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Epithelial Progenitor Cells of the Embryonic Lung and
the Role of MicroRNAs in Their Proliferation
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The entire epithelium of the lung is generated from a small pool of
undifferentiated progenitor cells. At least during the early stages of
development these reside in the distal tips of the embryonic lung.
They respond to multiple signals from the surrounding mesenchyme
and play a critical role as morphogenetic organizing centers. In
addition, they proliferate rapidly and give rise to daughter cells
that differentiate into all the specialized epithelial cells types of
the newborn lung. Despite the importance of the progenitor cells,
we still know relatively little about the mechanisms controlling
their proliferation, morphogenesis, and developmental fate. Here,
we discuss new data on the potential role of microRNAs in co-
coordinately regulating multiple signaling pathways in embryonic
progenitor cells. In particular, our recent transgenic experiments
suggest that microRNAs encoded by the miR-17-92 cluster posi-
tively promote proliferation of epithelial progenitor cells and in-
hibit their differentiation. We speculate on how this information
might be exploited therapeutically in the long term.

Keywords: miR-17-92; transgenic mouse; Sox9; NMyc; cancer

The newborn lung contains at least six epithelial cell types—
basal cells; ciliated, secretory, and neuroendocrine cells; and
type I and type II alveolar cells—organized in the correct
proportion and spatial pattern. All of these cell types arise
from undifferentiated epithelial progenitor cells in the embry-
onic lung (Reference 1 and our own unpublished observations).
In addition, their generation involves a delicate balance be-
tween the opposing forces of proliferation and differentiation.
Rapid proliferation of the progenitors, in association with the
outgrowth and branching of the epithelial tubes, is essential for
producing a lung that is large enough and has a sufficient
number of alveoli to sustain life. When undifferentiated cells,
or their descendants, leave the progenitor pool, they give rise
first to lineage-committed precursor cells with a slower rate of
proliferation and eventually to fully differentiated cells. This
progression is responsible for generating the diversity of cell
types needed for normal lung function. A major challenge is to
understand not only the basic properties of progenitor cells but
also how the balance between their proliferation and differen-
tiation is regulated. For example, it would be clinically advan-
tageous to know how to maintain this balance in the lungs of
premature babies and to avoid therapies that drive differentiation
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at the expense of retaining a large enough pool of progenitor cells
to complete alveolar formation. It is also important to know when
in embryonic development the cells that are responsible for
repairing the epithelium of the adult lung after injury are laid
down. This information will enable us to better understand how
prematurity or adverse events such as infection during the fetal
and early neonatal period can affect the cellular composition and
repair capacity of the adult lung. Armed with this knowledge, we
can begin to explore therapeutic treatments to prevent long-term
respiratory problems.

EPITHELIAL PROGENITOR CELLS OF THE
EMBRYONIC LUNG

There is considerable evidence that, at least during the pseudo-
glandular stage of lung development, the distal tips of the
branching tubules contain a population of undifferentiated multi-
potent epithelial progenitor cells (Figure 1). Among the ques-
tions our lab is addressing, using the mouse as a model system, are
the following:

1. Are the progenitor cells a homogeneous population of
multipotent cells, each having an equal potential of giving
rise to progeny that can differentiate into any of the
specialized cell types, or are there several different sub-
populations of progenitors, each with more restricted
developmental fates?

2. How is the proliferation and undifferentiated state of the
progenitor cells maintained?

3. What mechanisms control the diversification of the pro-
genitor cell population left behind by the outgrowth of the
distal tips?

Here, we focus on recent experiments that provide evidence
that microRNAs (miRNAs) regulate the proliferation and
undifferentiated phenotype of lung epithelial progenitor cells.

miRNAs AND LUNG DEVELOPMENT

miRNAs are small, single-stranded, noncoding RNAs (~22 bp in
length) that negatively regulate messenger RNA translation and
stability at a post-transcriptional level (2-7). There are currently
about 533 miRNAs encoded in the human genome and 442 in the
mouse (http://microrna.sanger.ac.uk/); most of the genes are
conserved between species, but some are specific for humans
versus mice. They are transcribed as large primary RNAs, which
then enter a processing pathway (8, 9). First, they are cut into
smaller precursors by Drosha, an RN Ase-III enzyme that is part
of a large protein complex with Dgcr8 (DiGeorge syndrome
critical region gene 8). After transport to the cytoplasm, another
enzyme, Dicer, converts the precursors into mature miRNAs that
are recruited into the RNA-induced silencing complex (RISC).
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Figure 1. Epithelial progenitor
cells of the embryonic lung.
(A) Schematic representation
of epithelial progenitor cells dur-
ing early lung development.
During the pseudoglandular
stage (~vE10.5-16 in the mouse),
the lung contains a system of
actively branching epithelial
tubes. Cells at the distal tip
are morphologically unspecial-
ized and are characterized by
the expression of a number of
genes encoding signaling pro-
teins, transcription factors, and
components of downstream
signaling pathways. These in-
clude Sox9, NMyc, 1d2 (Idb2),
Pea3, Erm, Bmp4 (see Ref-
erences 25 and 31). There are
numerous reciprocal interac-
tions (red arrows) between the
epithelium and the surround-
ing mesenchyme and vascu-
lature that involve multiple
secreted signaling factors, in-
cluding sonic hedgehog, Fdfs,
and Wnts (25-27). As the tips
grow out and branch, they

Rapid proliferation of
undifferentiated progenitors

Differentiation
proceeds
proximo-distally

E14.5 Sox9 expression

leave behind cells in the proximal stalks that give rise to differentiated cell types. Markers for these phenotypes first appear around E14.5 in the
most proximal regions (32), and the process of differentiation proceeds from proximal to distal. Just before birth, the cells in the distal tips give rise to
the precursors of the terminal alveoli containing type | and type Il cells. It is not known how the switch in fate of the daughter cells—from proximal
airway cells to alveolar cells—is regulated. (B) The distal progenitor cells rapidly transit the cell cycle so that after a 1-hour pulse of bromodeoxyuridine
(BrdU) in utero at E12.5, about 80% of the distal tip cells are labeled (arrow) (29). Scale bar = 50 um. (C) Whole mount in situ hybridization of E11.5
mouse lung shows that distal epithelial progenitor cells (arrow) preferentially express the transcription factor, 1d2 (also known as Idb2). (D)
Immunohistochemistry of section of E14.5 mouse lung shows that distal epithelial cells preferentially express Sox9 (arrow). In the adult lung, Sox9

expression is absent (see also Reference 33). Scale bar = 60 pm.

Finally, this complex interferes with the translation and stability
of target messenger RNAs, in general by imperfect base-pairing
to target sequences in the 3’ untranslated region (4). Individual
miRNAs may target multiple mRNAs. Conversely, individual
mRNASs may contain sequences complementary to multiple miRNA
family members (10-12).

The first evidence that miRNAs play a role in lung de-
velopment was the abnormal phenotype of embryonic lungs in
which the gene encoding the enzyme Dicer was deleted specif-
ically in the endoderm of the primary lung buds (13). The lungs
showed a dramatic reduction in branching morphogenesis, be-
ginning at E12.5, and there is extensive apoptosis. Interpreta-
tion of this result is complicated by the fact that Dicer processes
precursors not only of miRNAs but also of short interfering
RNAs (siRNAs). These are essential for maintaining normal
heterochromatin structure (14, 15), so that defects in organ de-
velopment due to absence of Dicer cannot to attributed to
failure to process miRNAs alone.

A number of publications have reported the expression of
miRNAs in the mouse or rat lung (16-18). However, there were
no studies on the function of specific miRNAs in lung devel-
opment. To address this problem, we first identified the miRNA
expression profile at different stages of development (19). This
was performed in three ways. First, total lung RNA isolated from
several stages was hybridized to custom-built arrays containing
198 mouse miRNA probes (20, 21). Second, small RNAs were
cloned from E11.5 and E17.5 lung total RNA, and 1,668 and
1,941 clones sequenced, respectively. This provided a more
quantitative measure of the different miRNAs present at these

two stages, and the most abundant miRNAs are shown in Tables
1 and 2. The location of some of these miRNAs was then ana-
lyzed by whole mount and section in situ hybridization using com-
mercially generated short “locked nucleic acid” probes. Initial
analysis of these data revealed several interesting features. First,
some of the miRNAs most highly expressed in the early embry-
onic lung (E11.5) are also elevated in small cell lung cancer tu-
mors (22) and adenocarcinomas (23). Among the miRNAs that
have high levels in both the embryonic lung and lung cancer are
members of the miR-17-92 cluster (see below). Second, the converse
is also true; a number of the miRNAs more highly expressed in the
adult compared with embryonic lung are expressed at lower levels
in tumors compared with normal lung. Among the latter category
are members of the let-7 family. This was one of the first miRNA
families to be described, and among the known targets are mRNAs
for Ras proteins (24). Ras lies downstream of receptor tyrosine ki-
nase signaling, including the fibroblast growth factor (FGF) recep-
tors. FGF signaling is known to be important for lung branching
morphogenesis and epithelial cell proliferation (see References
25-27). It therefore makes sense that let-7 members would be more
highly expressed in the normal adult or neonatal lung when growth is
reduced compared with early embryonic stages.

Among the miRNAs most highly expressed in early pseu-
doglandular stage are members of the miR-17-92 cluster (Tables
1 and 2). In situ hybridization shows that at least three members,
miR-17-5p, miR-20a, and miR-19b, are present in both the
epithelium and mesenchyme of the embryonic lung and con-
firms that the levels decline as development proceeds. The miR-
17-92 cluster is encoded by a single locus on chromosome 14 in
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TABLE 1. RELATIVE ABUNDANCE OF MICRORNAS IN THE
EMBRYONIC LUNG: THE 20 MOST ABUNDANT MICRORNA
FAMILIES IN E11.5 LUNG
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TABLE 2. RELATIVE ABUNDANCE OF MICRORNAS IN THE
EMBRYONIC LUNG: THE 20 MOST ABUNDANT MICRORNA
FAMILIES IN E17.5 LUNG

E11.5 Relative
Family Name Family Members in Mouse Clones Abundance (%)
miR-17 miR-17-5p/106a/106b/18/20a/20b/93 175 10.5
miR-125 miR-125a/125b 91 5.5
miR-130 miR-130a/130b/301a/301b 70 4.2
miR-199 miR-199a/199b 64 3.8
miR-15 miR-15a/15b/16 58 3.5
miR-8 miR-200a/200b/200c/141/429 47 2.8
miR-27 miR-27a/27b 44 2.6
miR-199a* miR-199a* 41 2.5
miR-25 miR-25/92 40 2.4
let-7 let-7a/b/c/d/e/f/g/i/miR-98 38 2.3
miR-21 miR-21 38 23
miR-136 miR-136 32 1.9
miR-99 miR-99a/99b/100 22 1.3
miR-214 miR-214 20 1.2
miR-19 miR-19a/19b 20 1.2
miR-23 miR-23a/23b 19 1.1
miR-30 miR-30a/30b/30c/30d/30e 18 1.1
miR-126-3p  miR-126-3p 17 1.0
miR-351 miR-351 17 1.0
miR-26 miR-26a/26b 17 1.0

E17.5 Relative
Family Name Family Members in Mouse Clones Abundance (%)
let-7 let-7a/b/c/d/e/f/g/i/miR-98 237 12.2
miR-15 miR-15a/15b/16 134 6.9
miR-17 miR-17-5p/106a/106b/18/20a/20b/93 96 4.9
miR-125 miR-125a/125b 86 4.4
miR-21 miR-21 69 3.6
miR-126-3p  miR-126-3p 63 3.2
miR-130 miR-130a/130b/301a/301b 61 3.1
miR-8 miR-200a/200b/200c/141/429 59 3.0
miR-351 miR-351 58 3.0
miR-30 miR-30a/30b/30c/30d/30e 55 2.8
miR-199 miR-199a/199b 53 2.7
miR-449 miR-449 51 2.6
miR-126-5p  miR-126-5p 48 2.5
miR-322 miR-322 40 2.1
miR-199a* miR-199a* 39 2.0
miR-142-3p  miR-142-3p 36 1.9
miR-27 miR-27a/27b 34 1.8
miR-25 miR-25/92 31 1.6
miR-99 miR-99a/99b/100 30 1.5
miR-136 miR-136 28 1.4

A total of 1,668 and 1,941 clones was obtained from E11.5 and E17.5 total
lung RNA, respectively; 69.1% of E11.5 clones and 89.2% of E17.5 clones are
known microRNAs (miRNAs). The definition of miRNA families was derived from
http://microrna.sanger.ac.uk.

mice and chromosome 13 in humans. It is transcribed as a single
RNA that is then processed into six mature members. However,
this processing does not seem to be equally efficient for all
members. For example, mature miR-19a has very low abun-

A total of 1,668 and 1,941 clones were obtained from E11.5 and E17.5,
respectively’ 69.1% of E11.5 clones and 89.2% of E17.5 clones are known
microRNAs (miRNAs). The definition of miRNA families was derived from http://
microrna.sanger.ac.uk.

dance compared with other members. There is recent evidence
for regulation of miRNA processing during mouse embryonic
development at the level of Drosha but the role of miRNA
processing in lung development has not yet been addressed (28).

Figure 2. Transgenic overexpression of
the miR-17-92 cluster in the epithelium

of the embryonic mouse lung promotes
expansion of the pool of progenitor cells
and inhibits their differentiation. (A) Sec-
tion of wild-type (nontransgenic) E18.5
lung stained with hematoxylin and eosin
to show normal structure with multiple
terminal sacs that will give rise to the

c
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alveoli. The black box indicates typical area,
which is shown at higher magnification in
A'. Scale bar = 200 pm. (B) Section of
transgenic Sftpc-miR-17-92 lung at E18.5
showing the persistence of tubes lined
with cuboidal epithelial cells; B" shows area
boxed in black at higher magnification.
The cuboidal epithelial cells express Sox9
and NMyc (19). (O Schematic represen-
tation of the effect of miR-17-92 over-
expression. At E16.5, the terminal tubes
of the lung at the canalicular stage still
express Sox9 (see Figure 1D). In the wild-
type lung, the terminal tubes give rise to
the alveolar cells. These include type |
(green) and type Il (yellow) epithelial cells,

whereas the more proximal cells differen-
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tiate into Clara and ciliated cells (orange).

BAD] = bronchioalveolar junction; PO =
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Postnatal Day O (birth). In Sftpc-miR-

SpC-miR-17-92 transgenic lung

17-92 transgenic lungs, there is persis-
tence of the progenitor cells expressing
Sox9 and absence of differentiated alve-
olar cells.
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To explore the role of the miR-17-92 cluster in lung de-
velopment, we generated transgenic embryos in which the whole
cluster is expressed at high levels in the endoderm using the 6-kB
regulatory fragment (“promoter”) of the mouse surfactant pro-
tein C (SftpC) gene. This drives transgene expression in the distal
epithelium from soon after the primary buds appear and remains
on in the distal progenitor cells through development. Levels
gradually increase and then reach very high levels in the
differentiated type II alveolar cells. All transgenic Sftpc—miR-
17-92 lungs in which the transgene is expressed are very abnormal
and no pups survive beyond a few days (19). The abnormal
phenotype at E18.5 is illustrated in Figure 2. Terminal sacs, which
represent the future alveoli, are completely absent and instead
the lung is full of tubes lined by cuboidal epithelium. The cuboidal
cells are highly proliferative, as judged by incorporation of
bromodeoxyuridine (BrdU) after a 1-hour in utero pulse, and
express high levels of Sox9 and NMyc, two markers of distal
progenitor cells. By contrast, the expression of markers of dif-
ferentiated Clara and ciliated cells is reduced.

The phenotype of SftipC-miR-17-92 transgenic lungs is very
similar to that seen when NMyc is overexpressed using the same
promoter (29). The results suggest that miR-17-92 family members
normally function to promote the proliferation of progenitor cells
and that they have to be down-regulated in the progeny, either at
the transcriptional or processing stage (or both) in order for the
cells to differentiate. Overexpression of miR-17-92 enhances the
proliferation and self-renewal of the embryonic progenitor cells
and inhibits or delays their differentiation (Figure 2).

The precise mechanism by which overexpression of the miR-
17-92 cluster promotes the expansion of the embryonic distal
epithelial progenitor pool and the identity of the downstream
targets for the different family members are currently under
investigation. We have already shown that the cell-cycle regu-
lator RbI2 is one potential target (19), and it is likely that many
more will be found. This is based on the assumption that miRNAs
co-coordinately regulate multiple mRNAs within one physio-
logically relevant program.

miRNAs AS POTENTIAL THERAPEUTIC AGENTS

In the future, we need to know whether all miR-17-92 family
members are required to promote the proliferation of the
progenitor cells, or only one, or a few. Although up-regulation
of miR-17-92 members is seen in some lung cancers (22), it is
likely that, in the short term, and in untransformed cells, the
effect of overexpression is reversible, and this needs to be tested
in vivo. By analogy, transient overexpression of the transcrip-
tion factor Oct4 in transgenic mouse embryos leads to massive
epithelial hyperplasia. However, this resolves after the Oct4
expression is switched off, and the expanded pools of tissue-
specific progenitor cells apparently differentiate normally (30).
We therefore plan to test whether up-regulation of miR-17-92
under the control of an inducible promoter can expand the pool
of lung progenitor/stem cells in a reversible way. If so, it might
be possible, in the future, to therapeutically target transient
expression of one or a few miR-17-92 family members to the
injured adult lung, or even to the lungs of severely premature
babies, in such a way as to promote repair or the continued
proliferation of endogenous progenitor or stem cells.
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