Lung Epithelial Progenitor Cells

Lessons from Development

Emma L. Rawlins?!

"Department of Cell Biology, Duke University Medical Center, Durham, North Carolina

The current enthusiasm for stem cell research stems from the hope
that damaged or diseased tissues may one day be repaired through
the manipulation of endogenous or exogenous stem cells. The
postnatal human respiratory systemis highly accessible and provides
unique opportunities for the application of such techniques. Several
putative adult lung epithelial stem cells have been identified in the
mouse model system. However, their in vivo capabilities to contrib-
ute to different lineages, and their control mechanisms, remain
unclear. If stem cell-based therapies are to be successful in the lung,
it is vitally important that we understand the normal behavior of
adult lung stem cells, and how this is regulated. Lung embryonic
progenitor cells are much better defined and characterized than
their adult counterparts. Moreover, experiments on a variety of
developing tissues are beginning to uncover general mechanisms by
which embryonic progenitors influence final organ size and struc-
ture. This provides a framework for the study of lung embryonic
progenitor cells, facilitating experimental design and interpretation.
A similar approach to investigating adult lung stem cells could
produce rapid advances in the field.
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The adult organism is maintained by the actions of tissue-
specific stem and progenitor cells that divide throughout life to
replace postmitotic or damaged cells (Table 1). Adult stem cells
have been well characterized in some organs, such as the gut,
hematopoietic system, skin, and hair follicle. It is clear that they
are maintained under very tight regulatory control; either exces-
sive, or insufficient, stem cell proliferation can lead to abnormal
phenotypes. However, adult stem cells are still ill defined in the
lung, and the mechanisms that control their proliferation and
differentiation are almost completely unknown. Nevertheless,
the possibility that lung disorders may one day be treated by
manipulating endogenous lung stem cells, or with exogenously
applied stem cells, is the focus of much research effort. If this
approach is to be successful it is necessary to understand the
normal behavior of endogenous lung stem cells, and how they
are controlled by their environment.

In general, progenitor cells in the embryo are much better
characterized than adult stem cells. During development, in-
dividual organs are constructed from transient populations of
organ-specific progenitor cells that reside in either epithelial or
mesenchymal compartments. These cells self-renew only during
development, although they do give rise to adult tissue-specific
stem cells (see Table 1 for definitions). Organ morphogenesis is
controlled by cell-cell signaling between the epithelium, mes-
enchyme, and vasculature, both between progenitors and dif-
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ferentiating cells. The behavior of embryonic progenitors can
influence organ size, shape, and cellular composition (Figure 1).
Final organ size depends both on the number of cell divisions
that the progenitors undergo and on the type of these divisions.
Progenitors can divide symmetrically to give rise to two identical
daughters, either to two new progenitors or to two cells that will
differentiate, or asymmetrically to give rise to one progenitor
and one cell that will differentiate. The balance between sym-
metric and asymmetric division of progenitors can obviously have
a tremendous effect on organ size and is consequently tightly
regulated during development. For example, in the developing
nervous system, the ratio of these different types of divisions
changes in time and space in a highly reproducible fashion (1).
Gene expression in the progenitors influences the fate (also
known as identity) of their differentiating daughters. This has
also been well characterized in the developing nervous system in
which progenitors express a sequence of transcription factors that
control both the fate and the number of rounds of division of
their daughter cells (2). Similarly, in the developing pancreas,
expression of the transcription factor ngn3 (neurogenin 3) has
been demonstrated to control progenitor cell “competence” (3).
By competence, we mean which cell lineages the progenitors can
give rise to. Therefore, both organ size and cell composition are
controlled during development in part by regulating progenitor
cell behavior (Figure 1). Current evidence suggests that adult
stem cells have a similar ability to influence organ size and mor-
phology during homeostasis and repair.

Embryonic progenitors have been well defined for a few
tissues, including the retina, central nervous system, and pan-
creas. Over the past few years, progress has also been made
toward defining embryonic lung epithelial progenitors, and how
they interact with their surrounding environment. This knowl-
edge has direct clinical relevance to the long-term respiratory
disorders that are a consequence of premature birth. The study
of embryonic progenitors also serves to illustrate important
questions that need to be answered for adult lung stem and
progenitor cells. For example, does stem cell gene expression
determine which differentiated cell types can be produced? Or
is this determined by signaling between the differentiating prog-
eny of the stem cell and their environment? Does the balance
between symmetric and asymmetric cell divisions change in
response to injury compared with homeostasis? Which signals
initiate, or inhibit, stem cell division? Powerful genetic techni-
ques are being applied in model organisms to investigate these
issues in embryonic lung epithelial progenitors. This article
describes the current state of this research and outlines the next
steps that need to be taken to advance the study of both em-
bryonic and adult lung progenitor cells.

IDENTIFYING THE EMBRYONIC EPITHELIAL
PROGENITOR CELL POPULATIONS

The most definitive lung progenitor cell studies have been per-
formed in the mouse. Mouse lung embryonic development has
been extensively reviewed (e.g., see Reference 4). Briefly, the
lung arises from the foregut endoderm at Embryonic Day 9.5
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TABLE 1. STEM AND PROGENITOR CELL DEFINITIONS
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Name Additional Names

Description

Adult stem cell Tissue-specific

stem cell

Self-renews throughout the lifetime of the mature animal giving rise to one or more different differentiated cell types
within a particular organ. Individual organs may have more than one stem cell population. Typically considered to

be “less differentiated” than other mature cells and to divide infrequently. However, these features are not universal
characteristics of all adult stem cells; presumably each tissue has evolved a system to suit its own unique requirements.

The immediate daughter of an adult stem cell. Divides and gives rise to the same differentiated cell types as the adult
stem cell. However, it is distinguished from the adult stem cell by its limited ability to self-renew.

Population of differentiated cells, any of which can self-renew to maintain the overall population. This cell type does
not contribute to other differentiated cell lineages. It does not need to be replenished by a stem cell.

Self-renews during development and can contribute to one or more differentiated cell lineages within one organ. Gives

Transiently Transit amplifying,
amplifying TA, or progenitor
Self-renewing Differentiated cell
differentiated
Terminally Postmitotic cell Cannot enter the cell cycle and is replenished by a stem cell population.
differentiated cell
Embryonic
progenitor

rise to adult stem cells. However, adult stem cells are distinct from embryonic progenitors: they usually give rise to a

more restricted number of different cell types and are regulated differently.

Multipotent cell
one organ.
Self-renewing

Stem or progenitor cell that is capable of dividing to give rise to all of the different epithelial or mesenchymal cells in

Division of a stem or progenitor cell that results in a new stem or progenitor cell being born. Symmetric self-renewing

divisions result in two progenitors. Asymmetric self-renewing divisions result in one new progenitor and one cell that

will differentiate.

(E9.5). At this stage, the primary buds consist of an inner, ap-
parently unpatterned, epithelium surrounded by loosely packed
mesenchyme and a thin mesothelial layer. The lung buds un-
dergo repeated rounds of branching and outgrowth. During this
stage (pseudoglandular, E10.5-E16.5), the conducting airways
are formed and lined with a mixture of secretory (Clara),
ciliated, and neuroendocrine (NE) cells. The unpatterned distal
tips of the lungs then elongate (canalicular stage, E16.5-E17.5)
and ultimately give rise to the terminal sacs containing type 1
and type 2 epithelial cells. Postnatally, the sacs enlarge and
outgrowth of alveoli septae occurs. The cells of the conducting
airways proliferate and the tubes continue to increase in length
and diameter. The abilities of different cells to act as embryonic
epithelial progenitors during each of these different morphoge-
netic phases remain to be formally tested.

During branching morphogenesis of the lung, the distal-most
epithelial cells are hypothesized to be a multipotent progenitor
cell population (Figure 2). One current model suggests that, as
the lung branches, descendents of the distal tip progenitors are
left behind in the stalks, where they begin to differentiate,
whereas the self-renewing progenitors remain within the epi-
thelial budding tips. There are several lines of evidence that
strongly support this hypothesis. First, distal epithelial cells have
different cell cycle kinetics compared with the rest of the
epithelium; a higher proportion of them incorporate the thymi-
dine analog bromodeoxyuridine (BrdU) in a short pulse (5).

\ 1. Self-renewal vs.
Extrinsic ~_ } differentiating division
signals __»- 2. Daughter cell fate

/

Progenitor cell

3. Cell cycle exit

Organ size and
composition

Figure 1. Aspects of tissue morphogenesis potentially controlled by
regulation of progenitor cell behavior. Progenitor cells can control
various aspects of tissue morphogenesis and hence influence organ size
and structure. These include (7) the number of progenitor cell divisions
and whether these are symmetric or asymmetric, (2) the final differ-
entiated fate that daughter cells acquire, (3) whether daughter cells
exit the cell cycle or continue to proliferate. Progenitor cells themselves
are regulated both by extrinsic signaling and intrinsic factors deter-
mined by their developmental history and in turn signal back to their
neighbors. These characteristics are common to both embryonic
progenitors and adult stem cells.

Second, these cells have a unique pattern of gene expression
(Table 2), including high levels of the transcription factors erv5
(ets variant gene 5, also known as ERM), nmyc (v-myc myelo-
ctomatosis viral related oncogene, neuroblastoma-derived), id2
(inhibitor of differentiation 2), and sox 9 (sry box containing
gene 9), and high levels of activity of the Wnt, Bmp, Fgf, and
Shh signaling pathways (6-8). Many of these genes and path-
ways including etv5, sox9, and fibroblast growth factor (Fgf) sig-
naling are associated with progenitor cells in other endodermally-
derived organs such as the pancreas (e.g., see References 9 and
10). Third, the phenotypes that result from loss or overexpres-
sion of the distal epithelial cell-specific transcription factor
nmyc can be interpreted as specific effects on progenitor cells
(5). Conditional deletion of nmyc results in a smaller lung with
decreased proliferation, increased apoptosis, and a decrease in
the number of sox9* distal epithelial cells, suggesting that the
progenitor cell population has been depleted. In contrast, over-
expression of nmyc results in increased overall proliferation and
an increase in the number of sox9* distal epithelial cells,
suggesting that the progenitor pool is expanded. Both of these
manipulations result in lungs that are normally patterned along
the proximal-distal axis. This implies that the role of nmyc is
restricted to promoting proliferation of the progenitor cell popu-
lation. Taken together, these data provide convincing evidence
that the distal epithelial population contains the epithelial pro-
genitor cells during branching morphogenesis when the conduct-
ing airways are being laid down.

The epithelial progenitors of the alveolar compartment of
the lung have yet to be identified. An attractive model is that
the alveolar progenitor population is located within the distal
epithelial tips during the canalicular stage of lung development.
However, there is currently no published evidence to support,
or refute, this hypothesis.

The lungs continue to grow in size during the early postnatal
period. In the conducting airways at this stage, based on the
kinetics of cell labeling after a short pulse of tritiated [*H]thy-
midine, Clara cells both self-renew and act as progenitors for
ciliated cells (11, 12). This is supported by more recent lineage-
labeling data (13). However, it is not clear whether all Clara
cells have this capacity. In the adult alveoli, type II cells have
been observed to proliferate and give rise to type I cells after
injury (14). It is generally assumed, but not yet tested, that this
process also occurs during postnatal growth.

The exact cellular identity of the embryonic lung epithelial
progenitors will aid the investigation of their control mecha-
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Figure 2. A multipotent epithelial progenitor cell popula-
tion is localized within the distal epithelial buds through-
out lung development. (A) Confocal image of Embryonic
Day 14.5 (E14.5) Fox/1-GFP lung. E-cadherin (blue) labels
the epithelium. Progenitor cells (Sox9™, red) are located at
the budding tips of the epithelium. As the lung branches
and cells exit the distal tips, they turn off Sox9 and other
distal epithelium-specific genes, become committed to
a specific lineage, and begin to differentiate. Differentiat-
ing cells (in this example, green fluorescent protein [GFP*]
ciliated cells; green) are located proximally to the tips.
Bar = 50 pm. (B, C) The conducting airways are laid down
between E10 and E16 and the alveoli between E17 and
E18. A multipotent progenitor population is located at the

distal epithelial tips throughout lung development and therefore must transition from generating conducting airway cells to generating alveolar
cells. There are several possible mechanisms by which this may occur. (B) Progenitors are multipotent throughout lung development and the fate of
their progeny is completely dependent on extrinsic signaling. (C) There is only one population of progenitor cells, but its competence to give rise to

different cell types changes over the course of development.

nisms and the roles they play in determining final organ size and
structure. In the developing pancreas, lineage tracing has been
used to demonstrate that individual distal epithelial tip cells are
multipotent progenitors (10). Lineage tracing, or lineage label-
ing, is the permanent labeling of a cell in such a way that all of
its descendents inherit the label. The most commonly used ge-
netic method of lineage tracing takes advantage of the enzyme
known as Cre DNA recombinase. This enzyme catalyzes site-
specific DNA recombination between LoxP sequences, removing
the intervening DNA. Several mouse strains have been engi-
neered to express a reporter gene from a ubiquitously expressed
promoter only in response to Cre activity. For lineage tracing, the
Cre enzyme is placed under the control of a cell type-specific
promoter and the reporter is activated in the Cre-expressing cells
and all of their descendents. A temporal component of control
can be added to the system by making Cre activity dependent on
exposure of the mice to either tamoxifen (using a Cre-ER
[estrogen receptor] fusion protein) or doxycycline (using a tet-
operator to control Cre expression) (reviewed in Reference 15).
If given at particularly high doses, tamoxifen, doxycycline, and
Cre have all been reported to potentially cause developmental
abnormalities in various tissues. Therefore, it is important to
always perform the appropriate controls to ensure that normal
development is being studied. Nevertheless, these lineage-tracing
systems have already been successfully used in the adult mouse
trachea and lung to demonstrate that keratin-14—positive cells
can act as progenitors and that ciliated cells cannot (16, 17). In

the developing lung, the human SPC (also known as SFTPC) and
rat Cesp (also known as CCI10, CCA, and Scgblal) promoters
have been used for lineage tracing (13, 18). These transgenic mice
have proven to be highly useful tools for genetically manipulating
different compartments of the developing lung. However, their
promoter sequences do not specifically drive expression in only
one cell type, limiting their ability to definitively identify specific
subsets of progenitor cells.

To lineage trace a defined population of epithelial cells from
early stages of lung development, I have targeted Cre-ER to the
1d2 locus. The resulting mice specifically express the tamoxifen-
inducible Cre in the putative multipotent distal epithelial pro-
genitor population, allowing me to test the ability of these cells
to act as progenitors during development. My unpublished data
show that there is indeed a multipotent, Id2* progenitor popu-
lation at the distal epithelial tips and that this gives rise to all
conducting airway (NE, ciliated, Clara) cells and all alveolar
epithelial (type I, type II) cells (E.L. Rawlins, unpublished
data). This work raises the question of how the distal progen-
itors give rise to conducting airway cells during the pseudo-
glandular stage and then switch to generating alveolar cells
during the canalicular stage? There are several possible mech-
anisms that could account for this. These include the following:

1. A homogenous population of multipotent progenitor cells
is located at the distal tips throughout lung development.
Its descendents are always capable of differentiating into

TABLE 2. GENES HIGHLY EXPRESSED IN THE DISTAL LUNG EPITHELIAL PROGENITOR CELLS

Gene Description Roles in Progenitor Cells References
Foxp1, Transcription factors Partially redundant; possibly required for progenitor cell self-renewal through regulation 21)
Foxp2 of Nmyc.
1d2 Transcription factor No reported lung phenotype. @)
Nmyc Transcription factor Promotes distal epithelial cell self-renewal and inhibits differentiation. %)
Sox9 Transcription factor Lung epithelial specific knockouts have no phenotype. (7, 22)
BMP4 Signaling molecule Required to promote distal epithelial cell proliferation and maintain cell morphology. (23)
EIf5 Transcription factor Downstream of Fgf signaling. Mutants have no reported lung phenotype. (46)
Etvs Transcription factor Downstream of Fgf signaling. Promotes epithelial cell differentiation and inhibits proliferation. (7, 47)
Spry2 Inhibitor of Fgf signaling Overexpression inhibits branching morphogenesis and epithelial proliferation. (48)
Shh Signaling molecule Required for epithelial and mesenchymal proliferation, branching morphogenesis, and (25)
mesenchymal differentiation.
Wnt7b Signaling molecule Promotes mesenchymal proliferation. (49)
Wnt5a Signaling molecule Mutants have one extra branch of conducting airways; effect on progenitors unclear. (26)
Dkk1 Inhibitor of Wnt signaling Inhibits branching in in vitro culture. (50)
Notchl Signaling molecule Not investigated in vivo. (33)
Thbs1 Extracellular calcium No embryonic lung phenotype. 7)

binding protein




678

any of the different mature lung epithelial cell types and
this choice is determined by extrinsic signaling rather than
progenitor gene expression (Figure 2B).

2. There is one population of self-renewing progenitors lo-
cated at the distal tips. It is initially competent to give rise
to conducting airway cells only, but at the canalicular stage
it switches in competence to give rise to alveolar cells
(Figure 2C). This model would be similar to that predicted
for the embryonic pancreatic progenitors (3).

The relative roles of progenitor cell competence and extrin-
sic signaling in controlling the cell types produced by the
multipotent progenitor remain to be tested; the in vivo situation
may require a balance between the two. By demonstrating that
there is indeed a single multipotent epithelial progenitor
population located in the distal epithelial buds throughout
embryogenesis, this work provides a framework for investigat-
ing the control of lung epithelial progenitor behavior.

WHAT FACTORS CONTROL PROGENITOR CELL
BEHAVIOR DURING DEVELOPMENT?

Premature infants are frequently born with their lungs in the
canalicular or terminal sac (rather than alveolar) stage of devel-
opment. In these children, all alveologenesis must occur post-
natally, often in the abnormal context of injury and inflamma-
tion resulting from infection or the treatment necessary for their
survival. Work on the mouse pancreas suggests that final organ
size is limited by the number of progenitor cells available at
early developmental stages and that “catch up” growth is not
possible (19). Is lung development similarly limited if the pro-
genitors are thrust into an abnormal environment and cannot
function properly? Could we one day treat premature infants
who are at risk of developing bronchopulmonary dysplasia, or
other lung disorders, by manipulating progenitor cell behavior?
For the promise of eventual therapeutic use of progenitor cells
to be realized, we need to understand not only which cells are
the progenitors but also how they are regulated during normal
development.

Previously, uncertainty over progenitor cell identity has made
investigating their regulation difficult. The genetic tools that are
becoming available for labeling epithelial progenitors in vivo,
combined with improved live cell-imaging techniques, will help
to solve this problem. Given the importance of epithelial-
mesenchymal interactions in the overall patterning of the lung,
it is likely that branching morphogenesis and progenitor cell pro-
liferation and competence are coordinately regulated by the same
signals. Moreover, the behavior of lung progenitors is hypothe-
sized to be controlled both by extrinsic signals and intrinsic
factors, such as the effects of their developmental history on
chromatin structure. The intrinsic aspects of progenitor cell con-
trol provide the context in which extrinsic signals are interpreted.
The published genetic data can be split into two categories:
manipulations that affect progenitor cell proliferation and self-
renewal and those that affect the patterning of their daughters.

REGULATION OF LUNG PROGENITOR
CELL PROLIFERATION

Embryonic progenitor cells must undergo a mixture of sym-
metric and asymmetric divisions during development. One
current challenge is to distinguish between these types of divi-
sions at the cellular level. In time, it may be possible to do this
by looking at differences in spindle orientation or differential
inheritance of cytoplasmic or membrane-bound proteins. At the
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moment, we can only infer that certain molecules normally act
to promote self-renewal or differentiation of progenitors in-
directly by comparing the number of progenitor cells identified
in mutant, and sibling control, lungs.

A network of transcription factors and signaling molecules
are known to affect lung growth and therefore presumably
progenitor cell proliferation. The transcription factor Nmyc is
both necessary and sufficient for the division of lung epithelial
progenitor cells and may promote self-renewing divisions (5).
Several forkhead/winged helix (fox) family transcription factors
have mutant phenotypes, which suggests that one of their
functions is to promote lung epithelial progenitor cell pro-
liferation. For example, mice with both of the related genes
foxal and foxa2 conditionally deleted have small lungs with
decreased rates of cell division (20). Foxal and foxa2 are not
localized exclusively to the distal epithelial cells, and the mutant
lungs also have a general epithelial differentiation defect that
may be independent of the progenitor cell phenotype. Similarly,
in foxp2~/=; foxpI ¥/~ mutants, the lungs are smaller than nor-
mal, with decreased levels of proliferation and Nmyc expres-
sion, but normal proximal-distal patterning (21). In this case,
foxpl and foxp2 are enriched in the distal epithelial progenitors,
suggesting that their primary role is to promote the mainte-
nance of the progenitor cell compartment by promoting self-
renewing divisions. Sox9 is highly expressed in distal epithelial
cells, but lung-specific conditional deletion has no effect on
progenitor cell behavior (22). Sox9 may act redundantly with
other, as yet unknown, regulators of progenitor cell prolifera-
tion. However, not all distal epithelium-specific genes are
predicted to have a role in regulating progenitor cell function.
Others may regulate the cell shape changes that occur during
branching morphogenesis, or pattern the mesenchyme.

Lung epithelium-specific deletion of Bmp receptor 1la
(Bmprla) or the distal epithelium-specific Bmp ligand Bmp4
results in smaller lungs, with reduced rates of proliferation and
decreased nmyc and foxa2 expression (23). This suggests that
autocrine Bmp signaling is required for proliferation of the
distal epithelial progenitor cell population. In contrast, Fgf10 is
expressed in the distal mesenchyme, but is required in a para-
crine fashion for the proliferation of the distal epithelium (24).
Shh in the distal epithelium jointly regulates lung proliferation
and branching morphogenesis, but not proximal—distal pattern-
ing or differentiation, and also likely promotes progenitor cell
proliferation (25). Wnt5a, believed to be a noncanonical Wnt, is
enriched in and around the distal epithelial tips. The null
mutant lungs appear to have an additional branch of the
conducting airways and a general increase in levels of cell
proliferation (26). The role of progenitor cells in the develop-
ment of this phenotype is unknown. These signaling pathways
likely act cooperatively to control distal epithelial progenitor
cell proliferation. However, the specific details of pathway
integration—for example, common regulation of transcriptional
targets, a signaling hierarchy, cross-talk at the cell surface or
between second messengers—are still to be determined.

Proliferation of the distal epithelial progenitor cell popula-
tion has also been shown to be regulated by micro-RNAs (27).
These are a class of small, noncoding RNAs that regulate gene
expression at a post-transcriptional level. Overexpression of the
miR-17-92 cluster throughout the developing lung epithelium
results in the accumulation of large numbers of highly pro-
liferative epithelial cells expressing sox9 (multipotent progeni-
tor cells) and a delay in differentiation (27). This suggests that
miR-17-92 promotes self-renewal of progenitors at the expense
of differentiative divisions. This phenotype may be partly medi-
ated by a decrease in the levels of the tumor suppressor rbl2,
which is one of potentially many targets of mir-17-92. However,
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neither mir-17-92 nor rbl2 is specifically expressed in the distal
epithelial progenitor cells.

LUNG EMBRYONIC PROGENITORS AND
PROXIMAL-DISTAL PATTERNING: ROLE OF
Wnt AND Bmp SIGNALING

In some systems, such as the developing pancreas, gene expres-
sion in the progenitor cells determines their competence to give
rise to different differentiated cell types (3). It is not known if
the lung multipotent progenitors also transition through differ-
ent competence states, or if the specific cellular identity of the
differentiated epithelial cells is determined by signals received
from the mesenchyme (Figure 2).

Current evidence suggests that Wnt and Bmp signaling are
important regulators of proximal-distal patterning in the lung,
but it is not clear if their effects are mediated through pro-
genitor cells. Reporters of Wnt pathway activity are highly
active in the distal epithelial tip cells at early stages of lung
development. Reducing levels of Wnt pathway activity by
overexpression of Dickkopf-1, a Wnt inhibitor, throughout the
developing lung epithelium expands the proximal (conducting)
airways at the expense of the distal. This has no effect on total
levels of proliferation, suggesting that Wnt signaling regulates
proximal—-distal patterning and progenitor cell proliferation
independently (6). Similarly, lung-specific deletion of B-catenin,
required both for Wnt signaling and cell adhesion, prevented
differentiation of distal airway epithelium (28). These data
suggest that Wnt signaling functions to promote distal airway
fate at the expense of the proximal airways. Reducing levels of
Bmp signaling by overexpression of the Bmp antagonists
Noggin or Gremlin, or a dominant-negative Bmp receptor, also
results in a proximalization of the lung epithelium, suggesting
that the normal function of the Bmp pathway is to promote
distal and repress proximal cell fate (29, 30). This is in contrast
to the effects on progenitor cell proliferation reported from
lung-specific Bmprla or Bmp4 deletion. These lung proximal-
ization phenotypes result from a general reduction of Wnt or
Bmp signaling, whereas disruption of individual ligands or
receptors has yet to result in a gross proximal-distal patterning
phenotype (e.g., see References 23 and 26). Further genetic
studies will no doubt resolve these discrepancies. Moreover,
manipulating pathway activity using more cell type—specific
promoters may provide insight into whether Wnt and Bmp
signaling influences proximal-distal lung patterning via their
actions in progenitor, or differentiating, cells.

In the developing retina and neural cortex, Notch signaling
has been found to promote progenitor cell identity at the ex-
pense of differentiated cell phenotypes (31, 32). This possibility
has yet to be directly tested in vivo in the lung. Notchl is
expressed at high levels in the distal epithelial progenitors
during the pseudoglandular stage of lung development (33).
Expression of a constitutively active form of Notch3 throughout
the developing lung epithelium prevents cell differentiation
(34). However, this study did not distinguish whether in the
presence of excessive Notch signaling the cells remained as
multipotent epithelial progenitors, or whether differentiation of
committed precursors was inhibited.

COMMITMENT OF DAUGHTER CELLS TO SPECIFIC
DIFFERENTIATED LINEAGES: NEUROENDOCRINE
CELL DEVELOPMENT

The exit of cells from the progenitor pool and their gradual
acquisition of a differentiated fate is an important aspect of pro-
genitor cell regulation. In common with other organs, differen-
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tiation in the embryonic lung is likely to be a multistep process
(Figure 3). First, a cell becomes specified. It expresses tran-
scription factors that promote cell lineage identity, although at
this stage it can be redirected to an alternative fate in response
to signaling. Second, the cell expresses genes that promote
commitment of its genome (including epigenetic changes) and
overall structure to the differentiated lineage. It is now a pre-
cursor of a specific differentiated cell type and cannot be
redirected to another fate, except by experimental manipula-
tion. Third, it becomes fully differentiated and expresses the
proteins required for its function—for example, secreted factors
or structural molecules. Cell differentiation does not necessarily
require cell cycle exit and there are various examples of dif-
ferentiated cells that self-renew, such as 8 cells in the pancreas
and hepatocytes in the liver (35, 36).

The NE lineage is the only lung epithelial cell type for which
we are beginning to develop a detailed understanding of the
cellular events leading to specification, commitment, and sub-
sequent differentiation (Figure 3). The basic helix-loop-helix
(bHLH) transcription factor achaete-scute complex homolog 1
(ascll) (also known as mashl) begins to be expressed in small
groups of epithelial cells at E13.5. Notch pathway signaling,
mediated by the bHLH transcription factor hairy and enhanced
of split 1 (hes 1), between the ascll* cells results in many cells
turning off asc/l expression. HesI null mutants have increased
numbers of NE cells at the expense of the Clara cell population,
showing that the cells that down-regulate asc/l subsequently
differentiate as Clara cells. The remaining Ascll™ cells appear
to be committed to differentiating as NE cells (37). They up-

Figure 3. Neuroen-
docrine (NE) cell fate
specification. During de-
velopment, cells are be-
lieved to acquire a specific
differentiated identity via
a multistep process. (A) Ex-
pression of transcription
factors and local signaling
result in a cell becoming
specified to differentiate
along a particular lineage.

A Specification

Nojch Nogch
Ascli Ascli Ascl1

Notch signaling selects the cell that
becomes commited to the NE fate

B Com mitment For example, cells that ex-
press high levels of Ascl1
Ascli and do not respond to

Gfil Notch signaling become

NeuroD1 the NE cell precursors. (B)
Clara NE Clara The precursor expresses
recursor A precursor A precursor)  9enes. often transcription

factors, that commit its ar-
chitecture to its final differ-
entiated fate. High levels
of ascl1, neuroD1, and dfil
appear to be important at
this stage of NE cell differ-
entiation. (C) The final dif-
ferentiated cell maintains
a specific morphology and
pattern of gene expression
appropriate for its role in
the tissue. At this stage the
NE cells express high levels
of calcitonin gene-related
peptide (CGRP) and uchl1
(ubiquitin carboxy-terminal
hydrolase 1, also known
as PGP9.5).

NE precursor upregulates NE
specific transcription factors

C Differentiation

NE cell assumes final morphology
and patterns of gene expression
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regulate the transcription factors growth factor independent 1
(gfil) and neurogenic differentiation 1 (neurodl) and subse-
quently the NE cell differentiation markers (calcitonin gene
related peptide; also known as Calca) and uchll (ubiquitin
carboxy-terminal hydrolase 1, also known as PGP9.5) (38). The
retinoblastoma family proteins function to restrict the number of
NE cells, although their exact role is currently ill defined (27, 39).

Much less is known about the commitment and differentia-
tion of other lung epithelial cell types. There are several mutant
conditions in which the mutant cells are unable to fully differen-
tiate: for example, foxal ~'~; foxa2~/~ and nkx2.1"7~; gata6™/'~
mutant lung epithelia, which both seem to have a general block in
epithelial cell differentiation rather than defects in particular
lineages (20, 40). However, given the lack of available markers
for the continuum of epithelial cell specification, commitment,
and differentiation, we cannot determine at which stage the
epithelial cells in these lungs are arrested.

ADULT LUNG EPITHELIAL STEM CELLS AND
EMBRYONIC LUNG PROGENITORS: DISTINCT
LINEAGE-RELATED POPULATIONS

A key unanswered question is whether the adult lung epithelial
stem cells are a distinct cell population, or whether some of the
multipotent embryonic progenitors persist to adulthood? Accu-
mulating evidence from studies in several organs suggests that,
apart from their ability to proliferate, the embryonic cells that
build a tissue are different from the adult cells that maintain and
repair it (reviewed in Reference 41). This still needs to be con-
firmed for the lung epithelium. Nevertheless, two lines of evi-
dence suggest that lung embryonic progenitors and adult stem
cells are separate, although lineage-related, populations. First, the
majority of the genes that are expressed in the multipotent distal
epithelial embryonic progenitors are not believed to be expressed
in the adult lung, and by extension the adult lung stem cells. This is
not unexpected because the two cell types have different behav-
iors. The distal epithelial embryonic cells undergo shape changes
to mediate branching morphogenesis and send signals to pattern
the mesenchyme, as well as proliferating rapidly and acting as
epithelial progenitors. In contrast, during homeostasis, the adult
stem cells proliferate rarely and are not predicted to undergo shape
changes or to actively pattern the mesenchyme. Whether adult
lung stem cells up-regulate distal embryonic progenitor specific
genes in response to injury still remains to be investigated. Second,
there is no evidence that a multipotent stem cell population exists
in the adult lung. By contrast, each region of the adult organ—
upper and lower trachea, bronchi, bronchioles, terminal bron-
chioles, alveoli—appears to be maintained by its own stem or
progenitor cell population (reviewed in References 42 and 43).
A more systematic approach to both identifying and studying
adult lung stem cells is required. Specifically, this needs to be
rooted in the various mechanisms by which progenitors can
influence organ size and structure (Figure 1). Moreover, many
experiments are still performed in vitro and their relevance to the
in vivo situation has not yet been established. For example, one
cell type that has recently received considerable attention is the
dual-positive (CCSP*, SpC+) cells located in the terminal
bronchioles. It has been suggested that these can contribute to
both bronchiolar and alveolar lineages and may be the “true stem
cell” for both compartments (44). This is based on three lines of
evidence. First, that these cells are the first to divide after
naphthalene or bleomycin-mediated injury in the mouse, al-
though it should be remembered that both type 2 and Clara cells
have also been shown to divide in response to these injures.
Second, if these cells are isolated by flow cytometry (as Scal™,
CD34% cells) and cultured in vitro, they can both self-renew and
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give rise to bronchiolar and alveolar cell types. Third, these cells
are a target of activated Ras-mediated neoplastic transformation
in the mouse. More recently, deletion of p38a MAP kinase in the
adult lung was shown to cause increased levels of proliferation in
the alveoli at steady state, to cause an increase in the number of
dual-positive (CCSP*, SpC*) cells, and to make the lung more
susceptible to activated Ras-mediated oncogenic transformation
(45). Together, these data support the idea that the dual-positive
(CCSP*, SpC™) cells may be a population that is particularly
susceptible to oncogenic transformation. However, the current
evidence that these cells are stem cells relies on prospective
isolation and in vitro culture and needs to be confirmed in vivo.

CONCLUSIONS

The deployment of safe, effective cell-based therapies for the
treatment of lung conditions remains a tantalizing prospect
rather than a practicable possibility. For cell-based treatments
to be safe, it will be imperative to ensure that exogenous cells
cannot contribute to tumor formation either directly by prolif-
eration or, more indirectly, by triggering self-renewal of endog-
enous stem and progenitor cells. This article highlights recent
progress in the identification of lung embryonic epithelial pro-
genitor cells and their control mechanisms. This work illustrates
general questions about the regulation of adult stem cells that
must be answered before cell-based therapies can be developed
(Figure 1). The progress that has been made in the embryonic
lung has resulted from improved in vivo genetic analysis of lung
development (13, 18). To achieve a clearer understanding of the
regulation of stem cell function in the adult lung, it will be
important to use similar in vivo genetic techniques to investi-
gate the following specific questions. First, which cells are the
stem cells during homeostasis and repair? As in the embryonic
lung, it will be necessary to lineage trace different cell types to
determine the relative contributions of the various putative
progenitor populations to all of the different airway lineages. In
the adult, different cells may function as stem or progenitors
under different conditions. Consequently, the lineage tracing
should be performed under conditions of both homeostasis and
repair. The genetic tools generated for lineage tracing will
themselves be invaluable for conditional gene deletion and
activation in the stem cells. Second, which signals promote
proliferation after an epithelial injury and how is proliferation
normally inhibited during homeostasis? To answer this, the
interactions between stem cells and their local environment,
including adjacent epithelial and mesenchymal cells, basement
membrane, blood vessels, and bone marrow—derived cells need
to be dissected both after injury and at steady state. Third, how
do cells leave the stem cell compartment and begin to be
specified or to differentiate along a particular lineage? Does this
require a balance between asymmetric and symmetric cell
divisions? And, are there intrinsic limitations on the number
of times a stem cell can divide, or the different lineages it can
contribute to due to its developmental history? The answers to
these questions will not only improve fundamental knowledge
but also may convert the concept of treating lung disorders
using stem cells from a desirable idea to a realistic possibility.
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