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We have undertaken a comprehensive gene expression profil-
ing of the entire process of murine lung development using
oligonucleotide-based microarrays. Our data reveals the ex-

 

pression pattern of 

 

�

 

 11,000 genes throughout the morpho-
logic stages of lung development. This includes known genes
with unappreciated pulmonary expression and novel genes
with undefined functions. Traditional gene expression analysis
techniques verify a high degree of confidence in the microar-
ray data. Examination of the data confirms previously known
patterns of expression for extracellular matrix genes and pro-
vides new information regarding relationships in temporal ex-
pression among groups of these genes. Large-scale cluster
analysis reveals associations in the expression profile of specific
genes with defined developmental processes. For instance, we

 

identify groups of genes, which are coordinately expressed with
extracellular matrix genes during lung development. These data
should serve as a resource for the pulmonary research commu-
nity and assist in deciphering the molecular mechanisms gov-
erning normal lung development as well as those involved in
aberrant developmental pathology.

 

Mammalian lung development is a complex morphoge-
netic process, which initiates near mid-gestation and con-
tinues through early postnatal life. The lung arises as two
lateral buds that emerge from the ventral foregut endoderm
at 

 

�

 

 9 days after fertilization (in mouse) and undergo nu-
merous rounds of dichotomous branching to form the bron-
chial tree. This stage of development is referred to as the
pseudoglandular phase, histologically characterized by loose
mesenchyme surrounding undifferentiated epithelial tubes.
Recent advances have been made in the understanding of
the genetic and molecular mechanisms involved in these
early processes which, in part, exhibit direct analogies to ver-
tebrate limb development (1, 2). For instance, lung structure
initiation and branching morphogenesis involve coordinated
regulation of molecular pathways, including Sonic Hedge-
hog–, Bone Morphogenetic Protein/Transforming Growth
Factor-

 

�

 

–, Fibroblast Growth Factor– and Retinoic Acid–
related signaling (3). There are at least three subsequent
phases of lung development that can be distinguished mor-
phologically; the canalicular, saccular, and alveolar stages. A
detailed understanding of the physiologic processes govern-
ing these latter stages of lung development, in particular the
alveolar stage that results in the development of terminal air-
ways and airsacs capable of functional gas-exchange, re-
mains incompletely defined.

Large-scale gene expression analysis provides a power-
ful tool that can aid in the understanding of the molecular
status of a cell, tissue, or organ (4–7). This technique has
been used to discriminate static differences between cells/
tissues and to compare changes in gene expression over
time. In the former case, gene expression profiling provides
data that can improve the description and our comprehen-
sion of a particular specimen. For instance, certain mor-
phologically indistinguishable tumors can be discriminated
on the basis of gene expression analysis data (6). In the lat-
ter case, mathematical clustering techniques have proven
useful for identifying functional inter-relationships between
genes based upon their expression patterns (8–10).

We have undertaken a large-scale gene expression analy-
sis of mammalian lung development using oligonucleotide-

 

based microarrays. We have chosen to study the mouse
as our model system, based upon future applications of our
current data set to genetically engineered animal models.
Our analysis encompasses all recognized stages of develop-
ment beginning at embryonic day 12 and continuing to
adulthood. These data provide an abundance of informa-
tion for gene expression during lung development, includ-
ing cloned genes with previously unappreciated lung ex-
pression and expressed sequence tags (ESTs) with undefined
function. Additionally, cluster analysis reveals previously un-
appreciated relationships between the expression patterns of
genes that may have functional significance in this complex
process.

 

Materials and Methods

 

Isolation of Lung RNA

 

Timed-pregnant Swiss-Webster mice were purchased from Taconic
(Charles River, MA). Lungs were isolated by manual dissection
with the aid of a dissecting microscope, where necessary (E12–
E18). Stage of embryonic lung development was confirmed by vi-
sual inspection of the embryos and histologic evaluation of litter-
mate lung sections. RNA was isolated from individual (E18, P1, P4,
P7, P10, P14, P21, and adult) or pooled (E12, E14, E16) whole lungs
using a modified guanidinium:phenol extraction method (Trizol;

 

Invitrogen, Carlsbad, CA) according to manufacturer’s instructions.
RNA quality and integrity was confirmed by denaturing gel electro-
phoresis.

 

Generation of cRNA “Target” and Chip Hybridization

 

Ten micrograms of total RNA was used to generate “target”
cRNA for hybridization to Affymetrix Mu11K chipset subA and

 

subB oligonucleotide microarrays. A single chip set was used
for each time-point. Before target generation, individual RNA
samples were pooled so that each “target” was derived from a
minimum of three individual lungs. This step was performed to
minimize both biologic variability and the number of microarrays
necessary to generate informative data. After pooling, RNA was
re-purified using Qiagen purification kits (Valencia, CA). Target
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cRNA was synthesized according to manufacturer’s protocol.
Briefly, total RNA was reverse transcribed into a complete cDNA
library (SuperScript Choice kit; Invitrogen) using a T7/T

 

24

 

 primer
(Genset Corp., La Jolla, CA). This cDNA was subsequently 

 

in vitro

 

transcribed into biotin-labeled cRNA (High Yield RNA Tran-
script Labeling kit; Enzo Diagnostics, Farmingdale, NY). The re-
sulting cRNA was fragmented and assessed for quality by gel
electrophoresis. Twenty-five micrograms of each biotin-labeled
cRNA was hybridized to an Affymetrix Mu11K sub A and B chip
according to the manufacturer’s protocol. Four biotinylated hy-
bridization controls (BioB, BioC, BioD, and Cre) were included
in each hybridization reaction to verify consistent hybridization
efficiency.

 

Microarray Data Analysis

 

Chips were scanned and the intensity of signal was computed us-
ing GeneChip Analysis Suite version 3.3 (Affymetrix, Santa Clara,
CA). All chip intensities were scaled to an average of 1,500 units
for comparison (inter-experiment scaling) purposes. All data val-
ues for each probe set were saved as a flat file for further analysis
using GeneSpring software from Silicon Genetics (Redwood
City, CA). Cluster analysis was performed using normalized av-
erage difference values using the standard correlation. The data
for each probe set was normalized independently, by assigning
the median average difference value for the probe set to 1 and
representing all other values for that probe set as a ratio to that
median average difference value. Importantly, multiple probe
sets interrogating the same gene were normalized independently.
For cluster analysis, all probe sets were included without filter-
ing. Normality of distribution for the data set was verified by
comparing mean average difference values, number of genes
called “present” and number of genes increasing/decreasing at
each time-point (

 

see below

 

). A complete catalog of this expres-
sion data, organized by GenBank accession number, and includ-
ing expression level values for each probe set at each time-point,
is available (http://ilya.wustl.edu/~mga/).

 

Northern Blot Analysis

 

Northern blot analysis was performed as previously described
(11, 12). Briefly, total RNA from individual samples, the same
samples used for microarray analysis before pooling, was used. A
quantity of 5 

 

�

 

g RNA was denatured in a formamide/formalde-
hyde loading buffer, separated by denaturing agarose gel electro-
phoresis, transferred to a nylon membrane, and hybridized with
radiolabeled probes. cDNA clones used as probes were derived
from the IMAGE library and purchased from Incyte Genomics
(St. Louis, MO).

 

Results

 

Validation

 

A complete database containing all the information related to
these experiments will be made available (http://ilya.wustl.
edu/~mga/). To assess normality, we analyzed some global pa-
rameters of our data set (Table 1). First, the number of genes
scored as expressed by the Affymetrix software was within the

 

expected range (maximal at E12 

 

�

 

 48%, minimal at P1 

 

�

 

40%), did not fluctuate significantly and showed no correla-
tion to changes in the range of relative expression values. Ad-
ditionally, the number of genes increasing at any given time
point were nearly equal, as expected in a random data set
(maximal at Adult 

 

� 

 

54.7%, minimal at P21 

 

�

 

 46.6%).
We investigated the reliability of the microarray data

by candidate gene validation using Northern blot hybrid-
ization (Figure 1). Candidate genes chosen for validation in-
cluded a constitutive house-keeping gene (glyceraldehyde-3-
phosphate dehydrogenase), structural protein genes known to
be highly expressed in the lung (tropoelastin), and genes with
previously undefined lung expression patterns (ADAMTS-1).
These analyses confirmed a high degree of concordance
between oligonucleotide array results and conventional ex-
pression analysis results, providing a high degree of confi-
dence in our overall data set. Additionally, these results
indicated a moderate degree of biologic variability, thus
reinforcing our experimental strategy.

Due to our interest in the processes that control estab-
lishment of lung structure, we focused on the expression of
genes known to encode components of the extracellular
matrix. Of particular relevance to pulmonary structure and
physiology are collagen and elastin. Elastin provides pas-
sive recoil to the lung, which is essential for expiration and
tissue integrity. Elastogenesis is a highly regulated develop-
mental process that is believed to peak at birth and decline
through maturation with unappreciable tropoelastin mRNA
expression in the adult human (13) and rodent (14–16). The
microarray profile for tropoelastin expression in the devel-
oping mouse lung, confirmed by Northern blot analysis, re-
vealed two distinct peaks of maximal expression, at embry-
onic day 18 and at postnatal days 10–14 (Figure 1C). It is
likely that these separate peaks reflect separate compart-
ments of the lung that become elastogenic at different stages,
the late embryonic peak representing the vascular compart-
ment and the neonatal peak representing the alveolar inter-
stitial compartment. Although differences in the expres-
sion pattern in these two lung structures have been previously
appreciated, the temporal distinction in elastogenesis between
these two phases (vascular and alveolar intersitium) has not
been described. An analysis of smooth muscle 

 

�

 

-actin gene
expression, a marker for elastogenic cells in the lung (17),
showed a biphasic profile similar to but temporally pre-
ceding tropoelastin expression. This reflects the establish-
ment of an elastogenic, myofibroblast cell population in
the lung before the onset of elastogenesis itself (18, 19).

Collagens provide tensile strength and some are major
components of the basement membrane. Simple visualiza-
tion of the expression patterns of genes for the interstitial
collagens (type I and type III) and the basement mem-
brane collagens (type IV) revealed previously unappreciated

 

TABLE 1

 

Microarray data characteristics

 

Stage E12 E14 E16 E18 P1 P4 P7 P10 P14 P21 Adult

 

# Present 5,173 5,407 5,822 5,294 6,327 6,052 6,016 5,797 5,910 5,348 5,802
Mean Avg. Diff. 2,151 1,967 1,900 1,892 1,822 1,830 1,946 1,851 1,842 1,828 1,762
% Increasing 51.1 52.1 48.5 52.9 51.9 48.5 49.1 49.6 46.6 54.7



 

Mariani, Reed, and Shapiro: Expression Profile of Lung Development 543

patterns and relationships (Figure 2). Interstitial collagen
genes were expressed in early embryonic lung development
and were expressed at maximal levels postnatal day 7 (P7),
coincident with alveogenesis. Basement membrane collagen
gene expression (type IV) was lowest at day 12 of embry-
onic gestation (E12), and showed two peaks, at E18 and
again at P7. These profiles reflect structural requirements of
the developing lung, with interstitial collagens likely needed
to establish the lung structure in early development and again
postnatally for elongation of alveolar septae. Conversely,
basement membrane collagens are needed for cellular com-
partmentalization (endothelial:medial, epithelial:mesenchy-
mal) during later embryonic development and again for vas-
cularization of the gas-exchange units during alveogenesis.

 

Importantly, the groups of functionally related collagen genes
(Types I and III versus Type IV) showed similar patterns of
expression within each group.

 

Hierarchical Clustering

 

Clustering techniques were applied to determine functional
relationships among genes. Hierarchical (agglomerative)
clustering was used to generate a dendrogram revealing the
relationship between the profiles of each gene with every
other gene in the data set (20). Analysis of this dendrogram
(Figure 3A) revealed a group of six probe sets with similar
profiles (most highly correlated), including two elements
interrogating 

 

�

 

1(I) procollagen and one for 

 

�

 

1(III) procol-
lagen. The adjacent location of the two genetic elements
probing expression of 

 

�

 

1(I) procollagen serves as an inter-
nal control for the technology and validates the utility of
the mathematical clustering procedure. Furthermore, the
juxtaposition of type I and type III collagen genes supports
a functional relationship between proximal members in the
dendrogram. In addition to the collagen genes, this group
included the transcription factor COUP-TF1 (21) and the
P311 gene (22), the developmental expression of which
have not previously been characterized in the lung. These
data point out a novel relationship between the expression
of a transcription factor (COUP-TF1) and interstitial ma-
trix genes in the developing lung.

In the same dendrogram, another group of three probe sets
shared the most highly correlated expression profile (Figure
3B). Two of these genes encode primary components of the
basement membrane, 

 

�

 

1(IV) and 

 

�

 

2(IV) procollagen. The
additional transcript in this group was microtubule-actin cross-
linking factor (MACF), a cytoskeletal component known to
be expressed in the lung (23). Again, the close proximity of
these two basement membrane-specific collagen genes, which
are functionally related, supports the utility of these methods.
In fact, in this case the data reveal the expected correlation of
expression of these two collagen molecules that physically in-

Figure 1. Candidate gene validation of expression. Equal amounts
of total RNA were examined for expression by Northern blot anal-
ysis (insets) of (A) glyceraldehyde-3-phosphate dehydrogenase, (B)
ADAMTS-1, and (C) tropoelastin, and compared with results from
microarrays (graphs). The expression pattern observed for these
genes are very comparable to the microarray profile, supporting
a high degree of confidence in the microarray data set. Addition-
ally, the expression profile for �-smooth-muscle actin is pre-
sented in C. This protein is specifically expressed in elastogenic
cells and its expression precedes tropoelastin, suggesting that this
cell population is established just before elastogenesis itself.

Figure 2. Expression profiles of interstitial versus basement mem-
brane collagens. Shown are the normalized average difference val-
ues generated for a subset of interstitial collagen (�1[I], �1[III])
and basement membrane collagen (�1[IV], �2[IV]) genes. Note
the similarity in expression patterns within the groups of interstitial
collagens and basement membrane collagens. These data support
the hypothesis that genes sharing function show similar expres-
sion profiles. Importantly, there is a considerable difference in
the expression patterns between these groups of genes, support-
ing the ability to discriminate function based upon expression
patterns.
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teract with one another to form a heterotrimeric type IV col-
lagen. The relationship between the collagen genes and a cyto-
skeletal component is presently unclear. Additionally, in this
dendrogram, tropoelastin shared the highest correlation with a
single probe set encoding an EST with no similarity to any se-
quences in GenBank (Figure 3C).

 

K-Means Clustering

 

Divisive clustering techniques were applied to determine
functional relationships within groups of genes (24) by di-
viding the entire data set into smaller groups of genes that
share a high degree of similarity in expression over time.
K-means cluster analysis was used to generate 50 clusters
of probe sets with highly similar expression profiles. The
clusters contained a median value of 236 probe sets, with a
range between 861 and 63. Focusing on the regulation of
extracellular matrix corroborated the hierarchical cluster-
ing methods and revealed relationships among and be-
tween extracellular matrix genes and regulatory molecules.

Again, 

 

�

 

1(I) procollagen, 

 

�

 

1(III) procollagen and COUP-
TF1 co-clustered into a group of 124 probe sets, further
supporting a functional relationship between these genes
(Figure 4). Additional members of this cluster included:
prolyl-4-hydoxylase 

 

�

 

 subunit, a molecule involved in post-
translational collagen modification (25); the immunophil-
lin FKBP65, an ER-localized extracellular matrix–binding
protein with peptidyl-prolyl cis-trans isomerase activity
(26, 27); ext1, an ER-localized protein responsible for the
development of hereditary multiple exotoses, a benign tu-
mor with precocious bone growth (28, 29); Prx2, a ho-
meobox gene previously believed to play a role in vascular
extracellular matrix regulation (30, 31); m-Twist, a bHLH
transcription factor which may regulate type II collagen
gene expression (32); the Sox-4 and -12 transcription fac-
tors; CYL2 a D-type cyclin; calmodulin, a calcium-depen-
dent protein kinase; and the RyR3 calcium channel.

 

In relation to elastogenesis in the developing lung, tro-
poelastin clustered with 182 probe sets (Figure 5), including
TGF-

 

�

 

1 (TGF-1), TGF-

 

�

 

3, and platelet-derived growth fac-
tor receptor, molecules known to regulate the expression of
tropoelastin (33). This cluster also included LTBP-2 and
fibulin, two molecules known to bind to elastic fibers (34–
37). Additional genes included the transcription factors Nkx-
5.2, lung-specific Kruppel-like factor (LKLF), mesenchyme
fork-head (MFH)-1, as well as FGF receptor-1, CRABP,
MT2-MMP, and Type XV collagen. Thus, this cluster con-
tains multiple molecules previously shown either to regulate
tropoelastin gene expression, to be essential to lung elasto-
genesis, or to physically interact with elastin/elastic fibers.

Two separate K-means clusters contained distinct sub-
sets of basement membrane collagens. One cluster of 154
probe sets included genes for the basement membrane
components fibronectin, laminin 

 

�

 

4, 

 

�

 

5, and 

 

�

 

2, and en-
tactin (Figure 6). Additional genes in this cluster encoded
the extracellular matrix molecules 

 

�

 

1 and 

 

�

 

2 (VI) procol-
lagen and fibrillin-1. Also included were capsulin/cor-1/pod-1,
a transcription factor essential for lung development (38),
the alveolar epithelial cell–specific product SP-C, 

 

�

 

1 inte-
grin, h2-calponin STAT-6, and cyclin G2.

Another cluster of 298 probe sets (Figure 7) contained

 

�

 

1, 

 

�

 

2, and 

 

�

 

5 (IV) procollagen genes as well as laminin 

 

�

 

3
and laminin 

 

�

 

2/merosin. Additional genes in this cluster in-
cluded a number of known extracellular matrix molecules
such as perlecan, biglycan, SPARC, Gla/MGP, LTBP-3,
lysyl oxidase 2 (a member of the gene family responsible for
post-translational crosslinking of collagen molecules) (39),
and caspin, a collagen-associated serpin (40). A number of
vascular markers, including tie flk-1 and sm22

 

�

 

 (a marker
of vascular smooth muscle), were present in this group.
Also included were osf-2/Cbfa1, a regulator of matrix pro-
duction (41, 42), FGF receptor-3 and FGF receptor-4, 

 

�

 

1
integrin, 

 

�

 

-catenin, Mac25 (an activin-binding protein),

Figure 3. Hierarchical clustering. The entire expression data set was subjected to hierarchical clustering using the standard correlation.
In this view, data for each probe set is displayed on the horizontal axis with individual time-points (E12-Adult) represented by colored
boxes. The color of the box represents the normalized level of expression relative to the median expression for that probe set, with data
points above the median shaded red and data points below the median shaded blue. (A) Within the dendrogram generated for the
13,069 probe sets, a group of six probe sets are shown which have the highest correlation of expression. These six probe sets represent
four genes, with two genes interrogated by duplicate probe sets. Note that the probe sets showing the highest degree of correlation in
the dendrogram interrogate the same gene (�1[I] procollagen or P311). Two functionally related molecules, �1(I) and �1(III) procol-
lagen, cluster together into a node representing 0.045% (6/13,069) of the data set, along with the transcription factor COUP-TF1. (B) A
separate group of three probe sets are shown to have the highest correlation in expression patterns. Of these three, two interrogate
�1(IV) and �2 (IV) procollagen, molecules that physically interact for form type IV collagen heterotrimers. (C) The probe set interro-
gating tropoelastin is most highly correlated with an EST having no similarity to any sequence in GenBank.
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NRC-1, and the lung epithelial cell products Clara cell
secretory protein (CC10) and phosphatidylcholine-phos-
pholipase D2 (PC-PLD2). The biologic explanation for
partitioning of these two subsets of basement membrane
protein genes is not readily apparent, and is of significant
biologic interest. Additionally, the clustering of these struc-
tural genes with specific regulatory molecules suggests a
functional, physiologic relationship in the developing lung.

 

Discussion

 

Experimental Design

 

We chose to combine samples from several individual ani-
mals and run a single array (set) for each experimental time
point beginning day E12. The rationale for this decision is
multifold. First, technical limitations, such as input mass of
RNA and purity of isolated samples, restrained us from in-
vestigating the earliest events in lung development immedi-
ately subsequent to budding. With advances in target gen-
eration, these obstacles will soon be overcome. Second, in
support of the single array per time point, quality control

tests of numerous arrays (replicate experiments) and expe-
rience with thousands of individual experiments indicate a
reasonably low degree of technical variability (M. Watson,
personal communication). Recent publications have rein-
forced this low degree of technical variability, placing the
error rate near 0.3% (43) or 2% (44). Third, combining
samples controls for the biologic variability, which is certain
to be present. Thus, in the massive amount of data which
would be generated from multiple arrays at each time-
point, significant changes in gene expression were likely to
be masked by the biologic variability. We incorporated into
the experimental design candidate gene validation, using
conventional technology to verify our results. Our candi-
date gene validation revealed a high concordance between
microarray data and conventional expression data, result-
ing in a high degree of confidence in our microarray data
set. Importantly, duplicate probe sets that interrogate a sin-
gle gene showed a very high degree of similarity (Figure 3
and data not shown), confirming technical accuracy.

 

Extracellular Matrix Gene Networks

 

Analysis of expression microarray data is complex and the
data can be interpreted using many strategies. We have taken

Figure 4. Interstitial collagen K-means cluster. K-means cluster-
ing was used to generate 50 groups of probe sets, each group
showing a high correlation in expression. Shown is the cluster
containing �1(I) and �1(III) procollagen. The ESTs have been
removed from the list for visualization. This cluster which repre-
sents 0.9% (124/13,069) of the probe sets includes numerous ex-
tracellular matrix–related genes.

Figure 5. Tropoelastin K-means cluster. K-means clustering was
used to generate 50 groups of probe sets, each group showing a
high correlation in expression. Shown is the cluster containing
tropoelastin. The ESTs have been removed from the list for visu-
alization. This cluster which represents 1% (182/13,069) of the
probe sets includes numerous elastogenesis-related genes.



 

546

 

AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 26 2002

 

a stepwise approach, from simple examination to correlative
mathematical evaluation, to the analysis of our data set. This
evaluation strategy provides novel and interesting informa-

tion at each step, and highlights both the fidelity and the util-
ity of the technology and the data set. First, simple assess-
ment of single gene profiles reveals the developmental
expression pattern of 11,000 genes and ESTs in the lung. This
includes supportive information about genes with previously
identified lung expression, like tropoelastin, and novel infor-
mation about genes with unknown lung expression develop-
mental profiles, like ADAMTS-1 (Figure 1). Second, simple
examination of groups of genes with similar functions often
shows close associations between their expression patterns.
For instance, we find that multiple members of the collagen
gene family show highly similar expression patterns, but can
be divided by function (interstitial versus basement mem-
brane components), based upon their profiles over time (Fig-
ure 2). Finally, agglomerative and divisive cluster analyses
can be applied to our data set to distinguish groups of genes
with related profiles and, at least in some instances, genes
which are functionally (and physically) related. Hierarchical
clustering indicated the highest degree of relatedness was
found between the expression of 2 

 

�

 

 chains of type IV col-
lagen, or alternatively between 

 

�

 

1(I) and 

 

�

 

1(III) procollagen
(Figure 3). K-means clustering mapped some basement
membrane-related genes together, yet discriminated divi-
sions between other basement membrane genes (Figures 4–
7). The physiologic significance of these groupings is unex-
pected, but of great interest. Finally, these clustering methods
have provided putative functional and/or regulatory relation-
ships between genes. For instance, the closely related profiles
between tropoelastin and LTBP-2, as evidenced by cluster
analysis, reinforce the proposed physical interaction between
these two molecules within developing elastic fibers (34, 37).
Similarly, the inclusion in this cluster of the transcription fac-
tor essential to lung development, LKLF (45), suggests a po-
tential target for this regulatory molecule and a mechanism
by which its necessity for lung development is revealed.

Figure 6. Fibronectin/entactin K-means cluster. K-means clustering
was used to generate 50 groups of probe sets, each group showing a
high correlation in expression. The ESTs have been removed from
the list for visualization. Shown is the cluster representing 1% of the
probe sets (154/13,069), which contains distinct basement membrane
molecules including fibronectin, entactin, and laminin �4 and �5.

Figure 7. Type IV collagen K-means
cluster. K-means clustering was used
to generate 50 groups of probe sets,
each group showing a high correla-
tion in expression. This cluster which
represents 2% (298/13,069) of the
probe sets includes numerous base-
ment membrane related genes in-
cluding �1 (IV) and �2 (IV) procol-
lagen. The ESTs have been removed
from the list for visualization. All
probe sets in the cluster are displayed
in a dendrogram with relative similar-
ity in expression based upon hierar-
chical clustering (A). Individual pro-
files for two subsets within this cluster,
which share a high degree of similar-
ity, are also shown. One group of 16
probe sets contained many vascular-
related genes (B). Another group of
21 probe sets contained type IV col-
lagen genes and the genes for two
FGF receptors implicated in alveo-
genesis (C).



 

Mariani, Reed, and Shapiro: Expression Profile of Lung Development 547

The cluster analysis also reveals a previously unidenti-
fied relationship between FGFR gene expression and base-
ment membrane gene expression during lung development.
These data suggest that FGF signaling, and specifically
FGFR3 and FGFR4, are involved in the regulation of base-
ment membrane formation in the lung. Interestingly, the
compound mutation of these two genes leads to the failure
of terminal lung development. Our data suggest a potential
mechanism for this previously unexplained developmental
defect. This hypothesis is supported by recent work show-
ing that FGF signaling is capable of regulating morphogen-
esis via regulation of basement membrane production (46).

Certainly, the interpretation of expression profiling data
from a complex tissue or organ, such as the lung, is subject
to changes in the relative cell populations within that sam-
ple. This has been previously addressed for microarray
data generated from adult lung tissue (5). These authors
point out that this fact can provide insight into the nature
of the changes in the cell population of one’s sample, but
also could confound one’s interpretation of the data. For
instance, it is possible that the number of extracellular ma-
trix genes expressed at or near a maximum at P7 could re-
flect an increase in the relative number of fibroblastic cells
within the lung or an increase in the metabolic activity of
these cells at that time point. Although this fact increases
the complexity of data interpretation, it does not limit the
validity or utility of the data, for individual genes or math-
ematically related groups of genes. The consistent correla-
tion of functionally related extracellular matrix genes in
our data set supports this conclusion. For example, 

 

�

 

1 (IV)
and 

 

�

 

2 (IV) procollagen genes, which encode proteins that
form subunits of a single heterotrimeric molecule, showed
the most highly correlated expression pattern within a dy-
namic cell population.

 

Applications for Database

 

This data (available at http://ilya.wustl.edu/~mga/) will be
useful as a general resource to the pulmonary community
for the identification and confirmation of gene expression
patterns. This database includes the initial identification of
literally hundreds of genes expressed during lung develop-
ment, including genes with previously defined functions
and those without any defined function or identity (ESTs).
Using manual and mathematical analyses, the data set can
be used to derive putative functions for genes involved in
lung development. Such analyses can also be used to con-
struct molecular maps of biochemical pathways essential
for the development of this organ. Finally, this data set will
serve as the initial phase of a long-term project to identify
comprehensive molecular alterations associated with de-
fined lung developmental abnormalities, and potentially,
abnormal disease processes in the adult lung.
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