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Abstract. There is a need for a clinically relevant mouse
model of thyroid cancer that enables real-time, non-invasive
monitoring of tumor growth, progression, and drug response
over time. Human thyroid cancer cell lines NPA (papillary) and
KAK-1 (anaplastic) were stably transfected to express either
red or green fluorescent protein. Cancer cells were injected
into the thyroid glands of 8-week-old athymic mice. The
animals were imaged with whole-body fluorescence imaging
weekly and sacrificed when premorbid. At necropsy, the
primary tumor was resected en bloc with the respiratory system
for processing and analysis. Histology was performed on fixed
tissue specimens for review of morphologic findings. Both
anaplastic and papillary thyroid cancer cell lines led to robust
development of orthotopic fluorescent tumors in nude mice.
Injection of 5x10° cancer cells was sufficient for tumor
development. Tumors were visualized for both cell lines via
non-invasive imaging as early as 3 weeks post-implantation
and were monitored over time. Time to premorbid condition
varied between mice and was associated with a primary tumor
growth pattern (early local compression of the esophagus vs.
late metastatic disease) rather than tumor size. At necropsy,
tumor fluorescence demonstrated metastases in the lungs,
lymph nodes and vessels that were not visible under white light.
Thus an orthotopic mouse model of thyroid cancer has been
developed that replicates the major clinical features of thyroid
cancer and enables real-time, non-invasive monitoring of tumor
progression. This model should permit preclinical evaluation
of novel thyroid cancer therapeutics.

Thyroid cancer is diagnosed in approximately 40,000
Americans and causes over 1,600 deaths annually (1). The
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most common type is papillary thyroid carcinoma (PTC),
comprising nearly 70% of all thyroid cancer cases. PTC has a
favorable prognosis, especially when detected early, when five-
and ten-year survival rates exceed 90% (2). However, in its
advanced stages, survival rates are reduced nearly by half. In
contrast, anaplastic thyroid cancer (ATC) remains one of the
most lethal types of cancer, with most patients surviving only
6 months from the time of diagnosis (3). Its aggressive nature,
frequent late presentation, and tendency to metastasize early
account for this virulent profile, and currently no effective
treatment exists.

In recent years, common genetic alterations found in PTC
have been identified that modulate RET and BRAF kinases (4,
5). This latter mutation is also involved in ATC (6), reflecting
its development from well-differentiated thyroid cancer
through anaplastic transformation (7). As efforts to develop
targeted therapies against these kinases are pursued, it is
important that appropriate animal models be available to
evaluate them in vivo. It is generally recognized that orthotopic
animal models of human cancer are the optimal tool for
preclinical evaluation of novel therapeutics, since they best
recapitulate the disease process in humans (8, 9). In the case
of thyroid cancer, such a model was first reported in 2005 by
Kim et al., who developed an orthotopic model of human ATC
in athymic nude mice (10).

The current authors have pioneered the use of fluorescent
proteins for in vivo imaging and have applied this technology to
orthotopic animal models of human cancer, enabling real-time,
non-invasive imaging of tumor growth, progression, and
metastasis (11-13). Tumors labeled with green fluorescent
protein (GFP) or red fluorescent protein (RFP) can be followed
over time in a live animal by non-invasive imaging, negating
the need to sacrifice or operate on the animal to assess tumor
behavior. In addition, assessment of metastatic disease is more
accurate with the use of fluorescent proteins, as small
metastatic deposits or those embedded in normal tissue of
similar color and composition can be detected by their
fluorescence. This can be especially helpful in the case of
metastasis to the lungs, a common site of distal spread in
thyroid cancer.
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In the present study, a fluorescent orthotopic mouse model
of two types of human thyroid cancer, PTC and ATC, was
developed. This model allows monitoring of thyroid tumors
over time and improved diagnostic evaluation of metastatic
burden at the time of necropsy. This model will serve as a
useful tool in the evaluation of novel therapeutics in the
treatment of thyroid cancer.

Materials and Methods

Cell culture. The human cell lines NPA (papillary thyroid cancer) and
KAK-1 (anaplastic thyroid cancer) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco-BRL, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (Hyclone, Logan,
UT, USA), penicillin/streptomycin (Gibco-BRL), sodium pyruvate
(Gibco-BRL), sodium bicarbonate (Cellgro, Manassas, VA, USA), L-
glutamine (Gibco-BRL), and MEM non-essential amino acids (Gibco-
BRL). All cells were incubated at 37°C with 5% CO,.

Production of stable red and green fluorescent cell lines (NPA-RFP
and KAK-1-RFP; KAK-1-GFP). Highly fluorescent, RFP- or GFP-
expressing thyroid cancer cell lines were generated as previously
described (12). Briefly, the pDSRed-2 vector (Clontech Laboratories,
Inc., Palo Alto, CA, USA) was used to engineer clones of NPA and
KAK-1 cells that stably express RFP, while the stable GFP-expressing
KAK-1 cell line was generated with the use of the pLEIN-GFP vector
(Clontech Laboratories, Inc.) (11, 14).

Animal care. Twelve female athymic nu/nu nude mice were
maintained in a barrier facility on high efficiency particulate air
(HEPA)-filtered racks. The animals were fed with autoclaved
laboratory rodent diet (Teckland LM-485; Western Research Products,
Orange, CA, USA). All surgical procedures were performed under
anesthesia with an intramuscular injection of 100 pl of a mixture of
100 mg/kg ketamine and 10 mg/kg xylazine. For each procedure, 20 pl
of 1 mg/kg buprenorphine was administered for pain control.
Euthanasia was achieved by 100% carbon dioxide inhalation, followed
by cervical dislocation. All animal studies were approved by the
UCSD Institutional Animal Care and Use Committee and conducted in
accordance with principles and procedures outlined in the NIH Guide
for the Care and Use of Animals.

Orthotopic thyroid cancer model. NPA-RFP, KAK-1-RFP, and KAK-
1-GFP cells were harvested by trypsinization and washed three times
with serum-free medium. Viability was verified to be greater than 95%
for each cell line using the Vi-Cell XR automated cell viability
analyzer (Beckman Coulter, Brea, CA, USA). To determine necessary
cell numbers for tumor growth, cells were resuspended at either 5x105
or 5x10° per 5 pl of serum-free medium and placed on ice prior to
implantation. Orthotopic models were established in four groups of
three 8-week old female mice with the aid of surgical loupes of
magnification 2.5x. The four groups included: (i) KAK-1-RFP: 5x100
cells; (ii) KAK-1-RFP: 5x105 cells; (iii) NPA-RFP: 5x103 cells; and
(iv) KAK-1-GFP: 5x105 cells. After anesthesia was administered as
described above, a 1.0- to 1.5-cm longitudinal midline cervical incision
was made in the anterior neck of the mouse. The salivary glands were
retracted laterally, and the underlying superficial strap muscles gently
teased off the midline, revealing the trachea and the two flanking
thyroid glands. The deeper strap muscles were left intact on the trachea
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to assist in exposing the glands for tumor cell injection by tracheal
rotation. A 25-pl Hamilton syringe (Hamilton Company, Reno, NV,
USA) fitted with a 26-gauge needle was used to inject the cells directly
into one or both of the thyroid glands. The total volume injected in
each gland was 5 pl, containing 5x10% or 5x105 cells. The
submandibular glands were then returned to the midline position, and
the skin was closed in a single layer in a running fashion using a 6.0
Ethibond non-absorbable suture (Ethicon Inc., Somerville, NJ, USA).

Animal imaging and necropsy. After orthotopic implantation, mice
were imaged weekly with the Olympus OV100 Small Animal Imaging
System (Olympus Corp., Tokyo, Japan) equipped with an MT-20 light
source (Olympus Biosystems, Planegg, Germany) and a DP71 CCD
color camera (Olympus Corp.) that is interchangeable with an
ImagEM-CCD monochrome digital camera (Hamamatsu Photonics
K K., Hamamatsu City, Japan). The imaging chamber was mounted
with a gas nose cone that delivers a steady flow of a mixture of
isofluorane gas and 100% oxygen directly to the mouse to keep it
anesthetized. Both bright light and fluorescent images were obtained.

The animals were sacrificed when they either reached premorbid
conditions, as defined by a combination of cachexia and diminished
activity level, or at certain preset time points, whichever came first.
The five, ten and fifteen weeks post-implantation marks were chosen
as time points at which one mouse of each group would be sacrificed.

At the time of euthanasia, a midline sternotomy extending from
the xiphoid process up to the base of the mandible was performed, so
as to expose the thyroid glands and tumors in continuity with the
airways and the lungs within the chest cavity. The tumor was
resected en bloc with the respiratory system, starting most rostrally
at the level of the thyroid cartilage and including the lungs caudally.
The specimen was imaged under both bright light and fluorescent
light modes with the OV100.

Histology. The thyroid/tumor and respiratory system organ block was
either fixed in Bouin’s solution and embedded in paraffin prior to
sectioning and staining with H&E for standard light microscopy or
frozen in OCT for examination under fluorescence microscopy. H&E-
stained permanent sections were examined using an Olympus BX41
microscope equipped with a Micropublisher 3.3 RTV camera
(QImaging, Surrey, BC, Canada). All images were acquired using
QCapture software (QImaging) without post-acquisition processing.
Fluorescence microscopy was performed using an inverted Nikon DE-
300 microscope and Spot camera RD (Tokyo, Japan).

Data processing. All whole-body and macroscopic images were
analyzed using Image-J (National Institute of Health Bethesda, MD,
USA) and were processed for contrast and brightness with the use of
Photoshop Element-4 (Adobe Systems Inc. San Jose, CA, USA).

Results

All animals tolerated the surgical implantation well, without
any surgery- or anesthesia-related complications. After
injection of the fluorescent tumor cells into the thyroid glands,
fluorescence imaging was used to confirm accumulation of the
cells in the correct location. Both NPA and KAK-1 cell lines
exhibited 100% tumorigenicity after intra-thyroid cell injection.
Injection of 5x10° KAK-1-RFP cells and 5x10° KAK-1-RFP
cells both achieved 100% tumor growth, with no significant
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Weeks after SOI

Figure 1. Real-time imaging of tumor growth in a mouse bearing a KAK-1-RFP tumor over time. Brightfield images and fluorescence images obtained by
the monochrome camera were superimposed. In this particular animal, the tumor first became visible on week 5 post-implantation but was not palpable until
week 7 after surgical implantation. Weekly imaging allowed monitoring and documentation of tumor growth until the animals were sacrificed. The median
time to non-invasive tumor detection via fluorescence for KAK-1-RFP tumors was postoperative week 5, that for NPA-1-RFP was postoperative week 9.

Figure 2. RFP-expressing orthotopic tumors emit a brightly fluorescent signal with proper excitation. Imaging of the exposed neck of the mouse
permitted rapid identification of separate tumors in the two thyroid lobes. The signal was intense and facilitated tumor detection. This mouse
demonstrates bilateral tumor foci that developed following orthotopic implantation of RFP-expressing NPA thyroid cancer cells. Left panels are
brightfield images and right panels are fluorescense images.
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Figure 3. Fluorescence imaging of metastases. For both KAK-1 and NPA tumors, metastases developed after extended tumor growth. A: Fluorescence
imaging of a thyroid/tumor/lung organ block which demonstrated paratracheal lymph node metastases (middle panel) and disseminated pulmonary

micrometastases (right panel). B: Imaging of the same specimen under bright light failed to reveal the presence of metastatic disease, especially in
the lung parenchyma.

Figure 4. High magnification fluorescence images of the lung (panel A). KAK-1-RFP cells were identified via fluorescence imaging within a
superficial vascular channel (magnified views, panels B-D) traversing the pleural surface of the lung parenchyma.
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Figure 5. Intravital fluorescence imaging of GFP-expressing KAK-1 tumors. In this orthotopic KAK-1-GFP-bearing animal. Imaging under
fluorescence light clearly identified the tumor (thin arrows) (B), differentiating it from other structures within the neck of the mouse, including the
cheek muscles (*) and salivary glands (thick arrows) (A). Once the thyroid/tumor/lung organ block was resected, a metastatic lesion was seen in the
paratracheal lymph node (LN), right above the lungs, at moderate magnification (C). At higher magnification of the outlined area in panel C,
additional small metastatic deposits became visible within the lungs (arrows) due to their fluorescent signal (D).

Figure 6. Histological appearance of KAK-1-RFP and NPA-RFP primary thyroid tumors. Transverse sections of KAK-1-RFP (A and B) and NPA-
RFP (C and D) primary thyroid tumors show the relationships of bilateral tumor masses with residual normal thyroid (*) and adjacent tissues.
KAK-1-RFP thyroid cancer cells formed large, centrally necrotic masses that distorted and compressed adjacent structures such as the esophagus
(arrow in A, 2x, scale bar=1 mm). Higher magnification (B, x10, scale bar=100 microns) of the area indicated in (A) gives a closer view of the
tumor (left), the trachea (right), and normal residual thyroid tissue (upper middle). As compared to KAK-1-RFP, NPA-RFP thyroid cancer cells
formed smaller tumor masses (C) and demonstrated more evidence of differentiation and a propensity for involvement of small vascular structures
(inset area in C; higher magnification in D, x40, scale bar=50 micron).
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difference in growth pattern and nearly identical growth
timelines observed. The earliest time to detection of tumor
growth based on non-invasive fluorescence imaging was 21
days post-implantation in a mouse bearing a KAK-1-RFP
tumor (5><106 cells), while the latest time to imageable tumor
growth was 11 weeks post-implantation in a mouse with a
NPA-RFP tumor. The median time to imageable tumor
detection for RFP-expressing KAK-1 cells was five weeks
post-implantation, and nine weeks post-implantation for the
NPA cell line.

RFP conferred a definitive advantage over GFP for
transcutaneous tumor detection in the cervical area. Unlike
GFP-expressing tumors, it was possible to detect RFP-
expressing tumors by imaging well before they became
palpable and it was possible to monitor their progression over
weeks, providing a timeline of tumor growth in the live animals
(Figure 1).

While tumors grew in all mice, it was the tumors’ growth
patterns and not their sizes that appeared to determine survival.
For both NPA and KAK-1, some tumors grew primarily in an
exophytic fashion and were associated with longer survival,
while other tumors caused esophageal compression early in the
disease course, leading to rapid deterioration and resulting in
early cachexia and mortality in these animals. The pattern of
tumor growth appeared to be stochastic and was not associated
with the tumor type (NPA vs. KAK-1) or number of cells
injected (5x10° vs. 5x10° cells).

Upon necropsy, fluorescence imaging of the exposed thyroid
gland and respiratory tract allowed rapid identification of a
bright primary tumor in each thyroid gland (Figure 2). Mice
that became premorbid early due to esophageal compression
failed to develop metastases. In contrast, mice in which tumors
grew in an exophytic fashion were sacrificed at later dates, at
which point they tended to have larger primary tumors and
multiple associated metastases. Most common sites of
metastasis included the paratracheal lymph nodes and the lungs
(Figure 3A). These RFP-expressing metastatic lesions were
easily detectable with fluorescence imaging but essentially
undetectable under white light microscopy (Figure 3B).
Furthermore, fluorescence imaging at higher magnifications
permitted visualization of single cancer cells within small,
superficial vascular structures traversing the pleural surface of
the lung parenchyma (Figure 4). Primary and metastatic KAK-
1-GFP lesions were also visualized with fluorescence imaging
at necropsy (Figure 5).

After completion of intravital imaging, tumors were
removed en bloc with the respiratory track and processed
for histology. The cartilaginous tracheal rings were readily
identified in H&E-stained transverse sections of the thyroid
tumors (Figures 6A, C). A thin rim of normal thyroid tissue,
distinguished by its characteristic colloid-filled follicles, was
found partially encircling the anterior aspect of the trachea.
Orthotopically implanted, fluorescent protein-expressing

4420

tumor cells formed discreet tumor masses of various sizes
which distorted adjacent normal tissues and sometimes
caused compression of the esophagus (Figure 6A, arrow).
The histologic features of the tumors varied, with KAK-1
tumors demonstrating extensive central necrosis and less
evidence of differentiation (Figures 6A, B). Tumors
developing from NPA cells were better differentiated but
less well-demarcated, with focally infiltrative tumor margins
and a tendency to involve small vessels near the tumor
(Figures 6C, D).

Discussion

As new potential therapeutic targets for thyroid cancer are
identified, novel drugs and treatment strategies will be
developed that require an appropriate animal model for their
evaluation. Ideally, such a model would resemble the disease
process in humans both clinically and pathologically, allow
for the tumor response to therapy to be monitored over time
in a live animal, and afford easy and accurate detection of
disease progression at the time of necropsy. It is now clear
that orthotopic mouse models of human cancer are vastly
superior to their subcutaneous xenograft counterparts, because
the former provide the best representation of the disease
process in patients (8, 9). Kim et al. (10) demonstrated in
their orthotopic model of ATC that the clinical features of the
disease and the metastatic pattern obtained in mice
recapitulated those found in human ATC. Furthermore, they
showed that the orthotopic model resulted in significantly
greater tumorigenicity and promoted greater angiogenesis
than the subcutaneous model. The clinical applicability of this
model allowed them to subsequently investigate a number of
therapeutics against ATC (15-20). Likewise, an orthotopic
model of PTC described by Ahn et al. led to the development
of metastases to the cervical lymph nodes and lungs, as
occurs clinically but not in subcutaneous PTC models (21).
In the current study, orthotopic implantation of both NPA and
KAK-1 cells into the mouse thyroid glands resulted in a
model which accurately recapitulates the clinically relevant
features of human PTC and ATC, namely local tissue
invasion, compression of adjacent organs, development of
cachexia, and metastastic disease to paratracheal lymph nodes
and the lungs.

Non-fluorescent orthotopic models of thyroid cancer,
however, are limited with regard to continuous monitoring of
tumor progression and response to therapy. Ahn et al. (21)
reported that orthotopically-growing tumors are located deep
in the neck and are difficult to detect. Moreover,
transcutaneous measurement of the deeply-growing thyroid
tumors is challenging and inaccurate. Tumors labeled with
fluorescent proteins, on the other hand, can be imaged
accurately over time in orthotopic models. Our laboratory
previously demonstrated that imaging with fluorescent protein
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correlates well with both ultrasound and magnetic resonance
imaging evaluation of primary tumors in orthotopic mouse
models of pancreatic cancer (22, 23). In the current study,
RFP-expressing NPA and KAK-1 tumors were detectable in
the neck transcutaneously via whole-body imaging long before
they became palpable. Monitoring of tumor progression was
achievable from the onset of tumor detection until the animals
were sacrificed.

Finally, detection of small metastatic lesions can be
challenging, especially if they are present within the lung
parenchyma and not on the lung surface. The same problem is
encountered when tumor deposits are surrounded by or located
within tissues of the same color and composition. These
problems are mostly circumvented when tumors are
fluorescently labeled, when even single-cell level metastases
can be detected (24). Nucera et al. recently described a GFP-
expressing orthotopic mouse model of ATC in which GFP
expression facilitated detection of multifocal pulmonary
micrometastases (25). However, in their study, no non-invasive
real-time imaging was performed. In the present study, RFP
enabled non-invasive imaging of the tumor, conferring the
major advantage of real-time monitoring of tumor growth and
progression. Furthermore, metastases to the paratracheal lymph
nodes and to the lungs that were undetectable under bright light
were brightly fluorescent in the current model. Thus, some
animals that would have been considered to have local disease
only without the use of fluorescent proteins had metastatic
lesions that were identified via fluorescence imaging. Not
visualizing existing metastases would obviously have a
significant impact on the evaluation of novel therapeutics by
understaging the disease, or conversely, overestimating the
efficacy of the therapy being tested. The application of
fluorescence imaging would therefore greatly diminish the
potential for such errors to occur.

Schweppe et al. (26) used short tandem repeat profiling
and single nucleotide polymorphism array analysis on a
series of thyroid cancer cell lines. These authors claim that
KAK-1 is a derivative of the HT-29 colon cancer cell line
and the NPA is a derivative of the MDA-MB-435 cell line
which they term melanoma but is in reality a breast cancer
cell line (27, 28).

However, this characterization by Schweppe et al. seems
unlikely. First of all, NPA is a human PTC developed by
Juillard at UCLA (29) and KAK-1 is a human ATC developed
by Fusco (30, 31). Secondly, both the HT-29 (32) and MDA-
MB-435 (33, 34) cell lines are relatively indolent, in sharp
contrast to the highly aggressive and metastatic behavior
observed for NPA and KAK-1 in the current study. The pattern
of orthotopic primary tumor growth and metastasis of NPA and
KAK-1 reflect the clinical pattern of thyroid carcinoma.

In addition, if these cell lines were indeed not of thyroid
origin, their ectopic implantation on the thyroid should make
them even more indolent (35), in sharp contrast to the highly

aggressive behavior observed for NPA and KAK-1, in the
current study, indicating NPA and KAK-1 are cancer cell lines
of thyroid origin and the thyroid is the orthotopic organ.
Moreover, the KAK-1 tumors demonstrated extensive central
necrosis and less evidence of differentiation and tumors
developing from NPA cells were better differentiated in the
current study. This is consistent with the anaplastic character
of KAK-1 and the papillary character of NPA, respectively,
again indicating that NPA and KAK-1 are thyroid carcinoma
cell lines.

In conclusion, in this study a novel, imageable, fluorescent
orthotopic mouse model of human papillary and anaplastic
thyroid cancers was developed. By combining RFP
fluorescence imaging and orthotopic implantation, this model
gains three major strengths, making it uniquely useful in the
evaluation of thyroid cancer. First, it recapitulates the disease
process in humans both clinically and pathologically.
Second, it allows for tumor progression and response to
investigational therapies to be non-invasively monitored and
followed over time in a live animal. And third, it permits
facile and reliable detection of metastatic disease, even at the
single-cell level, that can otherwise be missed with bright
lighting, thereby resulting in more accurate disease staging.
The current model should serve as an ideal preclinical
system in which to evaluate novel therapeutics for thyroid
cancer and help provide a powerful insight into the tumor
biology of this disease.
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