
Tumor Biology 45 (2023) 95–110
DOI:10.3233/TUB-220027
IOS Press

95

Induction of epithelial-mesenchymal
transition in thyroid follicular cells is
associated with cell adhesion alterations
and low-dose hyper-radiosensitivity

Ankit Mathura,1, Vijayakumar Chinnaduraib, Param Jit Singh Bhallab,2

and Sudhir Chandnaa,∗
aDivision of Radiation Biosciences, Institute of Nuclear Medicine and Allied Sciences, Brig. S.K.
Mazumdar Road, Timarpur, Delhi, India
bInstitute of Nuclear Medicine and Allied Sciences, Brig. S.K. Mazumdar Road, Timarpur, Delhi, India

Received 6 September 2022
Accepted 16 August 2023

Abstract.
BACKGROUND: Epithelial-mesenchymal transition (EMT) is associated with altered cellular adhesion. We previously
demonstrated that cellular adhesion influences Low-dose Hyper-Radiosensitivity (HRS) in a variety of tumor cells. However,
the relationship of low-dose HRS with the phenotypic plasticity incurred by EMT during the neoplastic transformation
remains to be elucidated.
OBJECTIVE: To investigate whether acquisition of EMT phenotype during progressive neoplastic transformation may
affect low-dose radiation sensitivity.
METHODS: Primary thyroid cells obtained from a human cystic thyroid nodule were first subjected to nutritional stress.
This yielded immortalized INM-Thy1 cell strain, which was further treated with either multiple �-radiation fractions (1.5 Gy
each) or repetitive cycles of 3-methylcholanthrene and phorbol-12-myristate-13-acetate, yielding two progressive transfor-
mants, viz., INM-Thy1R and INM-Thy1C. Morphological alterations, chromosomal double-minutes, cell adhesion proteins,
anchorage dependency, tumorigenicity in nude mice and cellular radiosensitivity were studied in these strains.
RESULTS: Both transformants (INM-Thy1R, INM-Thy1C) displayed progressive tumorigenic features, viz., soft agar colony
growth and solid tumor growth in nude mice, coupled with features of epithelial-mesenchymal transition and activated Wnt
pathway. Incidentally, the chemical-induced transformant (INM-Thy1C) displayed a prominent HRS (�s/�r= 29.35) which
remained unaffected at high cell density. However, the parental (INM-Thy1) cell line as well as radiation-induced transformant
(INM-Thy1R) failed to show this hypersensitivity.
CONCLUSION: The study shows that induction of EMT in thyroid follicular cells may accompany increased susceptibility
to low-dose ionizing radiation, which was attenuated by adaptive resistance acquired during radiation-induced transformation.
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1. Introduction

Human tumor cell lines generally display varying levels of low-dose hyper-radiosensitivity (HRS)
characterized by reduced cell survival typically at ionizing radiation doses below 50cGy [1, 2]. Since
normal cells have failed to display this unusual phenomenon with the same propensity [3, 4], it is
proposed that acquisition of transformed characteristics as well as alterations in cell-cell/cell-matrix
interaction may influence low-dose radiation responses [5, 6]. However, cellular radiation responses
at low doses have not been studied so far in a controlled transforming cell system. Therefore, we
have attempted to evaluate low-dose �-radiation sensitivity at successive stages of in vitro epithelial-
mesenchymal transition during neoplastic transformation, using human thyroid follicular cell system.
Thyroid cancer is a very common endocrine-related malignancy, with global incidence rising expo-
nentially over the last few decades [7, 8]. Although thyroid cancers are rarely fatal, their recurrence
rate is rather high among different carcinomas [9]. The multiple risk factors for thyroid carcinomas
include dietary [10] and genetic factors [11]. Incidentally, radiation is a well-established causal agent
of thyroid cancer [12], and has a high risk following radiotherapeutic treatment of head and neck
cancers [13]. Very limited experimental in vivo and in vitro models are in place to gain insight into the
mechanisms of thyroid carcinogenesis, which remain of concern till date.

In the present study, we conducted in vitro transformation of human primary thyroid follicular
cells isolated from fine needle aspirates of a euthyroid subject. The initial immortalized cell strain
was further transformed either by �-radiation alone or chemical carcinogen treatment (cycles of 3-
methylcholanthrene (3-MCA) along with phorbol 12-myristate 13-acetate (PMA)). Alterations in the
radiosensitivity of cell strains demonstrating distinct tumorigenic potential during progressive stages
of transformation were studied. Since cell adhesion mechanisms are also crucial to overall response
against external stimuli and greatly influence the therapeutic outcome [14], alterations in expression
levels of few key proteins were also assessed. The study shows interesting differences in the low-
dose radiosensitivity following chemically-induced neoplastic transformation compared to radiation-
induced transformation.

2. Material and methods

2.1. Cell culture and in vitro transformation

A primary human thyroid cell culture was established using fine-needle aspirated (FNA) cells from
a 40-year-old female patient with symptoms of thyroid goiter, after obtaining the necessary approval of
the study from the institutional human ethics committee (no. IIHEC/CT/2017/20). Primary cells and
the transformants were maintained as a monolayer at 37◦C in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich, StLouis, MO, USA), supplemented with 5% fetal bovine serum (Gibco, Carlsbad,
CA, USA) and antibiotics (Penicillin, 50,000 Units/L, Streptomycin-100 mg/L).

For oncogenic transformation, these primary thyroid cells were subjected to nutritional deprivation
for 3 weeks without replenishing growth medium. A single cell clone (INM-Thy1) was derived from
the resulting cell population through dilution cloning. Morphological features, such as overall size
(length/width ratio) and substrate attachment area of an individual strain was monitored over time.
These features were found to be stable through multiple passages in culture. From this strain, further
transformation was carried out by two different methods (Fig. 2A), i.e., by repeated �-irradiation
(1.5 Gy) during logarithmic growth phase of 23 sequential passages (total dose = 34.5 Gy), or by
application of alternate cycles of 3-methylcholanthrene (3-MCA; 5 �g/mL) and phorbol 12-myristate
13-acetate (PMA; 0.05 �g/mL) at 24 h interval for 13 sequential passages. These treatments finally
yielded transformed cell strains named INM-Thy1R and INM-Thy1C, respectively.
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2.2. Anchorage independence assay

Anchorage independence was assayed as previously described [15]. Briefly, 50,000 cells/ 60 mm
Petri dish were resuspended in 0.33% agarose overlaid on a layer of 2% agarose and covered with
fresh growth medium. The growth of 500 randomly selected colonies from different planes in the
soft agar layer was measured after three weeks under Axiovert 200 DIC microscope (Carl Zeiss,
Oberkochen, Germany). Colony size was evaluated by measuring two orthogonal diameters (d1/d2)
using the AxioVision Rel.4.8 software. The volume was calculated using the formula V = 4/3 �r3,
where r = 1/2

√
d1d2 is the geometric mean radius.

2.3. Tumorigenicity in nude mice

As described earlier, the tumorigenic potential of the cells was assessed by inoculating the cells
in nude mice [16]. We standardized the protocol by inoculating various number of cells in 100 �l
PBS and found the optimum concentration to be 6 million the INM-Thy1 cells for the appearance of
palpable tumors. Briefly, exponentially growing cells were inoculated subcutaneously into the scapular
region of nude mice aged 6 to 10 weeks. Tumors forming a palpable nodule at the site of injection
were measured up to 10 weeks/permissible maximum size. Animal experiments were approved by the
institutional animal ethical committee (INM/IAEC/16/24).

2.4. Cell survival assay

Radiation dose response of all cell strains was assessed using macrocolony (survival) assay as
described earlier [1]. Briefly, asynchronously growing cells were first plated at low density (5-
6 cells/cm2), 18–24 h prior to �-irradiation using 60Co source (1.034 Gy/min; Teletherapy Unit,
Bhabhatron-II, Panacea Medical Technology, Bangalore, India). Cultures were maintained at 37◦C
in a humidified incubator with 95% air/5% CO2 for 5–7 days before fixing and staining with 1%
crystal violet. Colonies with >50 cells were counted for calculating plating efficiency with respect to
untreated control. For irradiation at high cell density, ∼35,000–40,000 cells/cm2 were irradiated at
varying doses and plated at a density of 5-6 cells/cm2 for macrocolony formation. Each experiment
was repeated at least three times with triplicate samples.

2.5. Wound healing (cell migration) assay

Wound healing assay was performed to assess alterations in cell migration as described earlier [17].
Briefly, semi-confluent cultures grown in Petri dishes were scraped using sterile microtip, rinsed twice
with PBS and supplemented with fresh growth medium containing reduced serum concentration (5%).
To standardize the gap and the observation time, the time taken for the most migrating cells (INM-
Thy1) to cover ∼50% of the gap was taken as a reference time. Images were captured in multiple spots
along the wound using Axiovert-200 Zeiss inverted microscope (Carl Zeiss) immediately or 8 h after
scraping. The total distance of cell migration was calculated by measuring the distance between the
two leading edges of the wound.

2.6. Western blotting

Western blotting was performed for assessing alterations in protein expression as described ear-
lier [17]. Anti-E-Cadherin (sc-7870;1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-�-catenin (sc-7199; 1:1000; Santa Cruz Biotechnology), anti-phospho-�-catenin (9566, Cell
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Signalling Technologies), anti-integrin�v (611013; 1:500; BD Biosciences, San Jose, CA, USA), anti-
connexin43(6219; 1:1500; Sigma-Aldrich), anti-�-actin (sc-1615;1:1000; Santa Cruz Biotechnology),
and anti-vimentin (550513; 1:1000; BD Biosciences) antibodies were used along with a chemilumines-
cence detection system (Thermo Scientific, Waltham, MA, USA). ImageQuant system (GE Healthcare,
Little Chalfont, United Kingdom) was used for quantification.

2.7. Immunofluorescence microscopy

Intracellular protein localization was detected using immunoflorescence microscopy [18]. Anti-�-
catenin antibodies were used along with FITC-conjugated secondary antibodies. Images were captured
at 63X magnification (oil immersion) and processed using fluorescence imaging system (Axio-Imager
M2; AxioVision Rel.4.8; Carl Zeiss). Nuclear beta-catenin localization was quantified by measuring
mean florescence intensity of the nuclear region of the cells labelled with FITC. Fifty randomly
selected cells from at least 10 different regions of three independent experiments were measured using
the Zen2.3 pro software.

2.8. Chromosomal analysis

Metaphase spreads of exponentially growing cells were prepared according to the standard procedure
[19]. Images of Giemsa-stained chromosomes were captured at 100X magnification (oil) using Axio-
Imager M2 (Carl Zeiss). At total of 100 well spread metaphases with distinct chromosome morphology
were selected for the analysis of numerical and specific structural aberrations.

2.9. Growth kinetics

Exponentially growing 3 × 105 cells were inoculated in a 60 mm Petri dish. Subsequently, every 24
hours the cells were harvested from monolayer and counted under a phase contrast using hemocy-
tometer/ automated cell counter.

2.10. Cell survival analysis through LQ and IR models

A MATLAB-based script was developed to estimate dose/surviving fraction dependencies through
linear-quadratic (LQ) formalism and further enhanced with an induced repair (IR) model. The LQ
model was fitted as

Survival Fraction (SF) = exp(− � + � D2)± �

Where D is the radiation dose in Gy, on the log-linear plot of survival curve, � is the cell kill per Gy
of the linear component, and � is the cell kill per Gy2 of the quadratic component.

Furthermore, the IR model [20] was fitted to delineate cell survival as functions of two separate �
components, viz., �s and �r,

SF = exp(�r D{1 + (�s / �r −1) exp(−D/DC)}− � D2)

IR model very well fits the HRS curve that depicts transition from sensitive to resistant response
at the immediately higher doses (the region of induced radioresistance/ IRR). ‘Dc’ is depicted as the
transition point between HRS and IRR regions. The script carried out a nonlinear fitting based on
nonlinear least square, using Trust-region algorithm as the optimizer. The coefficient of determination
(R2) was estimated as goodness of the fit measure and was set to 0.95(=95%) level of certainty.



A. Mathur et al. / Induction of EMT in thyroid follicular cells 99

2.11. Statistical analysis of data

Wherever necessary, differences in the mean (±SD) values of different treatments were analysed
for significance using the unpaired two-tailed Student’s t-test for independent samples.

3. Results

3.1. Nutritional crisis in primary thyroid cells resulted in transformed cells with altered
morphology and growth characteristics

Fine-needle aspirated primary human thyroid cells cultured in a complete growth medium, after four
days formed an organized assembly of follicular structures, resembling classical epithelial morphology.
The majority of cells retained the typical morphology of differentiated thyroid follicular cells for the
subsequent two weeks in culture, even when their growth was restricted (Fig. 1A). Cells with fibroblast
morphology were rarely observed, and were eliminated during the nutritional crisis phase.

In order to induce malignant transformation, these follicular cells were maintained in nutrition-
deprived condition by not replacing growth medium for three weeks, which resulted in a significant
reduction of adherent cells on the surface of the flask. The remaining live floating cells were subse-
quently reintroduced into a fresh growth medium. With time, a small proportion of the floating cells
attached to the bottom of the flask, and by the twelfth week, adherent cells formed a rapidly pro-
liferating monolayer. This cell population had more elongated spindle-shaped morphology than the
parental primary follicular cells, as indicated by a higher length/width ratio (Fig. 1B). A relatively lower
surface-attached area (Fig. 1C), along with the induction of rapid growth in the resultant population
as compared to the parental cells, suggests the induction of oncogenic transformation in the primary
follicular cells. Clonal isolation of the transformed cells carried out by dilution cloning yielded a single
cell clone named ‘INM-Thy1’.

3.2. Radiation or chemical carcinogen treatment induced further transformation of ‘INM-Thy1’
cells with distinct morphological alterations

INM-Thy1 cells were further subjected to two different modes of cell transformation (Fig. 2A).
Firstly, cells were �-irradiated at 1.5 Gy dose fractions repeated 23 times (total dose = 34.5 Gy), at
each subsequent passage during exponential growth phase of culture. At the end of this treatment, the
majority of the resulting cells exhibited more flattened fibroblast-like morphology than the parental
INM-Thy1cells (Fig. 2B) which has remained stable during for over 100 subsequent passages, con-
firming a stable transformation of cells. The resulting cell strain was named as ‘INM-Thy1R’. These
cells exhibited morphological features similar to fibroblast cells with the cell size (Fig. 2C) and surface
attachment area (Fig. 2D) drastically increased compared to the preceding strain, INMThy1.

Secondly, cells were treated in alternate cycles with a potent carcinogen, 3-MCA, and tumor pro-
moter, PMA, administered at each log phase during sequential passages. This resulted in another stably
transformed cell strain ‘INM-Thy1C’, with relatively more elongated, spindle-shaped morphology and
enhanced cell protrusions compared to the parental INM-Thy1 cells (Fig. 2B), indicating an acquisi-
tion of mesenchymal features in these transformants. However, neither of these two transformants had
any significant alterations in growth potential as compared to the parental cell strain, as indicated by
unaltered population doubling time (Fig. 2E).

Since double minutes are frequently encountered in cancer cells (Gebhart et al. 1984), we analysed
metaphase spreads of INM-Thy1 and its transformants (Fig. 2F). Interestingly, the proportion of cells
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Fig. 1. In vitro nutritional deprivation to primary thyroid cells yields an aneuploid transformant: (a) DIC photomicro-
graphs depicting establishment of various stages of in vitro transformation of thyroid primary cells (magnification 10X).
(b) Length/width measurements of the primary thyroid and transformed cells. 500 randomly selected cells were measured
from at least 20 microscopic images. Measurements were carried out using AxioVision Rel 4.8 software. (c) Area of cell-
substrate attachment of 500 randomly selected cells to the tissue culture flask. The periphery of individual cell was measured
using AxioVision Rel 4.8 software to calculate the area of attachment.

with double minutes increased markedly in the two later transformants as compared to the parental
INM-Thy1 strain (Table 1). INM-Thy1C also had significantly reduced mean chromosome number
(31 ± 6.99; p = 0.014) when compared to the parental (INM-Thy1) and INM-Thy1R strains.

3.3. Transformed INM-Thy1R and INM-Thy1C cells have higher tumorigenic potential and
reduced cell migration rate

Anchorage independency of all three ‘INM-Thy’ strains was assessed using soft agar assay. Inter-
estingly, all transformed cell strains were able to form colonies in soft agar with varying efficiency
(Fig. 3A). However, radiation-induced (INM-Thy1R) and chemically-induced (INM-Thy1C) transfor-
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Fig. 2. (a) Schematic representation of method of development of radiation (INM-Thy1R) and chemical induced transformants
(INM-Thy1C) from INM-Thy1 cells. (b) DIC photomicrograph showing contrasting morphology of INM-Thy1 and its
transformants. Equal number of cells were seeded and images were captured 24 h post seeding (magnification 20X). (c)
Morphological variation represented as overall size of the individual cell strain. Following 24 h post seeding, the length/
width of 500 randomly selected cells from a least 20 images were measured using AxioVision Rel 4.8 software. A cartoon
illustration (on top of graph) depicts the cell size. (d) Area of cell-substrate attachment to the tissue culture dish was
measured by inoculating 0.8 × 106 cell/PD60. DIC images were captured 24 h post seeding and surface-attached area of
randomly selected 500 cells was measured using AxioVision Rel 4.8 Software. (e) Proliferation kinetics of exponentially
growing cells in culture. Each point represents data from three independent experiments. (f) Representative phase contrast
images of Giemsa-stained metaphase spread of INM-Thy1 and its transformants (magnification 100X). Chromosomal double
minutes are shown by arrow heads. Normal human lymphocytes were taken as control. Table 1 shows quantitative analysis
of types of aberrations obtained from 100 spreads of INM-Thy1 cells.
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Table 1

Chromosomal imbalance in INM-Thy1 and its Transformants

Strain Mean number of chromosomes/cell Mean number of double minutes/ cell

INM-Thy1 37.74 ± 8.9 0

INM-Thy1R 38.46 ± 7.82 0.37
P = 0.25

INM-Thy1C 31 ± 6.99 0.27
p = –0.014

Fig. 3. Higher tumourigenic potential in transformed cells characterized by increased tumour forming ability and reduced
cell migration: (a) Phase contrast images (5X) of soft agar colony formation assay to test anchorage independence of INM-
Thy1 and transformed strains (Mean ± SE of three observations from three independent experiments; ∗p < 0.05). Graphical
representation of relative colony size of 500 randomly selected colonies from different planes of soft agar layers (right panel).
Data represent three individual experiments performed in triplicates. (b) In vivo tumourigenic assay photographs of the
tumours (red arrowheads) and animals were taken 4 weeks post inoculation. Tumour volumes normalized with parental INM-
Thy1 strain from three independent experiments are shown (right panel) (∗p < 0.05). (c) DIC images of wound healing assay
to analyse cell migration 8 h after scraping. Corresponding fold migration is indicated at top left corner of each image. Data
(mean ± SD) are presented after normalizing with respect to parental INM-Thy1 cells from three independent experiments.

mants showed a 2.5-fold higher colony growth rate than the parental INM-Thy1 cells, suggesting an
increase in anchorage independence with progressive transformation (Fig. 3A).

The in vivo tumorigenic potential of all strains was evaluated by subcutaneous implantation into
nude mice. All the three transformants were able to form xenograft tumor at the site of inoculation,
with a comparable latency period (∼10 days) before appearance of palpable tumor mass. However, the
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growth of the tumor arising from the INM-Thy1 strain was found to be comparatively slower even after
a long incubation period of 30 days, as compared to INM-Thy1R and INM-Thy1C cells, suggesting a
higher tumorigenic potential in these two latter strains (Fig. 3B).

The wound healing assay detected significant reduction in cell migration by up to 53% in INM-Thy1R
and INM-Thy1C cells, compared to the parental INM-Thy1 strain (Fig. 3C).

3.4. Altered expression of cell adhesion molecules and activated Wnt signalling in INM-Thy1R
and INM-Thy1C cells

We further analysed the expression of six cell adhesion proteins known to be associated with tumori-
genicity. The adherence junction protein, E-cadherin, was found marginally overexpressed in both
INM-Thy1R and INM-Thy1C cells (Fig. 4A), while its associated protein, �-catenin, a functional
component of the Wnt signaling pathway, was considerably upregulated by ∼2.5 fold. Immunofluores-
cence imaging, in both of these strains, detected a nuclear localization of �-catenin (Fig. 4B, C), which
was in complete contrast to the cytoplasmic distribution in the parental INM-Thy1 cells (Fig. 4C). To
quantify the nuclear localization of �-catenin we measured the mean fluorescence intensity of FITC in
the nuclear region of 50 cells from at least 10 images from three independent experiments. We found ∼2
fold increased �-catenin signals in the INM-Thy1C and INM-Thy1R cells compared to the parental cell
strain INM-Thy1 (right panel). Stabilization of �-catenin mediated by a specific de-phosphorylation
is considered a prerequisite for Wnt pathway activation. Incidentally, significant dephosphorylation of
�-catenin was observed in INM-Thy1R (∼2 fold) as well as INM-Thy1C (∼4 fold) compared to the
parental cells, thereby strongly indicating Wnt activation in both the latter transformants, apparently
having a higher tumorigenic potential (Fig. 3B). The translocation of �-catenin into the nucleus further
confirms the activation of Wnt pathway in the two latter strains, corroborating the protein expression
alterations observed by Western blots (Fig. 4B). Integrin-�v, which mediates communication through
extracellular matrix and can facilitate tumor progression, remained unchanged in all three cell strains
(Fig. 4A). Interestingly, however, the P0 and P1 bands of phosphorylated Cx43 [21] were found to
be of considerably higher intensity (∼3 fold) in the latter two transformants (Fig. 4A). Vimentin, an
intermediate filament family of proteins established as a marker of epithelial-mesenchymal transitions
(EMTs), was also considerably upregulated in both the INM-Thy1R and INM-Thy1C strains. Morpho-
logical alterations, upregulated vimentin expression and activated Wnt pathway indicate acquisition
of EMT like phenotype in two latter transformats.

It is to be mentioned that in this system, EMT was not achieved to an advanced stage, as both trans-
formants lacked some mesenchymal characteristics. For example, the downregulation of E-cadherin
was not significant in either of the two transformed strains (INM-Thy1C, INM-Thy1R). The lack
of completion of EMT was evidently associated with the lack of invasive phenotype, as indicated
by reduced migration of both these transformed strains (Fig. 3C). Thus, this thyroid transformation
model represents a transformation with enhanced tumorigenic potential and partial mesenchymal
characteristics.

3.5. Low-dose hyper-radiosensitivity was selectively expressed in chemically-transformed
INM-Thy1C cell strain

As stated above, the induction of low-dose HRS has been observed more prominently in tumor
cells than normal cells, and cell-cell contact is also known to influence low-dose hyper-radiosensitivity
[1]. We thus analyzed radiation dose response of all three transformants using macrocolony assay,
which was performed by irradiating pre-plated cells at sparse cell density (5-6 cells/cm2) (Fig. 5A) or
irradiating high density cultures (∼35,000–40,000), followed by plating (Fig. 5B). The cell survival
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Fig. 4. Alterations in expression and intracellular localization of cell adhesion proteins following transformation: (a) Western
blot analysis of the expression of the indicated cell adhesion proteins. Representative blots and densitometry of protein bands
relative to �-actin from three independent experiments are shown (∗P ≤ 0.05). (b) Representative western blots of �-catenin
and phospho- �-catenin indicate activation of Wnt pathway in the transformed cells. (c) Immunofluorescence images showing
intracellular localization (arrows) of �-catenin (magnification 63X). Relative fluorescence intensity of FITC-labeled nuclear
region of the three cell strains, representing nuclear localization of �-catenin (right panel). A total of 50 randomly selected
cells from at least 10 images per strain were analysed using Zen 2.3 pro software. Representative images of three independent
experiments are shown.
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Fig. 5. Low-dose radiation survival dose response under sparse cultures v/s high cell density: Clonogenic cell survival dose
response of the parental INM-Thy1 and transformed strains (INM-Thy1R and INM-Thy1C), when cells were plated at low
(a) and high (b) cell density. The survival curve was fitted to the LQ (dotted blue line) and IR (smooth blue line) models,
along with the experimental data (smooth red line), the respective �s and �r values are shown. Each data point is the mean
of nine observations from three independent experiments, and the color shade represents standard deviation.

curve for parental INM-Thy1 cells and its radiation-induced transformant (INM-Thy1R) showed dose-
dependent reduction in surviving fraction up to 5 Gy. As shown in Fig. 5A and B, the close proximity
of the survival curve fits for both LQ and IR models, and indicates the lack of induction of HRS in
both cell strains. In the chemical-induced transformant INM-Thy1C (Fig. 5A), radiation dose-response
curve deviated from LQ model and displayed steep reduction in surviving fraction (SF) at the doses
of up to 20cGy (SF0.1Gy = 0.70 ± 0.22), even as SF recovered at the immediately higher doses of up
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to 50cGy (SF0.5Gy = 0.80 ± 0.16). The ratio of the slope obtained in the low-dose region (�s) with the
slope obtained from linear-quadratic fit of the high-dose data (�r), which estimates the fold-increase in
radiosensitivity specificaly at low-doses, was markedly higher (�s/�r = 29.35) compared to the other
two strains. The transition point between HRS and IRR referred to as Dc [1] was found at 9.8 cGy for
INM-Thy1C cells. The IR model further confirmed the occurrence of HRS in the chemical-induced
transformant INM-Thy1C, even when cells were irradiated at high density (Fig. 5B).

4. Discussion

Progressive transformation of cells may involve several phenotypic alterations, including altered
morphology, cellular adhesion/communication and mobility, or karyotypic heterogeneity [22, 23]. In
the present study, nutritional deprivation of primary human thyroid follicular cells followed by chemical
carcinogen or radiation exposure gave rise to multiple cellular strains that reflect progressive stages of
tumor development. Nutritional deprivation of normal primary thyroid cells generated morphologically
distinct population of cells with enhanced growth potential and marked variation in chromosomal
numbers. The induction of aneuploidy often leads to an overall altered cell physiology, including
defects in cell proliferation that may lead to immortalization [24], anchorage-independent growth [25],
and tumorigenicity in some cases [26]. The chromosomal imbalance in INM-Thy1 cells corresponded
with the acquisition of these diverse characteristics (Figs. 2 and 3). Accumulated metabolites and
reduced pH during the deprivation might be the strongest causative factors associated with this event,
as previously established by studies on different cell types [27, 28] and animal models [29].

Two complimentary approaches were used to further transform the parental INM-Thy1 cells. Repet-
itive exposure to either radiation or chemical carcinogen not only resulted in enhanced anchorage
independence, but also increased tumorigenic potential, as evidenced in INM-Thy1R and INM-Thy1C
cells. Since the presence of double minutes may impart selective advantage for growth and survival,
the occurrence of double minutes in the two latter strains may be associated with enhanced tumori-
genic potential. Surprisingly, unlike most reported studies with similar transformation approaches,
these advanced cell strains showed reduced cell motility even though their growth potential remained
unchanged despite the activation of the Wnt pathway. These data suggest that the acquisition of
increased tumorigenic potential may not necessarily be associated with a higher proliferation rate,
resembling the mild nature of most of the commonly occurring thyroid malignancies [30, 31]. It is
noteworthy that the patient from whom the thyroid cells were isolated turned out to be a euthyroid
patient. The study indicates the possibility of a premalignant disposition in follicular cells of this donor,
since nutrient deprivation yielded transformed cells in the first attempt. While samples were also taken
from multiple patients, the success rate of establishing and immortalizing/transforming primary cells is
known to be quite low (data not shown). Therefore, the study holds relevance for elucidating the mech-
anisms of carcinogenesis and understanding alterations in radiosensitivity with progressive changes in
this process.

In line with distinct morphological alterations, certain cell adhesion molecules were also found to
be altered in strains with higher tumorigenic potential, namely in INM-Thy1R, INM-Thy1C. Firstly,
both of the aggressively transformed strains exhibited marginal overexpression of E-cadherin, an
adherence junction protein known to maintain apico-basal polarity [32] and actin cytoskeletal dynamics
[33], which can be correlated to the reduced migratory property in the latter transformants (Fig. 3C).
Interestingly, both of these transformed strains showed a significant increase in the mesenchymal
marker vimentin, along with the activation of the Wnt pathway, suggesting enhanced tumorigenic
potential typically associated with the EMT process. Gap junctional protein Cx43 was also found to
be upregulated in INM-Thy1R and INM-Thy1C strains, thus supporting its complex and dynamic
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behaviour at different stages of cancer development [34]. The cell-ECM interacting protein Integrin
�v remained unaltered amongst all the transformed strains. More recently, the plasticity of epithelial
to mesenchymal states is considered as a non-binary switch, where a subgroup of cells may linger
in an intermediate state and co-exhibit mesenchymal as well as epithelial markers, a phenomenon
termed as partial EMT (p-EMT) [35, 36]. Thus, the thyroid transformation model in the current study
also exhibits certain EMT characteristics of transforming cells. Similar intermediate states were also
obtained in one of our studies in which we established multiple stages of progressive MET in NIH3T3
fibroblasts [6].

It is quite interesting that a distinct induction of low-dose HRS was explicitly displayed by the
chemically induced transformant (INM-Thy1C), whereas the parental strains INM-Thy1 and its
radiation-induced transformant INM-Thy1R failed to show a similar response at low doses. Fur-
thermore, HRS was not diminished in INM-Thy1C cells under conditions of high cell density, unlike
in our previously published studies on tumor cells [1] and cells undergoing mesenchymal-epithelial
transition [6]. The low-dose HRS is a common phenomenon shown in a variety of tumor cells [37, 38].
However, the extent to which it appears varies in cells with different origins, tumor grades and genetic
backgrounds. As previously demonstrated by us and other groups, cells with high proliferative poten-
tial, e.g. human glioma cells, have distinctly higher sensitivity to low doses of radiation as compared to
other tumorigenic cells [1, 38]. During carcinogenesis, a spectrum of cells with different cell surface
characteristics, gene expression and cellular repair efficiencies exhibit altered sensitivity to low doses
of radiation. The current study, involving cells with phenotypic plasticity and low-dose radiosensitivity,
is in line with our previously published data, demonstrating variable sensitivity of cells undergoing
mesenchymal-epithelial transition [6]. Collectively, we hypothesize that the sensitivity to low doses of
radiation is context-dependent and cell type-specific, and may be influenced by various genetic and/or
epigenetic factors incurred during carcinogenesis. The absence of HRS in radiation-induced trans-
formant INM-Thy1R, even following irradiation at sparse cell density, may be explained by adaptive
radioresistance acquired during radiation-induced transformation. This in vitro transformation study
with thyroid follicular cells suggests that during thyroid tumor progression, cells may acquire a mild
increase in intrinsic low-dose radiosensitivity, which was incidentally suppressed by radiation-induced
adaptation. During external beam radiotherapy of cervical region, the thyroid is considered an organ
at risk, receiving sub-lethal doses of �-radiation [39]. The study thus suggests differential low-dose
radiation response of sporadic v/s low-dose radiation-induced thyroid malignancies which may neces-
sitate corresponding treatment modalities and an enhanced intensity of screening. In combination with
the concomitant activation of the Wnt pathway, the radiation and chemical stress responses observed
herein may provide better insights into the molecular pathogenesis of thyroid carcinomas, ultimately
contributing to improved therapeutics.
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