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Papillary thyroid carcinomas in humans are associ-
ated with the ret/PTC oncogene and, following loss of
P53 function, may progress to anaplastic carcinomas.
Mice with thyroid-targeted expression of ret/PTC1 de-
veloped papillary thyroid carcinomas that were min-
imally invasive and did not metastasize. These mice
were crossed with p53—/— mice to investigate
whether loss of p53 would promote anaplasia and
metastasis of ret/PTCl-induced thyroid tumors. The
majority of p53—/— mice died or were euthanized by
17 weeks of age due to the development of thymic
lymphomas, soft tissue sarcomas, and testicular ter-
atomas. All ret/PTC1 mice developed thyroid carcino-
mas, but tumors in p53—/— mice were more anaplas-
tic, larger in diameter, more invasive, and had a
higher mitotic index than tumors in p53+/+ and
pP53+/— mice. Thyroid tumors did not metastasize in
any of the experimental p53+/+ and p53+/— mice
=28 weeks of age or p53—/— mice < 17 weeks of age;
however, an older (170-day-old) male p53—/— mouse
used to maintain the colony developed anaplastic thy-
roid carcinoma with liver metastases. These findings
demonstrate that the lack of functional p53 in ret/PTC1
mice promotes anaplasia and invasiveness of thyroid
carcinomas. (Am _J Pathol 2000, 157:671-677)

The majority of thyroid carcinomas in humans are papil-
lary thyroid carcinomas (PTCs)." They occur primarily in
iodine-sufficient regions of the world, and external radia-
tion is the only known etiological factor.>® PTCs are his-
tologically characterized by well differentiated papillary
and follicular structures, distinctive nuclear features, and
infrequent mitotic figures.*~” Despite the common occur-
rence of regional lymph node metastases,® PTCs have a
relatively benign biological behavior.®? In contrast, ana-
plastic thyroid carcinomas (ATCs) have a variety of his-

tological patterns resulting in poorly differentiated cells
that usually are negative for thyroglobulin and have nu-
merous, often abnormal, mitotic figures.*~” Furthermore,
20 to 50% of patients with ATCs have distant metastases
to lung, bone, brain, and liver at the time of initial presen-
tation.° PTCs are uniquely associated with the ret/PTC
oncogene,'°~ "2 in which the cytoplasmic tyrosine kinase
domain of the ret proto-oncogene is fused to the amino-
terminal dimerization domain of a donor gene expressed
ubiquitously in the thyroid gland.'® This results in consti-
tutive tyrosine phosphorylation of ret/PTC independent of
ligand binding. Many investigators have found p53 mu-
tations in up to 83% of ATCs by immunohistochemistry
and single strand conformation polymorphism.'*~22
These findings suggest that follicular and ret/PTC-nega-
tive papillary thyroid carcinomas may progress to ATCs
following loss of p53 function.?324

We and others have generated transgenic mice ex-
pressing ret/PTC1 under the control of the bovine®® or
rat®® thyroglobulin (Tg) promoters. These mice devel-
oped bilateral, thyroid-stimulating hormone (TSH)-re-
sponsive PTCs with cystic and solid regions.?>?” The
solid regions were composed primarily of spindle cells,?’
which are a common feature of ATCs in humans.*~”
However, thyroid tumors in ret/PTC1 transgenic mice
were minimally invasive, did not metastasize, and did not
overexpress p53 by immunohistochemical staining.?” In
the present study, we investigated whether loss of p53
would promote anaplasia and metastasis of ret/PTC1-
induced thyroid tumors in vivo. To generate three groups
of animals that differed only in their p53 functional status,
ret/PTC1 transgenic mice were crossed with p53—/—
mice. Various features of the thyroid tumors that devel-
oped in these different genotypic groups were evaluated
including tumor morphology, neoplastic thyroid lobe di-
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ameter, mitotic index, invasion, and the occurrence of
metastasis in extrathyroidal sites.

Materials and Methods

Animals

Female heterozygous FVB/N mice expressing ret/PTC1
under the control of the bovine Tg promoter®® were
crossed with male p53—/— mice of the 129/SV strain
(JR 2080: 129/Sv-Trp53™ '™ Jackson Laboratories). In
these p53—/— mice, exon 2 through intron 7 of both p53
alleles is replaced by a neomycin resistance cassette,
which disrupts 40% of the coding sequence, completely
blocking production of p53 protein.?® The resulting ret/
PTC1+ p53+/— and ret/PTC1- p53+/— (F,) mice were
bred to generate six genotypic (F,) groups: ret/PTC1+
p53+/+; ret/PTC1— p53+/+; ret/PTC1+ p53+/—; ret/
PTC1— p53+/—; ret/PTC1+ p53—/—; and ret/PTC1—
p53—/—.

Genotyping

Two polymerase chain reactions (PCR) were performed
on genomic DNA from tail clippings. Primers used to
amplify a 203-bp DNA fragment from ret/PTC1 transgenic
mice were as previously reported (Kd-2: 5'-AGTTCTTC-
CGAGGGAATTCC-3" and TPC-4: 5'-GTCGGGGGGCAT-
TGTCATCT-3').2° A set of 4 primers and a touchdown
protocol were used to detect both normal and mutant p53
alleles in a single reaction. A 280-bp DNA fragment was
amplified from the neomycin cassette of the disrupted
p53 allele using the primers 5'-CTTGGGTGGAGAGGC-
TATTC-3" and 5'-AGGTGAGATGACAGGAGATC-3'. A
600-bp DNA fragment was amplified from the region
between exons 6 and 7 of the wild-type p53 allele using
the primers 5'-ATAGGTCGGCGGTTCAT-3' and 5'-
CCCGAGTATCTGGAAGACAG-3'.

Experimental Groups

The conduct of this study was approved by the Institu-
tional Laboratory Animal Care and Use Committee at The
Ohio State University. Mice were separated by sex at the
time of weaning (between 3 and 4 weeks of age) and fed
iodine-replete normal rodent chow (LM-485; Harlan Tek-
lad, Madison, WI). Experimental groups consisted of
16-19 mice per sex for each of the six genotypes, such
that 10 or 11 mice per group were sacrificed at 15 to 17
weeks of age, and 6 to 8 mice per group were sacrificed
at 28 weeks of age. During the course of the study,
additional ret/PTC1 transgenic mice used to maintain the
colony were also evaluated. These included nine F,
p53+/— mice ranging in age from 197 to 407 days, as
well as two F; p53—/— mice, 126 and 170 days old.

Histopathology

Complete postmortem evaluations were performed on all
mice. Representative tissues were fixed overnight in 10%

neutral buffered formalin, processed by routine methods,
and embedded in paraffin wax. Sections (5 wm) were
stained with hematoxylin and eosin (HE). Blinded (ie,
without knowledge of genotype) histological evaluation of
the thyroid glands included: measurement of lobe diam-
eter (mm), classification of tumor morphology (papillary
or anaplastic carcinoma), mitotic index (mean of three
40X fields), and assessment of invasion (0-3+). A grade
of 1+ was characterized by thyroid capsular fibrosis. In
2+ invasion, small nests of neoplastic cells had invaded
through the existing thyroid capsule but were surrounded
by fibrosis. Complete penetration through the thyroid cap-
sule with invasion of neoplastic cells into perithyroidal con-
nective tissue, the trachea, or surrounding salivary glands
and skeletal muscle constituted 3+ invasion. Metastasis
was evaluated by examining all lung lobes in all mice, as
well as cervical, axillary, and tracheobronchial lymph nodes
(obtained in 47%) in mice with thyroid tumors.

Immunohistochemistry

Immunohistochemical staining was performed on 5-um
paraffin sections cut onto poly-L-lysine slides. Endogenous
peroxidase was inhibited by 3% hydrogen peroxide in
methanol. For antigen retrieval, slides ware incubated at
90°C with Retrieve-All (Signet, Inc., Dedham, MA). Poly-
clonal rabbit anti-human primary antibodies were against
thyroglobulin (1:500, DAKO Corporation, Carpinteria, CA)
and ret (C-19, 1:100, Santa Cruz Biotechnology, Santa
Cruz, CA). The secondary antibody for both primary anti-
bodies was biotinylated goat anti-rabbit antibody (Santa
Cruz Biotechnology). Specific binding was amplified using
the streptavidin-biotin immunoperoxidase technique (DAKO).
Chromogen reaction was developed with 3-3' diaminobenzi-
dine (DAB) solution (DAKQ), and nuclei were counterstained
with Mayer’s hematoxylin. For negative controls, slides were
incubated with nonspecific rabbit IgG at similar concentra-
tions, as a source of irrelevant primary antibody.

Statistical Analysis

Data for the three p53 genotypes of ret/PTC1 transgenic
mice were analyzed only to determine whether differences
were statistically significant at 14 to 17 weeks of age. Pear-
son’s ¥° test was performed on data expressed as propor-
tions (anaplastic tumors, tumor invasion grades, and tumors
with mitotic figures) using S-Plus version 4.5 (MathSoft Inc.,
Cambridge, MA). Kruskal-Wallis rank test was performed on
numerical data expressed as mean = SEM (neoplastic
thyroid lobe diameters) using GraphPad InStat version 3.0
(GraphPad Software, San Diego CA). Statistical signifi-
cance was indicated by P < 0.05.

Results

Tumor Burden and Age of Mice at Death

p53—/— mice and, infrequently, p53+/— mice developed
extrathyroidal tumors, consistent with previous re-
ports,?8~34 necessitating euthanasia of most mice before
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Table 1. Incidence of Mice Euthanized Prematurely and Age at Death

15-17 Weeks of Age Group

ret/PTC1+ ret/PTC1— ret/PTC1+ ret/PTC1— ret/PTC1+ ret/PTC1—
p53+/+ p53+/+ p53+/— p53+/— p53—/— p53—/—
Early removal 0% 0% 5% 55% 29%
(0/22) (0/22) (0/22) (1/22) (12/22) (6/21)
Age range 103-120 103-111 104-109 91-115 62-120 76-117
Mean age 108 106 106 106 93 102
28 Weeks of Age Group
ret/PTC1+ ret/PTC1— ret/PTC1+ ret/PTC1— ret/PTC1+ ret/PTC1—
pP53+/+ pP53+/+ p53+/— p53+/— p53—/— p53—/—
Early removal 15% 0% 17% 0% 100% 92%
(2/13) (0/12) (2/12) (0/12) (14/14) (11/12)
Age range 49-204 190-197 67-194 190-195 49-117 82-190
Mean age 174 192 175 190 92 125

Age data are stated in days.

15-17 or 28 weeks of age (Table 1). These tumors in-
cluded thymic lymphomas, subcutaneous hemangiosar-
comas, testicular teratomas, gliomas, and miscellaneous
tumors such as undifferentiated soft tissue sarcomas.
Additionally, paraphimosis (penile prolapse), which had
been previously observed in our ret/PTC1 transgenic
mice,?® occurred in 10% of ret/PTC1+ p53+/— mice and
20% of ret/PTC1+ p53—/— mice, necessitating their early
removal from the study. An additional cause for early re-
moval was dyspnea resulting from tumor (thyroid and thy-
mus)-induced tracheal compression. As a result of these
premature deaths, data for ret/PTC1+ p53—/— mice were
separated according to age at death: 7-11 weeks (n = 8),
11-14 weeks (n = 10), and 14-17 weeks (n = 18).

Thyroid Lesions, Neoplastic Thyroid Lobe
Diameter, and Tumor Mitotic Index

All ret/PTC1 transgenic mice developed bilateral thyroid
carcinomas. Papillary thyroid carcinomas were com-
posed of heterogeneous areas of follicular architecture
with papillary infoldings and uniform vesicular nuclei (Fig-
ure 1A).457:2527 Carcinomas were classified as anaplas-
tic if one or both lobes contained solid areas composed
of pleomorphic spindle, polyhedral, or multinucleated gi-
ant cells (Figure 1B).*~” The incidence of ATCs in all mice
increased with age (Figure 2). However, the percentage
of ATCs in all ages of p53—/— mice was greater than both
age groups of p53+/+ and p53+/— mice, and was sig-
nificantly greater (P < 0.05) at 14 to 17 weeks of age.
Anaplastic thyroid tumors also had larger lobe diameters
and a higher mitotic index. The mean diameter of neoplastic
thyroid lobes was greater in 11- to 17-week-old p53—/—
mice than in p53+/+ or p53+/— mice, but it was significant
(P < 0.05) only when 14- to 17-week-old p53—/— mice were
compared to the corresponding age groups of p53+/+ and
p53+/— mice (Table 2). Mitotic figures are not typical his-
tological features of papillary thyroid carcinomas.*®” None
of the thyroid tumors in p53+/+ mice had mitotic figures. In
contrast, 30% of all p53—/— tumors and 17% of p53+/—
tumors at 28 weeks of age had mitotic figures (Table 2). In

these tumors, the mitotic index ranged from 1 to 12 per high
power field (hpf; mean, 3.9/hpf) in all p53—/— tumors and 1
to 2/hpf (mean, 1.5/hpf) in p53+/— tumors at 28 weeks of
age. Furthermore, the mitotic index increased with age in
p53—/— tumors (2.5/hpf at 7-11 weeks of age vs. 5.8/hpf at
14-17 weeks of age). Mitotic figures were often atypical
(Figure 1D).

Tumor Invasion

Less than 15% and 30% of thyroid tumors in all mice had
invasion grades of 0 or 1+ (Figure 1A), respectively. The
majority (range, 40-86%; mean, 65%) of thyroid tumors
in all groups were characterized by 2+ invasion grades
(Figure 2B). The most significant finding was that 3+
invasion was seen only in p53—/— mice (Figure 3). Thy-
roid tumors completely penetrated the thyroid capsule
and invaded surrounding tissues in 40% and 21% of
p53—/— mice aged 11-14 and 14-17 weeks, respec-
tively (Figures 1C and 4B). ATCs with 3+ invasion were
further characterized by asymmetrical enlargement of
one lobe (up to 25 mm in diameter) in 5/9 older p53+/—
mice (F,, 197 to 314 days old), 1/36 experimental
p53—/— mice (F,, 102-day-old female), and 1/2 older
p53—/— mice (F5, 170-day-old male; Figure 4, A and B).

Metastasis

Lung and lymph node metastases ware not detected in
any of the experimental p53+/+ or p53+/— mice =28
weeks of age or p53—/— mice =17 weeks of age. A
single subpleural aggregate of neoplastic epithelial cells,
interpreted to be a micrometastasis of the bilateral ana-
plastic thyroid carcinoma, was found in one lung lobe of
a 111-day-old female experimental p53—/— mouse. How-
ever, this aggregation of neoplastic cells was not found in
serial sections; therefore, thyroid origin could not be con-
firmed with thyroglobulin or ret immunohistochemical
staining. Evaluation of a 170-day-old male (F;) p53—/—
mouse used to maintain the colony, revealed an asym-
metrically enlarged thyroid tumor and numerous round,
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Figure 1. Thyroid tumors in 7et/PTC1+ p53—/— mice. A: Minimally invasive (1+) bilateral PTC (79 days old) consisting of a mixture of cystic and follicular areas
with papillary infoldings. T, trachea; E, esophagus. HE staining. Bar, 600 um. B: Bilateral ATC (112 days old) with widespread regions of solid neoplastic polygonal
cells, and thyroid capsular (2+) invasion (arrow). HE staining. Bar, 1.1 mm. C: Bilateral ATC (91 days old) with asymmetrical enlargement of the right lobe and
extensive (3+) invasion into the tracheal submucosa (arrow). HE staining. Bar, 600 wm. D: ATC (103 days old) with regions of solid neoplastic polygonal cells

containing numerous atypical mitotic figures (arrows). HE staining. Bar, 170 um.

raised, tan nodules (2-3 mm) within the parenchyma and
on the capsular surface of the liver (Figure 4). Histologi-
cally, the neoplastic cells within these metastatic nodules
resembled the anaplastic thyroid carcinoma. Results of
immunohistochemical staining for thyroglobulin and ret
within the anaplastic thyroid carcinoma were variable
with distinct but infrequent positive areas interspersed
throughout negative areas. Neoplastic cells within the
metastatic nodules stained diffusely for thyroglobulin and
ret, whereas the adjacent hepatocytes remained nega-
tive (Figure 4D).

Discussion

The results of this study demonstrated that a lack of
functional p53 in ret/PTC1+ p53—/— mice promoted the
formation of thyroid tumors that were more anaplastic,
larger in diameter, more locally invasive, and contained
more mitotic figures than those in ret/PTC1+ p53+/+ and
ret/PTC1+ p53+/— mice. All of the experimental p53—/—
mice died or were euthanized by 17 weeks of age; how-
ever, 25 to 60% of these mice had ATCs at the time of
death. Although a low percentage of p53+/+ and
p53+/— tumors were also classified as anaplastic by 28
weeks of age, none of the tumors were as large or inva-

sive as the tumors in p53—/— mice. By 28 weeks of age,
17% of tumors in p53+/— mice also had mitotic figures, in
contrast to tumors in p53+/+ mice.

In our ret/PTC1 transgenic mouse model, bovine Tg-
driven overexpression of the ret receptor tyrosine kinase,
led to constitutive activation of the ras/MAPK pathway,
inducing the formation of bilateral PTCs.?527 Under
chronic TSH stimulation, the carcinomas were minimally
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Figure 2. Percentage of anaplastic thyroid carcinomas in ret/PTC1+ mice
with variable p53 functional status.
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Table 2. Neoplastic Thyroid Lobe Diameter and Incidence of Thyroid Tumors with Mitotic Figures

7-11 weeks 11-14 weeks 14-17 weeks 28 weeks
p53—/— p53—/— p53+/+ p53+/— p53—/— p53+/+ p53+/—
Mean lobe diameter (mm)* 193 +=0.20 2.60+ 225 1.86+0.09 198 =+0.08 3.36=* 109" 211+0.15 204 +0.13
Tumors with mitotic figures 29% 30% 0% 29% 0% 17%
(2r7) (8/10) (0/22) (517)" (0/13) (2112)
*Mean + SEM.
P < 0.05.

invasive and did not metastasize.?” However, the tumors
did contain solid regions of spindle cells,?” a feature of
ATCs in humans.*~” Mutations of the p53 tumor suppres-
sor gene, primarily located in exons 5-8, are reported
frequently in human ATCs."*"22 However, p53 immuno-
histochemical analysis of the ret/PTC1 mouse tumors did
not reveal overexpression of the p53 protein.?”

There also is substantial evidence documenting the
association between thyroid follicular cell differentiation
and p53 expression in vitro.' 25737 Numerous undifferen-
tiated or anaplastic human thyroid carcinoma cell lines
have been established that harbor heterozygous p53
point mutations, fail to concentrate radioiodide, and do
not express detectable levels of thyroid-specific genes
such as thyroglobulin, TSH receptor, thyroid peroxidase
(TPO), paired box-8 (PAX-8), or thyroid transcription fac-
tor-1 (TTF-1). However, re-expression of wild-type p53 in
these cells restores their ability to respond to TSH and
induces the expression of thyroglobulin, TSH receptor,
TPO, and PAX-8.%637 The lack of functional p53 protein
alone is not sufficient to induce the malignant phenotype,
since neither ret/PTC1— p53+/— mice nor ret/PTC1—
p53—/— mice developed thyroid carcinomas. This find-
ing is supported by the observation that patients with
Li-Fraumeni syndrome and germline mutations of p53
develop various types of cancer including breast carci-
nomas, osteosarcomas, brain tumors, and soft tissue
sarcomas, but not thyroid carcinomas.®®° In addition,
the introduction of mutated p53 in some thyroid cell lines
does not induce colony formation in soft agar or tumor
formation in nude mice.®® This suggests that mutated p53

‘ Tumor Invasion
Grade

oo
T A1+
| W2+
. 3+

*P <0.05

Percent Mice/Tumor Invasion Grade

p53+/+ p53+/- p53-/-
14-17 Weeks of Age

Figure 3. Incidence of thyroid tumor invasion by grade in 14- to 17-week-old
ret/PTC1+ mice with variable p53 functional status.

appears to cooperate with other oncogenes to promote,
rather than initiate, thyroid tumorigenesis.

ATCs in mice had a variety of histological patterns and
high mitotic index, similar to human ATCs. In contrast to
human ATCs, the murine ATCs stained variably for thy-
roglobulin, and none of the mice had microscopic evi-
dence of metastasis by 14-17 weeks of age for p53—/—
mice or 28 weeks of age for p53+/+ and p53+/— mice.
Many of the ret/PTC1 transgenic p53—/— that were to
have been evaluated at 15-17 (55%) and 28 (100%)
weeks of age died or had to be euthanized prematurely.
The mouse that did develop metastatic ATC survived much
longer than the oldest experimental ret/PTC1+ p53—/—
mouse (170 vs. 120 days of age). Therefore, it is possible
that if ret/PTC1+ p53—/— mice had survived to 28 weeks of
age, the incidence of ATCs and metastasis would have
been higher. To overcome the premature deaths due to
extrathyroidal tumors in p53—/— mice, it will be necessary in
future experiments to generate thyroid-restricted p53—/—
mice, thereby permitting the mice to live longer and allowing
sufficient time for metastases to develop.

Another confounding factor that may have influenced
the development of metastases is the genetic back-
ground of the mice. All of the experimental mice were F,
generation from breeding heterozygous ret/PTC1+
p53+/— mice to ret/PTC1— p53+/— mice. All of these
mice were from the same generation, and their ret/PTC1
and p53 genotypes were confirmed by PCR. However,
the genetic composition of all F, mice was not identical,
in that the exact percentage contributed by the ret/PTC1
FVB/N background versus the p53—/— 129/SV back-
ground may vary. This also may explain why only some,
not all, of the ret/PTC1+ p53—/— mice had thyroid tumors
with anaplastic features. Although it is tempting to com-
pare phenotypes among combined genetically engi-
neered mice to evaluate the roles of various signal trans-
duction pathways in tumor development and progres-
sion, it is important to recognize the influence of the
genetic background in the resulting phenotype. In this
study, the ret/PTC1+ p53—/— mouse that developed
metastatic ATC was one generation older (F;) than the
experimental mice (F,).

Although tumor development and progression may
vary among genetically engineered mice with diverse
genetic backgrounds, transgenic mice with thyroid-tar-
geted overexpression of various human oncogenes have
provided valuable information on the roles of distinct
signal transduction pathways in thyroid tumorigene-
sis.?5:26:40-48 Ajterations of specific signal transduction
pathways have been associated with certain neoplastic
phenotypes,?°:26:42:45.46.48 gnd the most malignant and
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Figure 4. Metastatic ATC in a ret//PTC1+ p53—/—mouse (170 days old). A: Note the asymmetrical swelling in the ventral cervical region corresponding to the
thyroid tumor. B: Bilateral ATC with complete penetration through the thyroid capsule (3+ invasion) and marked asymmetrical enlargement on the left. Adjacent
salivary glands (S) and lymph node (arrow) are not affected. T, trachea; arrowhead, esophagus. HE staining. Bar, 4.8 mm C: Multiple metastases of ATC in the
liver. D: Immunohistochemical stain for thyroglobulin in the liver. The metastatic thyroid tumor cells are labeled positively for thyroglobulin, but the adjacent
hepatocytes are negative. Results of immunohistochemical staining for ret were similar (not shown). Hematoxylin counterstain. Bar, 80 pwm.

metastatic tumors developed when multiple pathways
were altered in thyroid follicular cells.*®4* This study
suggests that loss of p53 alone does not induce thyroid
tumor formation. Additional genetic and epigenetic mecha-
nisms may be necessary for the absolute progression and
metastasis of thyroid epithelial neoplasms. However, the
occurrence of tumors that are anaplastic and locally inva-
sive is promoted by the loss of p53 in ret/PTC1 mice.
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