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Pulmonary function after birth is dependent upon surfactant
lipids that reduce surface tension in the alveoli. The sterol-re-
sponsive element-binding proteins (SREBPs) are transcription
factors regulating expression of genes controlling lipid homeo-
stasis in many tissues. To identify the role of SREBPs in the lung,
we conditionally deleted the SREBP cleavage-activating protein
gene, Scap, in respiratory epithelial cells (Scap®'*) in vivo. Prior
to birth (E18.5), deletion of Scap decreased the expression of
both SREBPs and a number of genes regulating fatty acid and
cholesterol metabolism. Nevertheless, ScapA/ A mice survived
postnatally, surfactant and lung tissue lipids being substantially
normalized in adult Scap®/® mice. Although phospholipid syn-
thesis was decreased in type II cells from adult ScapA/ A mice,
lipid storage, synthesis, and transfer by lung lipofibroblasts were
increased. mRNA microarray data indicated that SCAP influ-
enced two major gene networks, one regulating lipid metabo-
lism and the other stress-related responses. Deletion of the
SCAP/SREBP pathway in respiratory epithelial cells altered
lung lipid homeostasis and induced compensatory lipid accu-
mulation and synthesis in lung lipofibroblasts.

Pulmonary surfactant consists of lipids and associated pro-
teins that reduce surface tension at the air-liquid interface. Sur-
factant is required for adaptation to air breathing after birth.
Lack of surfactant in preterm infants causes infantile respira-
tory distress syndrome and acute respiratory distress syndrome
in older individuals. Likewise, mutations in genes regulating
surfactant homeostasis, including SFTPB, SFTPC, and ABCA3,
disrupt surfactant homeostasis causing fatal respiratory dis-
tress or chronic lung disease (1, 2). Although various lipids play
a critical role in surfactant function, transcriptional mecha-

nisms regulating surfactant homeostasis in the respiratory epi-
thelium remain poorly understood.

In other tissues, transcriptional mechanisms regulating lipid
synthesis are known to be dependent on a number of transcrip-
tion factors, including CCAAT/enhancer-binding protein
(C/EBP)? isoforms, liver X receptor, peroxisome proliferator-
activated receptors (PPARs), and sterol regulatory element-
binding proteins (SREBPs) (3—6). Although transcriptional
networks regulating lipid homeostasis have been extensively
studied in other cell types, including hepatocytes and adipo-
cytes, less is known regarding transcriptional control of lipid
homeostasis in the respiratory epithelium. SREBP-1c, C/EBPaq,
and C/EBPé regulate lipogenic enzymes and transport proteins
in the lung (7-11). C/EBP isoforms and SREBP-1c mRNAs are
increased in the fetal rat lung during late gestation in associa-
tion with increased expression of surfactant proteins (A, B, C,
and D) (1). Induction of proteins regulating lipid synthesis and
surfactant proteins occurs during perinatal lung maturation
and is required for respiratory function at birth.

Three SREBP isoforms, SREBP-1a, SREBP-1c¢, and SREBP-2,
are synthesized as inactive precursors that are inserted into the
membranes of the endoplasmic reticulum (ER), where they
bind to SREBP cleavage-activating protein (SCAP). In response
to cholesterol depletion, SCAP transports the SREBPs from the
endoplasmic reticulum to the Golgi, where the NH,-terminal
domain of SREBP, the active form of the transcription factor, is
released by proteolytic cleavage by two proteases, S2P and S2P,
allowing the active SREBP to enter the nucleus where it binds
and activates transcription of target genes. SREBPs regulate
many aspects of lipid biosynthesis; SREBP-1a and, particularly,
SREBP-1c are relatively selective for the regulation of fatty acid
synthesis, whereas SREBP-2 is a more potent activator of cho-
lesterol synthesis (3, 12).

* This work was supported, in whole or in part, by National Institutes of Health
Grants HL-85610 and HL-90156 (to J. A. W.). The costs of publication of this
article were defrayed in part by the payment of page charges. This article
must therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

1 The on-line version of this article (available at http://www jbc.org) contains
supplemental Fig. 1 and Tables 1 and 2.

" To whom correspondence should be addressed: Cincinnati Children’s Hos-
pital Medical Center, Section of Neonatology, Perinatal and Pulmonary
Biology, 3333 Burnet Ave,, Cincinnati, OH 45229-3039. Tel.: 513-636-4830;
Fax: 513-636-7868; E-mail: jeff.whitsett@cchmc.org.

4018 JOURNAL OF BIOLOGICAL CHEMISTRY

2 The abbreviations used are: C/EBP, CCAAT/enhancer-binding protein; Ldlr,
low density lipoprotein receptor; SREBP, sterol regulatory element-bind-
ing protein; nSREBP, nuclear form of SREBP; ADFP, adipose differentiation
related protein; SCAP, SREBP cleavage-activating protein; Sftp, surfactant
protein; Sat PC, saturated phosphatidylcholine; PPAR, peroxisome prolif-
erator-activated receptor; ER, endoplasmic reticulum; ADFP, adipose dif-
ferentiation-related protein; RT, reverse transcription; BALF, bronchoal-
veolar lavage fluid; ESI-MS, electrospray ionization mass spectrometry; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; Pl, phosphatidylino-
sitol; PS, phosphatidylserine; rtTA, reverse tetracycline transactivation;
ATF, activating transcription factor.

pCEEYE

VOLUME 284 -NUMBER 6+ FEBRUARY 6, 2009


http://www.jbc.org/cgi/content/full/M805388200/DC1

Although SREBP-1c regulates a number of genes that are
known to influence surfactant homeostasis, lung pathology was
not detected in adult Srebf-1 gene-targeted mice (13), indicat-
ing that compensatory or redundant pathways maintain surfac-
tant lipid synthesis for respiratory function after birth (14). To
determine the role of the SREBP-regulating pathways in lung
lipid homeostasis, we conditionally deleted the Scap gene in
respiratory epithelial cells in the developing lung, thereby inac-
tivating all three SREBP isoforms. In this study, we show that
SCAP regulates both SREBPs and a number of genes control-
ling lipid homeostasis in the lung. Deletion of Scap altered lipid
content and synthesis. Maintenance of surfactant function in
Scap-deleted mice after birth was associated with compen-
satory lipid synthesis, accumulation, and transfer by lung
lipofibroblasts.

EXPERIMENTAL PROCEDURES

Transgenic Mice—Scap”** mice bearing a loxP-flanked

neo cassette located 3 kb 5" of Scap exon 1 and a third loxP site
located in intron 1 (15) were purchased from The Jackson
Laboratory (Bar Harbor, ME). Homologous recombination
between loxP sites was accomplished by expression of Cre
recombinase using (tetO),CMV-Cre'*® mice. The SP-C-
rtTA~ ~/* transgenic mouse line (16, 17) was used for respira-
tory epithelium-specific expression of reverse tetracycline
transactivation (rtTA) to cause permanent recombination of
the floxed allele after exposure of the dam to doxycycline (16,
17). Triple transgenic mice, herein termed Scap™’* mice, were
generated by mating (tetO),CMV-Cre ™ *¢/Scap/**/"** to SP-
C-rtTA"'¢/Scap™*7°* mice. Scap™*/** littermates lacking
either rtTA or Cre genes served as controls. Triple transgenic
mice SP-C-rtTA®®~, TetO-Cre'®~, Scap”**/"** are maintained
on a mixed background issued from the FVB/N strain (SP-
C-rtTA®~, TetO-Cre'® ") and the B6;129S6 background
(Scap*7°x). Genotypes were identified by PCR with
genomic DNA from the tails of mice using the forward
primer 5'-GCT CTG CGC ATC CTA TCC AAT TCC C-3’
and the reverse primer 5'-CAG CCG GCA AGT AAC AAG
GGA TCC G-3’ for Scap™*/°* Genotyping for SP-C-rtTA
and (tetO),CMV-Cre DNA was performed by PCR as
described previously (16).

Animal Husbandry and Doxycycline Administration—Mice
were maintained in a pathogen-free environment in accord-
ance with protocols approved by the Institutional Animal Care
and Use Committee of the Cincinnati Children’s Hospital
Research Foundation. All animals were housed in humidity-
and temperature-controlled rooms on a 12—-12-h light-dark
cycle. Mice were allowed food and water ad libitum. There was
no serological evidence of pulmonary pathogens or bacterial
infections in sentinel mice maintained within the colony. Ges-
tation was dated by detection of the vaginal plug (as E0.5) and
correlated with weight of each pup at the time of sacrifice.
Dams bearing control and Scap™’® mice were maintained on
doxycycline in food (625 mg/kg; Harlan Teklad, Madison, WT)
from E6.5 to E12.5 to cause widespread deletion of Scap in
progenitor cells that form the peripheral lung (18).

Tissue Preparation—Four- to eight-week-old mice were
anesthetized by an injection of 0.25 ml of anesthetic (ketamine,
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xylazine, and acepromazine) and then exsanguinated by sever-
ing the inferior vena cava. For fetal lung tissue analyses, dams
were killed by exsanguination, and fetal lungs were dissected for
analysis. Fetuses were removed from the uterine sac, weighed,
and crown-to-rump lengths determined to assess developmen-
tal age (19). Lung weights were measured after the heart, tra-
chea, and bronchi were removed.

In Situ Hybridization—In situ hybridization was performed
using **S-UTP-labeled riboprobe for Scap (a 2175-bp mouse
cDNA (GenBank™ accession number GI 47564087), sub-
cloned into pCRII, Invitrogen). I situ hybridizations were per-
formed on lung sections at E12.5, E14.5, E16.5, and E18.5 as
described previously (23). The exposure period was 5 weeks for
the material presented in Fig. 1. The material was photo-
graphed after counterstaining the sections with toluidine blue.

Isolation of Lung Fibroblasts and Alveolar Type II Epithelial
Cells—Fibroblasts and alveolar type II cells were isolated from
6-week-old control and Scap®’* mouse lung, using collagenase
and differential plating as described previously (22, 24). Fibro-
blasts and type II cells were used 2 h after isolation for RNA
analysis or cultured for study of lipid synthesis. Cell purity
for the alveolar type II cell and fibroblast fractions was deter-
mined by immunochemistry using rabbit polyclonal pro-
SP-C (1:2000, Seven Hills Bioreagents, Cincinnati, OH) and
vimentin (1:600, mouse IgM, Sigma) as described below.

RNA Isolation and Analysis—RNA was isolated from whole
lung, isolated lung fibroblasts, or alveolar type II cells from
8-week-old mice using TRIzol (Invitrogen). RNA was treated
with DNase at room temperature for 15 min before cDNA syn-
thesis. RNA (4 ug) was reverse-transcribed and then analyzed
by quantitative RT-PCR for using Smart Cycler (Cepheid,
Sunnyvale, CA). A list of genes and associated primers are
described in supplemental Table 1.

Cell Transfection and Luciferase Assay—Mouse lung epithe-
lial cells, MLE-15, an immortalized mouse lung epithelial cell
line that maintains some morphological and functional charac-
teristics of type II epithelial cells, were cultured in HITES
medium (20, 21). The surfactant protein reporter constructs
were described previously (20) and cotransfected with either
empty vector pcDNA3 or pCMV-nSREBP-1c plasmid, encoding
amino acids 1-436 of human nuclear (n) SREBP-1c purchased
from the American Type Culture Collection (ATCC, Manassas,
VA) or pcDNA3-nSREBP-1a and pcDNA3-nSREBP-2 described
previously (21). Forty eight hours after transfection, luciferase
activity was assessed and normalized for cotransfection efficiency
to [-galactosidase activity. All transfections were performed
in triplicate. pcDNA3 (Invitrogen) and pCMV-B-galactosidase
(Clontech) vectors were used to normalize DNA and transfection
efficiency, respectively.

Lung Histology, Histochemistry, and Immunostaining—Em-
bryonic lungs were immersed in 4% paraformaldehyde in phos-
phate-buffered saline (20 mm Tris'HCI, pH 7.6, 137 mm NacCl).
Four- to eight-week-old mice lungs were inflation fixed with
the same fixative at 25 cm of H,O before immersion. Lungs
were fixed overnight, washed with phosphate-buffered saline,
dehydrated in a series of alcohols, and embedded in paraffin.
Immunohistochemistry was performed on tissue sections using
a microwave antigen-retrieval technique for detection of tran-
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scription factors (Ki-67). Sections were pretreated with 3%
H,0, in methanol for inactivation of endogenous peroxidase
and then blocked in 4% normal serum for 2 h before incubation
with the primary antibody overnight at 4 °C. Antibodies used
were generated to Ki-67 (1:500, M7249, rat monoclonal,
DAKO, Carpinteria, CA), cleaved caspase-3 (1:1000, rabbit
polyclonal; R & D Systems, Inc., Minneapolis, MN), and adipose
differentiation related protein (ADFP) (1:1000, rabbit poly-
clonal) (22). After being rinsed, tissue sections were incubated
with biotinylated goat anti-rabbit or goat anti-rat IgGs (7.5
pg/ml; Vector Laboratories, Burlingame, CA) for 30 min and
detected with an avidin-biotin peroxidase complex detection
kit (Vectastain Elite ABC kit; Vector Laboratories, Burlingame,
CA) using nickel-diaminobenzidine as a substrate. The precip-
itation reaction was enhanced with Tris-cobalt, and the sec-
tions were counterstained with 0.1% of nuclear fast red. All
experiments shown are representative of findings from at least
four independent dams, each generating at least one or two
Scap™® mice that were compared with control littermates.

Oil Red O Staining—Lung sections were stained with Oil Red
O to detect neutral lipids according to the manufacturer’s pro-
tocol (Poly Scientific, Bayshore, NY). The number of Oil Red
O-stained cells was determined by a point-counting method on
6-week-old mice (30, 31). Five mice of both genotypes were
studied. Measurements were performed on two sections taken
at intervals throughout the left, right upper, or right lower
lobes. Sections were viewed and photograph using a X20 objec-
tive, and the digital images (fields) were analyzed using Meta-
Morph imaging software (Molecular Devices, Downingtown,
PA). A computer-generated, 121-point lattice grid was super-
imposed on each field, and the number of Oil Red O-stained
cells was counted manually. The density of Oil Red O stained
cells was calculated by dividing the number of Oil Red
O-stained cells by alveolar area (mm?). Fifteen fields per section
were analyzed to gather the data. The x and y coordinates for
each field measured were selected by a random number gener-
ator. Bronchioles, large vessels, and smaller arterioles and
venules were excluded from the study.

Saturated Phosphatidylcholine (Sat PC) Measurement—
Eight-week-old mice (n = 5/group) were anesthetized and
killed by exsanguination. Tracheas were cannulated, and five
1-ml aliquots of 0.9% NaCl were flushed into the lungs and
withdrawn by syringe three times for each aliquot. The lavaged
lung tissue was removed and homogenized in 2 ml of 0.9%
NaCl. Sat PC in lipid extracts of bronchoalveolar lavage fluid
(BALF) and lung tissue were isolated with osmium tetroxide
(25) followed by phosphorus measurement, as described previ-
ously (26). The volumes of recovered BALF from all the groups
were similar.

Electrospray lonization-Mass Spectrometry of Phospholipid
Molecular Species—BALF and lung tissue phospholipids were
extracted with chloroform and methanol according to Bligh
and Dyer (27) after adding the following internal standards
(nmol/107 cells): PC14:0/14:0 (15 nmol), PE14:0/14:0 (4 nmol),
PG14:0/14:0 (2 nmol), and PS14:0/14:0 (2 nmol). Electrospray
ionization mass spectrometry (ESI-MS) of phospholipids was
performed as described previously (28). The volumes of recov-
ered BALF from all the groups were similar.
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Precursor Incorporation into Phosphatidylcholine (PC) and
Secretion—After cell isolation and differential plating, fibro-
blasts were grown for 24 h in Dulbecco’s modified Eagle’s
medium containing 20 mm HEPES, 50 units of penicillin/ml, 50
pg of streptomycin/ml, and 5% fetal calf serum and supple-
mented with 1 wCi/ml [*H]choline chloride (PerkinElmer Life
Sciences). Alveolar type II cells were cultured on Matrigel
matrix-rat tail collagen (70:30 v/v) in bronchial epithelial cell
growth medium minus hydrocortisone plus 5% charcoal-
stripped fetal bovine serum and 10 ng/ml keratinocyte growth
factor for 5 days (24) and then cultured for 48 h with the same
medium supplemented with 1 uCi/ml [*H]choline chloride.
After culture in the presence of the isotope, cells were washed
with saline solution and replaced in culture medium without
the isotope for 3 h. After 3 h of secretion, conditioned media
and adherent cells were harvested separately. Lipids were
extracted with chloroform and methanol (27), and radioactivity
in PC was counted. Percent secretion at 3 h was estimated from
the amount of radioactive PC in the conditioned media divided
by the sum of the radioactive PC in the conditioned media and
cell extract. Cell numbers and volumes of recovered condi-
tioned media from all the groups were similar.

Lipid Uptake—After cell isolation and differential plating,
fibroblasts were cultured for 24 h in medium, as described pre-
viously, supplemented with 1 wCi/ml [*H]choline chloride or 1
wCi/ml [**Clacetate (PerkinElmer Life Sciences). After culture
in the presence of the isotope, cells were washed with saline
solution and replaced in culture medium without the isotope
for 4 h. After 4 h of secretion, fibroblast-conditioned media
were harvested, and radioactivity was counted and stored at
—20°C. Alveolar type II cells were cultured on Matrigel as
described previously for 3 days (24), washed with saline solu-
tion, and then cultured for 4 h with fibroblast-conditioned
media. After 4 hin fibroblast-conditioned media, adherent cells
were washed and harvested. An aliquot of the cell suspension
was taken to estimate protein concentration determined by the
Bradford assay, and the remaining cell suspension was ex-
tracted for lipid content with chloroform and methanol, and
radioactivity in PC was counted. Percentage of uptake at 4 h was
estimated from the amount of radioactive PC in the type II cells
divided by the sum of the radioactive PC in the conditioned
media and cell extract.

Triglyceride and Cholesteryl Ester Measurements—Lipid
extracts of BALF, lung tissue, alveolar type II cells, and lung
fibroblasts recovered from 8-week-old mice (n = 5/group) were
assayed for triglyceride and cholesteryl ester content according
to the manufacturer’s protocol using the triglyceride quantifi-
cation kit (BioVision, Mountain View, CA) and the cholesterol/
cholesteryl ester quantification kit (EMD Chemicals, Inc., San
Diego, CA), respectively. The volumes of recovered BALF from
all the groups were similar. The protein concentration in each
fraction was measured by the Bradford assay (Bio-Rad) and was
used to normalize triglyceride and cholesteryl ester contents in
each fraction.

Ultrastructure Studies—Lung tissue from 8-week-old Scap®'®
mice and littermate controls was fixed in modified Karnovsky’s
fixative consisting of 2% glutaraldehyde and 2% paraformalde-
hyde in 0.1 M sodium cacodylate buffer (SCB) and 0.1% calcium
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chloride, pH 7.3. The tissue was postfixed in 1% osmium tetrox-
ide in 0.1 M SCB, dehydrated, and embedded in epoxy resin
(EMbed 812; Electron Microscopy Sciences, Fort Washington,
PA), as described previously (29). Ultrathin sections were
viewed in a Morgagni 268 transmission electron microscope,
and digitized images were collected with an AMT Advantage
Plus 2K X 2K digital camera (Advanced Microscopy Tech-
niques, Danvers, MA).

RNA Microarray Analysis—For Affymetrix MicroArray,
E18.5 lung RNAs from Scap™/® mice and littermate controls
were prepared using RNeasy Protect mini kit (Qiagen, Valencia,
CA) according to the manufacturer’s protocol. RNA was
treated with DNase at room temperature for 15 min. Lung
cRNA was hybridized to the murine genome 430 2.0 array (con-
sisting of 45,000 probe sets representing over 34,000 mouse
genes; Affymetrix Inc.) using the manufacturer’s protocol.
Affymetrix MicroArray Suite version 5.0 was used to scan and
quantitate the gene chips using default scan settings. Normal-
ization was performed using the Robust Multichip Average
model that consists of three steps, namely background adjust-
ment, quartile normalization, and summarization (32, 33).
Microarray analysis was performed with the software package
BRB Array Tools, developed by the Biometric Research Branch
of the NCI, National Institutes of Health (linus.nci.nih.gov).
Differentially expressed genes were identified using a univariate
Ftest and permutation test (n = 100) with a significance level of
0.05. Data were prefiltered by excluding probe sets as follows: 1)
whose expression differed =1.2 from the median in 80% of the
samples, 2) whose expression data were missing in more than
50% of the samples, or 3) with more than 70% of absent calls by
the Affymetrix algorithm in six samples. Gene ontology and
KEGG pathway analysis were performed using the public avail-
able web-based tool David (Data base for annotation, visualiza-
tion, and integrated discovery) (34). Gene frequency and prob-
ability in each functional category were calculated by Fisher
Exact Test using Mouse Genome 430 2.0 as background con-
trol. Biological association networks were built using Ingenuity
Pathway Analysis (Ingenuity Systems, Inc., Redwood City, CA).

Statistical Analysis—Either Mann-Whitney U test or Stu-
dent’s ¢ test were used to determine the levels of difference
between groups. Values for all measurements were expressed as
the mean = S.E., and p values for significance are indicated for
each experiment.

RESULTS

Conditional Deletion of the Scap Gene in the Lung Alveolar
Epithelium—Srebp mRNAs were previously detected in alveo-
lar type II cells in the murine lung, supporting their potential
role in the regulation of surfactant homeostasis (10). To identify
the role of SREBPs in alveolar type II cells, triple transgenic
mice SP-C-rtTA"®~, TetO-Cre’?*, and Scap*/"** were pro-
duced in which Scap was selectively and permanently deleted in
the respiratory epithelium following administration of doxycy-
cline to the dam from E6.5 to E12.5 (21). To assess the efficiency
of Cre-mediated Scap gene deletion in the Scap®'® mice, in situ
hybridization was performed on lung sections prepared from
fetal mouse lung at E14.5 (Fig. 1, A-F). Although readily
detected in control littermates (Fig. 1D), Scap mRNA was

pCEENE

FEBRUARY 6, 2009+VOLUME 284+NUMBER 6

Scap Regulates Lung Lipid Homeostasis

decreased or absent in the epithelial cells of developing lung
tubules of the Scap®’* mice (Fig. 1E). Likewise, Scap gene dele-
tion was assessed by quantitative RT-PCR on E18.5 fetal lung,
E18.5, and adult alveolar type II cells mRNAs, demonstrating a
marked decrease in Scap mRNA in Scap®'* mice (Fig. 1G). As
observed in other tissues (15, 21), deletion of Scap reduced
Srebp-1c and Srebp-1a mRNAs.

Expression of Genes Encoding Lipogenic and Surfactant-asso-
ciated Proteins in Scap™™ Mice—Previous studies demon-
strated that SREBPs regulate genes playing important roles in
fatty acid and cholesterol metabolism. To identify genes influ-
enced by the SCAP/SREBP pathway in the lung, the expression
of mRNA encoding a number of known transcriptional targets
of the SREBPs were estimated by quantitative RT-PCR from
E18.5 lung, adult whole lung, and alveolar type II cells isolated
from Scap™® and control littermates (Fig. 2). A marked
decrease in mRNAs influencing fatty acid metabolism (Scd1,
Scd2, Fasn, Fdpsl, Fadl, Fabp5, and Thrsp) and cholesterol
metabolism (Hmgcsl, Hmgcs2, Ldlr, Abcal, and Gpam) was
observed at E18.5 in the lungs of Scap®’* mice (Fig. 2, Band C).
Similar Scap-dependent alterations were observed in alveolar
type II cells isolated from the adult Scap®’* mice (Fig. 2, H and
I). Differences in expression of these mRNAs were not observed
in mRNA isolated from total adult lung, indicating the potential
for compensatory regulation of gene expression in other lung
cell types in the adult. Expression of Abca3, a phospholipid
transport protein critical for surfactant production (35, 36), was
significantly decreased at E18.5, consistent with previous find-
ings demonstrating that SREBP-1c directly induced the Abca3
gene promoter (21). Because the promoter regions of lung sur-
factant-associated genes (Sftpa, Sftpb, Sftpc, and Sftpd) contain
potential DNA-binding sites for SREBPs, we sought to deter-
mine whether SREBPs activate the Sftpa, Sftpb, Sftpc, and Sftpd
promoters in vitro. Promoter constructs for these genes were
cotransfected with expression vectors encoding a nuclear form
of SREBP-la (nSREBP-1a, amino acids 1-460), SREBP-1c
(nSREBP-1¢, amino acids 1-436), or SREBP-2 (nSREBP2,
amino acids 1-431) in MLE-15 cells. nSREBP-la and
nSREBP-1c significantly increased the transcriptional activity
of the Sftpa, Sftpb, and Sftpd constructs (Fig. 2J). In contrast,
none of the SREBPs significantly changed Sftpc promoter activ-
ity. In vivo, the mRNA encoding SP-A (Sftpa) was decreased at
E18.5 in Scap®'® mice (Fig. 2, A, D and G), whereas expression
of other Sftp genes was not significantly altered by deletion of
Scap.

Modification of the Lipid Content in Scap™™™ Mice Lungs—To
evaluate the effects of Scap gene deletion on lung lipid content,
surfactant Sat PC pool size in BALF and total lung (alveolar
lavage plus lung tissue after lavage) was measured in adult mice.
Although total lung Sat PC was significantly decreased (Fig.
3B), BALF Sat PC was similar in Scap™/'® mice and control lit-
termates (Fig. 34). To determine the effects of Scap gene dele-
tion on lung lipid composition, phospholipids from both BALF
and lung tissues were assessed by ESI-MS (Fig. 3, Cand D). The
concentrations of individual phospholipid classes in BALF and
lung tissue extracts were calculated as the sums of their individ-
ual molecular species determined by ESI-MS. There was a 30%
reduction in total PG in both surfactant and lung tissue in the
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FIGURE 1. SCAP deletion in the respiratory epithelium regulates SREBP gene expression in vivo. A-F, in
situ hybridization for Scap mRNA was performed on embryonic sections from E14.5. Scap mRNA was readily
detected in the respiratory epithelium (arrow, inset), as well as in the surrounding mesenchyme, in the litter-
mate controls (A and D). In contrast, Scap mRNA was absent in the respiratory epithelium (arrow, inset) of the
Scap®’® mice (B and E). No specific ISH signals were observed in sections from the Scap®/* mice, which were
hybridized with the sense (control) probe (C and F). Insets in D and E show a higher magnification of the
respiratory tubules indicated with the red asterisk in both the bright field (A and B) and corresponding dark field
images (D and E). Sections were hybridized with radiolabeled riboprobes as described previously (23), coated
with photographic emulsion, exposed for 5 weeks, and then counter-stained with toluidine blue prior to
imaging. V, vessel. Scale bar, 100 um for A-F, and 50 um for the insets in D and E. G, quantitative RT-PCR was
performed to estimate Scap, Srebp-1c¢, Srebp-1a, and Srebp-2 mRNAs in E18.5 lungs, E18.5, and adult isolated
alveolar type Il cells from Scap®/® (white bar) and control littermates (black bar) and normalized to B-actin
mRNA. Dams were treated with doxycycline from E6.5 to E12.5 to delete the Scap gene from respiratory
epithelial cells. Results are expressed as the means = S.E. of five animals per group. *, p < 0.01 versus control
littermates.

content occurred without changes
in the content of the disaturated
species PC16:0/14:0, PC16:0/16:0,
and PC16:0/18:0, but with an in-
crease in longer chain PC species
(data not shown).

To assess whether the changes in
expression of genes influencing
phospholipid metabolism altered
phospholipid synthesis and secre-
tion, incorporation of [*H]choline
into PC in cultured alveolar type II
cells was assessed (Fig. 4, A and B).
Although PC synthesis was signifi-
cantly decreased by 43% in type II
cells from adult Scap®'* mice (Fig.
4A), there were no differences in PC
secretion (Fig. 4B). To evaluate the
effects of Scap gene deletion on lung
neutral lipid content, triglyceride
and cholesteryl ester content was
measured in adult mice. Surpris-
ingly, total lung triglyceride and
cholesteryl ester content was signif-
icantly increased in Scap™® mice
(Fig. 4, C and D). Although BALF
triglyceride content was undetect-
able under our experimental condi-
tions, BALF cholesteryl ester con-
tent was significantly decreased in
Scap™® mice (data not shown). In
isolated alveolar type II cells, cho-
lesteryl ester content was similar in
Scap™® mice and control litter-
mates, whereas triglyceride content
was slightly reduced in the type II
cells from Scap®* mice. Taken
together, these data indicate that
deletion of Scap in the respiratory
epithelium may be compensated by
the accumulation and synthesis of
lipids in non-epithelial compart-
ments of the lung.

Identification of a Compensa-
tory Pathway in the Lipofibro-
blasts of Scap™’™ Mice— Lipofibro-
blasts present numerous lipid
droplets containing triglycerides and
other lipids that can be transferred
to the majority of alveolar type II

Scap™'® mice; however, significant differences in the fractional
concentrations of PC, P1, PE, and PS were not observed in either
BALF or lung tissue. Similarly, there were no differences in the
individual molecular species of PG or PI in BALF or in PG, PI,
PE, or PS in lung tissue from Scap™/® mice. In contrast, the
relative concentration of PC16:0/16:1 in surfactant and lung
tissue PC, expressed relative to total PC, was significantly
decreased in adult Scap®’® mice. The decrease in PC16:0/16:1
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cells and used in the synthesis of pulmonary surfactant (37-39).
In general, lung morphology in adult Scap™/* mice was normal;
however, focal lobar and panacinar emphysema was noted in
~30% of the mice (data not shown). Deletion of Scap in alveolar
type II cells increased the number and size of lipid droplets
present in the lipofibroblasts as assessed by Oil Red O staining,
amarker for neutral lipid accumulation (Fig. 5, A and B). Quan-
titative analysis demonstrated a significant increase in the num-

asEvie

VOLUME 284 -NUMBER 6+ FEBRUARY 6, 2009



Surfactant
associated protein

>

Fatty acid metabolism

Scap Regulates Lung Lipid Homeostasis

Cholesterol metabolism

e 6
L]
2 5
w :
g = 3
— 1 *
g % %
o0 o 1
/= = w "
I~ %\\Q c}& %Q& S8 -
T 2 5
s 2 :
= 1 2
2
et
— o  §
§ .% 0 0
b > ® S o > D O DD D> E K& & N v $ N > &
1 R & & R ¥ » o &P QR & & & & > » R
A A A ¥ & & ¥ @ NN & V¥ &
o] © 3 4
T & 3
[ < 2 3
= 1
B~ 1
-—; ) 0
T B > 9 b
] R R R R ¢
< 2 TS
B 14 4
13 *
12
11 -
_ 10 -
g g: mpcDNA3
£ 4 OSREBP-1a
8] BSREBP-1c
2 . BSREBP-2
=] 4
3_
2 1 »
].
i E

Sfipa SfipB SfipC SfipD

FIGURE 2. The SCAP/SREBP pathway regulates lipid metabolism genes in the lung. Quantitative RT-PCR was performed to estimate lung surfactant-
associated (A, D, and G), fatty acid metabolism (B, £, and H), or cholesterol metabolism (C, F and /) gene mRNA levels in fetal lung from Scap™’® (white bar) and
control littermates (black bar) at E18.5 (A-C), as well as whole lung (D-F) and alveolar type Il cells (G-/) isolated from adults. Results were normalized to B-actin
mRNA. Dams were treated with doxycycline from E6.5 to E12.5 to delete the Scap gene from respiratory epithelial cells. Results are expressed as the means =
S.E. of 3-5 animals per group. *, p < 0.01 versus control littermates. J, effect of SREBPs on surfactant protein promoter activity was assessed after cotransfection
of either rat Sftpa-Luc, murine (m) SftpB-Luc, mSftpc-Luc, or mSftpd-Luc with either pcDNA3, pcDNA3-nSREBP-1a, pCMV-nSREBP-1¢, or pcDNA3-SREBP-2 into

MLE15 cells. Results are expressed as the mean = S.E. of three separate experiments performed in triplicate, *, p < 0.05 versus pcDNA3 condition.

ber of cells stained for Oil Red O in the alveolar walls (Fig. 5C).
Measurement of triglyceride and cholesteryl ester content
demonstrated an increase of neutral lipids in fibroblasts from
Scap™'® mice (Fig. 4, C and D), suggesting that the increase in
triglyceride and cholesteryl ester content observed in whole
tissue was related to the increase in the content in the fibro-
blasts. In addition, mnRNA expression of ADFP, a marker of cells
storing neutral lipids, was markedly increased in lungs from
Scap®’® mice (Fig. 5F), where it was localized to interstitial
fibroblasts in the alveolar walls (Fig. 5, D and E). Electron
microscopy demonstrated that the increase in lipid droplets
occurred in lung lipofibroblasts and not in other lung cell types
(Fig. 5, G and H), suggesting that lipid accumulation in lipofi-
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broblasts may compensate for decreased lipid synthesis after
Scap deletion in type II epithelial cells. Consistent with this
concept, expression of Pparg and Rxra mRNAs (both transcrip-
tional regulators of lipogenesis) was significantly increased in
lung lipofibroblasts from adult Scap™’® mice (Fig. 5I).
Enhanced Transfer of Labeled Lipids from Lipofibroblasts to
Type II Cells after Deletion of Scap—To determine whether the
increase in lipid content in the lipofibroblasts of the Scap™/®
mice was because of increased lipid synthesis, incorporation of
phospholipid precursor was analyzed in isolated lung fibro-
blasts. Incorporation of [*H]choline into PC was increased by
25% in lung fibroblasts isolated from Scap®'® mice compared
with control mice (Fig. 6A4), whereas the percent of PC secretion
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ing sterol, isoprenoid, fatty acid, and
carboxylic acid metabolism and bio-
synthesis, were markedly decreased
inlungs of ScapA/ A mice, demonstrat-
ing that Scap plays an important role
in the regulation of genes influencing
lipid homeostasis in the lung.
Changes in gene expression repre-
sented known direct transcriptional
targets of the active forms of SREBPs
(40) and were likely to include many
indirect effects on gene expression
related to change in lipid homeosta-
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FIGURE 3.Phospholipid composition and metabolism are altered in lungs of Scap*/* mice. Sat PC pool size
and control littermates (A). In contrast, Sat PC pool size in lung tissue after
BALF was significantly decreased in adult Scap™’® (B). Results are expressed as the means = S.E. of five animals
per group. The relative distributions of the phospholipid classes, phosphatidylcholine (PC), phosphatidyleth-
anolamine (PE), phosphatidylinositol (Pl), phosphatidylserine (PS), phosphatidylglycerol (PG), in BALF (C) or
lung tissue (D) from Scap®’ (white bar) and control littermates (black bar) were determined by ESI-MS analysis.

in BALF was similar in adult Scap®’*
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sis. Expression of mRNAs of genes
regulating lipid synthesis were de-
creased in Scap™®™ mice as assessed
by real time PCR, consistent with the
RNA microarray data (Fig. 2). Biolog-
ical association networks in which the

The sums of individual molecular species from each phospholipid class are expressed as means = S.E. of five

animals per group.

was not significantly altered (Fig. 6B). To evaluate whether alve-
olar type II cells import lipids secreted by the lipofibroblasts,
conditioned media from isolated fibroblasts were prelabeled
with [®H]choline or [**CJacetate, and conditioned media were
added to cultured type II cells for 4 h. After 4 h of incubation
with fibroblast-conditioned media, the percentage of lipid
uptake was increased by 50% in alveolar type II cells isolated
from Scap™* mice compared with control mice (Fig. 6C).
Uptake of [**Clacetate-labeled lipids by type II cells from
Scap™'® mice was increased to a lesser extent (Fig. 6D).

RNA Microarray Analysis of SCAP/SREBP-regulated Genes—
Microarray analysis of lung RNA from E18.5 Scap™/* and con-
trol mice identified 578 genes that were significantly altered (p
value = 0.05); 340 mRNAs were increased, and 238 mRNAs
were decreased. Among these, 118 genes exhibited more than a
1.5-fold change in expression (45 were up-regulated and 73
were down-regulated; see supplemental Table 2). Differentially
expressed genes were classified according to Gene Ontology
classification. Gene Ontology analysis indicated that lipid/ste-
rol metabolism was the most overly represented biological
process down-regulated by Scap deletion (33%, 1.7E-12). In
contrast, genes involved in amino acid biosynthesis (7.3%, 3.68
E-04) and cell death (34%, 1.38 E-03) were induced in response
to the deletion of Scap. Many of the induced genes encode pro-
teins located in the endoplasmic reticulum, making the ER the
most enriched cellular compartment identified after deletion of
Scap when compared with the distribution of cellular sites in
the mouse genome (11%, 5.9 E-04). Gene set enrichment anal-
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functions of the proteins encoded by

genes whose expression was changed
by more than 1.5-fold revealed only two major functional net-
works influenced by deletion of Scap as follows: 1) those associated
with lipid/sterol metabolism, and 2) ER stress-mediated cell death
(Fig. 7).

To determine whether the deletion of Scap altered cell pro-
liferation or cell death in the respiratory epithelium, cell prolif-
eration and apoptosis were assessed by immunohistochemistry
using Ki-67 (supplemental Fig. 1, A-D) and cleaved caspase 3
(supplemental Fig. 1, E-H) as markers. No differences in Ki-67
and cleaved caspase-3 staining were observed in lungs of the
Scap™® mice at E18.5 or in adults.

DISCUSSION

SCAP and the SREBP transcription factors are expressed in
diverse tissues, including liver, adipose tissue, kidney, lung,
intestine, and brain, where they regulate lipid homeostasis (12,
41-43). After conditional deletion of Scap in the respiratory
epithelium, expression of genes encoding SREBP 1 and -2
(Srebf1 and Srebf2) and multiple SREBP target genes involved in
lipid metabolism were decreased at E18.5 as well as in adult
mice. As expected, genes dedicated to the biosynthesis of fatty
acids, phospholipids, triglycerides, cholesterol, and sterols were
decreased by deletion of Scap. A number of these genes are
known to be directly regulated by SREBPs in vitro and in vivo
(40). Decreased expression of several genes regulating fatty
acid, triglyceride, and phospholipid synthesis, including Scd1,
Scd2, Fabps, Fdps, Fasn, Acsl4, and Aytl2, as well as cholesterol
synthesis, Acoxl, Ponl, Idil, Hmgcsl, Sqgle, and Lss, was
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observed, demonstrating that deletion of Scap was likely to
influence lipid biosynthesis in type II epithelial cells. In addition
to genes regulating lipid biosynthesis, expression of a number
of lipid transporters, including the low density lipoprotein
receptor mediating cholesterol uptake, and lipid transport like
ATP-binding cassette a3 (Abca3) and Abcal, were decreased in
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the Scap™® mice. Besnard et al. (21) demonstrated the direct
transcriptional regulation of Abca3 by SREBPs. Several mem-
bers of the ABC family of lipid transport proteins (ABCAL,
ABCA7, ABCB4, ABCD2, ABCG3, ABCG5, and ABCA3) are
regulated by SREBPs either directly or indirectly (21, 40,
44.—47). Both surfactant lipids and proteins are required for
surfactant function at birth. In this study, we found that SREBPs
directly regulated the transcription of Sftpa, Sftpb, and Sftpd
promoter constructs in vitro. However, only the expression of
Sftpa mRNA was significantly decreased in adult Scap™’* mice.
Lack of alteration in the expression of the other surfactant pro-
tein genes suggests that other transcription factors compensate
for the SREBP decrease to maintain surfactant protein activity.

Consistent with the reduction of SREBPs caused by deletion
of Scap in alveolar type II cells, expression of genes regulating
lipid biosynthesis was reduced in fetal and adult mice. Consist-
ent with this finding, PC synthesis from [*H]choline was signif-
icantly decreased in type II alveolar cells isolated from adult
Scap®’® mice. Mice did not develop respiratory distress or
death following birth, indicating that alveolar surfactant lipid
content was sufficient to reduce surface tension in the alveoli.
This observation suggested that there must be compensatory
pathways that are capable of maintaining surfactant lipid
homeostasis in vivo. This conclusion was supported by analysis
of surfactant PC in BALF from adult Scap®’® mice, which dem-
onstrated a normal concentration of Sat PC and unaltered frac-
tional concentration of disaturated PC molecular species com-
pared with control mice. The enhanced accumulation of
neutral lipid in lung lipofibroblasts of the Scap™® mice sup-
ports the presence of a compensatory pathway supplying lipid
precursors to type II alveolar cells from adjacent pulmonary
lipofibroblasts. This observation was supported by both
increased incorporation of [*H]choline into PC in isolated lung
fibroblasts from adult Scap™/® mice and increased uptake of
[*H]choline-labeled lipids from the lipofibroblasts into the type
IT cells. The numbers of lipid droplets, the concentration of
neutral lipids, and staining for ADFP were increased in lungs
from Scap™'® mice, indicating an increase in lipid storage in the
non-epithelial compartment in Scap®'* mice. Magra et al. (48)
have proposed that ADFP may be involved in the transfer of
lipid from lipofibroblasts to lung alveolar type II epithelial cells
for the production of surfactant phospholipid. This study pro-
vides further support for a model in which lipid fibroblasts
interact closely with type II epithelial cells to modulate lipid
substrate supply needed for surfactant synthesis and support
the role of this interaction in perinatal lung development as
proposed by Torday et al. (37-39). One additional implication
of these observations is that the decreased PC synthesis in iso-
lated adult type II alveolar cells must be a consequence of their
inadequate ability to synthesize fatty acids de novo, rather than
being due to fundamental abnormalities in either the CDP:cho-
line pathway for PC synthesis or in mechanisms regulating sur-
factant packaging in lamellar bodies. The decreased PG in both
BALF and lung tissue may be related to the decreased expres-
sion of ABCA3 in Scap™® mice, a result consistent with the
reported virtual absence of PG in the ABCA3 ™/~ mouse (49).
Although mechanisms controlling compensatory changes in
lipid metabolism in lipofibroblasts are unknown, we showed
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FIGURE 5. Compensatory lipid accumulation in lipofibroblasts after deletion of Scap. Neutral lipids were assessed by Oil Red O staining in adult Scap®/* (white bar)
(A) and control littermates (black bar) (B). Extensive lipid inclusions were noted in the lipofibroblasts within the alveoli in Scap®* mice (arrowhead). Density of lipid
droplet-containing cells (C) was estimated in adult Scap®’* and control littermates. Data are expressed as the number of lipid stained cells per lung area and represent
mean = S.E. (¥, p < 0.001 for ScapA’ A versus control littermates). Extensive immunostaining for adipose differentiation-related protein (ADFP) (arrowhead) was
observed in adult Scap®’* (F) compared with control littermates (D). F, quantitative RT-PCR was performed to estimate Adfp mRNA levels in isolated fibroblasts from
adult Scap®* and control littermates. Results were normalized to B-actin mRNA. Results are expressed as the means + S.E. of five animals per groups. *, p < 0.01 versus
control littermates. Electron microscopy showed that type Il cells from Scap™’® (G) were similar to these in control mice (data not shown), and higher magpnification
confirmed the presence of the lipid droplets in the fibroblasts adjacent to the cuboidal type Il cells in Scap™/* mice (H). Scale bar, 20 wm. |, Srebp, Ppar, and Rxr isoform
mRNAs were assessed by quantitative RT-PCR in fibroblasts isolated from Scap®/® mice (white bar) and control littermates (black bar). Results were normalized to
B-actin mRNA. Results are expressed as the mean = S.E. of five animals per group, *, p < 0.01 versus control littermates. ND, nondetectable.
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FIGURE 6. Enhanced synthesis and transfer of lipids from lipofibroblasts
to type Il cells after deletion of Scap. Incorporation of [*H]choline into PC
was measured in primary cultures of lung fibroblasts (A and B) from adult
Scap®’® (white bar) and control littermates (black bar). Radiolabeled PC was
recovered from cells (A) or after 3 h of secretion (B). Results are expressed as
the means = S.E. of five animals per group. Percentage of uptake by type Il
cells of lipids secreted by fibroblasts was determined by radiolabeling and
expressed relative to the total label added to the culture wells as described
under “Experimental Procedures.” Transfer of [*Hlcholine and ['“Clacetate
labeled lipids was measured from lipofibroblasts to alveolar type Il cells of
adult Scap® (white bar) and control littermates (black bar). Uptake percent-
age of [H]choline-PC (C) and [*Clacetate-lipids (D) by adult alveolar type I
cells from Scap®* mice (white bar) was significantly increased compared with
control mice (black bar). Results are expressed as the means = S.E. of five
animals per group.

that the expression of transcription factors PPARy and retinoid
X receptor-a, known to regulate lipid synthesis in other tissues,
was increased in lipofibroblasts isolated from Scap®* mice.
Both immunostaining for ADFP and Adfp mRNA levels were
increased in the lungs of Scap™/® mice. The promoter region of
the Adfp gene contains binding sites for SREBP, PPAR, and
retinoid X receptor (50, 51) providing a potential mechanism
influencing expression of lipid synthesis pathways in lung fibro-
blasts. The potential for local compensatory regulation of phos-
pholipid synthesis in pulmonary cells is consistent with previ-
ous findings in the liver wherein the decrease in fatty acid
synthesis observed after hepatic deletion of Scap was balanced
by an equal increase in lipogenesis in nonhepatic tissues, occur-
ring primarily in adipose tissue of the L-SCAP-deleted mice.
These findings support the likelihood that lipid accumulation
by lipofibroblasts, perhaps mediated by the activation of tran-
scriptional programs regulating lipogenesis, compensates foe
the lack of SCAP in alveolar type II cells. mRNA microarray
analysis indicated an increased expression of Plagl2, Stx3,
Plscrl, Acox2, Mthfd2, and Ptgs2 that may serve to maintain
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cholesterol and phospholipid levels after deletion of Scap (sup-
plemental Table 2). Plagl.2 is a transcription factor known to
enhance the activity of the Sftpc gene in the lung (52). Deletion
of Plagl.2 is associated with lipid uptake deficiency in the intes-
tine and peripheral tissues due to reduction of genes linked to
intracellular transport of lipids, membranes, and secretory
products (53). Increased PlagL2 expression may represent the
activation of a compensatory pathway that facilitates lipid
uptake from extracellular sites. In support of this concept, the
expression of several genes known to be regulated by PlagL2
(Tmem9, SnxS5, and Slc5al) were also increased after deletion of
Scap.

In the mRNA microarray analysis, expression of genes medi-
ating intracellular transport was altered in Scap™® mice,
including decreased expression of genes associated with micro-
tubule formation (Dynlt and Dctn5) and release of secretory
granules from the trans-Golgi network (Rab27a and Rab27b).
In contrast, mRNAs encoding proteins influencing endocytic
membrane trafficking, including Rabl7, Rinl, Rab3c, and
Anxal, were increased, suggesting the induction of endocytic
processes that may be involved in the provision of lipids and
other nutrients. Expression of genes encoding proteins modu-
lating inflammatory responses also was increased after deletion
of Scap, including multiple eicosanoid pathway members
(Pla2g4c, Ptgs2, Ptgerd, Ptger3, Ptgerl, and Alox5ap).

Of the differentially expressed mRNAs identified after dele-
tion of Scap, those encoding proteins resident in the ER were
selectively enriched. Because the ER is highly sensitive to vari-
ous cell stresses, this response may indicate a generalized
response to changes in phospholipid metabolism. A number of
oxidative stress response genes were altered by deletion of Scap,
including Ponl, Scdl and -2, Mme, MT1 and -2, Alb, Cyp2b6,
and Pzgs2. The expression of genes involved in the amino acid
biosynthesis and transport were significantly induced (Aswus,
Mthfd2, Phgdh, Pycrl, Slclal, Slc7al, and Sic7a3) in Scap™'*
mice, perhaps indicating an adaptive response to nutrient dep-
rivation. Of interest, asparagine synthase (Asus) catalyzes the
synthesis of asparagine and glutamate from aspartate and
serves as a nutrient deprivation sensor. The transcriptional
response to nutrient deprivation is mediated via ER stress
response cis-elements in the Asus promoter (54, 55). Both Asns
and Slc7al, the arginine/lysine transporter, are induced during
amino acid starvation by ATF3/ATF4 (56, 57). Expression of
several ER stress-responsive transcription factors was signifi-
cantly induced by deletion of Scap, including A#f3, Atf5, Ddit3,
and Trib3. Activating transcription factors (ATF) 3 and 5 are
members of the ATF/CREB subfamily of basic region leucine
zipper proteins; both are induced in response to oxidative stress
or amino acid starvation (58, 59). ATF3 and DDIT3 (alias
CHOP or GADDI153) are transcription factors induced in
response to ER overload, unfolded protein response, and ER
stress-induced cell death. Although ATF3 is required for the
induction of DDIT3 expression during amino acid deprivation,
DDIT3 mediates the feedback inhibition of ATF3 (58, 60).
TRIB3 is a transcriptional target of DDIT3/ATF4 and represses
DDIT3/ATF4 function. TRIB3 regulates DDIT3-dependent
cell death during ER stress (61, 62). Interestingly, all of these
transcription factors are influenced by phosphorylation of
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FIGURE 7. Network analysis of mRNAs influenced by the deletion of Scap in the respiratory epithelium.
Differentially expressed genes identified from the mRNA microarray study of lung tissue at E18.5 were used to
build a gene regulation interactome as described under “Experimental Procedures.” Genes connected to
SCAP/SREBP were visualized by building a SCAP/SREBP centric network. Biological association networks of
differentially expressed genes revealed two major functional networks lipid/sterol metabolism and ER-stress
mediated cell death. Genes/proteins are represented as nodes, and the biological relationship between two
nodes is represented as an edge (line). Uncolored gene nodes were not identified as differentially expressed in
our microarray and were integrated into the networks on the basis of literature evidence indicating the likeli-
hood of their relevance to the network. The node shapes denote different types of molecule as indicated in the

figure legend.

eukaryotic initiation factor 2 by eukaryotic initiation factor 2
kinases (59, 63). The levels of the transcription factor ATF4 are
rapidly increased in response to the phosphorylation of eukary-
otic initiation factor 2 during ER stress (58, 64). ATF4 directly
or indirectly influences the transcription of ATF3/ATFS5,
DDITS3, and TRIB3 (58, 63). In Scap®’® mice, the induction of
ATF4, ATF3, DDIT3, and TRIB3 suggests these transcription
factors may function in a network to coordinate gene expres-
sion in response to the cellular stress related to the lack of
SCAP/SREBP and its influence on lipid homeostasis in the lung.

The balance among pro- and anti-apoptosis regulators and
effectors determines ER stress-mediated cell survival versus cell
death. In this study, 15 of 44 genes induced by Scap deletion
have been functionally related to cell death. Among these, pro-
apoptotic factors include several ER-responsive transcription
factors Atf3, Ddit3, and Trib3 and many apoptosis-related
genes (Empl, Derl3, Hmga2, Lgals3, Olrl, and Pla2gdc). Atf3,
Ddit3, and Trib3 induce cell cycle arrest and apoptosis in many
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cell types. Derlin-3 (Derl3) expres-
sion is induced by the unfolded pro-
tein response and is required for ER-
associated degradation of misfolded
glycoprotein and cell death (65).
Anti-apoptotic factors, including
Atf5, Asmns, Cyp2b6, Mtl, Naip5,
Ptgerd, Ptgs2, Rb1l, and Sprria,
were also induced. Both A#f5 and its
target, Cyp2b6, are induced under
ER stress (66). The increased
expression of this group of genes in
Scap®’® mice suggests the activa-
tion of a response protecting the cell
from stress-induced apoptosis. Nei-
ther immunostaining for cleaved
caspase 3 nor cell proliferation was
affected by deletion of Scap, sup-
porting the concept that pro- and
anti-apoptosis regulators are rela-
tively balanced in Scap™/* mice.
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tion to maintain normal cell func-
tion (67-71). This study and other
models in which lipid homeostasis
is perturbed share an increase in
expression of ER stress-induced
transcription factors (ATF3, ATF5,
and CHOP), as well as elevated
expression of oxidative stress re-
sponse genes and those influencing
amino acid biosynthesis and trans-
port pathways, suggesting a com-
mon response to alterations in cellular lipid composition. ER
stress can modulate the activation of SREBP (69, 72, 73), indi-
cating potential reciprocal interactions between ER stress and
the SCAP/SREBP pathway.

This study demonstrates that although the SCAP/SREBP
pathway was not required for respiration at birth, deletion of
Scap influenced lung phospholipid homeostasis, regulating
lipid biosynthesis and cellular stress responses. These findings
identify a complex lipid sensing pathway mediating lung lipid
homeostasis that depends on interactions between the alveolar
epithelium and lung lipofibroblasts. Maintenance of respira-
tory function despite alterations in lipid synthesis by type II
epithelial cells indicates a mechanism by which lipofibroblasts
compensate for changes in lipid homeostasis in the alveolar
epithelium. Because SREBPs regulate a number of genes critical
for pulmonary homeostasis, perturbation of the SCAP/SREBP
pathway may render individuals susceptible to pulmonary dis-
ease. Likewise, the SCAP/SREBP pathway may influence the

asEvie

VOLUME 284 -NUMBER 6+ FEBRUARY 6, 2009



susceptibility of newborns, infants, and older individuals to
acute and chronic lung diseases.
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