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Background: Poorly differentiated and anaplastic thyroid carcinomas have a rather poor prognosis. The develop-
ment of relevant model systems to unravel in vitro and in vivo the molecular mechanisms governing the resistance of
these tumors to therapy, as well as to test novel drug combinations, is a clear priority for thyroid-focused research.
Methods: Several novel cell lines were established from tumors developed by mice engineered to simultaneously
express a loss-of-function Pten allele and an oncogenic Kras allele.
Results: Similar to most poorly differentiated thyroid tumors, these cell lines are characterized by simultaneous
activation of the PI3K and MAPK pathways, by the presence of wild-type, functional p53, and by the severe
downregulation of thyroid differentiation markers, including sodium-iodide symporter (NIS). Further, they display
a highly glycolytic phenotype. They can be grafted to syngeneic, immunocompetent hosts, and easily metastasize to
the lungs.
Conclusions: These mouse cell lines are a novel and invaluable tool that can be used to develop innovative thera-
peutic approaches to poorly differentiated carcinomas in a more physiological context than using xenografts of
human cell lines in immunocompromised mice.

Introduction

The thyroid is the most frequent site of endocrine ma-
lignancy (1). While well-differentiated thyroid cancer

usually has a favorable prognosis, poorly differentiated and
undifferentiated tumors account for over 50% of deaths for
thyroid cancer due to the limited therapeutic options available
(2–4). The development of relevant models for basic and
preclinical research is thus a key step toward a rationale
testing of novel therapeutic approaches. Cell lines derived
from human thyroid tumors are available (although recent
data have questioned the identity and origin of many of them)
and have been successfully used to test the efficacy of novel
drugs and drug combinations. However, they have the dis-
advantage of limiting preclinical studies to the tissue culture
setting, or to xenografts in immunocompromised mice, pre-
cluding the ability to take into account the interactions be-
tween the growing tumor and the host immune system.

Cell lines established from tumors developed by geneti-
cally engineered mouse models, in contrast, can be grown in
syngeneic immunocompetent hosts, implanted subcutane-

ously or as orthotopic implants, and thus offer the opportu-
nity to analyze tumor behavior and drug response in a
physiological setting (5,6).

We have recently described a mouse model of follicular
carcinoma based on the simultaneous inactivation of the Pten
tumor suppressor gene and the activation of the Kras G12D
oncogenic allele from its endogenous locus (7). These com-
pound mutants develop, within 8 weeks from birth, follicular
neoplastic lesions often containing areas of poorly differenti-
ated carcinomas.

Here we describe the establishment and characterization of
several thyroid cancer cell lines derived from primary tumors
developed by Pten�/�;KrasG12D compound mutants.

Materials and Methods

Mouse model

The Pten�/�;KrasG12D strain has been described (7). All mice
were backcrossed into the 129Sv background for at least eight
generations.
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Establishment and maintenance of cell lines

Primary thyroids and tumors were minced and re-
suspended in Ham’s F12/10% fetal bovine serum (FBS) with
100 U/mL type I collagenase (Sigma, St. Louis, MO) and 1 U/
mL dispase (Roche, Indianapolis, IN). Enzymatic digestion
was carried out for 90 minutes at 378C. After digestion, cells
were seeded in Ham’s F12 containing 40% Nu-Serum IV
(Collaborative Biomedical, Bedford, MA), gly-his-lys (10 ng/
mL; Sigma), and somatostatin (10 ng/mL; Sigma) and al-
lowed to spread and reach confluence before being passaged.
After the fourth passage, tumor cells were adapted to grow in
Dulbecco’s modified Eagle’s medium/10% FBS.

Karyotyping

Metaphase spreads and G-banding were prepared using
standard procedures. Chromosome identification and
karyotype designations were in accordance with University
of Washington guidelines available at www.pathology
.washington.edu/research/cytopages/idiograms/mouse

Mutation detection

Genomic DNA was isolated from the established cell lines
and subjected to polymerase chain reaction (PCR) to amplify
fragments suitable for sequencing. Primer sequences are
presented in Supplementary Table S1 (Supplementary Data
are available online at www.liebertonline.com/thy). PCR
products were gel purified and sequenced from both ends.

Real-time PCR

Total RNA was extracted with Trizol and reverse tran-
scribed using the Thermoscript kit (Invitrogen, Carlsbad, CA).
quantitative reverse transcription polymerase chain reaction
(qRT-PCR) was performed on a StepOne Plus apparatus using
the Absolute Blue qPCR Rox Mix (Thermo Scientific, Wal-
tham, MA) and TaqMan expression assays (Applied Biosys-
tems, Carlsbad, CA). Each sample was run in triplicate and
GusB was used to control for input RNA. Data analysis was
based on the Ct method, and experiments were repeated at
least three times.

Western blotting

Cells were lysed on ice in RIPA buffer supplemented with
Complete protease inhibitor tablet (Roche). Western blot
analysis was carried out on 20–40 mg proteins with the fol-
lowing antibodies: p53, mdm2, p21 (all from Santa Cruz
Biotechnology, Santa Cruz, CA), and beta actin (Sigma).

Lactate assay

Twenty-four hours after seeding, cells were washed and
culture medium was replaced. Lactate levels were assayed in
the supernatant at different time points using a commercially
available kit (Biovision, Mountain View, CA). Lactate levels
were normalized to the amount of DNA extracted from each
well.

Growth curves

Pharmacological inhibitors of PI3K (LY294002, 30mM),
mTOR (RAD001, 50 nM), MEK1 (PD98059, 50mM), and glycol-

ysis (3-Bromopyruvate, 10–120mM) were added 24 hours after
plating, in quadruplicate. At the indicated time points, cells were
trypsinized and counted using a Beckman Coulter counter.

Growth in syngeneic hosts

About 107 cells in PBS were injected into the flank of sex-
matched wild-type 129Sv mice. Mice were sacrificed 4 weeks
after injection for tumor removal and analysis.

Luciferase-expressing lines

T826 cells were infected with a retrovirus encoding lucif-
erase, selected in hygromycin, and injected (1�106 cells) into
the thyroid bed of wild-type mice. For biophotonic imaging
on the IVIS Spectrum (Caliper Life Sciences, Hopkinton, MA),

FIG. 1. Morphological features of the T683, T691, and T826
cell lines. Phase-contrast photomicrographs were taken at
200�magnification.
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1% isoflurane/oxygen-anesthetized mice were injected with
luciferin (4 mg/animal) into the i.p. cavity.

Statistical analysis

Experiments were performed at least three times. Data
were analyzed using the JMP 5.1 and Prism software pack-
ages. Differences with p-values <0.05 were considered sta-
tistically significant.

Results

Several poorly differentiated follicular carcinomas devel-
oping in Pten�/�;KrasG12D compound mutants were enzy-
matically dissociated and plated in thyroid-supportive

medium (8). After four to six passages, homogeneous popu-
lations had taken over the cultures and were gradually
adapted to grow in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS. Three of these lines (T683, T826,
and T691) were chosen for complete genetic and molecular
characterization. These cells grow as monolayers of epithelial
polygonal cells with large and round nuclei containing several
nucleoli (Fig. 1).

PCR analysis using primer pairs specific for the Pten and
Kras wild-type, floxed, and recombined alleles was carried out
to demonstrate that the established cell lines had under-
gone correct recombination at both loci, thus constitutively
activating the PI3K and MAPK pathways (7) (Fig. 2A). As
expected, the cell lines had completely lost the floxed Pten

FIG. 2. Genetic features of the T683 and T826 cell lines. (A) Polymerase chain reaction (PCR) analysis of control tail DNA
and cell line DNA, showing specific deletion of Pten (Dlox band), and activation of the KrasG12D allele (DStop band). Tp53
amplification is shown as a control of DNA quality. Same results were obtained for the T691 cell line. (B) Electropherograms
showing the presence of the KrasG12D allele (Gly to Asp conversion). (C) Exon-specific PCR analysis of the Ink4a lo-
cus, showing locus integrity in T683, and deletion in T826 (all three exons) and T961 (exons 1 and 2). (D) Western blotting
analysis showing normal p53-mediated response to DNA damage in T683 and T826 cells. Similar results were obtained in T691.
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alleles, and had deleted the STOP cassette that prevented
KrasG12D expression.

To further confirm that the cell lines were carrying the
G12D activating mutation, we PCR amplified and sequenced
Kras exon 1. Surprisingly, while the T683 and T691 cell lines
had the expected heterozygous configuration, we found that
the T826 cells have become homozygous for the G12D allele
(Fig. 2B). Sequence analysis showed that nearby restriction
sites specific to the mutant allele were also in a homozygous
configuration, suggesting that either the wild-type allele has

been completely lost, or it has been replaced by a mutant allele
through recombination, rather than becoming a G12D allele
through a point mutation.

Karyotype analysis revealed that all three lines have a
normal chromosome number (Table 1). However, both the
T683 and the T691 lines have chromosome 4 rearrangements,
affecting different chromosomal regions.

To determine whether other relevant genes commonly mu-
tated or lost during thyroid tumor progression are affected in
these cell lines, we first performed PCR on genomic DNA from
these cells with primers specific for the three exons of the Ink4a
locus, encoding the two tumor suppressors, p16 and p19ARF
(Fig. 2C). While the T683 line showed the correct amplification
products for all three exons, the results for the T826 line suggest
a homozygous deletion affecting the whole locus, whereas the
T691 line has lost both exons 1 and 2. Thus, in both cell lines,
expression of p16 and p19ARF is completely lost.

We next sought to determine whether p53 is functional in
these cells. Thus, we treated the thyroid cancer cell lines with
Doxorubicin for 8 and 24 hours to induce DNA damage re-
sponse, and tested the induction of p53 itself and its targets,

Table 1. Karyotype Analysis of the T683, T691,
and T826 Cell Lines

Cell line

Modal
chromosome

number Karyotype

T683 40 40, XY, der(4)t(4;10)(E2;B5.2) [17]
T691 40 40, XY, del(4)(C4), dic(12;18)þ 18 [20]
T826 40 40, XY [19]

FIG. 3. Real-time PCR analysis of
the expression levels of thyroid
differentiation markers (A) and cell cycle
regulators (B). RNA from a primary
Pten�/�; KrasG12D preneoplastic thyroid
(LLK) is included as a control.
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p21 and mdm2, by Western blot (Fig. 2D). In all three cell lines
(T691 not shown in Fig. 2D) these proteins were induced as
expected, strongly suggesting that p53 is intact and func-
tional.

Finally, we PCR amplified and sequenced the Hras,
Nras, and Braf exons most commonly mutated in human
tumors (exons 1 and 2 for the Ras isoforms, and exons 11
and 15 for Braf). No mutations were identified in any of
these locations (data not shown), strongly suggesting that
these three genes do not contribute to the transformed
phenotype exhibited by the T683, T826, and T691 thyroid
carcinoma cell lines.

We measured by real-time PCR the mRNA levels of a panel
of genes involved in thyroid differentiation and function
(Foxe1, Nkx2-1, Pax8, Duox1 and -2, Nis, Pds, TG, Tpo, and Tshr)
and found that expression of these genes is virtually abolished
in all three lines, confirming that these cells are a relevant
model of undifferentiated and poorly differentiated thyroid
tumors (Fig. 3A). Quantitative PCR was also utilized to de-
termine the expression levels of genes involved in cell cycle
control and proliferation. We found that expression of Cyclin
D1, but not D2 or D3, was strikingly increased in all three
lines. p27 expression was drastically reduced in all lines,

whereas p19ARF was dramatically upregulated in T683 (the
only line with an intact Ink4a locus). Finally, p21 was not de-
regulated in any of the three cell lines (Fig. 3B).

To evaluate the effect of pathway-specific inhibitors on the
proliferation of these cells, we generated growth curves in the
presence of LY294002 (PI3K inhibitor), RAD001 (mTOR in-
hibitor), and PD98059 (MEK inhibitor). In all lines, mTOR or
MEK inhibition, alone, was only partially effective (Fig. 4A,
B). PI3K inhibition had a cytostatic effect, as had the combi-
nation of mTOR and MEK inhibitors. Simultaneous inhibition
of both PI3K and MEK was instead able to induce cell death
and effectively reduce cell number (Fig. 4A, B).

Many tumors display a switch from an oxidative phos-
phorylation energy production mode to a glycolytic mode
(Warburg effect), and PI3K activation contributes to this
metabolic switch through different mechanisms (9,10). Thus,
we compared lactate production, an index of glycolytic me-
tabolism, in primary wild-type thyrocytes and in the T683
cells. T683 produced lactate with a much higher kinetics than
control thyrocytes (Fig. 4C), strongly suggesting that these
cells display the Warburg effect.

Next, we tested whether glycolysis inhibition would be
effective as a therapeutic approach. Indeed, cell growth was

FIG. 4. (A, B) Growth suppressive effect of pathway-specific inhibitors in the T683 and T826 cell lines. RAD: RAD001, LY:
LY294002, PD: PD98059. (C) Kinetics of lactate production in wild-type primary thyrocytes and T683 cells. (D) Dose-
dependent response of T683 cells to the glycolysis inhibitor 3-bromopyruvate.
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inhibited in a dose-dependent manner by the Hexokinase
inhibitor, 3-Bromopyruvate (11) (Fig. 4D).

Finally, we tested the ability of these cells to grow in syn-
geneic, immunocompetent hosts. About 107 cells were sub-
cutaneously injected in the flank of wild-type 129Sv mice, and

recipients were followed up for 4 weeks. At this time point,
tumor size had exceeded 2 cm and the injected mice were
sacrificed for histopathologycal analysis. Tumors were com-
posed of spindle-like cells exhibiting frequent mitotic figures
(Fig. 5A). Further, they had metastasized to the lungs (Fig.
5B). Thus, these cells can be an invaluable tool for preclinical
studies in immunocompetent hosts.

To establish a system in which tumor progression can be
observed in vivo, T826 cells were engineered to express the
luciferase reporter and implanted into the thyroid bed of
syngeneic mice. One week after implantation, luciferase ac-
tivity was readily detected in the neck area of the injected
mice (Fig. 5C).

Discussion and Conclusions

Cell lines derived from tumor developing in genetically
engineered mice are an invaluable tool for both basic and
preclinical research. On one hand, they allow us to study
pathways and networks altered as a consequence of specific,
clinically relevant genetic alterations; on the other, they can be
implanted in immunocompetent mice, thus permitting the
analysis of the interactions between the growing tumor and
the host immune system, the metastatic process, and the re-
sponse to therapy in a physiological setting.

We have generated and characterized three novel cell lines
having simultaneous activation of PI3K and MAPK signaling,
a combination often found in poorly differentiated thyroid
tumors (12).

These lines display a normal chromosome number, differ in
their Ink4a genomic status, and do not harbor mutations in p53
and Braf. Similar to many aggressive tumors and tumor cell
lines, they have a prominent glycolytic phenotype and can be
targeted by glycolysis inhibitors.

They have drastically reduced expression of most thyroid
differentiation markers, including sodium-iodide symporter
(NIS), to an extent superior to that of the original tumors
(compare Pten�/�;KrasG12D expression levels to that in the cell
lines in Fig. 3A), and readily grow in syngeneic (129Sv) hosts
when implanted either on the flank or in the thyroid bed,
giving rise to poorly differentiated and anaplastic tumors. The
increased aggressiveness of the implanted tumors compared
to the original lesions underlines the acquisition of still un-
determined additional genetic changes, which may likely re-
capitulate the genetic complexity of human advanced thyroid
carcinomas.

Finally, luciferase-expressing cells allow for noninvasive,
longitudinal studies of tumor response to targeted therapies.

It is thus clear that these cells represent a novel, clinically
relevant model to develop therapies targeting poorly differ-
entiated and undifferentiated thyroid tumors, both in the
tissue culture setting and in vivo.
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FIG. 5. Tumor development in syngeneic mice. (A) H&E
showing poorly differentiated cells with several mitotic fig-
ures (arrowheads). (B) Multiple lung metastases developing
in the injected mice. (C) IVIS analysis showing luciferase
expression after injection of engineered T826 cells into the
thyroid bed. Original magnification: 200� (A), 40� (B).
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