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Abstract

Secreted phosphoprotein 1 (Spp1) is located within quantitative trait
loci associated with lung function that was previously identified by
contrasting C3H/He] and JF1/Msf mouse strains that have extremely
divergent lung function. JF1/Msf mice with diminished lung function
had reduced lung SPP1 transcript and protein during the peak stage
of alveologenesis (postnatal day [P]14-P28) as compared with C3H/
HeJ mice. In addition to a previously identified genetic variant that
altered runt-related transcription factor 2 (RUNX2) binding in the
Sppl promoter, we identified another promoter variant in a putative
RUNX2 binding site that increased the DNA protein binding. SPP1
induced dose-dependent mouse lung epithelial-15 cell proliferation.
Spp1”'~ mice have decreased specific total lung capacity/body
weight, higher specific compliance, and increased mean airspace
chord length (L,,) compared with Spp1™*/*’ mice. Microarray

analysis revealed enriched gene ontogeny categories, with numerous
genes associated with lung development and/or respiratory disease.
Insulin-like growth factor 1, Hedgehog-interacting protein, wingless-
related mouse mammary tumor virus integration site 5A, and
NOTCHI transcripts decreased in the lung of P14 Spp1~/~ mice
as determined by quantitative RT-PCR analysis. SPP1 promotes
pneumocyte growth, and mice lacking SPP1 have smaller, more
compliant lungs with enlarged airspace (i.e., increased Ly,).
Microarray analysis suggests a dysregulation of key lung
developmental transcripts in gene-targeted Spp1~"~” mice,
particularly during the peak phase of alveologenesis. In addition

to its known roles in lung disease, this study supports SPP1 as

a determinant of lung development in mice.

Keywords: osteopontin; chronic obstructive pulmonary disease;
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Chronic lung diseases are leading causes
of death worldwide (1). Impaired lung
development is associated with lower basal
pulmonary function and with defective
repair and remodeling processes after lung
injury, thereby predisposing individuals to
chronic lung disease (2-7). Recently, the

molecular pathways of lung development
have been described (8, 9), and genes
associated with lung function have been
identified by genome-wide association
studies (GWAS) (10-14). However, genetic
variants in significant loci explained only
a modest portion of the variance for FEV,/

FVC (15, 16). Thus, much of the heritability
remains unexplained by individual variants
identified in GWAS, which is common
with complex phenotypes (17, 18). In
addition, the functional consequence of
these genes and the downstream effectors of
lung function have not been fully explored.
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Clinical Relevance

Inappropriate lung development is

a risk factor for lower basal pulmonary
function as well as defective repair and
remodeling processes after lung injury,
thereby predisposing individuals to
asthma, pulmonary fibrosis, and
chronic obstructive pulmonary
diseases (COPD). This study examines
the role of secreted phosphoprotein 1
(SPP1), a protein previously associated
with pulmonary fibrosis and COPD, in
lung development in mice. A mouse
strain with decreased lung function has
decreased lung SPP1 during postnatal
alveologenesis. Mice have a genetic
variant in the Sppl promoter that is
near a similar transcription factor
binding site that is variant in humans.
Spp1-deficent mice have smaller alveoli

and decreased lung function.

To further address the genetics of lung
development and function, we used a
diverse panel of inbred mice (19), a model
organism with an extensive genetic
architecture. We previously identified
several quantitative trait loci (QTL) for lung
function in mice by contrasting two strains
(C3H/He] versus JF1/Msf) with extremely
divergent pulmonary function (e.g., total
lung capacity [TLC] of C3H/HeJ = 1,443 =
30 wl and JF1/Msf = 874 =+ 17 pl) (19, 20).
We had previously identified candidate
genes located in QTL on various regions
of mouse chromosome 5, including
superoxide dismutase 3, extracellular (Sod3)
(21, 22), and c-Kit oncogene (Kit) (23), as
determinants of dead space volume and
lung compliance (Cp), respectively. In
children, we found that SOD3 single-
nucleotide polymorphisms (SNPs) were
associated with decreased FEV; and
maximal expiratory flow at 25% volume
(22). In adults, SOD3 SNPs have been
associated with lower lung function (24, 25)
and increased risk of developing chronic
obstructive pulmonary disease (COPD)
(26). These findings support the rapid
identification of candidate genes in mice
that can later be tested in human
populations.

In this study we sought to determine
whether secreted phosphoprotein 1 (Spp1,
a.k.a. osteopontin) is a functional candidate
gene for lung development in mice. SppI is
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located within another QTL associated with
lung function on mouse chromosome 5
bounded by markers D5Mit20 to D5Mit403
(97.8-106.2 Mbp) (20, 21), which is
syntenic to human chromosome 4
(81.8-90.2 Mbp). SPP1 has been associated
with chronic lung diseases, including
pulmonary fibrosis (27) and COPD (28).
An approximately 44 kD glycosylated
phosphoprotein, SPP1, is commonly found
in adhesive bone matrix protein. It is also
recognized as a key cytokine involved in
immune cell recruitment and type-1 (Th1)
cytokine expression at sites of inflammation
(29, 30) and as a mediator of tissue repair
and remodeling (31, 32). Past studies on
SPP1 focused mainly on its association with
bone metabolism, inflammation, and
cancer; however, the role of SPP1 in lung
development is unknown.

In this study we examined lung SPP1
expression in mice and found strain-specific
differences during development. Previously,
Shen and Christakos (33) reported that the
mouse Sppl promoter contained functional
runt-related transcription factor 2
(RUNX2) (—136 to —130 bp from the
transcription start site) and vitamin D
response element (—757 to —743)
binding sites that cooperatively regulate
transcriptional activation by 1,25-
dihydroxyvitamin Dj [1,25(OH) Djs]. In
cells transfected with hes family bHLH
transcription factor 1 (a.k.a. hairy and
enhancer of split 1 [HES1]), basal and
1,25(0OH) Ds;-induced SPP1 transcripts
increased, indicating involvement of the
NOTCHI pathway. Subsequently, Sowa
and colleagues (34) PCR amplified and
sequenced the mouse Sppl promoter in the
C3H/HeJ and compared this sequence with
the promoter of the reference C57BL/6]
strain. One variant, a 13-bp insertion
(rs234069704) at position —130 (5'-
TTTTTTTTTTTTA-3'), was located at
the 3’ end of the RUNX2 binding site.
This insertion increased transcriptional
responsiveness to RUNX2 in the C3H/He]J
promoter as compared with that of the
C57BL/6] promoter. Based on these studies,
we further examined Sppl promoter
polymorphisms in mice.

Materials and Methods

Detailed methods are provided in the online
supplement. Briefly, studies were approved by
the Bavarian Animal Research Authority and
by the IACUC of the University of Pittsburgh.
Mice (C3H/HeJ, JF1/Msf, Spp1~'™

[B6.12956(Cg)-Spp1™®/1], and Spp1“'™
[C57BL/6]]) were purchased from Jackson
Laboratory (Bar Harbor, ME). Quantitative
RT-PCR (qRT-PCR) was used to determine
lung SPP1 transcripts using the 27247
method normalized to actin, B (ACTB) as
described previously (21). ELISA was used to
determine lung SPP1 protein levels. Mouse
lung epithelial (MLE)-15 cells are an
immortalized cell line obtained from
transgenic mice containing the simian virus
40 large T antigen under the transcriptional
control of the human surfactant protein C
promoter (35, 36). To measure the effect of
SPP1 on cell proliferation, subconfluent
MLEI15 cells were serum deprived for 24
hours, 0 (control) or 1 to 4 pg/ml SPP1 was
added to the culture medium, and growth
was assessed at 48 hours using an
alamarBlue (Life Technologies, Grand
Island, NY) cell viability assay. To assess
the effects of SNPs on the binding of
nuclear protein, PCR amplification of the
Sppl promoter region was performed using
genomic DNA from C3H/HeJ and JF1/Msf
mice and sequenced in forward and reverse
directions (Sequiserve, Vaterstetten,
Germany). Two of the identified SNPs were
used for an electrophoretic mobility shift
assay (EMSA) performed using nuclear
protein extracts from MLE15 cells. Double-
stranded 25-mer oligonucleotides were
prepared by annealing complementary
synthetic oligonucleotides corresponding to
the Sppl promoter region containing G/T
rs264140167 or A/G rs47003578 alleles.
Lung function was measured in 27 strains
of inbred mice (females, 13-17 wk; n = 252)
and Spp1~'7) and strain-, sex-, and age-
matched control Spp1™/*) mice as
described (19, 20, 37). To assess lung
morphology, mean airspace chord length
(L) was measured from images to estimate
the alveolar size of Spp1”~’~/ mice and
compared with strain-, sex-, and age-
matched Spp1™/* as described (22).

For immnunohistochemical localization,
Spp1™/* lung sections were stained using
a goat anti-mouse SPP1 antibody (AF-808;
R&D Systems, Inc., Pittsburgh, PA) and
biotinylated horse anti-goat secondary
antibody (1:200 dilution) (Vector
Laboratories, Inc., Burlingame, CA). Lung
transcript levels were measured by
microarray (Whole Mouse Genome Kit 4 X
44K; Agilent Technologies, Santa Clara, CA)
comparing postnatal day (P)14 Spp1</~’
with P14 Spfol( **) and P28 Spp1/ with
P28 Spp1™’*) mice. P14 and P28 were

American Journal of Respiratory Cell and Molecular Biology Volume 51 Number 5 | November 2014



ORIGINAL RESEARCH

chosen based on reduced SPP1 transcript
expression pattern in JF1/Msf lungs
compared with C3H/He]J during peak phase
of alveologenesis (P14) and completion of
alveologenesis (P28). In addition, insulin-
like growth factor 1 (IGF1), wingless-
related mouse mammary tumor virus
integration site 5A (WNT5A), Hedgehog-
interacting protein (HHIP), notch 1
(NOTCHL1), CD44 antigen (CD44)
transcripts were assessed by qRT-PCR
using lung RNA from P14 or P28 Spp1~/~
or from P14 or P28 Spp1™**/ mice.

Data are presented as mean values of #n
observations * the standard error (SE).
Group comparisons were performed using
ANOVA and all pairwise comparisons
procedure (Holm-Sidak method) (Plot 11.0
software; Sigma). Significant differences in
transcript levels for the microarray data
were analyzed using ANOVA (Partek
Genomics Suite; Partek, St. Louis, MO).

Results

Lung SPP1 Transcript and

Protein Expression

Lung SPP1 transcripts decreased in JF1/Msf
mice as compared with C3H/HeJ mice
during various stages of postnatal lung
development between P14 and P70
(Figure 1A). At P7, lung SPP1 transcripts
in JF1/Msf mice were not significantly
different than in C3H/HeJ] mice. However,
from P14 onward, lung SPP1 transcripts
decreased in JF1/Msf as compared with
C3H/HeJ mice. At P28, lung SPP1 protein

decreased in JF1/Msf as compared with
C3H/HeJ mice (Figure 1B).

Spp1 Promoter Analysis
The mouse Sppl promoter contained
a functional RUNX2 binding site (—136
to —130) (33). A 13-bp insertion
(rs234069704) at position —130 (5'-
TTTTTTTTTTTTA-3") was located at the
3’ end of this binding site that increases
transcriptional responsiveness to RUNX2
in the C3H/He] promoter as compared
with that of the C57BL/6] promoter (34).
To further analyze the mouse Spp1
promoter, approximately 700-bp fragments
5" from the transcription start site of the
mouse Sppl gene were PCR amplified
using the JF1/Msf or C3H/He] DNA as
a template and sequenced. These sequences
were aligned to the reference sequence
(obtained from C57BL/6]) (see Figure E1 in
the online supplement), and six genetic
variants (four single SNPs and two
insertions) were identified that differed
between JF1/Msf and C3H/He] mice (see
Table E1). Like the reference C57BL/6], the
JF1/Msf promoter lacks the 13-bp insertion
rs234069704. The variation in sequence was
then analyzed using Matinspector (38) to
identify which of the other four genetic
variants could alter putative transcriptional
binding sites. Two of the identified SNPs at
position —158 (rs264140167) and —198
(rs47003578) could alter putative binding
sites.

Sequence information of these two
SNPs was used to generate 25-mer
biotinylated oligonucleotide probes for
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Figure 1. Lung secreted phosphoprotein 1 (SPP1) transcript and protein decreased in JF1/Msf mice
as compared with C3H/Hed mice. (A) During postnatal lung development (i.e., postnatal day [P]
7-P70), lung SPP1 transcript decreased in JF1/Msf mice as compared with C3H/Hed mice.
Previously we determined that JF1/Msf mice have diminished lung function as compared with C3H/
Hed mice (20, 21). Reduced transcripts (~ 4-fold) were first noted at P14, which is the peak stage of
alveologenesis. (B) Lung SPP1 protein decreased 1.7-fold in P28 JF1/Msf mice as compared with
P28 C3H/Hed mice. Values are mean =+ SE (n = 5 mice/strain). Statistical significance (*P < 0.05) was
determined by ANOVA and by the all pairwise comparisons procedure (Holm-Sidak method).
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EMSA of nuclear protein extract prepared
from MLE-15 cells. SNP rs264140167
(—158 nucleotides from the transcription
start site) in the Sppl promoter region
alters the nuclear protein-target DNA
binding capacity. The 25-mer probes (—144
to —168 bp) containing C3H/He] T

allele in the middle of the biotinylated
oligonucleotide increased the DNA protein
binding (i.e., the C3H/HeJ T allele formed
slow migrating complexes and enhanced
the intensity of a faster migrating complex
compared with the JF1/Msf G allele)
(Figure 2). The C3H/He] T allele forms an
additional putative RUNX2 binding site
not present in the JF1/Msf G allele. No
difference in protein binding was noted in
the EMSA when probes were generated
from the rs47003578 SNP (JF1/Msf G allele
versus C3H/HeJ A allele), which is located
—198 nucleotides from the transcription
start site (Figure E2).

We examined the lung functions of 36
inbred strains of mice to determine the
possible functional consequence of
rs47003578 SNP (JF1/Msf G allele versus
C3H/HeJ A allele). This includes nine
strains that had been previously phenotyped
(19, 20) and 27 additional mouse strains
(Table 1). Mice with the JF1/Msf allele had
decreased TLC (G allele = 1,144 + 13
versus T allele = 1,205 = 25 pl; n = 345
mice), decreased specific TLC/body weight
(G allele = 54 = 1 versus T allele =57 = 1
wl/g; n = 369 mice), and increased specific
compliance (Cr/TLC) (G allele = 58 * 1
versus T allele = 54 = 1 pl/cm H,O/ml; n =
354 mice) (n = 7-15 mice/strain, 12-14
wk). These differences are ~ 11, 17, and
21%, respectively, of the phenotypic
difference we have previously observed in
the extremely divergent mouse strains (19,
20). Body weight (G allele = 22.5 = 0.4
versus T allele = 22.6 * 0.6 g; n = 382 mice)
and other lung function measurements
(e.g., dead space volume) were not
statistically different between genotypes.

SPP1 Induces Mouse

Pneumocyte Growth

Considering that lung SPP1 transcripts and
protein decreased in JF1/Msf mice during
the peak stage of alveologenesis, we
investigated whether SPP1 protein could
stimulate the growth of MLE cells. MLE-15
cell proliferation increased 48 hours

after treatment with 2 and 4 pg/ml SPP1
(Figure E3).
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Figure 2. Genetic variant in secreted phosphoprotein 1 (Spp1) promoter alters nuclear protein
binding capacity. Electrophoretic mobility shift assay of nuclear protein extract prepared from mouse
lung epithelial cells (MLE15) and 25-mer probes (—144 to —168 bp from the start site). The single
nucleotide polymorphism rs264140167 (—158 nucleotides from the transcription start site) in the
Spp1 promoter region was used to generate 25-mer probes containing the C3H/Hed T allele or the
JF1/Msf G allele in the middle of the biotinylated oligonucleotide. The C3H/HeJ T allele increased the
DNA protein binding to form slow migrating complexes (arrow 1) and enhanced the intensity of
a faster migrating complex (arrow 2) compared with the JF1/Msf G allele. The C3H/HedJ T allele forms
an additional putative runt-related transcription factor 2 (RUNX2) binding site not present in the JF1/
Msf G allele.

(Spp1™/~) = 48 + 1 versus Spp1™*+'*) =
58 * 1 ul/g), and increased specific Cy,
(Spp1™/~) = 54 *+ 1 versus Spp1™/*) =

Lung Function of Spp1~’~) Mice
Analysis of lung function revealed that
Spp1"™'7) had decreased TLC (Spp1“™"~’ =

are approximately 33, 38, and 16%,
respectively, of the phenotypic difference
we have previously observed in the
extremely divergent mouse strains (20).
Other lung function measurements
(including dead space volume and diffusion
capacity/TLC) and BW (Spp1/~’ =21.5 +
0.9 versus Spp1™'*) = 21.0 = 0.8 g)

were not statistically different between
Spp1/~) and Spp1™’*’ mice.

Lung Morphometry and SPP1
Immunohistochemical Location
Increased L, indicates decreased alveolar
surface area. The mean chord length in
Spp1©"~) increased as compared with
Spp1™*/*) mice (Figure 4). This was
detected in P28 mice when lung
development is just completed and is
indicative of impaired alveologenesis.
Immunobhistological analysis localized SPP1
protein to the bronchial epithelium,
alveolar macrophage, and weakly to the

1,034 + 25 versus Sppl /") = 1,220 = 47 * 1 pl/em H,O/ml) (n = 8 mice/strain, alveolar type II cell in adult SppI™"*’ mice
22 wl), decreased specific TLC/body weight  12-14 wk) (Figure 3). These differences (Figure E4).
Table 1. Lung Function Values of 27 Inbred Mouse Strains (female; N = 252 mice)
Mice Phenotyped/ Age* BW* BW TLC* TLC TLC/BW* TLC/BW sC* sC. Vo* Vpb

Strain Strain (wk) (9) SE (ud) SE (ul/g) SE (ml) SE () SE
AKR/J 8 16.0 30.6 1.2 1,176 32 40.9 1.5 49.8 2.7 231 4
BALB/cJ 10 13.9 22.7 0.8 1,277 17 60.2 25 63.9 3.0 233 2
BPL/1J 10 14.2 16.9 0.4 1,046 16 66.5 1.7 72.4 3.2 230 2
BTBR T tf/ 8 13.9 31.9 0.6 1,409 26 46.5 1.6 58.2 1.7 251 3

J
BUB/BnJ 10 141 25.6 0.6 1,097 38 451 1.2 58.0 3.2 225 2
C3HeB/FeJ 10 14.4 25.7 0.9 1,480 33 61.6 2.3 72.9 4.0 232 3
C57BL/10J 10 14.3 20.7 0.4 1,034 11 52.7 1.0 51.2 0.7 233 4
C57BLKS/J 10 14.3 21.7 0.6 1,131 24 54.8 1.2 55.6 2.7 233 5
C57BR/cdJ 9 13.9 24.0 1.1 1,116 28 49.1 2.2 54.4 3.0 221 4
C571L/d 9 15.8 22.7 0.3 1,209 26 55.8 0.9 55.0 1.3 244 2
C58/J 10 14.7 19.8 0.5 1,002 20 53.7 0.9 53.2 1.1 215 2
CBA/J 10 15.3 28.6 0.5 1,177 17 43.4 0.9 59.8 3.4 242 1
DBA/1J 8 16.4 20.9 0.5 971 14 49.2 1.4 52.7 21 231 5
DBA/2J 8 15.4 24.2 0.8 1,054 17 45.8 1.7 58.0 1.3 232 3
KK/HIJ 7 13.9 35.0 1.3 1,304 29 39.6 15 47.0 1.9 246 2
LP/J 8 14.3 18.9 0.5 1,074 29 59.6 1.7 61.6 29 241 4
MRL/MpJ 10 13.9 35.5 1.3 1,519 42 45.0 1.1 56.3 3.7 251 3
NOD/ShilLtJ 8 15.1 21.9 0.6 1,012 25 48.8 1.6 60.7 2.4 222 2
NON/ShiLtJ 8 14.3 31.3 0.9 1,426 26 48.4 1.6 75.1 3.2 255 2
NZL/LtJ 9 14.4 36.3 1.9 1,409 34 41.9 2.2 59.6 25 230 2
NZW/LacJ 8 14.3 27.4 0.8 1,218 26 46.8 0.7 75.9 55 250 4
PL/J 10 141 20.5 0.7 956 13 49.7 1.2 49.0 1.2 210 3
PWD/PhJ 14 15.2 15.8 0.3 967 21 64.8 1.5 334 1.2 202 5
RINS/J 10 14.2 17.8 0.4 995 25 59.2 2.0 55.1 3.3 221 3
SJL/AJ 10 13.9 20.2 0.5 857 11 44.6 1.2 48.5 2.1 198 5
SM/J 10 15.4 141 0.3 881 25 62.6 1.6 471 2.3 222 7
WSB/EiJ 10 14.9 14.3 0.3 744 28 53.8 1.9 40.8 1.7 201 4

Definition of abbreviations: BW, body weight; sC,, specific static compliance of the lung [C/TLC in ml (wl/cm H,O/mlI TLC)]; SE, standard error; TLC, total

lung capacity; TLC/BW, specific total lung capacity; Vp, dead space volume.
*Values are means.
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Figure 3. Lung function measurements of secreted phosphoprotein 1-deficient [Spp1 =/ ")] mice
compared with strain-matched control [Spp 7™ mice. (A) Spp7/~) mice have 15% decreased
total lung capacity (TLC) [Spp 7™ = 1,034 = 25 versus Spp 1™ = 1,220 = 22 pl]. (B) Spp1™"~

mice have 17% decreased specific TLC (TLC/body weight) (Spp7(™~ = 48 + 1 versus Spp1

(+/+) _

58 = 1 wl/g). (C) Spp1"~ mice have 14% increased specific compliance (sC.) compared with
Spp 1™ mice (Spp1™ ) = 54 + 1 versus Spp1™’* = 47 + 1 pl/cm H,O/m). Values are mean =+
SE (n = 8 mice/strain; age = 12-14 wk). Statistical significance (*P < 0.001) was determined by
ANOVA and by all pairwise comparisons procedure (Holm-Sidak method).

Transcriptomic analysis
To assess the lung transcriptomic profile
during P14 (peak alveologenesis phase) and

A R 3 Mand e A
L 8 .‘v)f’i{‘x.

Yl ® X
T s
Ry LA A

Mean Chord Length (pm)
o

P28 (completion of alveologenesis and lung
development), microarray analysis was
performed with mRNA isolated from

*

Spp1(+/+} Spp1(-/-)

Figure 4. Comparison of alveolar air space size between Spp1™/7) and strain-matched control
[Sop 1) mice at the age of 4 weeks when alveolarization is completed. (4) Spp1™/*); (B) Spp1™/).
Lung morphometric analysis revealed 14% increased mean chord length in Sppﬂ’/’) mice (Lm:
29.7 + 0.3 wm) compared with Spp 7™ * mice (Lm: 26.0 + 0.3 pm) (C). Values are mean = SE (1 =5
mice/strain). Statistical significance (*P < 0.05) was determined by ANOVA and by all pairwise

comparisons procedure (Holm-Sidak method).
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Spp1©™'~) and Spp1™*'*) mouse lung. P14
and P28 were chosen based on reduced
SPP1 transcript expression pattern in JF1/
Msf lungs compared with C3H/He].
Initially, we examined the transcripts that
were increased or decreased at P14 or

P28 (n = 7,384). These transcripts were
significantly enriched in genes associated
with gene onotogy category GO:0030324
lung development (n = 132 significant of
387 in the category; P = 1.0E-08) (Figure 5).
These 132 transcripts grouped into four
clusters including transcripts that decreased
at P14 and P28, increased at P14 and
decreased at P28, decreased at P14 and
increased at P28, or increased at P14 and
P28. These clusters were analyzed for
enrichment in transcripts associated with
canonical pathways using Ingenuity
Pathway Analysis. The top pathway for
each cluster included retinoic acid receptor
activation (P = 1.7E-06), aryl hydrocarbon
receptor signaling (P = 1.4E-04),

notch signaling (P = 7.8E-04), bone
morphogenetic protein signaling pathway
(P = 1.8E-0.8), and fibroblast growth factor
(FGF) signaling (P = 1.5E-0.6), respectively.

Transcripts = 1.5-fold increased or <
1.5-fold decreased in Spp1©/~” lung as
compared with Spp1™’* were analyzed for
enriched pathways using Database for
Annotation, Visualization, and Integrated
Discovery (DAVID) (39, 40). The enriched
categories of Gene Ontogeny (GO) molecular
function, GO biological process, GO cell
component, and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways were
determined. Ten transcripts with the greatest
difference between strains at age P14 or P28
in each of these GO/KEGG categories are
listed in Tables 2-5.

The GO/KEGG categories at P14
containing increased transcripts (n = 738
transcri?ts with unique Entrez Gene ID)
in Sppl /=) mouse lung were protein
tyrosine kinase activity, blood vessel
morphogenesis, and cell projection
(Table 2). Several genes or gene products in
these pathways have been associated with
abnormal lung development or lung
disease (e.g., asthma, or COPD). Noteworthy
transcripts in these categories/pathways
included FGF receptor 3 (FGFR3) (41);
hypoxia inducible factor 1, o subunit (HIF1A)
(42); intelectin 1 (ITLN1) (43, 44); and heme
oxygenase 1 (HMOXI1) (45, 46).

The GO/KEGG categories at P14
containing decreased transcripts (n = 388)
in Spp1”"~) mouse lung were peptidase
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Figure 5. Hierarchical clustering of altered transcripts associated with lung development in Spp 7™~ compared with strain-matched control [Spp 1!
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mice at P14 or P28. Transcripts were significantly enriched in genes associated with lung development (n = 132 significant of 387 in the category;

P = 1E-08). Four major clusters were identified: decreased at P14 and P28 (A), increased at P14 and decreased at P28 (B), decreased at P14 and
increased at P28 (C), or increased at P14 and P28 (D). Significant difference in transcript levels for the microarray data was analyzed using ANOVA
(P < 0.05). Fold change color scale is adjacent to the heat map. Values are means (n = 6-14 mice/strain), with yellow denoting increased and purple
denoting decreased in Spp 7™~ compared with strain-matched control (Spp7(**/) mice. Each row represents a gene, and each column represents

mean difference for P14 or P28.
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Table 2. Increased Lung Transcripts in Secreted Phosphoprotein 1-Deficient Mice at Postnatal Day 14

Gene Symbol Entrez Gene ID Fold Change P Value Description Enrichment Score
Molecular function: GO:0004713 protein tyrosine kinase activity 1.8
Dyrk1a 13548 2.24 0.002 dual-specificity tyrosine-(Y)-phosphorylation
regulated kinase 1a
Ltk 17005 2.1 0.028 leukocyte tyrosine kinase
Fgfr3 14184 1.95 <0.001 fibroblast growth factor receptor 3
Map2k6 26399 1.82 0.005 mitogen-activated protein kinase kinase 6
Cdc7 12545 1.74 0.034 cell division cycle 7 (Saccharomyces cerevisiae)
Tyk2 54721 1.64 <0.001 tyrosine kinase 2
Blk 12143 1.59 0.029 B lymphoid kinase
Epha5 13839 1.59 <0.001 Eph receptor A5
Ntrk2 18212 1.55 0.002 neurotrophic tyrosine kinase, receptor, type 2
Ephb3 13845 1.51 <0.001 Eph receptor B3
Biological process: GO:0048514 blood vessel morphogenesis 2.3
Hif1a 15251 214 0.005 hypoxia inducible factor 1, alpha subunit
Tbx20 57246 2.09 0.001 T-box 20
Wi 22431 1.83 0.029 Wilms tumor 1 homolog
Hmox1 15368 1.69 0.001 heme oxygenase (decycling) 1
Foxm1 14235 1.67 0.027 forkhead box M1
Cavil 12389 1.58 0.018 caveolin 1, caveolae protein
Ovol2 107586 1.57 <0.001 ovo-like 2 (Drosophila)
Ntrk2 18212 1.55 0.002 neurotrophic tyrosine kinase, receptor, type 2
DIll4 54485 1.55 0.001 delta-like 4 (Drosophila)
Ccbet 320924 1.51 0.014 collagen and calcium binding EGF domains 1
Tnni3 21954 1.50 0.045 troponin |, cardiac 3
Cellular component: GO:0042995 cell projection .8
Itin1 16429 4.32 0.018 intelectin 1 (galactofuranose binding)
Prph 19132 212 0.027 peripherin
Exph5 320051 2.03 0.005 exophilin 5
Myl7 17898 1.86 0.015 myosin, light polypeptide 7, regulatory
Dynltic 1E+08 1.80 <0.001 dynein light chain Tctex-type 1C
Ctnnd1 12388 1.79 0.020 catenin (cadherin associated protein), delta 1
Dpysl5 65254 1.71 0.001 dihydropyrimidinase-like 5
C2cd3 277939 1.67 0.050 C2 calcium-dependent domain containing 3
Cyth3 19159 1.67 0.006 cytohesin 3
Tesc 57816 1.64 0.024 tescalcin
KEGG pathway: mmu05414: dilated cardiomyopathy 1.9
Grik2 14806 2.68 0.001 glutamate receptor, ionotropic, kainate 2 (beta 2)
Myh6 17888 2.22 0.017 myosin, heavy polypeptide 6, cardiac muscle,
alpha
Mybpc3 17868 2.09 0.004 myosin binding protein C, cardiac
Atpla2 98660 1.88 0.006 ATPase, Na+/K+ transporting, alpha 2 polypeptide
Adrb1 11554 1.83 <0.001 adrenergic receptor, beta 1
Tnnct 21924 1.80 0.035 troponin C, cardiac/slow skeletal
Adrb3 11556 1.72 <0.001 adrenergic receptor, beta 3
Actg1 11465 1.70 0.003 actin, gamma, cytoplasmic 1
Atp2a2 11938 1.66 0.004 ATPase, Ca?* transporting, cardiac muscle, slow
twitch 2
Tnni3 21954 1.50 0.045 troponin |, cardiac 3

Definition of abbreviations: GO, gene ontogeny; KEGG, Kyoto Encyclopedia of Genes and Genomes.

activity, response to wounding, extracellular
space, and cytokine—-cytokine receptor
interaction (Table 3). Noteworthy transcripts
in these categories/pathways included matrix
metalloproteinase 25 (MMP25; aka MT-
MMP6) (47), thrombospondin 1 (THBS1)
(48, 49), Toll-like receptor 1 (TLR1) (50, 51),
TLR5 (52), chitinase 3-like 1 (CHIL3L1)
(53, 54), and IL 12b (IL12B) (55, 56).

The GO/KEGG categories at P28
containing increased transcripts (n = 1,436)
in Sppl(f/ ~) mouse lung were zinc ion

Ganguly, Martin, Concel, et al.: SPP1 and

binding, regulation of transcription,
microtubule cytoskeleton, and cell cycle
(Table 4). Noteworthy transcripts in these
categories/pathways included forkhead
box P2 (FOXP2) (57), midline 1 (MID1)
(58), metal response element binding
transcription factor 1 (MTF1) (59), SRY-box
containing gene 9 (SOX9) (60), SOX5 (61),
nuclear factor I/A (NFIA) (62), and sperm-
associated antigen 17 (SPAG17) (63).

The GO/KEGG categories at P28
containing decreased transcripts (n = 1,161)

Lung Function Development

in Sppl(f/ ~) mouse lung were protein
kinase activity, protein kinase cascade,
cell-cell junction, and tight junction
(Table 5). Noteworthy transcripts in these
categories/pathways included casein kinase
1, epsilon (CSNKIE) (64), mitogen-
activated protein kinase 6 (MAPK6; a.k.a.
ERK3) (65), mechanistic target of
rapamycin (serine/threonine kinase)
(MTOR) (66), oncostatin M (OSM) (67,
68), TLR6 (69), mucin 20 (MUC20) (70,
71), MAD homolog 1 (SMAD1) (72, 73),
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Table 3. Decreased Lung Transcripts in Secreted Phosphoprotein 1-Deficient Mice at Postnatal Day 14

Gene Symbol Entrez Gene ID Fold Change P Value Description Enrichment Score
Molecular function GO:0008233 peptidase activity 2.4
Adamts4 240913 -5.8 0.005 a disintegrin-like and metallopeptidase (reprolysin
type) with thrombospondin type 1 motif, 4
Adam28 13522 —-2.5 0.007 a disintegrin and metallopeptidase domain 28
Agbl3 76223 —-25 0.001 ATP/GTP binding protein-like 3
Mmeld 27390 -2.3 0.026 membrane metallo-endopeptidase-like 1
Adamdec1 58860 —-2.2 0.044 ADAM-like, decysin 1
Qpct 70536 -1.8 0.042 glutaminyl-peptide cyclotransferase (glutaminyl
cyclase)
Acr 11434 -1.7 0.037 acrosin prepropeptide
Ecell 13599 -1.7 0.025 endothelin converting enzyme-like 1
Mmp25 240047 -1.6 0.004 matrix metallopeptidase 25
Usp36 72344 -1.5 0.003 ubiquitin specific peptidase 36
Biological process GO:0009611 response to wounding 15
Gp9 54368 —2.4 0.012 glycoprotein 9 (platelet)
Thbs1 21825 —-2.1 0.010 thrombospondin 1
Tnfrsf1b 21938 -2.1 <0.001 tumor necrosis factor receptor superfamily, member
1b
Tir1 21897 -2.0 0.083 Toll-like receptor 1
P2ry12 70839 -1.9 0.003 purinergic receptor P2Y, G-protein coupled 12
Pf4 56744 -1.7 <0.001 platelet factor 4
TIr5 53791 -1.6 0.048 Toll-like receptor 5
Hpsb5 246694 —-1.6 0.032 Hermansky-Pudlak syndrome 5 homolog (human)
Treml1 71326 -1.6 0.017 triggering receptor expressed on myeloid cells-like 1
Ccl19 24047 -1.5 0.029 chemokine (C-C motif) ligand 19
Cellular component GO:0005615 extracellular space 2.8
Afm 280662 -4.6 0.001 afamin
Enpp1 18605 -29 0.045 ectonucleotide pyrophosphatase/
phosphodiesterase 1
Chi31 12654 -2.8 0.024 chitinase 3-like 1
Cilp 214425 —-2.8 0.005 cartilage intermediate layer protein, nucleotide
pyrophosphohydrolase
Spon2 100689 =27 0.016 spondin 2, extracellular matrix protein
Apoc2 11813 —2.7 0.025 apolipoprotein C-II
Adam28 13522 —-25 0.007 a disintegrin and metallopeptidase domain 28
Gdf3 14562 —-2.5 0.029 growth differentiation factor 3
Mmp8 17394 -24 0.034 matrix metallopeptidase 8
Grp 225642 -2.3 0.004 gastrin releasing peptide
KEGG pathway mmu04060: cytokine-cytokine receptor interaction 1.8
Ccr8 12776 —-2.8 0.014 chemokine (C-C motif) receptor 8
Ccl7 20306 —-2.4 0.047 chemokine (C-C motif) ligand 7
Cxcr2 12765 —-2.3 0.010 chemokine (C-X-C motif) receptor 2
Tnfrsf13c 72049 -2.3 0.038 tumor necrosis factor receptor superfamily, member
13c
Tnfrsf9 21942 —-2.1 0.039 tumor necrosis factor receptor superfamily, member
9
Ccl12 20293 -2.1 0.041 chemokine (C-C motif) ligand 12
12b 16160 -2.0 <0.001 interleukin 12b
Mpl 17480 -1.7 0.012 myeloproliferative leukemia virus oncogene
Pf4 56744 -1.7 >0.001 platelet factor 4
Inhbb 16324 -1.6 0.004 inhibin beta-B

FGFR3, protein phosphatase 2 (formerly 2A),
catalytic subunit, a isoform (PPP2CA) (74,
75), claudin 3 (CLDN3), CLDN4, CLDNS5,

CLDN7 (76-78), and lethal giant larvae with Spp1+/+/
homolog 2 (Drosphila) (LLGL2) (79, 80).

To further assess transcripts associated
with lung development, transcripts encoding ~ Discussion

IGF1, WNT5A, HHIP, notch 1 (NOTCH1),

NOTCH]I transcripts decreased in P14
Spp1”™'~) mice (Figure 6A). At P28, only
HHIP was decreased in Spp1”™~’ compared
mouse lung (Figure 6A).

this study, we assessed the functionality

of Spp1 located within another QTL for

lung function for its plausible role as

a pulmonary function determinant in mice.
Mammalian lung development is

a precisely orchestrated process that

involves lung airway branching

morphogenesis and alveolarization along

and CD44 antigen (CD44) were assessed
by QRT-PCR. As compared with P14 Spp17*/*/
mice, lung IGF1, WNT5A, HHIP, and
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Rapid identification of functional candidate
genes in mice has been valuable in providing
insights into human lung development. In

with angiogenesis and vasculogenesis during
embryonic and postnatal periods (81).
Severe impairments during any
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Table 4. Increased Lung Transcripts in Secreted Phosphoprotein 1 Deficient Mice at Postnatal Day 28

Gene Symbol Entrez Gene ID Fold Change P Value Description Enrichment Score:
Molecular function: GO:0008270 zinc ion binding 9.2
Rag1 19373 11.07 0.013 recombination activating gene 1
Zfp14 243906 413 0.001  zinc finger protein 14
Trim59 66949 3.38 <0.001 tripartite motif-containing 59
Birc5 11799 2.82 0.016  baculoviral IAP repeat-containing 5
Snai2 20583 2.46 0.033 snail homolog 2 (Drosophila)
Foxp2 114142 2.06 0.024 forkhead box P2
Mid1 17318 1.97 0.034 midline 1
Naip6 17952 1.94 0.013 NLR family, apoptosis inhibitory protein 6
Rfwd2 26374 1.77 0.004 ring finger and WD repeat domain 2
Mtf1 17764 1.72 <0.001 metal response element binding transcription
factor 1
Biological process: GO:0045449 regulation of transcription 14.3
Dnmt3a 13435 2.80 0.010 DNA methyltransferase 3A
Runxi 12394 2.67 0.008 runt related transcription factor 1
Sox9 20682 2.52 0.005 SRY-box containing gene 9
Ccna2 12428 2.39 0.044 cyclin A2
Sox5 20678 2.16 0.011  SRY-box containing gene 5
Myb 17863 2.15 0.009 myeloblastosis oncogene
Egr3 13655 2.02 0.042 early growth response 3
Maf 17132 1.98 0.028 avian musculoaponeurotic fibrosarcoma (v-maf)
AS42 oncogene homolog
Nfia 18027 1.80 0.011  nuclear factor I/A
E22 242705 1.74 0.017 E2F transcription factor 2
Cellular component: GO:0015630 microtubule cytoskeleton 7.7
Tubel 71924 3.63 0.001  epsilon-tubulin 1
Aurka 20878 3.46 <0.001 aurora kinase A
Kifc1 1E+08 2.66 0.012 kinesin family member C1
Spag17 74362 2.36 0.005 sperm associated antigen 17
Tubd1 56427 2.22 0.001 tubulin, delta 1
Cep55 74107 2.01 <0.001 centrosomal protein 55
Haus8 76478 1.95 0.006 4HAUS augmin-like complex, subunit 8
Rpgrip1l 244585 1.83 0.021 Rpgrip1-like
TtI7 70892 1.78 0.041 tubulin tyrosine ligase-like family, member 7
C2cd3 277939 1.72 0.016 C2 calcium-dependent domain containing 3
KEGG pathway: mmu04110 cell cycle 2.9
Cdk1 12534 2.92 0.036 cyclin-dependent kinase 1
Bub1 12235 2.89 0.001  budding uninhibited by benzimidazoles 1 homolog
(Saccharomyces cerevisiae)
Skp2 27401 2.70 0.002 S-phase kinase-associated protein 2 (p45)
Ccnb1 268697 2.47 0.004 cyclin B1
Ccna2 12428 2.39 0.044 cyclin A2
Chek2 50883 2.25 0.043 CHK2 checkpoint homolog (Schizosaccharomyces
pombe)
Cdc20 107995 2.25 0.006 cell division cycle 20 homolog (S. cerevisiae)
Plk1 18817 2.10 0.008 polo-like kinase 1 (Drosophila)
Cdc25¢ 12532 2.09 0.038 cell division cycle 25 homolog C (S. pombe)
Anapc10 68999 1.81 0.011 anaphase promoting complex subunit 10

developmental stage can result in
bronchopulmonary dysplasia, neonatal
respiratory failure, and death (82).
However, mild structural or functional
defects due to aberrant lung development
(83) may increase susceptibility to
respiratory diseases (COPD, cystic fibrosis,
or asthma) that may be clinically detectable
only during childhood or later in life
through pulmonary function testing
(84-87). Therefore, it is important to detect
genetic abnormalities that can affect early

fetal and postnatal lung development;
postnatal lung growth and maturation;
and lung injury, repair, and remodeling
processes (84-90).

In mice, alveolarization takes place
between P5 and P30 and is controlled by
finely integrated and mutually regulated
networks of transcriptional factors, growth
factors, matrix components, and physical
forces (9, 89-92). Factors that adversely
affect the developing lung include
premature birth, oxygen exposure, early

Ganguly, Martin, Concel, et al.: SPP1 and Lung Function Development

corticosteroidal exposure, dysregulated
growth factor (IGF, WNT, NOTCH, BMP/
TGEFB, FGF, PDGF, VEGFA) signaling,
and abnormal regulation or injury of
the pulmonary capillary vasculature.
Individually and cumulatively, these factors
can result in hypoplasia of the alveolar
epithelial surface, with a resulting
deficiency in pulmonary function (e.g.,
decreased TLC or increased Cy).

As compared with C3H/HeJ mice, lung
SPP1 transcript decreased in JF1/Msf mice,
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Table 5. Decreased Lung Transcripts in Secreted Phosphoprotein 1-Deficient Mice at Postnatal Day 28

Gene Symbol Entrez Gene ID Fold Change P Value Description Enrichment Score
Molecular function: GO:0004672 protein kinase activity 2.4
Taok2 381921 —-3.12 0.001 TAO kinase 2
Phkg1 18682 —-3.03 0.003 phosphorylase kinase gamma 1
Tnk1 83813 —-2.70 0.015 tyrosine kinase, non-receptor, 1
Csnkie 27373 —2.64 0.002 casein kinase 1, epsilon
Mapk6 50772 —2.49 0.006 mitogen-activated protein kinase 6
PIk3 12795 -2.19 <0.001 polo-like kinase 3 (Drosophila)
Sgk2 27219 —-2.16 0.025 serum/glucocorticoid regulated kinase 2
Irak2 108960 —-2.15 0.025 interleukin-1 receptor-associated kinase 2
Mtor 56717 —-2.14 0.005 mechanistic target of rapamycin (serine/threonine
kinase)
Trib1 211770 -2.10 <0.001 tribbles homolog 1 (Drosophila)
Biological process: GO:0007243 protein kinase cascade 2.4
Gnal3 14674 —3.06 <0.001 guanine nucleotide binding protein, alpha 13
Osm 18413 —2.82 0.005 oncostatin M
TIr6 21899 —-2.62 0.007 Toll-like receptor 6
Muc20 224116 —-2.18 0.048 mucin 20
Irak2 108960 -2.15 0.025 interleukin-1 receptor-associated kinase 2
Ghrl 58991 —2.00 0.005 ghrelin
Edn1 13614 —1.99 0.012  endothelin 1
Pxn 19303 —-1.71 0.005 paxillin
Smad1 17125 —-1.65 0.045 MAD homolog 1 (Drosophila)
Dapk3 13144 —1.62 0.045 death-associated protein kinase 3
Fgfr3 14184 —1.53 0.033 fibroblast growth factor receptor 3
Cellular component: GO:0005911 cell-cell junction 2.5
Myl2 17906 -8.71 0.027 myosin, light polypeptide 2, regulatory, cardiac,
slow
Nrap 18175 -3.29 0.003 nebulin-related anchoring protein
Myh7 140781 —2.96 0.002 myosin, heavy polypeptide 7, cardiac muscle, beta
Ppp2ca 19052 —-2.60 <0.001 protein phosphatase 2 (formerly 2A), catalytic
subunit, alpha isoform
Csnk2a2 13000 —-2.40 0.003 casein kinase 2, alpha prime polypeptide
Shroom3 27428 —-2.27 0.016  shroom family member 3
Pcp4 18546 -2.10 0.006 Purkinje cell protein 4
Prkcz 18762 —-2.07 0.005 protein kinase C, zeta
Ppp2r2b 72930 —-2.05 0.039 protein phosphatase 2 (formerly 2A), regulatory
subunit B (PR 52), beta isoform
Cldn23 71908 —1.88 0.023 claudin 23
KEGG pathway: mmu04530: tight junction 1.9
Exoc4 20336 —1.86 0.032 exocyst complex component 4
Gjad 14612 —-1.81 0.001 gap junction protein, alpha 4
Pardéb 58220 -1.77 0.002 par-6 (partitioning defective 6) homolog beta
(Caenorhabditis elegans)
Myh9 17886 —-1.77 0.002 myosin, heavy polypeptide 9, nonmuscle
Cldn4 12740 -1.70 0.039 claudin 4
Ahnak 66395 -1.70 0.020 AHNAK nucleoprotein (desmoyokin)
Cldn5 12741 —1.69 0.006 claudin 5
Ligl2 217325 —1.58 0.017 lethal giant larvae homolog 2 (Drosophila)
Cldn7 53624 —1.55 0.016 claudin 7
Cldn3 12739 —-1.51 0.004 claudin 3

a strain with decreased lung function.
This decrease was noted from P14 onward,
which is the peak phase of alveologenesis in
mice. Alveolization takes place by the
process of septation of primitive saccules into
smaller units during late gestation in humans
and postnatally in mice. During this period
secondary crests develop and extend to form
alveoli, resulting in increased surface area for
gaseous exchange. Alveolization defects
result in large alveoli, reminiscent of the

abnormality found in emphysema but with
less overt destruction. Indicative of impaired
alveologeneis, Spp1”'~’ mice had increased
alveolar size (i.e., L,) that was detectable as
early as 4 weeks of age when the process is
just completed. Increased alveolar size also
implicates reduced alveolar surface area (S =
4V/Ly,) for gas exchange (93). At around

4 weeks of age, the lung development is
complete, and the lung assumes the
structure of an adolescent lung. Thus, P28 is

an important screening stage for evaluating
postnatal lung development (21).

Several genetic variants in the Spp1
proximal promoter differ between C3H/He]
and JF1/Msf mice. Previously, Sowa and
colleagues (34) identified a 13-bp insertion
(rs234069704) at position —130 located
at the 3’ end of the RUNX2 binding site.
This insertion increased transcriptional
responsiveness to RUNX2 in the C3H/He]
promoter as compared with that of the
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Figure 6. Transcripts associated with lung development are altered in Spp1¢~) as compared with strain-
matched control [Spp7™/*)] mice at P14 or P28. (4) Lung mRNA was isolated, and transcript levels were
determined by quantitative RT-PCR (gRT-PCR). Values are mean = SE (n = 6-14 mice/strain). Statistical
significance (P < 0.05) was determined by ANOVA and by all pairwise comparisons procedure (Holm-Sidak
method). (B) Protein—protein interaction network of SPP1 with proteins associated with lung development.
CTNNBH1, catenin (cadherin associated protein), B 1; CD44, CD44 antigen; FGF2, fibroblast growth factor 2;
FGFRS, fibroblast growth factor receptor 3; FZD1, frizzled class receptor 1; FZD4, frizzled class receptor 4;
FZD5, frizzled class receptor 5; GSK3B, glycogen synthase kinase 3 B; HES1, hes family bHLH transcription
factor 1; HHIP, hedgehog interacting protein; IGF1, insulin-like growth factor 1; IGFBP1, insulin-like growth
factor binding protein 1; IGFBP3, insulin-like growth factor binding protein 3; IGF2BP3, insulin-like growth factor
2 mRNA binding protein 3; IHH, Indian hedgehog; ITGAV, integrin a V; ITGB2, integrin B 2; NOTCH1, notch 1;
PTPRC, protein tyrosine phosphatase, receptor type, C (aka CD45); ROR2, receptor tyrosine kinase-like
orphan receptor 2; RUNX2, runt-related transcription factor 2; RUNXS,runt-related transcription factor 3; SHH,
sonic hedgehog; WNT5A, wingless-related MMTV integration site 5A.
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C57BL/6] promoter. Because JF1/Msf mice,
similar to C57BL/6] mice, lack the poly-T
insertions, the C3H/He] Sppl promoter
would also be more responsive to RUNX2
than the JF1/Msf promoter. In addition, we
examined whether SNPs at position —158
(rs264140167) or —198 (rs47003578) could
alter putative binding sites. The C3H/He] T
rs264140167 allele at —158 in the Spp1
promoter enhanced nuclear protein-target
DNA binding capacity. The C3H/He] T
allele forms an additional putative RUNX2
binding site not present in the JF1/Msf G
allele.

Several variants in the human SPPI
promoter have been identified and are
functional. For example, variants at —66
(rs28357094), —156 (rs11439060),
and —443 (rs11730582) bp from the
transcriptional start site can modify
activation by Sp1 transcription factor (SP1),
RUNX2, and v-myb avian myeloblastosis
viral oncogene homolog, respectively (94,
95). The —156 bp rs11439060 variant is an
insertion (—/G) that provides a functional
RUNX2 binding site and is near the —158
SNP in the mouse genome, which also
provides a putative RUNX2 binding site
in C3H/HeJ mice (Figure E5). Human
promoter SNPs also have been reported
as autoimmune risk variants for systemic
lupus erythematosus (96, 97), systemic
sclerosis (98), inflammatory bowel disease
(99), and rheumatoid arthritis (100).
RUNX2-mediated SPP1 promoter activity
can be inhibited by histone deacetylase 1
(101), and RUNX transcription factors have
been associated with increased risk of
asthma in children with in utero smoke
exposure (102, 103).

Similar to what we have reported
previously with primary human normal
lung fibroblast and with the A549 lung
epithelial cell line (27), SPP1 induced
mouse MLE-15 cell proliferation. SPP1 also
alters fibroblast migration (27), further
supporting its likely role in lung
development. The smaller TLC and higher
Cy in Spp1©"~ mice could be a result of
impaired alveologenesis. Inasmuch as SPP1
can influence the proliferation of type
II-like epithelial cells and lung fibroblasts,
the altered lung function in Spp1~"~ mice
may be due to increased alveoloar size or
diminished tissue elastic recoil of the
lungs. Therefore, impaired alveologenesis
could explain the decreased TLC and
increased C; observed in SPP1-deficient
mice.

647



ORIGINAL RESEARCH

Lung microarray analysis revealed
numerous differences in transcripts critical
to lung development in Spp1*~'~) mice as
compared with strain-matched control
mice. GO categories of molecular function,
biological process, and cell component and
KEGG pathways contained transcripts
associated with lung development (P14
increased FGFR3, HIF1A; P14 decreased
THBS1; P28 increased FOXP2, MTF1,
SOX5, SOX9, NFIA, and SPAG17; P28
decreased CSNKI1E, MAPK6, SMADI,
FGFR3, PPP2CA, CLDN3, CLDN4,
CLDNS5, CLDN7, and LLGL2) or lung
diseases including asthma (P14 increased
ITLN1; P14 decreased CHIL3L1 and IL12B;
P28 increased MID1; P28 decreased
MTOR, TLR6 and PPP2CA) and COPD
(P14 increased HMOX1; P14 decreased
MMP25; P28 increased SOX5). These
altered transcripts suggest that SPP1
interacts with a wide range of proteins that
regulate normal development and supports
the hypothesis that abnormal development
is a risk factor for chronic respiratory
diseases.

Lung IGF1, HHIP, WNT5A, and
NOTCHLI transcripts decreased in P14
Spp1©/~ mice as determined by qRT-PCR
analysis. These transcripts encoded proteins
that formed an interactive network that
included interactions of SPP1 with IGF1,
RUNX2, CD44, FGF2, and integrin oo V

(Figure 6B). Other proteins were required
to include HHIP, WNT5A, and NOTCH1
in the interactome that includes SPP1,
suggesting that SPP1 is associated with
these transcripts through indirect
interactions. In addition, the validated
transcripts encode proteins that have key
roles in the other regulatory networks that
control lung development. In mice, IGF1
regulates airspace formation by promoting
an elastogenic lineage in undifferentiated
mesenchymal cells (104) and is critical for
lung development (105).

HHIP regulates the hedgehog pathway
implicated in development and repair in
multiple tissues (106). Gene-targeted
HHIP-deficient mice display defective
airway branching morphogenesis and lung
hypoplasia that results in death due to
respiratory failure at birth (107). In
humans, SNPs located near HHIP have
been associated with lung development
and growth (108) and COPD (10-16,
107-111).

In mice, disruption of Wnt5a results
in distinct truncation of the trachea
and overexpansion of the distal
respiratory airways (112), whereas
overexpression of WNT5A interferes
with epithelial-mesenchymal crosstalk,
resulting in reduced airway branching and
dilated distal airways (113). In addition,
hedgehog and FGF signaling were altered

in WNTS5A overexpressing mice (113),
clearly indicating its role in lung
development.

NOTCH signaling is critical for normal
balance of differentiated cell fates in the
airway epithelium (114, 115). Transgenic
mice expressing a constitutively activated
NOTCHLI in the lung epithelium have
fewer ciliated cells and more mucin-
producing cells, suggesting its role in the
lineage determination of secretory or
nonsecretory cells (116, 117). The
NOTCHI pathway has been implicated in
SPP1 transcription in HESI-transfected
cells and can be inhibited by AML-1/ETO,
an inhibitor of RUNX2 (33).

To summarize, mice with decreased
SPP1 have smaller but more compliant
lungs, which is likely due to impaired
alveologenesis. This is accompanied by
altered expression patterns of key lung
developmental transcripts in P14 Spp1~/~
mice (during peak alveologenesis
phase) and increased alveolar airspace
detectable in P28 Spp1~/~) mice (when
alveologenesis is nearly complete).
Together, these findings support a key
role for SPP1 in lung development, which
adds to its known role in chronic lung
disease. M
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