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ARTICLE INFO ABSTRACT

Even if thyroid tumors are generally curable, a fraction will develop resistance to therapy and progress towards
undifferentiated forms, whose treatment remains a demanding challenge. To identify potential novel targets for
treatment of thyroid cancer, in a previous study using siRNA-mediated functional screening, we identified
several genes that are essential for the growth of thyroid tumor, but not normal cells. Among the top-ranking
hits, we found microtubule associated serine/threonine kinase-like (MASTL), which is known to play an essential
role in mitosis regulation, and is also involved in the DNA damage response. Herein, we examine the effects of
MASTL depletion on growth and viability of thyroid tumor cells. MASTL depletion impaired cell proliferation
and increased the percentage of cells presenting nuclear anomalies, which are indicative of mitotic catastrophe.
Furthermore, MASTL depletion was associated with enhanced DNA damage. All these effects eventually led to
cell death, characterized by the presence of apoptotic markers. Moreover, MASTL depletion sensitized thyroid
tumor cells to cisplatin. Our results demonstrate that MASTL represents vulnerability for thyroid tumor cells,
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which could be explored as a therapeutic target for thyroid cancer.

1. Introduction

Inhibition of the cell cycle and, more specifically, of mitosis, has
emerged as a promising strategy to hinder tumor cell growth and in-
duce tumor cell death [1], as demonstrated by the use of microtubule-
targeting agents as chemotherapy [2]. In addition to drugs that affect
microtubule dynamics (e.g. taxanes, Vinca derivatives), several drugs
that inhibit mitotic kinases, such as CDKs, Aurora and PLK kinases, have
been explored clinically [1,3]. Among the plethora of kinases that play
a role in mitosis regulation, microtubule associated serine/threonine
kinase-like (MASTL) has recently received growing attention as a novel
target for cancer therapy. MASTL is the mammalian orthologue of the
Greatwall gene in Drosophila and Xenopus and is required for proper
mitotic cell division: its inhibition induces delay in mitosis entry and
leads to defects in chromosome segregation [4,5]. Indeed, MASTL has
the crucial role of inhibiting the PP2A/B55 complex through activation

of ENSA and ARPP19, thus allowing the phosphorylation of mitotic
CDK-substrates and progression through mitosis [6]. Moreover, MASTL
is also involved in the regulation of DNA damage response by pro-
moting checkpoint recovery and progression into the cell cycle [7,8].
Besides ARPP19/ENSA phosphorylation and PP2A/B55 inhibition, Vera
et al. have proposed an additional role of MASTL, which triggers AKT
hyperactivation and cell transformation [9].

In comparison to other mitotic kinases, MASTL is less well char-
acterized. However, in recent years, growing evidence of MASTL in-
volvement in human cancer has been obtained. Overexpression of
MASTL has been observed in solid tumors such as prostate, head and
neck, colon, and breast cancer [9,10] and, in the latter, it has also been
associated with patient poor prognosis [11]. Ectopic overexpression of
MASTL was shown to promote the transformation of mammary glands
cells [9]; more recently, MASTL has been proposed as a novel breast
cancer oncogene whose activity, by driving chromosomal instability,
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invasion, and metastasis, results in more aggressive breast tumors and
reduced patient survival [12].

Several authors have proposed MASTL as a novel target for cancer
treatment. MASTL inhibition was shown to sensitize oral squamous cell
cancer cells to cisplatin treatment [10], lung cancer cells to radiation
therapy [13] and colon cancer cells to 5-fluorouracil [14]; in breast
cancer cells, MASTL inhibition reduced cell growth both in vitro and in
vivo, and enhanced radiosensitivity [11,15]. The increasing evidence of
MASTL as a promising target for cancer therapy prompted a search for
MASTL specific inhibitors. Based on the determination of the structure
of the minimal MASTL kinase domain, Ocasio et al. [16] designed a
small molecule inhibitor capable of inhibiting the kinase activity of
MASTL. Very recently, an in silico approach identified several potential
MASTL inhibitors of both natural and synthetic origin [17].

MASTL was recently identified by our group in a study using
functional siRNA library screening to probe thyroid tumor cell vulner-
ability [18]. Thyroid cancer is the most frequent endocrine malignancy,
characterized by an incidence that is constantly increasing worldwide
[19]. The majority of thyroid tumors originate from epithelial follicular
cells; the range of histological types includes, the well-differentiated
papillary (PTC) and follicular (FTC) carcinomas, and the poorly dif-
ferentiated (PDTC) and the anaplastic (ATC) carcinomas. The majority
of thyroid tumors are represented by the differentiated histotypes, PTC
and FTC, which generally have good prognosis as five-year survival
rates in Europe and North America are over 98% [20]. Nevertheless,
tumor recurrence can occur, as the tumor relapses in up to 20% of
patients and distant metastases occur in about 10% of patients [21]. In
contrast, patients with ATC have relatively poor prognosis, with median
survival of 5 months and less than 20% are alive at 1 year after diag-
nosis [22]. Management of undifferentiated tumors is challenging for
clinicians: although targeted therapies introduced in recent years have
provided new opportunities for treatment, an effective therapy for ag-
gressive lesions is still lacking [23].

To identify critical points for therapeutic intervention in thyroid
cancer, we recently faced the non-oncogene addiction (NOA) paradigm,
which asserts that, beyond oncogenes, the tumorigenic potential of
cancer cells relies on genes that act in oncogenic pathways, but are not
oncogenic themselves [24]. According to this concept, NOA genes are
essential for the maintenance of the tumorigenic phenotype but not
required for survival of normal cells; thus, they represent cancer vul-
nerabilities, which can be identified through functional RNA inter-
ference-based screening approaches [25,26]. Such genes can be ex-
plored as novel targets for therapeutic intervention. By screening a
siRNA library on tumor and normal thyroid cell lines, we identified
several genes which represent vulnerabilities for thyroid cancer
[18,27]. MASTL was identified among the top-ranking hits. The MASTL
gene is not mutated or overexpressed in thyroid tumors; its depletion
impairs the growth of several thyroid tumor cell lines, irrespective of
histotype or driving genetic lesion. Therefore, it represents an example
of “non-oncogene addiction” in thyroid tumor cells.

To validate MASTL as a possible therapeutic target for thyroid
carcinoma, we investigated the mechanisms by which MASTL depletion
affects the viability of thyroid tumor cells.

2. Materials and methods
2.1. Sample collection and immunohistochemistry analysis

Thyroid tumor samples were collected at the Department of
Pathology at Fondazione IRCCS Istituto Nazionale dei Tumori, Milan
(INT). Neoplastic thyroid tissues were reviewed by an expert patholo-
gist and classified according to the histopathological criteria of the
World Health Organization [28]. Tumor collection (total n = 39) in-
cluded: PTCs (n = 25); microPTCs (n = 2), ATCs (n = 4) and PDTCs
(n = 8). For 28 of 39 samples, sections containing both tumor and
normal thyroid tissue were available. All patients gave their written
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informed consent, and the study was approved by the independent ethic
committee of INT. The immunohistochemical analysis was performed
on formalin-fixed paraffin-embedded 2-um tumor sections, subjected to
antigen retrieval using 1mM citrate buffer (pH 6), and then im-
munostained with a primary mouse monoclonal antibody anti-human
MASTL (1:150; clone 4F9, MABT372, EMD Millipore Corporation, Te-
mecula, CA, USA). Immunostaining was performed using a standard
immunoperoxidase protocol followed by diaminobenzidine chromogen
reaction (Dako REAL™ EnVision™ Detection System, K5007 Dako). The
assessment of MASTL immunostaining (H-score), ranging from 0 to
300, was determined by a semiquantitative approach considering the
percentage of positive tumor cells per slide (0%-100%), multiplied by
the intensity pattern of staining (1, weak; 2, moderate; 3, intense) [29].
Images at 40X magnification were acquired with Aperio ScanScope” XT
(Leica Biosystems, Germany).

2.2. Cell lines

The ATC-derived HTC/C3 and 8505C cell lines were cultured as
previously described [18]. HTC/C3 cell line was purchased from Riken
Cell Bank (Tsukuba, Japan); the 8505C cell line was obtained from Prof.
A. Fusco (University Federico II, Naples, Italy). Cell lines were au-
thenticated by short tandem repeat (STR) profiles using the Stem Elite
ID System (Promega Corporation, Madison, USA) by the Fragment
Analysis Facility of Fondazione IRCCS Istituto Nazionale dei Tumori.
Cell lines matched their original profiles reported in the DSMZ Profile
Database. Cell lines were periodically tested for mycoplasma con-
tamination (PCR Mycoplasma Detection Set, TAKARA Bio Inc, Kusatsu,
Japan) and found negative. Cell lines stably expressing H2B-GFP were
generated by transfecting 2 ug of pEGFP-H2B plasmid (a gift from Dr.
Geoff Wahl [30]) using Lipofectamine LTX (Invitrogen Life Technolo-
gies, Carlsbad, CA, USA), according to the manufacturer's instructions.
Transfected cells were selected and cultured in medium containing
G418 (500 pg/ml, Invitrogen Life Technologies, Carlsbad, CA, USA).

2.3. siRNA reagents and transfection

siRNA transfection was performed using 20 nM of siRNA oligos and
Lipofectamine RNAiMAX reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA), according to the manufacturer's instructions. The
siRNAs used were: siNT (D-0018-10-05), siMASTL#1 (J-004020-12,
sequence 5-CCAUUGAGACGAAAGGUUU-3’) and siMASTL#4 (J-
004020-09, sequence 5-CCAUUGAGACGAAAGGUUU-3"); siMASTL#5
(custom, sequence 5-UGUGGAUUCUGGUGGGAUAATAT 3’) from
Thermofisher/Dharmacon Inc, Chicago, IL, USA.

2.4. Cell viability assay

Cells (1.9 x 10°) were seeded in 60 mm dishes and transfected with
siRNAs the following day. After 24 h, cells were harvested and plated in
96-well plates (2 x 103 cells/well). Growth rates were evaluated at
different time points by CellTiter-Glo~ Luminescent Cell Viability Assay
(Promega Corporation, Madison, USA), as recommended by the sup-
plier. Luminescence signals were acquired using a microplate reader
(TecanUltra, Tecan Trading AG, Switzerland).

2.5. Crystal violet assay

Cells (1.2 x 10*) were plated in 24-well plates and transfected with
siRNAs the following day. Seven days later, cells were fixed with 3.7%
formaldehyde solution (v/v) at room temperature for 15 min, washed
with PBS, stained for 20 min with 0.1% crystal violet (w/v), and al-
lowed to dry after washing with ddH,O. Crystal violet was then dis-
solved in 10% acetic acid (v/v) for 30 min on a rocker, and then diluted
1:4 in ddH,0. Optical density at A = 590 nm was measured by using
Ultrospec 2100 Pro spectrophotometer (GE Healthcare Bio-Sciences,



E. Cetti et al.
Pittsburgh, PA, USA).
2.6. Drug sensitivity assay

Cells (5 x 103 cells/well) were reverse transfected in 96-well plate
with 20 nM siMASTL #5 oligo using Lipofectamine RNAiMAX reagent.
After 48 h, cells were treated with cisplatin (Accord Healthcare, Italy)
at concentrations ranging from 0 to 50 uM for 8505C cells, and from 0
to 10 uM for HTC/C3 cells, for an additional 48 h. For each cell line,
drug cytotoxicity has been previously defined. Cells were then assessed
for viability by CellTiter-Glo° Luminescent Cell Viability Assay
(Promega Corporation, Madison, USA), as described above.

2.7. Immunofluorescence analysis

Cells growing on glass coverslips were transfected with siRNAs and
fixed 120 (for HTC/C3) and 76 (for 8505C) hours later for 10 min with
4% paraformaldehyde (w/v). After permeabilization for 10 min with
1% BSA and 0.1% Triton X-100 in PBS, and incubation for 30 min with
1X blocking solution (2% BSA in PBS), cells were incubated for 1 h with
the following primary antibodies: anti-3-tubulin (clone TUB 2.1: T4026,
1:400, Sigma Aldrich, St. Louis, MO, USA)-, anti-phosphorylated his-
tone H3 (Ser10) (E173: ab32107, 1:1000, Abcam, Cambridge, UK),
anti-yH2AX (clone JBW301, 1:400, Upstate, Merck-Millipore,
Darmstadt, Germany). After washing with PBS, cells were incubated
with Alexa Fluor® 546 rabbit (1:500, Invitrogen/Molecular Probes”) or
Alexa Fluor’ 488 mouse (1:500, Invitrogen/Molecular Probes”) sec-
ondary antibodies for 1h. Slides were then prepared using ProLong
Diamond Antifade mountant with DAPI (P36966, Molecular Probes”)
and imaged with fluorescence microscopy (Eclipse E1000; Nikon
Instruments, Inc. NY, USA). For evaluation of abnormal nuclei, cells
were transfected, processed, and stained using the ProLong Diamond
Antifade reagent with DAPI, and imaged by fluorescence microscopy; at
least 2 x 10° (for HTC/C3) and 3 x 102 (for 8505C) cells were counted
for each sample, and the number of cells with abnormal nuclei was
expressed as percentage of the total count. For evaluation of yH2AX-
positive cells, at least 650 cells for each sample were counted and the
number of YH2AX-positive cells was expressed as percentage of the total
count.

2.8. Western blot analysis

Protein extraction and western blot analysis were performed as
previously described [31]. The following antibodies were used: anti-
MASTL (ab86387, 1:7000) from Abcam, Cambridge, UK; anti-cleaved-
PARP (Asp241, #9541, 1:1000) and anti-cleaved Caspase 3 (Aspl75,
#9664, 1:1000) from Cell Signaling Technology, Danvers, MA, USA;
yH2AX (A300-081A-M, 1:1000) from Bethyl Laboratories, Mon-
tgomery, TX, USA; anti-Actin (A2066, 1:5000); anti-B-Tubulin (clone
TUB 2.1, T4026, 1:4000) from Sigma-Aldrich, St Louis, MO, USA; anti-
GAPDH (sc-3223, 1:1000) from Santa Cruz, CA, USA.

2.9. Time-lapse video microscopy

Time-lapse phase-contrast video microscopy was carried out on cells
seeded in 24-well plates, transfected with 20 nM MASTL and NT siRNA
oligos, and cultured in a Cell-IQ SLF instrument (CM Technology Oy,
Tampere, Finland). Phase-contrast images were taken every 30 min for
at least 4 days after siRNA transfection by a 10X inverted objective.
Videos were prepared using the Export video tool of the Cell-IQ
Analyser software. Size of GFP-positive nuclei was analyzed by em-
ploying the Cell-IQ Analyser Pro-Write software.

2.10. Annexin V apoptosis assay

Cells (1.9 x 10°) were seeded in 60 mm dishes and transfected with
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siRNAs. Both adherent and floating cells were collected 48, 72, 96, and
120 h after transfection and processed with FITC Annexin V Apoptosis
Detection Kit (Becton Dickinson, San Jose, CA, USA), according to the
manufacturer's instructions; TO-PRO-3 iodide (1:2000; Invitrogen/
Molecular Probes”) was used for DNA staining. Samples were acquired
using BD FACSCanto instrument (Becton Dickinson, San Jose, CA, USA)
and analyzed with FlowJo v7.6 software (TreeStar).

3. Results
3.1. MASTL expression in thyroid tumors

We have previously identified MASTL as an example of “non-on-
cogene addiction” in thyroid cancer. Indeed, siRNA-based functional
screening identified MASTL among a list of genes whose inhibition af-
fected the growth of thyroid tumor cell lines, while sparing that of
immortalized normal thyrocytes. Moreover, the MASTL gene is not
mutated in thyroid tumors, and is not overexpressed in thyroid tumor
samples and cell lines [18]. Herein, we investigated the expression of
MASTL protein in a proprietary thyroid tumor collection by im-
munohistochemical analysis. Thirty-nine archival paraffin-embedded
sections, 28 of which including both tumor and normal tissue were
analyzed. A semiquantitative assessment of the MASTL immunostaining
(H-score) was undertaken considering both the intensity and extent of
cell staining [29]. As shown in Fig. 1A (left), the median MASTL protein
expression was similar between tumor and normal thyroid tissues. The
lack of substantial differences was highlighted when only tumor and
matched normal samples were compared (Fig. 1A, right). Fig. 1B
documents the comparable expression of MASTL in thyroid tumor and
surrounding normal tissues in four representative samples.

3.2. MASTL knockdown hinders proliferation of thyroid tumor cells

The previously reported dependency of thyroid tumor cells on
MASTL activity [18] was further investigated by assessing the effects of
MASTL silencing on the growth of two ATC-derived cell lines, namely
HTC/C3 and 8505C. Cells were transfected with control (siNT) and
three MASTL (siMASTL #1, #4, and #5) siRNAs; the following day,
cells were split into plates and then employed for proliferation assay or
western blot analysis. For both cell lines, CellTiter-Glo assay revealed
growth reduction of cells transfected with the three siMASTL in com-
parison to siNT transfected cells (Fig. 2A, top). Indeed, for HTC/C3, the
increase in cell number at day 6, vs. that day 1, was 7 fold for control
and 5-6 fold for MASTL-depleted cells. The same was observed for
8505C: at day 7, vs. day 1, the increase in cell number was 9 fold for
control, whereas it was 7-8 fold for MASTL-depleted cells. The reduc-
tion in MASTL protein expression was documented by western blot at
48h after siRNA transfection (Fig. 2A, middle). Of note, we micro-
scopically observed that, at variance with control, MASTL-depleted
HTC/C3 and 8505C cells exhibited altered morphology, such as giant
cells with multiple nuclei (Fig. 2A, bottom) and an increase in floating
cells at later time points (data not shown). The growth inhibitory effect
of MASTL was further corroborated by the crystal violet assay per-
formed at 7 days after transfection (Fig. 2B): depletion of MASTL, with
all three siRNAs, reduced the growth of both cell lines in comparison
with control. In particular, the three MASTL siRNA #1, #4, and #5
reduced, respectively, the growth of HTC/C3 cells by 27.2%, 18.4% and
72.9%, and that of 8505C cells by 35.3%, 20.2%, and 68.9%.

Overall, these results demonstrate that thyroid tumor cell pro-
liferation requires MASTL activity.

3.3. MASTL-depleted cells exhibit abnormal nuclei and aberrant mitotic

figures

As anticipated in the previous paragraph, at variance with siNT
control, MASTL-depleted HTC/C3 and 8505C cells exhibited altered
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Fig. 1. Detection of MASTL expression in thyroid cancer tissues by immunohistochemistry. (A) Left: scatter dot plot distribution of H-score values measuring
MASTL expression in a proprietary collection of 39 thyroid tumor (T) and 28 normal (N) samples; in the graph the median is recorded. Right: paired dot plot of H-
score values of 28 matched thyroid tumor and normal samples. (B) Examples of the immunohistochemical results in four representative cases, showing a consistent
MASTL immunoreactivity between tumor (T) and normal cells (N) (40X magnification).

morphology, such as giant cells with multiple nuclei (Fig. 2A, bottom).
Multinucleated giant cells displayed abnormal nuclei, such as multiple/
lobate nuclei, nuclear blebs, and micronuclei [32], which can originate
from errors in mitosis, including those caused by MASTL depletion [4].
Of note, we have previously reported non-quantitative evidence of
nuclear abnormalities in 8505C MASTL-depleted cells [18]. To further
investigate the previously listed nuclear aberrations in our experi-
mental setting, HTC/C3 and 8505C cells transfected with control and
MASTL siRNAs were stained with DAPI and scored for the presence of
aberrant nuclear structures (Fig. 3A). In both cell lines, MASTL deple-
tion significantly increased the percentage of nuclear abnormalities
compared to control. The nuclear anomalies were observed for HTC/C3
in 16.9% of siMASTL #1-cells, 19.3% of siMASTL #4-cells, and 21.1%
of sSiMASTL #5-cells, but only in 6.1% of control cells; similarly, nuclear
anomalies were observed in 8505C cells, and were present in 28.1% of
siMASTL #1-cells, 36.8% of siMASTL #4-cells and 41.1% of siMASTL
#5-cells, in comparison to 14% for siNT.

We next investigated the occurrence of mitotic aberrations in
MASTL-depleted HTC/C3 and 8505C cells by immunofluorescence
analysis for microtubules (B-tubulin), phosphorylated histone H3 on
serine 10, and nuclei (DAPI). The results are reported in Fig. 3B: in

comparison to normal mitoses in control cells (a and e), MASTL-de-
pleted cells were characterized by the presence of lagging chromosomes
(b, ¢ and @), unbalanced chromosome segregation (d), DNA bridges
connecting daughter cells (f), and multipolar mitosis with lagging
chromosomes (h). Together, these data suggest that MASTL knockdown
perturbs mitotic cell division, thus give rise to cells with abnormal
nuclei.

The perturbation of mitosis upon MASTL depletion was also docu-
mented by time-lapse phase-contrast and fluorescence microscopy of
control and MASTL-depleted HTC/C3 and 8505C cells stably expressing
the GFP-tagged histone H2B (H2B-GFP) (hereafter called HTC/C3_H2B-
GFP and 8505C_H2B-GFP cells). Different from control cells, which
proliferated and displayed normal mitosis, reaching confluence at the
end of the experiment, cells silenced for MASTL showed severe defects
in mitotic cell division, with consequent growth impairment. The ma-
jority of HTC/C3_ H2B-GFP cells transfected with siMASTL#1 and #4
did not undergo mitosis and, as a consequence, formed abnormally
nucleated giant cells. Mitotic impairment was even more evident in
siMASTL#5 cells which were not able to complete mitosis and even-
tually died (Supplementary videos). To a lesser extent, MASTL-depleted
8505C_H2B-GFP cells also had the same phenotype (Supplementary
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Fig. 2. MASTL knockdown impairs ATC
cell growth. (A) HTC/C3 and 8505C cells
were transfected with control (siNT) and
MASTL siRNAs, and split the following day.
Top: Cell growth determined by CellTiter-Glo
assay at the indicated time points after
splitting; values are plotted as mean *+ sd
and normalized to values on day 1. Middle:
Western blot analysis of MASTL expression in
siRNAs-transfected HTC/C3 and 8505C cells
at day 1 after splitting (2 days after trans-
fection); actin represents loading control.
Bottom: representative images of siRNAs
transfected HTC/C3 and 8505C cells at 5 and
4 days after transfection, respectively. Giant
cells with multiple nuclei are indicated by
arrowheads. Scalebar = 100 um. (B) Growth
assay of HTC/C3 and 8505C cells 7 days after
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videos). Size analysis of GFP-positive nuclei showed that siMASTL
HTC/C3_H2B-GFP cells displayed an increase in cells with double nu-
clei (ranging from 42.7% to 68.9% for #1, 38.5%-60.9% for #4, and
44.1%-84.1% for #5), compared to siNT (ranging from 30.8% to
47.4%) (Fig. 3C).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.canlet.2018.11.010.

On the whole, MASTL-depleted thyroid tumor cells display aberrant
mitosis, abnormal nuclei, and micronuclei, features that are indicative
of mitotic catastrophe.

3.4. Depletion of MASTL associates with an increase in YH2AX

It is well established that aberrant mitosis and nuclear abnormalities
are often associated with DNA double strand breaks (DSBs) [33]. To
investigate this association in MASTL-depleted thyroid tumor cells we

siNT

366

three (for 8505C) independent experiments.
In A (top) and B, an unpaired Student's t-test
was used to compare MASTL siRNAs vs
control (*p < 0.05; **p < 0.01;
#xp < 0.001).
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#1 #4  #5

siMASTL

performed immunofluorescence analysis on control (siNT) and MASTL-
depleted (siMASTL #1, #4 and #5) HTC/C3 and 8505C cells for
phosphorylated histone H2AX on serine 129 (referred to as YH2AX), an
established marker of DNA DSBs [34]; the analysis was performed at
72h after siRNA transfection (Fig. 4A). The percentage of yH2AX-po-
sitive cells was significantly higher in MASTL-depleted cells than in
control in both HTC/C3 and 8505C cells. In addition to cells bearing
distinct YH2AX foci, we also detected cells that displayed pan-nuclear
yH2AX staining. The percentage of cells carrying YH2AX foci was sig-
nificantly higher (at least 2 fold) in MASTL-depleted cells with respect
to control in both HTC/C3 and 8505C cells, indicating an increase of
DNA DSBs. Interestingly, the presence of YH2AX foci was often asso-
ciated with marked nuclear abnormalities (Fig. 4A, bottom), supporting
the notion that DNA DSBs may be produced by aberrant cell division.
With respect to cells bearing pan-nuclear YH2AX staining, which is
considered to be associated with apoptosis [35], we observed an


https://doi.org/10.1016/j.canlet.2018.11.010
https://doi.org/10.1016/j.canlet.2018.11.010

E. Cetti et al.

A

HTC/C3

w
S

N
@

N
<

5

% cells with abnormal nuclei
(III 3\

0
SINT #1 #4 #5
SiIMASTL

8505C

Cancer Letters 442 (2019) 362-372

Fig. 3. Depletion of MASTL induces ab-
normal nuclei and mitotic aberrations.
HTC/C3 and 8505C cells were transfected
with the indicated siRNAs and analyzed 5
and 4 days later, respectively. (A)
Representative images of cells stained for
nuclei (blue, DAPI); cells with nuclear
aberrations are indicated by arrowheads.
The graphs represent the corresponding
quantification; for each set, the percentage
of abnormal nuclei (represented as
mean * sd) was determined by counting a
total number of 2 x 10°cells for HTC/C3
and 3 x 10> cells for 8505C from at least 6
independent experiments; an unpaired
Student's t-test was used to compare control
vs MASTL siRNAs; asterisks indicate statis-
tical significance (***p < 0.001). (B)
Representative  images of immuno-
fluorescence from cells stained for micro-
tubules (B-tubulin, green), phosphorylated
histone H3 (Ser10) (pH3, red) and nuclei
(DAPI, blue). Scalebar = 50 ym. (C) Time-
lapse analysis of HTC/C3 cells at the in-
dicated time points (hours) after transfec-
tion with control and MASTL siRNAs.
Histograms represent the percentage of
HTC/C3 cells displaying single (yellow) and
double nuclei (green), plotted as mean * sd
of three independent experiments; size of
GFP-positive nuclei was analyzed with Cell-
IQ Analyser Pro-Write software and the
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increase in MASTL-depleted HTC/C3, but not in 8505C cells. This
finding may be related to the different timing of the cell death process
in the two cell lines. Indeed, at the same time point of immuno-
fluorescence analysis (72h after siRNA transfection), cell death was
more evident in HTC/C3 than in 8505C cells (see Fig. 5 and Table S1).
We further documented the increase of YH2AX in MASTL-depleted cells
by immunoblotting. Together with the efficient MASTL silencing as
early as 48 h after siRNA#5 transfection, a gradual increase of yYH2AX
expression levels in both MASTL-depleted cell lines was observed,
starting from 72 h after transfection (Fig. 4B). Similar results were ob-
tained in cells transfected with siRNA #1 and #4 (Supplementary
Figure S1).
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siMASTL#4

E double nuclei

number of cells with single or double nuclei
was recorded during the entire experiment.

O PP P S AV P P

siIMASTL#5

3.5. MASTL knockdown is associated with thyroid tumor cell death

Mitotic catastrophe characterized by the presence of aberrant mi-
tosis, abnormal nuclei, and micronuclei is an event preceding cell death
by apoptotic and non-apoptotic mechanisms [36]. We investigated the
occurrence of cell death upon MASTL depletion. HTC/C3 and 8505C
cells were transfected with control (siNT) and MASTL (siMASTL #5)
siRNAs and analyzed at different time points. The reduction of MASTL
protein expression was documented by western blot (Supplementary
Figure S2). Starting from 72 h after transfection, we observed the pre-
viously described morphological changes and an increase in floating
cells in MASTL-depleted HTC/C3 and 8505C cells (data not shown).
Annexin V assay followed by flow cytometry analysis showed that



E. Cetti et al.

A

Cancer Letters 442 (2019) 362-372

Fig. 4. MASTL silencing increases the
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MASTL depletion was associated with a gradual decrease in the per-
centage of viable cells. For HTC/C3 (Fig. 5, top, and Supplementary
Table S1), while the percentage of viable (TO-PRO-3 negative) control
cells remained relatively constant over time (87.5-78.8%), MASTL-
depleted viable cells decreased from 87.9% at 48h to 43.3% at 120 h
after transfection. Concomitantly, from 72h onwards, we observed a
consistent increase of the number of siMASTL-HTC/C3 dead cells (TO-
PRO-3 positive), increasing from 12.1% at 48 h to 56.7% at 120 h after
transfection, whereas control dead cells were in the range of
12.5-21.1%. Similar results were obtained in 8505C cells (Fig. 5,
bottom, and Supplementary Table S1): while viable control cells re-
mained constant (90.2-93.9%), MASTL-depleted viable cells decreased
from 86.6% at 48 h to 70.6% at 120 h after transfection. At the same
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time, the number of MASTL-depleted dead cells increased from 13.4%
at 48 h to 29.5% at 120 h after transfection, in comparison to control
cells which ranged from 6.1 to 9.8%. The majority of dead cells dis-
played apoptotic feature (TO-PRO-3 positive/Annexin V positive). The
occurrence of apoptotic cell death was confirmed by western blot
analysis (Fig. 6). For both cell lines, efficient MASTL silencing detect-
able as early as 48 h after siRNA transfection was associated with in-
creased expression of the apoptotic markers cleaved caspase 3 and
cleaved PARP, starting from 72 h after siRNA transfection. Of note, this
finding is consistent with the pan-nuclear yYH2AX staining we pre-
viously observed by immunofluorescence at the same time point in si-
MASTL-HTC/C3 cells (Fig. 4).

On the whole, these results demonstrate an association between
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Fig. 5. Knockdown of MASTL is associated with cell death. HTC/C3 and 8505C cells were transfected with control (siNT) or MASTL (siMASTL #5) siRNAs and
analyzed at the indicated time points after transfection. Cells were stained with TO-PRO-3 and FITC Annexin V in order to discriminate the percentage of viable and
dead cells. For each cell line, representative dot plot (top) and histogram representations (bottom) of FCM analysis are shown; one representative analysis of three
(for HTC/C3) and two (for 8505C) independent experiments is shown.
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HTC/C3 8505C Fig. 6. Detection of apoptotic markers in MASTL-
depleted cells. HTC/C3 and 8505C cells were
48h _72h 96 h 120 h 48 h 72h 96 h 120 h transfected with control (siNT) or MASTL (siMASTL
SiNT + - + - + - + - T #5) siRNAs and analyzed at the indicated time points
SIMASTL#5 - + - + - + I -+ - ¥ I I after transfection by western blot analysis for the
expression of MASTL, cleaved Caspase 3, and cleaved
"' — - || ‘ | e _— e ‘ MASTL PARP (arrowhead); GAPDH was used as loading
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MASTL depletion and the occurrence of thyroid tumor cell death, thus comparison to the siNT control), which was emphasized when cells
supporting a role of MASTL in regulation of growth and viability of were treated with cisplatin (by 65-82% in 8505C cells and 83% in
thyroid tumor cells. HTC/C3 cells).
On the whole, these observations support the premise that MASTL
3.6. MASTL knock-down enhances thyroid tumor cell sensitivity to cisplatin depletion induces chemosensitivity in thyroid tumor cells.
The DNA damaging drug cisplatin is one of the most commonly used 4. Discussion
chemotherapeutic agents for treatment of various tumors, including
anaplastic and metastatic thyroid cancers [37,38]. Unfortunately, cis- The mitotic kinase MASTL has recently emerged as promising
platin is usually ineffective in thyroid tumors due to drug resistance and therapeutic target for cancer treatment. MASTL overexpression has
toxicity, and does not improve overall patient survival [39]. Herein, we been observed in several solid tumors [9,10], and in breast cancer is
investigated whether MASTL depletion, which enhances DNA damage, associated with poor prognosis [11]. MASTL inhibition is able to reduce
is able to sensitize thyroid tumor cells to cisplatin, as already described the viability of head and neck tumor cells when combined with cisplatin
for other tumor types [10,40]. Towards this aim, 8505C and HTC/C3 treatment [10] and of non small cell lung cancer cells when combined
cells were transfected with siMASTL#5 and two days later were treated with radiation therapy [13]. Notably, both these studies reported that
for 48 h with increasing doses of cisplatin, whose toxicity in both cell MASTL inhibition alone has a partial [10] or null [13] growth in-
lines has been previously assessed. Cells were then assessed for viability hibitory effect on tumor cells. Furthermore, it was very recently de-
by CellTiter-Glo assay. The dose-response curves reported in Fig. 7A monstrated that MASTL inhibition reduces the growth of breast cancer
show that while sensitivity to increasing doses of cisplatin was similar cells both in vitro and in vivo and enhances radiosensitivity [11,15]. No
in parental and siNT-transfected cells, it consistently increases in effect of MASTL depletion on normal cells has been observed [10,15].
MASTL-depleted cells. The reduced cell viability in the presence of To date, the role of MASTL in the regulation of thyroid tumor cell
cisplatin (10 uM and 20 pM for 8505C cells, 3 uM for HTC/C3) is more biology has been never explored. We identified MASTL as vulnerability
evident as shown in Fig. 7B: MASTL depletion led to a appreciable for this tumor type. Indeed, a siRNA-based functional screening iden-
decrease of viability (by 35% in 8505C cells and 55% in HTC/C3 cells in tified MASTL among a list of genes whose inhibition affected the growth
A B Fig. 7.MASTL depletion sensitized
8505C 8505C = 0uM thyroid tumor cells to cisplatin. (A) Dose-
120~ 120~ b {ouy Tesponse curves of parental and siNT/
o a =e=118505C: _ = mm 20uM  MASTL#5-transfected cells treated, two
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e 80 -+ 8505C sIMASTL#S S 4] concentration of cisplatin (1, 3, 10, 20,
Z 6ol :E so 50 uM for 8505C cells; 1, 3, 10 uM for HTC/
E '_E C3 cells) up to 48 h. The cell viability was
> 401 'S 404 determined by Cell-Titer Glo assay. Data are
E 204 § 20 expressed as mean * sd of four independent
experiments in triplicate. (B) Histograms
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of thyroid tumor cell lines, while sparing that of immortalized normal
thyrocytes. Herein, we first documented the lack of MASTL protein
overexpression in a thyroid tumor collection. Indeed, we found that
MASTL protein is expressed at comparable level in tumor and normal
thyroid tissues, in line with previous gene expression data [18]. This is
in agreement with the “non-oncogene addiction” concept, indicating
that, and at variance with other tumor types featuring MASTL over-
expression, thyroid tumor cells are ‘addicted’ to the basal activity of
MASTL. We further characterized the effects of MASTL depletion in
thyroid tumor cells in two ATC-derived cell lines, and observed a
considerable reduction of cell growth upon MASTL depletion by siRNA.
Furthermore, MASTL-depleted cells displayed mitotic catastrophe, had
increased levels of DNA damage and, ultimately, underwent cell death.

The evidence that MASTL inhibition significantly hampers the
growth of thyroid tumor cells stresses its relevance as a possible target
for thyroid cancer treatment. We further observed the presence of al-
tered size/morphology and aberrant mitotic figures in MASTL-depleted
thyroid tumor cells, which were in accordance with what reported as
the consequences of MASTL depletion in both normal and tumor cells of
different origin [4,5]. The outcome of such aberrant mitoses is referred
to as mitotic catastrophe, and is characterized by the formation of large
cells with aberrant nuclear structures, such as multiple nuclei, micro-
nuclei, and lobular nuclei [36]. Mitotic catastrophe is a step preceding
cell death, which may occur through apoptotic or necrotic mechanisms,
either after or during deregulated mitosis [36]. The occurrence of mi-
totic catastrophe in our experimental setting was further documented
by time-lapse microscopy experiments, unequivocally showing im-
paired mitotic cell division and multinuclear giant cell formation upon
MASTL depletion.

As a consequence of chromosome segregation errors during ab-
normal mitosis [33], cells displaying mitotic catastrophe accumulate
chromosomal breaks that eventually trigger a DNA damage response
and cell death [41]. In MASTL-depleted cells, we observed increased
expression levels, as well as increased foci number, of the DNA DSBs
marker yYH2AX. MASTL is involved in both the regulation of DNA da-
mage response [7] and maintenance of genome stability during DNA
damage response [8]; the contribution of these mechanisms to the in-
crease in DNA damage in MASTL-depleted cells remains to be in-
vestigated. Interestingly, we also documented increased pan-nuclear
expression of YH2AX upon MASTL depletion, a feature recognized as
suggestive of initial apoptosis [35]. Indeed, upon MASTL depletion, we
observed increased cell death, definitely involving an apoptotic me-
chanism, as suggested by both western blot and annexin V assay.

Recently, several studies highlighted a key role for MASTL in reg-
ulating chemoresistance; indeed, MASTL inhibition renders cancer cells
more sensitive to chemotherapeutic agents such as cisplatin and 5-
fluorouracil [10,14,40]. In agreement with these observations, we
showed that MASTL depletion enhances the sensitivity of thyroid tumor
cells to cisplatin. Since standard chemotherapies for ATC are relatively
ineffective [39], the combination of MASTL depletion with che-
motherapy could represent a new therapeutic strategy for thyroid
cancer.

MASTL depletion has been demonstrated to affect the growth of
several tumor cell types as a consequence of mitotic defects
[10,11,13,15]. In our experimental model, mitotic catastrophe con-
sequent to MASTL inhibition caused cell death, in agreement with a
previous study on MASTL-depleted breast cancer cells [15]. Alvarez-
Fernandes et al. [11] reported that the sensitivity of breast tumor cell
lines to MASTL depletion is related to the expression level of the B55
subunit of the PPA2/B55 complex, which is inhibited by MASTL ac-
tivity. Further studies are needed to assess the role of B55 subunit and
to identify the molecular requirements of MASTL vulnerability of
thyroid tumor cells.

The stimulation of mitotic catastrophe has emerged as a promising
strategy for cancer therapy. Treatment with ionizing radiation [42] or
with drugs that hinder proper cell division [43] causes mitotic
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catastrophe features in tumor cells, leading to cell death [44]. With
regards to thyroid tumors, the targeting of mitotic regulators has al-
ready been explored in preclinical studies: targeting of PLK1 [45] and
Aurora kinases [46] through small-molecule inhibitors significantly
reduced the growth and induced cell death in ATC-derived cell lines.
Our study identifies a novel mitotic target and strengthens the evidence
that mitotic regulators are promising targets for thyroid tumor treat-
ment, either alone or in combination with chemotherapy.

On the whole, our study clearly demonstrated that MASTL re-
presents vulnerability for thyroid tumor cells: its inhibition hinders
thyroid tumor cell growth and is associated with increased DNA da-
mage, mitotic catastrophe, and cell death, and enhances the sensitivity
to cisplatin. The efficacy of MASTL inhibition in preclinical in vivo
models of thyroid tumors remains to be investigated. We preliminarily
attempted this issue by local treatment of 8505C mouse tumor xeno-
grafts with siMASTL, but no effects on MASTL gene and protein ex-
pression were detected, suggesting that the reagents and experimental
conditions must be established for assessing the in vivo effects of MASTL
depletion. An alternative approach could be the use of small molecule
MASTL inhibitors, whose identification is currently underway, and
which has been prompted by the increasing evidence of MASTL as a
potential target for cancer therapy. Based on determination of the
structure of the minimal MASTL kinase domain, Ocasio et al. [16] de-
signed GCK-1, a ‘first generation inhibitor’ that can inhibit MASTL ki-
nase activity and cause cellular phenotypes similar to those observed
upon MASTL siRNA treatment. Very recently, through virtual screening
of natural and synthetic compounds, Ammarah et al. [17] identified a
list of putative MASTL inhibitors, among which the synthetic compound
ZINC53845290 exhibited promising binding activity. The availability of
MASTL inhibitors holds great promise for studies aimed at assessing the
efficacy of MASTL inhibition in preclinical models, and to further va-
lidate MASTL as a therapeutic target for thyroid and other tumor types.
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