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Abstract

The fetal origins of disease hypothesis suggests that variations in
the course of prenatal lung development may affect life-long
pulmonary function growth, decline, and pathobiology. Many
studies support the existence of differences in the developing lung
trajectory in males and females, and sex-specific differences in the
prevalence of chronic lung diseases, such as asthma and
bronchopulmonary dysplasia. The objectives of this study were to
investigate the early developing fetal lung for transcriptomic
correlates of postconception age (maturity) and sex, and their
associations with chronic lung diseases. We analyzed whole-lung
transcriptome profiles of 61 females and 78 males at 54–127 days
postconception (dpc) from nonsmoking mothers using
unsupervised principal component analysis and supervised linear
regression models. We identified dominant transcriptomic

correlates for postconception age and sex with corresponding gene
sets that were enriched for developing lung structural and
functional ontologies. We observed that the transcriptomic sex
difference was not a uniform global time shift/lag, rather, lungs of
males appear to be more mature than those of females before
96 dpc, and females appear to be more mature thanmales after 96 dpc.
The age correlate gene set was consistently enriched for asthma
and bronchopulmonary dysplasia genes, but the sex correlate
gene sets were not. Despite sex differences in the developing fetal
lung transcriptome, postconception age appears to be more
dominant than sex in the effect of early fetal lung developments
on disease risk during this early pseudoglandular phase of
development.
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The fetal origins of disease hypothesis
suggest that in utero exposures can play a
role in disease development and
progression in later life. In utero
exposures, such as smoking, have been
shown to influence the developing fetal
lung (1). Variations in lung maturity and

in genes known to be expressed
during lung development, and birth
weight, have been associated with
childhood asthma, bronchopulmonary
dysplasia (BPD), adult lung function, and
with death from chronic obstructive
airways disease in adult life (2–4). This

highlights the need to understand
variability in the course of prenatal lung
development, as it may contain the
imprint for life-long pulmonary
function growth/decline, and the
developmental origins of chronic lung
disease.

(Received in original form October 16, 2015; accepted in final form November 18, 2015 )

*These authors contributed equally to this study.

This work was supported by National Institutes of Health grants R01 HL097144, K08 HL096833, K25 HL091124, T32 HL007427, R21 HL107927, R01
HL092197 and U01 HL65899.

The content of this article does not necessarily represent the official views of the Eunice Kennedy Shriver National Institute of Child Health and Human
Development. This manuscript is subject to the National Institutes of Health public access policy.

Author Contributions: A.T.K., D.C., S.S., K.G.T., and S.T.W. designed the study, analyzed, interpreted data, and wrote the manuscript; R.G., C.A.V., and
J.S.L. acquired the samples and interpreted the data; W.Q. and V.J.C. provided statistical analyses.

Correspondence and requests for reprints should be addressed to Kelan G. Tantisira, M.D., Channing Division of Network Medicine, Department of Medicine,
Brigham and Women’s Hospital, 75 Francis Street, Boston, MA 02115. E-mail: kelan.tantisira@channing.harvard.edu

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org

Am J Respir Cell Mol Biol Vol 54, Iss 6, pp 814–821, Jun 2016

Copyright © 2016 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2015-0326OC on November 19, 2015

Internet address: www.atsjournals.org

814 American Journal of Respiratory Cell and Molecular Biology Volume 54 Number 6 | June 2016

mailto:kelan.tantisira@channing.harvard.edu
http://www.atsjournals.org
http://dx.doi.org/10.1165/rcmb.2015-0326OC
http://www.atsjournals.org


Lung development is a complex process
divided into embryonic, pseudoglandular,
canalicular, saccular, and alveolar phases
based on histology. The initial phases of
lobation and branching are known to be
stereotypic, and are determined by a well
conserved, genetically hard-wired program
(5). Many genes have been implicated in
human lung development; however, its
complete transcriptome remains
uncharacterized. We know that this process
requires the interaction of many molecular
processes that are influenced by gene
expression. We have previously used
genome-wide gene expression profiling to
describe characteristic lung development
genes in a small set of human lung samples
(6). Similarly, animal studies performed by
us and others have shown the validity of
this approach to identify the key regulators
of fetal lung development (6, 7). Elucidating
these genomic contributions to lung
development will help determine molecular
pathways involved in the development of
lung disease and identify potential
therapeutic targets. For instance, we have
previously identified genomic determinants
of lung disease using this approach for both
asthma and chronic obstructive pulmonary
disease (8, 9). In this study, we advance our
previous analysis by identifying gene sets
associated with lung development during
early gestation in a larger set of human fetal
lung tissue samples and by assessing their
enrichment in asthma and BPD.

Furthermore, epidemiological and
experimental data support the existence of
differences in the trajectory of lung
development in males and females. Sex has
previously been shown to influence lung
function and the development of neonatal
pulmonary disease, such as respiratory
distress syndrome and BPD. Response to
in utero exposure, such as maternal
cigarette smoking, differs in the male
and female lung (10). Androgens have
been shown to enhance branching

morphogenesis (11) and inhibit surfactant
production (12) in the developing fetal
lung. Male lung development lags behind
female lung development in the alveolar
phase of development in late gestation,
based on the assessment of amniotic fluid
indices (13, 14). Thus, it is reasonable to
postulate a sexual dimorphism in the
developing lung transcriptome and its
regulation. Here, we investigate the
developing lung transcriptome in males and
females from the pseudoglandular and early
canalicular phases using both supervised
and unsupervised analyses to achieve a
more comprehensive understanding of sex
differences and similarities in developing
fetal lung tissue, and their relationship to
chronic lung disease.

Materials and Methods

Developing Human Fetal Whole Lung
Tissue Transcriptome Profiles
Human fetal lung tissues were obtained
from two National Institute of Child Health
and Development (Bethesda, MD)
programs at the University of Maryland
Brain and Tissue Bank for Developmental
Disorders (Baltimore, MD), and the
Laboratory of Developmental Biology
(University of Washington, Seattle, WA)
(9). The primary sample population was
comprised of 61 females (estimated ages,
54–122 days postconception [dpc]) and 78
males (estimated ages, 56–127 dpc) from
138 nonsmoking mothers with 0 ng/g
cotinine in their placental tissue (15) (see
Text E1 and Table E2 in the online
supplement; Figure 1A). Sex was reassessed
using principal component (PC) analysis
(PCA) of the corresponding microarray
transcriptomic data using 53 microarray
probes for genes unique to the Y
chromosome.

Total RNA was extracted from lung
tissue (RNeasy Mini Kit; Qiagen, Valencia,
CA) and profiled using Affymetrix Human
Gene 1.0 ST microarrays (Affymetrix, Santa
Clara, CA) following the manufacturers’
protocols with 33,297 probes interrogating
19,666 unique genes. The dataset was
robust multiarray analysis (RMA)
normalized (16) using the oligo package in
Bioconductor (http://www.bioconductor.
org/) and rendered into a dataset S1 of
33,297 probes3 139 samples with gene
expression RMA signal values in log2 scale.
To investigate sexual dimorphism, we used

an S1 subset of 54 females and 67 males
from 19 matching common ages: 59, 67, 72,
74, 76, 80, 82, 85, 87, 89, 91, 94, 96, 98, 101,
103, 105, 110, and 113 dpc. We called this
dataset S2. Furthermore, we used an S2
subset of 19 females and 19 males with
matching ages representing the 19 common
ages and called this dataset S3. To identify
the single sample representative for each
common age, we applied PCA of S2
samples in transcriptome space, and picked
the sample closest to the sample centroid in
PCs 1–3 for each common age and sex. The
complete dataset is available at the National
Center for Biotechnology Information Gene
Expression Omnibus (http://www.ncbi.nih.
gov/geo/; GSE68896).

Independent Transcriptome Datasets
for Integrative Bioinformatics
Additional details are provided in Text E1.
Five other human tissue Gene Expression
Omnibus datasets were integrated into the
analysis (Figure 1B: GSE14334 [developing
lung, positive control]; GSE32472
[leukocytes, BPD]; GSE4302 [airway
epithelium, asthma]; GSE8052
[lymphoblastoid cells, asthma]; GSE8668
[neutrophils, postexercise, negative
control]).

PCA
Unsupervised PCA of samples in probe/gene
space was used to visualize the transcriptome-
scale relationship between samples, and to
identify the dominant directions of sample
variation in transcriptome (probe/gene) space
called PCs. Samples transcriptome profiles
were standardized to average 0, variance 1
across probes/genes. We focused on PC1–3.
Each PC is a linear combination of n
probes/genes. For example, the k-th PC (where
k is a positive integer e.g., k = 1, 2, 3,.), PCk=
ak,1*g11 ak,2*g21.1 ak,j*gj1.1 ak,n*gn,
where the magnitude of the loading
coefficient (ak,j) indicates the contribution of
gj in PCk. We define the “characteristic genes”
of a PC as the probes/genes with the top 5%
loading coefficient magnitudes (6, 17), or the
probes/genes with loading coefficient
magnitude greater than 0.01 of that PC.

Results

Lung Development Trajectory in
Transcriptome Space
Here, we verified the concordance between
dataset S1 and our previous dataset

Clinical Relevance

This study relates the transcriptomic
correlates of lung maturity and sexual
dimorphism in the pseudoglandular
phase of the developing human fetal
lung to genes that are significantly
differentially expressed in airway
diseases.
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GSE14334 (6) in terms of the critical
turning points of the developmental
trajectory in transcriptome space and the
overlap between their respective
developmental characteristic gene sets. S1 is
comprised of whole-lung transcriptome
profiles of 61 females (54–122 dpc) and 78
males (56–127 dpc) from 138 nonsmoking
mothers (Figure 1A). GSE14334 is limited
to 28 samples spanning 53–130 dpc to
approximate the age range of the 139
samples in S1.

To find a representative microarray
probe for each gene in S1 and GSE14334,
respectively, we first identified two samples
for each postconception age with replicate
sample profiles using PCA. For each age, we
picked a pair of samples that were closest to

each other in PCs 1–3, and calculated the
linear correlation between the first and
second replicate age series for each probe.
For each gene, we picked the probe
with the highest correlation value as its
representative profile. Following Ref. 6,
we minimized subject- and age-related
variations in expression measurement
and modeled global gene-specific
developmental expression patterns via
probe-wise nonparametric regression
(Text E1) (18). The normalized datasets
represent individual smoothened trajectories
for every gene modeled at 35 distinct
postconception ages (54–127 dpc) spanned
by 139 samples of S1 (19,666 unique genes),
and 23 distinct ages (53 to 130 dpc) spanned
by 28 samples of GSE14334 (20,361 unique

genes). We limited both datasets to 17,929
common genes.

PCA was performed separately on the
resulting datasets S1 and GSE14334 to
identify the dominant directions of sample
variation in their respective transcriptome
(gene) spaces, focusing on the three most
dominant variations, called PCs 1–3. We
studied the sample trajectories in PC1–3
and the overlap in their top 5%
contributing genes to PC1–3. The critical
turning points of the two trajectories occur
at approximately the same age ranges
(Figure 2A, colored arrows; 59–67 dpc [red],
80–83 dpc [magenta], 89–96 dpc [blue],
and 105–110 dpc [gray]), despite difference
in microarray technology and sampling
ages. The overlap between their top 5%
PC1–3 contributing genes was significant
(Figure 2B and Table E3). All subsequent
analyses described subsequently here
involve transcriptome data that are only
RMA normalized, and not further probe-
wise normalized by nonparametric
regression.

Developing Human Fetal Lung
Transcriptomic Correlates for Sex
and Age
Here, we investigated the developing lung
transcriptome for age and sex correlates. We
used the dataset S2 of 54 females and 67
males from 19 matching (common) ages
between 59–113 dpc. Each of the 19,666
genes on the microarray was mapped to a
representative probe with the highest linear
correlation value between the first and
second replicate age series, as described in
the first result.

PCA was performed on dataset S2 of
19,666 genes3 121 samples to identify the
dominant directions of sample variation in
transcriptome space (PC1–3; Figure 3A).
We found PC1 and PC3 sample
coordinates to be separately associated with
sex, and PC2 sample coordinates to be
anticorrelated with age (Figure 3B).
Regarding PC2 as a transcriptomic proxy
for postconception age, where PC2 sample
coordinates are inversely proportional to
pulmonary maturity, we investigated the
difference in PC2 sample coordinates
between the sexes at the 19 common ages
by first computing the PC2 sample
coordinate centroid at each common age
and sex (Figure 3C). We observed the male
lung to be more mature than the female
lung before 96 dpc (i.e., PC2centroid[male,
X dpc], PC2centroid[female, X dpc] for
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Figure 1. Overview of data integration and analyses. (A) Histogram of postconception age in days (dpc)
and sex of dataset S1. Females, green; males,magenta. Darker colorsmark dataset S2. (B) Overview of
the data integration and analyses. GSE numbers are Gene Expression Omnibus accession numbers.
BPD, bronchopulmonary dysplasia; Lung Dev, lung development; PCk, the k-th principal component
and its characteristic gene set is Gk; Sex-DEG, genes differentially expressed between the sexes.
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X, 96 dpc). In five of the seven common
ages after 94 dpc, the male lung is less mature
than the female (i.e., PC2centroid[male,
X dpc]. PC2centroid[female, X dpc] for
X. 94 dpc). Previously, we had reported a
novel transcriptomic turning point at
91–96 dpc within the pseudoglandular
phase (6). The genes with the highest
PC1–3 loading magnitudes are UIMC1
(EntrezID 51720), SFTPC (EntrezID 6440),

and UTY (EntrezID 7404), respectively
(Figure 3D).

Limiting S2 to unique age- and sex-
matched samples (dataset S3), we observed
that the gene-wise correlation between the
sexes over their 19 common ages had a
Gaussian distribution (based on
quantile–quantile plot relative to a
Gaussian random number generator)
centered near 0, even when the time series

profile of one sex was shifted up to 65
common age steps from the other sex,
suggesting that the transcriptomic
difference between the sexes is not a
uniform global time shift (Text E1 and
Figure E4).

Sex Differences in the Developing
Human Fetal Lung and Their
Associations in Chronic Lung
Diseases
Here, we further investigated sex differences
in the developing human fetal lung
transcriptome for developmental and chronic
lung disease associations. We considered two
gene sets representing sex differences: genes
that contribute most to PC1 and PC3
(separately found to be associated with sex)
from an unsupervised PCA of dataset S2
described previously here, and genes that are
differentially expressed between sexes from a
supervised, age-adjusted linear regression
model of S2.

First, we define the characteristic genes
of PCk (i.e., genes that contribute most to
PCk) as genes with loading magnitude
greater than 0.01 in PCk, and call them Gk
(Figure 4A and Table E5). Gene ontology
(GO) enrichment analyses of G1–G3 show
them to be enriched for ontological terms
that are associated with developing lung
structures and functions, such as branching
morphogenesis and gas transport (Tables
E6–E8). Second, we used a supervised, age-
adjusted linear regression model to identify
genes differentially expressed between sexes
(Text E1). We found that 3,929 (of 33,297)
probes were significant, corresponding to a
set of 2,714 unique genes that we call sex-
DEG: 1,112 up in females, 1,602 up in
males (Table E5). GO and Kyoto
Encyclopedia of Genes and Genomes
(KEGG) (http://genome.jp/kegg) pathway
analysis of sex-DEG both showed three
significantly enriched pathways after false
discovery rate (FDR) correction: olfactory
transduction (FDR-adjusted P = 1.62e214);
DNA replication (FDR-adjusted
P = 4.07e202); and the citric acid cycle
(FDR-adjusted P = 5.26e202). There were
significant overlaps between sex-DEG and
G1 and G3, respectively (Figure 4B).

Next, we investigated the relationships
between G1–G3 and sex-DEG with genes
related to BPD, asthma, fetal lung
development (positive control), and
postexercise neutrophils (negative control)
from other published studies (Text E1). BPD
was represented by genes that were
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Figure 2. Comparison of the developing lung datasets GSE14334 and S1 after nonparametric
regression normalization. (A) Principal component (PC) analysis (PCA) of GSE14334 (top) and S1
(bottom) in PC1 versus PC2, and PC1 versus PC3 planes. Ages are indicated. Four common, critical
turning points (marked by arrows): 59–67 dpc (red); 80–83 dpc (magenta); 89–96 dpc (blue); and
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odds ratio (OR) and its 95% confidence interval (CI) are shown.
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differentially expressed in peripheral blood
leukocytes from 68 patients with BPD relative
to 43 control patients at Days 5, 14, or 28
after birth from GSE32472 (19). GSE32472
and dataset S2 used the same microarray
platform, cf (Table E5). Asthma was
represented by two datasets: GSE4302 (airway
epithelial brushings from 11 healthy subjects
and 7 adults with asthma) (20) and GSE8052
(lymphoblastoid B cells from 95 sibling pairs
of children with and without asthma)
(21). In each asthma dataset, we identified
differentially expressed genes between
control and asthma groups. The positive

control was PC1–3 characteristic genes of
our previous developing human fetal lung
dataset, GSE14334 (6). The negative
control was genes that were differentially
expressed after 30 minutes of exercise in
12 healthy male subjects in GSE8668 (22).
There were 17,929 common genes
between the asthma and control datasets,
and our dataset S2 microarray platform,
cf (Table E9).

We found G2 (anticorrelated with
postconception age, unsupervised) to be
consistently enriched for BPD (odds ratio
[OR] = 2.46, 95% confidence interval

[CI] = 1.88–3.23) and asthma (GSE4302
OR = 1.18, 95% CI = 1.01–1.37; GSE8052
OR = 1.19, 95% CI = 1.04–1.36) genes
(Figure 4C; Text E1 and Table E10). G1 and
G3 (both associated with sex) did not
consistently overlap with BPD or asthma.
Sex-DEG was enriched for BPD (OR = 1.75,
95% CI = 1.33–2.29), but not asthma genes.

Discussion

In this evaluation of global gene
expression in normal early-phase human
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fetal lung development, we highlight
three findings. First, we confirmed our
previous analyses demonstrating a
histology-based transcriptomic
trajectory of lung development and a
common set of genes associated with
postconception age (6). Second, we
observed that the developmental
transcriptome significantly differs by
sex. These differences do not appear to
be due to uniform global time shift
between sexes, as the distributions of
gene correlation between sexes remain
almost similar after shifting the
developmental expression profiles of
one sex up to 65 common age steps
from the other sex along the
postconception age axis (Figure E4).
Finally, for two different lung diseases—
asthma and BPD—the genes most tightly
correlated with the PC associated with

postconception age during lung
development were significantly enriched
for such disease genes. This points
toward the role of developing lung
transcriptomic changes in the
development of chronic lung disease
later in life.

Pathway analyses further enhanced our
findings. Overall, our lung developmental
gene sets were enriched for GO terms
suggestive of developing lung structure and
function, such as surfactants, branching
morphogenesis, and development of specific
tissues, such as epithelium, vasculature, and
respiratory tube. That these pathways are
enriched supports their role in lung
development and reiterates our previously
described role of these processes even in an
early phase of gestation. Pathway analysis
further demonstrates that the differentially
expressed genes between the two sexes map

to olfactory transduction, DNA replication
and citrate cycle (TCA cycle). The olfactory
pathway is known to differ between sexes,
and ectopic expression of the olfactory
receptor genes has been demonstrated (23,
24). Sex-based differential expression of
human corneal epithelial cells has also
demonstrated that one of the enriched
pathways is the DNA replication pathway
(25). Similarly, sex differences in the
expression of TCA cycle enzymes in
skeletal muscle (26), and the excretion of
citrate in urine (27), have been
demonstrated. Together, the sex-specific
pathways enriched in our analysis have
previously been shown to differ between
sexes, albeit in different tissues.

Transcriptomically, we observed the
male lung to be more mature than the
female lung before 96 dpc, and the male to
be less mature than the female after 96 dpc.
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G1–G3. (B) Overlaps between G1–3 and sex-DEG. (C) Overlaps between G1–G3, sex-DEG and genes representing five conditions of interest: differential
expression in bronchopulmonary dysplasia (BPD; GSE32472), asthma (GSE4302, GSE8052), and postexercise neutrophils (GSE8668), and characteristic
genes of our previous human fetal lung lung dataset (GSE14334). The log2 OR means and their 95% CI lower and upper bounds are shown.
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Previous studies of amniotic fluid at 28–40
weeks of gestation have shown the female
lung to have a higher index of pulmonary
maturity than males at this phase of
development (14). However, due to the
effect of androgens on branching
morphogenesis (11), it is possible that,
earlier in gestation, the development of the
male lung is more advanced than in the
female. MicroRNAs that are significantly
different between sexes during murine
lung development have been identified
(28).

We previously determined that genes
that are important in lung development
might be associated with lung function in
subjects with asthma (9). We now add to
this result, showing that the gene set
correlated with postconception age of the
developing human fetal lung (G2) is
significantly enriched for asthma- and
BPD-associated genes. Although there exist
sex-based differences in the natural history
of both diseases, we did not see consistent
enrichment of the gene sets associated with
sex in the developing lung (G1 and G3) for
these disease genes. Our results suggest that
sex-specific effects previously described in
the third trimester (29) are not observed
during earlier phases of gestation. Finally, it
is possible that these transcriptomic
changes are due to a more dominant effect
of postconception age when compared with
sex differences in the first two trimesters.
We hope to investigate these questions
using fetal lung samples from the third
trimester in a future study.

As would be expected, the enrichment
of G2 in BPD was stronger than in asthma.
Pathway analysis of genes in the G2 and
BPD overlap showed that the most enriched
pathways included the p53 signaling
pathway and the complement and
coagulation cascades. Previous studies have
demonstrated a role for p53 in the
development of BPD (30). Among the genes
identified in this analysis GTSE1, THBS1,
and SERPINE1 act downstream from p53.
Gene expression analysis of lung samples
from short-term ventilated preterm infants
was shown to have increased expression of
THBS1 (31). Similarly increased levels of
plasminogen activator inhibitor 1
(expressed by SERPINE1) in tracheal
aspirate have been related to the severity of
respiratory distress syndrome (32), and
may be related to the development of BPD.

Although these results provide a
comprehensive evaluation of the
transcriptomic profile of early human lung
development, there are several limitations to
this study. Because our samples were
deidentified tissues from a fetal tissue
biorepository, limited phenotypic
information was available. We were not able
to adjust for differences in race and potential
confounders, such as in utero exposures.
We attempted to reduce confounders that
have been associated with asthma and BPD
development, such as in utero smoke
exposure, by limiting our samples to those
with a measured placental cotinine
concentration of 0 ng/g. Furthermore, we
used unsupervised PCA to select

representative samples for each gestational
age and sex, allowing us to study the sex
differences in lung tissue. In addition, we
recognize that some genes identified in our
human lung developmental profile are
tissue specific, and may not be identified in
other tissues. To address this possibility,
we used different tissues to identify the
genes associated with asthma and BPD.
Our ability to identify a positive
enrichment for these developmental genes
in the other independent tissue samples
suggests that our results are not tissue
specific, and may provide additional
insight to the developmental origins of
disease.

In conclusion, despite sex differences
in the transcriptome in the developing
human male and female lung tissue,
postconception age appears to be a more
dominant influence than sex in the effect of
early fetal lung development on disease
risk. There are clearly fetal lung
antecedents of both asthma and BPD
identified in our data, but these are not sex
specific during this early, pseudoglandular
phase of development. The enrichment of
asthma and BPD genes in developmental
datasets supports the fetal origins of
disease hypothesis, and further
strengthens the need to study
developmental time series transcriptome
data to understand the origins of airway-
related lung disease. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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