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Oligonucleotide array based analysis was conducted to examine the temporal pattern of gene expres-
sion across the various stages of lung development to identify regulatory pathways at key developmen-
tal time points. Whole embryo total RNA or embryonic lung total RNA was harvested from A/J mice at
seven developmental stages. To investigate changes in gene expression during lung development, four
samples from each stage were examined using Affymetrix U74Av2 murine oligonucleotide
microarrays. From the over 12 000 genes and ESTs represented on the array, 1346 genes and ESTs
were identified as having a significant change in expression between at least one time point and the
others (p<0.001, Kruskal-Wallis test). Within this group of ∼1300 genes, four patterns of expression
were seen: (1) upregulation during the embryonic period of development (up-down); (2) upregulation
during the postnatal period of lung development (down-up) and (3) fluctuating expression, up initially,
down for one or more time points, and then up again (up-down-up); and (4) vice versa (down-up-down).
Expression patterns of genes previously reported to be involved in pulmonary development were also
examined. Using the pathway visualisation tool, GenMapp, at least three regulatory pathways were
found to contain clusters of differentially expressed genes: Wnt signalling, cell cycle, and apoptosis.
Furthermore, we have shown that many of the genes involved in lung development are either known
oncogenes or tumour suppressor genes altered in lung cancer, such as Cyr61, Rassf1a, and
Dutt1/Robo1, or putative lung cancer genes. In addition, the genes identified pertinent to early devel-
opment may also serve as candidate susceptibility genes for various inherited lung cancer disorders as
well as for various heritable disorders of lung development. These results will contribute to our under-
standing of novel aspects of the regulatory machinery for embryonic lung development and of the
genes involved in lung tumorigenesis.

Mammalian lung development comprises six stages:
embryonic, pseudoglandular, canalicular, saccular,
alveolar, and maturation of the microvasculature.1 The

embryonic stage begins around 9.5 days post coitum (dpc)
with the budding of the primitive lung mass from the ventral
gut epithelium, accompanied by septation from the
oesophagus.2 The lung bud then forms the preliminary trachea
and pulmonary bronchi by 12 dpc, forming the single left lung
lobe and the four lobes of the right lung.3 Expansion of the
bronchial tree, including formation of the bronchi and
bronchioles, occurs during the pseudoglandular phase (14.5-
16.5 dpc). Also during this phase, epithelial cells differentiate
to begin to form the prealveolar saccules. The cell mass com-
prising the prealveolar sacs expands exponentially during the
canalicular period (16.5-17.5 dpc), with septation into alveoli
continuing through birth and until maturation of the adult
lung. The pulmonary vasculature constantly remodels as the
lung structures expand and differentiate. Vasculature remod-
elling continues throughout the lung development process,
not being complete until lung maturation.

The intricate formation of the lung requires precise regula-
tion of a host of transcription factors, growth factors, and
structural proteins. Several transcription factor-gene interac-
tions have been reported to be involved in lung development.
As shown in fig 1, factors such as thyroid transcription
factor-1 (TTF-1) are involved in several stages of development,
interacting with different targets at different stages. Activa-
tion of lung specific transcription factors at certain time points
is known but their targets are often unidentified, as in the case
of TTF-1 during the canalicular and saccular-alveolar and
adult stages.4 HNF-3, both alpha and beta forms, also play an

important role in the differentiation of lung tissues but their

exact targets are unknown. HNF-3β appears to influence the

transcription of various other lung epithelium restricted genes

such as TTF-1.5 The role of extracellular matrix in lung devel-

opment has also been examined to profile murine lung

development.6 Although gene expression patterns in lung

development have been reported for selected sets of genes,6

this is the first report of detecting specific regulatory pathways

on a transcriptome wide basis.

While there are several factors whose direct involvement in

pulmonary development have been documented, the scope of

their involvement is not clear at present. The targets of these

transcription factors and the regulatory molecules controlling

their transcription are unknown. In some cases, cell type spe-

cific expression has been described but precise temporal regu-

lation has not been described. The abundance of cell types and

tissue remodelling that occurs throughout lung development

processes may require currently unidentified regulatory

elements, transcription factors, and growth factor receptors.

Here, transcriptome wide analysis of gene expression was

performed at seven stages of lung development using

oligonucleotide microarrays. Using arrays representing over

12 000 genes and ESTs facilitated the identification of genes or

pathways not currently known to be involved in lung develop-

ment and provided confirmation of genes and pathways

currently considered to be involved. Selected genes were

further confirmed by real time PCR assays. As a result, associ-

ation of a series of novel transcription factors, target genes,

temporal regulation, and candidate regulatory pathways was

observed during lung development. These results should lead
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to future studies of novel temporal interactions between can-

didate transcription factors and their targets, which may help

to uncover new mechanisms driving lung development.

METHODS
Collection of lung tissue
Pregnant A/J mice (Jackson Laboratories) were sacrificed at

days 9.5 dpc, 14.5 dpc, and 17.5 dpc. Entire 9.5 dpc embryos

were collected as were lungs only from 14.5 dpc and 17.5 dpc

embryos. At birth, and at one, two, and four weeks after birth,

lungs were also collected from A/J mice. The entire embryo

(9.5 dpc) or lung tissue (14.5 dpc, 17.5 dpc, NB, 1 w, 2 w, 4 w)

was processed for total RNA with TRIzol RNA isolation

reagent (Life Technologies). Four samples per time point were

processed for total RNA. However, for the 14.5 dpc time point,

the RNA from 10 lungs was pooled to make the sufficient RNA

for one sample; because of the small size of the tissue

collected, lungs were pooled to make sure that there was

enough RNA for analysis. Thus, four samples for the 14.5 dpc

time point means 40 lungs were used. Mice were kept in ster-

ile conditions at a temperature of 22±1°C. They were fed

Rodent Lab Chow (5001, Purina) and water ad libitum.

RNA amplification
Total cellular RNA was collected from each of the seven time

points. Total RNA was purified with a Qiagen RNeasy Mini kit

(Cat ID 74104). In vitro transcription based RNA amplification

was then performed on each sample. cDNA was synthesised

using the T7-(dT)24 primer: 5′-GGCCAGTGAATTGTAATACGA

CT-CACTATAGGGAGGCGG-(dT)24-3′. The cDNA was cleaned

using phase lock gel (Fisher Cat ID E0032005101) phenol/

chloroform extraction. After purification, in vitro transcription

labelling was performed using the Enzo “Bioarray Kit”

(Affymetrix, Cat ID 900182). The resulting cRNA was purified,

again using the Qiagen RNeasy Mini kit.

Affymetrix GeneChip probe array
Affymetrix Mu74Av2 GeneChips, encompassing >12 000

genes and ESTs on one array were processed according to the

manufacturer’s recommendations. Every gene or EST is repre-

sented by a probe set consisting of approximately 16 probe

pairs (oligonucleotides) of 25mer oligonucleotides. One

sequence of a probe pair represents the complementary strand

of the target sequence while the other has a 1 bp mismatch at

the central base pair position. This mismatch sequence serves

as an internal control for specificity of hybridisation. Removed

from the list of genes in fig 2 are those probe sets with nega-

tive expression values.

Statistical analysis
Estimation of gene expression
Four independent samples were collected per time point.

Analysis was performed using a three stage procedure

previously described.21 Briefly, stages consisted of (1) array

normalisation, (2) estimation of gene expression, and (3) sta-

tistical testing. To make arrays comparable, raw intensity

values within CEL files were normalised via regression as fol-

lows. A pseudoarray was produced, consisting of the median

spot intensity determined across all arrays for all spots. Each

real array was quadratically regressed against this median

pseudoarray. Resulting scaled CEL files were used to estimate

gene expression according to the full model index of Li and

Wong20 (LWF), which was recently shown by Lemon et al22 to be

superior to both the Li-Wong reduced model and Affymetrix

Figure 1 Transcription factors and their targets involved in embryonic lung development. Previously described transcription factors appear
above arrows. Candidate target genes appear below arrows. Potential target genes identified in this study are indicated below the large
carets.
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average difference. Genes with negative expression indexes

were removed.

Statistical testing
Kruskal-Wallis testing was performed to identify genes which

were differentially expressed during at least one time point

according to a cut off of p<0.001. Genes passing this filter

were allocated to four mutually exclusive groups according to

their expression pattern, with some genes not assigned to any

specific group. Ratios of average expression were computed by

first averaging expression indexes within experimental

groups, then dividing the averages as specified by the contrast.

For example, a prenatal/postnatal ratio would have all the pre-

natal samples averaged, the postnatal samples averaged, and

the ratio of the averages determined. Hierarchical clustering

was performed as follows. Genes were selected according to

criteria described in the text. For the selected genes,

expression indexes were transformed across samples to a

N(0,1) distribution using a standard statistical Z transform.

These values were input to the GeneCluster program of Eisen

et al23 and genes were clustered using average linkage and cor-

relation dissimilarity.

GenMAPP
Signal transduction pathways, metabolic pathways, and other

functional groupings of genes were evaluated for differential

regulation using the visualisation tool GenMAPP (UCSF).8

GenMAPP is a recently reported tool for visualising expression

data in the context of biological pathways.8 We imported the

statistical results of our data set into the program and used

GenMAPP to illustrate pathways containing differentially

expressed genes. Differential gene expression was based on

prenatal versus postnatal expression change (two-fold and

p<0.05, t test).

Real time RT-PCR
Synthesis of cDNA
Two micrograms of total RNA per sample, collected as

described above, were converted to cDNA using the Super-

Script First-Strand Synthesis system for rt-PCR (Invitrogen,

Cat No 11904-018). It is important to note that the total RNA

used for the purposes of real time PCR were from the exact

same samples as those described in the microarray analysis

section of the methods. We chose to use the same RNA in order

to cut down on sample variation that could occur if RNA was

recollected. The primer used to generate cDNA was the same

as that used to generate cDNA for the oligonucleotide array

assay (T7- (dT)24 primer: 5′-GGCCAGTGAATTGTAATACG

ACTCACTATAGGGAGGCGG-(dT)24-3′).

Real time PCR
The real time PCR assay was performed using the LightCycler-

FastStart DNA Master SYBR Green 1 kit (Roche Cat No

3003230). The following primers were used to amplify the

genes of interest: Angiomodulin/Igfbp7 F-CAAGGTCCTTCCAT

AGTGACG, R-TCAGGCAAGAGCAGGGTTAT; Aquaporin 1

F-TCAAACCACTGGATTTTCTGG, R-TGGGTCCCTCACTTTCA

CTC; Calcyclin/s100a6 F-ACCGTGCGCTTCTTCTAGC, R-CTG

GATTTGACCGAGAGAGG; Carbonyl Reductase 2 F-GGA

ACTAGGGCCACACAAGA, R-ATGAGCCCAACAAAGTGGAC;

Kruppel-like factor 4 F-ACTCACACAGGCGAGAAACC,

R-CAGACCCCATCTGTTCTGTG; Math5/atoh7 F-ATGAAGTC

GGCCTGCAAAC, R-CCCATAGGGCTCAGGGTCTA; NeuroD3

F-GAGGCTCTGCTGCACTCC, R-GAAAGGAGAAAAGGGGA

TCG; Surfactant C F-TATGACTACCAGCGGCTCCT,

R-GCCCGTAGGAGAGACACCTT; TEA domain FM 2

F-AGACGCAGTTGACTCGTTCC, R-GCAGCAGACGGTACAC

AAAG. Two µl of cDNA was added to a 20 µl total volume reac-

tion mixture containing water, MgCl, FastStart master mix,

and primers. Each real time assay was performed in duplicate.

Data were collected and analysed on the Biorad iCycler version

2.033. GAPDH (primers: F-TGGAGAAACCTGCCAAGTATG,

R-GTGGGTGCAGCGAACTTTAT) was used as an internal

standard. The GAPDH value, a reflection of the number of

cycles needed to reach a threshold of fluorescence, was

subtracted from the cycle value for the individual gene whose

expression was being assessed. For the calculation of the fold

changes over time, the four week expression value (adult

lung) was used as the control expression value. All other time

points were divided by the four week value and the expression

was displayed as a fold change relative to expression of an

adult A/J mouse.

RESULTS AND DISCUSSION
The experimental design of this study includes the use of lung

tissues from seven key developmental time points. We

harvested whole embryos at 9.5 dpc, lungs from embryos at

14.5 dpc and 17.5 dpc as well as mice at newborn (NB), 1 week

(1 w), 2 weeks (2 w), 3 weeks (3 w), and 4 weeks (4 w) of age

from A/J mice and the RNA from each tissue was extracted.

The gene expression from the use of entire embryos at days 9.5

dpc represents not only lung tissue but also a variety of differ-

ent types of tissues/cells. Total RNA was converted to cRNA for

Figure 2 Hierarchical clustering of 1346 genes and ESTs found to
be differentially expressed for at least one time point (p<0.001,
Kruskal-Wallis test). The columns represent the various time points
examined whereas the genes and their expression values are
displayed in rows. Expression levels for each gene were transformed
across samples using a normal (0,1) transformation. Green indicates
an expression below the mean value for the gene, black near the
mean, and red above the mean. Expression pattern grouping is to
the right of the figure and clustering to the left.
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hybridisation to Affymetrix Murine U74Av2 GeneChips. Four

samples per time point were analysed for statistical signifi-

cance. Kruskal-Wallis statistical analysis of the normalised

expression data showed 1346 genes, expressed sequence tags

(ESTs), and RIKEN sequences with a p<0.001. Fig 2 displays

expression patterns for these genes with the genes hierarchi-

cally clustered and the tissue samples ordered by developmen-

tal stages. Clustering shows four major patterns: group 1,

group 2, group 3, and group 4. Group I includes genes that are

downregulated during early organogenesis (9.5 dpc), upregu-

lated during lung expansion and differentiation, and down-

regulated again during lung maturation. Group II consists of

genes whose expression patterns are low during the entire

embryonic period of lung development and then increase dur-

ing alveolarisation and lung maturation. Group III is a smaller

group consisting of genes highly expressed during organogen-

esis, drastically downregulated during branching and lung

bud expansion, and then upregulated once more postnatally.

Group IV consists of genes with moderate to high expression

levels during organogenesis and branching, which then

reduce to low expression levels during vascular remodelling

and terminal differentiation of the various lung tissues. The

representative genes from each of the four major cluster

groups are listed in tables 1 and 2.

Of the 202 members of group I, whose expression is

decreased during early stages of organogenesis (9.5 dpc),

increased during branching and completion of the conducting

airways (14.5 dpc-1 w), and then decreased with lung matu-

ration (2-4 w), 121 are known genes. Table 1 lists those genes

whose expression change is two-fold or greater between the

9.5 dpc time point and the 14.5 dpc time point. The fold

change between the 1 and 2 w time points average 1.3 for this

group of genes.

Group I genes include several homeobox and zinc finger

transcription factor genes. Homeobox11 and c4 (Hox11 and

HoxC4) both had over a two-fold increase in expression

between 9.5 and 14.5 dpc. Bcl-6 associated zinc finger protein

(Bazf) had fold change of ∼1.4. There were several Ras related

genes in this group as well. RAB3B and Ras recision gene (rrg)

are both members of the Ras pathway and interact with genes

that control the cell cycle. Their activity may be vital for the

strict regulation of the rapid increase in cell mass occurring

during the period of exponential proliferation (14.5 dpc-1 w).

RAB3B had a 2.9-fold induction of expression at 14.5 dpc. Rrg

had a 2.7-fold increase in expression at 14.5 dpc and a reduc-

tion, ∼two-fold, of expression at 1 w.

Structural and adhesion genes are present in group I as well

as transcription factors. Perinatal upregulation of the struc-

tural genes during development is concurrent with expansion

of the major airways. Several members of the procollagen

family, such as types I, V, and XIII, fit the group I profile. Fibu-

lin 1 is a matrix protein whose expression is 2.1-fold greater at

14.5 dpc. Lysyl oxidase is involved in the maturation of colla-

gen and elastin, as well as playing a role in p21 suppression.7

It had the highest expression change of all of the group I

genes, 3.9-fold. The metabolic enzyme, hydroxysteroid

dehydrogenase-1, belongs to the steroid catabolic pathway

and had a two-fold expression change.

Group II genes have a decreased expression during the

entire embryonic period of development (9.5-17.5 dpc) and an

increased expression during the postnatal period of develop-

ment (NB-4 w). We have identified 485 genes that have a 1.5-

fold or greater expression change between the average of the

embryonic time points and the postnatal time points. Table 2

lists those genes whose expression values average four-fold or

greater during the postnatal period of development.

Table 1 Representative genes from expression groups I and III (see fig 2)

Group I genes Group III genes

Name Pub acc Fold change Name Pub acc Fold change

Lysyl oxidase AV232133 3.89 Myelin AI837266 4.06
Procollagen 1a1 U03419 3.88 Prosaposin AF037437 3.22
Caveolin 3 AV023068 3.19 Matrix gamma-carboxyglutamate D00613 3.19
RAB3B AI835990 2.95 Rod photoreceptor 1 AV361373 2.67
Growth arrest specific 11 AI226341 2.86 Transition protein 1 X12521 2.60
Septin 1 M37030 2.85 Aortic preferentially expressed gene 1 U57098 2.35
Paneth cell enhanced expression U37351 2.73 Cysteine dioxygenase 1 AI854020 2.11
Ras recision gene D10837 2.70 Transglutaminase 2 M55154 2.10
Insulin-like growth factor I receptor AF056187 2.62 Myelin transcription factor 1 AI848062 2.01
Seven in absentia Z19582 2.53 Sirtuin 2 AI840267 1.85
Fibroblast growth factor inducible 15 U42384 2.51 Emopamil X97755 1.82
Keratin complex 1 AV374020 2.50 Cytochrome C oxidase AW060422 1.81
POU domain protein M88301 2.45 Meiotic recombination 11 U60318 1.76
Myocyte enhancer factor 2B D50311 2.41 Glutamate oxaloacetate transaminase U82470 1.71
Neutrophil cytosolic factor 1 AB002663 2.40 Galactosylceramidase D38557 1.65
Transcription factor-like 1 D43643 2.39 TAF 15 RNA polymerase II AW107462 1.65
SERCA2 AF029982 2.38 MAPKKKK2 U50595 1.62
Homeobox C4 X69019 2.37 Purine rich element binding protein A U02098 1.59
Homeobox 11-like 1 M75953 2.30 Glucosidase 1 AV318100 1.57
MMTV integration site 10B U61970 2.27 Bruton’s tyrosine kinase U58105 1.55
Protein phosphatase 1 U89924 2.26 Keratin associated protein 6-1 D86421 1.54
Protein 4.1 L00919 2.24
Histone deacetylase 7A AW047228 2.21
Fibulin 1 X70854 2.13
Fibroblast growth factor 7 Z22703 2.13
Inhibin A X55957 2.09
Hydroxysteroid dehydrogenase 1 AV290268 2.06
Ninjurin 1 U91513 2.05
Atrial natriuretic factor K02781 2.00

The genes represented in group I have a reduced expression pattern during the early embryonic stages of development (9.5 dpc), up during the
proliferative stages of development (14.5 dpc-1 w) and down during the maturation period of lung development (2-4 w). roup I genes showed a two-fold
or greater difference between the average of the 9.5 dpc and 14.5 dpc-1 w time point expression values. Group III genes shown have an expression
pattern the opposite of the group I genes and a 1.5-fold or greater difference between the average of the 9.5 dpc and 14.5 dpc-1 w time points. Pub
acc=the public accession number that corresponds to the Affymetrix probe set identifying the gene.
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Many of the group II genes that are highly upregulated
during differentiation and maturation of the lung are involved
in cell metabolism. Aquaporin 1, carbonyl reductase 2, and
several members of the cytochrome P450 family, IVB and 2f2,
are expressed at 5.7, 6.7, 9.6, and 6.1-fold increased levels,
respectively, during postnatal differentiation/maturation of

the lung. The transcription factors ELF3 and Vax1 also have a

high degree of expression during the postnatal period, 8.4 and

4.8-fold induction, respectively. The upregulation of these

transcription factors as well as Klf4 and Math5 may lead to the

increased expression of genes that promote terminal differen-

tiation of pulmonary cells, including several homeobox

domain containing target genes. Structural genes such as

matrilin 2, dermatopontin, EMP2, and secretory proteoglycan

are involved in the alveolar and vasculature remodelling that

accompanies lung maturation.

Group III genes have an expression pattern that is the

opposite of group I. They are upregulated during organogen-

esis (9.5 dpc), downregulated during the expansion and

remodelling phase of development (14.5 dpc-1 w), and

upregulated again during maturation of the lung (2-4 w). Of

the 101 members of this group, 70 are previously identified

genes. Group III genes in table 1 include those genes whose

expression is 1.5-fold or greater between the 9.5 dpc and 14.5

dpc time points. The average fold difference between the sec-

ond expression change (1-2 w) was 1.5. Cell cycle effectors

such as Meiotic recombination 11, TAF 15 RNA polymerase II,

and MAPKKKK2 had significant fold decreases between 9.5

and 14.5 dpc (∼1.65-fold). However, it is important to note

that the whole embryos were used for 9.5 dpc and the increase

in the expression of group 3 genes at this time point may

largely be attributable to the presence of tissues other than

lung, such as brain, etc.

There are 125 genes in group IV whose average expression

values are at least 1.5 times greater during the embryonic

period of development than postnatal period. Group IV genes

represented in table 2 have expression values that are two-fold

or greater during the embryonic period when compared to the

postnatal period of lung development. In group II, many of the

Table 2 Representative genes from expression groups II and IV (see fig 2)

Group IV: expression increased during development Group II: expression increased during differentiation

Name Pub acc Fold change Name Pub acc Fold change

APEX nuclease D90374 7.49 Amilioride binding protein 1 AI197481 72.49
Enolase 1 alpha AI841389 4.67 Prostaglandin dehydrogenase 15 U44389 20.83
FGF Inducible 16 U42385 4.02 Reg III gamma D63362 19.68
MARCKS related protein F52 X61399 3.96 Lysozyme M M21050 12.85
Mouse retinoic acid responsive protein M34094 3.95 Eosinophil ribonuclease 1 U72032 10.90
IGF-II X71992 3.87 Surfactant D L40156 10.51
Alpha 1 antitrypsin M25529 3.86 Uteroglobin/CCSP L04503 10.30
Kinesin-like 1 AJ223293 3.81 Matrilin 2 AV345275 10.12
hnRNP A1 M99167 3.73 E74-like factor 3 AF016294 8.38
High mobility group protein 3 AF022465 3.36 Fertilin 2 U16242 7.95
Myosin heavy chain M74753 2.98 Rho interacting protein 2 AI853706 7.43
RAN L32751 2.94 Cytochrome P450 4B1 D50834 7.21
Importin alpha 2 D55720 2.89 Carbonyl reductase 2 D26123 6.68
Ubiquilin 2 AI836406 2.72 Cryochrome P450 2B10 M21856 6.27
Neuronatin X83569 2.69 Angiomodulin AB012886 6.25
RANbp 1 X56045 2.68 Guanylate binding protein 3 AW047476 6.21
S-adenosylhomocysteine hydrolase L32836 2.65 Cryochrome p450 2F2 M77497 6.07
Peg 1/MEST AF017994 2.60 Calcitonin receptor-like receptor AB015595 5.94
P57 U22399 2.59 Aquaporin 1 L02914 5.79
Delta-like 1 Z12171 2.57 Recombination activating gene 1 AV316109 5.63
Alpha actin M15501 2.53 Secretory proteoglycan M34603 5.40
Thymidylate synthase M13352 2.53 Thymic shared antigen 1 U47737 5.25
Mad2 U83902 2.51 Carbonic anhydrase-like sequence 1 X61397 5.22
High mobility group protein 2 X67668 2.50 Serum regluated kinase AW046181 5.11
TIAP AB013819 2.48 Solute carrier family 2A2 X15684 5.08
Cyclin B1 X64713 2.35 MAPKAPK5 AF039840 5.03
CPSF5 AI853113 2.32 Flavin containing monooxygenase 1 D16215 5.01
H19 X58196 2.32 Ribonuclease 4 AI840339 4.95
MCM4 D26089 2.28 Vax1 AB020495 4.86
Alpha 1 (XVIII) collagen L22545 2.24 Carboxylesterase 3 AW226939 4.78
Topoisomerase II alpha U01915 2.24 Kruppel-like factor 4 U20344 4.74
hnRNP D U11274 2.22 Septin 4 X61452 4.72
TEA domain 2 Y10026 2.20 Stearol-CoA desaturase M21285 4.70
MCM5/CDC46 D26090 2.19 Edg1 AV347228 4.65
snRNP G AW060597 2.17 Adipose fatty acid binding protein 422 M20497 4.57
Calpain 6 Y12582 2.15 Nuclear protein 1/p8 AI852641 4.53
CDK4 L01640 2.12 Math 5 AF071223 4.48
Int6 AI839363 2.12 Dermatopontin AA717826 4.40
TACC3 AW209238 2.11 Neuro D3 U63841 4.30
Nuclear autoantigenic sperm protein AF034610 2.09 Connective tissue growth factory/Cyr 61 M70642 4.27
Ribonucleotide reductase M1 K02927 2.09 Calcyclin X66449 4.27
RAN2 L32752 2.09 Insulin receptor substrate 1 X69722 4.16
Zac 1 X95503 2.09 Transmembrane 4 super family 2 D26483 4.06
Fidgetin-like 1 AI047076 2.07 Epithelial membrane protein 2 AF083876 4.02
Peg3 AV353105 2.05
Nucleolar protein 38 M33212 2.03
TIF1 beta X99644 2.01

The columns on the left, group IV, indicate genes whose expression level is at least two-fold greater during embryonic development when compared to
postnatal expression. The genes on the right hand side of the figure, group II, represent those genes whose expression is at least four-fold greater during
postnatal development when compared to embryonic expression levels. Pub acc=the public accession number that corresponds to the Affymetrix probe set
identifying the gene.
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highly upregulated genes were associated with cellular differ-

entiation and cell metabolism. The highly upregulated genes

observed in group IV are more involved in cell growth and cell

mass expansion. Many of the genes in this group are cell cycle

control components and transcription factors in this group.

Well known cell cycle genes such as CDK4, RAN, p57, and Cyc-

lin B1 are all up regulated (2.3, 2.1, 2.9, and 3.9-fold,

respectively) during the embryonic period of lung develop-

ment. Other related genes involved in cell cycle control and

matching the group IV expression pattern are RAN binding

protein 1, fidgetin-like 1, mad 2, and thymidylate synthase

and they are upregulated 2.1, 2.5, 2.2, and 2.2-fold,

respectively. The DNA replication factor MCM4, growth

factors such as H19, FGF inducible 16, and Delta-like 1 homo-

logue, and protein degradation molecule ubiquitin 2 are also

upregulated during organogenesis and lung mass accumula-

tion. HMG2, Peg-3, and mTEAD2 are transcription factors

whose expression is increased more than two-fold during

embryonic stages. Structural genes Peg1/Mest, alpha collagen,

and alpha actin are also upregulated during the embryonic

portion of lung development, which corresponds to the

significant amount of remodelling that occurs during lung

development.

Fig 3 shows hierarchical clustering of a select group of

genes previously associated with lung development, including

the transcription factors and their targets. We have signifi-

cantly expanded the number of genes that may be involved in

lung development (figs 1 and 2). The top half of fig 1,

described earlier, is a scheme of those factors whose

involvement in lung development has been at least partially

established. Expression patterns for these genes and others

recently identified are displayed in fig 3. The bottom half of fig

1 includes results from this study.

Next, transduction pathways, metabolic pathways, and

other functional groupings of genes that may be involved in

mouse lung development were systematically evaluated for

differential regulation using the visualisation tool GenMAPP

(UCSF). GenMAPP is a novel tool for visualising expression

data in the context of biological pathways.8 We imported our

data set into the program and used GenMAPP to convert the

expression data into illustrations showing presence and

significant expression change for the genes represented on the

microarray based on the analysis of prenatal versus postnatal

expression change. We found that genes in at least three major
regulatory pathways were significantly altered during lung
development. Fig 4 is a graphical representation of some of the
pathways that we have identified that are involved in murine
lung development. Fig 4A represents the Wnt signalling path-
way. The Wnt pathway is essential for regulating development
and differentiation of many tissues. Among other things, it
regulates β-catenin, ensuring the proper activation of cell cycle
transcriptional controls. Without Wnt family signals, a
complex containing APC promotes the phosphorylation and
subsequent ubiquitination of β-catenin. Following the initia-
tion of the Frizzled cascade, β-catenin levels rise and accumu-
lation in the nucleus promotes the formation of transcription-
ally active complexes with the Tcf family of transcription
factors. The Tcf family influences a wide variety of develop-
mental processes in various tissues, targeting such genes as
c-myc, cyclin D and c-jun. Fig 4A shows the extent of the
involvement of the Wnt pathway in our study.

As expected, the cell cycle control pathway is also intimately
involved in murine lung development. Fig 4B depicts the
involvement of cell cycle control at the G1/S phase boundary.
Specific Rb family/E2F repressor complexes prevent progres-
sion of the cell cycle at different stages, particularly at G1 in
response to DNA damage. If damage is recognised, the option
to progress through the cycle after repair or to terminate cel-
lular function is chosen. p53 activation is crucial for this
distinction. Advancement of the cell cycle leads to prolifera-
tion of the cell type and differentiation after the appropriate
signals.

Finally, in fig 4C the apoptotic pathway is presented. Cell
death activators and inhibitors are vital for the maintenance of
appropriate cell mass during development. As tissue differen-
tiates, apoptosis helps to remodel structure and avoid
overgrowth. As we can see in the figure, several key apoptotic
genes are involved in lung development. Caspases 6, 8, and 9
are upregulated in the postnatal lung tissue. JNKK, c-Jun,
I-kappa B, and NF-κB are also upregulated at this time. C-myc
and p53, on the other hand, are higher in the prenatal lung
tissues. All of these factors tightly regulate cell death
throughout lung development.

Fig 5 is a comparison of array expression values and real
time PCR expression values. Using the expression values and
patterns found during the examination of the microarray
data, several genes were chosen for real time analysis in order
to verify our array data. The exact same total RNA was used to
generate cDNA for both experiments. To generate the graphs,
the expression values were divided by the four week, adult
lung control expression values. The various scales used in the
figure help to show the overall patterns of expression in both
the microarray and the real time data sets. While in many
cases, the real time expression is greater overall when
compared to the array expression, the basic patterns of
expression remain. Angiomodulin shows a marked increase in
real time expression at the two week time point versus the
array expression but the pattern of increased gene expression
during the postnatal period is still evident in both the array
data and the real time data. The same can be said of aquaporin
1 and calcyclin, although the overall real time expression is
much greater than the array expression, especially for
aquaporin. TEA domain family member 2 (TEAD2) expression
is surprisingly higher in the 14 day time point and shows an
overall higher expression pattern during the prenatal period of
development. Surfactant C expression increases at the
newborn time point, which is to be expected with its role in
maintaining surface tension integrity in the lung, but its
expression seems to decrease at 1 week before increasing
again at 2 weeks. Fig 5 shows that while basal expression
values may differ between the microarray and real time assays,
the patterns first seen in the microarray experiments are con-
sistent.

The embryonic stage of pulmonary development begins
with the branching of foregut epithelium. The transition from

Figure 3 Expression patterns of a select group of genes previously
identified as being directly involved in lung development. Green
indicates an expression below the mean value, black near the mean,
and red above the mean. Values were obtained as described in fig
1.
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Figure 4 GenMAPP pathways integrating our expression data. Yellow indicates a higher level of expression in the prenatal samples. Blue
indicates a higher level of expression in the postnatal samples. Grey indicates that the selection criteria were not met but the gene is
represented on the array. White boxes indicate that the gene was not present on the chip. In those boxes with multiple colours, there were two
locations for the gene existing on the array. The inner colour represents the result for the first value determined for the gene and the outer colour
represents the subsequent value.
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the embryonic period to the pseudoglandular period, around
day 12 post coitum is mediated by a host of transcription fac-
tors. TTF-1 is a member of the homeodomain containing tran-
scription factors and is involved in the regulation of temporal-
spatial patterns, tissue stoichiometry, and structural proteins,
especially in lung epithelium.9 TTF-1 binds to regulatory
elements in the promoter regions of surfactants A, B, and C,
collagens, and cell adhesion molecules. GATA-6 and TTF1 have
been shown to alter the expression of structural genes that
leads to differentiation and remodelling of lung structure.10

Zinc finger transcription factors, such as GATA-6, are
important in cell differentiation. GATA-6 binds to and
activates structural genes that are important in the formation
of respiratory bronchioles.11 The majority of bronchiolar
construction occurs during the period of lung remodelling
when cellular lung mass has reached its maximum and alveo-
larisation and remodelling of the airways for respiration has
begun. GATA-6 expression is at its peak during the newborn to
1 w period, mirroring lung reorganisation. HNF-3β has been
shown to induce foregut endoderm differentiation and is
expressed in all lung epithelia during the entirety of lung
development, even being maintained in the alveolar epithe-
lium of adult tissue.12 13 Our data show that once this factor is
induced, its expression level is maintained in the lung.

Our list of genes associated with the embryonic-
pseudoglandular transition transcription factors is seen in the
bottom half of fig 1. Abp1 is an F-actin binding protein. Beta-
meltrin is a metalloproteinase. Daf1 and Daf2 protect “self”

tissue from being recognised by immune cells. Sox11 is a

member of a family of transcription factors involved in cell

growth and differentiation, as is Wee1, a CDK1 inhibitory

kinase. Ubiquilin 2 is involved in apoptosis. Around day 15

post coitum, the transition from the pseudoglandular stage of

pulmonary development to the canalicular stage occurs. Tran-

scriptional control of cell differentiation is carried out by tem-

poral and spatial expression of several types of transcription

factors. Winged-helix hepatocyte nuclear factor homologues

such as HFH-4, HNF-3β, and HFH-8 are important to the for-

mation of foregut endoderm, from which the lung eventually

buds. HFH-4 is also expressed during pre- and postnatal

epithelium, being mostly found in basal and ciliated cells. Its

expression in the epithelium during development and postna-

tally in the nose, trachea, and lung influences ciliogenesis.14

We show an increased expression level during the late part of

the embryonic period, stretching into the early postnatal time

points. The majority of the differentiation of ciliated cells takes

place in this time period. HFH-8 is found in the mesenchyme

of developing tissues, particularly of the area surrounding the

distal epithelium and is seemingly activated by paracrine sig-

nals from endodermal epithelia.15 Activation of HFH-8 by

extracellular Sonic hedgehog (Shh) signalling via the Patched

receptor has been reported.16 Our data show an increased

HFH-8 expression at 17.5 dpc following Shh upregulation at

14.5 dpc. Definitive targets of HFH-4 and HFH-8 and those

genes facilitating the transition to the canalicular stage are

Figure 5 A comparison of fold changes over time for expression array data with reference to 4 w by real time PCR. Red bars indicate real
time data and blue bars indicate expression array data. The scale of each graph was determined individually in order to maximise the view of
the particular pattern associated with expression. An average of all four independent samples in two pools is shown. For each time point there
are four samples (A-D). RNA from A and C and B and D were pooled and subjected to real time PCR on both pools. The results from the two
RNA pools (representing four samples), AC and BD, are presented.
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few. Beta-tubulin, an essential microtubule component, is tar-
geted during the most proliferative time points for increased
expression. Surfactants A, B, and C as well as Clara Cell Secre-
tory Protein are also first seen in pulmonary tissue.

The transition from pseudoglandular to canalicular phase
occurs around day 15 post coitus. Possible target candidates
include Cdc6, CDk4, and CyclinB1, which are all cell cycle
effectors, as is Eno1, a repressor of c-myc. Ran is a Ras related
GTPase which regulates nucleo-cytoplasmic transport during
interphase. Nasp is a histone binding protein. Peg3 is involved
in chromosome stability. Tead2 and Zac1 are transcription fac-
tors. The saccular-alveolar stage of murine lung development
facilitates breathing in the animal. It is during this period
when preparation for the first breath, including expansion of
the alveoli and maintenance of the surface tension in the lung
that keeps the alveoli expanded, occurs. HFH-4 and TTF-1 have
been established as necessary for this vital part of lung devel-
opment. Hepatocyte nuclear factor-3alpha also plays a role in
preparing the lung for gas exchange. Targets for these
transcription factors at this stage are unknown. The canalicu-
lar to saccular-alveolar transition around day 17 post coitum is
mediated by a small group of known transcription factors
such as HFH-4. We have identified a limited group of potential
targets. Dlk1 inhibits adipocyte differentiation. H19 function
is unknown but is highly regulated by imprinting. The Lox
gene is a lipoxygenase.

The largest group of potential targets occurs at the
transition from the prenatal to postnatal periods. We have
identified 106 genes with the potential to be involved in the
maturation process of the lung. Ace is an angiotensin convert-
ing enzyme. Casp9 is involved in apoptosis. Cst3 is a protease
inhibitor. Edg1 is a G protein coupled receptor. Mapkapk5 is
involved in cell cycle regulation. Rag1 is involved in facilitating
recombination. Septin4 GTPase is also involved in the cell
cycle. Vax1 is a homeobox transcription factor. Vegf is involved
in the remodelling of the lung microvasculature in response to
lung maturation. Wnt10b is involved in differentiation.

Included in our list of genes of interest are some of the
genes associated with lung cancer. Cyr61, a tumour suppressor
gene found in mesenchymal cells, is a regulator of cell
adhesion migration and proliferation.17 We have found its
expression to peak at the newborn time point, slightly
decreasing at two weeks and increasing again at four weeks.
Constitutive expression of this cysteine rich growth factor is
necessary for normal cell growth. A marked decrease in Cyr61
expression has been found in non-small cell carcinoma cell
lines. Nore1, the RAS association domain family protein
(RASSF1A) homologue in mice, is involved in the negative
regulation of cell growth through interaction with the Ras
signalling pathway.18 We show upregulation of this gene at the
newborn stage of our study, implying that this gene could
possibly be activated to control lung cell mass. At this point in
development, maturation of the lung structure is occurring,
with the overall cell mass being at its limit and restructuring
of the tissue beginning in concordance with the start of lung
function. Finally, Dutt1/Robo1 gene expression was examined.
Dutt1/Robo1 is a murine homologue of the Drosophila Rounda-
bout gene. This gene codes for a neural cell adhesion molecule
receptor and has been implicated in the migration of axons,
myoblast, and leucocytes in vertebrate lung.19 Knockout mice
acquire extensive bronchial abnormalities and it is among the
tumour suppressor genes often deleted with the loss of chro-
mosome 3p in lung cancers. We see Dutt1/Robo1 expression at
14.5 dpc, when brachial infiltration into the surrounding
mesenchyme is greatest. We find expression patterns of
known genes to vary slightly from published reports but at the
same time, they follow patterns intuitive to their function and
the events of lung development.

In summary, we have shown that transcriptome wide
analysis of gene expression shows numerous patterns associ-
ated with lung development that have not previously been

described. Using oligonucleotide microarray analysis across

different lung development stages, a global view of gene

expression during lung development shows the temporal

regulation of the key regulatory pathways. With a better

understanding of gene regulation in lung development comes

the possibility of genes that are involved in lung development

frequently playing a key role in lung tumorigenesis. The

results from the present study will contribute to our

understanding of the functions of genes that are important in

both lung development and lung tumorigenesis. Finally, the

genes identified pertinent to early development may serve as

candidate susceptibility genes for various inherited lung can-

cer disorders as well as for various heritable disorders of lung

development.
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