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Abstract
Stem cells exhibit an extraordinary ability for self-renewal. They also give rise to many specialized
cells. The potential of stem cells in regenerative medicine, developmental biology, and drug
discovery has been well documented. Although advances in stem cell science have raised broad
ethical concerns, it is clear that stem cell technology has revolutionized our thinking in modern
biology and medicine and provided the basis for understanding many of the mechanisms controlling
basic biological processes and disease mechanisms. This review details the nascent field of thyroid
stem cell research, exploring the current status of thyroid stem cell differentiation from the
perspectives of both developmental biology and cell replacement therapy. It highlights successes to
date in the generation of thyroid follicular cells from embryonic stem cells in the laboratory and the
identification and characterization of adult stem cells from human thyroid glands and thyroid cancers.
Finally, it outlines future challenges with a focus on potential stem cell therapy for thyroid patients.

Introduction
The potential of stem cells in regenerative medicine, developmental biology, and drug
discovery has been documented in ever-increasing number of publications. Although much
research has focused on the differentiation of clinically significant pancreatic β cells,
hepatocytes, cardio-myocytes, and neurons, the understanding of thyroid stem cell biology has
also made significant strides during the past few years. This review details the current status
of thyroid stem cell biology, from the perspectives of both developmental biology and cell
replacement therapy. The first sections of the review highlight successes to date in the
generation of thyroid follicular cells from embryonic stem cells, and the evidence for the
presence of adult stem cells in human thyroid glands and cancer stem cells in thyroid cancers.
The final section of the review outlines future challenges facing successful stem cell therapy
for thyroid patients.

What Are Stem Cells and Why Are They Important?
Stem cells are cells that have the ability to divide indefinitely in culture and also to give rise
to many different specialized cell types. In general, stem cells are broadly divided into three
groups: embryonic stem cells, fetal stem cells, and adult stem cells. Embryonic stem cells are
primitive or undifferentiated cells derived from the inner cell mass of blastocyst-stage embryos
(1,2). They are remarkably plastic. They divide indefinitely in laboratory culture dishes and
can differentiate into all cell types in the body when exposed to the appropriate growth factors
or hormones. Fetal stem cells are found in all rapidly growing fetal organs and tissues. Adult,
or somatic, stem cells are unspecialized cells that can both renew themselves and yield all
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specialized cell types of the tissue from which they originate. Hair cells, skin cells, and male
germ cells—all capable of routine self-renewal—are examples of adult stem cells. Another
example is bone marrow stem cells.

Stem cells are also classified as totipotent, pluripotent, or multipotent depending on how many
different cell types they can generate. A totipotent stem cell can give rise to all the cell types
in an entire body as well as the cell types that make up the extraembryonic tissues, such as the
amnion, the chorion, and the placenta. In contrast, a pluripotent stem cell, such as an embryonic
stem cell, can give rise to all of the cell types in the body but they cannot make extraembryonic
tissues. It is important to understand that, although scientists believe that some adult stem cells
from one tissue can develop into cells of another tissue, so far no adult stem cell has been shown
in culture to be pluripotent. Therefore, the developmental potential of adult stem cells is limited.
Finally, a multipotent stem cell is a stem cell that has the ability to develop into more than one
cell type. An example is blood stem cells, which can give rise to both red and white blood cells.

Stem cell research holds great promise for many areas of biology and medicine. The possibility
of using stem cells as a novel and unlimited source of cells for cell-based therapy for a broad
spectrum of debilitating diseases has received much recent attention. Much current research is
focused on replacing bone marrow after leukemia or chemotherapy, replacing dopamine-
secreting neurons in the brain of a person with Parkinson’s disease, infusing cardiac muscle
cells in a heart damaged by myocardial infarction, and transplanting insulin-producing
pancreatic β cells in diabetic patients. In addition to cell replacement therapy, the ability to
access cell populations representing the early stages of embryonic stem cell differentiation
provides an exciting and unparalleled opportunity to model embryonic development and to
conduct experiments that would not be possible in human embryos. Understanding the
molecular and genetic pathways of normal early development may one day help physicians to
both prevent and treat birth defects, for example. Furthermore, the analysis of human
embryonic stem cells derived from patients with specific genetic disorders could provide novel
insights into the disease process and could be used to test new therapeutic approaches. Finally,
the ability to genetically engineer stem cells may allow clinicians to test the effect of current
drugs and to develop clinically relevant screening assays that would not otherwise be possible.

In Vitro Derivation of Functional Thyroid Follicular Cells from Embryonic
Stem Cells: Are We There Yet?

The discovery of pluripotent mouse embryonic stem cells more than 20 years ago (1,2) sparked
a period of intense investigation. These cells provided the basis for in vitro models of early
mammalian embryonic development and represented a new source of cells for cell-based
therapy. When cultured with leukemia inhibitory factor, mouse embryonic stem cells can be
maintained in an undifferentiated state for prolonged periods. Upon withdrawal of leukemia
inhibitory factor, these cells spontaneously differentiate to form three-dimensional cellular
aggregates or embryoid bodies that contain elements of all three primary embryonic germ
layers: ectoderm, mesoderm, and endoderm (3). The embryoid body recapitulates stages of
early embryogenesis through gastrulation, including the formation of postimplantation
embryonic tissues. By manipulating the culture conditions under which embryonic stem cells
differentiate, embryoid bodies can be further coaxed to differentiate into cells of all lineages.
To date, embryonic stem cell–derived hematopoietic, cardiac, neuronal, and pancreatic β cells,
as well as hepatocytes, have been successfully generated and transplanted into recipient
animals (4–13).

Several years ago we established culture conditions that allow the derivation of thyrocyte-like
cells from mouse wild-type CCE embryonic stem cells. The protocol includes a 2-week
treatment with thyroid-stimulating hormone (TSH), the main regulator of the thyroid gland
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(14,15). We showed that 6-day-old embryoid bodies derived from embryonic stem cells express
genes traditionally associated with thyroid follicular cells: PAX8, the Na+/I− symporter,
thyroglobulin, thyroperoxidase, and the TSH receptor (14). The embryoid bodies also exhibited
thyroid-specific function, such as cAMP generation by TSH (14). Together, these attributes
suggest that thyrocyte development is recapitulated in this embryonic stem cell model system.
We next examined ways to enrich the proportion of thyroid cells obtained during embryonic
stem cell differentiation. We generated an embryonic stem cell line carrying an enhanced green
fluorescent protein-neomycin-resistant (GFP-Neor) cassette under the control of the TSH
receptor promoter (16). This embryonic stem cell line allowed us to track thyroid-specific
development by following GFP expression during embryonic stem cell differentiation in
vitro. We found that the appearance of GFP-positive cells was dependent on the formation of
embryonic stem cell–derived embryoid bodies and that the proportion of GFP-positive cells
was greatly enhanced by TSH treatment during the first 2–4 days of differentiation. These
highly enriched embryonic stem cell–derived GFP-positive cells formed thyroid follicle-like
cell clusters on Matrigel in a serum-free medium supplemented with TSH (17).
Immunofluorescent studies confirmed the colocalization of TSH receptor with the Na+/I−
symporter in the clusters and indicated that the Na+/I− symporter was expressed exclusively
in the plasma membrane. In addition, I− uptake activity was observed in these cells (17). Our
methods marked the first successful derivation of thyroid follicular cells from embryonic stem
cells and highlighted their potential in the study of genes and factors involved in the
specification of thyroid lineage. However, there are two major problems with this system. First,
the differentiated cell populations were still heterogeneous; the percentage of differentiated
thyroid cells was low (less than 1%). Second, as with many other embryonic stem cell–derived
cell-specific lineages, characterization of lineage-committed pure stem cell populations is still
problematic. It is not yet possible in our model to make perfect thyroid cells. For example,
although we demonstrated that embryonic stem cell–derived thyroid follicular cells express
several thyroid markers, we were not able to detect thyroglobulin expression in these cells.
Although the molecular trigger for thyroglobulin production remains to be determined, this
discrepancy supports the notion that TSH exposure is not sufficient for thyroglobulin synthesis
and suggests that additional factors must be needed for thyroglobulin expression and thyroid
hormone synthesis. Embryonic stem cells clearly provide a useful new model for the
investigation of these and other pertinent signaling pathways.

Because embryonic stem cell differentiation varies in some respects between species, findings
in mice will need to be confirmed in human embryonic stem cells. Human embryonic stem
cells were first isolated in 1998 (18), almost 17 years after the discovery of their mouse
counterparts. This delay was in part due to the additional technical challenges involved in the
isolation of human embryonic stem cells and to ethical concerns and legal restrictions regarding
the destruction of human embryos. Nonetheless, the current availability of certain human
embryonic stem cell lines brings possible cell replacement therapies one step closer to reality.
At present, there are some protocols that provide relatively easy maintenance of human
embryonic stem cell populations. Recently, D’Amour et al. (19) demonstrated that activin A,
a member of the TGFβ family, stimulates the differentiation of up to 80% of human embryonic
stem cells into definitive endoderm cells. Their data suggested that the formation of endoderm
from differentiating human embryonic stem cell cultures is similar to endoderm differentiation
occurring during vertebrate gastrulation in vivo. Subsequent transplantation of these human
embryonic stem cell–derived endoderm cells under the renal capsule caused them to further
differentiate into more-mature cells of endodermal organs (19). Several other groups have
reported an ability to generate a variety of endoderm-derived cells from differentiating human
embryonic stem cells, including insulin-expressing pancreatic β cells and hepatocytes (7,10,
20). Given the fact that thyroid follicular cells also arise from the endoderm during vertebrate
development, it is likely that similar strategies could be used to stimulate their differentiation
from human embryonic stem cells. Although the precise culture conditions necessary have not
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yet been determined, the identification of unique thyroid-specific differentiation profiles in
embryonic stem cell cultures will doubtless help unravel the mechanisms of thyrocyte
differentiation.

Evidence for Adult Stem Cells in Human Thyroid Glands
Adult stem cells have been detected in human bone marrow, liver, pancreas, and brain. Thomas
et al. (21) recently also used RT-PCR, flow cytometry, and immunofluorescence to detect the
expression of the stem cell marker Oct-4 and the endodermal markers GATA-4 and HNF4α
in primary cultures isolated from human goiters. They also detected expression of Oct-4, but
not GATA-4, in some thyroid carcinoma cell lines (21). Their findings suggest the presence
of adult stem and precursor cells of endodermal origin in the human thyroid gland. It will be
interesting to determine whether these putative stem or progenitor cells are able to self-renew
and to differentiate into thyrocytes or various other cell lineages. Furthermore, adult thyroid
stem cells must by their nature respond to different cellular signals than do embryonic stem
cells. Understanding the gene expression programs that orchestrate these differences will
provide valuable information necessary to assess whether thyroid stem cells may be a useful
therapy for hypothyroidism.

The Search for Thyroid Cancer Stem Cells: Do They Exist?
Thyroid cancer is the most common endocrine malignancy. The American Cancer Society
estimates that there will be ~33,550 new cases of thyroid cancer in the United States in 2007
(22). While 80–85% of thyroid carcinomas are well differentiated and most have a favorable
prognosis, anaplastic thyroid cancer appears almost fatal in origin and patients have a mean
survival of only 7.2 months. Despite surgery, chemotherapy, and radiotherapy, few patients
with anaplastic thyroid carcinoma live more than 1 year follow-up diagnosis. Anaplastic
thyroid cancer is characterized by marked epithelial mesenchymal transition. Although
histopathological evidence suggests that anaplastic thyroid cancer may arise from
dedifferentiation of well-differentiated thyroid tumors, it has not yet been possible to induce
thyroid cells to dedifferentiate in culture. An alternative explanation for the derivation of
anaplastic thyroid carcinoma may lie in the recent discovery of cancer stem cells, which can
self-renew and give rise to phenotypically diverse cancer cells with varying potentials for
proliferation and new tumor formation. Cancer stem cells have been isolated from leukemias,
breast cancers, lung cancers, pancreatic cancers, prostate cancers, and tumors of the central
nervous system (23–28). Several stem cell models for thyroid cancer have also been postulated
(29,30). If the existence of cancer stem cells were confirmed in certain thyroid cancers, the
finding would have significant clinical implications for the way we diagnose and treat thyroid
cancer patients. Mitsutake et al. (31) were the first to isolate a small number (less than 0.25%
of the total population) of side population cells from several thyroid cancer cell lines: two
anaplastic cancer cell lines, one papillary cancer, and one follicular cancer. Side population
cells, which have now been reported in a variety of established cancer cell lines, are highly
enriched for adult stem cells (32–34). However, both side population and nonside population
cells derived from these thyroid cancer cell lines can form tumors when injected into nude mice
(31). This finding suggests that cancer stem cells are not exclusive to or identical to side
population cells.

In another study, Cameselle-Teijeiro et al. (35) reported that the main cells of solid cell nests
of the human thyroid gland have some stem cell properties, including a capacity for self-
renewal and an ability to differentiate into more than one cell type. However, these cells do
not express terminal thyroid differentiation markers such as thyroglobulin and calcitonin. The
researchers suggested a possible link between papillary oncogenesis and the existence of stem-
like cells in the adult thyroid. This view is shared by Burstein et al. (36), who proposed a role
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for p63 in a stem cell model of papillary carcinoma. p63, a p53 homolog, has been detected
via immunohistochemistry in basal and parabasal squamous cells and in bronchial basal cells
of squamous and bronchial epithelia (37,38). These investigators showed that p63 expression
in solid cell nests and papillary thyroid carcinoma cells closely resembles the stem cell–
associated p63 staining patterns reported in squamous and bronchial epithelia. They therefore
proposed that the cellular origin of papillary carcinoma is “an undifferentiated, p63-positive
embryonic remnant with pluripotent stem cell activity.” While this hypothesis is interesting,
it is again important to note that so far no adult stem cells have been shown to be pluripotent.
It is possible, however, that these cells exist as a small proportion of the adult stem cells in the
human thyroid. Further research is also needed to determine whether these p63-positive cells
actually play a role in the tumorigenic process. It is becoming increasingly clear that many
cancers are the result of stem cell disorders. Identification of a stem cell population in thyroid
carcinogenesis will enhance understanding of the oncogenic process and provide new
prognostic markers to guide therapy.

Stem Cell Therapy for Thyroid Patients: Do We Need to Make Thyroid Cells?
Exploration of the therapeutic potential of stem cell therapy for cell replacement is in its
infancy. Recent advances in stem cell biology have raised the possibility of therapy for type 1
diabetes, Parkinson’s disease, and myocardial infarction. However, the availability of an
effective, economical, standardized, and well-tolerated hormone replacement therapy for
hypothyroidism may render stem cell–based therapies unnecessary in most cases. If cell
replacement therapy were to be used for transplantation therapy, however, certain minimum
requirements must be met. First, a precursor population of embryonic or adult stem cells must
be identified that is capable of in vitro expansion into large numbers of mature, replacement
thyroid cells. Second, these replacement cells must be able to synthesize thyroglobulin,
transport iodide, iodinate thyroglobulin, and store and release thyroid hormones in a
physiologically appropriate manner. Third, it must be possible to tightly control the
proliferative capacity of the replacement cells to avoid development of hyperthyroidism in
vivo. Although this is not a problem when transplanting nonproliferating primary thyroid cells,
the situation is likely to be different when transplanting embryonic stem cells with considerable
proliferative ability. Finally and most importantly, the transplanted cells must have some way
to escape destruction by the recipient’s immune system. This is a major concern in patients
with thyroid autoimmunity disorders, such as Hashimoto’s thyroiditis. It is possible that the
immune system response could be bypassed and immunosuppression avoided by genetically
engineered thyroglobulin-producing cells that are developmentally and immunologically
distinct from primary thyroid cells.

Although much research has focused on the generation of cardiomyocytes, as well as neuronal
and pancreatic β cells, an efficient and reproducible protocol to induce the differentiation of
stem cells into functional thyroid follicular cells suitable for transplantation has yet to be
reported. It is now clear that a variety of tissues harbor stem or progenitor cells that, if isolated
and enriched, would be a potential source of cells for transplantation. The thyroid is another
obvious source. A number of studies have suggested the existence of stem cells within the
thyroid. However, to date, there is no convincing evidence that thyroglobulin-producing cells
derived from stem cells can be expanded in vitro to clinically useful numbers.

Conclusion
In this paper, I tried to synthesize published studies and personal views on the subject of thyroid
stem cells. I believe that our ability to prospectively identify, isolate, and study thyroid stem
cells under both normal and malignant conditions will significantly further our capability to
diagnose and treat our patients with thyroid disease.
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