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Abstract

Background: Failure to attain peak lung function by early adulthood is a risk factor for chronic lung diseases. Previously,
we reported that C3H/HeJ mice have about twice total lung capacity (TLC) compared to JF1/MsJ mice. We identified
seven lung function quantitative trait loci (QTL: Lfnq1-Lfng7) in backcross/intercross mice derived from these
inbred strains. We further demonstrated, superoxide dismutase 3, extracellular (Sod3), Kit oncogene (Kit) and
secreted phosphoprotein 1 (Spp1) located on these Lfngs as lung function determinants. Emanating from the
concept of early origin of lung disease, we sought to identify novel candidate genes for pulmonary function
by investigating lung transcriptome in C3H/HeJ and JF1/MsJ mice at the completion of embryonic development, bulk
alveolar formation and maturity.

Methods: Design-based stereological analysis was performed to study lung structure in C3H/HeJ and JF1/MsJ mice.
Microarray was used for lung transcriptomic analysis [embryonic day 18, postnatal days 28, 70]. Quantitative real time
polymerase chain reaction (gRT-PCR), western blot and immunohistochemical analysis were used to confirm selected
differences.

Results: Stereological analysis revealed decreased alveolar number density, elastin to collagen ratio and increased
mean alveolar volume in C3H/HeJ mice compared to JF1/MsJ. Gene ontology term “extracellular region” was enriched
among the decreased JF1/Ms]J transcripts. Candidate genes identified using the expression-QTL strategy include: ATP-
binding cassette, sub-family G (WHITE), member 1 (AbcgT), formyl peptide receptor 1 (Fpr1), gamma-aminobutyric acid
(GABA) B receptor, 1 (Gabbrl); histocompatibility 2 genes: class Il antigen E beta (H2-£b7), D region locus 1 (H2-D1), and
Q region locus 4 (H2-Q4); leucine rich repeat containing 6 (testis) (Lrrc6), radial spoke head 1 homolog (RsphT), and
surfactant associated 2 (Sfta2). Noteworthy genes selected as candidates for their consistent expression include: Wnt
inhibitor factor 1 (Wif1), follistatin (Fst), chitinase-like 1 (ChilT), and Chil3.

Conclusions: Comparison of late embryonic, adolescent and adult lung transcript profiles between mouse strains with
extreme TLCs lead to the identification of candidate genes for pulmonary function that has not been reported earlier.
Further mechanistic investigations are warranted to elucidate their mode of action in determining lung function.
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Background

The origin of many chronic lung diseases may be rooted
early in life because of failure to achieve optimal peak
lung function by early adulthood [1-3]. Lung dysfunc-
tion may develop in utero and during early life suggest-
ing an underlying impairment of lung development,
growth and maturation [4]. For example, persistent
wheezing in the early years and lower lung function by
age 6 years among children is associated with later onset
of asthma. Similarly, following a cohort over 22 years,
Lange et al. [5] reported that low forced expiratory vol-
ume in 1 s (FEV;) before age 40 as a risk factor for
chronic obstructive pulmonary disease (COPD). Dimin-
ished lung function and hindered lung development is
likely due to multiple environmental (e.g., maternal
smoking) and genetic factors [6—18]. Thus, accumulating
evidence suggests that early life determinants of lung
function are possible determinants of obstructive airways
diseases later in life. Therefore, in this study we sought
to identify genetic determinants of lung function devel-
opment that could provide important insight into the
predisposition of chronic lung disease.

Evolving from the mouse phenome project, we previ-
ously assessed lung function in several inbred mouse
strains [19-21]. The greatest differences were noted in
C3H/HeJ as compared to JF1/Ms] mice. In male C3H/
He] mice, total lung capacity (TLC) and specific TLC
(TLC/body weight) = 1837 ul and 64 pl/g, respectively.
In male JF1/Ms] mice, TLC = 904 pl and specific
TLC = 40 ul/g. A similar difference was observed in
female mice (C3H/HeJ: TLC = 1443 pl and specific TLC
65 pl/g and JF1/Ms]: TLC = 874 ul and specific TLC
53 ul/g). Contrasting C3H/HeJ and JF1/Ms] back- and
inter-cross mice, lung function phenotyping was followed
by quantitative trait loci (QTL) analysis identifying lung
function QTLs (Lfnql — Lfnq7) [20]. Consistent with the
early life impairment concept, JF1/Ms] mice were more
susceptible to lung injury following exposure to carbon
nanoparticle (CNP) and acrolein (a toxic component of
tobacco smoke) compared to C3H/He] [22-24].

Examining the mouse lung function QTL regions Lfnql
and Lfng2 located on mouse chromosome (mCh) 5 [20],
we previously demonstrated that superoxide dismutase 3
extracellular (Sod3), Kit oncogene (Kit) and secreted
phosphoprotein 1 (SpplI) as determinants of lung function
in mice [21, 25—-27]. SOD3 variants were also associated
with declined lung function in children [25]. When
compared to strain-matched C57BL/6 ] control mice,
gene-targeted Sod3~ mice exhibited poor ventilation
efficiency [21]; Kit mutant mice (Kit"*"/"%") exhibited
increased TLC, residual volume, lung compliance (Cp),
and alveolar size [27]; and gene-targeted Spp1™~ mice
exhibited decreased TLC and increased specific C; and
alveolar size [26].
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In this study, we examined differences in lung archi-
tecture and lung transcripts in these highly divergent
mouse strains. Transcriptomic analysis was performed at
three strategic times covering completion of embryonic
lung development, bulk alveolar formation and growth.
Morphometric studies in the adult mouse lung were per-
formed to identify any structural alterations arising from
developmental differences between C3H/He] and JF1/
Ms] mice. Differential transcript expression was also
used to identify genes associated with TLC QTLs located
within Lfnq3 on mCh15 (40.3-72.5 Mbp) and Lfnq4 on
mCh17 (10.9-39.0 Mbp) associated with TLC located
within Lfnq3 on mChl5 (40-73 Mbp) and Lfnq4 on
mCh17 (10-39 Mbp).

Methods

Mice

All procedures were approved by the Bavarian Animal
Research Authority, Animal Research Authority of
Schleswig-Holstein, and University of Pittsburgh, PA.
Frozen and paraffin embedded tissues were procured to
carry out experiments at SRM University, India accord-
ing to the Institutional Animal Ethics Committee (IAEC)
permission. Mouse strains C3H/HeJ (#000659) and JF1/
Ms] (#003720) were purchased from Jackson laboratory
(Bar Harbor, ME, USA) and housed in specific pathogen
free conditions. Food and water were available ad libi-
tum. Three developmental stages, namely, embryonic
day (E) 18 (completion of embryonic lung development),
postnatal day (P) 28 (completion of bulk alveolar forma-
tion) and P70 (completion of lung growth and maturity)
were selected for the microarray studies. E18 embryos
(days post coitum) were stage matched. Mice were anes-
thetized (4 mg/kg xylene and 188 mg/kg ketamine i.p.)
and the posterior aorta was severed. To obtain tissue for
mRNA and protein analysis (2 = 5 mice/strain/stage,
female), the diaphragm was punctured, and the chest
cavity opened. Lungs were excised, frozen in liquid
nitrogen, and stored (-80 °C). Whole lung was used for
RNA extraction in case of stage E18. The left lobe of the
lung was used for RNA extraction and the right lobe
was used for protein extraction for P28 and P70.

Design-based stereological analysis of lung structures and
lung function measurements

Comparison of age and sex matched adult C3H/He] and
JF1/Ms] mice was performed according to American
Thoracic Society/European Respiratory Society guide-
lines [28]. Use of a cascade design allowed linking data
retrieved at the light microscopic level using a PC-based
software tool (newCAST, Visiopharm, Hersholm,
Denmark) with the data obtained at the transmission
electron microscope (TEM) [29]. Alveolar numbers were
quantified as described previously [30]. Lungs were fixed
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(20 cm H,0) in situ by intra-tracheal instillation of a
mixture of 1% glutaraldehyde (Serva, Germany), 1%
paraformaldehyde in 0.1 M sodium cacodylate solution
(Merck, Germany) [31]. After 20 min, the trachea was
ligated and the lungs were fixed overnight (4 °C). Lung
volume was determined by fluid displacement. To obtain
systematic uniform random (SUR) samples, lungs were
embedded (2% agar-agar) and sectioned (2 mm). Tissues
were randomly embedded into glycolmethacrylate
(GMA, Technovit 7100, HeraeusKulzer, Germany) for
light microscopy or epoxy resin (Araldite, Serva,
Germany) for transmission electron microscopy. For
light microscopy, samples were stained with 1% OsO, in
0.1 M sodium cacodylate solution (Merck, Germany),
followed by half-saturated aqueous uranyl acetate (Agar
Scientific, UK), acetone dehydrated GMA embedded,
and sectioned (2 um). For TEM analysis, SUR sampling
of tissue blocks (1x1x1 mm?®) was performed. Tissue
blocks were post-fixed with 1% OsO, in 0.1 M sodium
cacodylate solution followed by 3% aqueous tannic acid
(Mallinckrodt, USA) staining for elastin [32].

Lung function measurements

Lung functions were measured twice with air or twice
with saline filled lung as described previously [33]. Saline
enables exclusion of surface tension. Lungs were filled to
TLC (30 cm H,0), emptied in 0.1 ml steps, and volume
and corresponding plateau pressures were determined
after each step. C; was determined as the linear slope of
the pressure-volume curve.

RNA and Protein extraction

Lung RNA was isolated (RNeasy #74104; Qiagen, Hilden,
Germany), quantified (Thermofisher nanodrop 2100), and
quality assessed (Agilent Bioanalyzer). For protein analysis,
lung was homogenized using 50 mM TrisHCl, 150 nM
NaCl, NP-40-1%; sodium desoxycholate — 0.5%W/V; SDS-
0.1%, radio immunoprecipitation solution (RIPA buffer
#RB4476 Biobasic; Ontario, Canada) in 1:100 ratio supple-
mented with protease inhibitors (# ab6562 Abcam,
Cambridge, UK) and centrifuged (10,000xg, 15 min, 4 °C).
The supernatant was aspirated. Total protein content was
determined spectrophotometrically (620 nm Protein Assay
Dye Reagent # 500—0006; BioRad, USA).

Transcript and protein analyses

Transcriptome-wide analysis of steady state mRNA levels
was analyzed by microarray (1 = 5/strain/stage, GeneChip°-
MouseExon 1.0 ST Array Cat. #902473, Affymetrix, Santa
Clara, CA). Selected candidates were confirmed by quanti-
tative real time - polymerase chain reaction (QRT-PCR) and
western blot as described previously [21, 25]. Total RNA
was amplified (GeneChip®Whole Transcript (WT) Sense
Target Labeling Assay) without rRNA depletion. Expression
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console (v.1.3.0.187, Affymetrix) was used for quality con-
trol and to obtain annotated normalized RMA data (setting:
Gene Level — Extended: RMA-Sketch). The dataset was
filtered for probesets with an annotation for gene symbols
and only the probeset with the highest number of probes
per gene was used in statistical analysis. Array data has
been submitted to the Genome Expression Omnibus
(GEO) database at National Center for Biotechnology Infor-
mation NCBI (GSE80078). For qRT-PCR, Quantitech
primers (Qiagen) for Wnt inhibitory factor 1 (WIF1 Cat. #
QT01065848), frizzled homolog 6 (FZD6 Cat. #
QT00109998), and beta actin (ACTB Cat. # QT00095242)
were used. ACTB was used as the reference control. For
western blot analysis primary antibody for chitinase-like 3
(CHI3L3, Cat. # ab192029, Abcam) and horse radish perox-
idase conjugated goat anti-rabbit antibody (Cat. # ab97051,
Abcam) was used as the secondary antibody. Clarity West-
ern ECL substrate (Cat. # 170-50,605; Biorad) was used for
immunodetection (Syngene G: Box). The blots were
stripped using Restore western blot stripping buffer (Cat #
21059, Thermofisher, Waltham, MA) for reprobing with
ACTB primary antibody (Cat. # ab8227, Abcam).

Immunohistochemistry

Lungs were fixed (20 cm H,O) in situ with 4% phos-
phate buffered formaldehyde, embedded into agar-agar
blocks, and sectioned (2 pm) for SUR sampling. Depar-
affinized sections were subjected to antigen retrieval by
microwaving slides (3 X 5 min, 20% power) in 1 mM cit-
rate solution (pH 6.0). Slides were rehydrated in
phosphate-buffered saline, followed by immersion into a
mixture of methanol and H,O, (Cat. # 1.08597.1000;
Merck, Darmstadt, Germany) (30 min) to inhibit en-
dogenous peroxidases. Tissues were treated with 5%
horse serum or 4% bovine serum albumin (BSA) in PBS
(45 min, 20 °C) or goat serum in 1:10 ratio (20 min). Pri-
mary antibody omission was used as a negative staining
control. Mouse WIF1 rabbit polyclonal primary antibody
(Cat. #ab186845, Abcam), mouse FZD6 polyclonal goat
antibody (Cat. # AF1526; R&D Systems, McKinley, MN),
or follistatin (FST) polyclonal goat antibody (Cat. #
AF669; R&D Systems) were used. Biotinylated horse anti-
goat antibody (Cat. # BA9500; Vector Laboratories, Bur-
lingame, CA) was used as secondary antibody. Vectastain
elite ABC kit (Cat. # PK-6100; Vector Laboratories) was
used with diaminobenzidine (DAB) reagent (Merck
KGaA). Tissues were counterstained with Meyer’s
hematoxylin (Cat. # 1.09249.1000; Merck KGaA).

Statistics

Two-way ANOVA followed by all pairwise multiple-
comparison procedures (SigmaStat 11.0 software; Systat
Software Incorporation) were used to compare group
means. P < 0.05 was considered as significant in all
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cases. For microarray data, statistical analyses were per-
formed by utilizing the statistical programming environ-
ment R [34] implemented in CARMAweb [35].
Genewise testing for differential expression used t-test
and Benjamini-Hochberg multiple testing correction
[false discovery rate (FDR) < 0.10]. Gene ontology (GO)
term and pathway enrichment analyses were done with
Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.7 (p < 0.05, FDR < 0.05) [36].

Results

Design-based stereological analysis of lung architecture
Previously, we noted that mice C3H/HeJ mice had in-
creased TLC and TLC/Bw than age and sex-matched
JF1/Ms] mice [20]. To assess these differences further,
we employed design-based stereological analysis to
examine the lung architecture of each strain. The light
and TEM comparison of age- and sex-matched lungs of
JF1/Ms] and C3H/He] mice revealed significantly differ-
ent alveolar architecture at an age of 12-14 weeks
(Table 1, Additional file 1: Figure S1). Interestingly,
C3H/He] mice had increased mean chord length and
mean alveolar volume but decreased alveolar number
density and elastin to collagen ratio compared to JF1/
Ms] mice. These structural differences are consistent
with the functional measures of increased Cp,ip Crsaline,
and specific Cygaline and ratio of Cp_gapine/Croair in C3H/
HeJ compared to JF1/Ms] mice. Increased compliance
could result from decreased elasticity and surface ten-
sion of the larger alveoli of C3H/He] lung. Because al-
veolar number and size were complementary, the lungs
of both mouse strains exhibit near equal total alveolar
surface area. To achieve higher alveolar surface area for
adequate gas exchange, the smaller lung volume of JF1/
Ms] mice would require more alveolar septa.

Transcript analysis in the lung (E18, P28 and P70)

The number of increased and decreased transcripts (fold
change > |2|-fold and FDR < 0.10) in JF1/Ms] mice com-
pared to C3H/HeJ was: (i) E18: 45 increased and 102 de-
creased; (ii) P28: 65 increased and 109 decreased; and (iii)
P70: 46 increased and 127 decreased (Additional file 1:
Table S1-S6). Using DAVID, decreased transcripts were
found to be enriched in the gene ontology category
“Extracellular region” (GO: 00005576) (Table 2) at E18
and P70. This was consistent with the observed strain spe-
cific differences in elastin to collagen ratio and lung archi-
tecture. Collagen type XXVIII, alpha 1 (COL28A1)
transcript was decreased by -2.8 fold in JF1/Ms] lungs
compared to C3H/He]J at E18 and P70. At E18, P28, and
P70, 12 transcripts increased and 22 decreased in JF1/Ms]
compared to C3H/He]J (Table 3). At stages E18 and P28,
16 transcripts increased and 28 decreased in JF1/Ms]
compared to C3H/He] (Additional file 1: Table S7). At
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stages P28 and P70, 32 transcripts increased and 70 de-
creased lung transcripts in JF1/Ms] compared to C3H/He]
(Additional file 1: Table S8).

Evaluation of selected transcripts

Noteworthy transcripts altered in the later stages include
several members of the wingless-type MMTYV integration
site family, member 1 (WN'T1) protein family including in-
creased Wnt inhibitor factor 1 (WIF1) and follistatin (FST)
and decreased frizzled homolog 6 (FZD6) in JF1/Ms] com-
pared to C3H/HeJ lungs. Decreased transcripts also in-
cluded chitinase-like 1 (CHIL1), CHIL3, and hemolytic
component (HC). qRT-PCR analysis of lung WIF1 was
consistent with the microarray results (Fig. 1a, b). Western
blot analysis for CHIL3 in the total lung protein homogen-
ate was also consistent with the microarray results
(Fig. 1c). Expression of the WNT pathway proteins
(WIF1, FST and FZD6) were assessed by immunohisto-
chemistry (Figs. 2, 3, 4). Increased immunoreactive WIF1
(Fig. 2) and FST (Fig. 3) were detected in the alveolar epi-
thelial type I and II cells, bronchial epithelial cells, and
macrophages of JF1/Ms] compared to C3H/HeJ mice. De-
creased immunoreactive FZD6 was detected in the bron-
chial epithelial cells and endothelial cells of JF1/Ms]
compared to C3H/HeJ mice (Fig. 4).

Expression quantitative trait loci (eQTL) analysis

To further assess candidate genes for Lfnq3 and Lfnq4
associated with TLC, we compared JF1/Ms] to C3H/HeJ
lung transcript levels at any of the three investigated
stages. Employing this strategy, we identified 9 eQTLs
located on mCh15 (Lfnq3) and mCh17 (Lfng4) (Table 4)
not previously reported for lung function development
in mice. The candidate for Lfnq3 was leucine rich repeat
containing 6 (testis) (Lrrc6). Several candidates for Lfnq4
were identified that include radial spoke head 1 homolog
(Chlamydomonas) (Rsphl), formyl peptide receptor 1
(Fprl), ATP-binding cassette, sub-family G (WHITE),
member 1 (Abcgl), 3 histocompatibility 2 genes includ-
ing class II antigen E beta (H2-EbI), D region locus 1
(H2-D1I), Q region locus 4 (H2-Q4), surfactant associated
2 (Sfta2), and gamma-aminobutyric acid (GABA) B re-
ceptor, 1 (Gabbrl).

Discussion

Hindered lung development results in failure to attain peak
lung function by early adulthood that, in turn, may in-
crease susceptibility to lung disease. In humans, lung devel-
opment begins at gestational week 3 and alveolarization
continues until at least age 5 years [37]. In mice, lung de-
velopment begins E9.5 and continues up to P28 and alveo-
lar septal formation continues up to P36 [38]. Recently,
Beauchemin et al. [39] described 4-stage postnatal alveolar-
ization with episodic transcriptional activity of pulmonary
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Table 1 Morphometric evaluation of C3H/HeJ and JF1/MsJ mouse lung
Morphometric Parameters C3H/He) JF1/MsJ P value C3H/HeJ JF1/MsJ p value
Number of mice MALE:n =5 FEMALE: n = 3-5
Age (weeks) 13 12-14 13 12-14
Fixed lung volume (ul) 1092 £ 123 735+ 71 0.001 987 + 54 667 + 23 0.001
Mean chord length (Lcm) (um) 743 + 99 485+ 55 0.002 69.2 + 148 473+ 20 0.011
Mean alveolar volume (10*/pm?) 61.1£79 408 £59 0.01 715+ 114 423+£70 0.007
Alveolar number density (10%cm? parenchyma) 102 + 1.1 14.7 + 20 0.005 88+ 15 145 + 2.2 0.001
Alveolar septum width (um) 0.72 £ 0.07 0.66 = 0.08 ns 082 +0.14 0.63 = 0.11 0.005
Total number of alveoli (10¢/both lungs) 92+ 1.1 89+17 ns 69+ 14 82+16 ns
Total alveolar surface area (cm?) 952 + 88 957 + 125 ns 847 +70 906 + 102 ns
Elastin - collagen ratio 140 £ 03 195+03 0.004 183 +£03 212+02 0.035
Absolute volumes
Parenchymal volume (mm?) 933 £ 112 629 + 72 0.001 849 £ 71 571+ 28 0.001
Non-parenchymal volume (mm?) 145 + 33 98 + 23 0.002 126 + 22 78 + 11 0.003
Alveolar airspace volume (mm?) 574 £ 73 377 £53 0.001 514 + 41 340 + 21 0.001
Alveolar duct airspace volume (mm?) 261 + 32 167 + 26 0.041 237 + 28 155+ 15 ns
Alveolar septal volume (mm?) 69 + 12 63+5 ns 69 + 11 58+5 ns
Total alveolar surface density (um?/um?) 0.10 £ 0.01 0.15 £ 001 ns 0.11 £ 0.01 0.16 £ 0.01 ns
Alveolar epithelial type I cells (mm?) 195+ 33 192 +32 ns 20,8 + 4.02 155 + 345 ns
Alveolar epithelial type Il cells (mm?) 60+28 78+ 46 ns 43+ 15 65+ 27 ns
Capillary endothelial cells (mm>) 163 £ 3.7 136+ 14 ns 158+ 19 118 £25 ns
Interstitial tissue (mm?) 227 +53 175+ 2.1 ns 225+45 193 +6.1 ns
Total alveolar surface area (cm?) 952 + 88 957 + 125 ns 847 + 70 906 + 102 ns
Volume densities
Alveolar epithelial type | cells (mm?/mm?) 282+ 15 305+ 42 ns 302 + 2.1 2723+ 24 ns
Alveolar epithelial type II cells (mm?/mm?) 90 + 42 125+ 6.7 ns 63+ 34 109 + 4.0 ns
Capillary endothelial cells (mm?/mm?) 233+23 217 %31 ns 228+19 212+ 25 ns
Interstitial tissue (mm?/mm>) 329+37 282+26 ns 325+30 332+31 ns
Collagen (mm*/mm?) 278 + 049 263 £ 051 ns 302 + 062 242 + 041 ns
Elastin (mm?/mm?) 387 +123 5.08 + 1.06 ns 53+155 508 +0.72 ns
Lung function n=4 n=3 n-3 n-3
Total Lung capacity (TLC) (ul) 1425 £ 164 750 £ 50 <0.05 1467 £ 125 800 + 82 <0.05
Compliance 4 (ul/cm H,0) 143 £5 36+7 <0.05 130+ 6 34+6 <0.05
Compliance syjine (Ul/cm H50) 306 + 46 9% + 13 <0.05 296 + 37 107 £ 20 <0.05
Specific compliance gjine (HI/cm H,0) 214 £ 15 128+ 5 <0.05 202+ 9 134 + 23 <0.05
Compliance gine/Compliance ,; 22+ 04 27 +0.1 <0.05 23+02 32+09 <0.05

ns not significant

Values are mean + S.D. Significant difference between sex-matched mouse strains was determined by ANOVA

vascular genes in mice. The processes controlling lung de-
velopment and growth are believed to be recapitulated fol-
lowing lung injury as genetic subroutines for repair and
remodeling processes [40, 41]. Therefore, it is plausible that
individuals having impaired lung development and growth
that do not result in clinically significant symptom may
have inefficient repair processes thereby predisposing them
to subsequent chronic lung diseases. In this context,

elucidating the genomics of lung function development
through dissecting the genetics of lung development and
growth is a promising approach to identify the predispos-
ing factors. Thus, in this study, we sought to identify candi-
date genes for TLC by comparing the lung transcript
profile of JF1/Ms] and C3H/He]J strains at 3 critical times
involving late embryonic, adolescent, and adult lung
development.
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Table 2 Extracellular region is an enriched gene ontology category (GO: 0005576) associated with the significantly decreased
transcripts in JF1/MsJ vs C3H/HeJ mouse lung at embryonic day 18 (E18) and postnatal day 70 (P70)

Gene Gene symbol Entrez ID Fold Difference

E18 decreased transcripts of GO term extracellular region; Enrichment Score = 2.83; p = 0.0005
Chemokine (C-X-C motif) ligand 15 Cxclls 20,309 -146
Hemolytic complement Hc 15,139 —861
Kallikrein 1-related peptidase b21 Klk1b21 16,616 -825
Surfactant associated protein Al Sftpal 20,387 -3.80
Collagen, type XXVIII, alpha 1 Col28al 213,945 -3.15
Paraoxonase 3 Pon3 269,823 —-2.96
Ceruloplasmin Cp 12,870 -2.95
Neuron-derived neurotrophic factor Ndnf 68,169 -241
Fibroblast growth factor 1 Fgf1 14,164 —2.21
EGF-like, fibronectin type Ill and laminin G domains Egflam 268,780 -2.13
Transferrin Trf 22,041 -2.12
Interleukin 33 1133 77,125 —2.04

P70 decreased transcripts of GO term extracellular region; Enrichment Score = 4.18; p = 0.04
Hemolytic complement Hc 15,139 —27.88
Chitinase 3-like 3 Chi3l3 12,655 —-15.93
Kallikrein 1-related peptidase b21 Klk1b21 16,616 -11.92
Hepcidin antimicrobial peptide Hamp 84,506 —4.87
Chemokine (C-C motif) ligand 6 Ccle 20,305 -392
Matrix metallopeptidase 3 Mmp3 17,392 —3.62
Insulin-like growth factor binding protein 6 Igfbp6 16,012 -2.83
Collagen, type XXVIII, alpha 1 Col28al 213,945 —2.76
Angiopoietin-like 7 Angptl7 654,812 -2.72
Leptin receptor Lepr 16,847 —2.28
Chitinase, acidic Chia 81,600 -2.26
Oxidized low density lipoprotein (lectin-like) receptor 1 Olr1 108,078 -2.21
Coagulation factor VII F7 14,068 -2.18
Paraoxonase 3 Pon3 269,823 -2.18
Plasminogen activator, tissue Plat 18,791 -2.10
Secreted Ly6/Plaur domain containing 1 Slurp1 57,277 -202

Values are mean fold difference of (JF1/MsJ)/(C3H/Hel) for lung transcript levels (cut off for fold change >2 fold; false discovery rate 0.10)

The lung architectural differences detected in JF1/Ms]
and C3H/HeJ] mice are suggestive of their difference in
development, growth and maturation events. JF1/Ms]
mice have decreased mean chord length and mean al-
veolar volume but increased alveolar number density
compared to C3H/He]. These findings suggest that JF1/
Ms] mice with smaller alveoli (decreased mean chord
length and alveolar volume) compensated by increased
alveolar number density. Thus, the lungs of both strains
exhibit near equal total alveolar surface area for gas ex-
change. Lung architectural differences detected between
these mouse strains are consistent with their functional
characteristics. Increased specific C; _gjinesair ratio in JF1/
Ms] mice compared to C3H/HeJ suggests that surface

tension contributes more than the elastic recoiling prop-
erties of JF1/Ms] lung in determining the lung compli-
ance. This is in agreement with the smaller alveoli in
JF1/Ms] mice. Increased elastin to collagen ratio and the
decreased C;_a;/TLC and C;_gqjine/ TLC in JF1/Ms] mice
indicates that elastic recoil due to tissue properties is
higher in JF1/Ms] mice compared to C3H/He]J.

In this study, we compared the lung transcript expres-
sion contrasting JF1/Ms] and C3H/HeJ] mice at 3 stages,
(I) embryonic day 18 (completion of embryonic lung de-
velopment), (II) P28 (adolescent lung, bulk alveolar forma-
tion completed); and (III) P70 (mature lung). Noteworthy
transcripts with consistent expression across the stages ex-
amined included those encoded by Wnt pathway and
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Table 3 Lung transcripts (34 genes) consistently increased (12) or decreased (22) across embryonic stage 18 (E18), postnatal stage

(P) 28 and P70 in JF1/MsJ (JF1) mice compared to C3H/HeJ (C3H)

Gene Name Gene symbol  Entrez ID Probeset  Fold Difference

E18 P28 P70
Glutaredoxin 3 Glrx3 30,926 6923313 1222 608 327
RIKEN ¢cDNA G730007D18 gene G730007D18Rik 100,038,502 7,006,004 3.66 287 241
Holliday junction recognition protein Hjurp 381,280 6,760,490 3.58 2.09 220
Synaptonemal complex central element protein 1 Sycel 74,075 6,972,143  3.00 2.06 213
Predicted gene 14,403 Gm14403 433,520 6883977 298 2.79 2.68
RIKEN cDNA 2,610,028 JO7 gene 2610028J07Rik 71,813 6,859,453 294 2.74 282
Microspherule protein 1 Mecrs1 51,812 6918337 262 203 230
RIKEN cDNA 2610507101 gene 2610507101Rik 72,203 6,788,659 2.60 535 374
Olfactory receptor 1061 Olfr1061 259,022 6,888,451 2.51 2.81 3.77
Olfactory receptor 170 Olfr170 258,959 6,844,403 247 467 343
Uncharacterized protein C130090J04 C130090J04 328,049 6,860,959 236 212 220
RIKEN cDNA 6,330,403 KO7 gene 6330403K07Rik 103,712 6,789,483 232 7.5 6.56
Glucagon-like peptide 1 receptor Glplr 14,652 6,849,762 —-202 -233 =206
Solute carrier family 39 (metal ion transporter), member 8 Slc39a8 67,547 6,901,634 —207 —243 —-251
Sodium channel, voltage-gated, type Ill, alpha Scn3a 20,269 6,887324 —208 531 —449
Sterile alpha motif domain containing 9-like Samd9l 209,086 6,951,281 —-208 -274 —305
Interferon-induced protein 44 Ifi44 99,899 6,910,592 —-210 -286 —2.19
Transmembrane protein 181A Tmemi8la 77,106 6,848,520 -2.13 -260 —240
NME/NM23 family member 7 Nme7 171,567 6,754,701 =213 =249 =270
Protein phosphatase 1, regulatory (inhibitor) subunit 3A Ppplr3a 140,491 6,951,783 =219 =210 -3.06
Megalencephalic leukoencephalopathy with subcortical cysts 1 homolog (human) Mici 170,790 6,837,773 =224 =278 313
Cytochrome P450, family 2, subfamily J, polypeptide 6 Cyp2j6 13,110 6923520 -229 =227 =239
RIKEN cDNA A330076H08 gene A330076HO8Rik 320,026 6,967,799 -235 =253 =206
Aminolevulinate, delta-, dehydratase Alad 17,025 6922241 —-282 —254 267
RIKEN cDNA D230046015 gene D230046015Rik 106,824 6,856,766 —300 —363 -254
Nuclear paraspeckle assembly transcript 1 (non-protein coding) Neat! 66,961 6,867,774 —354 —345 =270
Surfactant associated 2 Sfta2 433,102 6,850,183 —4.02 —-219 223
Transmembrane protein 181A Tmem1i8la 77,106 6,812918 —-426 —-408 —340
RIKEN cDNA B930063124 gene B930063I24Rik 319,330 6,756,745 —506 —433 -6.19
G protein-coupled receptor 137B Gpr137b 83,924 7,003,081 -539 538 306
Zinc finger, X-linked, duplicated B Zxdb 668,166 7,021,109 -6.18 768 —7.23
Kallikrein 1-related peptidase B21 Klk1621 16,616 6,960,239 —825 —19.87 —11.92
Hemolytic complement Hc 15,139 6,886,022 —861 —32.16 —27.88
RIKEN cDNA A730017L22 gene A730017L22Rik 613,258 6,890,967 —13.13 —1562 —1460

Values are mean fold change for transcripts (cut off for fold change >2 fold; false discovery rate = 0.10

chitinase-like genes. Gene ontology cellular component
“extracellular region” was enriched among decreased JF1/
Ms] transcripts. We employed an e-QTL strategy and
consistent expression to identify novel candidate genes for
lung function development. e-QTL genes previously not
reported with TLC development include Lrrc6, Fprl,
Abcgl, Rsphl, H2-Eb1, H2-D1, H2-Q4, Sfta2, and Gabbrl.

WIF1 inhibits extracellular WNT signaling that plays a
crucial role during the lung development. Loss of
SMADI transcriptional activation of WifI has been asso-
ciated with its decreased expression and increased Wnt/
B-catenin signalling, resulting in abnormal distal lung
epithelial cell differentiation and branching morphogen-
esis [42]. Reduced SMAD1 and WIF1 expression in
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Fig. 1 Comparative expression of lung Wnt inhibitor factor 1 (Wif7) and frizzled homolog 6 (Fzd6) and chitinase 3 like 3 (CHIL3) in JF1/MsJ and
(C3H/HeJ mice. a Expression of lung Wifl mRNA in JF1/Msf was increased compared with C3H/HeJ mice at postnatal (P) days P28 and P70. b
Expression of lung Fzd6 mRNA in JF1/Msf was decreased compared to C3H/HeJ mice at P28 and P70. Quantitative real-time polymerase chain reaction
was performed, and the comparative cycle number threshold (C;) method (AAG) was used [ACr = Gy (gene)-Cr(Actb)]. Data are presented as expression
relative to time-matched C3H/HeJ level (means + SE; n = 5 mice/strain/stage). *Significantly different from C3H/HeJ (ANOVA followed by all pairwise
multiple-comparison procedures with Holm-Sidak method, P < 0.05). ¢ Western blot analysis of CHIL3 from total lung homogenate of P28 C3H/HeJ and
JF1/MsJ mice (n = 3 mice/strain; female). Lung transcript expression showed > 15 fold decreased Chil3 expression in Jf1/MsJ compared to C3H/HelJ. 3-

actin (ACTB) was used as the control. Photograph is representative of at least three observations

nitrofen-induced hypoplastic lung resulted in develop-
mental retardation during the saccular stage [43]. Our
findings of increased lung WIF1 (>5-fold) transcript and
protein levels in alveolar epithelial cells type I and II, as
well as in bronchial epithelial cells during alveolar devel-
opment in JF1/Ms] mice compared to C3H/He]J strongly
supports it to be a candidate for pulmonary function
development.

Consistent with WIF1 expression, FST is also increased
(>4-fold) in JF1/Ms] lungs compared to C3H/He]J. Canon-
ical Wnt/(B-catenin signalling controls FST signalling in
satellite cell derived myoblasts [44]. FST-deficient mice
exhibit severely retarded overall growth, breathing failure,
and perinatal death with fluid filled lungs and poorly ex-
panded alveolar spaces [45]. FST binds and inhibits acti-
vins, which are members of the transforming growth
factor beta superfamily that plays a significant role in the
lung developmental processes [46]. Therapeutic interven-
tion with FST markedly reduced the number of infiltrating
cells and ameliorated the destruction of lung architecture
in bleomycin-treated rats [47].

FZD6 also functions as a negative regulator of the ca-
nonical Wnt/fB-catenin signaling cascade. FZD6 controls
macroscopic hair patterning in mice and studies show

epithelial cells as the source of FZD6-dependent signal-
ing [48]. Wnt signaling pathway was enriched for anno-
tation in the murine Developing Lung Characteristic
Subtranscriptome (mDLCS) involving C57BL/6 ], A/]
and C3H/He]J inbred strains. WIF1 and FZD6 transcripts
also expressed significant strain dependent modulation
during alveolar development [39].

The proteins encoded by Chill (aka Chi3il or YKL40)
and Chil3 (aka Chi3Il3 or Yml) are similar to bacterial
chitinases but lacks chitinase activity. JF1/Ms] mice with
lower basal lung function have decreased lung CHIL1
(>2 fold) and CHIL3 (>15 fold) transcripts. In humans,
the gene homolog for mouse Chill is CHILI. Variations
in CHILI have been associated with circulating and air-
way CHIL1 protein levels along with asthma prevalence,
severity, hospital admissions, and lung function in chil-
dren and young adults [49-53]. Variations in CHILI are
also considered to modulate age-adjusted lung function
in cystic fibrosis patients [54]. Elevated serum CHIL1
protein is associated with severe persistent asthma
among adults but not in children [55]. However, in-
creased CHIL1 levels are detected among children with
severe, steroid resistant asthma [56]. Serum CHIL1
levels are negatively correlated with percent FEV; while
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Fig. 2 Localization of Wnt inhibitor factor 1 (WIF1) protein in the lungs of four weeks old female C3H/HeJ and JF1/MsJ mice (n = 5). Increased
WIF1 immunostaining was detected in the b, e airway epithelium and h alveolar type | and type Il cells of JF1/MsJ lungs compared with those of
¢, f, i C3H/HeJ mice. a, d, g Sections incubated phosphate-buffered saline (PBS control) without primary antisera

\

positively correlated with low attenuation area/total lung
area percent in COPD patients [57]. Elevated CHIL1
protein has been detected in bronchoalveolar lavage
fluid and sputum, with higher numbers of CHIL1-
expressing cells in bronchial biopsies of smokers with
COPD [58, 59]. CHIL1 can activate Wnt/B-catenin sig-
naling in alveolar macrophage [60].

Amino acid sequence homology of CHIL3 to proteins
associated with tissue remodeling together with their
binding capacity with heparin sulfate and GIcN oligomers
suggests their role in airway wall remodeling in the allergic
lung [61]. CHIL3 protein is abundantly expressed in the
allergic mouse lung and enhances Th2 cytokine produc-
tion by inhibiting 12/15(S)-lipoxygenase which generates
lipid metabolites that interferes with T cell proliferation
[62]. However, a homologous sequence to Chil3 has not
been found in the human genome.

The evaluation of eQTL located in Lfnq3 and Lfnq4
provided 9 candidate genes worthy of further analysis

for their possible role in lung development and growth.
Located in Lfng3 region linked to TLC on mChl5, Lrrc6
is a gene expressed in the respiratory epithelium that is
essential for proper cilia axonemal assembly of inner
and outer dynein arms. Kott and colleagues identified an
early frameshift in LRRC6 that is associated with primary
ciliary dyskinesia (PCD) [63]. PCD is a group of
autosomal-recessive developmental disorders resulting
from cilia and sperm-flagella defects, which can lead to
respiratory infections, situs inversus, and male infertility
[64]. In zebrafish, lrrc6 (aka seahorse) mutants produce
ventral body curvature and kidney cysts [65, 66] and
LRRC6 protein associates with disheveled, which con-
strains the canonical Wnt/p-catenin pathway and pro-
motes the non-canonical Wnt pathway during gastrulation
[67]. In gene-targeted mice lacking functional LRRCE6, cilia
microtubules remained normal but the outer dynein arms
(ODA:), the structures essential for the ciliary beating, are
absent. In the absence of LRRC6, ODA proteins that
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Fig. 3 Localization of follistatin (FST) protein in the lungs of four weeks old female C3H/HeJ and JF1/MsJ mice (n = 5). Increased of FST
immunostaining was detected in the b, e airways and h alveolar type | and type Il cells of JF1/MsJ lungs compared with those of ¢, f, i
C3H/HeJ mice. a, d, g Sections incubated phosphate-buffered saline (PBS control) without primary antisera

normally are assembled in the cytoplasm and transported
to the ciliary axoneme, remain in the cytoplasm and are
not transported to the ciliary axoneme [68, 69].

Of the eight differentially expressed transcripts located
within the Lfnq4 region in mCh17 that has been linked
to TLC, Rsphl, Fprl, Abcgl, and Sfta2 are most note-
worthy. Like LRRC6 variants, splice site (275-2A > C)
and non-sense (433 C > T) polymorphisms in RSPHI
are associated with PCD [64]. Although persons with
these variants can have unexplained neonatal respiratory
distress [70], the splice site variation in RSPH1 is associ-
ated with a lower prevalence of neonatal respiratory dis-
tress, later onset of daily wet cough, and better adult
lung function than other forms of PCD [71].

Mitochondrial damage-associated molecular patterns
(DAMPs) include formyl peptides that activate human
neutrophils through FPR1. On human neutrophils, FPR1
interacts with annexin A1 (aka lipocortin I), which medi-
ated anti-inflammatory activities of glucocorticoids and
can regulate epidermal growth factor receptor (EGFR)

localization and activity [72, 73]. Gene-targeted Fpri™~
mice have a slight, but significant decrease in mean
chord length compared to strain-matched (C57BL/6 )
control mice [74]. In addition, FprI™~ mice have de-
creased inflammation and emphysema compared to
control mice after cigarette smoke exposure. In
humans, cigarette smoking increases the number of
FPRs on the surface of neutrophils, which is greater
in smokers with COPD than smokers without COPD
[75, 76]. In addition, a variant rs867228 (minor allele
frequency = 0.21) producing a loss-of-function allele
in FPRI is associated with poor metastasis-free and
overall survival in breast and colorectal cancer pa-
tients receiving adjuvant chemotherapy [77].

Patients with pulmonary alveolar proteinosis (PAP)
display impaired surfactant clearance, foamy, lipid-filled
alveolar macrophages, and increased cholesterol metabo-
lites within the lung. Also regulated by Wnt/p-catenin
signalling [78], ABCG1 lipid transporter is considered to
be a key downstream target of colony stimulating factor
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Fig. 4 Localization of frizzled homolog 6 (FZD6) protein in the lungs of four weeks old female C3H/HeJ and JF1/MsJ mice (n = 5). Decreased
FZD6 immunostaining was detected in the b, e airways and h alveolar type | and type Il cells of JF1/MsJ lungs compared with those of ¢, f, i
C3H/HeJ mice. a, d, g Sections incubated phosphate-buffered saline (PBS control) without primary antisera

2 (aka GM-CSF) and is necessary for proper surfactant
catabolism [79, 80]. Mice lacking ABCG1 develop alveo-
lar type II cell hypertrophy with lipid deposition, in-
creased levels of surfactant [81], and develop more
severe lung fibrosis after bleomycin [82]. Compared with
strain-matched control mice, the lungs of ABCG1 null
mice are inflamed with macrophage accumulation,
lymphocytic infiltration, hemorrhage, eosinophilic crys-
tals, and elevated levels of cytokines and cytokine recep-
tors. BALF samples obtained from Abcgl™~ mice are
marked by increased foamy macrophages and leukocytes
and the presence of multiple markers of inflammation
including crystals of CHIL3 protein [83]. In mice,
ABCGL1 is also required for pulmonary B-1 B cell and
natural antibody homeostasis [84]. Variations in ABCGI
(rs13050646) and HLA-A (rs3823343, rs2517725) have
been associated to IgE dysregulation and atopy [85].
SFTA2 is a secretory protein predominantly expressed
by alveolar type II cells and non-ciliated bronchiolar

cells [86]. Similar to hydrophobic surfactant proteins B
(SFTB) and SFTPC, SFTA2 protein may share particular
physicochemical properties [87] and lung SFTA2 mRNA
deceases in mice treated with lipopolysaccharide [86].
However, unlike SFTFB and SFTPC, SFTA2 does not
co-localize to lamellar bodies, but is found to co-localize
to the Golgi and clathrin vesicles like hydrophilic
SFTPA1 and SFTPD [86]. Little is known about the dis-
ease phenotypes associated with SFTA2 variants, but hu-
man SFTA2 is located in a chromosomal locus
associated with diffused panbronchiolitis.

Recent studies have implicated Wnt/B-catenin path-
way to play an important role in alveolar development
[39]. In an attempt to summarize the plausible effect of
altered expression of the identified candidate genes
based on the above reviewed information, our data sug-
gest that Wnt/p-catenin signaling may be altered during
postnatal lung development and growth of JF1/Ms] as
compared to C3H/HeJ] mice. This is supported by the
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Table 4 Candidate genes for total lung capacity (TLC) in mice identified through the expression quantitative trait loci (e-QTL)
strategy comparing C3H/HeJ (C3H) and JF1/MsJ (JF1). [cut off for fold change 22.0 fold at least in one stage among embryonic

stage 18, postnatal stage (P) 28 and P70; false discovery rate = 0.10]

Trait QTL Region QTL Location Gene Description Gene symbol/ EntrezID Fold Difference
(Basepair) location (basepair) m
Lfng3 Chromosome: 15
TLC, TLC/Bw  D15Mit85 to 40,313,626-72,500,731 Leucine rich repeat Lrrc6 54562 =203 ns ns

DI15Mit105
Lfng4 Chromosome: 17

TLC D17Mit156 to
D17Mit234

10,987,597-39,053,168

ATP-binding cassette, sub-
family G (WHITE), member 1

Surfactant associated 2

Histocompatibility 2, class Il
antigen E beta

Histocompatibility 2, D region

locus 1

Histocompatibility 2, Q region

locus 4

containing 6 (testis)

Radial spoke head 1
homolog (Chlamydomonas)

(66379858-66,500,910)

Rsph1
(31255019-31,277,356)

22092 ns 281 263

Formyl peptide receptor 1 Fprl 14293 =205 -1.75 =226
(17876471-17,883,939)
Abcgl 11307 ns  —176 —244
(31057694-31,117,984)
Sfta2 433,102 —-402 -219 -2.23
(35649708-35,650,569)
H2-Ebl 14969 ns -223 =221
(34305867-34,316,674)
H2-D1 14964  ns 221 21
(35263094-35,267,497)
H2-Q4 15015 —=1.52 =319 -2.86
(35379555-35,384,674)
Gabbri 54393 220 -168 -162

Gamma-aminobutyric acid
(GABA) B receptor, 1

(37045966-37,074,305)

ns not significant

increased WIF1 transcript and protein levels in JF1/Ms]
lungs. Primary ciliary proteins, like LRRC6 and RSPH,
are required not only for regulation of Wnt/B-catenin
signaling, but also act as downstream effectors of the
Wnt/B-catenin pathway. [88] Alterations in a chitinase-
like protein, CHIL1, an activin-binding protein, FST, and
a lipid transporter, ABCG1, also implicates this pathway.
However, elucidation of the precise mode of action of
genetic variants in these genes in determining lung func-
tion development warrants functional and mechanistic
investigations.

Conclusions

This study demonstrates that the divergent pulmonary
function between C3H/He] and JF1/Ms] mice is associ-
ated with differences in transcription expression profiles
in lung. We further dissected the altered genetic signa-
ture of divergent lung function development among
C3H/HeJ] and JF1/Ms] mice and identified several novel
genes, especially those with roles in Wnt/B-catenin sig-
nalling, not previously associated to lung function. The
study also provides a reference of transcripts altered
between mouse strains with divergent TLC at the com-
pletion of embryonic lung development, bulk alveolar
formation and lung growth. The generated data will

provide a point base for future association, functional
and mechanistic studies for pulmonary function.
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