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Abstract
Purpose Anaplastic thyroid cancer (ATC) is among the most aggressive and unresectable tumors, presenting a bad prog-
nosis. A better comprehension of the functional and molecular mechanisms behind the aggressiveness of this cancer, as well
as new biomarkers for aggressiveness, prognosis, and response to therapy are required. However, owing to their irresect-
ability, ATC tissue is not always accessible. Here we describe the establishment and characterization of a new patient-
derived cell line, obtained from an unresectable ATC through fine-needle aspiration cytology (FNAC).
Methods The morphology, expression of epithelial and thyroid markers, cytogenetic, mutational and gene expression
profiles, doubling time, and drug-resistance profile of the new cell line, designated C3948, were investigated using several
methodologies: immunostaining, karyotype analysis, comparative genomic hybridization (CGH), fluorescent in situ
hybridization (FISH), next-generation sequencing (NGS), Sanger sequencing, gene expression microarrays, cell counting,
and IC50 determination.
Results Results indicate that C3948 cell line has a histological phenotype representative of original ATC cells and a
completely aberrant karyotype with many chromosomal losses and gains; harbors mutated TP53, STK11, and DIS3L2 genes;
presents a gene expression profile similar to C643 ATC commercial cell line, but with some unique alterations; has a
doubling time similar to C643; and the IC50 profile for paclitaxel, doxorubicin, and cisplatin is similar to C643, although
higher for cisplatin.
Conclusions These observations are consistent with a typical ATC cell profile, supporting C3948 cell line as a novel
preclinical model, and FNAC as a useful approach to better study anaplastic thyroid cancer, including testing of new
anticancer therapies.

Keywords Anaplastic thyroid cancer ● Tumor cell line ● Fine-needle aspiration cytology ● Genetic profile ● Cytogenetic
techniques ● Molecular biology

Introduction

Anaplastic thyroid carcinoma (ATC) is a rare but highly
aggressive cancer in humans, comprising one of the main
causes of thyroid cancer-related deaths [1]. ATC’s loco-

These authors contributed equally: Ana T. Pinto, Marta Pojo

* Branca M. Cavaco
bcavaco@ipolisboa.min-saude.pt

1 Unidade de Investigação em Patobiologia Molecular (UIPM),
Instituto Português de Oncologia de Lisboa Francisco Gentil
(IPOLFG) E.P.E., Rua Prof. Lima Basto, 1099-023
Lisboa, Portugal

2 Serviço de Endocrinologia, Instituto Português de Oncologia de

Lisboa Francisco Gentil (IPOLFG) E.P.E., Rua Prof. Lima Basto,
1099-023 Lisboa, Portugal

3 Faculdade de Ciências Médicas, Nova Medical School, Campo
Mártires da Pátria 130, 1169-056 Lisboa, Portugal

4 Serviço de Anatomia Patológica, Instituto Português de Oncologia
de Lisboa Francisco Gentil (IPOLFG) E.P.E., Rua Prof. Lima
Basto, 1099-023 Lisboa, Portugal

Supplementary information The online version of this article (https://
doi.org/10.1007/s12020-019-02009-5) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s12020-019-02009-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12020-019-02009-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12020-019-02009-5&domain=pdf
http://orcid.org/0000-0001-8946-8635
http://orcid.org/0000-0001-8946-8635
http://orcid.org/0000-0001-8946-8635
http://orcid.org/0000-0001-8946-8635
http://orcid.org/0000-0001-8946-8635
mailto:bcavaco@ipolisboa.min-saude.pt
https://doi.org/10.1007/s12020-019-02009-5
https://doi.org/10.1007/s12020-019-02009-5


regional invasiveness makes it generally unresectable and
resistant to chemotherapy/radiotherapy. The prognosis of
ATC patients is very poor with a median survival of
5–6 months, with only 10–15% of ATC patients having 2
years of survival after diagnosis [2, 3]. These dedifferentiated
tumors are characterized by many molecular alterations,
namely, mutations in BRAF, RAS, TERT promoter, TP53,
PIK3CA, PTEN, CDKN2A, and CDKN2B genes [4–6].

Presently, there is still a lack of truly effective therapies
able to prolong patients’ survival, being the current therapies
only used as palliative care [7]. Therefore, there is an urgent
need to better understand the biology of ATCs and develop
new effective therapies. Human tumor-derived cell cultures
are crucial tools in research, allowing to study cancer biol-
ogy and predict drug resistance [8], avoiding the adminis-
tration of ineffective chemotherapeutic drugs to patients.
Several authors have successfully obtained ATC cell lines
derived from surgically removed tumors [6, 9–12]. How-
ever, since the majority of ATCs are inoperable, fine-needle
aspiration cytology (FNAC) has been considered as a good
approach for obtaining primary ATC cell cultures [13].

Here we describe the establishment of a new ATC cell
line (C3948), obtained from an unresectable ATC, through
FNAC. A comprehensive genomic, cytogenetic, histo-
pathological, and phenotypic (including drug resistance)
characterization was performed. Our results show that
C3948 retained the clinical features of the original cancer
cells with respect to genetic and cytological alterations,
presenting a drug-resistant profile similar to the commercial
ATC cell line C643, and a unique gene expression and
mutation profile. We therefore believe that this new cell line
is a reliable model to investigate ATC biology, namely, new
mutations and differentially expressed genes that could be
responsible for drug resistance. This work supports the use
of FNAC as a valuable strategy to obtain ATC cell cultures
and to investigate the molecular mechanisms of ATC
aggressiveness, which could help to predict tumor behavior
and decide the best therapeutic strategy for each patient.

Materials and methods

Patient history

A 66-year-old male presented with a painful fast-growing
neck mass for the past 2 months, associated with dysphonia
and weight loss. Neck ultrasound revealed a tumor in the
left lobe of thyroid gland with a thrombus in the internal
jugular vein. Computed tomographic (CT) scan evidenced
the same lesion, measuring 90 × 65 × 65 mm, pushing the
trachea to the right, possibly infiltrating the paravertebral
muscles, and mediastinal adenopathies, with the largest
(76 × 18 mm) compressing the esophagus. The positron

emission tomography-fluorodeoxyglucose/CT scan did not
disclose additional metastatic foci. The initial classification
of the tumor was IVB stage, according to American Joint
Committe on Cancer Tumor, Metastasis, Node classification
of malignant tumors [14]. A biopsy was obtained from the
left cervical mass through FNAC, after approval by the
institutional ethical review committee and patient’s written
informed consent. FNAC diagnosis was compatible with
ATC. Owing to the unresectability of this lesion, the patient
was submitted to cervical and mediastinal intensity-
modulated radiation therapy (50 Gy in 25 fractions). How-
ever, the disease progressed under therapy, developing
multiple pulmonary and pleural metastases and the patient
died 6 months after the diagnosis.

Cell culture

Cells were cultured in RPMI-1640 medium with (C3948) or
without (C643) Hepes (Gibco®, Life Technologies, Paisley,
UK), supplemented with 1% L-Glutamine (Gibco®, Life
Technologies, Paisley, UK), 1% Antibiotic–Antimycotic
(Gibco®, Life Technologies, Paisley, UK), and 10% (v/v)
fetal bovine serum (Merck Millipore, Berlin, Germany) and
maintained at 37 °C and 5% CO2. A short tandem repeat
(STR) analysis was performed in C3948 (passages numbers
6 and 30) and C643 cells by STAB VIDA Genetics Lab.
Mycoplasma-free culture was confirmed using the Universal
Mycoplasma Detection Kit (ATCC, Manassas, VA, USA).

Hematoxylin and eosin (H&E) and
immunohistochemistry

C3948 cells (collected at passage number 6) and FNAC spe-
cimen were immerged in 10% buffered formalin, to which
hematoxylin was added. Cell blocks were prepared, using
HistoGelTM (Thermo Scientific, Waltham, MA, USA, ref. HG-
4000-012). After processing, the samples were sectioned and
stained with H&E (Dako CoverStainer for H&E equipment,
Agilent, Santa Clara, CA, USA). The protein expression of
some epithelial and thyroid markers commonly used for thyr-
oid cancer diagnosis was tested by immunocytochemistry using
a BenchMark ULTRA Slide Staining System (Ventana, Oro
Valley, AZ, USA) and CC1 standard antigen retrieval. The list
of antibodies and respective conditions used are depicted in
Supporting Table 1. Positive controls were included for all
antibodies. OptiView (Ventana OptiView Kit, ref. 760-700)
was used as a detection system. All samples were evaluated by
a thyroid cancer expert pathologist.

Karyotype analysis

Karyotype analysis was performed as previously reported
by Roque et al. [15]. In order to better identify the numerous
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chromosomal markers observed, multicolor fluorescence
in situ hybridization (M-FISH) using the 24×Cyte Human
Multicolor FISH probe mix from MetaSystems (GmbH,
Altussheim, Germany) was carried out as described by the
manufacturer’s instructions. Fluorochromes were sequen-
tially captured in a Zeiss Imager Z1 microscope (Zeiss,
Jena, Germany) linked to the M-FISH Cytovision software
(Cytovision version 7.4, Leica Biosystems, Richmond, VA,
USA). Twelve metaphases were collected and karyotypes
were described according to ISCN (2016) [16].

Fluorescent in situ hybridization

For evaluation of CDKN2A gene copy number status of
C3948 cells, a FISH analysis was applied to interphase
nuclei using a commercial dual color probe (Vysis LSI
CDKN2A SpectrumOrange/Vysis CEP 9 SpectrumGreen)
(Abbott Molecular Inc., Des Plaines, IL, USA), according to
the manufacturer’s instructions. The LSI CDKN2A Spec-
trumOrange probe spans the 9p21 region that includes
CDKN2A and CDKN2B genes, while the CEP 9 Spec-
trumGreen probe hybridizes to alpha satellite sequences
specific to chromosome 9. FISH signals were captured and
analyzed using a Zeiss epifluorescence microscope linked to
a Cytovision FISH Probe software program (Cytovision
version 7.4, Leica Biosystems, Richmond, VA, USA).
Overlapping nuclei were excluded and individual and well-
defined nuclei were analyzed. One hundred nuclei were
scored and the number of orange (gene-specific) and green
(chromosome-specific) signals were recorded.

DNA extraction

DNA was extracted from C3948 cells and ATC patient’s
peripheral blood using the PuregeneR Blood Core Kit (Qiagen,
Hilden, Germany), following the manufacturer’s protocol.

High resolution-comparative genomic hybridization
(HR-CGH) analysis

HR-CGH from C3948 cell line was performed according to
the method of Kallioniemi et al. [17], adapted as previously
described [15]. For image analysis, a Zeiss epifluorescence
microscope linked to a Cytovision HR-CGH software pro-
gram (Cytovision version 7.4, Leica Biosystems, Rich-
mond, VA, USA) was used. At least, 15 metaphases were
acquired for the establishment of the HR-CGH profile.

Mutational analysis

DNA from C3948 cells was quantified with Qubit 2.0
Fluorometer (Invitrogen, Carlsbad, CA, USA) using the
High Sensitivity DNA Kit (Invitrogen, Carlsbad, CA,

USA). Fifty nanograms were analyzed by Next-Generation
Sequencing (NGS) in a MiSeq sequencer platform (Illu-
mina, San Diego, CA, USA), according to manufacturer’s
protocol. The commercial multigene panel (TruSight Can-
cer Panel, Illumina, San Diego, CA, USA) used was
designed to target 94 genes (exons and splice site regions)
associated with hereditary cancer predisposition, including
the ATC-related genes PTEN, TP53, CDKN2A (p14ARF,
p16INK4A), CDKN1C (p57), and HRAS. To exclude germ-
line alterations in C3948, peripheral blood DNA from the
respective ATC patient was also analyzed and only those
alterations unique to the new established cell line were
considered. Sequence data were analyzed on the instrument
software MiSeq Reporter v.2.5.1 (Illumina), and the reads
were aligned against the human reference sequence (hg19).
The resulting VCF files were visualized using the Variant
Studio Data Analysis v.2.2 software (Illumina). Bioinfor-
matics analysis supplied the report of all detected sequence
variants and the respective annotation. The following cri-
teria were applied to select potentially relevant variants: (i)
population frequency <1%, (ii) non-synonymous, (iii) total
reads ≥5, and (iv) altered reads ≥3.

The entire coding sequence and exon–intron boundaries
of several genes not included in NGS cancer panel but
known to be important in thyroid tumorigenesis, such as
those involved in the cell cycle [cyclin-dependent kinase
inhibitors (CDKIs): CDKN1A (p21CIP1), CDKN1B
(p27KIP1), and CDKN2C (p18INK4C)], were sequenced in
C3948 cells, as previously described [6]. The sequence of a
novel mutated thyroid cancer-related gene, EIF1AX
(eukaryotic translation initiation factor 1A, X-linked) [18],
was also analyzed as previously described [19]. The hotspot
regions of BRAF, NRAS, KRAS, PI3KCA, and TERT pro-
moter were also sequenced. The primer sequences and assay
conditions are available in Supporting Table 2.

Microarray

Total RNA from C3948 and the commercial ATC cell line
C643 was extracted and purified using the RNeasy Mini Kit
(Qiagen, Hilden, Germany), according to the manu-
facturer’s protocol. C643 cell line was authenticated, as
previously described [20]. A pool of human thyroid total
RNA obtained from 65 Caucasian individuals aged 18–61
years who died from sudden death (BD Bioscience, San
Jose, CA, USA) was used as a control. After quantification
by ultraviolet spectrophotometry (NanoDrop ND-1000,
Thermo Fisher Scientific, Waltham, MA, USA) and integ-
rity assessment by microcapillary electrophoresis (Agilent
2100 Bioanalyzer, Santa Clara, CA, USA), RNA was pro-
cessed following the whole-transcript sense target labeling
assay from Affymetrix and hybridized in a GeneChip™
Human Gene 2.1 ST Array (Affymetrix, Santa Clara, CA,
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USA). This array was designed with probes to measure both
messenger (mRNA) and non-coding RNA. Microarray data
analysis is presented in the Supporting information file.

IC50 determination

To determine the half-maximal inhibitory concentration
(IC50) of drugs commonly used in the treatment of ATCs,
C3948 and C643 ATC cell lines were plated in 96-well
plates (2 × 103 cells/well) and exposed to different con-
centrations of cisplatin (0.1, 0.5, 1, 2, 5, 8, 10, 15, and
20 μM), doxorubicin, and paclitaxel (0.05, 0.1, 0.2, 0.5, 1,
1.5, 2, 2.5, and 5 μM) for 72 h. Metabolic cell viability was
determined by MTT [3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium]
(Promega, Madison, USA), at a final dilution of 1:20. IC50

values were calculated by a nonlinear regression (curve Fit)
based on sigmoidal dose–response (variable slope) using
GraphPad Prism 6.0 (GraphPad software, Inc., USA).

Doubling time calculation

For doubling time determination, C3948 and C643 ATC cell
lines were plated in 6-well plates at an initial concentration
of 60 × 103 cells/well. The cells were harvested with trypsin,
stained with trypan blue, and the number of total viable cells
was counted with a hemocytometer (0.100 mm, Neubauer
Improved, Erlangen, Germany) at three time points after
plating (24, 48, and 72 h). The cell doubling time was cal-
culated using the Doubling Time software version 1.0.10
(http://www.doubling-time.com/compute.php).

Results

Establishment of a new ATC cell line

Cell aggregates from FNAC specimen were mechanically
dissociated, blood cells and detritus were eliminated, and

Fig. 1 Establishment of a new patient-derived ATC cell line - C3948.
A thyroid cancer specimen was collected from a patient through
FNAC. FNAC diagnosis was compatible with ATC. After mechanical
dissociation of the cells within the specimen, elimination of blood cells
and detritus and resuspension of isolated cells, a primary culture was
obtained. This was subcultured for several passages to obtain a new

patient-derived ATC cell line, which was characterized at (cyto)
genetic, molecular and cellular levels. ATC anaplastic thyroid cancer,
FNAC fine-needle aspiration cytology, CGH comparative genomic
hybridization, NGS next-generation sequencing, H&E hematoxylin
and eosin, P passage, STR short tandem repeat
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isolated cells were resuspended in fresh medium (see
“Materials and methods”). After 24 h, cells in suspension
were plated into new wells, a procedure repeated for several
days to increase the probability of obtaining more adherent
cells. When confluent, cells were trypsinized and sub-
cultured for >50 passages. An extensive characterization
was performed at different cell passages (Fig. 1). The STR
profile confirmed a consistent profile along culture time
(Supporting Table 3)

C3948 has a histological phenotype representative
of the original ATC cells

In order to confirm whether the new established cell line
(C3948) maintained the same histological features as the
original FNAC cells, we first compared the morphology of
both samples. H&E staining of original ATC cells revealed
the presence of cells with a marked pleomorphism, mac-
ronucleoli, fusocellular, and epithelioid morphology, with
some multinucleated giant cells (Fig. 2a). A necrotic
background with debris, macrophages and an inflammatory
infiltrate was also observed, confirmed through an immu-
nostaining for CD163, a macrophage marker (Fig. 2a).
C3948 cells reproduced the morphology of the original
ATC cells, with no aggregation, and with the absence of an
inflammatory background indicating a clear isolation pro-
cess free of contamination with other cell types (Fig. 2b).

In addition, both FNAC and C3948 cells were stained for
epithelial (cytokeratin AE1/AE3, cytokeratin-19, and
CAM5.2) and thyroid (thyroglobulin, calcitonin, and PAX-

8 and TTF-1 transcription factors) markers, commonly used
for thyroid cancer diagnosis. Results showed that both
samples expressed AE1/AE3 and Cam5.2 but not cytoker-
atin 19 (Fig. 3a), thyroglobulin, calcitonin, PAX8, or TTF-1
(Fig. 3b). The histological features described are compatible
with the diagnosis of undifferentiated/anaplastic carcinoma
of the thyroid gland.

C3948 has a completely aberrant karyotype with
many chromosomal losses and gains as the majority
of ATCs

As previously reported for ATCs [21], C3948 cell culture
also presented a very complex karyotype with clones with
near triploid, near tetraploid, and near hexaploid chromo-
somal numbers (Fig. 4). The karyotype of the metaphase
depicted in Fig. 4 is: 145 6n<138>XXY, der(X) t(X; 13; 19)
x2, −X, −X −y,? der(y), 1, 1, 1, der(1) t(1;16)q?;?); der(1)
t(1;19)(?;?); der (1) t(1;9)(?;?), 2, 2, 2, 2, −2, −2, 3, 3, der
(3) t(3;2; 7;19)x2; der(3) t(3; 6; 13; 16;) der (3) t(X;3), 4, 4,
4, del (4)x3, ?4, 5, 5, 5, 5, 5, +del(5)(?q)x4, 6, 6, 6, 6, −6,
−6, 7, 7, 7, 7, 7, 7, 7, 7, +del (7), +der (7) t(7; 19) 8, 8, 8,
der (8) t(1;8), der (8) t (3, 7, 8, 13, 19), 9, 9, 9, 9, 9, 9, +del
(9)x2; der(9) t (5;9), 10, 10, 10, 10, 10, 10, 10 11, 11, 11,
11, del (11) der (11) t(4; 10; 11), 12, 12, 12, 12, 12, −12,
der (13) t (X; 2; 13; 19), der (13) t (8, 11, 13, 17, 22), der
(13) (?dup13), der (13) t (X; 8; 13; 19; 21)x2, der (13) t
(13;17) x2, (−14) x4, der (14) t(Y; 14; 20), 15, 15, 15, del
(15q) x7, der(15) t(1; 15;20), +der(15) t(7; 15; 20), 16, 16,
16, 16, 16, der (16) (? dup16) x2, 17, 17, 17, 17, 17, 17, 18,

Fig. 2 Morphology and immune infiltration of fine-needle aspiration
cytologic (FNAC) specimen and C3948 cell line. A hematoxylin and
eosin staining revealed that a FNAC specimen had a marked pleo-
morphism, macronucleoli, fusocellular, and epithelioid morphology,

with some multinucleated giant cells. b C3948 is representative of
original cells but has no macrophage infiltration, as shown by
CD163 staining

292 Endocrine (2019) 66:288–300



Fig. 3 Expression of epithelial and thyroid markers in the fine-needle
aspiration cytologic (FNAC) specimen and C3948 cell line. Samples
were stained for a epithelial and b markers commonly used for thyroid
cancer diagnosis. Consistently, both FNAC and C3948 cells express

CAM5.2 and cytokeratin AE1/AE3 but not cytokeratin-19, thyr-
oglobulin, calcitonin, PAX-8, or TTF-1. All coverglasses were
observed by an expert pathologist. + positive staining; − negative
staining

Fig. 4 Multicolor fluorescence in situ hybridization metaphase of C3948 cells. An aberrant karyotype with 145 chromosomes was observed
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18, 18, del (18q) x2, der(18) t(12; 18), 19, 19, 19, −19,
−19, +der(19)t(7;19), 20, 20, 20, 20, 20, 20, 21, 21, 21, 21,
21, 21, +21, 22, 22, 22, 22, 22, 22, der (22) t (8; 13, 22).

This cell line was characterized by an extensive genomic
instability. None of the analyzed metaphases had a similar
karyotype. Aberrations observed in 100% of the cells were:
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a del (5)(q?), a der (8) t(1;8)(q32; q24), a der (14) hsr(14)
(q?), and a derivative chromosome 19 with a breakpoint at
19p13. The chromosomes rearranged with 19 were variable,
being chromosome 7 the most frequently rearranged.
Translocations involving chromosome 3 and X with two or
more chromosomes were also observed in 100% of the
metaphases. A detailed chromosomal analysis through HR-
CGH showed a complex CGH profile with many gains,
amplifications, and losses of genetic material, confirming
the karyotype instability observed (Fig. 5; Supporting Table
4).

C3948 cells harbor mutated TP53, STK11, and DIS3L2
genes

The DNA from both C3948 ATC cell line and matching
ATC patient peripheral blood leukocytes were screened for
mutations by NGS using a multigene panel. Three somatic
genetic alterations were found, as they were detected
exclusively in C3948 cells and not in patient’s blood:
c.1036G>T in TP53, c.647C>T in serine/threonine kinase
11 (STK11), and c.1082G>T in DIS3 like 3’-5’ exoribo-
nuclease 2 (DIS3L2) (Table 1). The assessment of intra-
genic polymorphisms in TP53 revealed loss of
heterozygosity in the tumor, which indicates that the variant
was hemizygous. The variant in TP53 is predicted to gen-
erate a truncated protein, while those in STK11 and DIS3L2
are missense variants. According to COSMIC database, the
identified somatic variants in STK11 and TP53 were already
reported in different carcinomas, namely, in lung adeno-
carcinoma. However, the variant found in DIS3L2 is of
unknown significance, being considered tolerated, possibly
damaging or disease causing by different in silico prediction
tools. Although cells in culture may acquire new features,
the present molecular characterization was performed in
DNA collected from a low passage after cell isolation.

In addition, a FISH analysis was performed to evaluate a
possible biallelic deletion of CDKN2A (p14ARF, p16INK4A)
suggested by NGS results. A commercial probe for 9p21
region, which covers the CDKN2A/B genes, and a probe
control for the centromere of chromosome 9 were used. A

Fig. 5 High-resolution comparative genomic hybridization (HR-CGH)
analysis of C3948 cells. Images of a CGH karyotype and b CGH
profile evidence many gains, amplifications, and losses of genetic
material. The green (test DNA) to red (reference DNA) fluorescence
ratio along the length of the chromosomes was calculated. This HR-
CGH version uses dynamic standard reference intervals based on the
systematic variation seen in normal samples. When the dynamic
standard reference intervals do not overlap the confidence limits, the
software interprets as either a loss (thresholds <0.75) or a gain
(thresholds >1.25) in the test DNA. Thresholds >2.0 were considered
to indicate high copy gains/amplifications. Heterochromatic regions in
chromosomes 1, 9, 16, and Y and the p arms of the acrocentric
chromosomes were discarded from the analysis
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great variability in signal counts per nuclei was observed:
56% of nuclei had gain of copies of both probes, e.g., with
gains of 2, 3, and 4 copies in, respectively, 14, 20, and 8%
of the nuclei scored; 42% nuclei had less copies of
CDKN2A probe compared to the number of copies of the
probe for the centromere of chromosome 9. As an example,
12% had 4 copies of CDKN2A probe and 5 copies of the
centromere 9 (arrow in Fig. 6), and 12% had 5 copies of
CDKN2A probe and 6 copies of centromere 9.

Other genes not included in NGS panel but important in
thyroid tumorigeneses, such as those involved in cell cycle
[CDKIs: CDKN1A (p21CIP1), CDKN1B (p27KIP1), and
CDKN2C (p18INK4C)] and a novel thyroid cancer-related gene
(EIF1AX), were analyzed by Sanger sequencing, as well as
hotspot regions of BRAF, NRAS, KRAS, PI3KCA, and TERT
promoter. No alterations were found in any of these genes.

The gene expression profile of C3948 is similar to
the C643 commercial ATC cell line when compared
with normal thyroid tissue

We determined the global gene expression profile of both
C3948 cells and the commercial ATC cell line C643 using
RNA extracted from both cell lines and compared it with a
commercial pool of normal human thyroid RNA. Hier-
archical clustering of 31,135 transcripts showed that both
ATC samples clustered together, separated from the normal
thyroid pool sample (Fig. 7, Supporting Table 5).

Using a 2-fold change to define differentially expressed
genes between ATC cell lines and normal thyroid, we
obtained 1446 altered transcripts, including coding and non-
coding RNAs, corresponding to 1391 genes (Fig. 8, Sup-
porting Table 6). Almost 50% of them are deregulated in
both ATC cell lines in comparison with normal thyroid
tissue. Gene set enrichment analysis identified sets of
commonly upregulated genes in both C3948 and C643
markedly related to mitotic cell cycle, while the down-
regulated ones are associated with thyroid hormone meta-
bolic process.

Despite the similarity between the gene expression pro-
files of both ATC cell lines, >300 transcripts are exclusively
deregulated in C3948 (Supporting Table 7). Gene enrich-
ment analysis showed that upregulated IDs are associated
with DNA binding, while the downregulated ones with the
reproductive system.

The doubling time of both C3948 and C643 is similar

Doubling time during the exponential growth phase of
C3948 was determined and compared with that of C643.
The total number of viable cells was counted at 24, 48 and
72 h after plating (Fig. 9). Considering the exponential
growth phase, the duplication time was of 30 h for C3948
and 23 h for C643. Although both cell lines presented a
similar growth rate, that from C3948 was slightly lower
than C643.

Fig. 6 Representative example
of fluorescence in situ
hybridization (FISH) analysis
with the location and coverage
of Vysis LSI. CDKN2A
SpectrumOrange/Vysis CEP 9
SpectrumGreen Probes (adapted
from Abbott) and image of FISH
nuclei. The great variability of
signal counts per nucleus is
shown. In a normal cell, the
expected pattern for nuclei
hybridized with the LSI
CDKN2A⁄ CEP 9 probe is the
two Orange(O)/two-green signal
(G) pattern (2 O/2 G), while a
C3948 cell may have, e.g, a
nucleus with four signals from
the CDKN2A probe (4 O) and
five signals from the centromere
of chromosome 9 (5 G), as
indicated by the arrow in
the photo
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The IC50 profile for paclitaxel, doxorubicin, and
cisplatin is similar in both C643 and C3948, although
higher for cisplatin in C3948

We determined the half maximal inhibitory concentration
(IC50) of three anticancer agents (doxorubicin, cisplatin, and
paclitaxel) commonly used in ATC palliative care (Fig. 10).
The graph evidences a similar IC50 profile within the same
range of values for each of the three drugs tested in both
C3948 and C643, with cisplatin presenting the highest IC50

value and paclitaxel the lowest one, indicating that pacli-
taxel was the most efficient drug evaluated. Considering the
IC50 value of cisplatin in each cell line (5.7 µM ± 0.66 for
C643 and 12.1 µM ± 3.43 for C3948), this drug induced a
significantly higher decrease in C643 viability than in
C3948 cells.

Discussion

ATCs are very aggressive tumors, often inoperable, with no
current effective treatments. As validated by Antonelli and
colleagues [13], FNAC is an essential methodology to
access this biological material and establish patient-derived
ATC cell lines to further study ATC drug resistance.

In the present work, ATC cells were collected through
FNAC to establish a new patient-derived cancer cell line
(C3948), which was further characterized. The fidelity of
C3948 to the characteristics of the originating tumor was
first checked, as an essential validation step that should be
done when isolating ATC cells from patients [11, 22].
Immunostaining showed that, similar to the original ATC
cells, C3948 expressed CAM5.2 and cytokeratin AE1/AE3
epithelial markers but not cytokeratin 19 or thyroid-related

markers (thyroglobulin and calcitonin) or transcription
factors (PAX-8, TTF-1).

Fig. 7 Hierarchical clustering of a normal thyroid pool and C3948 and
C643 anaplastic thyroid cancer (ATC) cell lines. Both ATC samples
clustered together, separated from the normal one. Distance separating
samples represents the gene expression resemblance between them.
Analysis was performed using the GeneCluster and TreeView software
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ATCs commonly present a highly complex genome with
multiple breakpoints and large variation in copy numbers
[23]. Accordingly, C3948 cells present an aberrant kar-
yotype with many losses and gains of genetic material.
Regarding their mutational landscape, ATCs are a highly
heterogeneous group of tumors and distinct percentages of
the same mutated genes are observed in different published
cohorts [4–6], making difficult to define a unique panel of

altered genes in ATC. However, it is assumed that the
majority of ATCs harbor mutations in TP53 tumor-
suppressor gene, which may confer them an aggressive
phenotype [24]. Frequent mutations can also be found in
HRAS/KRAS/NRAS, CDKIs, TERT promoter, PTEN,
PIK3CA, or EIF1AX [4–6, 25–27]. The commercial ATC
cell line C643, which we used for comparison, also harbors
mutated TP53 and HRAS [6]. Besides TP53, C3948 also
presents genetic alterations in other tumor-suppressor genes,
such as STK11 [serine/threonine kinase 11, also known as
Liver Kinase B1 (LKB1)] and DIS3L2.

STK11 is involved in cellular responses such as energy
metabolism, cell polarity and cell growth and, when cata-
lytically active, is able to phosphorylate 14 serine/threonine
kinases of the AMPK family [28]. In a mouse model,
STK11 was found to suppress lung tumorigenesis, influen-
cing tumor initiation, differentiation, and metastasis [29].
Somatic mutations in STK11, although rare, have been
reported in different types of cancer, namely cervix, color-
ectal, and lung cancers [30] (COSMIC database v88,
released 19-MAR-19). The co-existence of mutations in
STK11 and TP53 in ATC samples as we reported were also
previously found by Landa and colleagues [4], although at a
low frequency (6%) and associated with mutations in NRAS
or PI3K/AKT/SWISNF/MMR. Particularly the STK11 mis-
sense variant (C.647C>T) described in our work was also
detected in human lung adenocarcinoma cells [29]. This
mutation is located in exon 5 and involves the functional
domain VIII of the protein [31], being expected to impair
STK11 kinase activity, since domain VIII, together with
domains VIB and VII, is a site of substrate recognition and
phosphate transfer initiation [31].

C3948 cells also harbor a missense variant in DIS3L2
gene (c.1082G>T) never described before. DIS3L2 is a 3’-
5’ exonuclease that degrades uridylated miRNAs, namely,
let-7 precursor RNAs, the expression of which is blocked
by the RNA-binding proteins Lin28A and Lin28B [32].
Interestingly, according to our microarray data, and when
compared with normal thyroid tissue, LIN28 mRNA
expression is upregulated in C3948 but not in C643 (Sup-
porting Table 5).

In summary, we report the establishment of a new ATC
cell line obtained from a FNAC, designated as C3948,
which is representative of the original cells. Comparison of
the genetic profiles of this cell line and that of the com-
mercial ATC cell line C643 evidenced the similarity
between them and emphasizes C3948 as a new ATC cell
line. Despite similarities, C3948 has also some unique
features, such as additional mutations in STK11 and DIS3L2
genes which, together with an aberrant karyotype, may have
contributed to disease progression. Therefore, it seems
relevant to perform in vitro tests to further explore the role
of these genetic variants in ATC aggressiveness and drug

Fig. 8 Gene expression profile of C3948 and C643 anaplastic thyroid
cancer (ATC) cell lines, compared with a normal thyroid pool. a A
Venn diagram represents the number of differentially expressed genes
shared between C3948 and C643, when compared to normal thyroid
tissue. b A heat map evidences the 1446 transcripts differentially
expressed between ATC cell lines (C3948 and/or C643) and normal
thyroid tissue. Data are presented in logarithmic scale, with light red
color evidencing the most downregulated genes and light green color
the most upregulated ones

Fig. 9 Doubling time analysis in C3948 and C643 anaplastic thyroid
cancer cell lines. MTT (3-(4,5-dimethylthiazol-2-yl)-5-(3-carbox-
ymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium) assay revealed
that C3948 presents a slightly lower doubling time than C643. The
total number of cells represent the mean and standard deviation of at
least three independent experiments

Fig. 10 IC50 values for doxorubicin, cisplatin, and paclitaxel in C643
and C3948 anaplastic thyroid cancer cell lines. A similar profile was
found for both cell lines, although IC50 of cisplatin is higher for
C3948. The IC50 values represent the mean and standard deviation of
at least three independent experiments. ns, non-significant. *p < 0.05
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resistance. ATCs are very heterogeneous and it remains
crucial to identify the unique mutation profile associated
with each ATC patient. To achieve that, the analysis of
multigene panels by NGS is already used in many centers
for cancer diagnosis, prognosis, and therapeutic selection/
response, and feasibility studies have demonstrated its
clinical utility, showing that a focused panel may be suffi-
cient to detect major mutations [33, 34].
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