
Int. J. De\'. BioI. 37: 47.50 (199.1) 47

Extrinsic factors in cellular differentiation
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ABSTRACT An impressive feature of cellular differentiation in metazoa is its stability. This has led
to widespread acceptance of the view that the determined state is a heritable property of individual
cells. There are, in fact, ratherfewtypes of cell for which this has been demonstrated convincingly. Not
only is it clear that gene expression is subject to continuous regulation but there is also evidence for
an increasing variety of cells that changes in differentiation can be induced by manipulating their
environment. Such findings suggest that extrinsic factors may play a more significant role in
maintaining the differentiated state of cells than is generally assumed.
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While environmental factors are widely acknowledged to playa
vital part in directing the differentiation of cells, they tend to be
relegated to a purely permissive role once determination has taken
place. This is largely because the view has gained wide currency that
determination entails the establishment of heritable restrictions in
patterns of gene expression. In fact, we remain completely ignorant
about the molecular basis of the determined state.

Determination is defined purely operationally by experimental
embryologists and is used to denote the restriction of cells to a
predictable repertoire ofdifferentiation notwithstanding their isolation
or relocation. The notion that it is perpetuated through cell heredity
has arisen as a result of various studies testifying to its stability.
Among the examples most widely cited in support of this notion is
the behavior of serially transplanted imaginal disks in Drosophila.
There are two points worth noting in this context. The first is that one
is not dealing with single cell grafts. In fact. Hadorn (1966)
concluded that at least one hundred imaginal disk cells need to be
transplanted in order to secure a viable graft. The second point is
that from studies of Gehring (1967) on the transplantation of
genetically mosaic disks, it is difficult to escape the conclusion that
transdetermination occurs in groups of cells rather than single
ones. Bearing in mind that compartments are invariably polyclonal,
is it conceivable that determination is itself a collective rather than
an individualcell property in Drosophila?

Two types of experiment are generally cited in support of the
notion that determination is a clonally heritable cellular state in
Drosophila, neither of which specifically addresses the issue in
relation to cells of the imaginal disks. The first is the sorting out of
cells of different provenance in artificial aggregates, and the second
their autonomous differentiation on heterotopic transplantation.
While cell sorting clearly demonstrates the existence of distinct
surface properties, it is too short-term to establish whether these
are heritable. Most of the transplantation experiments providing

evidence that heterotopically grafted cells differentiate autono-
mously entail multiple rather than single cell grafts. In the study of
Simcox and Sang (1983), for example, 6 cells were engrafted in
each host blastoderm in order to attain an acceptable frequency of
chimerism of about 10%. When grafts were reduced to 3 cells, only
3.5% of hosts were chimeric. No chimeras at all were recorded
among 127 specimens transplanted with single cells. Greater
success with single cell transplants has been achieved more
recently byTechnau (1987), whose results suggest that, apart from
neuroblasts which are precocious in commitment, cells in the early
gastrula are only restricted with respect to germ layer of origin in
their developmental potential. In another series of experiments in
Drosophila, itwas found that ectoderm cells behaved as determined
when transplanted in small groups but not when transplanted singly
(Stuttem and Campos-Ortega, 1991). Most interestingly, recent
application of a photoactivatable cell marker has shown that
expression of engrailed, a gene believed to confer a posterior
compartmental fate on cells, is not clonally heritable during early
embryogenesis in Drosophila (Vincentand O'Farrell, 1992). Thus,
mixed clones in which some cells have ceased to express the gene
are found at the posterior but not the anterior border of engrailed
stripes. This implies that continued expression of engrailed depends,
at least initially, on local environmental cues.

The only compelling examples of heritability of the determined
state by individual cells come from in vitro cultures in which the
capacity to engage in a specific pattern of differentiation has been
found to survive repeated cloning at limiting dilution. (e.g. Ursprung,
1968; Folkman and Haudenschild, 1980; Barrandon and Green,
1987). These examples are rather few at present, possibly because
of the difficulty of characterizing all except the most distinctive types
of cells in vitro.

That differential gene activity can be propagated clonally as a
stable heritable cell trait is very clearly illustrated by the phenom-
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enon of X-chromosome inactivation in female eutherian mammals
(Lyon, 1961). In the course of norma! development this inactivation
process is only reversed in germ cells on their entry into meiosis
(Monk and McLaren, 1981).

Attempts to reactivate the inactive X-chromosome in somatic
cells provide an ampletestimonyto its remarkable stability (Chapman,
1986). However, extensive data from studies utilizing nuclear
transplantation and cell fusion argue against the notion that X-
inactivation provides a general model for silencing the genes that
are not expressed in cells of a particular lineage (Harris, 1970:
Gurdon, 1986). These data show that exposing nuclei of differen-
tiated cells to a foreign cytoplasmic environment can readily induce
quite alien patterns of gene expression such as, for example,
muscle proteins in hepatocytes or keratinocytes (Blau, 1989). As
discussed recently by Siau and Baltimore (1991), this implies that
differentiation requires continuous regulation of gene expression.
The question is to what extent this regulation depends on the
sustained input of information from outside the individual cells. Put
another way, how susceptible are differentiated cells to re-pro-
gramming as a consequence of alterations in their environment? In
considering this issue the environment of ceHs is taken to include
their neighbors, the extracellular matrix, as well as hormones,
growth factors and other molecules.

Histopathologists in particular have long accepted the notion
that various types of differentiated cells may not be as rigidly fixed
in their state of determination as has generally been supposed, as
the following quotation from Willis (1962) testifies:

~ The student of normal histology is apt to assume that the
different kinds of adult tissues and cells are rigidly fixed invariable
structures, distinctly immutable species each capable of producing
by proliferation cells of the one kind only. But as soon as he pays

attention to pathological histology - that is, to what the various
cells and tissues can be and do in all manner of abnormal
environments - he realizes that great transformations of cellular
structure are possible in most tissues. The cells have much wider
potencies for differentiation than are ever displayed in health;
abnormal conditions are needed to reveal their dormant potencies
or plasticity-.

A complication in interpreting the histopathological data is the
uncertainty in specific cases as to whether one is really dealing with
metaplasia rather than the consequences of a developmental
anomaly which led to the placement of cells of one tissue type at
the locus of another. However, there is a growing list of well-
documented examples where re-programming of cells that have
already embarked on differentiation has been clearly demonstrated
following some form of perturbation of their environment. The
terminology used to describe such changes is confusing because
it has not been applied consistently, metaplasia, transdetermination
or transdifferentiation often being employed more or less inter-
changeably. This may be because it is often uncertain whether one
is dealing with a change in phenotype of overtly differentiated cells
or re-direction of the differentiation of more primitive 'stem' cells
within a tissue. In the following discussion use of the term
transdifferentiation is reserved for cases where the former clearly
applies.

One of the earliest and most spectacular examples of
transdifferentiation is the regeneration of a lens from dorsal
marginal iris epithelium following lentectomy in urodele amphib-
ians. Although often referred to as Wolffian regeneration, it was
independently discovered somewhat earlier by Colucci (Okada,

1991). That this entails transdifferentiation is evident from the fact
that initially pigmented epithelial cells can be seen to lose their
pigmentation and eventually synthesize crystallin proteins as they
reorganize into a lens. Studies on the developing eyes of various
vertebrates including birds and mammals have shown that
interconversion of various cell types can occur, including iris and
pigmented retinal epithelium and neural retina into lens as well as
retinal pigment epithelium into neural retina and vice versa. The
developmental status of the cells in the neural retina that yield
lentoid differentiation is not clear except in the studies of Moscona
and his colleagues on relatively advanced chick embryos where
strong biochemical and other evidence exists that they are Muller
glia (reviewed in Moscona, 1986). Unquestionably, the most
spectacular transdifferentiation is that exhibited by mononucleated
striated muscle cells in the hydrozoan anthomedusa, Po/ycoryne
carnea (Schmid and Alder, 1986). These and other well-established
cases of re-programming of cells which, by virtue of their seeming
irreversibility, cannot be regarded simply as modulations will not be

discussed further here since they have been reviewed recently by
Okada (1991). Rather, the remainder of the article will be devoted
to considering additional examples of changes in cell state that do
not feature in this review.

Many of the established systems for studyingtransdifferentiation
do not lend themselves readily to detailed analysis of the phe-
nomenon. One complication, exemplified by the neural retina in
particular, is initial cellular heterogeneity. Another is the considerable
length oftime often required for the change in phenotype to occur,
and the consequent scope for possible selection of minor sub-
populations of cells that may be unrepresentative of the tissue as
a whole. Desirable attributes of such a system have been consid-
ered recently elsewhere (Gardner and Davies, 1992) in relation to
the visceral endoderm of the rodent conceptus. This tissue forms
the outer absorptive and secretory epithelium of the yolk sac
placenta. It originates from the primitive endoderm which differen-
tiates on the blastocoelic surface of the inner cell mass at the late
blastocyst stage. The other, parietal layer, of the extra~embryonic
endoderm is also derived from the primitive endoderm and, when
cloned by blastocyst injection, individual primitive endoderm cells
have been found to yield both visceral and parietal colonization
(Gardner, 1984). The visceral and parietal endoderm are among the
best characterized tissues of the mouse conceptus, both mor-
phologically and biochemically, and differ profoundly despite their
common origin (Jollie, 1968: Enders et al., 1978; Hogan et a/.,
1982: Poelmann and Mentink, 1982; Gardner, 1983; Hogan and
Newman, 1984; Meehan et al..1984; Shi and Heath, 1984; Cockroft.
1986). Initial indications that visceral endoderm could form parietal
endoderm came from examination of ectopic grafts of early
postimplantation conceptuses (Solter and Damjanov, 1973; Diwan
and Stevens, 1976). More compelling evidence was provided in vivo
by blastocyst injection experiments (Gardner, 1982) and in vitro by

culture of partially dissected egg-cylinders (Hogan and Tilly, 1981).
However, these earlier studies were limited to relatively early
postimplantation conceptuses in which the visceral endoderm was
still at an early stage in differentiation. Hence, the possibility that
metaplasia rather than transdifferentiation was involved could not
be discounted. More recently, it has become clear from the rate of
formation of parietal cells, especially by later visceral endoderm,
that the phenomenon qualifies as an example oftransdifferentiation
(Gardner and Davies, 1992). Recent findings do not support an
earlier suggestion by Hogan and Newman (1984) that such



transdifferentiation is a facet of normal development (Gardner and
Davies. 1992).

In considering transdifferentiation of the visceral endoderm. we
are concerned with its change into one other specific type of cell.
Recently, however. evidence has emerged which argues that cells
of this tissue are susceptible to much more spectacular re-
programming even later in development. Payne and Payne (1961)
were the first to show that the mature visceral yolk sac placenta
could engage in novel patterns of differentiation when transplanted
ectopically in rodents. They found in rats that approximately half the
transplants of 14-15 day visceral yolk sac to the omentum produced
enduring grafts that included various fetal tissues. Most prominent
was intestinal epithelium with associated smooth muscle and
clusters of neurones that resembled the myenteric plexus. The next
most frequent structures were epidermoid cysts. which occasion-
ally included sebaceous glands and hair follicles. Relatively rarely.
the grafts contained skeletal elements such as cartilage nodules or
stages in ossification which could include bone marrow.

Subsequently. unequivocal teratomas were obtained in both the
rat and mouse simply by exteriorizing part of the yolk sac from the
uterus following fetectomy early in the second half of gestation
(Sob is and Vandeputte. 1974. 1979). These tumors displayed a

much wider range of differentiation than the omental grafts and
occasionally included more esoteric tissues such as bronchiolar
epithelium. salivary and thyroid gland, gastric epithelium. thymus.
pancreas and. in a single instance in the mouse, hepatic tissue
(Sobis and Vandeputte, 1979). Hence yolk sac tumors rival those
derived from embryonal carcinoma (EC) and embryonic stem (ES)
cells in the spectrum of tissues they produce although, unlike the
latter: they have so far proved refractory to transplantation.

Initially. the favored candidate stem cell of yolk sac teratomas
was the primordial germ cell, which is associated with the yolk sac
prior to migration to the genital ridge. However, the subsequent
failure of chemical and genetic means of deleting such cells to lower
the incidence of teratomas (Sobis and Vandeputte. 1976, 1982)
made this unlikely. Strong support for the view that the tumors are
of visceral endodermal origin has been provided recently by Sobis
et a/. (1991) through use of mutant mice that are deficient for the
enzyme glucose.6.phosphate dehydrogenase (G6PD), which is
encoded by a gene on the X.chromosome that is subject to
inactivation in female conceptuses. The rationale of their study is
that while maternal and paternal X.inactivation occurs with essen-
tially equal frequency in precursor cells of the mesodermal component
of the yolk sac. the paternal X- is inactivated in most or all cells in
the endoderm (West et al..1977). Hence ifvisceral yolk sac teratomas
are of mesodermal origin, they should be composed of a mosaic of
G6PD stained and unstained cells regardless of whether they are
from female conceptuses produced by mating hemizygous deficient
males with normal females or by mating homozygous deficient
females with normal males. In contrast, if they originate from the
endoderm, they should be composed wholly of stained cells in the
former case and of unstained cells in the latter. The pattern of
histochemical staining observed in the teratomas was consistent
with their originating from the visceral endoderm rather than the
mesoderm. Since the visceral endoderm of the mature yolk sac is
a uniformly differentiated tissue that is devoid of immature cells.
this finding argues that it retains the capacity for extensive re-
programming of gene expression. However. it remains to be estab-
lished whether the wealth of cell types formed byyolk sac teratomas
derive from a single type of .stem. cell, as in the case of EC and ES-
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derived tumors. or to the cooperative differentiation of several types
of cell each of which is relatively restricted in potency.

Extra-embryonic tissues are, of course, relatively short-lived and
they typically show signs of ageing even before they are discarded
at birth. To support the development of the fetus the visceral
endoderm has to differentiate precociously and to combine functional
activity with rapid growth. It achieves this without the assignment of
growth and differentiation to distinct cell populations that is typically
seen in epithelia of embryonic origin. Consequently. it is conceiv-
able that regulation of gene expression in extra-embryonic tissues
may differ from that in embryonic tissues in ways that render them
more susceptible to re.programming. It is interesting to note in this
context that DNA has been found to be less methylated in extra-
embryonic tissues than in those of the fetus. both globally and with
regard to specific gene loci as well as repetitive sequences
(Chapman et a/.. 1984; Razin et al.. 1984; Sanford et a1.. 1985;

Monk et al., 1987). Furthermore. genes on the inactive X-chromo-
some can be re-activated much more readily in extra.embryonic cells
than those of the embryo or adult (Chapman. 1986).

While the visceral endoderm may be exceptional among differ-
entiated types of cell in the extent to which it can be re.programmed,
there is. nevertheless. growing evidence that various adult cells
may not be as rigidly fixed in their state of determination as has
generally been supposed. In certain cases it may be difficult to
exclude the possibility that one is dealing with modulation of gene
expression rather than a genuine change in cell state. There is no
such uncertainty in recent experimental studies by Cunha and his
colleagues in which epithelia isolated from one type of adult organ
were combined with neonatal mesenchyme from another (Cunha et
al., 1983, 1991). These studies provide compelling morphological
and biochemical evidence that certain epithelia in adult rodents
remain susceptible to a change in differentiation appropriate to that
of the mesenchyme with which they are combined. First it was
shown that the urothelium of the bladder of adult rats could be
converted to prostatic epithelium when combined with prostatic
mesenchyme (Cunha et af.. 1983). More recently. compelling evi-
dence has been provided for the conversion of the epithelia of both
adult rodent ureter and vas deferens to seminal vesicle epithelium
in combination with neonatal seminal vesicle mesenchyme (Cunha
et al., 1991). However. since the results were assessed in grafts
of recombined tissues that had resided in the kidney for one month,
it has yet to be established how quickly the change occurs and
whether it involves transdifferentiation or re-direction of the dif.
ferentiation of stem celts in these epithelia. Nevertheless. it is
important to emphasize that. particularly in the conversions to
seminal vesicle epithelium, the change is complete in terms of both
pattern of morphogenesis and histogenesis as well as in
cytodifferentiation. Coordinated change in all 3 facets is by no
means inevitable following epithelial-mesenchyme recombination.
even where prenatal tissues have been used. Indeed, striking
examples of uncoupling of morphogenesis and cytodifferentiation
have been recorded in several such studies (Mizuno and Yasugi,
1990).

There is a strong tendency to accept fixity of programmes of
differentiation of cells as the norm and to regard departures from
it as aberrant curiosities. This viewpoint is challenged not only by
the growing list of cases of transdifferentiation of metaplasia that
have been authenticated experimentally but also by the experience
of the pathologist. encapsulated in the earlier quotation from Willis.
which cannot be ignored. Just as developmental biology can inform
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pathology, so is the reverse unquestionably true. And nowhere are
the benefits to be gained from dismantling the traditional bounda-
ries between these disciplines illustrated more clearly than in the
work of Barry Pierce.
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