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Background: The nitrofen model of congenital diaphragmatic hernia (CDH) is widely used in trans-
lational research. However, the molecular pathways associated with pulmonary hypoplasia in this model
compared to the human CDH phenotype have not been well described. The aim of this study was to
investigate differentially expressed genes (DEG) and signaling pathways in early stage fetal lungs in
mouse and human CDH.

Methods: CDH lung tissue was obtained from human fetuses (21—23 weeks gestation) and nitrofen
mouse pups (E15.5). NovaSeq Flowcell RNA-seq was performed to evaluate differentially expressed
transcriptional and molecular pathways (DEGs) in fetal mice with CDH, compared with age-matched
normal mouse lungs and human CDH samples.

Results: There were thirteen overlapping DEGs in human and mouse CDH lung samples compared to
controls. These genes were involved in extracellular matrix, myogenesis, cilia, and immune modulation
pathways. Human CDH was associated with an upregulation of collagen formation and extracellular
matrix reorganization whereas mouse CDH was associated with an increase in muscular contraction. The
most common cell types upregulated in human and mouse CDH samples were ciliated airway cells.
Conclusions: This study highlights the unique gene transcriptional patterns in early fetal mouse and
human lungs with CDH. These data have implications when determining the translational potential of
novel therapies in CDH using nitrofen-based animal models.

Level of Evidence: Level IV.

Study Type: Basic science/case series.
© 2024 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and

similar technologies.

1. Introduction

Congenital diaphragmatic hernia (CDH) is a complex, polygenic
disorder characterized by incomplete development of a hemi-
diaphragm with subsequent intrathoracic abdominal organ herni-
ation. All neonates with CDH have bilateral lung hypoplasia with
reduced airway branching and alveolar surface area that is more
severe on the side of the hernia defect [1]. Despite ongoing ad-
vances in prenatal intervention and postnatal care, mortality rates
have been stable at 20—25% over the past several decades. Lack of
progress in CDH outcomes can be partially attributed to our

Abbreviations: CDH, congenital diaphragmatic hernia; DEG, differentially
expressed genes; ECM, extracellular matrix; PCA, principal component analysis.
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incomplete understanding of the underlying molecular mecha-
nisms responsible for abnormal lung morphogenesis.

Although several animal models have been used to study CDH
lung development, the most widely used model involves the
administration of the herbicide 2,4-dichlorophenyl-p-nitrophenyl
ether (nitrofen) to pregnant rodents [2]. Studies have shown that
the diaphragmatic defects in nitrofen-exposed fetal mice and rats
can have comparable anatomy to the human disease phenotype [3].
However, it has been noted that nitrofen-exposed pups develop
lung hypoplasia even in the absence of a diaphragmatic defect [4].
Another major criticism of the nitrofen model is that the teratogen
has never been shown to induce CDH in humans. It is therefore
unclear the extent to which the molecular pathways implicated in
nitrofen-exposed fetal lungs may have translational relevance in
the clinical arena.

Here, we applied bulk RNA transcriptome analyses to study
hypoplastic lungs from mouse and human CDH samples at a similar
stage of fetal development. We specifically sought to compare
differentially expressed genes (DEGs) and signaling pathways to
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understand how the mechanisms behind CDH lung morphogenesis
between the two species may be similar or different.

2. Methods
2.1. Human and animal samples

Under an approved materials transfer agreement and Institu-
tional Review Board exempt protocol at the Johns Hopkins School
of Medicine, canalicular stage human fetal lung samples from iso-
lated CDH at 2123 weeks’ gestation (n = 2) were obtained from
the National Institutes of Health Neurobio bank (University of
Maryland, Baltimore, MD, USA). Age-matched normal fetal lungs
(n = 2) from the biobank were used as controls. Per database reg-
ulations, only gestational age and sex were made available; other
patient details including clinical features and laterality of the hernia
and lung tissue were not provided.

To induce CDH lung hypoplasia in mice, time-mated pregnant
CD1 dams were gavaged at E8.5 with 20 mg nitrofen/5 mg 4-
biphenyl carboxylic acid (BPCA, n = 3) [5]. Control dams received
corn oil alone (n = 2). Dams were euthanized at E15.5 (late pseu-
doglandular/early canalicular), entire lungs collected, and total RNA
isolated for RNAseq analysis [6]. Whole fetal lungs were collected
from control (n = 6) and nitrofen-exposed pups with confirmed
large diaphragmatic defects (n = 15). For model validation of
nitrofen/BPCA, we also euthanized dams at E17.5 for morphometric
analysis of the fetal lungs. This gestational age was chosen exclu-
sively to determine lung/body weight ratio in view of high technical
variability in the lung weight taken at E15.5. Animal welfare
approval was obtained (M0O020M150).

2.2. RNA sequencing analysis

Total RNA was isolated from human and mouse lung samples
using the RNeasy plus mini kit (Qiagen Sciences, Germantown, MD,
USA), according to the manufacturer's protocol. NEBNext Poly(A)
Magnetic Isolation Module (NEB #E7490) and NEBNext Ultra Il RNA
Library Prep Kit for Illumina (Cat# E7775) were used to generate
libraries. Poly A RNAs were isolated from total RNAs and frag-
mented for cDNA synthesis. End repair was performed where 3’ to
5’ exonuclease activity of enzymes removed 3’ overhangs and the
polymerase activity filled in the 5’ overhangs. An ‘A’ base was then
added to the 3’ end of the blunt phosphorylated DNA fragments
which prepared the DNA fragments for ligation to the sequencing
adapters, which had a single ‘T’ base overhang at their 3’ end.
Ligated fragments were subsequently size selected through puri-
fication using the Sample Purification Beads, and PCR amplification

techniques were used to prepare the libraries. The BioAnalyzer was
used for quality control of the libraries to ensure adequate con-
centration and appropriate fragment size. The resulting library
insert size was 200bp-500bp with a median size around 300bp.
Libraries were barcoded using unique dual indexing (E6440S) and
pooled for sequencing. Cell type in RNAseq data was implied by
contrasting data sets of up- and downregulated gene expression in
CDH fetal lungs with a cell atlas obtained from tissue-specific
scRNAseq gene expression profiles.

NovaSeq Flowcell RNA-seq, data analysis and validation, and
principal component analysis (PCA) were performed on explanted
lungs. Nineteen samples were multiplexed, and demultiplexed
FASTQ files were generated using bcl-convert v3.7.5.

2.2.1. Quantitative polymerase chain reaction (qPCR)

One microgram of RNA as isolated above were reverse tran-
scribed into cDNA using the Verso cDNA Synthesis kit (Thermo
Fisher, Waltham, MA, USA). cDNA was amplified using the PowerUp
SYBR Green Master Mix (Thermo Fisher Scientific, Waltham, MA,
USA). The mRNA levels of target genes were normalized to glycer-
aldehyde 3-phosphate dehydrogenase mRNA levels using the 2724Ct
method.

2.2.2. Gene set enrichment and database analysis

The Database for Annotation, Visualization, and Integrated
Discovery (DAVID) and Enrichr database were used to assess
functional and pathway enrichment analyses [7,8]. DAVID and
Enrichr databases were used to systematically derive functional
meaning from a large gene list. To determine the role of DEGs in
functional analysis, the Gene Ontology (GO) Biological Processes
and Reactome 2022 terms were used. Enrichr was also used to
analyze cell types through the HuBMap ASCTplusB augmented
2022 terms. Statistical analyses were performed by 2-sided
Mann—Whitney Wilcoxon t test or one-way analysis of variance, as
appropriate, using Prism 10.1 (GraphPad). DEGs were identified
with >2 logjofold change from control, and an adjusted p-val-
ue<0.05 was deemed significant.

3. Results

The rate of diaphragmatic hernia defects in nitrofen-exposed
pups was 32% (Fig. 1A). Pulmonary hypoplasia was confirmed at
E17.5 based on lung weight adjusted by total body weight (Fig. 1B).
In PCA analyses, human CDH and control samples clustered into
their respective groups with a PC2 variance of 25% and PC3 variance
of 17%. Mouse CDH and control samples at E15.5 had a PC2 variance
of 14% and a PC3 variance of 3%. RNA-sequencing in human CDH

B Mouse CDH Hypoplasia
5
sk
o
s 44
&
£
£
] 2
&
: —
31
0

CTR CDH

Fig. 1. Human and mouse early canalicular stage lungs in congenital diaphragmatic hernia (CDH) reveal upregulation in mesenchymal and ciliary epithelial pathways. (A) Left:
transverse section of upper abdomen in nitrofen fetal mouse at E17.5 shows a left posterolateral hernia defect consistent with the human CDH phenotype (white dotted area). Right:
Microscopic gross appearance of E17.5 fetal mouse lung explant after nitrofen exposure. (B) Box and whiskers plot confirming fetal lung hypoplasia model in E17.5 nitrofen pups
with hernia defect (CDH, white) versus age-matched normal lungs receiving control vehicle (CTR, black). Y-axis expressed as a percentage. ****p < 0.0001 (2-sided Mann—Whitney

Wilcoxon t test). Error bars are reported as the maximum and minimum.
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revealed 493 upregulated and 204 downregulated DEGs. In mouse
CDH, there were 333 upregulated and 46 downregulated DEGs
from age-matched controls (Fig. 2A).

A heatmap was generated to represent thirteen out of the
twenty three overlapping DEGs in human and mouse CDH lung
(Fig. 2B). Twenty of the 23 (87%) genes were upregulated in both
human and mouse CDH. These DEGs were involved in extracellular
matrix (ECM), myogenesis, cilia, and immune modulation path-
ways. However, human and mouse CDH revealed discordant results
in their expression of genes encoding for cell-surface receptors
involved in integrin and E-cadherin-mediated signaling pathways.
ITGBL1, DUOXA1, and CDH16. ITGBL1 and DUOXA1 were upregulated

in human CDH but downregulated in mouse CDH. CDH16, a gene
associated with cadherin binding, was downregulated in human
CDH but upregulated in mouse CDH. Confirmation of upregulated
genes was corroborated in qPCR analyses (Fig. 2C).

The upregulated transcriptional and molecular pathways were
evaluated utilizing Enrichr and DAVID databases (Fig. 3, Table 1).
Human CDH was associated with an upregulation of collagen for-
mation, ECM reorganization, and cilia assembly and movement.
Mouse CDH was associated with an increase in muscular contrac-
tion pathways and cilia assembly/movement. The most common
cell types upregulating gene expression in both human and mouse
CDH were proximal and distal ciliated cells (Fig. 4).
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Fig. 2. (A) Volcano plots of RNA-seq data showing differentially expressed genes (shown in red) in 21—-23 week gestation human CDH lungs (left) and E15.5 nitrofen mouse lungs
(right) when normalized by age-matched controls. (B) Representative heatmap image shows thirteen overlapping DEGs in human and mouse CDH lungs with >2 log10 fold change.
Higher and lower levels of transcripts are shown in red and blue, respectively. Two independent biological replicates. (C) Vertical bar graphs confirming quantitative gene
expression of 16 upregulated genes in human and mouse CDH lungs based on RNA-seq analysis. Data were normalized relative to housekeeping genes and presented as the
mean + standard deviation, three independent biological replicates, CDH versus control (all p < 0.05, 2-sided Mann—Whitney Wilcoxon t test). (For interpretation of the references

to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Transcriptional and molecular pathway analysis revealing an upregulation of collagen formation, extracellular matrix reorganization, and cilia assembly/movement in human
CDH as well as an increase in muscular contraction pathways and cilia assembly/movement in nitrofen mouse CDH.

Table 1

Upregulated transcriptional and molecular pathways in canalicular stage fetal lungs
from (A) human and (B) nitrofen mice with congenital diaphragmatic hernia,
adjusted by age-matched lung controls.

A. Human
Biologic Process 0Odds Ratio Adjusted p-value
Regulation of cilium beat frequency 105.45 4.056e-5
Inner dynein arm assembly 67.92 5.751e-8
Regulation of cilium movement 42.17 3.444e-4
Cilium movement 29.55 6.259%e-18
Axonemal dynein complex assembly 22.36 5.751e-8
Axoneme assembly 20.42 7911e-8
Cilium-dependent cell motility 18.52 1.631e-4
Epithelial cilium involved in 18.11 8.179%e-4
extracellular fluid movement
Determination of bilateral symmetry 13.47 7.151e-4
Determination of left/right symmetry 13.31 1.180e-5
B. Mouse
Biologic Process Odds Ratio Adjusted p-value
Myotube cell development 52.90 8.344e-4
Skeletal muscle contraction 42.72 1.18e-7
Actin-myosin filament sliding 33.85 5.09e-12
Muscle filament sliding 33.85 5.09e-12
Cilium-dependent motility 22.46 1.825e-4
Cilium movement 17.34 1.183e-7
Axoneme assembly 16.55 1.471e-4
Striated muscle contraction 16.53 1.52e-7
Muscle contraction 14.55 8.06e-15
Skeletal muscle tissue development 14.89 2.162e-4

The group of nitrofen-treated mice lacking a diaphragmatic
defect but displaying hypoplastic lungs had a transcriptional profile
more related to control lungs rather than to CDH lungs as revealed
by PCA (Fig. 5). This group had 52 upregulated and 156 down-
regulated DEGs with respect to control, involved in cilium and
cilium movement (upregulated), and in glycoprotein signaling and
DNA transcription (downregulated) (Fig. 6A). Comparing hypo-
plastic lungs without a hernia defect to those with a hernia defect,
there was a predominant upregulation of genes in CDH (482 DEGs)
and a few downregulated DEGs (19 genes). The upregulated genes
were associated with muscular contraction and extracellular space
and secretion (Fig. 6B).

4. Discussion

In this novel study, we compared the transcriptome patterns in
both human CDH and murine nitrofen-induced CDH at a similar
stage of pulmonary development (early canalicular). Of note, hy-
poplastic lungs from nitrofen-exposed pups without a

diaphragmatic hernia were also analyzed separately, demon-
strating an intermediate phenotype similar to control lungs but
distinct from lungs with a defect. In view of this, we elected to focus
only on fetal mice with a defect in this study in an attempt to more
closely parallel the human phenotype.

Our study found that both humans and mice with CDH
demonstrated aberrant pulmonary development in the early
canalicular stage, characterized by a profound upregulation in
genes corresponding to tracheal and bronchial ciliated cells. Others
have shown increased calcitonin gene-related peptide and fork-
head box J1 genes, markers of neuroendocrine and ciliated cells,
respectively, in the terminal bronchioles of CDH [9]. These data are
also consistent with a common, aberrant proximal-distal epithelial
patterning observed in a human CDH lung organoid model [10]. The
involvement of compression over lung development was addressed
comparing lungs from nitrofen mice with and without diaphragm
defect. These transcriptome data suggest that compression itself
affects muscle and ECM development within the lung and thus
contribute to the pathogenesis of CDH.

The upregulation of various ECM genes within the mesenchyme
has been implicated as the mechanism for the reduced pulmonary
compliance and the increased pulmonary arterial hypertension seen
in CDH [11,12]. Our data also suggest that the primary dysregulation
in human CDH is marked by upregulation of the ECM-related genes,
whereas genes associated with muscle hypercontractility were
enhanced in the nitrofen mouse model. The mouse transcriptome
data are consistent with mechanistic descriptions of CDH patho-
genesis based on the smooth muscle hypothesis, in which signaling
from the pleuroperitoneal folds results in aberrant lung morpho-
genesis [13,14]. We also found discordant DEGs associated with
integrin, neurogenesis and E-cadherin signaling pathways. Interest-
ingly, genes enriched for integrin and neurogenesis annotations have
also been distinctively expressed in a mouse strain-dependent
manner during normal lung development [15]. Moreover, there are
DEGs in normal lung development that lack homology between
mouse and human, and from those homologous DEGs the overlap
between mouse and human lung development genes is only a small
fraction of the total transcriptome.

Both human and nitrofen mouse CDH have phenotypic simi-
larities within the mesenchymal compartment, but some of the
mechanistic pathways underlying aberrant lung morphogenesis
are likely unique. Our findings are consistent with those reported
by others, demonstrating mesenchymal dysregulation as a major
driving force for CDH lung hypoplasia [16—19]. Taken together,
these results suggest that compression derived from the herniation
of viscera into the thoracic cavity may have a profound effect on
promoting the development of lung musculature, and the extra-
cellular matrix and cell signaling. Overall, in view of the similarities
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Fig. 4. Analysis using the Enrichr database identified proximal and distal ciliated cells as the most common cell types upregulated in both human and nitrofen mouse CDH when

normalized by age-matched normal controls.
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Fig. 5. Principal Component Analysis plot of mouse lungs subgroups. PC2 (14% variance) and PC3 (3% variance) for control (CTR), nitrofen-treated mice without diaphragm defect
(Hypo), and nitrofen-treated mice with diaphragm defect (CDH). CTR cluster together and very close with Hypo, but apart from CDH.

in the affected biological processes and cell types emerging from
the transcriptome data, we consider that the nitrofen mouse is a
valuable model of human CDH.

Based on these transcriptome data, we hypothesize that phar-
macologic approaches that can modulate the proximal-distal
epithelial axis pathway may represent a novel therapeutic target to
combat lung hypoplasia in human CDH [20]. However, care must be
taken not to overstate the results from these analyses due to several
limitations. First, additional studies in human CDH lungs are
needed to evaluate inherent genetic variations and other patient-
specific factors since we only had access to a limited number of
human specimens at the appropriate gestational age. Confirmation
of our findings at the cellular and/or protein level would also be

desirable. Furthermore, our analysis was limited by lack of relevant
clinical data correlating to the human samples, including laterality
of lung tissue and clinical severity of CDH. In addition, pooling of
both right and left lung samples may have blunted the DEG signals,
as the ipsilateral lung is known to be more severely hypoplastic in
CDH, and the validity of these results may be restricted since our
data were derived from a nitrofen/BPCA mouse model as opposed
to the more widely studied nitrofen rat model of CDH. Finally, we
examined alterations in DEGs during the early canalicular stage
when normal diaphragm closure has already occurred. Genes
involving immunomodulation, among other critical signaling
pathways, may be dysregulated during earlier or later stages of CDH
fetal lung development [21].

Downloaded for Anonymous User (n/a) at JOHNS HOPKINS UNIVERSITY from ClinicalKey.com by Elsevier on March 28,
2025. For personal use only. No other uses without permission. Copyright ©2025. Elsevier Inc. All rights reserved.



6 S.R. Sferra, ].C. Biancotti, R. Ahmad et al. / Journal of Pediatric Surgery 59 (2024) 161656

Annotation cluster 1

Enrichment score: 13.26 Count _P-value Benjamini

GOTERM_BP_DIRECT cardiac muscle contraction 19 110E-18  8.20€E-16
KEGG_PATHWAY Hypertrophic cardiomyopathy 3 5.60E-17 1.40€-14]
Annotation cluster 2 Enrichment score: 9.77 Count P-value B
GOTERM_CC_DIRECT extracellular region 89 1.30E-15 1.10€-13|
UP_KW_CELLULAR_COMPONENT Secreted 80 4.30E-13 1.40€-11
GOTERM_CC_DIRECT extracellular space 85 5.60E-13 2.106-11
Annotation cluster 3 Enrichment score: 9.58 Count  P-value Benj
GOTERM_CC_DIRECT sarcoplasmic reticulum 19 4. 00E-15 2.906-13
KEGG_PATHWAY Caldumsignaling pathway 21 4.20E-07 1.80€-05
Annotation cluster 4 Enrich score: 7.38 Count  P-value Benj
UP_KW_MOLECULAR_FUNCTION Musde protein 32 7.70E-38 5.80€-36
GOTERM_BP_DIRECT musde contraction 21 2.70E-21 2.90€-18
GOTERM_BP_DIRECT cardiac muscle contraction 19 1 10E-18 8.20€-16
Annotation cluster 1 Enrichment score: 4.19 Count P-value B
UP_KW_PTM Glycoprotein 47 4.00E-07  6.70€-06|
UP_KW_PTM Disulfide bond 37 9.10E-05 7.706-04
Annotation cluster 2 Enrichment score: 2.1 Count  P-value Benj
GOTERM_MF_DIRECT RNA polymerase Il regulatory re 12 250605 6.306-03|
INTERPRO Homeobox_CS 8 7.80E-05 3.206-02

A. Hypo vs. CDH
60 Xdh
3 40 Map3kg
Q g2
5
g -
7 Dpept
novel 715
L] Adorat’s
novel 12864
Ponti16,
zi <
sl 3
- Mo & it
iz .
0 W2 jrxqSaa3 P Oy i Cyer Leityr
8 4 0 4
Log, fold change
B. Hypo vs. CTR
60
5 40
S
Q
g
g
s
i
20 -
novel, 715
. o
Zbib1e
., Cypasvi e
nével_4574 - 4 "
< ;M ‘ 3 Mics,
0 Bmpio  “nove S4pes
8 4 4

0
Log, fold change
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