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Background: Mouse models of metastatic human cancers are important tools in preclinical studies for testing
new systematic therapies and studying effectors of cancer metastasis. The major drawbacks of current mouse
models for metastatic thyroid cancer are that they have low metastasis rates and do not allow in vivo tumor
detection. Here, we report and characterize an in vivo detectable metastasis mouse model of human thyroid
cancer using multiple thyroid cancer cell lines.
Methods: Human anaplastic thyroid cancer cell lines 8505C, C-643, SW-1736, and THJ-16T; follicular thyroid
cancer cell lines FTC-133, FTC-236, and FTC-238; and Hürthle cell carcinoma cell line XTC-1 were trans-
fected with a linearized pGL4.51[luc2/CMV/Neo] vector or transduced with lentivirus containing Luc2-eGFP
reporter genes. The stably transfected cells were injected intravenously into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ
mice. Tumors were detected with an in vivo imaging system—Xenogen IVIS. Vemurafenib, a BRAF inhibitor,
was used to treat lung metastases generated from 8505C-Luc2 cells with a BRAFV600E mutation to test the
accuracy of the model to evaluate response to therapy.
Results: Intravenous injection of as few as 30,000 8505C-Luc2 cells produced lung metastases in 100% of the
injected mice, and many of these mice also developed bone metastases at a later stage of the disease. Similarly,
metastatic tumors also developed in all mice injected with C-643-Luc2, THJ-16T-Luc2, FTC-133-Luc2, FTC-
236-Luc2, FTC-238-Luc2, and XTC-1-Luc2 cells. The metastases were easily detectable in vivo, and tumor
progression could be dynamically and accurately followed and correlated with the actual tumor burden. Fur-
thermore, disease progression could be easily controlled by adjusting the number of injected cells. The in vivo
treatment of 8505C xenograft lung metastases with vemurafenib dramatically reduced the growth and signal
intensity with good correlation with actual tumor burden.
Conclusions: Herein we report an in vivo detectable mouse model of metastatic human thyroid cancer that is
reliable and reproducible. It will serve as a useful tool in the preclinical testing of alternative systematic
therapies for metastatic thyroid cancer, and for functional studies of thyroid cancer tumor biology in vivo.

Introduction

Thyroid cancer is one of the 10 most common cancer
types in the United States, with increasing incidence and

mortality rates (1). Thyroid cancer of follicular cell origin can
be classified as well-differentiated, poorly differentiated, and
anaplastic thyroid cancer. Well-differentiated thyroid can-
cer, including papillary and follicular thyroid carcinomas,
is characterized by a slowly progressive course and a nor-
mally favorable prognosis. However, 10–15% of patients
with differentiated thyroid cancer have aggressive disease
and die from distant metastasis (2). The survival rate for
patients with distant metastasis is approximately 57% (3).
The most common metastasis site of thyroid cancer is the
lung, followed by bone (2). About 15% of children and 10%

of adults present with lung micrometastases at the time of the
initial treatment (4). Anaplastic thyroid cancer is rare, ac-
counting for 1% of all thyroid cancers (5). However, it is one
of the most aggressive types of human malignancies, with a
median overall survival of only six months from the time of
diagnosis (6,7).

Although distant metastasis is responsible for most thyroid
cancer morbidity and mortality, mouse models of thyroid
cancer distant metastasis developed for evaluating new
therapies and studying tumor cell biology are lacking. In most
transgenic mouse models of thyroid cancer, only a limited
number develop spontaneous lung metastases, which are
only detected post mortem (8–10). Several investigators have
used human thyroid cancer cells stably expressing green
fluorescent protein (GFP) to induce lung metastasis (11–13).
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However, a common drawback of this approach is that the
cancer’s metastasis status has to be assessed at the end of the
experiments by checking the isolated lungs from sacrificed
mice, and thus this approach cannot be used to assess new
therapies, as the tumor burden cannot be accurately assessed
before treatment. CT imaging has been utilized to measure
thyroid cancer lung metastasis dynamically in an orthotopic
xenograft mouse model (14). However, its technical diffi-
culty will restrict the utilization of this method. Recently, an
in vivo detectable distant metastasis model for thyroid cancer
was reported. It uses intracardiac injection of BCPAP-
luc-IRES-GFP cells, which allows for the widespread dis-
semination of tumor cells and in vivo detection of metastatic
tumors. However, intracardiac injection of tumor cells did
not result in lung metastasis, the most common site of thyroid
cancer metastasis (15). In this study, we report the develop-
ment of a reliable and reproducible mouse model of thyroid
cancer metastasis that allows sensitive, dynamic, and easy
measurement of metastatic thyroid tumors in the lungs and
other sites as they occur in intact animals. Such a method
could accelerate the preclinical in vivo testing of therapeutic
targets and the study of tumor cell biology.

Materials and Methods

Cell lines and animals

Human anaplastic thyroid cancer cell lines 8505C (pur-
chased from the European Collection of Cell Cultures, Sal-
isbury, United Kingdom), C-643 (purchased from CLS Cell
Lines Service GmbH, Eppelheim, Germany), SW-1736
(purchased from CLS Cell Lines Service GmbH), THJ-16T
(kindly provided by Dr. John A. Copland III, Jacksonville,
FL), follicular thyroid cancer cell lines FTC-133, FTC-
236, and FTC-238 (kindly provided by Dr. Peter Goretzki,
Neuss, Germany), and Hürthle cell carcinoma cell line XTC-
1 (kindly provided by Dr. Orlo H. Clark, San Francisco, CA)
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS),
penicillin (100 U/mL), streptomycin (100 lg/mL), Fungizone
(250 ng/mL), thyrotropin (TSH; 10 IU/L, and insulin (10 lg/
mL) in a 5% CO2 atmosphere at 37�C. Five- to six-week-old
female athymic NCr nu/nu mice were obtained from the
Frederick Cancer Center Animal Facilities (Frederick Na-
tional Laboratory for Cancer Research, Frederick, MD). Six-
to eight-week-old NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ breeder
mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). The mice were maintained and bred according to
the guidelines of the institute’s Animal Advisory Committee.
All the cell lines (except newly purchased C-643 and SW-
1736) were authenticated by short-tandem repeat profiling on
October 14, 2012, and August 30, 2013. FTC-133 has a
PTEN-inactivating mutation and a TP53 mutation, 8505C has
BRAF V600E and TP53 mutations, FTC-236 and FTC-238
have a TP53 mutation, SW-1736 has a BRAF V600E muta-
tion, C-643 has an HRAS mutation, and THJ-16T has TP53,
RB and PI3KCA mutations.

Stable Luc2 reporter cell generation

8505C, C-643, SW-1736, THJ-16T, FTC-133, FTC-236,
and FTC-238 cells were transfected with a linearized
pGL4.51[luc2/CMV/Neo] vector (Promega, Madison, WI)

encoding the luciferase reporter gene luc2 (Photinus pyralis)
using Lipofectamine� 2000 reagent (Invitrogen, Carlsbad,
CA). After 24 hours of transfection, cells were selected with
Geneticin (600 lg/mL)-containing culture media and the
G418-resistant cells were amplified in the same medium.
XTC-1 cells were transduced with lentivirus baring Luc2-
eGFP reporter genes (SAIC-Frederick, NCI-Frederick, Fre-
derick, MD). Twenty-four hours later, cells were selected
with puromycin (3 lg/mL)-containing culture medium, and
the puromycin-resistant cells were amplified. The biolumi-
nescence signal was confirmed using luciferin and the Xe-
nogen IVIS in vivo imaging system (Caliper Life Sciences
Inc., Hopkinton, MA). To test the correlation between bio-
luminescence signal intensity and cell numbers, a cell sus-
pension with a concentration of 100,000 cells/mL was
prepared and serially diluted at 1:2 until reaching a final
concentration of 780 cells/mL. Cell suspensions of 100 lL of
each concentration were seeded into a black 96-well plate
(with a transparent bottom), then 100 lL of luciferin solution
(diluted in PBS at 1 mg/mL) was added into each well. The
bioluminescence signals emitted by the cells were detected
15 minutes later using the Xenogen system. The background
signal from the empty wells was similar across all wells.
Spearman’s correlation coefficients (r) were calculated using
GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA).
All experiments were performed using cells at 25 passages or
fewer.

Generation of mouse models

The Animal Care and Use Committee (NCI/NIH) ap-
proved the thyroid cancer cell xenograft animal study
protocol. Luc2 reporter cells from a 70–80% confluent
monolayer culture were trypsinized and suspended in
DMEM. Suspensions of 3 · 104 to 7.5 · 105 cells in 0.2 mL
of DMEM were injected subcutaneously into the flanks of
eight-week-old nu/nu mice or intravenously through the tail
veins of eight-week- to three-month-old NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ mice. Immediately following implantation,
bioluminescence imaging was used to assess the injected
cells in all mice using the Xenogen in vivo imaging system.
Mice were injected intraperitoneally with 3–4.5 mg of lu-
ciferin/mouse 15 minutes prior to imaging. Then the animals
were anesthetized in a plastic chamber filled with a 2.5%
isofluorane/oxygen/air mixture, and isofluorane anesthesia
was maintained using a nose-cone delivery system during
imaging. The pseudocolor image representing the spatial
distribution of detected photon counts emerging from the
active luciferase within each animal was collected. Signal
intensity was quantified as the sum of all detected photon
counts within a region of interest using IVIS Living Image
software (Caliper Life Sciences Inc.). The background signal
detected in the areas without xenografted cells was similar
between the different mice and approximately two to three
orders of magnitude lower than that of the metastasis tumor
sites.

To confirm tumor development in specific organ sites,
ex vivo images were obtained using the following method.
After whole body imaging, the mice were euthanized by CO2

inhalation, and the organs were isolated and imaged again
with the Xenogen system. Then the organs were fixed
in formalin for histological analysis. To identify bone
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metastases, the leg and hip regions that showed strong bio-
luminescence signal in the whole body images were dissected
out, and the skin and muscles were removed under serial
Xenogen imaging. Tissue that showed a strong biolumines-
cence signal with a size about 8–10 mm3 was isolated and
fixed in 10% formalin.

Survival study

For animal survival analysis, two- to three-month-old
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice were injected with
3 · 104 to 7.5 · 105 of 8505C-Luc2 or FTC-133-Luc2 cells
through the tail vein, maintained under normal immuno-
deficient mouse care conditions, and monitored daily to assess
their health status. Some mice were euthanized because they
reached the humane euthanasia criteria endpoints (i.e., signs of
severely labored breathing, rapid weight loss, hunched pos-
ture, and moribund status). At this time, they were imaged as
described above, and then euthanized by CO2 inhalation for
humane reasons. In these cases, the day of euthanasia was
considered the end of the survival period.

Histologic analyses

Organs and tumor xenografts were harvested, formalin-
fixed, and processed into paraffin blocks for hematoxylin and
eosin (H&E) staining.

Vemurafenib treatment

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice were injected with
8505C-Luc2 cells (30,000 cells/mouse) into the tail vein, and
lung tumor development was confirmed by imaging at one
week after tumor cell implantation. Zelboraf (vemurafenib
tablets; Genentech, San Francisco, CA) was grounded and
suspended in 5% dextrose in 0.9% sodium chloride. Mice
were gavaged with the drug suspension (100 mg/kg) or ve-
hicle using a 20-gauge blunt-tipped gavage needle daily,
starting on day 10 after tumor cell implantation until
euthanization.

Statistical analysis

Kaplan–Meier survival curves and p-values of each pair of
group comparisons were calculated using GraphPad Prism 5.
The significance level was determined by using the Bonfer-
roni method: 0.05 divided by k (equal to 3 in this case). If a
p-value was smaller than this Bonferroni-corrected thresh-
old, then the comparison was considered to be statistically
significant.

Results

Generation of stably transfected Luc2 reporter cells

To generate stable thyroid cancer reporter cells, human
anaplastic thyroid cancer cell lines 8505C, C-643, SW-1736,
and THJ-16T, and follicular thyroid cancer cell lines FTC-
133, FTC-236, and FTC-238 were transfected with linearized
pGL4.51[luc2/CMV/Neo] vector encoding the luciferase
reporter gene luc2. The Hürthle cell carcinoma cell line XTC-
1 was transduced with lentivirus baring a Luc2-eGFP reporter
gene. The stably transfected cells were selected with genet-
icin or puromycin respectively, and the luciferase activity

was measured using luciferin and the Xenogen in vivo im-
aging system. As shown in Supplementary Figure S1 (Sup-
plementary Data are available online at www.liebertpub
.com/thy), a bioluminescent signal could be detected in fewer
than 100 of the Luc2 cells. Furthermore, the intensities of the
detected signals were proportional to the numbers of seeded
cells, with a correlation coefficient of about 1 for all of the
cell lines (Supplementary Fig. S1).

In vivo, noninvasive detection of thyroid cancer cells

Since all of the reporter cell lines showed strong biolu-
minescent light emission in vitro, we next tested whether the
bioluminescence intensity could be detected in vivo and
would be proportional to the number of xenografted cells.
Thus, we injected different numbers of 8505C- and FTC-
133-Luc2 cells into the tail veins of NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ mice and examined the bioluminescence
signals emitted by the whole mouse immediately afterward.
We found that the xenografted cells quickly accumulated in
the mouse lungs and emitted strong bioluminescence signals
that could be easily detected when using as few as 30,000
cells (Fig. 1A).

To test whether the in vivo detected bioluminescence in-
tensity was proportional to the number of xenografted tumor
cells, we compared the signal intensities of the whole mouse
images obtained immediately after the injections of different
numbers of cells. We found that the total signal intensity
detected from each individual mouse was directly propor-
tional to the number of implanted cells (Fig. 1B, D). A sim-
ilar pattern was observed for both 8505C- and FTC-133-Luc2
cells. These results suggested that the detected biolumines-
cence signals could be used as an in vivo indicator of the
numbers of xenografted tumor cells or tumor burden.

In vivo tumor development of xenografted
8505C-Luc2 cells

Injection of cancer cells via the tail vein is an established
method of inducing metastatic lung tumors. To test whether
we could use these Luc2 reporter cells to generate an in vivo
detectable thyroid cancer lung metastasis model, we injected
different numbers of 8505C-Luc2 cells into the tail veins of
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice, and followed the
tumor development by weekly monitoring of the biolumi-
nescence signals emitted from the xenografted cells. In the
first group, which received 750,000 cells per mouse, the mice
showed rapid lung metastasis progression, indicated by an
almost 10-fold increase in bioluminescence signals each
week (Fig. 2A, B). All mice that received this number of
xenografted 8505C-Luc2 cells showed similar disease pro-
gression. Only three weeks after cancer cell injection, all
treated animals had developed severe breathing difficulties,
undergone rapid weight loss, and were moribund, and there-
fore had to be sacrificed for humane reasons. H&E staining of
isolated lung tissues confirmed tumor development in the lung,
with tumors occupying most of the lung (Fig. 2C).

In the second group, which received 150,000 cells per
mouse, the mice also showed rapid lung tumor progression,
similar to that of the first group (Fig. 2D). Some mice in
the second group also developed bone metastasis (Fig. 2E).
Ex vivo images of isolated lung and heart showed that the
xenografted tumors were restricted to the lung and no tumors
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FIG 2. Lung tumor development of 8505C-Luc2 cell injected mice. 750,000 or 150,000 cells were injected intravenously
into the tail vein of NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice. (A) Representative whole body images of a mouse injected with
750,000 cells taken at different times after tumor cell injection. (B) Average lung signal intensities of three mice injected
with 750,000 cells. The measurements were performed at the indicated time points. Error bars are SEM. (C) Hematoxylin
and eosin (H&E) staining of mouse lung and heart three weeks after tumor cell injection. (D) Average lung signal intensities
of three mice injected with 150,000 cells. The measurements were performed at the indicated time points. Error bars are
SEM. (E) Whole body image of mouse with bone metastasis to the hip region (150,000 cell injection). The picture was
taken just before euthanasia. Color images available online at www.liebertpub.com/thy

FIG 1. In vivo detection
of Luc2 reporter cells. The
indicated number of 8505C-
Luc2 cells (A) and FTC-133-
Luc2 cells (C) were injected
intravenously through the tail
vein into NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ mice. Biolu-
minescence imaging was
performed immediately fol-
lowing implantation. The
pseudocolor images represent
the spatial distribution of
detected photon counts
emerging from active lucif-
erase within the animals. (B,
D) Average lung signal in-
tensities of mice with the in-
dicated number of injected
reporter cells. n = 3 for each
group. Error bars are stan-
dard error of the mean
(SEM). Color images avail-
able online at www.liebert
pub.com/thy
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were observed in the heart, which was confirmed by H&E
staining of the tissues (data not shown).

In the third group, only 30,000 8505C-Luc2 cells were
injected into each mouse. Even though the number of xeno-
grafted cells was very low, every mouse in this group de-
veloped lung tumors (Table 1). In addition, some of the mice
developed bone tumors, though at a later stage (five to six
weeks after injection), and they were all located in the hip

region (Fig. 3A–C and Supplementary Table S1). The bio-
luminescence signals emitted from the bone tumors were
about 1 · 109 to 5 · 109.

To assess the disease progression rate, some mice that
received different numbers of 8505C-Luc2 cell injections
were followed. Compared to the mice that received higher
numbers of cells, the disease progression of the mice
injected with 30,000 cells was slower. The mice in this
group had a survival time of 35–46 days after tumor cell
injection (Fig. 3D).

In vivo tumor development of xenografted
FTC-133-Luc2 cells

To test the metastatic tumor development of FTC-133-
Luc2 cells, 32,000–500,000 cells were injected into the tail
veins of NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice, and tumor
development was followed by monitoring the biolumines-
cence signals weekly. All of the mice developed metastatic
tumors. Among these mice, 21/22 had lung metastases, and 9/
22 mice also developed liver metastases (Fig. 4A–C, Table 1,
and Supplementary Table S1). Generally, disease progres-
sion was faster in the mice that were injected with more FTC-
133-Luc2 cells than in those injected with fewer (Fig. 4D).

In vivo tumor development of xenografted FTC-236-
Luc2, FTC-238-Luc2, C-643-Luc2, SW-1736-Luc2,
THJ-16T-Luc2, and XTC-1-Luc2 cells

To test whether the in vivo detectable metastatic tumor
could also be developed by using other Luc2 reporter cells,
300,000 of FTC-236-Luc2, FTC-238-Luc2, C-643-Luc2, SW-
1736-Luc2, THJ-16T-Luc2, and XTC-1-Luc2 cells were in-
jected into the tail veins of NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ
mice and tumor development followed by monitoring the
bioluminescence signals weekly. All cell lines except SW-
1736-Luc2 cells developed detectable metastatic tumors
(Table 1 and Supplementary Table S1).

Table 1. Rates and Sites of Thyroid Cancer

Metastases

Cell line Cells (n)

Mice
used
(n)

Mice with
metastasis

[n (%)]

Mice
with lung
metastasis

[n (%)]

8505Ca 30,000 39 39 (100%) 39 (100%)
150,000 3 3 (100%) 3 (100%)
750,000 3 3 (100%) 3 (100%)

FTC-133a 32,000 7 7 (100%) 6 (86%)
160,000 7 7 (100%) 7 (100%)
500,000 8 8 (100%) 8 (100%)

C643b 300,000 8 8 (100%) 8 (100%)
SW-1736b 300,000 7 0 0
THJ-16Tc 300,000 7 7 (100%) 7 (100%)
XTC-1d 300,000 8 8 (100%) 8 (100%)
FTC-236a 300,000 5 5 (100%) 5 (100%)
FTC-238a 300,000 4 4 (100%) 4 (100%)
Total (all cell

lines and all
cell numbers)

106 99 (93%) 98 (92.5%)

aMetastasis status was examined after euthanasia.
bMetastasis status was examined on the 7th week after cell

injection.
cMetastasis status was examined on the 4th week after cell

injection.
dMetastasis status was examined on the 6th week after cell

injection.

FIG 3. Tumor development in mice injected with 30,000 8505C-Luc2 cells. (A) Representative whole body image of a
mouse immediately before euthanasia. (B) Ex vivo images of mouse heart, lung, leg, and isolated bone. (C) H&E staining of
a mouse bone metastasis. (D) Kaplan–Meier survival curve of mice according to the number of injected 8505C-Luc2 cells.
n = 3 for the 750,000 and 150,000 cell groups, and n = 8 for the 30,000 cell group. Color images available online at
www.liebertpub.com/thy
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In vivo bioluminescence intensity is an indicator
of mouse tumor burdens

To test whether the in vivo bioluminescence intensity
could be used as an accurate measure of tumor burden or size,
we injected 8505C-Luc2 and FTC-133-Luc2 cells subcuta-

neously into the flanks of nu/nu mice, waited for tumor de-
velopment, and then compared the tumor’s sizes to the
bioluminescence signals emitted. As shown in Figure 5, the
signal intensities detected from these tumors were directly
proportional to the sizes of the tumors (r = 0.98 for 8505C-
Luc2 tumors; r = 0.94 for FTC-133-Luc2 tumors).

FIG 4. Tumor development in mice injected with FTC-133-Luc2 cells. (A) Representative whole body image of a mouse
immediately before euthanization. (B) Ex vivo images of mouse lung and liver. (C) H&E staining of mouse lung and liver
metastasis tumors. (D) Kaplan–Meier survival curve of mice according to the number of FTC-133-Luc2 cells injected. n = 5
for the 500,000 cell group, n = 6 for the 160,000 cell group, and n = 5 for the 32,000 cell group. Color images available
online at www.liebertpub.com/thy

FIG 5. In vivo biolumines-
cence intensity correlates
with xenograft tumor size.
(A) Representative image of
nu/nu mice with subcutane-
ous tumors generated from
8505C-Luc2 cells, and the
correlation of signal intensity
versus tumor volume (tumor
number = 9). (B) nu/nu mice
with subcutaenous tumors
generated from FTC-133-
Luc2 cells, and the correla-
tion of signal intensity versus
tumor volume (tumor num-
ber = 6). Color images
available online at www
.liebertpub.com/thy
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We also tested whether the in vivo bioluminescence
measurement could be used as an indicator of the tumor
burden of internal organs. To do this, we injected 30,000
8505C-Luc2 cells into the tail veins of NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ mice, followed the tumor development
by monitoring the bioluminescence signals, and euthanized
the animals at different time intervals. The tumor burden
in the lung was evaluated by weighing the isolated lung,
performing H&E staining on it, and comparing the stained
images with the in vivo bioluminescence images taken
just before euthanization (Supplementary Fig. S2). As
shown in Figure 6, the in vivo detected biolumines-
cence signals directly reflected the tumor burdens of the
lungs.

Monitoring of response to vemurafenib treatment
in in vivo metastasis model generated
with 8505C-luc2 BRAF V600E mutant cells

Vemurafenib, a BRAF inhibitor, was used to treat lung
metastases generated from 8505C-Luc2 BRAF V600E mu-
tation cells to test the accuracy of the model to evaluate
response to therapy. After the confirmation of lung tumor
development by in vivo imaging, the mice were randomized
into two groups, and received vemurafenib or vehicle treat-
ment through oral gavage. Tumor progressions in the mice
were monitored weekly by imaging. As shown in Figure 7A,
control mice showed rapid tumor growth indicated by the
dramatic increase in the bioluminescence signals. After one

FIG 6. In vivo bioluminescence intensity correlates with the mouse xenograft tumor burden. (A, B) 30,000 8505C-Luc2
cells were injected into the tail vein and the mice euthanized two weeks (A) and five weeks (B) after injection. Shown are
representative whole body and lung images, and H&E-stained lung sections. (C) Relationship between lung biolumines-
cence signal intensity (taken just before euthanasia) and the weight of the isolated lung. n = 13. Color images available
online at www.liebertpub.com/thy
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month, all mice in the vehicle control group started to show
breathing difficulty and rapid weight loss, and were eutha-
nized by 38–42 days after tumor implantation. As expected,
vemurafenib-treated mice showed much slower tumor pro-
gression (Fig. 7A). To compare the lung tumor status between
the two groups, vemurafenib-treated mice were also eutha-
nized at 42 days after tumor implantation (the day that the last
control mouse was euthanized), and their lungs were isolated,
weighed, and compared to that of the control group. As
shown in Figure 7B and C, the lung weights of control mice
were significantly higher compared to that of vemurafenib-
treated mice, and there was a good correlation between the
signal intensity and actual lung tumor weight at euthaniza-
tion, indicating the in vivo bioluminescence signal accurately
reflects the tumor response to vemurafenib treatment.

Discussion

The present study was designed to develop a mouse model
for metastatic thyroid cancer that would be reliable and re-
producible, and allow for easy, noninvasive detection of
tumor burdens. To achieve this, we generated stable lucif-
erase reporter cell lines in anaplastic thyroid cancer cell lines
(8505C, C-643, SW-1736, and THJ-16T), follicular thyroid
cancer cell lines (FTC-133, FTC-236, and FTC-238), and a
Hürthle cell carcinoma cell line (XTC-1). With their high
signal intensity and low background, these reporter cells
could be easily detected in vivo. Following tail vein injection,
mice bearing as few as 30,000 8505C-Luc2 cells quickly
developed in vivo measurable lung metastases, and some of

these mice also developed bone tumor(s) at a later stage of the
disease. We also demonstrate an excellent correlation be-
tween bioluminescence signal intensity and tumor burden
in vivo in flank and lung metastasis xenografts. To our
knowledge, this is the first thyroid cancer lung metastasis
model with a high metastasis take rate, and that allows easy,
noninvasive, and dynamic tumor development follow-up,
which could be used for preclinical evaluation of new ther-
apies and to study tumor cell biology.

Anaplastic thyroid cancer is a rare but lethal disease, with a
mean survival of six months from diagnosis (6). While dif-
ferentiated thyroid cancer generally has a favorable progno-
sis, many patients have significant morbidity and mortality
due to distant metastasis. The most common metastasis site
for thyroid cancer is the lung, followed by bone (2). Thus far,
there have been no effective treatment approaches for pa-
tients with metastatic thyroid cancers who are not responsive
to conventional therapy, and neither chemotherapy nor ra-
diation therapy are effective at prolonging survival in patients
with anaplastic thyroid cancer (16). Therefore, alternative
systemic treatments are needed, but they need to be tested in
in vivo models that recapitulate the burden and site of the
disease that causes the most morbidity and mortality.

We used NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice in our
studies for several important reasons. First, metastasis en-
graftment rates are higher in these mice than in Foxn1nu
(nude) mice, most likely due to their immunologic back-
ground (17,18). NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice have
the combined features of the NOD/ShiLTJ background se-
vere combined immune deficiency mutation [SCID] and the

FIG 7. Monitoring response to therapy in in vivo mouse model of metastasis. (A) Mouse lung bioluminescence signal
intensities measured at the indicated time points (normalized to the initial imaging before treatment) with and without
vemurafenib treatment in the mice injected with 8505C-Luc2 BRAF V600E mutant cells. (B) Weights of isolated lungs after
euthanasia in vemurafenib treated and untreated groups. (C) Relationship between lung bioluminescence signal intensity
and the isolated lung weight at euthanasia (n = 14). 8505C-Luc2 BRAF V600E mutant cells were injected into NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ mice (30,000 cells/mouse) tail veins, and tumor metastasis development confirmed by in vivo
imaging one week after injection. On the 10th day after injection of cells, mice were divided into two groups (control group
and vemurafenib group, n = 16) and treated with vemurafenib or vehicle daily.
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IL2 receptor gamma chain deficiency. Thus, these mice do
not have B-cells, mature T-cells, or functional natural killer
cells, and lack cytokine signaling, leading to better engraft-
ment of human stem cells and peripheral mononuclear cells
than any other mouse strain currently being used (19). Sec-
ond, because cost is an important consideration when per-
forming in vivo studies, the NOD.Cg-Prkdcscid Il2rgtm1Wjl/
SzJ mice, unlike nude mice, can be easily bred for such
studies. In fact, all the mice we used in our studies were
generated from nine breeder mice (six females and three
males).

To test new therapies, several mouse models of human
thyroid cancers have been developed, including xenograft,
orthotopic, and transgenic or genetically engineered mice
(9,10,13,15,20–23). The most commonly used animal model
in drug testing is subcutaneous implantation of human thy-
roid cancer cells into immunocompromised mice. It is easy to
perform, easy to monitor the tumor growth, and easy to fol-
low up the treatment response by using caliper measure-
ments. However, this model may not be representative of
metastatic thyroid cancer biology as the microenvironment of
the xenografted tumor’s subcutaneous implantation site and
that of human cancer metastases in organs, such as lung and
bone, are very different. In fact, it has been reported that
subcutaneous implantation of 8505C cells resulted in much
smaller tumors compared to orthotopic placement of the
same cells (21). Several studies have suggested that the
phenotypes of cancer cells can be modulated via their inter-
action with surrounding tissues, and therapy responses can be
very different between subcutaneous tumors and lung me-
tastases (24,25). We have also observed that subcutaneous
injection of 8505C cells into the flanks of nude mice results in
much slower tumor growth than that observed in the follic-
ular cancer cell line FTC-133, which is in contrast to their
typical aggressive growth in humans. However, in our current
lung metastasis model, the progression rates of lung tumors
generated by these two cell lines and the xenografted mouse
survival rates were reversed to mimic the natural features of
these cell lines. Therefore, in contrast to models using sub-
cutaneous xenografted tumors, the lung and bone thyroid
cancer metastasis model may better reproduce the tumor
microenvironment and better predict treatment responses to
new therapies. Xenografted lung metastasis thyroid cancer
models have been previously reported (20). However, their
metastasis rates are low and, due to the lack of an in vivo
tumor detection method, a common drawback of these
models is that the tumor metastasis status can only be as-
sessed by checking the isolated organs at the end of experi-
ment, which is time consuming and potentially inaccurate.
Also, such approaches for evaluating new experimental
therapies require sacrificing the animal and do not allow
evaluation of the natural history of the disease after treatment
withdrawal in cases where tumor regression is observed.
Similarly, experiments using transgenic or genetically en-
gineered thyroid cancer mouse models face the same prob-
lems. In contrast, our model, as demonstrated by the
vemurafenib treatment experiment (Fig. 7), with its high
sensitivity and low background levels, allows the easy as-
sessment of metastatic tumors in the whole animal and, even
more important, allows a dynamic follow-up of metastatic
tumor development when studying the effect of experimental
therapies or tumor cell biology. As previously mentioned, the

novel metastatic thyroid cancer model reported in this study
is technically easy and reproducible. Therefore, it might
serve as an effective tool in preclinical studies of new ther-
apies for metastatic anaplastic and differentiated thyroid
cancer. In addition, this model also will serve as an important
tool for in vivo studies of thyroid cancer tumor biology.
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