
 International Journal of 

Molecular Sciences

Article

The TUSC2 Tumour Suppressor Inhibits the
Malignant Phenotype of Human Thyroid Cancer
Cells via SMAC/DIABLO Protein

Raffaela Mariarosaria Mariniello 1,2, Francesca Maria Orlandella 3, Anna Elisa De Stefano 1,2,
Paola Lucia Chiara Iervolino 2,4, Giovanni Smaldone 3, Neila Luciano 2, Nara Cervone 2,
Francesco Munciguerra 2 , Silvia Esposito 2 , Peppino Mirabelli 3 and
Giuliana Salvatore 1,2,3,*

1 Dipartimento di Scienze Motorie e del Benessere, Universita’ “Parthenope”, Via Medina 40,
80133 Napoli, Italy; mariniellor@ceinge.unina.it (R.M.M.); destefanoannaelisa@gmail.com (A.E.D.S.)

2 CEINGE—Biotecnologie Avanzate S.c.a.r.l., Via Gaetano Salvatore 486, 80145 Napoli, Italy;
paolalc89@libero.it (P.L.C.I.); neilaluciano14@gmail.com (N.L.); naracervone@gmail.com (N.C.);
munciguerra@ceinge.unina.it (F.M.); espositos@ceinge.unina.it (S.E.)

3 IRCCS SDN, Via Emanuele Gianturco 113, 80143 Napoli, Italy; francescaorlandella@libero.it (F.M.O.);
gsmaldone@sdn-napoli.it (G.S.); pmirabelli@sdn-napoli.it (P.M.)

4 Dipartimento di Scienze Biomediche Avanzate, Universita’ “Federico II”, Via Pansini 5, 80131 Napoli, Italy
* Correspondence: giuliana.salvatore@uniparthenope.it

Received: 9 January 2020; Accepted: 15 January 2020; Published: 21 January 2020
����������
�������

Abstract: Thyroid carcinoma is the most common endocrine cancer and includes different forms.
Among these, anaplastic thyroid carcinoma (ATC) is the rarest but the most lethal subtype,
compared to papillary thyroid carcinoma (PTC) which shows an overall good prognosis. We have
previously showed that Tumor Suppressor Candidate 2 (TUSC2), a known tumour suppressor
gene, is downregulated in human PTC and ATC compared to normal thyroid samples. The aim
of this study was to gain insight into the molecular mechanisms induced by TUSC2 in thyroid
cancer cells. Here, we stably transfected TUSC2 in papillary (TPC-1) and in anaplastic (8505C)
thyroid cancer cell lines and studied its effects on several biological processes, demonstrating
that TUSC2 overexpression decreased thyroid cancer cell proliferation, migration and invasion.
Through the proteome profiler apoptosis array, we observed that TUSC2 increased sensitivity to
apoptosis by increasing the SMAC/DIABLO and CYTOCHROME C proteins. On the other hand,
transient silencing of TUSC2, by siRNA, in an immortalized thyroid follicular epithelial cell line
(Nthy-ori 3-1) showed the opposite effect. Finally modulation of SMAC/DIABLO partially rescued the
biological effects of TUSC2. Thus, our data highlight a tumour suppressor role of TUSC2 in thyroid
carcinogenesis, suggesting that it could be a promising target and biomarker for thyroid carcinoma.
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1. Introduction

Tumour suppressor candidate 2 (TUSC2), also known as FUS1, is located on the short arm of human
chromosome 3 and behaves as a tumour suppressor in several human cancers [1]. The TUSC2 gene
encodes a multifunctional protein that plays an important role in regulating a wide range of cellular
processes, such as cell cycle arrest and apoptosis, in modulating the function of several kinases, such as
EGFR, PDGFR, AKT and c-ABL, and in affecting gene expression [2,3].

Loss or reduction of TUSC2 has been reported in non-small cell lung carcinomas (NSCLC), in small
cell lung carcinomas [4], in mesothelioma [5], in oesophageal carcinoma [6], in glioblastoma [7] and in
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sarcomas [8]. These observations corroborate the significant impact of this tumour suppressor gene in
human carcinogenesis.

Emerging evidence suggests that restoration of TUSC2 could represent an attractive strategy to
inhibit tumour growth and progression in cancer therapy. Deng and colleagues reported that forced
expression of TUSC2 enhanced the antitumour activity of cisplatin in human lung cancer cells [9];
TUSC2 restoration sensitized lung cancer cells to treatment with EGFR inhibitors [10]. TUSC2 can
inhibit mTOR activation [10] and potentiate tumour sensitivity to AKT inhibitors in NSCLC [11].
Importantly, the intratumoural administration of TUSC2 through a liposomal vector in lung cancer
xenografts reduced tumour growth [12]. Finally, TUSC2 nanoparticles were administered intravenously,
in clinical trials, in lung cancer patients [13] and showed safety and antitumour activity.

The vast majority of thyroid carcinoma (approximately 95% of cases) are derived from thyroid
follicular epithelial cells, whereas the remaining 3–5% of cases originate from parafollicular C cells.
Medullary thyroid cancer (MTC), originating from parafollicular C cells, is a neuroendocrine tumour
that secretes high levels of calcitonin and is generally sporadic, even though 20–30% of cases are
familial [14]. Thyroid carcinomas derived from follicular cells include papillary, follicular, hurtle
cell, poorly differentiated and undifferentiated or anaplastic thyroid carcinoma. Undifferentiated or
anaplastic thyroid cancer (ATC) is one of the most aggressive human tumours refractory to standard
treatments with a very poor prognosis. ATC patients usually present a rapidly enlarging neck
mass, a high rate of distant metastases and approximately 95% mortality at six months [15,16].
Conversely, well-differentiated papillary thyroid carcinoma (PTC), the most common type of thyroid
cancer [17], is characterized by a good outcome as it is highly curable by surgery and radioiodine therapy;
nevertheless some PTC patients have an aggressive disease and can develop distant metastasis [18].
Thus, novel treatment approaches are needed for these incurable thyroid carcinomas.

We have previously reported, by quantitative real-time PCR (q-RT-PCR) and immunohistochemistry
analysis, that TUSC2 is downregulated in almost all ATC samples and in the vast majority of PTC
samples, suggesting an important role of this tumour suppressor in thyroid cancer progression [19].
Nevertheless, the exact biological function of TUSC2 in thyroid cancer cell lines remains unexplored.

Here, through functional experiments in PTC (TPC-1) and in ATC (8505C) cell lines, we showed
that forced TUSC2 expression is able to inhibit cell proliferation, migration and invasion. On the
other hand, transient silencing of TUSC2, by siRNA, in an immortalized normal thyroid follicular
epithelial cell line (Nthy-ori 3-1) showed the opposite effect. In this context, we demonstrated that
TUSC2 enhanced sensitivity to apoptotic treatment with doxorubicin (DOXO) or staurosporine (STS)
and, through proteome profiler human apoptosis array and functional experiments, we unveiled that
this effect was mediated in part by SMAC/DIABLO protein.

Taken together, these novel findings demonstrate that TUSC2 is negatively associated with thyroid
cancer aggressiveness and thus this tumour suppressor could represent a novel potential target and
biomarker for thyroid cancer therapy.

2. Results

2.1. TUSC2 Forced Expression Decreased Cell Proliferation in Thyroid Cancer Cells

To determine the effects of TUSC2 on thyroid cancer aggressiveness, we stably transfected the
TUSC2 plasmid or the corresponding control (indicated as Control Vector) into anaplastic (8505C) and
papillary (TPC-1) thyroid cancer cell lines. A mass population for each cell line, expressing high levels
of TUSC2, was selected and utilized (Figure 1a).

First, we investigated the effects of forced expression of TUSC2 on the cell proliferation rate and
on cell cycle progression. As shown in Figure 1b, the methyl tetrazolium compound (MTS) assay
demonstrated that TUSC2 reduced the proliferation of 8505C (left) and TPC-1 (right) cells compared to
the corresponding controls.
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Additionally, the effect of TUSC2 on the aggressiveness of thyroid cancer cells was measured
using a soft agar clonogenic assay. Figure 1c revealed that forced expression of TUSC2 dramatically
decreased the growth rate of 8505C cells in soft agar.
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Figure 1. Tumor Suppressor Candidate 2 (TUSC2) forced expression reduced thyroid cancer cell 
proliferation. (a) Western blot analysis of TUSC2 and TUBULIN protein levels in a selected mass 
population of 8505C and of TPC-1 cells after stable transfection with TUSC2 or Control Vector 
(C.Vector) plasmid. (b) MTS assay was performed to evaluate the proliferation rate in 8505C (left) 
and TPC-1 (right) cell lines after stable TUSC2 transfection. Absorbance at O.D. 490 nm was 
measured every 24 h for four days. Data represent the mean of three experiments ± standard errors. 
(c) Colony formation ability of 8505C cells stably transfected with TUSC2 or with Control Vector (C. 
vector) was examined by soft agar assay to determine anchorage-independent growth. Cells were 
cultured in semisolid medium and after three weeks of plating, the colonies were imaged (left) and 
counted (right) under a microscope at 10x magnification. The experiment was performed in 
triplicate. ND: Not detected. 

We analysed cell cycle progression in 8505C and TPC-1 transfected cells by flow cytometry with 
propidium iodide (PI) staining. Accordingly, we found that TUSC2 expression caused accumulation 
of the cells in the G2/M phase (Figure 2a,b). Furthermore, Western blot analysis was performed to 
analyse the expression level of several cell cycle regulators, and the results showed that p21 
WAF1/CIP1 and CDK6 were decreased, while p27/KIP1 expression was increased in 8505C/TUSC2 
cells compared to the control (Figure 2c). Therefore, TUSC2 restoration could represent an important 
tool to arrest cancer cell proliferation. 

 

Figure 1. Tumor Suppressor Candidate 2 (TUSC2) forced expression reduced thyroid cancer cell
proliferation. (a) Western blot analysis of TUSC2 and TUBULIN protein levels in a selected mass
population of 8505C and of TPC-1 cells after stable transfection with TUSC2 or Control Vector (C.Vector)
plasmid. (b) MTS assay was performed to evaluate the proliferation rate in 8505C (left) and TPC-1
(right) cell lines after stable TUSC2 transfection. Absorbance at O.D. 490 nm was measured every 24 h
for four days. Data represent the mean of three experiments ± standard errors. (c) Colony formation
ability of 8505C cells stably transfected with TUSC2 or with Control Vector (C. vector) was examined by
soft agar assay to determine anchorage-independent growth. Cells were cultured in semisolid medium
and after three weeks of plating, the colonies were imaged (left) and counted (right) under a microscope
at 10x magnification. The experiment was performed in triplicate. ND: Not detected.

We analysed cell cycle progression in 8505C and TPC-1 transfected cells by flow cytometry with
propidium iodide (PI) staining. Accordingly, we found that TUSC2 expression caused accumulation of
the cells in the G2/M phase (Figure 2a,b). Furthermore, Western blot analysis was performed to analyse
the expression level of several cell cycle regulators, and the results showed that p21 WAF1/CIP1 and
CDK6 were decreased, while p27/KIP1 expression was increased in 8505C/TUSC2 cells compared to
the control (Figure 2c). Therefore, TUSC2 restoration could represent an important tool to arrest cancer
cell proliferation.
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Figure 2. TUSC2 forced expression reduced thyroid cancer cell proliferation. Flow cytometry 
analysis of the cell cycle distribution in 8505C (a) and TPC-1 (b) cells stably transfected with TUSC2 
or with Control Vector (C. Vector) plasmids. A representative fluorescence-activated cell sorting 
(FACS) plot is shown in the left panel while the average of two independent experiments is shown 
on the right. ** p < 0.01. Error bars indicate standard errors. (c) Western blot of p21, p27, CDK6 and 
TUBULIN in 8505C/C. vector and 8505C/TUSC2 cells. 

2.2. TUSC2 Forced Expression Decreased the Migration and Invasion of Thyroid Cancer Cells 

Cell migration and invasion ability are two essential steps in tumour metastasis, thus migration 
and invasion were analysed after stable TUSC2 transfection in thyroid cancer cell lines by wound 
healing and Matrigel matrix assays. 

We found that 8505C/TUSC2 and TPC-1/TUSC2 cells showed less wound closure than cells 
transfected with the Control Vector at the same time point (Figure 3a). 

Moreover, as shown in Figure 3b and in the relative quantification, the number of invaded cells 
on the surface of the Transwell coated with Matrigel matrix was lower in TPC-1 and in 8505C cells 
overexpressing TUSC2 than in cells transfected with the Control Vector. 

The obtained results clearly indicate that TUSC2 restoration decreased the migration and 
invasion of thyroid cancer cell lines. 

Figure 2. TUSC2 forced expression reduced thyroid cancer cell proliferation. Flow cytometry analysis
of the cell cycle distribution in 8505C (a) and TPC-1 (b) cells stably transfected with TUSC2 or with
Control Vector (C. Vector) plasmids. A representative fluorescence-activated cell sorting (FACS) plot
is shown in the left panel while the average of two independent experiments is shown on the right.
** p < 0.01. Error bars indicate standard errors. (c) Western blot of p21, p27, CDK6 and TUBULIN in
8505C/C. vector and 8505C/TUSC2 cells.

2.2. TUSC2 Forced Expression Decreased the Migration and Invasion of Thyroid Cancer Cells

Cell migration and invasion ability are two essential steps in tumour metastasis, thus migration
and invasion were analysed after stable TUSC2 transfection in thyroid cancer cell lines by wound
healing and Matrigel matrix assays.

We found that 8505C/TUSC2 and TPC-1/TUSC2 cells showed less wound closure than cells
transfected with the Control Vector at the same time point (Figure 3a).

Moreover, as shown in Figure 3b and in the relative quantification, the number of invaded cells
on the surface of the Transwell coated with Matrigel matrix was lower in TPC-1 and in 8505C cells
overexpressing TUSC2 than in cells transfected with the Control Vector.

The obtained results clearly indicate that TUSC2 restoration decreased the migration and invasion
of thyroid cancer cell lines.
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Figure 3. TUSC2 forced expression reduced thyroid cancer cell motility. (a) A wound was 
introduced on a confluent monolayer of 8505C (left) and TPC-1 (right) cells stably transfected with 
TUSC2 plasmid or Control Vector, and cell migration into the wound was monitored for 24 h. 
Images were taken at 10x magnification. Wound closure was measured by calculating pixel 
densities in the wound area and expressed as percentage ± standard errors. (b) Stably transfected 
8505C (left) and TPC-1 (right) cells were plated on a Matrigel matrix and allowed to invade the 
Transwell insert for 24 h. Invaded cells were stained, photographed and quantified by measuring 
the absorbance at O.D. 550 nm. Bars indicate the mean of duplicate experiments ± standard errors. 
Asterisks indicate * p < 0.05, ** p < 0.01 and *** p < 0.001. 

2.3. TUSC2 Forced Expression Increased Sensitivity to Apoptosis Induced by Doxorubicin and Staurosporine 
in Thyroid Cancer Cells 

We have previously reported that TUSC2 rescues the resistance to apoptosis induced by its 
negative regulator, miR-584, in thyroid cancer cells [19]. Here, we explored the effects of TUSC2 
alone and after treatments with two different apoptotic agents, staurosporine and doxorubicin, in 
TPC-1 and in 8505C cells. 

To this aim, transfected cells were treated with doxorubicin (1 µM) or with staurosporine (2.5 
µM) and counted with trypan blue after 48 and 24 h, respectively. As shown in Figure 4a,b, 
treatments with staurosporine and doxorubicin in 8505C/TUSC2 and TPC-1/TUSC2 cells reduced 
the cell number (a) and cell viability (b) in comparison to that in control cells. 

Finally, we analysed apoptosis in transfected cells treated with staurosporine by flow cytometry 
with propidium iodide staining. Figure 4c,d shows that the percentage of apoptotic cells in 
8505C/TUSC2 and in TPC-1/TUSC2 cells, respectively, treated with staurosporine was increased 
compared to that in the corresponding controls. On the other hand, forced expression of TUSC2 in 
untreated (NT) TPC-1 and 8505C cells did not induce apoptosis (Figure 4c,d left). 

 

Figure 3. TUSC2 forced expression reduced thyroid cancer cell motility. (a) A wound was introduced
on a confluent monolayer of 8505C (left) and TPC-1 (right) cells stably transfected with TUSC2 plasmid
or Control Vector, and cell migration into the wound was monitored for 24 h. Images were taken at
10×magnification. Wound closure was measured by calculating pixel densities in the wound area and
expressed as percentage ± standard errors. (b) Stably transfected 8505C (left) and TPC-1 (right) cells
were plated on a Matrigel matrix and allowed to invade the Transwell insert for 24 h. Invaded cells
were stained, photographed and quantified by measuring the absorbance at O.D. 550 nm. Bars indicate
the mean of duplicate experiments ± standard errors. Asterisks indicate * p < 0.05, ** p < 0.01 and
*** p < 0.001.

2.3. TUSC2 Forced Expression Increased Sensitivity to Apoptosis Induced by Doxorubicin and Staurosporine in
Thyroid Cancer Cells

We have previously reported that TUSC2 rescues the resistance to apoptosis induced by its
negative regulator, miR-584, in thyroid cancer cells [19]. Here, we explored the effects of TUSC2 alone
and after treatments with two different apoptotic agents, staurosporine and doxorubicin, in TPC-1 and
in 8505C cells.

To this aim, transfected cells were treated with doxorubicin (1 µM) or with staurosporine (2.5 µM)
and counted with trypan blue after 48 and 24 h, respectively. As shown in Figure 4a,b, treatments with
staurosporine and doxorubicin in 8505C/TUSC2 and TPC-1/TUSC2 cells reduced the cell number (a)
and cell viability (b) in comparison to that in control cells.

Finally, we analysed apoptosis in transfected cells treated with staurosporine by flow cytometry
with propidium iodide staining. Figure 4c,d shows that the percentage of apoptotic cells in
8505C/TUSC2 and in TPC-1/TUSC2 cells, respectively, treated with staurosporine was increased
compared to that in the corresponding controls. On the other hand, forced expression of TUSC2 in
untreated (NT) TPC-1 and 8505C cells did not induce apoptosis (Figure 4c,d left).
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Figure 4. TUSC2 forced expression increased sensitivity to apoptosis induced by doxorubicin 
(DOXO) and staurosporine (STS) in thyroid cancer cells. 8505C and TPC-1 cells stably transfected 
with TUSC2 or Control Vector plasmids were treated with 1 µM of doxorubicin (DOXO) or 2.5 µM 
of staurosporine (STS). After 48 (for DOXO) and 24 h (for STS), cells were collected by trypsinization, 
stained for 10 min with trypan blue and counted in triplicate. Histograms show the number of live 
and dead cells (a) and the percentage of cell viability (b) ± standard errors. Stably-transfected TPC-1 
(c) and 8505C (d) cells were treated with 2.5 µM of STS for 6 h and the percentage of apoptotic cells 
was measured by flow cytometry with propidium iodide (PI) staining. Asterisks indicate * p < 0.05, 
** p < 0.01 and *** p < 0.001. 

2.4. TUSC2 Increased SMAC/DIABLO and CYTOCHROME C Protein Expression in Response to Apoptotic 
Stimuli in Thyroid Cancer Cells 

In an attempt to identify the regulatory networks primarily involved in TUSC2 signalling 
activity, the Proteome Profiler Human Apoptosis Array (R&D Systems) was performed for 
simultaneous detection of 43 human apoptotic markers. To this aim, we assessed the expression 
levels of these apoptosis-related proteins by Western blot in 8505C/TUSC2 and control cells 
following staurosporine treatment (2.5 µM for 24 h). 

Figure 5a shows that in 8505C/TUSC2 cells treated with staurosporine, the expression levels of 
the apoptotic proteins SMAC/DIABLO and CYTOCHROME C were changed compared to those in 
control cells. The quantification of pixel intensities is shown in Figure 5b. 

Additionally, in an independent Western blot, we confirmed the upregulation of these proteins 
in 8505C/TUSC2 cells compared to 8505C/C. vector following the treatment with staurosporine 
(Figure 5c, right). This result was also observed to a lesser extent in untreated 8505C/TUSC2 (NT) 
cells (Figure 5c, left). 

 

Figure 4. TUSC2 forced expression increased sensitivity to apoptosis induced by doxorubicin (DOXO)
and staurosporine (STS) in thyroid cancer cells. 8505C and TPC-1 cells stably transfected with TUSC2 or
Control Vector plasmids were treated with 1 µM of doxorubicin (DOXO) or 2.5 µM of staurosporine
(STS). After 48 (for DOXO) and 24 h (for STS), cells were collected by trypsinization, stained for 10 min
with trypan blue and counted in triplicate. Histograms show the number of live and dead cells (a) and
the percentage of cell viability (b) ± standard errors. Stably-transfected TPC-1 (c) and 8505C (d) cells
were treated with 2.5 µM of STS for 6 h and the percentage of apoptotic cells was measured by flow
cytometry with propidium iodide (PI) staining. Asterisks indicate * p < 0.05, ** p < 0.01 and *** p < 0.001.

2.4. TUSC2 Increased SMAC/DIABLO and CYTOCHROME C Protein Expression in Response to Apoptotic
Stimuli in Thyroid Cancer Cells

In an attempt to identify the regulatory networks primarily involved in TUSC2 signalling activity,
the Proteome Profiler Human Apoptosis Array (R&D Systems) was performed for simultaneous
detection of 43 human apoptotic markers. To this aim, we assessed the expression levels of these
apoptosis-related proteins by Western blot in 8505C/TUSC2 and control cells following staurosporine
treatment (2.5 µM for 24 h).

Figure 5a shows that in 8505C/TUSC2 cells treated with staurosporine, the expression levels of the
apoptotic proteins SMAC/DIABLO and CYTOCHROME C were changed compared to those in control
cells. The quantification of pixel intensities is shown in Figure 5b.

Additionally, in an independent Western blot, we confirmed the upregulation of these proteins
in 8505C/TUSC2 cells compared to 8505C/C. vector following the treatment with staurosporine
(Figure 5c, right). This result was also observed to a lesser extent in untreated 8505C/TUSC2 (NT) cells
(Figure 5c, left).
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Figure 5. TUSC2 forced expression increased SMAC/DIABLO and CYTOCHROME C protein levels. 
(a) 8505C cells stably transfected with TUSC2 or with Control Vector  (C. Vector) were treated for 
24 h with 2.5 µM STS, and then 400 µg of protein lysates were blotted on the Proteome Profiler 
Human Apoptosis Array nitrocellulose membrane purchased from R&D Systems. Spots highlighted 
and labelled as #1 refer to SMAC/DIABLO and as #2 refer to CYTOCHROME C proteins. (b) 
Quantification of pixel intensities was performed with the ImageJ software programme (version 
1.50i) and each protein is represented as the average signal (pixel density) of a pair of duplicate spots. 
Pixel density was normalized by subtracting the average background signal. (c) Western blot for 
SMAC/DIABLO, CYTOCHROME C and TUBULIN proteins in an independent cell lysate of 
transfected 8505C cells untreated (NT) or treated with STS. 

2.5. TUSC2 Silencing Increased the Malignant Phenotype of the Nthy-ori 3-1 Cell Line 

To confirm the previous results, we performed the opposite experiment using two different 
TUSC2 siRNAs (no. 5 and 6) to downregulate the endogenous level of this tumour suppressor in the 
Nthy-ori 3-1 cell line. The silencing efficiency was evaluated by Western blot 72 h after transient 
transfection (Figure 6a). 

We evaluated cell motility in silenced cells compared to control cells. Silencing of TUSC2 
increased the migration (Figure 6b) and invasion (Figure 6c) of Nthy-ori 3-1 cells compared to cells 
transiently transfected with Control siRNA. 

Finally, in order to verify the results obtained for the role of TUSC2 in the apoptotic process of 
thyroid cancer cells, a trypan blue assay was performed in Nthy-ori 3-1 cells transfected with 
siRNAs targeting TUSC2 (siRNA TUSC2-5, siRNA TUSC2-6) or with Control siRNA and treated 
with doxorubicin and staurosporine. Silencing of TUSC2 in treated cells induced resistance to 
apoptosis by increasing the cell number (Figure 6d) and cell viability (Figure 6e) compared to those 
of the corresponding control cells. 

Figure 5. TUSC2 forced expression increased SMAC/DIABLO and CYTOCHROME C protein levels.
(a) 8505C cells stably transfected with TUSC2 or with Control Vector (C. Vector) were treated for 24 h
with 2.5 µM STS, and then 400 µg of protein lysates were blotted on the Proteome Profiler Human
Apoptosis Array nitrocellulose membrane purchased from R&D Systems. Spots highlighted and
labelled as #1 refer to SMAC/DIABLO and as #2 refer to CYTOCHROME C proteins.(b) Quantification
of pixel intensities was performed with the ImageJ software programme (version 1.50i) and each
protein is represented as the average signal (pixel density) of a pair of duplicate spots. Pixel density
was normalized by subtracting the average background signal. (c) Western blot for SMAC/DIABLO,
CYTOCHROME C and TUBULIN proteins in an independent cell lysate of transfected 8505C cells
untreated (NT) or treated with STS.

2.5. TUSC2 Silencing Increased the Malignant Phenotype of the Nthy-ori 3-1 Cell Line

To confirm the previous results, we performed the opposite experiment using two different
TUSC2 siRNAs (no. 5 and 6) to downregulate the endogenous level of this tumour suppressor in
the Nthy-ori 3-1 cell line. The silencing efficiency was evaluated by Western blot 72 h after transient
transfection (Figure 6a).

We evaluated cell motility in silenced cells compared to control cells. Silencing of TUSC2 increased
the migration (Figure 6b) and invasion (Figure 6c) of Nthy-ori 3-1 cells compared to cells transiently
transfected with Control siRNA.

Finally, in order to verify the results obtained for the role of TUSC2 in the apoptotic process
of thyroid cancer cells, a trypan blue assay was performed in Nthy-ori 3-1 cells transfected with
siRNAs targeting TUSC2 (siRNA TUSC2-5, siRNA TUSC2-6) or with Control siRNA and treated with
doxorubicin and staurosporine. Silencing of TUSC2 in treated cells induced resistance to apoptosis
by increasing the cell number (Figure 6d) and cell viability (Figure 6e) compared to those of the
corresponding control cells.
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Figure 6. TUSC2 silencing increased the malignant phenotype of the Nthy-ori 3-1 cell line. (a) 
Nthy-ori 3-1 cells were transiently transfected with two different siRNAs (siTUSC2-5 or siTUSC2-6) 
or with Control siRNA (named C. siRNA). After 72 h, protein lysates were subjected to 
immunoblotting with the indicated antibodies. (b) Twenty-four hours post transfection, a wound 
was generated on a confluent monolayer of Nthy-ori 3-1 transfected cells. Cells were imaged (left) 
under a microscope at 10x magnification and the wound closure distance was quantified by 
calculating pixel densities in the wound area and expressed as the percentage of wound closure 
(right). (c) The day after the transient transfection, cells were seeded in the upper chambers of the 
Transwell and allowed to invade the Matrigel matrix for 24 h. Invasion ability is expressed as 
absorbance at O.D. 550 nm. (d,e) The Nthy-ori 3-1 cell line was transiently transfected with the 
indicated siRNA and, the day after, the cells were treated with 1 µM of DOXO (for 48 h) or with 2.5 
µM of STS (for 24 h). At the end of the treatment, cells were stained with trypan blue and counted 
(d) and the percentages of cells viability (e) were determined. Values represent the average of 
duplicate experiments ± standard errors. * p < 0.05, ** p < 01 and *** p < 0.001. 

2.6. TUSC2 Effects Are Partially Mediated by SMAC/DIABLO 

To further gain insight into the molecular mechanisms induced by TUSC2 in thyroid cancer 
cells, we focused on the role of SMAC/DIABLO. 

We initially asked whether TUSC2 is able to directly bind SMAC/DIABLO by using a 
proximity ligation assay (PLA) assay, which allows in situ detection of protein interactions. As 
shown in the Figure S1, we found PLA signals, detected by flow cytometry, only in the positive 
control, while PLA signals were absent in 8505C/TUSC2 cells untreated or treated with 
staurosporine, suggesting that the induction of SMAC/DIABLO by the TUSC2 protein occurs 
indirectly through the binding with another protein. 

Then, we asked whether silencing of SMAC/DIABLO in 8505C/TUSC2 and control cells could 
restore the biological phenotype of TUSC2. Figure 7a shows the silencing efficiency of 
SMAC/DIABLO (by using two different siRNAs, 5 and 6) in 8505C/TUSC2 and 8505C/C. vector 
cells. As shown in Figure 7b, silencing SMAC/DIABLO partially rescued the effects induced by 

Figure 6. TUSC2 silencing increased the malignant phenotype of the Nthy-ori 3-1 cell line. (a) Nthy-ori
3-1 cells were transiently transfected with two different siRNAs (siTUSC2-5 or siTUSC2-6) or with
Control siRNA (named C. siRNA). After 72 h, protein lysates were subjected to immunoblotting
with the indicated antibodies. (b) Twenty-four hours post transfection, a wound was generated on a
confluent monolayer of Nthy-ori 3-1 transfected cells. Cells were imaged (left) under a microscope at
10x magnification and the wound closure distance was quantified by calculating pixel densities in the
wound area and expressed as the percentage of wound closure (right). (c) The day after the transient
transfection, cells were seeded in the upper chambers of the Transwell and allowed to invade the
Matrigel matrix for 24 h. Invasion ability is expressed as absorbance at O.D. 550 nm. (d,e) The Nthy-ori
3-1 cell line was transiently transfected with the indicated siRNA and, the day after, the cells were
treated with 1 µM of DOXO (for 48 h) or with 2.5 µM of STS (for 24 h). At the end of the treatment, cells
were stained with trypan blue and counted (d) and the percentages of cells viability (e) were determined.
Values represent the average of duplicate experiments± standard errors. * p < 0.05, ** p < 0.01 and
*** p < 0.001.

2.6. TUSC2 Effects Are Partially Mediated by SMAC/DIABLO

To further gain insight into the molecular mechanisms induced by TUSC2 in thyroid cancer cells,
we focused on the role of SMAC/DIABLO.

We initially asked whether TUSC2 is able to directly bind SMAC/DIABLO by using a proximity
ligation assay (PLA) assay, which allows in situ detection of protein interactions. As shown in the
Figure S1, we found PLA signals, detected by flow cytometry, only in the positive control, while PLA
signals were absent in 8505C/TUSC2 cells untreated or treated with staurosporine, suggesting that
the induction of SMAC/DIABLO by the TUSC2 protein occurs indirectly through the binding with
another protein.

Then, we asked whether silencing of SMAC/DIABLO in 8505C/TUSC2 and control cells could
restore the biological phenotype of TUSC2. Figure 7a shows the silencing efficiency of SMAC/DIABLO
(by using two different siRNAs, 5 and 6) in 8505C/TUSC2 and 8505C/C. vector cells. As shown in
Figure 7b, silencing SMAC/DIABLO partially rescued the effects induced by TUSC2 on cell viability
after staurosporine treatment. Additionally, Figure 7c,d shows that silencing SMAC/DIABLO partially
rescued the effects induced by TUSC2 on cell migration.
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Figure 7. Silencing SMAC/DIABLO partially rescues the TUSC2-induced phenotype in the 8505C
cell line. (a) 8505C/C. vector and 8505C/TUSC2 cells were transiently transfected with two different
SMAC/DIABLO siRNAs (siSMAC-5 or siSMAC-6) or with Control siRNA (named C. siRNA). After 72 h,
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protein lysates were subjected to immunoblotting with the indicated antibodies. (b) 8505C/C. vector
and 8505C/TUSC2 cell lines were transiently transfected with the indicated siRNA and the day after,
the cells were treated with 2.5 µM of STS for 24 h. At the end of the treatment, cells were stained
with trypan blue and counted. (c–d) 8505C/C. vector and 8505C/TUSC2 cell lines were transiently
transfected with the indicated siRNA and, 24 h post transfection, a wound was generated on the
confluent monolayer of 8505C/C. vector and 8505C/TUSC2 transfected cells. Cells were imaged under a
microscope at 10 x magnification (c) and the wound closure distance was quantified by calculating pixel
densities in the wound area and expressed as the percentage of wound closure (d). Values represent
the average of duplicate experiments± standard errors. * p < 0.05, ** p < 0.01 and *** p < 0.001.

Finally, we confirmed these results also in Nthy-ori 3-1 cells. We first evaluated the expression
levels of the identified apoptotic proteins after TUSC2 silencing and found that, in Nthy-ori 3-1 cells
silenced with both TUSC2 siRNAs, SMAC/DIABLO and CYTOCHROME C levels decreased compared
with those in cells transfected with control siRNA (Figure 8).
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Figure 8. TUSC2 silencing decreased expression levels of SMAC/DIABLO and of CYTOCHROME C in
the Nthy-ori 3-1 cell line. Nthy-ori 3-1 cells were transiently transfected with two different siRNAs
(siTUSC2-5 or siTUSC2-6) or with Control siRNA (named C. siRNA). After 72 h, protein lysates were
subjected to immunoblotting with the indicated antibodies.

Next, we performed a rescue experiment: Nthy-ori 3-1 cells were transiently silenced for
TUSC2 and then transfected with SMAC/DIABLO or Control Vector and the migration ability was
evaluated by a wound healing assay. As shown in Figure 9, forced expression of SMAC/DIABLO
reversed the motility effects induced by silencing of TUSC2 in Nthy-ori 3-1 cells.

Overall, these results suggest that SMAC/DIABLO is a mediator of TUSC2 biological effects in
thyroid cancer cells.
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Figure 9. SMAC/DIABLO partially rescued the TUSC2 induced phenotype in the Nthy-ori 3-1 cell line.
Nthy-ori 3-1 cells were transiently transfected with two different siRNAs (siTUSC2-5 or siTUSC2-6) or
with Control siRNA (named C. siRNA) for 24 h, and then transfected with a SMAC/DIABLO plasmid
or Control Vector. Then a wound was generated on the confluent monolayer of transfected cells.
Cells were imaged under a microscope at 10x magnification (a) and the wound closure distance was
quantified and expressed as the percentage of wound closure (b). Values represent the average of
duplicate experiments± standard errors. * p < 0.05 and ** p < 0.01.

3. Discussion

Thyroid cancer is the most frequent cancer of the endocrine glands with an increasing incidence
worldwide due mainly to improved resolution of imaging detection [17,20]. Papillary thyroid
cancer (PTC), derived from follicular cells, represents the most frequent histological subtype among
well-differentiated thyroid cancers. Although this carcinoma is characterized by an excellent outcome,
patients with invasive or metastatic disease have poorer overall survival and become resistant to
therapies [17].

Anaplastic thyroid cancer (ATC) is one of the most aggressive human cancers; it can be derived
from normal thyroid follicular cells (thyrocytes) or directly from well-differentiated thyroid cancer.
ATC cases are generally incurable as they present a high rate of distant metastasis leading to death in
less than one year from diagnosis; fortunately, the percentage of ATC cases is very low [15,21,22].
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Although recently there has been a great progress through next-generation sequencing,
in understanding the molecular signatures of metastatic thyroid tumours [23], novel treatment
approaches are urgently needed for these tumours.

We have previously showed a negative association between the expression of TUSC2 and thyroid
tumour progression [19].

Since many studies have described a significant impact of the loss or reduction of the TUSC2 tumour
suppressor on different cancer types [2], the aim of this study was to deepen the knowledge on the
molecular mechanisms modulated by this tumour suppressor gene in thyroid cancer cells.

Here, we report that TUSC2 restoration inhibits tumour cell growth by arresting the cell cycle
progression and by reducing the motility phenotype of thyroid cancer cell lines. Importantly, we have
obtained preliminary evidence that, in mouse xenografts, tumours formed by ATC overexpressing
TUSC2 cells are smaller compared to the control (unpublished results).

Our data are consistent with the study by Kondo and colleagues that reported that FUS1 (TUSC2)
overexpression decreases colony formation and was associated with an alteration of cell cycle kinetics
in a FUS1-inducible system of lung cancer cells. More recently, Li and colleagues reported that the
coexpression of the tumour suppressor genes, TUSC2 and LKB1, leads to an inhibition of lung cancer
cell growth inducing an arrest of the cell cycle [24,25].

TUSC2 has pro-apoptotic activity in human lung cancer cells through the regulation of the protein
kinases EGFR, PDGFR, AKT, c-ABL, and c-KIT [3,10], through the activation of the STAT1 signal
pathway and through regulation of the P53 protein [26].

Here, in an attempt to identify the regulatory networks of TUSC2-induced apoptosis in thyroid
cancer cells, we used the Proteome Profiler Human Apoptosis Array (R&D Systems), and we found
an increase in SMAC/DIABLO and CYTOCHROME C proteins in cells transfected with TUSC2 in
response to apoptotic stimuli.

Consistent with our data, in the literature it has been reported that, in a TUSC2 knockout mouse
model, cells have lower levels of CYTOCHROME C [27].

Thus, since the role of TUSC2 on the CYTOCHROME C protein has already been
studied [27], we focused on SMAC/DIABLO and investigated the effects of this protein on the
TUSC2 biological phenotype.

Here, we obtained evidence that TUSC2 induction of the SMAC/DIABLO protein is indirect and
likely occurs through binding to another protein that subsequently directly binds to SMAC/DIABLO.
Importantly, we found that the modulation of SMAC/DIABLO rescued the phenotype induced by
TUSC2 protein in thyroid cell lines.

In this regard, it is worth noting that both proteins are localized in the mitochondria.
Indeed, SMAC/DIABLO is a mitochondrial protein that promotes CYTOCHROME C-dependent
CASPASE activation and apoptosis [28]. Additionally, TUSC2 induces apoptosis through the activation
of the intrinsic mitochondrial-dependent pathway, and these data were also confirmed by the fact that
APAF-1 is one of the cellular targets of the TUSC2 protein by its direct protein–protein interactions [3,29].

Interestingly it has been demonstrated that, in thyroid cancer cells, resistance to chemotherapeutic
agents requires low levels of SMAC/DIABLO [30].

Several studies have shown that overexpression of SMAC/DIABLO can sensitize cancer cells to
apoptosis, thus the development of small-molecule SMAC mimetics has been an attractive goal for
cancer treatment in the last decade [30–32].

The mechanisms responsible for TUSC2 downregulation are partially known.
Notably, the TUSC2 gene is located on human chromosome 3p21.3, a region found to be
homozygously deleted in early events of the development of breast and lung cancer, suggesting that
the genes located in this deleted region could function as gatekeepers in the molecular pathogenesis of
these tumours. However, it is possible that in other human cancers in which this deletion did not
occur, other mechanisms cause a reduction in TUSC2 expression. In fact, in the literature it has been
reported that several microRNAs (miRNAs) are implicated in this process. The oncogenic activities of
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miR-93, miR-98 and miR-197 in lung cancer are mediated by the silencing of TUSC2 [33]. In ovarian
and nasopharyngeal cancers it has been reported that miRNA-663 promotes cell growth, migration
and invasion by inhibiting TUSC2 [34,35].

Additionally, miR-378 promotes cell survival, tumour growth and angiogenesis by targeting TUSC2 and
miR-378/TUSC2 levels predict adverse prognosis in acute myeloid leukaemia patients [36,37].

Likewise, in thyroid cancer, we have reported that the overexpression of miR-584 induces a
reduction in TUSC2 by directly targeting its 3′untranslated region [19].

In conclusion we provide new evidence on the importance of the TUSC2 tumour suppressor
in thyroid carcinogenesis. Notably, our findings indicate the possibility that restoration of
TUSC2 expression, combined with specific pro-apoptotic stimuli, could represent a cancer strategy for
patients affected by aggressive forms of thyroid carcinoma.

4. Materials and Methods

4.1. Cell Cultures

An anaplastic thyroid cancer cell line (8505C) and papillary thyroid cancer cell line (TPC-1) were
grown in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific, Waltham, MA,
USA), while the normal immortalized human primary thyroid follicular epithelial cell line (Nthy-ori
3-1) was grown in Roswell Park Memorial Institute 1640 (RPMI) medium. All growth media used were
supplemented with 10% foetal bovine serum (FBS), l-glutamine and penicillin/streptomycin (Thermo
Fisher Scientific).

4.2. Cell Transfections

For stable cell generation, TPC-1 and 8505C cells were transfected with 4 µg of TUSC2 plasmid
or with the corresponding Control Vector purchased from GeneCopoeia (Nivelles, Belgium) using
Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s instructions. After 48 h,
transfected cells were selected with geneticin (Sigma-Aldrich, St. Louis, MO, USA) to obtain several cell
clones and mass populations. In these cells the level of TUSC2 was assayed by Western blot and one
mass population for each cell line with the highest TUSC2 level was used for functional experiments.

8505C/TUSC2 and C. Vector were also transiently transfected with specifics siRNAs for
SMAC/DIABLO, named siSMAC-5 (catalogue number SI02655576) and siSMAC-6 (catalogue number
SI00299999) (Qiagen, Hilden, Germany), using HiPerFect (Qiagen) for 24 h according to the
manufacturer’s instructions.

The Nthy-ori 3-1 cell line was transiently transfected with 5 µl of 100 µM of small interfering
RNA (FlexiTube siRNA Qiagen) specific for TUSC2, named TUSC2-5 (catalogue number SI02664606)
and TUSC2-6 (catalogue number SI0266461), or with negative control siRNA (AllStars Negative
Control siRNA; SI03650318) using HiPerFect Transfection reagent (Qiagen) according to the
manufacturer’s instructions.

Where indicated after transient transfection, the Nthy-ori 3-1 cell line was transfected with
SMAC/DIABLO (EX-U1000-M43) plasmid purchased from GeneCopeia (Tebu-bio) using Lipofectamine
2000 (Thermo Fisher Scientific) according to the manufacturer’s instructions.

4.3. Western Blot

Extracted proteins were quantified using a spectrophotometer (Bio-Rad, Hercules, CA, USA) and a
Bradford assay (Bio-Rad), and the lysates were subjected to sodium dodecyl sulphate–polyacrylamide
gel electrophoresis (SDS-PAGE) according to standard procedures. The nitrocellulose membranes were
hybridized with the rabbit polyclonal anti-TUSC2 (ab246970, Abcam, Cambridge, UK) diluted 1:200;
mouse monoclonal anti-SMAC/DIABLO (clone 3A9.1) (Millipore, Danvers, MA, USA) diluted 1:1000;
mouse monoclonal anti-CYTOCHROME C (sc-13156) (Santa Cruz, Dallas, TX, USA) diluted 1:500;
rabbit monoclonal anti-p21 WAF1/CIP1 (12D1) diluted 1:1000 (Cell Signalling); rabbit monoclonal
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anti-p27 KIP1 (D69C12) diluted 1:1000 (Cell Signalling); mouse monoclonal anti-CDK6 (DCS83)
diluted 1:1000 (Cell Signalling) and with mouse monoclonal anti-α-TUBULIN (Sigma-Aldrich) diluted
1:10000 antibodies. Secondary anti-mouse and anti-rabbit antibodies coupled to horseradish peroxidase
were purchased from Bio-Rad and diluted 1:3000. Immune complexes were visualized by an enhanced
chemiluminescence detection kit (ECL, Thermo Fisher Scientific). Image LabTM Software (Bio-Rad)
was used to detect and analyse bands intensities automatically.

4.4. Migration and Invasion Assays

Migration and invasion abilities were assessed by wound healing and by Matrigel matrix assays,
respectively, as previously described [38].

In brief, for the wound healing experiment, cells were plated in 6-well culture plates and grown
to confluence. A scratch was generated on a confluent cell monolayer and the closing of the wound
was monitored and measured using Cella software (Olympus Biosystem Gmb, London, UK).

For the invasion assays, transfected cells were seeded into the upper Transwell chambers precoated
with Matrigel matrix (BD Biosciences, San Jose, CA). After incubation for 24 h, cells that had invaded
through the chamber membrane were fixed with 11% glutaraldehyde solution (Sigma-Aldrich) for
90 min, stained with crystal violet solution and, after elution, quantified by spectrophotometer
measuring optical density (O.D.) 550 nm.

Before the wound healing and Matrigel matrix assays, cells were treated with mitomycin
(Sigma-Aldrich) to inhibit cell proliferation during these experiments.

4.5. MTS Assay

Cell proliferation was measured by the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) colorimetric assay (CellTiter 96, Promega, Madison, WI, USA)
according to the manufacturer’s instructions. TPC-1 and 8505C cells (1 × 103), stably transfected with
TUSC2 plasmid or with Control Vector, were plated in triplicate into 96-well culture plates. After 24, 48,
72 and 96 h, the cells were incubated with 20 µL of MTS reagent for 30 min. The quantity of formazan
produced was determined by measuring optical density (O.D.) 490 nm using a microplate reader
(Model 550, Ultramark Microplate Reader, Bio-Rad).

4.6. Trypan Blue Assay

For cell viability measurements, a trypan blue assay was performed. To this aim, transfected
cells were plated in a 6-well plate. The day after plating, cells were treated with 1 µM
doxorubicin (Sigma-Aldrich) or with 2.5 µM staurosporine (Sigma-Aldrich) for 48 or 24 h, respectively.
After treatment, cells were collected by trypsinization and stained with 0.4% trypan blue reagent
(Bio-Rad) according to the manufacturer’s instructions. Each count was performed in triplicate using
TC20TM Automated Cell Counter (Bio-Rad). By trypan blue staining, cell viability (expressed as
percentage %) was calculated by dividing the number of unstained (viable) cells by the number of total
cells (stained and unstained).

4.7. Anchorage-Independent Cell Growth in Soft Agar

Colony formation was determined by soft agar assay. Briefly, transfected 8505C cells (8 × 104) were
resuspended in DMEM containing 2% agar noble and plated onto the solidified noble agar deposited in
60 mm petri dishes. Cells were periodically observed under a microscope to monitor colony formation.
Fresh medium was added every four days. After three weeks, colonies were counted under an optical
microscope at 10×magnification and imaged. The experiment was performed in triplicate.
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4.8. Flow Cytometry

Cell cycle progression and cell death were determined by fluorescence-activated cell sorting
(FACS) analysis using propidium iodide staining and an FC500 Cytometer (Beckman Coulter, Milan,
Italy) as previously described [38].

Briefly, for the cell cycle, stably transfected cells were stained with the DNA PREP Reagents Kit
(Beckman Coulter) according to the manufacturer’s instructions, and a minimum of 10,000 single
cell events were recorded using the CXP Software (Beckman Coulter). Then, cell cycle analysis was
performed using Kaluza Analysis Software 2.1 (Beckman Coulter) with the Michael Fox algorithm to
determine G1, S and G2/M phases [39].

For cell death studies, cells were treated with staurosporine (2.5 µM) for 6 h and incubated with
1 µL of a 10 µg/mL propidium iodide (PI) solution (Beckman Coulter) for FACS analysis.

4.9. Human Apoptosis Array

8505C cells stably transfected with the TUSC2 or control plasmids were treated with 2.5 µM
of staurosporine (Sigma-Aldrich) for 24 h, after which they were resuspended in 100 µl lysis buffer
(R&D Systems, Minneapolis, MN) and quantified using the Bradford method. Cell lysates (400 µg)
were added to the array membranes “Proteome Profiler Human Apoptosis Array”, obtained from
R&D Systems, that had been incubated for 1 h with a blocking buffer, following the manufacturer’s
instructions. The lysates were incubated with the blocked membranes overnight at 4 ◦C, and then
each array was subjected to several washes for 10 min. Then, array membranes were incubated with
detection antibody cocktail and streptavidin-HRP buffer followed by three washes. Plots were detected
with Chemi Reagent Mix (R&D Systems) and images were obtained after autoradiographic exposure.
Each apoptosis-related protein and control antibodies were spotted on the membrane in duplicate
(R&D Systems). Quantification of the array was performed with the ImageJ software programme
(version 1.50i) and each protein is represented as the average signal (pixel density) of the pair of
duplicate spots. Pixel density was normalized by subtracting the average background signals.

4.10. Proximity Ligation Assay

To further evaluate whether TUSC2 is able to modulate the expression of SMAC/DIABLO through
direct binding, we performed a proximity ligation assay (PLA) (Merck KGaA, Darmstadt, Germany)
that allows in situ detection of protein interactions [40].

For these experiments, 8505C cells, transfected with the Control Vector or TUSC2-overexpressing
vector, were treated with 2.5 µM of staurosporine (STS) for 24 h. Subsequently the cells were fixed
and permeabilized using a PerFix Expose Kit (B26976, Beckman Coulter). Anti-TUSC2 (ab246970,
Abcam) and anti-SMAC/DIABLO (clone 3A9.1, Millipore) antibodies were added at a concentration of
1:50 in Buffer 3. After 30 min of incubation, two wash steps in 1× PBS were performed and the PLA
protocol was applied according to the manufacturer’s instructions (DUO94002, DUO92001, DUO92005,
Sigma Aldrich, Germany). PLA assays were acquired on a Cytoflex cytofluorimeter and fluorescence
was recorded in the fluorescein isothiocyanate (FITC) channel. A positive control was obtained
using the HL60 cell line and two antibodies against well-known interacting proteins NF-Kb (rabbit,
622602 BioLegend, USA) and IKB-a (mouse, 662402, BioLegend, USA) [41].

4.11. Statistical Analysis

All data are reported as the mean ± standard error (SE). All statistical analyses were performed
using GraphPad Software version 6.0 (La Jolla, CA, USA). The differences between groups were
assessed by two-tailed t test and the data were considered statistically significant when p < 0.05.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/3/702/s1.

http://www.mdpi.com/1422-0067/21/3/702/s1


Int. J. Mol. Sci. 2020, 21, 702 16 of 18

Author Contributions: R.M.M., F.M.O., A.E.D.S., P.L.C.I., G.S., N.L., N.C., F.M., S.E. and P.M. carried out the
experiments. R.M.M., F.M.O. and G.S. designed the study and wrote the manuscript. G.S. supervised and
coordinated the project. All authors have read and agreed to the published version of the manuscript.

Funding: This study was partially supported by Ministero dell’Istruzione, dell’Università e della Ricerca, PRIN
Bando 2017 (grant 2017MHJJ55); by Ministero della Salute, Ricerca Corrente for IRCCS SDN and by “Bando
di Ateneo per il sostegno alla partecipazione ai bandi di ricerca individuale (quota A) per l’anno 2017” (code
DSMB187) from University of Naples “Parthenope”.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lerman, M.I.; Minna, J.D. The 630-kb lung cancer homozygous deletion region on human chromosome
3p21.3: Identification and evaluation of the resident candidate tumor suppressor genes. The International
Lung Cancer Chromosome 3p21.3 Tumor Suppressor Gene Consortium. Cancer Res. 2000, 60, 6116–6133.
[PubMed]

2. Rimkus, T.; Sirkisoon, S.; Harrison, A.; Lo, H.W. Tumor suppressor candidate 2 (TUSC2, FUS-1) and human
cancers. Discov. Med. 2017, 23, 325–330. [PubMed]

3. Ji, L.; Roth, J.A. Tumor suppressor FUS1 signaling pathway. J. Thorac. Oncol. Off. Publ. Int. Assoc. Study
Lung Cancer 2008, 3, 327–330. [CrossRef] [PubMed]

4. Prudkin, L.; Behrens, C.; Liu, D.D.; Zhou, X.; Ozburn, N.C.; Bekele, B.N.; Minna, J.D.; Moran, C.; Roth, J.A.;
Ji, L.; et al. Loss and reduction of FUS1 protein expression is a frequent phenomenon in the pathogenesis of
lung cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2008, 14, 41–47. [CrossRef] [PubMed]

5. Ivanova, A.V.; Ivanov, S.V.; Prudkin, L.; Nonaka, D.; Liu, Z.; Tsao, A.; Wistuba, I.; Roth, J.; Pass, H.I.
Mechanisms of FUS1/TUSC2 deficiency in mesothelioma and its tumorigenic transcriptional effects.
Mol. Cancer 2009, 8, 91. [CrossRef]

6. Zhang, B.; Xu, X.; Qi, Z.; Peng, L.; Qiu, B.; Huo, X. The FUS1 gene inhibits EC109 cell growth mediated by a
lentivirus vector. Br. J. Biomed. Sci. 2013, 70, 22–26. [CrossRef]

7. Xin, J.; Zhang, X.K.; Xin, D.Y.; Li, X.F.; Sun, D.K.; Ma, Y.Y.; Tian, L.Q. FUS1 acts as a tumor-suppressor gene
by upregulating miR-197 in human glioblastoma. Oncol. Rep. 2015, 34, 868–876. [CrossRef]

8. Li, G.; Kawashima, H.; Ji, L.; Ogose, A.; Ariizumi, T.; Umezu, H.; Xu, Y.; Hotta, T.; Endo, N. Frequent absence
of tumor suppressor FUS1 protein expression in human bone and soft tissue sarcomas. Anticancer Res. 2011,
31, 11–21.

9. Deng, W.G.; Wu, G.; Ueda, K.; Xu, K.; Roth, J.A.; Ji, L. Enhancement of antitumor activity of cisplatin in
human lung cancer cells by tumor suppressor FUS1. Cancer Gene Ther. 2008, 15, 29–39. [CrossRef]

10. Dai, B.; Yan, S.; Lara-Guerra, H.; Kawashima, H.; Sakai, R.; Jayachandran, G.; Majidi, M.; Mehran, R.; Wang, J.;
Bekele, B.N.; et al. Exogenous Restoration of TUSC2 Expression Induces Responsiveness to Erlotinib in
Wildtype Epidermal Growth Factor Receptor (EGFR) Lung Cancer Cells through Context Specific Pathways
Resulting in Enhanced Therapeutic Efficacy. PLoS ONE 2015, 10, e0123967. [CrossRef]

11. Meng, J.; Majidi, M.; Fang, B.; Ji, L.; Bekele, B.N.; Minna, J.D.; Roth, J.A. The tumor suppressor gene TUSC2
(FUS1) sensitizes NSCLC to the AKT inhibitor MK2206 in LKB1-dependent manner. PLoS ONE 2013, 8,
e77067. [CrossRef] [PubMed]

12. Ito, I.; Ji, L.; Tanaka, F.; Saito, Y.; Gopalan, B.; Branch, C.D.; Xu, K.; Atkinson, E.N.; Bekele, B.N.; Stephens, L.C.;
et al. Liposomal vector mediated delivery of the 3p FUS1 gene demonstrates potent antitumor activity
against human lung cancer in vivo. Cancer Gene Ther. 2004, 11, 733–739. [CrossRef] [PubMed]

13. Lu, C.; Stewart, D.J.; Lee, J.J.; Ji, L.; Ramesh, R.; Jayachandran, G.; Nunez, M.I.; Wistuba, I.I.; Erasmus, J.J.;
Hicks, M.E.; et al. Phase I clinical trial of systemically administered TUSC2(FUS1)-nanoparticles mediating
functional gene transfer in humans. PLoS ONE 2012, 7, e34833. [CrossRef] [PubMed]

14. Ceolin, L.; Duval, M.; Benini, A.F.; Ferreira, C.V.; Maia, A.L. Medullary thyroid carcinoma beyond surgery:
Advances, challenges, and perspectives. Endocr. Relat. Cancer 2019, 26, R499–R518. [CrossRef]

15. Saini, S.; Tulla, K.; Maker, A.V.; Burman, K.D.; Prabhakar, B.S. Therapeutic advances in anaplastic thyroid
cancer: A current perspective. Mol. Cancer 2018, 17, 154. [CrossRef]

16. Fagin, J.A.; Wells, S.A., Jr. Biologic and Clinical Perspectives on Thyroid Cancer. N. Engl. J. Med. 2016, 375,
1054–1067. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/11085536
http://www.ncbi.nlm.nih.gov/pubmed/28715648
http://dx.doi.org/10.1097/JTO.0b013e31816bce65
http://www.ncbi.nlm.nih.gov/pubmed/18379348
http://dx.doi.org/10.1158/1078-0432.CCR-07-1252
http://www.ncbi.nlm.nih.gov/pubmed/18172250
http://dx.doi.org/10.1186/1476-4598-8-91
http://dx.doi.org/10.1080/09674845.2013.11669925
http://dx.doi.org/10.3892/or.2015.4069
http://dx.doi.org/10.1038/sj.cgt.7701094
http://dx.doi.org/10.1371/journal.pone.0123967
http://dx.doi.org/10.1371/journal.pone.0077067
http://www.ncbi.nlm.nih.gov/pubmed/24146957
http://dx.doi.org/10.1038/sj.cgt.7700756
http://www.ncbi.nlm.nih.gov/pubmed/15486560
http://dx.doi.org/10.1371/journal.pone.0034833
http://www.ncbi.nlm.nih.gov/pubmed/22558101
http://dx.doi.org/10.1530/ERC-18-0574
http://dx.doi.org/10.1186/s12943-018-0903-0
http://dx.doi.org/10.1056/NEJMra1501993


Int. J. Mol. Sci. 2020, 21, 702 17 of 18

17. Kitahara, C.M.; Sosa, J.A. The changing incidence of thyroid cancer. Nat. Rev. Endocrinol. 2016, 12, 646–653.
[CrossRef]

18. Wang, T.S.; Sosa, J.A. Thyroid surgery for differentiated thyroid cancer - recent advances and future directions.
Nat. Rev. Endocrinol. 2018, 14, 670–683. [CrossRef]

19. Orlandella, F.M.; Di Maro, G.; Ugolini, C.; Basolo, F.; Salvatore, G. TWIST1/miR-584/TUSC2 pathway induces
resistance to apoptosis in thyroid cancer cells. Oncotarget 2016, 7, 70575–70588. [CrossRef]

20. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA: Cancer J. Clin. 2019, 69, 7–34. [CrossRef]
21. Molinaro, E.; Romei, C.; Biagini, A.; Sabini, E.; Agate, L.; Mazzeo, S.; Materazzi, G.; Sellari-Franceschini, S.;

Ribechini, A.; Torregrossa, L.; et al. Anaplastic thyroid carcinoma: From clinicopathology to genetics and
advanced therapies. Nat. Rev. Endocrinol. 2017, 13. [CrossRef] [PubMed]

22. Tiedje, V.; Stuschke, M.; Weber, F.; Dralle, H.; Moss, L.; Fuhrer, D. Anaplastic thyroid carcinoma: Review of
treatment protocols. Endocr. Relat. Cancer 2018, 25, R153–R161. [CrossRef] [PubMed]

23. Pozdeyev, N.; Gay, L.M.; Sokol, E.S.; Hartmaier, R.; Deaver, K.E.; Davis, S.; French, J.D.; Borre, P.V.;
LaBarbera, D.V.; Tan, A.C.; et al. Genetic Analysis of 779 Advanced Differentiated and Anaplastic Thyroid
Cancers. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2018, 24, 3059–3068. [CrossRef] [PubMed]

24. Li, L.; Yu, C.; Ren, J.; Ye, S.; Ou, W.; Wang, Y.; Yang, W.; Zhong, G.; Chen, X.; Shi, H.; et al. Synergistic effects
of eukaryotic coexpression plasmid carrying LKB1 and FUS1 genes on lung cancer in vitro and in vivo.
J. Cancer Res. Clin. Oncol. 2014, 140, 895–907. [CrossRef]

25. Kondo, M.; Ji, L.; Kamibayashi, C.; Tomizawa, Y.; Randle, D.; Sekido, Y.; Yokota, J.; Kashuba, V.;
Zabarovsky, E.; Kuzmin, I.; et al. Overexpression of candidate tumor suppressor gene FUS1 isolated
from the 3p21.3 homozygous deletion region leads to G1 arrest and growth inhibition of lung cancer cells.
Oncogene 2001, 20, 6258–6262. [CrossRef]

26. Ren, J.; Yu, C.; Wu, S.; Peng, F.; Jiang, Q.; Zhang, X.; Zhong, G.; Shi, H.; Chen, X.; Su, X.; et al. Cationic liposome
mediated delivery of FUS1 and hIL-12 coexpression plasmid demonstrates enhanced activity against human
lung cancer. Curr. Cancer Drug Targets 2014, 14, 167–180. [CrossRef]

27. Yazlovitskaya, E.M.; Voziyan, P.A.; Manavalan, T.; Yarbrough, W.G.; Ivanova, A.V. Cellular oxidative stress
response mediates radiosensitivity in Fus1-deficient mice. Cell Death Dis. 2015, 6, e1652. [CrossRef]

28. Du, C.; Fang, M.; Li, Y.; Li, L.; Wang, X. Smac, a mitochondrial protein that promotes cytochrome c-dependent
caspase activation by eliminating IAP inhibition. Cell 2000, 102, 33–42. [CrossRef]

29. Shakeri, R.; Kheirollahi, A.; Davoodi, J. Apaf-1: Regulation and function in cell death. Biochimie 2017, 135,
111–125. [CrossRef]

30. Tirro, E.; Consoli, M.L.; Massimino, M.; Manzella, L.; Frasca, F.; Sciacca, L.; Vicari, L.; Stassi, G.; Messina, L.;
Messina, A.; et al. Altered expression of c-IAP1, survivin, and Smac contributes to chemotherapy resistance
in thyroid cancer cells. Cancer Res. 2006, 66, 4263–4272. [CrossRef]

31. Bai, L.; Smith, D.C.; Wang, S. Small-molecule SMAC mimetics as new cancer therapeutics. Pharmacol. Ther.
2014, 144, 82–95. [CrossRef] [PubMed]

32. Ali, R.; Singh, S.; Haq, W. IAP Proteins Antagonist: An Introduction and Chemistry of Smac Mimetics under
Clinical Development. Curr. Med. Chem. 2018, 25, 3768–3795. [CrossRef] [PubMed]

33. Du, L.; Schageman, J.J.; Subauste, M.C.; Saber, B.; Hammond, S.M.; Prudkin, L.; Wistuba, I.I.; Ji, L.; Roth, J.A.;
Minna, J.D.; et al. miR-93, miR-98, and miR-197 regulate expression of tumor suppressor gene FUS1.
Mol. Cancer Res. MCR 2009, 7, 1234–1243. [CrossRef] [PubMed]

34. Liang, S.; Zhang, N.; Deng, Y.; Chen, L.; Zhang, Y.; Zheng, Z.; Luo, W.; Lv, Z.; Li, S.; Xu, T. miR-663b promotes
tumor cell proliferation, migration and invasion in nasopharyngeal carcinoma through targeting TUSC2.
Exp. Ther. Med. 2017, 14, 1095–1103. [CrossRef] [PubMed]

35. Xie, H.H.; Huan, W.T.; Han, J.Q.; Ren, W.R.; Yang, L.H. MicroRNA-663 facilitates the growth, migration and
invasion of ovarian cancer cell by inhibiting TUSC2. Biol. Res. 2019, 52, 18. [CrossRef] [PubMed]

36. Lee, D.Y.; Deng, Z.; Wang, C.H.; Yang, B.B. MicroRNA-378 promotes cell survival, tumor growth,
and angiogenesis by targeting SuFu and Fus-1 expression. Proc. Natl. Acad. Sci. USA 2007, 104,
20350–20355. [CrossRef] [PubMed]

37. Tang, X.; Zhou, J.; Zhang, J.; Zhou, L.Y.; Zhai, L.L.; Vanessa, M.E.; Yi, J.; Yi, Y.Y.; Lin, J.; Deng, Z.Q.
Low Expression of FUS1 Is Negatively Correlated with miR-378 and May Predict Adverse Prognoses in
Acute Myeloid Leukemia. Acta Haematol. 2018, 139, 89–95. [CrossRef]

http://dx.doi.org/10.1038/nrendo.2016.110
http://dx.doi.org/10.1038/s41574-018-0080-7
http://dx.doi.org/10.18632/oncotarget.12129
http://dx.doi.org/10.3322/caac.21551
http://dx.doi.org/10.1038/nrendo.2017.76
http://www.ncbi.nlm.nih.gov/pubmed/28707679
http://dx.doi.org/10.1530/ERC-17-0435
http://www.ncbi.nlm.nih.gov/pubmed/29295821
http://dx.doi.org/10.1158/1078-0432.CCR-18-0373
http://www.ncbi.nlm.nih.gov/pubmed/29615459
http://dx.doi.org/10.1007/s00432-014-1607-5
http://dx.doi.org/10.1038/sj.onc.1204832
http://dx.doi.org/10.2174/1568009614666140113115651
http://dx.doi.org/10.1038/cddis.2014.593
http://dx.doi.org/10.1016/S0092-8674(00)00008-8
http://dx.doi.org/10.1016/j.biochi.2017.02.001
http://dx.doi.org/10.1158/0008-5472.CAN-05-3248
http://dx.doi.org/10.1016/j.pharmthera.2014.05.007
http://www.ncbi.nlm.nih.gov/pubmed/24841289
http://dx.doi.org/10.2174/0929867325666180313112229
http://www.ncbi.nlm.nih.gov/pubmed/29532750
http://dx.doi.org/10.1158/1541-7786.MCR-08-0507
http://www.ncbi.nlm.nih.gov/pubmed/19671678
http://dx.doi.org/10.3892/etm.2017.4608
http://www.ncbi.nlm.nih.gov/pubmed/28781619
http://dx.doi.org/10.1186/s40659-019-0219-6
http://www.ncbi.nlm.nih.gov/pubmed/30944041
http://dx.doi.org/10.1073/pnas.0706901104
http://www.ncbi.nlm.nih.gov/pubmed/18077375
http://dx.doi.org/10.1159/000486663


Int. J. Mol. Sci. 2020, 21, 702 18 of 18

38. Orlandella, F.M.; Mariniello, R.M.; Iervolino, P.L.C.; Auletta, L.; De Stefano, A.E.; Ugolini, C.; Greco, A.;
Mirabelli, P.; Pane, K.; Franzese, M.; et al. Junctional adhesion molecule-A is down-regulated in anaplastic
thyroid carcinomas and reduces cancer cell aggressiveness by modulating p53 and GSK3 alpha/beta pathways.
Mol. Carcinog. 2019, 58. [CrossRef]

39. Fox, M.H. A model for the computer analysis of synchronous DNA distributions obtained by flow cytometry.
Cytometry 1980, 1, 71–77. [CrossRef]

40. Lof, L.; Arngarden, L.; Olsson-Stromberg, U.; Siart, B.; Jansson, M.; Dahlin, J.S.; Thorn, I.; Christiansson, L.;
Hermansson, M.; Larsson, A.; et al. Flow Cytometric Measurement of Blood Cells with BCR-ABL1 Fusion
Protein in Chronic Myeloid Leukemia. Sci. Rep. 2017, 7, 623. [CrossRef]

41. Cilloni, D.; Martinelli, G.; Messa, F.; Baccarani, M.; Saglio, G. Nuclear factor kB as a target for new drug
development in myeloid malignancies. Haematologica 2007, 92, 1224–1229. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/mc.23001
http://dx.doi.org/10.1002/cyto.990010114
http://dx.doi.org/10.1038/s41598-017-00755-y
http://dx.doi.org/10.3324/haematol.11199
http://www.ncbi.nlm.nih.gov/pubmed/17666366
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	TUSC2 Forced Expression Decreased Cell Proliferation in Thyroid Cancer Cells 
	TUSC2 Forced Expression Decreased the Migration and Invasion of Thyroid Cancer Cells 
	TUSC2 Forced Expression Increased Sensitivity to Apoptosis Induced by Doxorubicin and Staurosporine in Thyroid Cancer Cells 
	TUSC2 Increased SMAC/DIABLO and CYTOCHROME C Protein Expression in Response to Apoptotic Stimuli in Thyroid Cancer Cells 
	TUSC2 Silencing Increased the Malignant Phenotype of the Nthy-ori 3-1 Cell Line 
	TUSC2 Effects Are Partially Mediated by SMAC/DIABLO 

	Discussion 
	Materials and Methods 
	Cell Cultures 
	Cell Transfections 
	Western Blot 
	Migration and Invasion Assays 
	MTS Assay 
	Trypan Blue Assay 
	Anchorage-Independent Cell Growth in Soft Agar 
	Flow Cytometry 
	Human Apoptosis Array 
	Proximity Ligation Assay 
	Statistical Analysis 

	References

