZR-75-1 tumour was
developed in nude mice. The bio-distribution of radioiodine was analyzed by performing
in vivo CLI. Site specific localization of **'I was observed in thyroid as well as in NIS
expressing xenografted tumour. A significant reduction in thyroidal iodine uptake is seen
after blocking thyroid with T4 and methimazole. This prevents damage to normal thyroid
and increases radioiodine availability to the tumour tissue. Despite complete efflux of
radioiodine from tumour tissue within 72 hours of **1 therapy due to lack of iodine
organification in breast cancer cells, we observe radioiodine mediated damage to the NIS
expressing tumour cells, as evident from reduced bioluminescence signal obtained from
the tumour of treated group of animals as compared to untreated group. Results of the
BLI studies show that even the short retention time of radioiodine in BC cells result in

significant abrogation of these cells.

As therapeutic potential of NIS in BC is often limited due to low uptake and fast efflux
rate of iodine, the scope of using two radio sensitizers i.e. 2-DG and metformin to further
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improve NIS mediated 31 therapeutic efficacy was explored. Treatment of NIS
expressing cells with **'1 showed further reduction in cell viability by the application of

these radio sensitizers in combination.

Taken together, the aim of the study was to investigate NIS expression in various
subtypes of BC and to evaluate its therapeutic efficacy in pre clinical experimental model.
Our study suggests potential of targeted radioiodine therapy in BC patients. Results of the
study, wherein *!I and radio sensitizer were used in combination, opens up new
possibilities of enhanced radioiodine treatment efficacy in BC cells over-expressing NIS
protein. We believe that our study brings us one step closer towards understanding of NIS

expression and its therapeutic application in BC.
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Materials & Methods

Materials:

The following chemicals were obtained from Applied Biosystems:

Agarose powder (15510-027), DNA loading dye (Blue juice, 10816-015), RPMI (31800-
02), Heat inactivated FBS (10082-147), Antibiotic-Antimicotic (15240-062), 0.25%
Trpsin-EDTA (25200-072), Lipofectamine (11668-027), HBSS (24020-117), 2X TagMan
master mix (Part No. 4384266), primer probe mix for human NIS (Hs00166567 m1),
GAPDH (Hs02758991 g1), MicroAmp optical 384-well reaction plate with Barcode
(4309849) and MicroAmp optical adhesive film kit (4313663), MTT (M6494),
Superscript first strand cDNA synthesis kit (18080-051), First choice human breast total
RNA (AM6952).

The following chemicals were obtained from Sigma Chemicals:

Poly L-Lysine (P8920), TRIS (T1378), Tween-20 (P9416), BSA (A7030), DAPI
(D8417), p mercaptoethanol (M3148), PIPES (P2949), CaCl, (C7902), MnCl, (M8054),
MgCl, (M4880), NaCl (71736), Ampicillin salt (A9518), G418 (A1720) DEPC (D5758),
DMSO (D8418), EDTA, Ethidium bromide (E8751), L-15 (L4386), Propidium iodide
(P4170), Para formaldehyde (P6148), Triton X-100 (T8787), HEPES (H4034), Ponceau
(P7170), Bradford reagent (B6916), Potassium perchlorate (241830), Sodium iodide (),
DEPC, Formamide (F9037), DAB enhanced liquid substrate system (D3939),
monoclonal antibody for o tubulin (T5168), 2-DG (D6134), Metformin (1396309), L-
Thyroxine (T2376), Methimazole (M8506), Ammonium Cerium (31173), Arsenic oxide
(A1010), Sodium citrate (W302600), oligonucleotide primers

The following chemicals were obtained from Qiagen:

RNA extraction kit (74106), plasmid mini prep DNA extraction kit (27106), Gel
extraction kit (28706), Glycosylation PCR array kit (PAHS-046), Superfect transfection
kit (301305)

The following chemicals were obtained from Thermo Fisher Scientific:

Hydrogen peroxide (18755), Xylene (32297), Fusion polymerase (F-530S), dNTPs
(RO191), monoclonal ntibody for yH2A.X (MAS5-15130), Goat anti rabit secondary
antibody labelled with Dylight633 (35562)

The following chemicals were obtained from Merck, SRL or SD fine chemicals:
Methanol (Merck 106009), Glacial Acetic Acid (Merck 100063), Sodium borohydrate
(SRL 1948108), Ethanol (SD fine chemical 58051), Boric acid (Merck 194810),
Formaldehyde (CB4F640180), Protease inhibitor cocktail (Merck 535140)
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The following chemicals were obtained from Abcam:

Monoclonal antibody for NIS (ab17795), Annexin V FITC kit (14085), Prism ultra
protein ladder (ab116028), Rabit polyclonal secondary antibody to mouse IgG(HRP)
(ab6728)

The following chemicals were obtained from Promega:

Enliten ATP assay kit (FF2000), Luciferase assay system (E4030)

Vecta shield was obtained from Vector laboratories (H1000), Luria broth and agar was
obtained from HiMedia (M557 &M575), restriction enzymes, T4 DNA ligase, molecular
biology buffers and DNA gel ladder were obtained from NEB, Phusion high fidelity
DNA polymerase was obtained from Finzymes (F-530S), MOPS was obtained from
Amresco, Cell lysis buffer was obtained from Cell signalling.

The water used for the preparation of all solutions and reagents was Ultrapure water
(Resistivity = 18 MQ cm) obtained from a Milli-Q water plant (Millipore, Billerica, MA,
USA).

Disposable plastic ware (certified DNase, RNase, and protease-free) was obtained from
Axygen. Disposable sterile plastic ware for tissue culture was obtained

from Nunc.

Methods:
i. Immunohistochemistry

Composition of TBS

500mM Tris base, 1500mM NacCl. Dissolve in 800ml autoclaved water. Adjust the pH 7.5
with HCI. Make up the volume to 1L. (10X buffer stock was made and diluted to 1X
for use) (10X buffer stock was made and diluted to 1X for use)

Protocol

1. 5um sized tissue sections were obtained in poly L-lysine coated slides.
2. Slides containing tissue sections were incubated at 60°C for overnight.
3. Next day tissue sections were deparaffinizaed by 3 washes of xylene for 10 minutes

each at room temperature.
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4. Tissue sections were air dried to remove remaining Xylene and rehydrated with
subsequent washes of alcohol from 100% to 90% and then to 75%.

5. Slides were washed under tap water for 15 minutes.

6. Next endogenous peroxidase was quenched with 3% H,0O, in methanol for 30 minutes
in dark at room temperature.

7. Tissues were then subjected to antigen retrieval using 10 mM sodium citrate. For
antigen retrieval sections were heated in sodium citrate solution serially at 850, 650
and 340 mega watts, each for 3 minutes. Tissues were kept for cooling till they come
to room temperature.

*Since fibroadenoma tissues contain large portions of fats, heating these tissues at high
temperature results in detachment of the tissue section from slide, therefore in case of
fibroadenoma tissues heating was reduced to 350 mega watts for 10 minutes.

8. After the antigen retrieval, sections were washed with TBST (0.01% Tween 20) twice
each for 5 minutes at room temperature.

9. Tissues were then blocked with 5% BSA for one hour at room temperature.

10. Slides were then incubated at 4'C overnight with the mouse monoclonal antibody
against NIS diluted with TBS in 1:50 ratio.

*For secondary control a tissue section was incubated with TBS instead of NIS
antibody.

11. Slides were then washed for 5 minutes in TBST, 3 times and incubated for 1 hour
with HRP conjugated anti mouse antibody diluted with TBS in 1:200 ratios.

12. Tissue sections were washed with TBST for 3 times, 5 minutes each.

13. After washing, tissues were incubated with DAB (1:30) (3, 3’-diaminobenzidine
tetrahydrochloride) till the appearance of brown staining

14. Tissues were immediately washed under tap water.

15. Sections were further dehydrated with graded alcohol and xylene. For each batch of
sample staining, a papillary thyroid carcinoma case was kept as positive control for
NIS expression.

16. All the slides were counter stained with haematoxylin.

17. Slides were DPX mounted and observed under light microscope (Carl Zeiss).

ii. Immunofluorescence on tissue sections

1. Steps 1-8 were followed in the same way as for IHC mentioned in the section i.

2. In the next step autofluorescence was blocked with 1% sodium borohydrate in TBS for

30 minutes at room temperature in dark.
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Tissue sections were washed twice with TBST (0.01% Tween 20) each for 5 minutes.
Tissue sections were blocked then with 1% BSA in TBS for 30 minutes at room
temperature.

Tissue sections were incubated for overnight at 4'C with NIS primary antibody diluted
1:50 in TBS.

Next day tissues were washed with TBST twice, each for 5 minutes.

Slides were incubated for 1 hour at room temperature with anti mouse secondary
antibody labeled with alexa fluor488 diluted 1:100 in TBS.

Unbound antibody was removed by 2 washes of TBST, each for 5 minutes.

Tissues were again blocked with 1% BSA in TBS for 30 minutes at room
temperature.

Tissue sections were incubated with the 2" primary antibody which is against HER2
diluted in (1:20) TBS and incubated for overnight at 4°C.

Next day tissues were washed with TBST twice, each for 5 minutes.

Tissues were then incubated for 1 hour in dark at room temperature with goat anti
rabbit secondary antibody labeled with dylight 633 diluted (1:100) in TBS.

Tissues were washed 2 times with TBST for 5 minutes each.

For nucleus staining tissues were incubated for 2 minutes with DAPI (1mg/ml) diluted
(1:50) in TBS.

Sections were washed twice with TBST, each for 5 minutes.

Tissue sections were mounted with vecta shield and images were captured under

confocal microscope (LSM 510, Zeiss).

iii. RNA extraction from tissue samples:

Collection of samples:

BC tissues were collected from ACTREC operation theatre in cryo vials containing 1 ml

of RNA later solution. Vials were immediately transferred to -80°C refrigerator.

RNA extraction was performed by kit obtained from giagen. RNA was extracted by

following protocol:

1.

2.

Before starting 10ul of B mercaptoethanol was added to 1 ml of RLT buffer and 350ul
of this solution was added to each tube.

Cryovials containing BC tissue was removed from -80°C refrigerator and placed in ice.
A small section from tumor tissue obtained was cut by sterile scalpel on a clean
surface and dipped in 350ul RLT buffer. Rest of the tissue was immediately placed
back in cryovial and kept in -80°C refrigerator.
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3. The tissue in RLT buffer was homogenized thoroughly with the help of a handheld
homogenizer for 30 seconds to 1 minute.

4. The lysate obtained was centrifuged at full speed for 3 minutes at room temperature.

5. Supernatant was removed carefully by pipetting and transferred to a fresh sterile
microcentrifuge tube.

6. 350ul buffer RW1 was added to the RNeasy spin column. The lid was closed gently,
and centrifuged for 30 seconds at 14, 000 rpm to wash the spin column membrane. The
flow- through was discarded.

7. 500ul buffer RPE was added to the RNeasy spin column. The lid was closed gently,
and centrifuged for 30 seconds at 14, 000 rpm to wash the spin column membrane. The
flow- through was discarded.

8. 500ul buffer RPE was added to the RNeasy spin column. The lid was closed gently,
and centrifuged for 2 minutes at 14, 000 rpm to wash the spin column membrane.

9. The RNeasy spin column was placed in a new 2 ml- collection tube, the lid was closed
gently and centrifuged at full speed for 1 minute. This step ensured that any residual
buffer RPE or ethanol was eliminated from the column.

10. The RNeasy spin column was placed in a new 1.5 ml- collection tube. 30- 50ul RNase-
free water was added directly to the spin column membrane and centrifuged for 1
minute at 14, 000 rpm to elute the RNA.

11. The total RNA extracted was quantified by NanoDrop.

Bacterial cell culture

Luria-Bertani (LB) medium

A minimal growth medium is used for culture and maintenance of different E. coli strain

DHS5a. This strain is further used for harbouring desired plasmids. Powdered Luria broth

(20 g) was dissolved in 800 ml deionized ‘MilliQ’ processed water (D/W) and the volume

was adjusted to 1 litre (L) with D/W and sterilized by autoclaving. For making LB-agar

plates, 35 g Luria agar powder was dissolved/ L sterilized by autoclaving and poured in

90 mm sterile plates. Specific antibiotic either ampicillin or kanamycin was added in the

medium according to the plasmid antibiotic marker.

iv. Preparation of ultra-competent cells

Composition of transformation buffer (TB)

The following components were added to 100 ml of distilled water;

10mM PIPES, 15mM CaCl,, 250 mM KClI, adjusted pH to 6.7 with 5N KOH, 55 mM

MnClIy, filter sterilized through 0.2 p membrane filter.
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Composition of super optimal broth (SOB)

Following components were mixed in the required volume of D/W; 2% Bactotryptone,
0.5%Yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl,, and 10 mM MgSO,.
Protocol:

1.

3.
4.

E.coli DHS5a strain glycerol stock was streaked on a fresh LB agar plates without

antibiotics and incubated overnight at 37°C.

. Single colony was inoculated in 250 ml SOB broth and incubated at 18°C /250 rpm till

0.D.600 reached ~0.4 (Approximately 3-4 days of incubation are required).

. The cells were harvested by pelleting down at 4°C and resuspended in 80 ml of TB

followed by incubation on ice for 10 minutes and centrifugation.

. The cell pellet was resuspended in 18.6 ml TB. 1.4 ml (7%) DMSO was added to the

cells and mixed completely.
100ul aliquots of the cells were made in sterile microfuge tubes and snap frozen in

liquid nitrogen followed by storage at -80°C.

. Bacterial transformation

. Competent cells (100 ul) were thawed on ice and mixed with 1-5ng of plasmid DNA or

20 pl of ligation mixture and incubated on ice for 30 minutes.

. Heat shock is given to the mixture at 42°C for 60 sec and the sample was snap chilled

on ice.
LB medium was added to the cells and incubated at 37°C for 60 minutes at 170 rpm.

The cells are then plated on an LB agar plate with the appropriate antibiotic.

vi. Plasmid DNA mini-preparation:

The plasmid isolation was performed following the procedure described in the Qiagen

mini prep kit. Briefly following steps were performed.

1.

Overnight grown, 5 ml of bacterial cultures transformed with plasmids were spun in

a micro-centrifuge tube at 3500rpm for 15-20 minutes at 4°C.

. Bacterial pellet was resuspended in 250ul of Buffer P1 (Re-suspension buffer

containing RNase (10mg/ml)).

. The cells were incubated at room temperature (RT) for 5 minutes and 250ul Buffer P2

(lysis solution) was added followed by invert mixing.

. The cells were incubated at RT for 5 minutes and 350ul of Buffer N3 (neutralizing

solution) was added and incubated at RT for 5 minutes. after complete invert mixing.

. The above mixture was then centrifuged at 12,000 x g for 10 minutes.

. The supernatants from step 5 was applied to the QIAprep spin column by decanting or
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pipetting.
7. The column was centrifuged for 30—60 seconds and the flow-through was discarded.
8. QlAprep spin column was washed by adding 0.75 ml buffer PE and centrifuging for
30-60 seconds.
9. The flow-through was discarded and centrifuged at full speed for an additional 1
minutes to remove residual wash buffer.
10. The QIAprep column was placed in a clean 1.5 ml micro centrifuge tube. DNA was
eluted by addition of 50 ul buffer EB (10 mM Tris HCI, pH 8.5) or water to the centre
of each QIAprep spin column and centrifuged for 1 minute.
11. The eluate contains pure DNA which is measured by nanodrop spectrophotometer.
vii. Polymerase Chain Reaction (PCR)
Following contents were mixed in PCR tube and PCR was set in a thermal cycler
(Bio-Rad, CA).

Component Volume

GC buffer (1X) 4ul
dNTP (200uM each) 1l
Fwd primer (0.5uM) 0.5ul
Rev primer (0.5uM) 0.5ul
Template DNA (20ng) 1l
DMSO 0.6ul
Fusion polymerase 0.2ul
Milli Q water 12.4ul

The cycling profile was standardized according the target DNA to be amplified.

Amplified product is visualised and analysed by agarose gel electrophoresis.

viii. Agarose gel electrophoresis and Gel extraction:

Composition of the tris borate-EDTA buffer (TBE)

0.9 M Tris base, 0.9 M Boric acid, 0.02 M EDTA

(10X buffer stock was made and diluted to 1X for use)

Protocol

1. 0.8% agarose gel was casted on the gel tray. 2ul of EtBr (10mg/ml) was added while
casting the gel as an intercalating agent.

2. Solidified gel was transferred to the electrophoresis tank that has electrode fitted to it at

the two ends.
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. The required 1X TBE buffer is then poured into the tank over the gel. Before loading

the PCR product into the wells, the PCR product is mixed with the loading dye
containing glycerol and bromophenol blue which indicate the DNA migration front.

. Standard DNA markers of known fragment sizes were run in parallel to the samples in

order to have standard reference. The gel was run at a constant voltage.

. EtBr stained DNA bands were visualized and documented on a gel documentation

system.

ix. Gel extraction

The PCR amplified product was gel extracted and purified by using Qiagen gel extraction

kit. Briefly, the following procedure was followed:

1.
2.

X.

The DNA fragment from the agarose gel was excised with a clean, sharp scalpel.
The gel slice was weighed in a micro centrifuge tube. 3 volumes Buffer QG was added

to 1 volume gel (100 mg ~ 100 pl).

. Reaction was incubated at 50°C for 10 minutes (or until the gel slice has completely

dissolved). Vortex the tube every 2—3 minutes to help dissolve gel.

. 1 gel volume of isopropanol was added to the sample and mixed. Thereafter, a

Qiaquick spin column were placed on a 2 ml collection tube and the above reaction

mix was added in the column.

. The tube was incubated for 1-2 minutes and centrifuged for 1 minute at 13000 rpm.
. The flow-through was discarded and further washed with 0.5ml of buffer QG by

centrifugation for Iminute at 13000rpm.

. Buffer PE (0.75 ml) was added to QlAquick column and was incubated for 5 minutes

before centrifuging for 1 minute at 13000 rpm. The flow-through was discarded and
was given another wash with buffer PE.

. An additional dry spin was given to the column and the column was placed in a clean

1.5 ml micro centrifuge tube.

. To elute DNA, 50 pl Buffer EB (10 mM Tris-Cl, pH 8.5) or water was added to the

centre of the QIAquick membrane and centrifuged at 13000 rpm for 1 minute.

Restriction digestion

Both insert and vector were digested with two RE enzymes simultaneously. NEB buffer

that results in maximum activity of both the enzymes was chosen using the enzyme

activity chart. Before beginning with digestion the recommended buffer was thawed

completely on ice and the water bath was set at 37°C. The reaction mixture for digestion

was incubated at 37°C water bath, overnight.
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xi. Ligation

The ligation reaction was set depending upon the concentration of the insert. Ideally the

vector to insert ratio is (1:3) which is essential for carrying out successful ligation

reaction.

1. The ligation reaction was carried out at 4°C for overnight using T4 DNA ligase and
transformed next day in the DHS5a competent cells.

2. After transformation ampicillin containing LB agar plates were placed in the incubator
for overnight. After 16-18 hours of incubation, the plates were checked for colonies.

3. Colonies were cultured in LB broth and plasmid was isolated. Screening for the
positive clone was performed by restriction digestion.

Positive clone obtained by cloning was further verified by DNA sequencing.

Sequencing was performed using the ABI automated DNA sequencer present in the

genomics facility of ACTREC.

Cell culture

Composition of Phosphate Buffered Saline (PBS) (pH 7.4) 10X / 1L:

80g NaCl, 2g KCI, 14.4g Na;HPO,, 2.4g KH,PO,, Dissolve in 800ml autoclaved water.

Adjust the pH 7.4. Make up the volume to 1L.

xii. Cell lines & subculturing

Standard aseptic practice was followed for performing cell culture. All of these adherent

cell lines were maintained and sub-cultured in their respective media supplemented with

10% FBS, 100U/ml penicillin and 100 pg/ml streptomycin solutions.

xiii. Procedure of subculturing

1. Spent medium was aspirated off from the culture flask using a 10 ml glass pipette.

2. The cells were given two gentle washes with sterile phosphate buffered saline (PBS)
(1X)

3. The cells were treated with 1 ml trypsin (for a 10 cm culture plate) and incubated in a
5% CO; incubator for 2- 3 minutes.

4. The trypsin was neutralized by addition of complete RMPI medium (1 part Trypsin: 2
parts complete RPMI).

5. The cells were flushed in and out thoroughly using a micropipette in order to ensure
most of the cells had detached from the surface of the culture plate and to obtain a
homogenous cell suspension.

6. A suitable cell density was transferred to a new culture plate and provided with fresh
complete RPMI for their optimal growth and survival.
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xiv. Cryopreservation

1.

Adherent cells in culture were trypsinized and a homogenous cell suspension was

obtained.

. The cell suspension was centrifuged at a speed of 1500 rpm at 4 °C for 3-5 minutes in

order to obtain a cell pellet.

. Freezing medium was prepared by adding 90% FBS, 0-5% incomplete medium and 5-

10% DMSO.

. 1-2*10° cells were suspended in 1 ml of freezing medium, mixed thoroughly and

immediately transferred to the cryopreservation vial.

. The cryovial was then placed in an isopropanol containing freezing container which

allows temperature decrease at the rate of -1°/ hour in a -80°C refrigerator. Finally
cells were transferred to liquid nitrogen container maintained at -196°C.

xv. Revival of cryopreserved cells

1.
2.
3.

Cryopreserved cells were thawed in a water bath preset at 37°C.

The thawed cells were suspended in 1 ml of complete RPMI medium.

The contents of the tube were centrifuged at a speed of 1500 rpm at 4°C for 2- 3
minutes to obtain the cell pellet.

. The cell pellet was resuspended in a suitable volume of complete RPMI medium and

transferred to a new culture flask and supplied with fresh complete medium.

. The culture flask was incubated in a 5% CO» incubator for maintenance of the revived

culture.

xvi. Transfection

Transfection was done using Lipofectamine/ Superfect transfection reagent as per

manufacturer's instructions. In brief, the following procedure was followed for

transient/stable transfection of cell lines.

Protocol for lipofectamine based transfection:

1.

2.

3.

Prior to the day of transfection cells were seeded in culture vessel at a confluency of
70- 90%.

Four amounts of lipofectamine was diluted in opti MEM or incomplete media. The
complex was incubated for 5 minutes.

In a separate tube required amount of DNA is diluted in opti MEM media. Volume of

lipofetamine, DNA and opti MEM media are decided by the culture vessel chosen for
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transfection. The complex was incubated for 5 minutes.

. Diluted DNA was added to diluted lipofectamine in a 1:1 ratio and the complex was

incubated for 25 minutes.

. In the meantime the medium from the culture vessel was aspirated and fresh complete

media was added to to the cells.

. After 25 minutes of incubation, definite amount of complete media was added to the

transfection mixture and this was added in the culture vessel. The plate was swirled
gently to uniformly distribute the complex and incubated at 37°C, 5% CO, incubator.

. After 6 hours, the transfection media was aspirated, washed with 1X PBS and complete

media was added to the cells. For stable transfection, after 48 hours of transfection,

the cells are trypsinized and are subcultured in the selection media containing G418.

Protocol for superfect based transfection:

1.

2.

Prior to the day of transfection cells were seeded in culture vessel at a confluency of
70- 80%.

DNA-Superfect reagent complex were prepared by adding required amount of
plasmid/s and transfection reagent in appropriate amounts of incomplete medium with

gentle mixing. This mixture was then incubated for 10 minutes at room temperature.

. In the meantime. The medium was aspirated from the culture vessel and washed twice

with 1X PBS.

. Definite amount of complete media was added to the transfection mixture and this was

added in the culture vessel. The plate was swirled gently to uniformly distribute the

complex and incubated at 37°C, 5% CO; incubator.

. After 3 hours, the transfection media was aspirated, washed with 1X PBS and complete

media was added to the cells.

Note: For transfection with ACNITFL2 and integrase vector both the plasmids were used

ina1:1 ratio.

xvii. MTT Assay

1.

The cells were seeded in 96 well plate at a density of 3000 cells per well. The
experiment was done in triplicate.

Next day cells were treated with various drug concentration of 2-DG or metformin.
After 48 hours of treatment 20ul of 5mg/ml MTT was added into each well and

incubated for 5 hours.
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4. The spent media from each well was removed completely.

6. 200ul DMSO per well was added to solubilise the dye.

7. It was then kept in shaker for 15-20 minutes until the whole dye gets solubilised and
then preceded for measuring the absorbance at wavelength 560nm and 670nm.

Note- The absorbance at 560nm is subtracted from the absorbance at 670nm to remove

the background caused by the presence of DMSO and % viability is calculated with

respect to untreated cells.

xviii. Propidium iodide (PI) staining & cell cycle analysis

1. 1-2*10° cells were harvested and washed with 1xPBS after centrifugation at 1200rpm
for 5 minutes and supernatant was discarded.

2. Ice cold 70% ethanol was added (1ml/10° cells) drop wise with gentle tapping and cell

pellet was resuspended.
. The cells were stored at -20°C for overnight.
. Fixed cells were collected and pelleted by spinning at 1200 rpm for 5 minutes.

. The cells were washed twice with 1xPBS, centrifuged and supernatant was discarded.

oo 01 AW

. Cells were treated with 30ul of 10ug/ul of RNase A and incubated at 37°C incubator
for 10 minutes.
7. For PI staining 500l of 50ug/ml stock of P1 solution was added into each FACS tube
in dark and tubes were incubated at 37°C incubator for 30 minutes in dark.
8. The FACS-tubes were tapped every 10 minutes to mix the cell and buffer properly. The
cells were passed through a 26 gouge needle followed by PI fluorescence acquisition
using FACS Caliber. Data was analyzed using Cell Quest software.

xix. Immunoflurescence assay on breast cancer cells:

1. 1*10° cells were seeded on a sterile coverslip in a 35 mm culture plate and incubated in

a 5% CO, incubator overnight.

2. Next day cells were washed with 1xPBS thrice, each for 5 minutes at 37°C.

3. The cells were fixed using 4% paraformaldehyde (4% PFA prepared in 1X PBS) and
incubated for 10 minutes at 37°C.

4. For staining of nuclear proteins, an additional step of permeabilization was performed
by treating cells with 0.2% tritonX100 in 4% PFA for 7-10 minutes at room
temperature.

5. The fixed cells were given three washes with 1xPBS for 5 minutes each at room

temperature.
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6. Non- specificity was reduced by incubating the cells in BSA (2% BSA prepared in 1X
PBS) for 30 to 45 minutes at room temperature.
7. The cells were then incubated overnight at 4°C with antibody diluted in PBS (1X).
8. Cells were again washed with 1XPBS thrice, for 5 minutes each at room temperature.
9. From this point onwards, all steps of the experiment were performed in dark.
10. Cells on the coverslip were incubated for 30 to 45 minutes at room temperature with
secondary antibody diluted in 1XPBS.
11. Cells were given three washes of 1XPBS each for 10 minutes at room temperature for
the removal of unbound secondary antibody from cells.
12. Nucleus of the cells was stained with DAPI for 1 minute and cells were again washed
with 1XPBS for 5 minutes.
13. The coverslips were mounted onto glass slides using Vecta Shield and images were
taken using a Confocal Microscope (Zeiss).
xX. lodide uptake assay
Non radioactive colorimetric method
The standard assay for NIS function is based on the measurement of radioiodide uptake
(*?1) in NIS expressing cells. However its applications are limited due to cost and safety
issues. Thus we used a simple spectrophotometric assay for the determination of iodide
accumulation in NIS expressing cells based on the catalytic effect of iodide on the
reduction of yellow cerium (IV) to colorless cerium (I11) in the presence of arsenious acid
(Sendell- Kolthoff reaction). Assay reliability is tested by using known inhibitors of
iodide uptake like CIO,4 anions.
Composition of ammonium cerium sufate (42mM):
Ammonium cerium (IV) sulfate hydrate (12.53 gm) was dissolved in water (200 ml).
Concentrated H,SO, (50 ml) was then added to the solution, which was cooled with an
ice bath. After cooling, the solution was diluted to 500 ml with water. This solution was
diluted fourfold with water prior to use.
Composition of sodium arsenite solution (96mM):
Arsenic(l11) oxide (4.75 gm) and NaCl (24 g) were dissolved in 2 M NaOH (50 ml). The
mixture was then diluted to 500 ml with water and centrifuged to remove insoluble

material. This solution was diluted fourfold with water prior to use.
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Protocol:

1.

9.

30,000 cells were seeded in triplicate in a 96- well plate and incubated overnight in a
5% CO, incubator.

. Media was first decanted only from wells seeded with cells that were to be blocked

with KCIQy4, an inhibitor to iodide uptake by NIS. Upto 90 ul of Uptake Buffer (10mM
HEPES in HBSS) was added to each of these wells.

. These cells were then treated with KCIO4 (30uM) and incubated in a 5% CO,

Incubator for 30 minutes.

. Media was decanted from the remaining wells of the 96- well plate and was replaced

by 90 ul of uptake buffer per well.

. Next, Nal (100 uM) was added to all the wells and the plate was incubated for 60

minutes in a 5% CO, Incubator.

. The wells were washed with an appropriate volume of chilled uptake buffer following

the incubation. This was done to terminate any further uptake of iodide by the cells.

. Remaining uptake buffer was removed from the wells by inverting over a tissue paper.

100 pl Ammonium Cerium Sulphate (42 mM), followed by 100 ul Sodium Arsenite
(96 mM) were added to each well and incubated for 30 minutes in dark at room
temperature.

The absorbance at 420 nm was recorded in a spectrophotometer.

Radioactive iodide uptake assay:

1.

50,000 cells were seeded in duplicate in 24 well plate and incubated overnight in a 5%

CO;, incubator.

. Media was first decanted only from wells seeded with cells that were to be blocked

with KCIQy4, an inhibitor to iodide uptake by NIS.

. These cells were then treated with KCIO4 (30 uM) in uptake buffer and incubated in a

5% CO> Incubator for 30 minutes.

. Media was decanted from the remaining wells of the 24 well plate and was replaced by

uptake buffer.

. Next, 500ul Na'®I (2 pCi/ml) was added to all the wells and the plate was incubated

for 60 minutes in a 5% CO, incubator.

. The wells were washed with an appropriate volume of chilled uptake buffer following

the incubation. This was done to terminate any further uptake of iodide by the cells.
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Cells were collected by trpsinization and remaining Na'*I inside the cells was

measured by beta counter.

xxi. lodide effux assay

Efflux assay is performed to evaluate the time for which iodide retains inside NIS

expressing cells in absence of any organification system.

Protocol:

1. 50000 cells were seeded in 24 well plate a day prior to the experiment. Cells were
seeded in duplicate for each time point.

2. Next day the media was decanted off and 500pl uptake buffer containing Na'®I
(2uCi/ml) was added in each well.

3. Na'®I in uptake buffer was incubated for 1 hour and at the end of time point Na'*I
containing uptake buffer was removed from each well plate.

4. Wells were washed with chilled uptake buffer.

5. Except for the well representing 0 time point, in all the wells uptake buffer without
Na'?I was added and plate was incubated at 37°C CO, incubator.

6. From the well representing O time point, cells are tripsinized, collected in tube and
radioactivity is measured by beta counter.

7. In the same way from all the wells cells are trypsinized and remaining activity is

measured at the mentioned time points by beta counter.

xxii. RNA Extraction from cells

RNeasy mini kit (Qiagen) was used for the extraction of total RNA from cells.

Protocol:

1. A 70-80% confluent monolayer of cells in culture was trypsinized and cells were
pelleted down by centrifugation at a speed of 1500 rpm for 5 minutes at 4°C.

2. The cells were given two gentle washes with sterile PBS (1X) and taken in a 1.5 ml
eppendorf tube.

3. The cells were completely resuspended in 350 pl buffer RLT by pipetting to mix.

4. The cell suspension was then homogenized using a hand held homogenizer for 30
seconds.

5. 350ul of 70% Ethanol, prepared in Diethylpyrocarbonate (DEPC) treated water was
added to the homogenized lysate and mixed well by pipetting.

6. Upto 700ul of the sample was transferred to an RNeasy spin column placed in a 2 ml-

collection tube. The lid was closed gently and centrifuged for 30 seconds at 14, 000
rpm. The flow- through was discarded.
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7. Rest of the steps was same as mentioned in section iii from step 6.

xxiii. Quality control of RNA

Before preparation of cDNA from the RNA obtained, quality of RNA was checked in a

denaturing agarose gel. The RNA sample was thus run on a denaturing agarose gel

electrophoresis. RNA bands were visualized by ethidium bromide staining.

Composition of 1% denaturing agarose gel:

Agarose (1.08g) was added to 76.5 ml RNase free water and boiled to melt agarose

completely. 10X MOPS buffer (9ml) and formaldehyde (4.5ml) and EtBr was added. The

gel is poured in the gel casting tray with a comb and allowed to solidify.

Protocol:

1. The denaturing agarose gel was cast and 1ug RNA was loaded onto the gel along with
the RNA loading dye. The composition of the RNA loading dye is as follows:

Component Amount

RNA 219
MOPS (10X) 1l
Formamide 3ul
Formaldehyde 1l
Blue juice loading dye(10X) 1l
RNase free water To 10yl

2. After loading the RNA sample gel was run at 80 V.

3. EtBr staining for visualization of bands was carried out by placing the gel in a chamber
immersed in 100 ml DEPC treated water containing 5ul EtBr dye for 30-40 minutes.

4. Destaining was performed by immersing the gel in 100 ml DEPC treated water and
kept on slow rocking for 15 — 20 minutes. This step was repeated once more.

5. Visualization of bands was carried out using a UV transilluminator.

6. RNA was considered as of good quality when 2 bands were visualized on gel and the
density of upper band was twice the density of the lower band.

xxiv. cDNA synthesis for real time PCR:

cDNA from RNA is prepared by superscript Il first strand synthesis system (Invitrogen).

This kit allows cDNA synthesis from 1pg to 5pg RNA.

Protocol:

1. All the contents of the kit are thawed and briefly centrifuged before use.
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2. Following components are added in a 0.6 ml tube.
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Components Volume

1 pg total RNA

50uM oligo(dT)20
50ng/pl random hexamer
10mM dNTP mix

DEPC treated water

nul
1l
0.5ul
1l
to 10l

3. The mix of the above components were incubated in a dry bath at 65°C for 5 minute

and then placed on ice for at least 1 minute.

4. For cDNA syntheses following components were mixed in the same order as indicated.

Component Volume

10X RT buffer
25mM MgCl,

0.IM DTT

RNase OUT (40U/ul)
Superscript 111 RT

2ul
4ul
2ul
1l
1l

5. 10ul of cDNA synthesis mix was added to 10 pl of RNA and primer mix made

previously. Both the mixtures are mixed gently and briefly centrifuged.

6. The mixture is placed in a PCR tube and following cycle is run in a thermal cycler

Temperature

25°C 10 min
50°C 50 min
85°C 5 min

7. Reaction is chilled on ice and collected by brief centrifugation.

8. 1ul RNase H was added in each tube and the reaction is incubated at 37°'C for 20

minutes.

9. cDNA made is either used immediately for PCR or stored at -20°C.
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xxv. Real- time PCR

Real- time PCR based on TagMan chemistry was performed to check NIS mRNA
expression in NIS expressing clonal variants. The housekeeping gene Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used for normalization of results. The PCR plate
was run on a real time cycler (Quant Studio 12K Flex, Applied Biosystems)

Protocol:

1. cDNA obtained from reverse transcription reaction was diluted to 10 ng /ul with
DEPC-treated Milli-Q water for use in the PCR reaction.
2. In a separate tube TagMan master mix and TagMan primer and probe mix for the gene

of interest were added in the following concentration:

Component Volume
2X TagMan master mis 2.5ul
TagMan Primer+probe 0.25ul
RNase free water to 4pl

3. 1ul of diluted cDNA (10ng/ul) was added to the TagMan master mix and primer +
probe mix and this whole mixture was added to a well of 396 well real time PCR plate.

4. In 1 of the sample TagMan master mix and primer + probe is mixed with RNase free
water instead of cDNA. Ct value from this well was used as non template control to
detect any contamination or non specificity in the reaction.

5. GAPDH gene was used as an endogenous control.

6. For each sample and gene, reaction was carried out in triplicate and average Ct value
was used to determine fold change.

7. After addition of reaction in different wells, PCR plate is sealed.

8. The plate was centrifuged briefly to remove any air bubble and to bring the mixture at

the bottom of the well.
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9. The real time PCR was performed using following PCR protocol:

PCR step Temperature Time
Initial denaturation 95°C 5min
Denaturation 95°C 45sec
Primer annealing 60°C 45sec
Primer extension 72°C 45sec
Final extension 72°C 5min
Hold 72°C 5min

Materials & Methods

xxvi. Western blot analysis

Preparation of sample

1.
2.
3.

4
5
6.
7
8
9

Cells were washed with cold 1X PBS (2x) in 6-well plate.

50ul of RIPA buffer was added to cells and plate was incubated on ice for 5 minutes.

Cells were gently scraped using cell scraper and collected in an ice cold eppendorf

tube.

. Cells were vortexed vigourlsly for 30 seconds.

. Cells were incubated on ice for 2 hours on ice with intermediate vortexing.

The lysed cells were then sonicated at 10% amplitude for 10 seconds for 3 cycles.

. Lysed cells were centrifuged at 14000rpm 4°C for 45minutes.
. The supernatant was collected and stored at 4°C.

. Protein estimation was done using the above lysate.

Protein estimation by Bradford assay:

Bradford is a colorimetric protein assay based on the absorbance shift of the dye

Coomassie Brilliant Blue G-250 in which under acidic conditions the red/brown form of

the dye is converted into its bluer form to bind to the protein being assayed. This colour

change is estimated by using the formula obtained by plotting the absorbance of standards

(1-5 pg/ml) in a linear regression analysis.
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Protocol:
1. BSA standards were made by serially diluting Img/ml stock in transparent 96 well flat

bottom plates.

Concentration Volume of BSA  Volume of Milli Q
water
Blank 0 5ul
1lug 1l 4ul
219 2ul 3ul
3ug 3ul 2ul
4ug 4ul 1l
5ug 5ul 0

2. Absorbance was measured at 595nm, values were subtracted against the blank and a
standard curve was plotted by using the linear regression analysis. The formula derived
from the standard curve was used for estimating protein concentration of the cell
lysates.

3. Lysates were diluted 5X using 1X PBS.

4. 250l of Bradford reagent was added in each well of a 96 well plate.

5. 5ul of protein lysate was added per well and mixed thoroughly.

6. Absorbance was measured at 595nm in a spectrophotometer.

7. Protein concentration was calculated using the formula derived from the standard
curve.

Appropriate volume of protein lysate for the desired concentration was taken and mixed

with gel loading dye. The reaction mix was heated at 37°C for 30minutes in water bath.

and a short spin was given. The samples were kept on ice until they were loaded on the
gel.

Composition of 30% Acrylamide

(30% acrylamide / 0.8% bisacrylamide) weight/volume in distilled water

Composition of Resolving Buffer

1.5mM Tris base, adjust the pH to 8.8 using 1N-HCI

Composition of Stacking Buffer

0.5mM Tris base, adjust the pH to 6.8 using 1N-HCI
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Composition of Running Buffer
25mM Tris-Cl- 3.208g; 200mM Glycine-15.012g;0.1%w/v SDS
Composition of Transfer buffer
25mM Tris base, 190mM Glycine, 0.04% SDS, 20% methanol
Composition of blocking buffer
1X TBS with 5% milk
Composition of Wash buffer (TBSt)
1X TBS with 0.05% Tween 20
Composition of stripping buffer
20%SDS, 100uM B-mercaptoethanol and 50uM Tris, pH6.8
Contents of 7.5% resolving gel (8ml):
30% acrylamide 1.5M Tris-Cl pH- 10% SDS buffer

8.8 (wiv)
3.8ml 2ml 2ml 80pl

Degassing was carried out with pipette and 80uL of 10% APS and 8uL. TEMED was
added followed by gentle mixing.

Contents of 4% stacking gel (5ml)
30% acrylamide 0.5M Tris-Cl pH- 10% SDS buffer

6.8 (wWiv)
3ml 0.67ml 1.25ml 50pl

50uL of 10% APS and 5 uL of TEMED was added to the mixture followed by swirling.
Preparation of sample

Appropriate volume of protein lysate for the desired concentration was taken and mixed
with gel loading dye. The reaction mix was heated at 100°C on dry bath for 3 minutes
and a short spin was given. The samples were kept on ice until they were loaded on the
gel.

Composition of blocking buffer

1X TBS with 5% BSA

Composition of Wash buffer (TBSt)

1X TBS with 0.05% Tween 20
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Composition of stripping buffer
20%SDS, 100uM B-mercaptoethanol and 50uM Tris, pH6.8

P
1

2.

10.

11.

12.

13.

14.

15.

rotocol

. Glass plates were cleaned thoroughly and were set up carefully in the casting stand.

According to the protein of interest, the required percentage of resolving gel was

prepared.

. Immediately the resolving gel solution was loaded between the glass plates using the
pipette and the gel was overlaid with 1ml of milliQ.

. The gel was allowed to polymerize for 35-40 minutes.

. After the resolving gel was solidified completely, the MilliQ layer was washed
thoroughly and the stacking gel was prepared.

. The wells for loading the samples were formed by placing the 10-well comb. The gel
was allowed to polymerize for 15-25 minutes.

. The solidified gel was placed in the cassette and fitted with electrodes in the tank.

. The tank was filled with 1X running buffer till (1/4)th of its volume. The comb was

then gently removed and the wells were washed with the buffer to remove the traces of

any acryl/bisacrylamide deposits.

The sample prepared was then loaded into respective wells and 4puL of pre-stained
ladder was also loaded in one of the wells.

The gel electrophoresis was performed at 60V, 400mA. After the sample entered the
resolving gel the voltage was increased to 80V. The run was stopped as soon as the

dye reached the bottom of the gel.

The gel, blotting paper and nitrocellulose membrane were then soaked in 1X transfer

buffer and incubated for 10 minutes.

Onto the base of the Trans blot system the two soaked blotting papers were placed one

after another, the transfer buffer was poured on top of the membrane and the air
bubbles were removed carefully. Then, the nitrocellulose membrane was placed and

the gel was placed over it properly.

The remaining two blotting papers were placed on the top of the gel and same as before

the transfer buffer was poured, ensuring that the bubbles were removed. Then, the
system was started and the transfer was set to 13V, 400mA for 1 hour.

After complete transfer the membrane was removed carefully and then incubated in

10ml of 5% non-fat milk for 1 hour on a shaker.
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17.

19.

20.
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After blocking, the membrane was probed with NIS primary antibody and incubated
overnight at 4°C with gentle shaking.

Next day, the membrane was washed thrice with the wash buffer (1X TBST) and then
incubated with the secondary antibody for 1 hour.

After the secondary Ab incubation the membrane was again washed thrice with the
wash buffer.

The proteins present on the membrane could be visualized by using the advance

chemiluminiscence detection system.

Stripping and reprobing the membrane:

1.

In order to reprobe the membrane with another primary antibody stripping protocol is

used.

. For stripping the membrane was incubated with the stripping buffer for 10 minutes at

RT.

. The membrane was then washed thrice with 1X TBST, blocked with the blocking

buffer for 1 hour, then incubated with primary antibody overnight at 4°C with gentle
shaking.

The next day, the membrane was again washed with 1X TBST, incubated with
secondary antibody for 1-2 hour at RT with continuous shaking and then washed

with wash buffer and developed in dark with the ECL detection system.

xxvii. cDNA synthesis for glycosylation PCR array

cDNA synthesis was performed using the RT? First Strand cDNA synthesis kit (Qiagen).

Protocol:

1.

2.

All the contents of the kit were thawed on ice and vortexed briefly to bring the
contents to the bottom of the tube
The genomic DNA elimination mix was prepared for each RNA sample. It was mixed

by gentle pipetting and centrifuged briefly.

Component Amount
RNA 400ng
Buffer GE 2ul
RNase free water to 10pl
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3. The genomic DNA elimination mix was incubated for exactly 5 minutes in a dry bath
preset at 42°C, and then placed immediately on ice for at least 1 minute.

4. The reverse transcription mix was prepared as follows:

Component Volume

Buffer BC3 (5X) 4ul
Control P2 1l
RE3 Reverse transcriptase mix 2ul
RNase free water 3ul

5. 10 pl reverse transcriptase mix was added to 10 pl genomic DNA elimination mix and
mixed by gentle pipetting.

6. The mix was incubated at 42°C for exactly 15 minutes and the reaction was
immediately stopped by incubating at 95°C for 5 minutes.

7. 91ul RNase free water was added to each reaction and mixed by gently pipetting
several times.

8. The cDNA synthesized was stored at -20°C until required.

xxviii. Glycosylation PCR array (RT? profiler PCR array system, Qiagen)

PCR arrays or microarrays are one of the most reliable and sensitive gene expression
profiling technologies for analyzing a panel of genes in signal transduction pathways,
biological processes or disease related gene networks.

The Glycosylation PCR Array supplied by Qiagen profiles the expression of 84 key genes
encoding enzymes that post translationally add or remove sugar residues to and from
proteoglycans and glycoproteins. Running this array on a real time PCR machine lets us
analyze the expression of a focused panel of genes involved in protein glycosylation.

The PCR array uses SYBR Green as the fluorescent reporter dye during the real time
cycling. SYBR Green detects PCR products by binding to double stranded DNA present
in the sample.

The RT?SYBR Green qPCR Matermix (Qiagen) consists of the following:

. HotStart DNA Taq Polymerase

o PCR Buffer

. dNTP mix (dATP, dCTP, dGTP, dTTP)

o SYBR Green dye
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Protocol:

1. The contents of the RT’SYBR Green qPCR mastermix were briefly centrifuged to
bring the contents to the bottom of the tube.

2. The PCR components mix was prepared in a loading reservoir

PCR components mix contains the following:

Component Volume
RT* SYBR green gPCR mastermix (2X) 650ul
cDNA synthesis reaction 102l
RNase free water 548ul

3. The PCR components mix was dispensed as equal aliquots into each well of the RT?
Profiler PCR Array.

4. The PCR Array plate was run on a real- time cycler (Quant Studio 12K Flex, Applied
Biosystems)

5. The PCR reaction cycle was as follows:

Initial Denaturation 95 °C for 5 minutes

Denaturation 95 °C for 45 seconds

Primer Annealing 60 °C for 45 seconds

35 times

Primer Extension 72 °C for 45 seconds

Final Extension 72 °C for 5 minutes

Hold 4 °C for 5 minutes

6. The raw data obtained was analyzed using a web- based software

(http://www.sabiosciences.com/dataanalysis.php)

xXix. Clonogenic assay

1. After drug/ radiation/ **I therapy cells were trypsinized, washed with 1X PBS and
counted in a cell counter.

2. For MCF-7 cells 500 cells and for MDA MB231 cell line 1000 cells were seeded in
each well of 6 well plate. For ZR-75 cells 1000 cells were seeded in 60mm plate.

3. For each treatment cells were seeded in duplicate.

4. Cells were then incubated in 5% CO, at 37°C for 14 days.
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5. Cells were feeded with fresh media at duration of 3 days.

6. After 14 days, cells were washed thrice with PBS for 5 minutes and fixed in 1ml
chilled formalin i.e. 10% formaldehyde in PBS for 20minutes at 4C.

8. Formalin was removed after 20 minutes and cells were washed with 1XPBS (X3).

9. After washing cells were stained with 1ml of 0.5% crystal violet in 25% methanol for 5
minutes at room temperature.

10. After 5 minutes, crystal violet was removed and excess stain was washed with fresh
water.

11. Number of colonies was counted under microscope. Colonies consisting of at least 50
cells were counted.

12. Survival fraction was calculated using the formula mentioned in previous literature.
xxX. Annexin V staining for apoptosis assay
Annexin V staining to detect apoptosis is based on the principle that during apoptosis the
membrane phosphatidyl serine in cells gets translocated from inner face to the cell surface
of plasma membrane. The translocated phosphatidyl serine can be easily detected by
staining with fluorescent dye conjugated annexin V molecule. The staining of the samples
with propidium iodide along with annexin V allows differentiation between apoptosis and
necrosis. Annexin V staining was performed by apoptosis kit from Abcam. Brief protocol
is as follows:

1. 1-5*10° cells were seeded in 24 well plates a day prior to experiment.

2. Cells were treated with drug/ ***1/ combination of both.

3. At the end of treatment the media as well as cells were collected by centrifugation.

4. Cells were resuspended in 500ul of 1Xbinding buffer.

5. To this 5ul annexin V-FITC and 5ul of propidium iodide was added.

6. For controls the 2*10° untreated cells were collected along with the media. These cells
were resuspended in 2ml of 1X binding buffer. In 4 tubes 500ul of this cell suspension
was distributed. In 1 tube only 5pl annexin V is added, in 2" tube only 5pl propidium
iodide is added, in 3" tube both 5pl annexin V and 5pl propidium iodide is added and
in the 4™ tube none of the stain is added.

7. All the tubes were incubated at room temperature for 5 minutes in the dark.

8. The binding of the dyes were analyzed by flow cytometry using FITC detector (FL1)
and phycoerythrin signal detector (FL2). The data was analyzed using cell quest

software.
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xxxi. Luciferase assay:

The luciferase reporter assay is commonly used as a tool to study gene expression at the

transcriptional level. Luciferases make up a class of oxidative enzymes found in several

species that enable the organisms that express them to ‘bioluminesce’ or emit light. The

light emitted is a by-product of the oxidative reaction catalyzed by the luciferase enzyme.

The protocol is as follows:

1. Transfected cells were collected and lysate was made by passive lysis buffer.

2. 10ul of lysate was added in each well. Lysate from untransfected cells was used as
negative control.

3. 50ul of LAR2 was added to each well and photons generated were measured in a
berthold luminometer in open filter for 1 second.

4. The relative light unit per second (RLU/sec) obtained was normalised with protein
estimated by Bradford method.

Preparation of lysates

1. 1-2*10° cells were harvested after trypsinization by centrifugation at 1200 rpm for
S5minutes at 4°C.

2. The cell pellet was washed with 1X PBS by centrifugation at 1200 rpm for 5 minutes.

3. Supernatant was discarded and approximately 50ul of 1X passive lysis buffer/1*10°
cells was added.

4. Thereafter, 1ul of 10X protease inhibitor per 100ul of 1X passive lysis buffer was
added in the cell lysate.

5. The reaction was thoroughly mixed by vortexing and incubated at RT for 10-15
minutes.

6. After incubation the reaction mixture was centrifuged at 13,000 rpm for 25 minutes at
4°C.

7. The supernatant was collected and protein estimation was performed using Bradford
reagent.

xxxii. In Vivo bioluminescence imaging in living mice

BLI allows a non-invasive and real time analysis of biological processes at the molecular

level in living organisms. We measured in vivo bioluminescence by Cooled charge-

coupled device (CCD)-based Xenogen IVIS 200 biophotonic imager from Caliper

(Alameda, CA.). The system excels at imaging light emitted from small animals such as

mice or rats but can also be used to image light emitted directly from cells in 96-well

plates. The system is capable of measuring the intensities of BL signals produced by
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luciferases and other bioluminescent reporters, as well as fluorescence signals produced

by fluorescent proteins (GFP, RFP, etc.) and other fluorescent molecules. The output is

generally a superimposed image of photographic and luminescence/fluorescence image
captured sequentially.

Cell preparation

The cells are cultured in standard growth conditions and amplified in amount required for

implantation in specific number of mice. While amplification cells are always maintained

in log phase, which means they were never more than 70-80% confluent. An in vitro
validation of the bioluminescence activity was performed earlier by in vitro luciferase
assay.

Animal injection:

1. A 70-80% confluent flask cells were harvested by trypsinisation and counted using
trypan blue.

2. 6*10° cells per mouse were used for implantation. Accordingly total number of live
cells required were counted and pelleted down. The pelleted cells were then
resuspended in PBS in a concentration of 6*10° cells/50pl PBS.

3. Usually, in order to facilitate optimal formation of tumor athymic
immunocompromised mice were preferred for implantation. Animal care and
euthanasia were performed with the approval from Institutional Animal Ethics
Committee of ACTREC. Cells were implanted subcutaneously in the right flank of the
mice.

Animal anesthesia:

1. The mice were placed into a clear plexiglass anesthesia box that allows visual
monitoring of mice to realize the effect of anesthesia. The release of isofluorane can be
adjusted from 1-5% according to the weight and number of mice.

2. The tube that supplies the anesthesia to the box is split so that the same concentration
of anesthesia is pumped to the anesthesia manifold located inside the imaging
chamber.

3. After the mice were fully anesthetized, they were transferred to the imaging chamber
with their snout placed to the nose cones attached inside and close the door.

Preparation and injection of D-luciferin:

1. A fresh stock solution of D-luciferin 30 mg/ml in PBS was prepared.

2. Each mouse was injected with 100 pl of 30 mg/ml of D-luciferin (to deliver 3 mg).
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3. D-luciferin solution was injected via an intraperitoneal (i.p.) route and substrate was
allowed to distribute in awake animals for about 5-15 minutes.

Image acquisition and data analysis:

1. As per manufacturer’s recommendation, the IVIS system was initialized before starting
image acquisition.

2. Animals were placed inside the black box imaging chamber and postured with the
Imaging surface facing the camera. This is important to minimize the path length of the
luminescent light through different tissues/organs.

3. Now, on the IVIS software, different parameters were set, such as integration time, bin,
FOV, and emission filter. Integration time can range from 10 seconds to 5 minutes
depending upon the cellular luciferase expression. Bin is generally set medium, which
balances between sensitivity and resolution of the CCD camera. Depending upon
number of mice scanned at a time, the FOV can be set at higher or lower range.

4. Images were acquired by clicking the “acquire image” button on the displayed screen.
After the acquisition is over, a superimposed image of the photographic view and the
pseudo colour luminescence image will appear on the screen.

5. Images were acquired in sequence till increase in the luciferase activity is observed.
For data analysis image with the maximum luciferase activity was used to quantitate
activity.

6. For data analysis, ROI was drawn by clicking on the “create ROI” button and by
clicking on the measure button photon values were measured.

xxxiii. In vivo cerenkov imaging in living mice
CL1I is an emerging hybrid modality in which light emitted from commonly used medical
isotopes is used for generation of signal. Cerenkov radiation has been described before
100 years but its application for biomedical imaging purpose is known since past few
years only. The modality is of great interest as it allows use of commonly used BLI
equipments for visualization of clinical diagnostic (all PET radioisotopes) and many
therapeutic radionuclides. The disadvantage is that the signal intensity generated is
significantly lower than that in other optical imaging techniques such as bioluminescence
and fluorescence. However, significant advantages include the use of approved
radiotracers and lack of an incident light source, resulting in high signal to background
ratios.

Cell preparation and implantation in animals:

NIS expressing cells were prepared and implanted in the same way as mentioned in xxxii.
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B injection:

1.

10 days prior to **!1 therapy thyroid blocking was initiated by daily dose of T4 and

methimazole by intra peritoneal injection.

. On the day of treatment **'I present in the vial was measured by gamma counter and

volume required for 1mCi *** was calculated.

1mCi **!1 was removed from the vial to the syringe. Each animal in the treated group

was injected with 1mCi **!1.

. The radioactivity in the syringe was further measured to ensure the amount of

radioactivity injected in mice.
Before removing the mice from cage the working area of the hood was covered with

spread sheet. This was done to reduce the risk of contamination with radioactivity.

. All the mice in the treated group were administered with intra peritoneal injection of

1mCi of 1.

*Note: All the radioactivity experiments were performed with extreme care to avoid any

spillage or contamination through radioactivity. While handling radioactivity body
was covered with full sleeves apron, mask and double gloves. TLD batch was
constantly worn during the radioactivity experiments and to check contamination

all the area was inspected with dosimeter after the experiments.

Animal anesthesia:

Animal anesthesia was given in the same way as mentioned in the section xxxii. Except

that a sheet was spread to the floor of the anaesthesia chamber to avoid contamination.

Cerenkov image acquisition:

1.
2.

Cerenkov imaging was performed after 24 and 72 hours of **!1 administration.
Imaging was performed in the same way as the BLI. For Cerenkov imaging images
were acquired by keeping dorsal as well ventral surface facing the camera to

understand the distribution of 1.

*Note: To avoid radioactivity contamination a black paper is placed at the base of the

IVIS chamber to keep the mice and the paper is thrown into the radioactive discard

after the experiment.
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