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Abstract

We will highlight and put into perspective new lineage trac-
ing data from genetic studies in mice indicating that the gen-
uine progenitors to C cells arise in the endoderm germ layer.
This overturns the current concept of a neural crest origin of
thyroid C cells referred to in every textbook and dedicated
paper to this very day. As will become apparent, except for a
single experiment, the neural crest theory has little or no sup-
port when the evolution and development of calcitonin-pro-
ducing cells in the entire chordate family are considered. In-
stead, a unifying origin of all cells of the ultimobranchial bod-
ies reopens questions on the histogenesis of certain thyroid
pathologies previously difficult to explain. On this aspect,
medullary thyroid cancer shows a stronger connection to gut
neuroendocrine tumours than previously recognized. Itis en-
visaged that novel factors implicated in C cell-derived tu-
mour growth and progression will be discovered as the
mechanisms that regulate lineage expansion of embryonic C
cell precursors from pharyngeal endoderm are uncovered.
We will not discuss why C cells go to the bother of burying
themselves in the thyroid - this remains a mystery.
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Introduction

Thyroid C cells representing the second endocrine cell
type of the gland nowadays gain interest mainly as the
origin of medullary thyroid cancer (MTC), which despite
an often indolent local growth is an invasive and meta-
static tumour with until recently few treatment opportu-
nities other than surgery. However, in the past, these cal-
citonin-secreting cells and their homologous counter-
parts in lower vertebrates (in which C cells are present
outside the thyroid) played a prominent role in the basic
characterisation of the neuroendocrine system at large
and were in fact prototypic for the proposal that all neu-
roendocrine cells had a neural crest origin, today regard-
ed as a faulty concept. Functionally, the major C cell hor-
mone calcitonin is essential for calcium homeostasis in
water-living animals such as fish and amphibians and of
importance also in some mammals (e.g. rodents), where-
as, as far as we know, it is not necessary to substitute cal-
citonin in humans born without a thyroid or subjected to
total thyroidectomy. Thyroid C cells were long consid-
ered one of few remaining neuroendocrine lineages de-
rived from neural crest cells that in the early embryo mi-
grate ventromedially from the neural tube into the bran-
chial arches of the pharyngeal apparatus. Genetic lineage
tracing in mice now overturns this view in favour of an
endoderm origin of mammalian C cell progenitors [1]. In
this article, we discuss the implications of this discovery
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in the context of thyroid organogenesis in the vertebrate
series and the development of C cell-derived tumours in
man. We will set the scene by recapitulating some of the
basic features of thyroid C cells, most of which were dis-
covered long before the genetic tools of today were avail-
able for developmental and tumour biology studies (for a
comprehensive summary of the pre-genetic era on this
subject, see Hazard [2]). For other facts and thoughts on
C cell development not possible to cover here, we refer to
a recent review paper by Kameda [3].

Early History and Histology

The first indication of a second endocrine cell type
dates back to 1876 when E. Cresswell Baber published in
the Proceedings of the Royal Society of London [4] the
identification in dog thyroid of parenchymatous cells that
could be distinguished from the common follicular cells.
The name parafollicular cell was introduced in 1932 by
José Nonidez [5] and has since been widely used in text-
books although this, strictly speaking, is incorrect consid-
ering the fact that thyroid C cells additionally may be lo-
cated in interfollicular nests and sometimes also integrat-
ed with the follicular epithelium i.e. intrafollicularly. In
fact, in those early days, the debate concerned whether
parafollicular cells developed from thyroid follicles per se
and thus moved out or, the reverse process, contributed
to thyroid growth by serving as regeneration precursors
to the follicular cells thus moving in (fig. 1 reproduced
from Nonidez [6]; see online suppl. material for the orig-
inal text and figures from 1933 summarizing the field to
this date; see www.karger.com/doi/10.1159/000447333
for all online suppl. material).

It was not until 1966 that Anthony Pearse [7, 8] pro-
posed the most appropriate name, C cells, based on the
specific expression of calcitonin. Before calcitonin immu-
nostaining on histologic sections was made possible, the
scattered distribution of C cells in thyroid tissues and
their variable incidence among mammalian species made
their identification difficult, especially in humans where
they are few in number and generally restricted to a small
part of the gland. They are particularly common in both
rats and mice, although the animals studied had been
maintained on laboratory diets that are rich in both cal-
cium and vitamin D; it is possible that this could have
influenced their numbers. C cell tumours have been
found to be more common in rats fed high levels of vita-
min D [9] and in old bulls maintained on fortified diets
[10]. Interestingly, the incidence of medullary carcino-
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Fig. 1. Tribute to the first identification of thyroid C cells (long
before microscope cameras were invented). Distribution of para-
follicular cells in dog thyroid as originally cartooned from observa-
tions on tissue sections stained with Cajal’s silver nitrate method
(reproduced with permission from the paper by Nonidez [6]; see
online suppl. material). C cells were distinguished from follicular
cells by the presence of argyrophilic granules. The different im-
ages (1-5) were thought to represent distinct stages of C cell matu-
ration and integration within the follicular epithelium as observed
in puppies (cartoons 1, 2 and 5) and adults (cartoons 3 and 4).
Note: the cell shape of this neuroendocrine lineage is consistently
epithelial. e = Elongated follicular cell.

mas in humans is higher in those taking vitamin D sup-
plements [11]. Before the era of immunohistochemistry,
human C cells were best visualized by the Grimelius silver
nitrate method with which the initial discoveries con-
cerning C cells were made [12, 13]. Silver techniques were
in fact instrumental for the identification of the entire
neuroendocrine system and the proposal, also by Pearse,
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of the now discredited APUD cell concept (to be further
commented on below).

In most mammals, C cells are more numerous in the
medial centre of the thyroid lobes reflecting the embry-
onic entry into the gland by fusion with the ultimobran-
chial bodies that carry the C cell precursors. Thus, C cells
are rarely found in the lobe periphery and the isthmus. It
is estimated that C cells comprise less than 0.1% of the
epithelial mass of the human thyroid [2], and are often
found scattered around the so-called solid cell nests which
are the remnant of ultimobranchial epithelium. Thyroid
C cells vary from polygonal to spindle shape with tapering
cell processes underneath the common follicular base-
ment membrane. This may reflect the pro-migratory na-
ture inherited from embryonic time when C cell precur-
sors invaded and disseminated within the prospective
thyroid lobes or may be related to a possible paracrine
effect: the cytoplasmic processes resemble those found in
other neuroendocrine cells such as the G cells in the gas-
tric mucosa. However, simple morphology, as evident to
investigators in the late 19th and early 20th centuries, re-
vealed the true epithelial nature of C cells, confirmed to-
day by the expression of E-cadherin [14], consistent with
an origin from another source than neural crest-derived
mesenchyme.

Calcitonin and Cytodifferentiation

Thyroid C cells are the major and probably only nor-
mal source of circulating calcitonin in mammals (ectopic
calcitonin secretion has been described in several non-
thyroid neuroendocrine tumours but not for normal tis-
sues). The thyroid origin of calcitonin was originally
proven by direct measurement in vessels draining the
gland in rodents [15]. The lost name thyrocalcitonin was
proposed and used for a while to distinguish the thyroid-
derived hormone from that mistakenly thought to origi-
nate from the parathyroid due to technical difficulties in
separating the two in tissue preparations [16]. Of inter-
est, calcitonin expression in C cells is regulated by Nkx2-
1 (identical to thyroid transcription factor-1 or TTF-1)
(17, 18], which is better known for its pivotal roles in
thyroid development and differentiation, and in generat-
ing functional thyroid tissue from embryonic stem cells
[19]. The expression of Nkx2-1, also shared with lung
progenitors, does not prove the embryonic origin but
strongly suggests a kinship of thyroid follicular and C
cells with roots in early development from pharyngeal
endoderm.

Thyroid Cancer and C Cells

In the embryonic thyroid, the calcitonin gene is
switched on in C cells concomitantly with that of thyro-
globulin in pre-follicular cells [20], that is terminal dif-
ferentiation of the two endocrine cell types is synchro-
nous suggestive of a common mechanism. However, al-
though thyroid-stimulating hormone (TSH) has been
shown to activate C cells in culture, there is no evidence
that TSH directly affects C cells in vivo (ultimobranchial
bodies in fish are under pituitary control [21], but this is
unrelated to the pituitary-thyroid axis). From studies on
mouse thyroid development, it is also known that TSH
has no role in the differentiation and histogenesis of em-
bryonic follicular cells [22], indicating that local factors
predominate in organogenesis before the pituitary gains
control over thyroid function. The final number of C cells
appearing in the adult mammalian gland seems to depend
on direct interactions with the follicular counterparts that
likely start during gland development. Accordingly, be-
fore fusion of mouse thyroid primordia and mingling of
follicular and C cells, both lineage precursors express
EphA4 [23], a tyrosine kinase receptor that guides mor-
phogenesis by bidirectional signalling, forward and re-
verse, after binding to cognate ligands called ephrins,
which are expressed on the surface of interacting adjacent
cells that receive the reverse signal (fig. 2a, left). Notably,
C cell precursors down-regulate EphA4 before entering
the embryonic thyroid whereas follicular progenitors
maintain EphA4 expression [23]. Moreover, in EphA4-
deficient mice in which forward signalling is lost in the
follicular precursors, only a much reduced thyroid C cell
number is encountered postnatally, suggesting that prop-
agation of one cell type depends on the other [23]. Since
C cells still differentiate in mice lacking EphA4 kinase,
this phenotype likely relates to decreased proliferation of
C cell precursors and the lack of a growth stimulus gener-
ated from nearby follicular cells (fig. 2a, right).

For both cell lineages, the triggering factors responsi-
ble for the onset of functional differentiation towards an
endocrine and neuroendocrine phenotype, respectively,
are not known. In mice, this occurs from embryonic day
15, accompanying lobe formation and tissue reorganiza-
tion into a follicular thyroid [20]. Nkx2-1 jointly with
Pax8 drives thyroid hormone synthesis [19] whereas
Nkx2-1 only is required to manufacture C cell differen-
tiation [24]. However, both Nkx2-1 and Pax8 are func-
tional much earlier as thyroid primordial tissues develop
from pharyngeal endoderm. This brings us to the core
topic of our discussion, namely the developmental origin
of progenitors committed to a C cell fate and the site of
lineage expansion of C cell precursors. Central players in
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this process are the ultimobranchial bodies that have been
assumed to serve as a vehicle for transportation of neural
crest cells to the thyroid in mammals. As a background to
this widely accepted but misleading concept, we need to
take a closer look on C cell development from the phylo-
genetic viewpoint.

Ultimobranchial Body and the Neural Crest
Hypothesis

Evolution of vertebrates more than 0.5 billion years
ago relied upon the invention of a new ectoderm-derived
tissue, the neural crest, that after delamination from the
neural tube spread into various locations of the embryo
to build up new organs including a ‘new head’ adopted
for a predatory lifestyle [some authors consider the neural
crest the fourth germ layer due to this paramount contri-
bution to evolution; for a recent update, see 25]. Along
with this, also specific for vertebrates, migrating neural
crest cells invade the pharyngeal apparatus and contrib-
ute to its proper segmentation and formation of endoder-
mal pouches from which the thymus, parathyroid and ul-
timobranchial bodies develop. In fact, experimental dele-
tion of the neural crest will seriously impair pharyngeal
development leading to hypoplasia or agenesis of these
glands indicating that neural crest cells migrating there in
some way regulate organogenesis [26].

Fig. 2. C cell development in mouse thyroid. a The interaction of
C cell precursors with follicular progenitor cells influences the fi-
nal number of thyroid C cells (based on data published by An-
dersson et al. [23]). After integration of the ultimobranchial bod-
ies with the embryonic thyroid only follicular cells express EphA4,
a tyrosine kinase receptor that binds promiscuously to ephrin-
type ligands on adjacent cells. Genetic deletion or kinase inactiva-
tion of EphA4 leads to reduced C cell numbers postnatally.
Whether EphA4 on follicular cells affects C cells directly (by al-
tered reverse signalling of ephrins) or indirectly (e.g. by a para-
crine growth factor) is unknown. b Lineage tracing proves thyroid
C cells originate in endoderm (Johansson et al. [1]). By recombi-
nation of a reporter mouse with Cre lines that distinguish endo-
derm (Sox17Cre) and neural crest (Wnt1Cre) lineages, respec-
tively, it is evident that C cells derived from Sox17+ anterior en-
doderm, specifically from the pharyngeal pouches from which the
paired ultimobranchial bodies develop. In contrast, the neural
crest gives rise to ectomesenchymal cells that surround the ulti-
mobranchial body and later, after fusion with embryonic thyroid,
converts to the stromal compartment of the gland (see also paper
by Kameda et al. [14]). ¢ Differential expression of forkhead box
transcription factors in different C cell lineage stages (Johansson

Thyroid Cancer and C Cells

A neural crest origin of thyroid C cells, first proposed
by Pearse in a series of papers [8, 27, 28], was therefore
not controversial, although evidence in favour of the hy-
pothesis was at first no more than circumstantial and
can be summarized: ultimobranchial cells and neural
crest cells share some biomarkers, fusion of the thyroid
with the ultimobranchial bodies is required to get C cell
precursors there, and adult C cells similar to any other
neuroendocrine cell types possess neuronal features.
The concept was strengthened by the results of seminal
studies on neural crest fate by Nicole Le Douarin and
co-workers who, employing an avian chimeric model,
showed that quail crest cells transplanted to chick em-
bryos among multiple destinations ended up in the ulti-
mobranchial bodies and that some of these cells were
immunoreactive for calcitonin [29, 30]. Ever since, ma-
jor textbooks in developmental biology and medicine
refer to mammalian C cells as of neural crest origin,
however, ignoring the fact that the ultimobranchial bod-
ies in all vertebrates but mammals constitute a distinct
endocrine gland with no connection whatsoever to the
thyroid [31]. The demonstration by Le Douarin that the
neural crest made a cellular contribution to the develop-
ing thyroid gland was not surprising: both connective
and neural components would be expected. The proof
that the cells were C cells depended on the histochemical
localisation of calcitonin in the cytoplasm of cells with
the quail nuclear morphology. Current evidence dis-

etal. [1]). Foxal and Foxa2, required in concert for proper endo-
derm formation foregoing organogenesis, are co-expressed in the
pharyngeal endoderm except in the pouch domains from which
the ultimobranchial bodies develop. Lineage tracing reveals that
all pouch progenitors originate in endoderm proper indicating
Foxal and Foxa2 are specifically down-regulated as the ultimo-
branchial bodies form and delaminate. The free ultimobranchial
bodies re-express Foxal and Foxa2 in a distinct pattern that re-
veals Foxal+ (Foxa2-) proliferating and Foxa2+ (Foxal-) non-
proliferating domains of the ultimobranchial epithelium. Eventu-
ally, all ultimobranchial cells and embryonic C cells co-express
Foxal and Foxa2. Invasive cells of human medullary thyroid car-
cinoma transiently lose Foxal and Foxa2 expression. Loss of
Foxa2 characterizes epithelial-to-mesenchymal transition accom-
panied by down-regulation of E-cadherin (E-cad), a key feature
of the invasive tumour phenotype. This differs malignant from
normal C cells and C cell precursors that express E-cadherin in all
developmental stages. a-c PM = Plasma membrane; se = surface
ectoderm; nt = neural tube; n = notochord; NCC = neural crest
cells; phe = pharyngeal endoderm; pp4 = fourth pharyngeal
pouch; em = ectomesenchyme; ub = ultimobranchial body; ¢ = C
cells; fe = follicular epithelium; s = stromal cells.
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cussed here suggests that this localisation must have
been mistaken; the explanation that C cells have a dual
origin, with a minor population of neural crest origin,
has not been disproved but seems unlikely. The produc-
tion of calcitonin by cells other than C cells is also an
unlikely explanation; the calcitonin gene is indeed active
in other cells, for example in neural tissue, but produces
calcitonin gene-related peptide, which is proposed to be
an ancestral molecule [32], rather than calcitonin that is
normally expressed by alternative splicing only in C
cells. The Pearse study [30] was carried out with a very
early antibody to calcitonin; a cross-reaction to another
peptide remains a possibility.

In 1967, Tauber [33] and Copp et al. [34] indepen-
dently showed in fishes and birds that calcitonin is pro-
duced by the ultimobranchial gland and not the thyroid.
The ultimobranchial gland of amphibians is simplified in
comparison to that of birds, consisting of a single follicu-
lar structure. It is evident that in these tiny organs only
polarized cells with the apical surface facing the lumen
and the basolateral surface towards the extrafollicular
space express calcitonin [35-37]. Theoretically, it cannot
be excluded that neural crest-derived ectomesenchyme
that fills out the subpharyngeal space in all vertebrates
might enter and be integrated with the ultimobranchial
epithelium and differentiate into C cells. However, this
would require that mesenchymal cells cross the follicular
basement membrane and adopt an epithelial phenotype,
i.e. reversal of epithelial-mesenchymal transition which is
the opposite process that neural crest cells much earlier
undergo as they delaminate from the neural tube and start
migrating [25]. To our knowledge, this scenario has nev-
er been reported to occur in any studies on ultimobran-
chial bodies and glands. Follicles in which calcitonin-pro-
ducing cells border the lumen have been encountered also
in the ultimobranchial gland in adult chicken [38] and in
the thyroid gland in dogs [39] and humans [40], indicat-
ing this is a shared feature among C cells in lower verte-
brates and mammals.

Further phylogenetic aspects favour the idea of a sole
endoderm origin of the ultimobranchial bodies and
glands. Firstly, they are ancient structures that evolved
earlier than the parathyroid for control of calcium ho-
meostasis in aquatic species [41], suggesting a develop-
mental trait independently of other pharyngeal deriva-
tives that require a neural crest contribution. Secondly,
ancestral calcitonin-producing cells have been identified
in the invertebrate series, i.e. before a bona fide neural
crest tissue can be recognized [25]. Of particular impor-
tance, the endostyle in tunicates harbours not only a thy-
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roid homologue but also a group of argyrophilic cells that
express calcitonin and exhibit the typical dense-cored
granules conspicuous in C cells [42]. Intriguingly, proto-
chordate C cells occupy a position immediately adjacent
to the endostylar zone of iodine-binding cells, suggesting
that the close spatial relationship of the two cell types in
mammalian thyroids may be traced back to the earliest
days of chordate evolution and the advent of endocrine
regulation. These observations collectively indicate that
the neural crest is not required for C cells to develop and
differentiate.

Neuroendocrine Ancestry - The Delusive APUD
Concept

The APUD hypothesis coined by Pearse, referring to
amine precursor uptake and decarboxylation, embraced
all neuroendocrine cells [43]. Sharing these features with
neurons, APUD cells and apudomas became for decades
the fashionable term for neuroendocrine cells and their
tumours, based as we now know on the misleading hy-
pothesis of a developmental origin from neuroectoderm
and more specifically the neural crest [44]. Remaining a
controversy among scientists and clinicians for many
years, the neural crest theory was eventually disproven by
modern lineage tracing technology and abandoned in fa-
vour of a common stem cell origin in gut endoderm of the
entire enteroendocrine series [45, 46]. Much of the confu-
sion must be blamed on the fact that neuroendocrine cells
are able to handle neurotransmitter precursor amines
and generally have a paracrine function, in that sense be-
having as neurons. It is now evident that a vesicular amine
transporter is required to prevent premature prohor-
mone cleavage [47], which explains why peptide-secret-
ing endocrine cells concentrate and metabolize amines
without the necessity of sharing an origin with elements
of the nervous system. As pointed out in an editorial [48],
this important study suggests that neuronal and endo-
crine functions are evolutionarily linked by sharing a
novel molecular mechanism adapted for divergent func-
tions. The APUD concept is thus in a sense still relevant
but with a different meaning than originally assumed.

Endoderm Origin of the Thyroid C Cell Lineage
Further observations in lower vertebrates would not

be decisive to finally resolving the embryonic origin of
thyroid C cells in mammals. However, significant prog-
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ress has been obtained by the generation of mouse
strains harbouring a chromogenic or fluorescent report-
er gene that enables lineage tracing based on directed
activation of cre recombinase [49]. So by linking cre to
the promoter of a given gene known to be selectively or
exclusively expressed in progenitor cells of interest, after
recombination with the reporter mouse, those embry-
onic cells and all offspring will inevitably be labelled and
can be tracked directly in the microscope. With this
method, targeting cre to the Wntl+ premigratory neural
crest, it was possible to trace streams of migrating crest
cells heading for multiple locations, e.g. craniofacial
skeleton, branchial arches, adrenal medulla, peripheral
nervous system and skin, in the developing embryo [50,
51]. This comprised also the endocrine glands derived
from pharyngeal endoderm, including the thyroid.
However, as already recognized in quail-chick chimeras,
ectomesenchymal cells derived from the neural crest
build the stromal compartment, not the parenchyma, in
mouse thyroid, parathyroid and thymus [14]. And, im-
portantly, thyroid C cells do not belong to the Wntl+
neural crest lineage [14].

Although it is difficult to see the logic of the one and
only exception to the rule, it could always be argued that
C cell progenitors diverged before neural crest cells ex-
pressed Wntl and therefore were excluded from being
genetically labelled with Wnt1Cre. Indeed, such tracing
data obtained in mouse embryos have turned greater
concepts than this on their head [52, 53]. If a Wnt1-neg-
ative crest progenitor subpopulation holds true this
would disunite thyroid C cells and adrenomedullary
cells, the only two remaining from the original hypoth-
esis of all neuroendocrine cells being crest derived. This
in turn would have implications for the understanding of
coincidental tumorigenesis of MTC and phaeochromo-
cytoma in multiple endocrine neoplasia (MEN) syn-
dromes. As we shall see, divergence is actually the case
but for another, fundamentally different cause: chromaf-
fin cells are crest derived, thyroid C cells are not. Direct
proof of this revision was recently provided by the iden-
tification of C cells as a Sox17+ lineage [1]. Sox17, a
member of the SRY-related HMG box family of tran-
scription factors, is transiently expressed in undifferenti-
ated endoderm before organ induction and additionally
in a subpopulation of genuine mesoderm to become
microvasculature. Accordingly, recombination with
Sox17Cre uniformly labels parenchyma of all foregut de-
rivatives [54], including ultimobranchial body and thy-
roid [1], but does not label neural crest tissues. From this,
it follows that the ultimobranchial epithelium, which,

Thyroid Cancer and C Cells

strictly speaking, is no more than outpocketings of the
pharyngeal endoderm, is the bona fide progenitor source
for the C cell lineage. Thus, in the mouse thyroid, both
follicular cells and C cells descend from anterior endo-
derm. A graphic summary of these fundamental observa-
tions is provided in figure 2b.

Generation of C cell precursors from endoderm most
likely takes place gradually as the ultimobranchial body
emerges, indicated by the onset of Nkx2-1 expression that
eventually encompasses all ultimobranchial cells before
fusion with the midline thyroid [1]. Nkx2-1 expression in
ultimobranchial cells was first reported by Mansouri et al.
[55] investigating the phenotype of Pax8 null mice; in this
mutant, no thyroid develops leaving two Nkx2-1+/calci-
tonin+ structures bilaterally in the neck with the conspic-
uous shape and position of ultimobranchial bodies. A
problem in the past was that Nkx2-1 could not be taken
for a genuine marker of C cell precursors since, for ex-
ample, the ultimobranchial body gives rise to another
secretory cell type that forms so-called ultimobranchial
follicles embedded among follicles proper in the mam-
malian thyroid [56, 57]. However, plasticity of the ultimo-
branchial epithelium with signs of transitional states be-
tween calcitonin-positive and mucous-secreting cells is
evident in amphibians suggesting this may be a residual
phenomenon of a phylogenetically ancient mechanism
confined to the follicular ultimobranchial gland; switch-
ing cell phenotype may serve a distinct purpose in the
endocrine control of calcium-dependent functions in
aquatic species [31]. In mice, the developing ultimobran-
chial body consists of subpopulations of cells with differ-
ent proliferation rate discerned by Ki67 staining that cor-
responds to the differential expression of forkhead box
transcription factors Foxal and Foxa2 [1], both known
for being crucial to the determination of definitive endo-
derm and acting in concert in organogenesis from foregut
[58]. However, as illustrated in figure 2c, at the time for
mergence with the thyroid, all ultimobranchial cells ap-
pear uniform and ubiquitously express not only Nkx2-1
but also Foxal and Foxa2, and this expression pattern is
retained in embryonic C cells as these spread into the
gland [1]. This further supports the notion that C cells or
ultimobranchial follicular cells have a common embry-
onic origin, and the precursor cells likely are identical. It
also offers a plausible explanation to the variety of epithe-
lial phenotypes comprising both follicular cells and C
cells present in cystic ultimobranchial remnants that were
analyzed in patients with a lingual thyroid anomaly in
which fusion with the ultimobranchial bodies never took
place [57].
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Developmental Aspects of MTC

Simultaneously with the implementation of the neural
crest theory nearly 50 years ago, C cells were discovered
to be the tumorigenic origin of MTC in humans [59-61].
Since then, MTC has been considered a crest-derived tu-
mour [62], driven in most cases by somatic or germline
mutations in the RET proto-oncogene. The neural crest
origin was also attractive because phaeochromocytoma,
the other main inherited component of MEN type 2, un-
questionably is a crest tumour [50]. Ret is naturally ex-
pressed in neural crest [63]. However, Ret expression is
prominent also in non-crest tissues, for example, the ure-
teric bud in which Ret-dependent reciprocal signals are
critical for kidney organogenesis; abnormal tuning of this
process is the likely cause of unilateral renal agenesis in-
cidentally reported for MEN2a patients [64, 65]. Of im-
portance, pharyngeal endoderm was included among Ret
transcript-positive tissues in the original expression pat-
tern study in mouse embryos [63], providing a plausible
explanation for the third manifestation of MEN2a, para-
thyroid hyperplasia, the cells of which are genuinely en-
dodermal. A previous report showed that mutated RET is
indeed expressed in MEN2a parathyroid tumours [66]. It
is thus obvious that Ret-mediated growth abnormalities
in MEN syndromes are not restricted to cells of neural
crest origin.

It is previously inferred that thyroid C cell develop-
ment relies on Ret expression in a cranial neural crest
subpopulation that also, through a vagal contribution,
colonizes the gut with presumptive enteric neurons [67].
With our new lineage tracing data at hand [1], this notion
needs to be reconsidered. As Ret in endoderm has not
been further investigated since first reported [63], we can
only speculate on its potential role in glandular develop-
ment from the pharyngeal apparatus and when and
where MTC tumorigenesis may first be initiated. Adult
(human) C cells express RET [68] whereas Ret transcripts
were not found in the embryonic (mouse) thyroid at the
developmental stages tested [69]. Germline activating
RET mutations implies that mutant RET receptors are
constitutively activated once being naturally expressed,
which for C cells probably occur at the progenitor stage
in pharyngeal endoderm or in precursor cells present
in the ultimobranchial epithelium. In line with this as-
sumption, germline RET 918 mutation may cause meta-
static MTC with clinical manifestations already in infan-
cy [70]. For germline mutations associated with a less
aggressive MTC than 918 it is conceivable that RET is
activated in the same developmental stage. Factors that
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modify the onset of tumour development and growth in
human MTC with different RET point mutations are un-
known.

In transgenic mouse models, mutant Ret or Ras under
control of the calcitonin/calcitonin gene-related peptide
promoter leads to C cell hyperplasia and delayed onset of
MTC tumorigenesis at adult age [71-73], suggesting a
possibility that differentiated C cells might be less respon-
sive to oncogenic activation than C cell precursors. Nota-
bly, cell proliferation is abundant in the developing ulti-
mobranchial bodies, but all cells cease to multiply and exit
cell cycle as evidenced by loss of Ki67 expression upon
entry into the thyroid [1]. Moreover, Ki67+ mouse ulti-
mobranchial cells co-express Foxal but not Foxa2, and
the same expression pattern is evident in the growth zone
of human MTC nodules, indicating that Foxal governs
proliferation of both embryonic and malignant C cells
[1]. In contrast, Foxa2, which is normally expressed in
non-proliferating precursors and differentiated C cells, is
down-regulated in MTC cells that possess invasive behav-
iour accompanied by loss of epithelial properties reminis-
cent of epithelial-mesenchymal transition [1]. The differ-
ential expression pattern of Foxal and Foxa2 in embry-
onic C cell development thus seems to be recapitulated in
C cell-derived tumours with probable impact on MTC
growth and progression (fig. 2c). That embryonic pro-
grams of lineage expansion may be recapitulated during
oncogenic transformation is currently a bearing concept
of relevance for tumour development in many cancers.
For thyroid C cells and MTC, this notion alerts for a pos-
sibility that different growth capabilities prevailing before
and after neuroendocrine differentiation might influence
and modify the responsiveness to Ret activation. Since
Foxal is not expressed in thyroid progenitors of the fol-
licular lineage [1], the Foxal promoter may be employed
to exclusively target in vivo mutant Ret to embryonic C
cell precursors and elucidate whether they grow faster
than terminally differentiated cells stimulated by the
same oncogene.

Medullary Carcinoma and Mixed C and Follicular Cell
Tumours

Mixed medullary-follicular thyroid carcinoma
(MMFTQ) is a puzzling tumour entity regarding histoge-
netic origin [74]. Apart from the collision by chance of
two cancers with different clonality, a fundamental prob-
lem has been to explain how C cells of assumed neuroec-
todermal origin could attain features typical of differenti-
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ated thyroid carcinomas derived from thyroid follicular
epithelial cells [75]. Clearly, ultimobranchial cells possess
phenotypic pluripotency, elegantly proven in studies on
autologous transplants of mouse ultimobranchial bodies
[76] and further characterized in human ultimobranchial
remnants that never mixed with the thyroid proper [57],
but whether this was attributed to contributions from
more than one cell type to start with, i.e. of different em-
bryonic origins (endoderm and neural crest), could not
be decided. As C cells can no longer be considered of neu-
ral crest origin [1], it is conceivable that mixed thyroid
carcinomas may arise from the ultimobranchial body ep-
ithelium only. In the last part of the paper, we will further
elaborate this important aspect focusing on thyroid neo-
plasias in humans.

Genotype-Phenotype General Considerations

Tumours derived from C cells appear, like tumours
derived from neuroendocrine cells in the intestines, al-
ways to be malignant. Almost all MTCs show a mutation
in the RET proto-oncogene, which in about a quarter of
cases is a germline mutation. As already touched upon,
the familial syndromes involving MTCs, collectively
known as MEN type 2, show an interesting genotype-
phenotype correlation. MEN2b patients show medullary
carcinoma, commonly also with phaeochromocytomas
but rarely if ever parathyroid disease. They also show a
variety of neural and skeletal abnormalities. The great
majority of these cases have a germline RET 918 muta-
tion. MEN2a patients show medullary carcinoma, with
phaeochromocytomas in about half the cases, and para-
thyroid disease in about a quarter, but no neural or
skeletal changes. The commonest germline mutation in
MEN2a is RET 634. Families with only occasional mem-
bers with MTC (FMTC) and with no other associated de-
fects can show one of a variety of germline RET muta-
tions, but not 918 or 634 [77].

C cell hyperplasia is found in both MEN2a and MEN2b
patients, it precedes and accompanies tumour develop-
ment, suggesting that the primary effect of the germline
RET mutation is to stimulate C cell growth, and that one
or more further mutations in one of the hyperplastic cells
leads to tumour development. MEN2b patients, in par-
ticular those with a 918 mutation, usually develop marked
C cell hyperplasia and MTC at a much earlier age than
MEN2a or FMTC patients, and the tumour is more ag-
gressive. Cancer is often diagnosed in the teens or twen-
ties in MEN2b and rarely at this young age in MEN2a.
Notably, the youngest reported case in MEN2b was in a
9-week-old infant [70], and a case seen by one author was
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found at autopsy in a 6-week-old child. These findings
suggest that the further mutations needed for carcinogen-
esis may in some cases occur during foetal life. Some pa-
tients belonging to MEN2a families may not develop
MTC until very late in life or be obligate carriers and nev-
er develop clinical malignancy; obligate carriers are rela-
tively common in FMTC. Total thyroidectomy in early
childhood can be curative in MEN?2 cases, and examina-
tion of the thyroid can find C cell hyperplasia but no can-
cer. The presumed additional mutations, therefore, must
also take place during extra-uterine life, suggesting that
growth continues in hyperplastic C cells. Sporadic MTC,
often with a somatic RET 918 mutation, is typically found
in middle-aged or elderly patients lacking a germline RET
mutation. It would be expected to have a longer latency
than tumours in patients with a RET germline mutation
as the latter require one fewer event to complete the car-
cinogenic cascade; it is not known when the first muta-
tion occurs in sporadic cases.

Polyclonal Mixed Tumours

The great majority of both germline and sporadic
MTCs are cancers composed only of malignant C cells,
but there have been many reports of tumours composed
of both C and follicular-derived cells in individual pa-
tients, with a varying degree of fusion between the differ-
ent neoplastic tissues. In the past, the accepted origins
from the neural crest for C cells and foregut endoderm for
follicular cells made it difficult to understand why there
should be any association between their tumours. The
recognition that C cells are of endodermal rather than
neural crest origin [1] justifies a reassessment of the co-
incidence of the two tumour types. Several reports indi-
cate that papillary thyroid carcinoma (PTC) as a separate
tumour occurs more frequently than expected in patients
with MTC [78]. Some of these studies are unreliable as
allowance has not been made for the greater scrutiny of
thyroids resected for MTC than thyroidectomies for oth-
er reasons. The search for C cell hyperplasia leads to more
thyroid samples being studied, so that small incidental
PTCs are more likely to be found.

In a study of spatially separate carcinomas, RET mu-
tations were present in the MTCs and BRAF mutations
in the PTCs, supporting the view that the tumours orig-
inated in separate cells [79], although the possibility of
different second hits in a clone of premalignant cells
cannot be excluded. There is a number of individual case
reports describing partially fused neoplasms where col-
lision tumours are the likely explanation, and others
where the diagnosis of a mixed tumour depends on the
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identification of immunoreactive thyroglobulin within
an MTC; some of these could be explained by inclusion
of normal thyroid within an invading MTC. A careful
study of a range of cases diagnosed as MMFTC in pa-
tients with or without germline RET mutations used sev-
eral techniques to study clonality in microdissected
samples of the different components [80]. In the infor-
mative cases, the lesions were not derived from single
cells. However, in 8 of the 12 cases, the diagnosis of a
mixed medullary follicular tumour was based on the
finding of small numbers of thyroid follicles deep in the
primary tumour, and the results suggest that such find-
ings should not be used as a basis for this diagnosis. It
appears that normal thyroid follicles can survive deep
within medullary carcinomas and may even be carried
with tumour cells to lymph node metastases. Where the
two tumour types were partly or completely separate in
the thyroid, differing clonal origins were confirmed. In
considering the pathogenesis of the co-occurrence of
sporadic medullary and follicular cell tumours that are
spatially separate or partly fused but clearly demarcated
lesions, it can be assumed that the association is random,
with any apparent increase in frequency due to increased
ascertainment. For these lesions, in patients with germ-
line RET mutations, increased ascertainment is still rel-
evant, but, as will be discussed further on a low produc-
tion level of mutant RET protein in follicular cells, could
contribute to the frequency with which a coincident car-
cinoma of follicular cell origin occurs.

Mixed Tumours of Possible Common Origin

There remain tumours where a single well-defined
carcinoma contains intimately mixed neoplastic C and
neoplastic follicular-derived cells (as an example see fig.
3, from one author’s sample collection). The earliest de-
scription of mixed tumours as a separate entity was pub-
lished in 1982 [81]; the primary tumour was a mixture of
solid and follicular structures, positive for both calcitonin
and thyroglobulin, and all the many metastatic lymph
nodes of the tumour showed a similar mixed morphology
with the appropriate immunocytochemical findings, and
radioiodine uptake was also demonstrated. A second case
showed a similar mixture of patterns and staining in both
the primary tumour and the lymph node metastases [82].
Since that time, a small number of other cases with simi-
lar, solitary, biphasic primary tumours have been de-
scribed: the medullary component sometimes combined
with follicular and sometimes papillary carcinoma, and
lymph node metastases showing mixed tumours.
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Such an admixture of tumours does not prove a com-
mon origin, adjacent primary tumours could intermin-
gle, particularly if the two cell types normally show an
intimate relationship, and mixed metastases have been
described in patients with clearly separate primary tu-
mours [80]. However, there are a number of observa-
tions that strongly suggest a common origin for a mi-
nority of MMFTC. Bilateral thyroid carcinomas, both
mixed medullary-papillary in type, have been reported
in a patient with a germline RET 634 mutation [83], and
several authors have reported findings of calcitonin and
thyroglobulin immunoreactivity in the same tumour
cells, including both primary and secondary tumours,
with one study using both immunocytochemistry and in
situ hybridisation to demonstrate joint expression in a
minority of tumour cells [84]. Co-expression of calcito-
nin and thyroglobulin has also been described in a sub-
set of cells in experimentally induced mouse tumours
[73]. The occurrence of mixed tumours in children is
also suggestive of a single cell origin from an ultimo-
branchial stem cell: the first mutation leading to an MTC
can almost certainly take place in foetal life, and mixed
MMFTC has been found in a child aged 7 [85] and an-
other aged 14 [86].

Mixed endocrine-exocrine differentiation in individu-
al cells and in tumours has been well described in other
endodermally derived tissues, with evidence that the two
components share a common origin [87, 88]. In view of
the potential of ultimobranchial cells to give rise to both
C and follicular cells, there is no developmental reason
why it should not happen in the thyroid. In the other tis-
sues, however, the stem cells that give rise to both exo-
crine and endocrine cells continue to divide throughout
life. In the thyroid, while proof that stem cells capable of
C and follicular cell differentiation persist throughout life
is lacking, cells in cycle and cells with some stem cell
properties have been observed in solid cell nests, the rem-
nant of the ultimobranchial contribution in the human
thyroid [89]. Further support for the common origin of
some mixed tumours of the thyroid comes from studies
of animals, particularly cattle. Here, fusion between the
ultimobranchial body and the thyroid is often incom-
plete, and tumours composed of a mixture of undifferen-
tiated cells, C cells and follicular cells have been described
[90]. Several transgenic studies have induced C cell hy-
perplasia and C cell tumours in mice. One used the long
isoform of RET (with a 634 mutation) linked to a calcito-
nin promoter [91]. Interestingly, abnormal thyroglobu-
lin-containing follicles thought to be of ultimobranchial
origin occurred in two founder lines, accompanied in one
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Fig. 3. Mixed medullary-papillary carcinoma of the thyroid. a-c
Near serial sections. a HE. b Immunohistochemistry for calcito-
nin. ¢ Immunohistochemistry for thyroglobulin. d High-power
view of calcitonin-positive cells. Note irregular follicles with pap-
illary projections lined by epithelium and separated by sheets of

by tumours, only papillary carcinomas in most mice, but
a minority showed both papillary and medullary tu-
mours.

RET in Mixed Tumours

It is thus clear that the potential exists for truly mixed
tumours derived from a common origin and showing
both C cell and follicular cell differentiation, but their ex-
istence in humans has not yet been proven beyond any
doubt. A small number of the cases reported are probably
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neoplastic cells. The lining epithelial cells show the nuclear fea-
tures of papillary carcinoma and both lining cells and luminal
colloid are positive for thyroglobulin, while the cells between and
spreading around the follicular structures are positive for calci-
tonin.

monoclonal, but the majority are likely to be tumours de-
rived from different cells, with variable degrees of fusion,
and possibly a paracrine trophic interaction between the
two different cell types. In this respect, it is relevant to
note that although mutations in the proto-oncogene RET
are not frequent findings in other tumour types, they are
important in the pathogenesis of both MTC and PTC,
particularly radiation-induced PTC [92]. The recognition
that C and follicular cells share an endodermal origin
makes the coincidence that their tumours share involve-
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ment of the same oncogene less surprising. Clearly, in
both cell types, the pathways through which mutated RET
leads to growth are available, whether the mutation is
caused by a point mutation (in MTC) or a rearrangement
(in PTC). One study where the confounding factor of ex-
tra sampling can be assumed not to apply did show that
the co-occurrence of MTC and PTC was more common
with RET germline mutations involving the intracellular
tyrosine kinase domain than with germline mutations in-
volving the extracellular portion [93]. It was suggested
that this might be due to a weak oncogenic effect of the
mutated RET on follicular cells, even though most au-
thors had failed to find RET expression in normal follicu-
lar cells. Observation of a family with a RET 634 muta-
tion, in which all 3 members with MTC also showed one
or more PTCs, prompted a study of the effect of RET
point mutants on a follicular cell line [94]. A weak mito-
genic effect was demonstrated, while wild-type RET had
no effect. The authors concluded that RET point mutants
can behave as dominant oncogenes for thyroid follicular
cells.

The suggestion that a very low basal level of RET activ-
ity in normal follicular cells could, when there is a germ-
line RET mutation, lead to increased follicular cell growth
and a slightly increased risk of thyroid carcinogenesis is
thus plausible, but the fact that these are PTCs rather
than FTCs (‘follicular' in the classifying name MMFTC
refers to cell of origin rather than tumour histotype) also
raises the possibility that a point mutation in the RET
gene leads to instability and a greater chance of a rear-
rangement. The theory that thyroid C cells were derived
from the neural crest was a very persuasive idea, given
the association of MTC with neural abnormalities and
phaeochromocytoma, itself a tumour of neural crest-de-
rived cells. The reason for these associations must be re-
considered in the light of the evidence that C cells are of
endodermal origin. It seems probable that the link lies in
the normal level of expression of the RET gene, combined
with availability of the downstream signalling mecha-
nisms that interact with the different mutations, leading
to different tissue involvement and different clinical syn-
dromes.

Final Comments on Development

The cell of origin of medullary carcinoma is presumed
to be the differentiated C cell, and the hyperplastic C cells
that precede the development of many familial MTCs
would support this. There is little doubt that the great
majority of C cells are derived from the ultimobranchial
contribution; they are normally found to cluster around
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the solid cell nests in human thyroid, and are very rare in
the periphery and isthmus, regions contributed by the
central anlage. However, there is evidence that some hu-
man C cells indeed may also be derived directly from
progenitor cells of the midline thyroid primordium. In
1993, C cells were found in thyroids from patients with
the DiGeorge anomaly [95], a condition where the third
and fourth branchial arches and the associated pharyn-
geal pouches fail to develop. In those with the complete
anomaly, in which ultimobranchial bodies likely do not
develop, C cells were reduced fourfold in number but not
missing. This might not be regarded as proof of a central
origin, but in 2008 an MTC was found in an enlarging
lingual thyroid in a patient with no normally situated
thyroid [96]. It is extremely unlikely that the ultimobran-
chial body could fuse with an undescended lingual thy-
roid. In 2012, C cells were directly observed in a lingual
thyroid [97]. While the finding of C cells in the central
anlage is a further departure from the classical view of
thyroid development, it brings the thyroid into line with
other organs developed from outgrowths of the primitive
endoderm, such as the lung, gall bladder and pancreas,
all of which show neuroendocrine cells of endodermal
origin.

As previously discussed, bona fide progenitor cells of
the central anlage co-express Nkx2-1 and Pax8, both be-
ing required for propagation of thyroid organogenesis
beyond the bud stage [98]. Ectopic differentiation of
C cells would thus require repression of Pax8. Mouse
models are of no help to test this since in Pax8 null mu-
tants the thyroid primordium does not survive [55, 99].
Conversely, expression of thyroglobulin in the ultimo-
branchial remnant reported for patients with a lingual
thyroid [57] probably requires Pax8 to elicit thyroid dif-
ferentiation. This possibility could be investigated by
targeted expression of Pax8 in C cell precursors with, for
example, Foxa2Cre. Notably, observations in human
embryos of Pax8 expression in the ultimobranchial an-
lage (that is the corresponding pouch endoderm) [100],
thus differing it from the mouse ultimobranchial, sug-
gest there may be species differences to consider. None-
theless, these observations in humans further support
the close relationship between thyroid tissues that de-
velop from separate locations in foregut endoderm. The
very existence of lateral thyroid anlagen does add to the
feeling that the ultimobranchial cells must add some
function to the thyroid that is not supplied by cells from
the central anlage.
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