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Abstract

Gender influences Papillary Thyroid Cancer (PTC) with an incidence of 3:1 when comparing
women to men with different aggressiveness. This gender discrepancy suggests some role of sex
hormones in favoring the malignant progression of thyroid tissue to cancer. Estrogens are known
to promote Stem Cell self-renewal and, therefore, may be involved in tumor initiation. The goals
of these studies are to investigate the underlying causes of gender differences in PTC by studying
the specific role of estrogens on tumor cells and their involvement within the Cancer Stem Cell
(CSC) compartment. Exposure to 1 nmol 171 Estradiol for 24 h promotes growth and maintenance
of PTC Stem Cells, while inducing dose-dependent cellular proliferation and differentiation
following Estradiol administration. Whereas mimicking a condition of hormonal imbalance led to
an opposite phenotype compared to a continuous treatment. /n vivo we find that Estradiol
promotes motility and tumorigenicity of CSCs. Estradiol-treated mice inoculated with Thyroid
Cancer Stem Cell-enriched cells developed larger tumor masses than control mice. Furthermore,
Estradiol-pretreated Cancer Stem cells migrated to distant organs, while untreated cells remained
circumscribed. We also find that the biological response elicited by estrogens on Papillary Thyroid
Cancer in women differed from men in pathways mediated. This could explain the gender
imbalance in tumor incidence and development and could be useful to develop gender specific
treatment of (PTC).
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1. Introduction

Gender bias occurs across a wide-variety of seemingly unrelated diseases. From a clinical
management standpoint, why do various pathologies affect women and men in a differently
with respect to incidence, progression and clinical outcomes? This phenomenon could be
easily explained for pathologies involving gender specific reproductive organs, but not those
disorders originating in organs, such as Thyroid gland, which are common to both. The goal
of these studies is to focus on gender differences that impact the thyroid gland with specific
focus on cancer.

Thyroid cancer (TC) incidence is on the rise worldwide. In Italy it is the second most
common cancer in women, after breast cancer, and the fifth most common in men [8].
Specifically, Papillary Thyroid Cancer (PTC) incidence is three times higher in women
compare to men. Moreover, women are more likely to be affected at the beginning of the
reproductive age, with a peak between 40 and 49 years, whereas men are affected later in
life, around at 60—69 years and have a lower disease-free survival [17]. Whilst the principal
causes of TC development, such as nutritional factors (i.e., lodine uptake), ionized radiation
and genetic changes in BRAF, RET, and NTRK, seem not to be involved in this gender
discrepancy [17] some studies have reported a correlation between the number of ovulatory
cycles, high number of pregnancies, and lactation suppressant and TC incidence [5,25].
Furthermore, other studies have demonstrated that long exposure to exogenous estrogens is
associated with the occurrence of TC [1,6,21]. Collectively, these studies suggest a specific
role for sex hormones, and in particular for Estrogen, in regulating thyroid function. In
recent years different researchers have begun to examine the estrogen role in the
development of thyroid pathologies [9,28]. Estrogen is known to be involved in cellular
processes such as growth, cell motility and organ function. Consistent with this, different
research groups have reported Estrogen in the modulation of TC proliferation and migration
[10,12,15,18,23,30]. Estradiol (E2) is the most potent form of estrogen being that it has the
highest affinity to its receptors ERa, ERB, and GPERL1 [4,19]. In particular, ERastimulates
proliferation with an anti-apoptosis effect, while ER is associated with apoptosis and
growth inhibition. For this reason, the ERa/ERP ratio is helpful to elucidate the TC
pathophysiology [13,19]. Studies in mice have demonstrated that circulating estrogens are
directly responsible for increased susceptibility of female mice to thyroid disease.
Specifically, E2 activate PI3K pathway, inhibit p27, and affect the transcriptional regulation
of thyroid genes (i.e., TPO, DUOX1, and NIS) [3]. Despite this and other studies
demonstrating a strong direct effect by estrogens on thyroid growth and function, the
specific dynamics that move the development and the initiation of proliferative and
neoplastic disorders still remains to be clarified.

Recently it has been reported that estrogens are involved in increasing hematopoietic SC
self-renewal in female subjects and more specifically during pregnancy [16]. Based on the
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fetal and CSC carcinogenesis models for the thyroid gland [29], the interaction between SCs
and progenitors with hormonal pathways could be potential mechanisms to explain estrogen
involvement. Xu and colleagues were among the first to report the estrogenic effect on SCs
in thyroid disease isolated from goiter tissue [26]. They observed that thyroid SCs enhance
their sphere-forming ability in presence of E2 and showed ERa mRNA levels, eight times
higher than those of more differentiated thyrocytes.

The impact on estrogen levels in TC has not been fully explored. Hence, the goal of these
studies were to focus on the interaction between estrogen and PTC with specific focus on the
SC involvement, in order to contribute to the understanding of hormones mechanism of
action on thyroid pathogenesis and its gender differences. In detail, we studied the effect of
continuous and unbalanced presence of estrogens on thyroid tissues and their effect on
tumor development.

2. Materials and methods

Five-week-old non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice
from Charles River Laboratories (Wilmington, Massachusetts) were maintained in
accordance to the institutional guidelines of the University of Padova Animal Care
Committee.

2.1. Sample collection and cell isolation

TC tissues were obtained at the time of total thyroidectomy from 39 patients affected by
PTC (33 women and 6 men, age range 19-74 years, mean age 45 + 14.8 years), operated at
Surgical Clinic 2, University of Padova, in accordance with the ethical standards of the
institutional committee on human experimentation. The diagnosis was based on the
histological analysis of thyroid specimens determining size, tumor progression, and the
involvement of regional lymph nodes. Staging was established according to the UICC TNM
classification of malignant tumor [20]. The study protocol was reviewed and approved by
the local Ethics Committee (protocol number 448P) and each patient provided a written
informed consent.

Tumor tissues were washed 3-5 times in a PBS solution containing Antibiotic-Antimycotic
(Euroclone®, Milan, Italy), Penicillin-Streptomycin (Euroclone®, Milan, Italy), Gentamicin
(Euroclone®, Milan, Italy), and Metronidazole. An enzymatic and mechanical digestion was
performed, using Collagenase 2 (0.15 g/100 mL, Gibco®, Waltham, Massachusetts) and
Hyaluronidase (2 mg/100 mL, Sigma Chemicals, Saint Louis, Missouri) in Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma-Aldrich®, Saint Louis, Missouri) in agitation for
25 min at 37 °C.

2.2. Cell cultures and estrogen treatments

Human TC cell lines used in this study are K1 (ECACC, Saint Louis, Missouri) and BCPAP
(Leibniz-Institut DSMZ, Braunschweig, Germany) at passage 10, both authenticated by STR
DNA typing. To obtain primary cultures enriched in thyroid CSCs, cells were plated in
attachment or in ultra-low adhesion in Stem Cell Medium (SCM) composed of Advanced
DMEM/F-12 (Gibco®, Waltham, Massachusetts), B-27 Supplement without Vitamin A
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(Gibco®, Waltham, Massachusetts), N-2 Supplement (Gibco®, Waltham, Massachusetts), A-
acetyl-L-cysteine (1 mmol 171, Sigma-Aldrich®, Saint Louis, Missouri), Nicotinamide (10
mmol 171, Sigma-Aldrich®, Saint Louis, Missouri), HEPES (10 mmol 171, Sigma-Aldrich®,
Saint Louis, Missouri), L-glutamine (2 mM, Euroclone®, Milan, Italy), Penicillin-
Streptomycin (Euroclone®, Milan, Italy), supplemented with 5% (v/v) Fetal Bovine Serum
(Euroclone®, Milan, Italy), Recombinant Human EGF (2 ug/100 mL, PeproTech, Rocky
Hill, New Jersey), and Recombinant Human FGF-basic (1 ug/100 mL, PeproTech, Rocky
Hill, New Jersey). All cell culture was carried out at 37 °C in a 5% (v/v) CO, humidified
incubator.

For estrogen treatment, cells were starved overnight in DMEM/F-12, no phenol red (Gibco®,
Waltham, Massachusetts) without serum, and then treated for different 17B-Estradiol
(Sigma-Aldrich®, Saint Louis, Missouri) concentrations and administration time, in the
same medium supplemented with 5% (v/v) of charcoal stripped ultra centrifugated FBS. The
different experimental tests were carried out using Recombinant Human NOGGIN (10
ug/100 mL, R&D systems™; Minneapolis, Minnesota) and FGF2 at different concentrations
(1 ug/100 mL and 4 ug/100 mL).

2.3. Flow cytometry and ALDH activity assay

Cells were stained with conjugated OCT3-PE (#561556 PE Mouse monoclonal anti-OCT3,
BD, East Rutherford, New Jersey) and SOX2-FITC (#560301 Alexa Fluor® 488 Mouse
monoclonal anti-SOX2, BD, East Rutherford, New Jersey), or with primary ERA (NCL-L-
ER-6F11; mouse 1gG1; Novocastra™, Wetzlar, Germany), ERB (PPG5/10; mouse 1gG2a;
Dako, Glostrup, Denmark), GPER1 (NBP1-31239; rabbit IgG; Novus Biologicals, Littleton,
Colorado), PAX8 (ab13611; goat 1gG; abcam®, Cambridge, United Kingdom), TTF1 (NCL-
L-TTF-1; mouse 1gG1, kappa; Novocastra™, Wetzlar, Germany) antibodies conjugated with
anti-mouse or anti-rabbit Alexa Fluor® 488 (Life Technologies™, Carlsbad, California).
Alternatively, cells were stained with isotype-matched control. Cells were rinsed and
analyzed by flow citometry using BD FACSAria™ 2 (East Rutherford, New Jersey).

Purification of thyroid cells with a high ALDH enzymatic activity was performed using the
ALDEFLUOR™ Kit (Stemcell Technologies, Vancouver, Canada). Cells obtained from
freshly dissociated TC tissues were re-suspended in the ALDEFLUOR assay buffer
containing the ALDH substrate BODIPY®- aminoacetaldehyde (BAAA, 1 umol 171 x10°
cells) and incubated for 40 min at 37 °C. As negative control, an aliquot of cells of each
sample was treated with 50 mmol 1=1 of diethylaminobenzaldehyde (DEAB), a specific
ALDH inhibitor. The intracellular fluorescent product was measured by flow cytometry.

2.4. Immunofluorescence and histochemistry

For immunofluorescence assay, cells were plated on coverslips and cultured in SCM
complemented with 10 ug/100 mL NOGGIN and 1 ug/100 mL FGF2. After treatment,
adhesive cells were washed with PBS, fixed with 2% (w/v) paraformaldehyde at 37 °C for
20 min, permeabilized by 0.1% (v/v) Triton X-100 (Sigma-Aldrich, Saint Louis, Missouri)
in 0.1% (w/v) sodium citrate for 15 min in ice, and then rinsed with PBS. The coverslips
were exposed overnight at 4 °C to antibodies against BETA-CATENIN (H-102; rabbit
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polyclonal 1gG; Santa Cruz Biotechnology, Inc., Dallas, Texas), ERA (NCL-L-ER-6F11;
mouse monoclonal IgG1; Novocastra™, Wetzlar, Germany), ERB (PPG5/10; mouse
monoclonal 19G2a; Dako, Glostrup, Denmark), NANOG (N-17; goat polyclonal 1gG; Santa
Cruz Biotechnology, inc., Dallas, Texas), OCT3 (C-10; mouse monoclonal 1gG2b; Santa
Cruz Biotechnology, Inc., Dallas, Texas), PAX8 (ab13611; goat polyclonal 1gG; abcam®,
Cambridge, United Kingdom), NIS (SPM186; mouse monoclonal 1gG1; abcam®,
Cambridge, United Kingdom), SOX2 (09-0024; rabbit polyclonal 1gG; Stemgent®, San
Diego, California), TG (EPR9730; rabbit monoclonal 1gG; abcam®, Cambridge, United
Kingdom), TPO (EPR5380; rabbit monoclonal IgG; abcam®, Cambridge, United Kingdom),
TSHR (4C1; mouse monoclonal 1gG2a; Santa Cruz Biotechnology, Inc., Dallas, Texas),
TTF1 (NCL-L-TTF-1; mouse monoclonal 1gG1, kappa; Novocastra™, Wetzlar, Germany),
or isotype-matched control. Unbound antibodies were removed with a washing buffer
composed by PBS with 0.05% (v/v) Tween-20 and 3% (w/v) BSA, followed by incubation
with conjugated secondary antibodies (Life Technologies™, Carlsbad, California) plus
RNAse (20 mg/100 mL, Sigma-Aldrich, Saint Louis, Missouri). Nuclei counterstaining was
performed using Toto-3 iodide at room temperature for 10 min (642/660, Molecular Probes,
Invitrogen, Carlsbad, California). A confocal analysis was performed in order to acquire
fluorescence imaging.

Histochemistry was performed on 5 um-thick paraffin-embedded sections of thyroid
specimens. For H&E staining, slides were stained in hematoxilin for 1 min, water washed,
and then exposed to eosin for 30 s. H&E- and Alcian bleu-stained section were dehydrated
and mounted in synthetic resin.

2.5. Animals and subcutaneous tumor model

Subcutaneous xenografts were established by the injection of CSC-enriched primary culture
cells (1.5 x 106) in immunocompromised NOD/SCID I12rg-/- female mice, alone or in

combination with estrogen therapy (17B-Estradiol SE-121, 1.7 mg/pellet 60-day release for
Immunodeficient Mice, Innovative Research of America, Sarasota, Florida). Tumor size was
calculated weekly according to the formula: (1t/6) x (larger diameter) x (smaller diameter)?2.

The migratory potential was evaluated through an intrasplenic injection in NOD/SCID
female mice of 3 x10° luciferase (LUC)/GFP-transduced cells, untreated and treated with 1
nmol 171 E2 for 24 h. In order to localize and quantify dynamically the optical signal-
bioluminescence in a non-invasive localization of the luciferase-marked cell population, D-
luciferin (150 mg/kg, Promega, Fitchburg, Massachusetts) was injected (i.p.) at time 0 and
up to 6 weeks, 5 min before the bioluminescence analysis. An image detection was
performed by Biospace® instrument (San Francisco, California).

2.6. Real-Time PCR

The total RNA extraction and transcription were performed using RNeasy® Mini kit
(Qiagen®, Venlo, Netherlands) and RT? First Strand Kit (Qiagen®, Venlo, Netherlands)
following manufacturing instructions. An evaluation of estrogens, cancer and cancer stem
cell target genes was performed using RT? profiler PCR arrays (PAHS-005Z, PAHS-033Z,
and PAHS-176Z, Qiagen®, Venlo, Netherlands) with the Rotor-Gene Q (Qiagen®, Venlo,
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Netherlands). Arrays were run for E2 treated and untreated samples. Cycle thresholds were
normalized using ACTB, B2 M, GAPDH, and RPLPO housekeeping gene, using a threshold
of 0.02 in a logarithmic scale for data analyses.

2.7. Statistical and data analysis

3. Results

Data were expressed as mean value + standard deviation. Statistical significance was
determined using a 7-test Student. Results were considered significant, when p values were
less than 0.05.

The pathway analysis was performed using the Qiagen® online software (www.giagen.com/
geneglobe). Data were examined with Qiagen card analyzer available at http://
pcrdataanalysis.sabio-sciences.com/pcr/arrayanalysis.php. The scatter plot compares the
normalized expression of every gene on the array between two groups by plotting them
against one another to visualize quickly large gene expression changes. The central line
indicates unchanged gene expression. The boundary (fold regulation cut-off) was set at 2.

3.1. Thyroid tumor bulk contains stem-like cells

We evaluated ALDH activity in two different PTC cell lines, K1 and BCPAP, in order to
validate the presence of thyroid stem-like cells. It has been reported that K1 cells have their
origin in the PTC cell line GLAG-66, established from a male patient, while BCPAP derives
from a PTC of a woman. We found a different amount of cells harboring the relative
fluorescence: 23.6% in K1, 4.87% in BCPAP (Fig. 1A).

Thyroid CSC isolation and enrichment was optimized measuring cell survival on different
laboratory plastics in the presence or absence of serum (Fig. 1C). Using ultra-low adhesion
and attachment conditions, thyroid cells formed spheres in both culture. We observed that
over time, non-adherent cells had a better survival rate in the presence of adherent cells.
These results suggest that a complex microenvironment allows the secretion of certain
factors needed for their growth. In contrast, under ultra-low conditions in presence of 10%
(v/v) of serum, the cells tend to agglomerate to take the form of a primordial follicle,
containing a colloidal-like substance. In order to identify the optimal balance between the /n
vitro niche maintenance and the undifferentiated state preservation, we chose a 5% (v/v)
serum medium for the culture conditions in attachment, able to maintain the adherent
population without inducing to differentiation of the stem counterpart. We observed a clear
expression of SOX2, OCT3, and BETA-CATENIN on these cells, in particular OCT3,
confirming their stem characteristic. The thyroid tissue derivation was confirmed by the
presence of TSHR (Fig. 1B).

3.2. BMP pathway inhibition acts with FGF-2 in maintenance of stemness in vitro

The previous method was used to isolate CSC-enriched cultures from PTC patients, after
enzymatic and mechanical digestion. We carried out the experiments on tissues derived from
male and female PTC patients, at early and late stage (Fig. 2A). Primary cell lines enriched
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in thyrospheres, were able to maintain the complex microenvironment containing both non-
and adherent cell populations in culture (Fig. 2B).

Due to challenges maintaining an undifferentiated state for a prolong time in culture, we
incorporated components of media and complements more standardly used for embryonic
SCs. Wang et al. found that BMP antagonist NOGGIN and FGF2 were sufficient to keep a
prolonged growth of embryonic SCs retaining their features [24]. Based on this and other
studies [14], we tested the role of BMP inhibitor and FGF2 on cultured cells, looking for the
right balance between undifferentiated state, growth, and thyroid derivation. We treated
tumor cells with 1 ug/100 mL FGF2, 10 ug/100 mL NOGGIN + 1 ug/100 mL FGF2, or 10
ug/100 mL NOGGIN + 4 ug/100 mL FGF2. After 48 h, the cells were analyzed at FACS
instrument for SC (SOX2 and OCT3) and progenitors (PAX8 and TTF1) markers. We found
that the presence of NOGGIN and FGF2 in culture enhances the stem/progenitor cells
markers expression, in particular at concentration of 10 ug/100 mL for NOGGIN and 1
ug/100 mL for FGF2 (Fig. 2¢). Interesting, the combination of factors that enhances
stemness features in vitro, also led to an increase of ERA expression. In other words, it
favors aggressiveness leading to a greater ERA/ERB ratio towards growth and anti-apoptosis
function. We optimized a culture medium composed of SCM with the addition of 10 ug/100
mL NOGGIN and 1 ug/100 mL FGF2, which was used for all subsequent experiments.

3.3. Estrogen treatment enhances stem markers expression in a time-and dose-dependent

manner

To-date, there have been conflicting results within the literature on the concentrations of E2
and time- dependent impacts in TC proliferation and migration. Consequently, we performed
an immunofluorescence panel in order to analyze the estrogen effect on thyroid cells
studying the presence and the localization of SC (OCT3, SOX2, NANOG, BETA-
CATENIN), progenitors (PAX8, TTF1), differentiation (TSHR, TPO, TG), and estrogen
(ERA, ERB) markers. This panel has been designed to analyze CSC-enriched primary
cultures and BCPAP cell line as control after 1 nmol I~ and 10 nmol I E2 treatment for 24
h and for 48 h repeated administration (Fig. 3A and B). Stem cell markers, including SOX2,
OCT3 and NANOG are enhanced following treatment, concurrent with localizing at nuclear
or perinuclear level, in particular with 1 nmol 11 E2 administration. Following 48 h
treatment, OCT3 expression is not present in human TC cells (Fig. 3B). Similarly, p-
CATENIN changes their localization, being nuclear with 1 nmol I"1 E2 and citoplasmatic at
10 nmol 171 E2. Comparing BCPAP and CSC-enriched patients culture cells, B-CATENIN
appears more limited to the membrane in differentiated tumor cells. Progenitor marker TTF1
increases its expression with 10 nmol 11 E2, in particular after treatment for 48 h, in patient
cells (Fig. 3B). Even PAX8 expression enhances after 48 h, as we can observe in particular
in BCPAP (Fig. 3A). Differentiation markers (TSHR, TPO, and TG) increase their
expression after 10 nmol 171 treatment and in particular after 48 h. Finally, ERA appears
more evident in untreated cells and after 1 nmol 11 24 h E2 treatment, while it decreases its
expression in 48 h E2 CSC-enriched patient cells. Contrarily, ER p passes from perinuclear
localization in untreated cells and 1 nmol 11 24 h E2-treated cells to a more nuclear
localization after treatment for 48 h E2 treatment.
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In summary, we observed that 1 nmol 171 24 h E2 treatment leads to a marked expression of
SC markers, with a higher aggressiveness given by ERa expression and then its pro-
proliferation and anti-apoptotic function. Contrariwise,10 nmol |1 E2 treatment for 48 h
promotes differentiation, increasing the expression of progenitors and differentiated
thyrocytes markers, and enforcing protectiveness improved by ERB, which enhances its
expression and passes from perinuclear at nuclear localization. This implies a more active
form of ERp and then a major inclination for anti-proliferation and pro-apoptosis effect. All
these data are confirmed with the FACS analysis (Fig. 3C).

3.4. A continuous presence of estradiol has an opposite effect compared to a hormonal
imbalance simulation

We enhanced the effect of the continuous exposure of estrogens prolonging the 1 nmol 11
and 10 nmol 11 E2 treatment for 7 days, and observing the modulation of different markers
after further 7 days after stopping the treatment. Moreover, given that clinical and
epidemiological studies reported an unbalanced estrogen metabolism in TC [17,27], we
simulated an in vitro condition of hormonal imbalance. After 7 days E2 treatment, the
morphology of 1 nmol I"1 and 10 nmol 12 treated cells remained essentially unchanged. In
unbalanced conditions, instead, many cells detached from the flask and survived in
suspension (Fig. 4A).

Comparing the Mean Fluorescence Index (MFI) of SOX2, OCT3, and NANOG, we noted
that these conditions led to an opposite behavior: continuous treatment repressed SOX2 and
OCT3, while unbalanced treatment enhanced their expression (Fig. 4B). Observing ERs
expression, we noted that the ERa/ERP ratio changed, giving a more protective effect when
receiving continuous E2 administration, but was more prone to proliferation in imbalanced
conditions, playing out an anti-apoptosis function. In particular, ERp and GPER1 showed
the same trend, strongly decreasing in expression with hormonal imbalance and increasing
in continuous presence of E2. ERP and GPERL1 expression continues to decline 7 days after
discontinuing the treatment.

3.5. Host estrogen therapy enhances the tumorigenic potential of Thyroid CSCs

We tested the tumorigenic capacity through subcutaneous inoculation of 1.5 x108 CSC-
enriched cells in immunocompromised NOD/SCID 112rg-/- mice, alone or in combination
with estrogen therapy (6 mice for cohort). In both cases, injected cells gave rise to a tumor
mass, confirming the presence of tumorigenic cells. After 6 weeks, TC cells injected into
mice receiving estrogen therapy developed tumors at 9 folds higher rate than those
developed in untreated mice (4.24 vs. 0.47 cm3 mean, P < 0.05, Fig. 5A-C). Xenograft-
derived cells were harvested and propagated in spheroid cultures, validating their CSC-like
features (Fig. 5D). Histological examinations suggested that the E2 therapy received by the
hosts has led to a more differentiated tumor compared to the tumor mass grown in untreated
mice (Fig. 5E).

3.6. E2-treated CSCs empower their migratory activity in vivo

We analyzed the migratory capacity of CSC-enriched cells culture using a model in vivo.
This assay was performed through intrasplenic injection in NOD/SCID mice of 3 x 10°
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luciferase (LUC)/GFP-transduced cells, untreated or pretreated in vitro with 1 nmol 171 E2
for 24 h.

This in vivo study highlighted a substantial migratory capacity of the inoculated E2 treated
cells. 30 min after injection, the spleen was removed and observed using a Biospace
instrument: the untreated cells were retained for the most part in the spleen, while pretreated
cells were almost entirely migrated. After 5 weeks, E2 pretreated cells migrated to distant
organs, such as lung, brain, and liver. Also untreated cells migrated, but in organs
circumscribed to the abdomen and peritoneum (Fig. 6).

3.7. Estrogens perform their function in a different way in women and men

To investigate the mechanism of action of estrogen, we performed a pathway analysis for
factors involved in estrogen and cancer signaling, with a focus on the SC compartment. To
unravel insights toward the gender disparity in incidence and aggressiveness of TC, we
compared female and male samples for 252 genes involved in estrogen, cancer, and human
cancer stem cells pathways. Estrogen treatment resulted in a substantial altered expression
(Fig. 7, Table 1).

Specifically, we noted that in cells derived from males the receptor expression was as
follows: ERa> GPER1 > ER. This was in striking contrast to those patterns observed In
cells derived from females GPER1 > ERB> ERa. These data suggest that estrogenic
signaling in protective in protective in females at basal level. After E2 treatment, males
showed a down-regulation of both receptors, while female reported an over-expression of
ERa. Most important, what changes is the ratio ERa/ER, leading to a stronger propensity
in females than in males towards proliferation and anti-apoptosis.

Estrogen interacts in both women and men with growth factors pathway, as evidenced by
EGF, ERB-B3, and FGFR2 over-expression in patient samples, and with proliferation
through L1N28A and L1N28B. Most importantly, in both genders estrogen treatment led to a
strong increase of CSC markers expression. In particular, both showed an up-regulation of
ABCBS5, ABCG2, ALDH1A1, GATA3, and I TGAG, and a down-regulation of adhesion
molecules, such as PECAM 1.

The up-regulation of DNM T1 and the absence of BMP family members indicate the
propensity of cells for self-renewal. The pluripotency is maintained by the increase of
OCT3, SOX2, and NANOG expression, evidenced principally in females. In these patients,
we observed the hyper-activation of Hippo (with LATS1 and TAZ), Hedgehog (PTCH1 and
SMO), and Notch (DLL1, JAG1, MAML 1, and NOTCH1) signaling. In contrast, in male
patients we observed a down-regulation of Hedgehog signaling proteins, suggesting a
gender-dependent impact on these signaling pathway.

Despite E2 enhances within CSC compartment in both genders, data imply that females and
males modulate the estrogen effect distinctly. Indeed, deepening the hallmarks of cancer, we
noted that the angiogenic behavior is different among patients. In particular, we observed an
increase in angiogenic factors in males and an opposite decrease in females of VEGFA,

VEGFR1, and VEGFR?2). Moreover, only in females there is a down-regulation of IL8 and
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an up-regulation of SERPINF1, a potent angiogenesis inhibitor, and of ANGPT1 and
ANGPT2, which could have a role in blocking angiogenesis.

The cell cycle is also differently regulated in women and in men. While in male patients we
observed a down-regulation of CCND2 and an up-regulation of WEEL, female patients
showed an opposite attitude, with enhancement of AURKA, CCND3, CDC20, MK167,

SK P2, STMN1, and decrease of WEEL. This suggests that, if the entry in S phase is
inhibited and the G2-M progression is negatively regulated in males, the E2 treatment led to
a promotion of cell cycle phase in females. In females, otherwise, it is evidenced an
alteration in DNA repair activity, with down-regulation of DDI T3, GADD45, and
PPP1R15A. Similarly, the telomerase activity is enhanced by DKC1 and TEP1 up-
regulation in female.

Migration, metastasis, and the Epithelial-Mesenchymal Transition, showed gender
dependent differences in our model system: ID1, OCLN, SNAI1, TWIST1, TWIST2, and
ZEB1 are inversely regulated. In fact, data suggested that the EMT is enhanced in males
following E2 treatment, but not in female. In particular, KLF17, a negative regulator of
EMT through the binding to ID1, is down-regulated in male and up-regulated in female.
Similarly, we observed a reduction of SNAI1, TWIST1, and TWIST2 expression in females,
but not in males, where we found a decrease of DACH1, a TGFB signaling inhibitor.

In summary, estrogen treatment enhances CSC markers in TC in women and in men,
however the impact on signaling pathways regulating cell cycle and migration were distinct.
Males displayed enhanced angiogenesis and EMT activation, confirming the more
aggressive behavior of TC and the lower disease free survival in men. Females showed the
activation of all cell cycle phases, making them more inclined to an effective response to the
chemotherapy. On the other hand, the variety of markers and their modulation require further
validation.

4. Discussion

Thyroid diseases are widespread among the population. However, they are often
undervalued by the scientific point of view, since they rarely end with fatal outcome. The
incidence of these pathologies affects mainly the female gender, with a frequency of 3-5
times higher depending on the severity degree of disease, which may not involve severe
physical discomforts, but has a strong impact on life quality. The origin of the disorders may
be attributed to the loss of the balance between the many factors that regulate cellular
homeostasis. On the contrary, it has been observed that excessive or unregulated exposure to
various hormones, and in particular to estrogen, may affect the course of thyroid diseases.
Recent studies also demonstrate that sex hormones could exert a supportive role in the
propagation of SCs and progenitors, as suggested by the cross talk between estrogen
signaling, growth factors, and Wnt pathway. In the present study, we investigated the fine
mechanisms regulating the interconnection between estrogens, thyroid, and SCs. We
confirmed the hypothesis of the CSC tumorigenic model for TC, identifying a CSC niche in
thyroid microenvironment able to reconstitute the tumor /in vivo. Moreover, this study
strengthens the role of the microenvironment on the tumor bulk, also in /n vitro conditions.
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Dose- and time-dependent effects of estrogen observed in our experiments may explain the
severity of the consequences to an intermittent or non-physiological presence of estrogens in
our body, illustrating the possible scenarios related to hormonal imbalance in female and
male patients. These bring social implications for steroid/hormone use to the forefront. We
propose that an improper use of the emergency contraception pill could be more harmful
than a constant and continuous hormonal treatment, which instead seems to have a protective
role on TC. Likewise, an impaired use of anabolic steroids often supplemented in athletes
may lead to their transformation in E2 by aromatase, causing the peripheral aromatization of
androgens and then to an abnormal exposition to female sex hormones. Indeed, we observed
that the collateral estrogen effects could be shown both in presence of local cell interaction
with estrogen but also when administered exogenous hormones, resulting in a 9-fold more
tumorigenic malignancy and with distant metastasis. Hence, the constant activation of ERs
(enhanced also by estrogen-like substances and endocrine disrupting chemicals) could have
a heavy impact on the tumor development. In view of that, the metastasis risk could be
bounded using ERs-inhibitors or antagonists.

What is surprising is that estrogens affect TC both in women and in men, but with different
and often opposing impact. This modulation could contribute to the highly aggressive
progression in males, potentially acting through the EMT and angiogenesis, while the
activation of the cell-cycle in women could explain the propensity to apoptosis and a better
prognosis.

The goal of these studies was to evaluate factors contributing to progression and metastatic
load in thyroid malignancies, and in particular to focus on the causes that underlie of gender
discrepancy. Deepening this interaction could explain the gender imbalance in tumor
incidence and development for the purpose of prevent and cure thyroid pathologies with a
more targeted approach.
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ABCB5 ATP binding cassette subfamily B member 5
ABCG2 ATP binding cassette subfamily G member 2
ACTB Actin beta

ALDH (ALDH1A1) Aldehyde dehydrogenase 1 family member Al
ANGPT1 Angiopoietin 1

ANGPT2 Angiopoietin 2
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AURKA

B2M

BETA-CATENIN

BMP

BRAF

BSA

CCND2

CCND3

CDC20

CSsC

DACH1

DDIT3

DEAB

DKC1

DLL1

DMEM

DNMT1

DUOX1

E2

EGF

EMT

ERs

ERA

ERB

ERBB3

FBS

FGF2

FGFR2

GADD45

Aurora kinase A
Beta-2-microglobulin
Catenin beta-1

Bone morphogenetic protein

B-Raf proto-oncogene, serine/threonine kinase

Bovine Serum Albumins
Cyclin D2

Cyclin D3

Cell division cycle 20

Cancer stem cell

Dachshund family transcription factor 1

DNA damage inducible transcript 3
Diethylaminobenzaldehyde
Dyskerin pseudouridine synthase 1
Delta like canonical Notch ligand 1
Dulbecco’s Modified Eagle Medium
DNA methyltransferase 1

Dual oxidase 1

Estradiol

Epidermal growth factor
Epithelial-Mesenchymal Transition
Estrogen Receptors

Estrogen Receptor Alpha

Estrogen Receptor Beta

Erb-b2 receptor tyrosine kinase 3
Fetal bovine serum

Fibroblast growth factor 2

Fibroblast growth factor receptor 2

Growth arrest and DNA damage inducible alpha
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GAPDH
GATA3S
GPER1
H&E
ID1

IL8
ITGAG6
JAG1
KLF17
LATS1
LIN28A
LIN28B
MAML1
MKI167
NANOG
NIS
NOD/SCID
NOTCH1
NTRK
OCLN
OCT3
PAX8
PBS
PECAM1

PI3K

PPP1R15A
PRLPO

PTC

Glyceraldehyde-3-phosphate dehydrogenase
GATA binding protein 3

G protein-coupled estrogen receptor 1
Haematoxylin and eosin

Inhibitor of DNA binding 1, HLH protein
Interleukin-8

Integrin subunit alpha 6

Jagged 1

Kruppel like factor 17

Large tumor suppressor kinase 1

Lin-28 homolog A

Lin-28 homolog B

Mastermind like transcriptional coactivator 1
Marker of proliferation Ki-67

Homeobox protein NANOG

Sodium/iodide cotransporter
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Non-obese diabetic/severe combined immunodeficiency

Neurogenic locus notch homolog protein 1
High affinity nerve growth factor receptor
Occludin

POU class 5 homeobox 1

Paired box 8

Phosphate buffered saline

Platelet and endothelial cell adhesion molecule 1

Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic

subunit alpha
Protein phosphatase 1 regulatory subunit 15A
Ribosomal protein lateral stalk subunit PO

Papillary Thyroid Cancer
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PTCH1
RET
SCM
SERPINF1
SKP2
SNAI1
SMO
SOX2
STMN1
TAZ

TC
TEP1
TG
TGFB
TPO
TSHR
TTF1
TWIST1
TWIST2
uliCcC
VEGFA
VEGFR1
VEGFR2
WEE1

ZEB1

References

Patched 1

Ret proto-oncogene

Stem cell medium

Pigment epithelium-derived factor
S-phase kinase associated protein 2

Snail family transcriptional repressor 1
Smoothened, frizzled class receptor
SRY-box 2

Stathmin 1

Tafazzin

Thyroid Cancer

Telomerase associated protein 1
Thyroglobulin

Transforming growth factor beta-1
Thyroid peroxidase

Thyroid stimulating hormone receptor
Transcription termination factor 1

Twist family bHLH transcription factor 1
Twist family bHLH transcription factor 2
Union for International Cancer Control
Vascular endothelial growth factor A
Vascular endothelial growth factor receptor 1
Vascular endothelial growth factor receptor 2
WEE1 G2 checkpoint kinase
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Thyroid tumor bulk contains stem-like cells. (A) Percentage of ALDHN 9" cells within K1
and BCPAP cell lines: 23.6% in K1, 4.87% in BCPAP. (B) Immunofluorescence anatlysis of
SOX2, OCT3, BETA-CATENIN, and TSHR on primary cell cultures (zoom 40x; confocal
microscope). (C) Optimization of isolation methods. Cell culture maintained in attachment

and ultra-low adhesion, in the presence or absence of FBS (magnitude 10x%; optical

microscope).
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Fig. 2.
BMP pathway inhibition acts with FGF2 in maintenance of stemness in vitro. (A)

Histological examination of paraffined PTC samples (magnitude 40x, 63x, 40x%,
respectively; optical microscope). (B) CSC-enriched cell cultures isolated from the same
PTC samples, able to maintain the double (adherent and floating) population in culture
(magnitude 20x; optical microscope). (C) FACS analysis on CSC-enriched cell cultures for
SOX2, OCT3, PAX8, TTF1, ERA, and ERB after treatment with FGF2 and NOGGIN.
Conditions: control; 1 ug/100 mL FGF2; 10 ug/100 mL NOGGIN + 1 ug/100 mL FGF2; 10
ug/100 mL NOGGIN + 4 ug/100 mL FGF2. 48 h treatment.
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Fig. 3.

Es%rogen treatment enhances stem markers expression in a time- and dose-dependent
manner. (A) Immunofluorescence analysis on BCPAP for SOX2, OCT3, NANOG, PAXS,
TTF1, TSHR, TG, TPO, NIS, BETA-CATENIN, ERA, and ERB after E2 treatment at 1 and
10 nmol I71 for 24 h and 48 h (magnitude 40x, confocal microscope). (B) Same
immunofluorescence analysis on CSC-enriched patient cell cultures. (C) FACS analysis on
CSC-enriched cell cultures for SOX2, OCT3, PAX8, TTF1, ERA, and ERB after E2
treatment.
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imbalance simulation. (A) Morphological evaluation of CSC-enriched cell cultures after 1

and 10 nmol 171 continuous E2 treatment, and with hormonal imbalance simulation
(magnitude 10x; optical microscope). (B) Mean Fluoresce Index of FACS analysis for

SOX2, OCT3, NANOG, ERA, ERB, and GPER1. UNTREAT = control; E2 TREAT = cells
after 7-days treatment; STOPPING TREAT = cells after stopping treatment for further 7

days. * = P < 0.005.
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Fig. 5.

Hgst estrogen therapy enhances the tumorigenic potential of thyroid CSCs. (A) Diagram of
tumor volume growth with or without host E2 therapy. 4,24 vs. 0.47 cm3 mean, * = P < 0.05.
(B) Macroscopic analysis of xenograft tumors. Untreated vs E2-treated. (C) Subcutaneous
xenografts obtained by the injection of CSC-primary culture cells (1.5 x 10%) in
immunocompromised NOD/SCID 112rg -/- female mice, alone or in combination with
estrogen therapy. Untreated vs E2-treated. (D) Thyroidspheres in culture after xenograft
tumor digestion (magnitude 20x, optical microscope). Untreated vs E2-treated. (E) H&E
staining of paraffined xenograft tumors (magnitude 10x, optical microscope). Untreated vs
E2-treated.
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A Control E2 treatment

Fig. 6.

E2-treated CSCs empower their migratory activity in vivo. Intrasplenic injection in NOD/
SCID female mice of 3 x10° luciferase (LUC)/GFP-transduced cells, untreated or treated
with 1 nmol I1 E2 for 24 h (magnitude 10x, EVOS™, Thermo Fischer, Waltham,
Massachussetts). Analysis of migratory capacity at time: 0 min; 30 min; 5 weeks. Biospace.

omin
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Fig. 7.

Esgtrogens perform their function in a different way among women and men. Estrogen,
cancer, and cancer stem cell pathway analysis for female and male CSC-enriched cell
cultures. The scatter plot compares the normalized expression of 252 genes on the array
between two groups (untreated and E2-treated).
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Under- and over-expressed genes after E2 treatment in CSC-enriched female and male TC samples.

Table 1

Male

Female

Estrogen Receptors

Growth Factors

Cancer Stem Cell Markers

Loss of Stemness

Pluripotency

Self-Renewal

Cell-Cycle

Angiogenesis

Epithelial-Mesenchymal Transition

TERB
TFGFR2

TABCG2

I{DACH1
|PECAM

|HEDGEHOG

TWEE1

TVEGFR2

VKLF17
TSNAIL

TERA
TEGF
TFGFR2
TABCB5
TALDH1A1
1GATA3
TNTGA6

TNANOG
10CT3
1SOX2
THEDGEHOG
THIPPO
TNOTCH
TWNT
TAURKA
1CCND3
TCDC20
TMKI167
1SKP2
TSTMN1
{WEE1
LANGPT1
LANGPT2
TSERPINF1
VEGFR1
VEGFR2
TKLF17
TOCLN
ISNAIL
ITWIST1
ITWIST2
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