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LPCAT1 regulates surfactant phospholipid
synthesis and is required for transitioning
to air breathing in mice
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Respiratory distress syndrome (RDS), which is the leading cause of death in premature infants, is caused by
surfactant deficiency. The most critical and abundant phospholipid in pulmonary surfactant is saturated phos-
phatidylcholine (SatPC), which is synthesized in alveolar type II cells de novo or by the deacylation-reacylation
of existing phosphatidylcholine species. We recently cloned and partially characterized a mouse enzyme with
characteristics of a lung lysophosphatidylcholine acyltransferase (LPCAT1) that we predicted would be involved
in surfactant synthesis. Here, we describe our studies investigating whether LPCAT1 is required for pulmo-
nary surfactant homeostasis. To address this issue, we generated mice bearing a hypomorphic allele of Lpcat1
(referred to herein as Lpcat167/6T mice) using a genetrap strategy. Newborn Lpcat1%7/¢T mice showed varying peri-
natal mortality from respiratory failure, with affected animals demonstrating hallmarks of respiratory distress
such as atelectasis and hyaline membranes. Lpcat] mRNA levels were reduced in newborn Lpcat157/6T mice and
directly correlated with SatPC content, LPCAT1 activity, and survival. Surfactant isolated from dead Lpcat1¢7/6T
mice failed to reduce minimum surface tension to wild-type levels. Collectively, these data demonstrate that full

LPCAT1 activity is required to achieve the levels of SatPC essential for the transition to air breathing.

Introduction

Maintenance of alveolar patency is critical for gas exchange. Pul-
monary surfactant is a lipoprotein complex that coats the luminal
surface of alveoli to reduce surface tension to near 0 mN/m at the
air-liquid interface and prevent alveolar collapse at end-expiration.
Deficiencies and/or dysfunction of the surfactant system are known
to contribute to the pathogenesis of several pulmonary diseases,
including neonatal respiratory distress syndrome (RDS) (1), acute
lung injury (ALI) (1-5), and interstitial lung disease in both children
and adults (6). While exogenous surfactant therapy has substantially
reduced morbidity and mortality in the premature infant popula-
tion, RDS and ALI remain significant health problems.

Surfactant is synthesized, stored, and secreted by alveolar type I
cells and is primarily composed of phospholipids, which consti-
tute 80%-85% of the total mass. The remaining components of
surfactant include neutral lipids (5%-10%) and proteins (10%)
including SFTPA, SFTPB, SFTPC, and SFTPD (7, 8). Phosphatidyl-
choline (PC), the most abundant phospholipid species in surfac-
tant, constitutes 80% of the total phospholipids. The majority of
PC in surfactant contains 2 saturated fatty acid chains (SatPC), a
unique property that distinguishes it from PC species found in cell
membranes. Most of the SatPC exists as dipalmitoyl-PC (DPPC;
16:0/16:0), with the remainder as palmitoyl-myristoyl-PC (PMPC;
16:0/14:0) (9). SatPC is the phospholipid most responsible for the
surface tension-lowering properties of surfactant, a function that
is directly attributable to its ability to be tightly packed during
cyclical compression and expansion (10, 11).

Synthesis of SatPC occurs either by direct de novo biosynthe-
sis or by the remodeling of existing monosaturated PC species.
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In vitro studies on surfactant synthesis in lung microsomes and
isolated type II cells have estimated that 55%-75% of the SatPC
is synthesized by the remodeling pathway (12, 13). Formation of
SatPC by the remodeling pathway occurs in 2 concerted reactions:
deacylation of monosaturated PC by a phospholipase A, (PLA>),
followed by reacylation of the resultant 1-palmitoyl-2-lysophos-
phatidylcholine with palmitoyl-CoA by a lysophosphatidylcholine
(lysoPC) acyltransferase. While the importance of the remodeling
pathway to SatPC production has been known for many years
(14-17), little is known regarding the regulation of this pathway,
largely due to an inability to clone the enzymes involved.

Our laboratory and an independent group have recently cloned and
partially characterized a lung lysoPC acyltransferase (LPCAT1) (18,
19). In the mouse lung, LPCAT1 expression is restricted to alveolar
type II cells and is developmentally regulated, with peak expression
at E18.5. LPCAT1 shows a high affinity for palmitoyl-CoA as an acyl
donor and preferentially acylates lysoPC over other lysophospholipid
substrates (18, 19). Furthermore, LPCAT1 expression is increased by
glucocorticoids and keratinocyte growth factor (KGF) in vitro (18),
both of which are known to stimulate phospholipid biogenesis in
alveolar type II cells (20-22). Because the temporal-spatial expres-
sion pattern and substrate specificity of LPCAT1 are consistent with
reported lysoPC acyltransferase activity in the lung, we hypothesized
that LPCAT1 is involved in surfactant SatPC synthesis.

In the present study, we confirm and extend our previous in
vitro data by demonstrating that LPCAT1 is an ER-resident type II
transmembrane protein with a motif critical for catalytic activity
localized to the ER lumen. Furthermore, suppression of LPCAT1
in isolated type II cells results in decreased SatPC production,
whereas overexpression of LPCATT1 is sufficient to increase SatPC
synthesis and secretion in MLE1S5 cells. Finally, we demonstrate
that neonatal mice homozygous for a hypomorphic allele of Lpcat1
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Figure 1

LPCAT1 is a type Il transmembrane protein localized to the ER. (A) HEK293 cells transfected with LPCAT-HA or LPCAT-FLAG were costained
with a-HA and a-CALR or o-FLAG and a-CALR. Note the localization of LPCAT-HA and LPCAT-FLAG proteins to the ER. Scale bars: 10 um.
(B) Hydropathy plot of mouse LPCAT1 protein as predicted from the TMpred algorithm. Scores greater than 500 (red line) are considered
hydrophobic. A single TMD is predicted, encompassing amino acids 53—74. Bottom panel: Diagram depicts the position of the TMD of LPCAT1
protein relative to the acyltransferase (PIsC) domain. (C) Membrane fractionation assay on HEK293 cells expressing LPCAT1-HA. Pellet (P)
and supernatant (S) fractions were isolated after incubation of the membranes in the listed additives and subjected to immunoblot analysis with
a-HA antibody. Blots were stripped and reprobed with an antibody against endogenous CANX, an ER-resident transmembrane protein. (D)
Trypsin protection assay. Microsomes isolated from HEK293 cells transiently expressing LPCAT-HA or LPCAT-FLAG were incubated with buf-
fer only, trypsin, or trypsin plus Triton X-100 and subjected to immunoblot analysis. Note the approximate 5-kDa shift of the LPCAT-HA protein
in the presence of trypsin (IB: HA and IB: LPCAT1) and failure to detect LPCAT-FLAG in the presence of trypsin (IB: FLAG), indicating a type Il
orientation. A model depicting LPCAT1 in a type |l orientation within a microsome is shown on the right.

show a varying mortality from respiratory distress, with Lpcatl
mRNA and acyltransferase activity correlating directly with SatPC
content, surfactant function, and survival. Taken together, these
data demonstrate that LPCAT]1 is required for the transition to
air breathing and underscore the importance of the remodeling
pathway for SatPC synthesis in vivo.

Results
LPCAT1I is a type II transmembrane protein localized to the ER. For

immunohistochemical and biochemical analyses of LPCAT1, we
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generated 2 expression constructs: LPCAT-HA with an in-frame
HA tag at the C terminus and LPCAT-FLAG with an in-frame
FLAG tag at the N terminus. Because the ER is a major site of
phospholipid synthesis, we predicted that LPCAT1 would local-
ize to this compartment. Both tagged LPCAT1 proteins colocal-
ized with CALR, an ER-resident protein, in transfected HEK293
cells, confirming and extending results from a previous study (19)
(Figure 1A). In that same study, however, LPCAT1 was reported to
contain 3 putative transmembrane domains (TMDs) (19). Using
the TMpred algorithm (see Methods for URL) to identify mem-
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brane-spanning domains, we predicted LPCAT1 protein to con-
tain a single putative TMD located between amino acids 53 and
74 (Figure 1B). Identical results were obtained using 2 separate
algorithms: SOSUI and Kyte-Doolittle hydropathy plot (data not
shown; see Methods for URLSs).

To determine whether LPCAT1 possessed the biochemical prop-
erties of a transmembrane protein, we performed membrane frac-
tionation assays on LPCAT1-transfected cells. While LPCAT-HA
remained primarily membrane associated in the presence of high
NacCl or high pH, the protein partitioned to the soluble fraction
in the presence of detergent, properties identical to those of the
endogenous transmembrane protein CANX (Figure 1C). Proteins
containing a single TMD adopt one of two orientations in the ER
membrane: type II, with the N terminus in the cytosol and the C
terminus in the ER lumen; and type III, with the N terminus in
the ER lumen and the C terminus in the cytosol. Because the acyl-
transferase domain (PIsC) is C-terminal to the TMD (Figure 1B),
we predicted LPCAT1 to be in a type II orientation, thereby plac-
ing the catalytic domain in the lumen of the ER. We assessed the
1738

The Journal of Clinical Investigation

IB: LPCATH
— e |B: ACTIN

htep://www.jci.org

Figure 2

His135 is critical for LPCAT1 activity. (A) Acyltransferase
activity assays were conducted by incubating 150 uM
lysoPC and 25 uM 1-“C-palmitoyl-CoA with 20 ug of lysates
from cells transfected with empty vector (EV), wild-type
LPCAT1 (LPCAT1 WT), or LPCAT1 with an alanine sub-
stitution for histidine at amino acid position 135 (LPCAT1
H135A). The complete abrogation of acyltransferase activ-
ity by the substitution of alanine for histidine identifies it as
a critical residue. Data represent activities from 3 indepen-
dent experiments with each group assayed in triplicate.
*P < 0.001 versus EV. (B) Immunoblot analysis of whole cell
lysates from A with a-HA and a-LPCAT1 antibodies. Note
similar levels of expression of WT and H135A LPCAT1. (C)
Subcellular localization of LPCAT WT and LPCAT H135A
to ER in HEK293 cells. Merged images demonstrate colo-
calization (yellow) of HA epitope (red) and an ER marker,
CALR (green). Scale bars: 10 um. (D) Diagram depicting
type Il orientation of LPCAT1 in ER membrane with amino
terminus (blue) in cytosol, a single-pass TMD (red) spanning
the lipid bilayer, and carboxyl terminus (green) in ER lumen.
Note the localization of His135 (H135) in ER lumen.

topology of LPCAT1 in the ER membrane using trypsin
protection assays on membrane fractions isolated from
LPCAT-HA- or LPCAT-FLAG-transfected cells. Treat-
ment of microsomes containing LPCAT-HA with trypsin
resulted in a 5-kDa shift in anti-HA and anti-LPCAT1
immunoblots, consistent with digestion of the 50 N-ter-
minal amino acids of LPCAT-HA (Figure 1D). Conversely,
LPCAT-FLAG was undetectable in anti-FLAG immunob-
lots of trypsin-treated microsomes, demonstrating sus-
ceptibility of the N-terminal FLAG epitope to enzymatic
digestion. Collectively, these results demonstrate that
LPCAT1 contains a single TMD and is oriented in a type II
fashion within the ER membrane.

Histidine 135 is critical for the acyltransferase activity of
LPCATI. Protein sequence analyses of glycerolipid acyl-
transferases from bacteria, plants, and animals have
shown that this family of enzymes possesses a highly
conserved motif consisting of 2 invariant residues, his-
tidine and aspartic acid, separated by 4 nonconserved
residues in an HX4D configuration (23). Substitution of alanine for
the conserved histidine in this motif ablated acyltransferase activ-
ity of PlsB, the bacterial sn-glycerol-3-phosphate acyltransferase
(23). Alignment of the primary amino acid sequences of LPCAT1
from mouse, rat, and human revealed an HX4D motif consisting of
HSSYFD at amino acids 135-140. To determine whether histidine
135 (His135) is critical for the acyltransferase activity of LPCAT1,
we performed acyltransferase activity assays using an LPCAT1
expression construct with an alanine substitution for histidine at
position 135 (H135A). Substitution of an alanine for His135 com-
pletely ablated the acyltransferase activity of LPCAT-HA (Figure
2A) without affecting protein expression levels (Figure 2B) or ER
localization (Figure 2C). These results confirm those previously
reported by Harayama et al. (24). Similar assays were performed
with a construct harboring a D140A mutation to determine the
importance of the conserved aspartic acid residue; mutation of
D140, however, severely destabilized the protein, precluding inter-
pretation of the functional assays (data not shown). These func-
tional data, combined with the biochemical data from Figure 1,
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Figure 3

LPCAT1 is required for SatPC synthesis in alveolar type Il cells. (A) Immunohistochemistry of adult mouse lung with a-LPCAT1 antibody dem-
onstrating restricted expression in alveolar type Il cells. Note robust staining in alveolar type Il cells (inset) and absence of signal in the proximal
epithelium (arrowheads). Original magnification, x40; inset magnification, x100. (B) gPCR analysis of Lpcat1, Sfipc, Fasn, and Scd? mRNA in
primary mouse type |l cells after treatment with LPCAT1 siRNA or a scrambled control siRNA (con siRNA) for 48 hours. Gene expression was
normalized to Actb mRNA. Data represent 5 independent experiments with each group assayed in triplicate. *P < 0.01 versus HVJ-E only. (C)
Immunoblot analysis of LPCAT1 from whole cell lysates described in B with a-LPCAT1 antibody at days 3 and 7 after siRNA administration.
(D) Primary alveolar type Il cells were cultured in the presence of siRNAs as outlined in B and labeled with [3H]palmitic acid (3H-PA). Palmitic
acid incorporation into SatPC was measured and normalized to genomic DNA. Depletion of Lpcat? mRNA significantly reduced [3H]palmitate
incorporation into SatPC. Data represent 3 independent experiments; *P < 0.01 versus control siRNA or HVJ-E only. (E) MLE15 cells expressing
empty vector or LPCAT-HA were labeled with [3H]palmitic acid. Palmitic acid incorporation into SatPC was significantly increased by expression
of LPCAT 1. Right: Increased expression of LPCAT1 in transfected cells. Data are pooled from 3 independent experiments, each performed in

triplicate; *P = 0.006 versus EV.

demonstrate that LPCAT1 is a single-pass type II transmembrane
protein residing in the ER and that the catalytic domain, including
the critical residue His135, is located in the ER lumen (Figure 2D).

LPCAT1 is required for SatPC synthesis in vitro. We have previously
shown that Lpcat] mRNA is localized to the distal epithelium
of embryonic and adult mouse lung (18). To assess the pattern
of LPCAT1 protein expression in mouse lung, we generated a
polyclonal antibody against recombinant mouse LPCAT1 C ter-
minus (amino acids 413-534). Immunohistochemistry of adult
mouse lung demonstrated that LPCAT1 protein is restricted to
alveolar type II cells (Figure 3A).

In order to define the function of LPCAT1 in vitro, LPCAT1
expression was suppressed in mouse primary alveolar type II cells
by siRNA delivered via hemagglutinating virus of Japan envelopes
(HVJ-E). Importantly, the type II cells were cultured on 100% Matri-
gel to ensure maintenance of the differentiated phenotype (25).
A70% reduction in Lpcat] mRNA was observed 72 hours after trans-
fection with Lpcatl-directed siRNA compared with a scrambled
control siRNA or HVJ-E only, resulting in a significant decrease in
LPCAT1 protein (Figure 3, B and C). LPCAT1 protein levels recov-
ered to control levels by day 7 in culture (Figure 3C). Levels of Sfipc
mRNA, another type II cell-specific protein, were unaffected by
Lpcat] siRNA, as were the mRNA levels of Fasn and Scd1 (Figure 3B)
and Srebfl and Cebpa (data not shown), all of which are important
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for lipogenesis in alveolar type II cells (26). To determine whether
LPCAT1 is required for SatPC synthesis, primary type II cells were
cultured in the presence of Lpcat1 siRNA for 72 hours, followed by
labeling for an additional 14 hours with [*H]palmitic acid, the pre-
ferred acyl donor for LPCAT1 (18). The cells and media were har-
vested, then the number of radioactive counts incorporated into
SatPC was determined. Palmitic acid incorporation into SatPC
was decreased 2.7-fold in LPCAT1-suppressed cells compared with
cells treated with scrambled control siRNA (con siRNA) or HVJ-E
alone (Figure 3D). Similar decreases were observed in SatPC iso-
lated from the medium of Lpcat1 siRNA-suppressed cells (data not
shown). To determine whether increased expression of LPCAT1
is sufficient to increase SatPC synthesis in vitro, we transfected
MLE1S cells with LPCAT-HA and performed the [3H]palmitic acid
incorporation experiment as described for primary type II cells.
Overexpression of LPCAT]1 resulted in a 1.8-fold increase in pal-
mitic acid incorporation into SatPC in cells (Figure 3E) and medi-
um (data not shown), demonstrating that an increase in LPCAT1
is sufficient to increase SatPC synthesis.

Characterization of Lpcat157/* ES cells and generation of mice. To deter-
mine the function of LPCAT1 in vivo, we obtained an ES cell line
that expressed a mutant allele of Lpcatl. These ES cells harbored a
genetrap (GT) cassette in intron 9 of the Lpcat] locus (Figure 4A).
Processing of the mRNA transcribed from this locus resulted in
Number 5 1739
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Confirmation of Lpcat1 GT in ES cells and generation of mice. (A) Top: Diagram of Lpcat1 locus. Boxes denote exons, and intervening lines
denote introns. The f3-geo selection cassette encoding a f-galactosidase/neomycin fusion protein was inserted in intron 9, approximately 400
bp 3’ of exon 9. 1, 2, and r2 denote primers used to confirm the presence of GT cassette in the Lpcat? locus by gPCR analysis. Bottom: PCR
analysis of the Lpcat1 locus in GT ES cells or parental ES cells (129J/Ola) using 2 separate primer sets. The presence of amplicons in GT ES
cells with the absence of signal in parental cells demonstrates trapping of the Lpcat1 locus at exon 9. Vertical line indicates discontinuous lanes
in the same gel. (B) gPCR analysis of GT ES cells. cDNA from GT ES cells (GT) and parental cells (WT) was subjected to gqPCR analysis using
3 separate exon-spanning TagMan primer/probe sets for Lpcat1 as depicted in the bottom panel: 2/3, 9/10, and 12/13. Data were normalized
to Actb and represent 3 independent experiments, each performed in triplicate. Note the difference in signal between 2/3 probe and 9/10 probe
in GT cells. tP < 0.05 versus 9/10 and 12/13 GT;*P < 0.05 versus 2/3 WT. RQ, relative quantification. (C) Multiplex PCR genotyping of genomic
DNA from progeny of Lpcat1¢7+ intercrosses. Amplicon for WT allele is approximately 350 bp; GT, approximately 300 bp.

splicing of the 3-galactosidase/neomycin cassette to exon 9 of Lpcat1,
generating a LPCAT1/B-geo fusion protein (Figure 4B). Insertion
of the GT cassette in intron 9 of the Lpcatl locus was confirmed
by RT-PCR analysis of mRNA from GT ES cells (Figure 4A). These
data were further confirmed using quantitative PCR analysis with 3
exon-spanning TagMan primer/probe sets: 2/3 probe (detects WT
and GT mRNA), 9/10 probe (WT-specific), and 12/13 probe (WT-
specific). As expected, Lpcat] levels were decreased by 50% in the GT
ES cells compared with the WT cells as measured with the 9/10 and
12/13 probes (Figure 4B). Fusion of the -geo cassette to the first 9
exons of Lpcat] mRNA resulted in destabilization of the GT mRNA
by approximately 50% as determined by the difference in signal
intensity from the 2/3 probe in the GT versus WT cells (Figure 4B).

Chimeric male mice were generated from the GT cells and back-
crossed to Black Swiss females to generate Lpcat1”* mice. These
mice were healthy and fertile, with no overt phenotype. Lpcat17*
mice were intercrossed, and analysis of 104 mice at E18.5 indicated
that Lpcat1¢7ST mice were obtained at expected Mendelian ratios,
demonstrating that homozygosity of the GT allele does not result
in embryonic lethality (data not shown). The precise insertion
point of the GT cassette was identified by PCR, allowing for mul-
tiplex PCR genotyping (Figure 4C).

SatPC is decreased in lung tissue of E18.5 Lpcat1S7/ST mice. To assess
the role of LPCAT1 in SatPC synthesis in vivo, we measured SatPC
levels from lung tissue of Lpcat1¢V/ST mice at E18.5. SatPC levels
were decreased approximately 30% in Lpcat1%7T mice as compared
with lictermate controls (Figure 5A). No significant differences
in the percent composition of phosphatidylglycerol, phosphati-
dylinositol, phosphatidylethanolamine, lysobisphosphatidic acid,
and sphingomyelin were detected (data not shown).

Immunoblot analysis performed on lung homogenate from
E18.5 Lpcat167/ST, Lpcat1ST*, and Lpcat1*”* mice demonstrated that
1740

The Journal of Clinical Investigation

htep://www.jci.org

the fusion protein produced from the GT allele is undetectable
with our LPCAT1 antibody (Figure 5C). This was as expected, since
the portion of the protein used for production of this antibody is
not included in the translated fusion protein. Levels of Sfipb, Sftpc,
and Abca3, all which play critical roles in surfactant homeostasis,
were analyzed in E18.5 Lpcat167¢T mice. No differences were noted
for any of the 3 proteins at the mRNA level (Figure 5B), protein
expression level (Figure 5C), or protein localization (Figure 5D).
Lung morphology was not altered in Lpcat197/6T mice. The absence
of LPCAT1 immunoreactivity on lung sections of Lpcat197/6T mice
confirmed both the specificity of the antibody for full-length
LPCAT1 protein and the absence of splicing around the GT cassette
in Lpcat197/6T mice (Figure SD). Taken together, these data demon-
strate that LPCAT]1 plays a critical role in regulating SatPC synthe-
sis in vivo and that lung structure, other surfactant phospholipids,
and expression of proteins critical for surfactant homeostasis are
unaltered at E18.5 despite a 30% decrease in SatPC.

Lpcat167ST mice show varying perinatal mortality. Of the 520 new-
born pups generated from Lpcat197/* intercrosses, approximately
27% of Lpcat1°7/¢T mice were either found dead or exhibited severe
respiratory distress, including chest retractions and cyanosis, and
succumbed within 4-6 hours postpartum (Figure 6A and Table 1).
To determine the stability of the Lpcatl/B-geo mRNA in vivo, we
performed quantitative real-time RT-PCR (qQPCR) analysis on RNA
isolated from lung tissue of Lpcat1¢7/¢T mice. The absence of signal
from the 12/13 probe in Lpcat167/ST mice confirmed the specific-
ity of this probe for the WT allele and demonstrated that splicing
around the GT cassette to produce a full-length mRNA did not
occur (Figure 6B). In contrast, substantial variability in the sig-
nal generated with the 2/3 probe was detected in Lpcat17/¢T mice,
with lower Lpcat] mRNA levels present in the dead or gasping mice
(dead) compared with alive mice (i.e., no overt phenotype).

Volume 120

NumberS  May 2010



research article

A s 125, AbCB3_ Sfipb_Sftpc D Lpcat1+ Lpcatierer
S 30
cEn % 1.004 o
“_6 25 s E
@ .
E é.} 0.75 -
&} + 050+ o
% % 0.25 5
(%} 3
0.00- o
ol A1 o -
0‘\'6 e AN G‘ B{\ E
3N (‘_,'3\ Vs QG ‘3{\ Qc w
\,‘Qr;b \’Q \9 \SP QG ¥ \90 ¥ o 3
=
c chaff“m’ Lpcat16™ [pcat1** g -
¥ AU NMSS® s oAt
= s TN
.....I... IB: Pro-SFTPG = |
O |
n- -
S s S———— . w—® B Mature SFTPC = T
' 5 1y !
uﬂ-M IB: Mature SFTPC %] =
O e B A e BB e e B ACTIN @2 o 4 fy
< " ¢ ‘o
i‘,\’" 4 W ‘- 5 .'- £ ‘"“‘:‘ o }‘
Figure 5

Lung SatPC content is decreased in E18.5 Lpcat1G7GT mice. (A) Measurement of lung tissue SatPC content in E18.5 mice demonstrates that
Lpcat1GT/GT lungs contain significantly less SatPC. Data represent n = 5 per genotype and are normalized to tissue weight. *P < 0.01 versus
Lpcat1++and Lpcat1¢™+. (B) gPCR analysis of Abca3, Sftpb, and Sftpc from lung tissue of E18.5 mice shows that expression of these genes is
unchanged. Data represent n = 5 for each genotype and are normalized to Actb. (C) Immunoblot analysis of lung homogenate from E18.5 mice
using antisera directed against the C terminus of LPCAT1 (M, ~60 kDa), pro-SFTPC (M, ~21 kDa), the mature peptide of SFTPC (M, ~4 kDa),
or the mature peptide of SFTPB (M, ~16 kDa, nonreduced). The blot for mature SFTPB was stripped and reprobed with o-ACTIN as a loading
control. Note the lack of LPCAT1 immunoreactivity in Lpcat17GT mice (arrow) and no change in pro-SFTPC, mature SFTPC, or mature SFTPB
protein. (D) Immunohistochemical analysis of pro-SFTPC, mature SFTPB, LPCAT1, and ABCA3 in lung sections from Lpcat16767 and Lpcat1++

mice confirms the results in C. Scale bars: 50 um.

Lung tissue SatPC levels were significantly decreased in both
Lpcat1¢76T dead (46.0% of WT) and Lpcat1¢7/¢T alive (60.0% of WT)
mice compared with Lpcat197* and Lpcat1*/* littermates (Figure
6C). Notably, when the tissue SatPC data were plotted against
Lpcat] mRNA levels obtained from the same animals, a strong
correlation existed, suggesting that the incomplete penetrance of
phenotype observed in newborn Lpcat197/6T mice is due to vari-
ability in stability of the Lpcat1/B-geo mRNA and/or activity of the
LPCAT1/B-geo fusion protein (Figure 6D). Acyltransferase activ-
ity assays were performed on lung microsomes from newborn
Lpcat16T/ST mice and littermate controls to determine whether
the LPCAT1/p-geo fusion protein was catalytically active. The
data show that Lpcar197/6T mice retain significant acyltransferase
activity (Figure 6E) and this activity strongly correlated with tis-
sue SatPC levels, as was the case with Lpcat] mRNA expression
(Figure 6F). In mice, Lpcat] mRNA expression is maximal at E18.5
(18). Consistent with these data, tissue SatPC levels increased
3.3-fold from E18.5 to P1 in Lpcat1”* mice (Figure 6G), while the
fold increase in Lpcat17/¢T dead or alive mice was only 2.0 and 2.6,
respectively. Collectively, these data demonstrate that LPCAT1
plays a pivotal role in SatPC production in the lung and that the
level of Lpcat] mRNA and acyltransferase activity correlate with
tissue SatPC levels and perinatal survival.
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Surfactant protein expression in Lpcat]1 VST mice. Histopathology was
performed on lung tissue of newborn Lpcat1¢VST mice that suc-
cumbed from RDS to determine the effects of decreased LPCAT1
on lung structure. While some areas of the lungs from Lpcat167/6T
mice that displayed respiratory distress were well inflated (Figure 7C,
arrowhead) and comparable to those from asymptomatic Lpcat1 76T
mice (Figure 7, B and E) and wild-type littermates (Figure 7, A and
D), other areas showed collapsed airspaces and hemorrhagic regions
and had proteinaceous material in the distal airways, consistent with
respiratory distress (Figure 7C, arrow, and Figure 7F).

The levels of Sftpb, Sfptc, and Abca3 mRNA and ABCA3 protein
were unchanged in Lpcat197/6T RDS and alive mice compared with
littermate controls (Figure 7] and Figure 7, G-I). However, both
pro- and mature SFTPC proteins were decreased in the majority of
Lpcat1S7CT animals (Figure 7K). While SFTPC is dispensable for the
transition to air breathing in mice (27), SFTPB-deficient mice dis-
play profound neonatal respiratory distress and succumb shortly
after birth (28). However, levels of mature SFTPB peptide were
unchanged in the majority of Lpcat1¢7T mice compared with lit-
termate controls (Figure 7K). To determine whether lamellar body
biogenesis was perturbed in Lpcat167/6T RDS mice, we performed
ultrastructural analysis on lung tissue from newborn mice. The
number, size, and morphology of lamellar bodies in alveolar type II
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Figure 6

Perinatal mortality in Lpcat1G7GT mice correlates with SatPC content and LPCAT1 activity. (A) Cyanotic appearance of a newborn Lpcat1G7GT
mouse compared with wild-type littermate. (B) gPCR analysis of lung tissue from individual newborn mice using 2 primer/probe sets for Lpcat1.
Data were normalized to Actb; each bar represents a single animal, and error bars represent error within technical replicates. Note the decreased
amount of Lpcat1 in dead versus alive mice as detected with an exon 2/3 probe, suggesting variable mRNA stability. (C) Tissue SatPC content in
newborn mice. Data represent n = 17 per genotype for Lpcat16767 dead and alive, n = 9 for Lpcat1¢7+ and Lpcat1++. *P < 0.05 versus Lpcat1GT/GT
alive; *P < 0.001 versus Lpcat1G7GT dead and alive. (D) SatPC correlates with Lpcat? mRNA in newborn mice. Lpcat? mRNA was detected by
gPCR using the exon2/3 primer/probe set and normalized to Actb. Data represent n = 9 for each genotype, and both assays were performed
on lung tissue from the same animal. (E) Acyltransferase activity assays from lung tissue of newborn mice. Lpcat1G7GT mice had significantly
less acyltransferase activity than controls. Data represent n = 5 per genotype. *P < 0.05 versus Lpcat7+* mice. (F) SatPC content correlates
with LPCAT1 activity in newborn mice. Data represent n = 5 for each genotype. (G) Tissue SatPC levels in E18.5 and P1 mice. Note the 3.3-fold
increase in SatPC in Lpcat7++ mice from E18.5 to P1 versus 2.0-fold and 2.6-fold increases in Lpcat1G7GT dead and alive mice, respectively.
*P < 0.001 versus E18.5 of respective genotype; #P < 0.01 versus P1 Lpcat1CG7/GT alive mice.

To evaluate the level of phospholipid-associated mature SFTPB
peptide in LpcatrIS7/9T mice, we performed immunoblot analysis on

cells was similar in Lpcat197/6T RDS mice and Lpcat1** controls (Fig-
ure 7,Land M, arrowheads). Furthermore, abundant surfactant was

found in the alveolar lumina of Lpcat176T RDS mice, including the
presence of tubular myelin structures, despite the 53% decrease in
SatPC in these animals (Figure 7, N and O, arrows).

Surfactant from newborn Lpcat1SV/ST mice has poor surface activity.
The surface tension-lowering properties of the surfactantisolated
from newborn mice were evaluated using a captive bubble surfac-
tometer. While surfactant from Lpcat1¢7* and Lpcatl** mice effi-
ciently reduced the minimum surface tension below 5 mN/m, the
prototypical values of a high-quality surfactant, surfactant isolated
from newborn Lpcat197/6T alive mice, displayed a 2.9-fold increase
to approximately 13 nM/m over Lpcat1S7* and Lpcat1** controls,
indicative of poor surfactant function (Figure 8A).
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an aliquot of the same surfactant sample used for surface tension
assays. As shown in Figure 8B, Lpcat197/6T mice had levels of phos-
pholipid-associated mature SFTPB protein comparable to those of
their littermate controls, consistent to what was observed in whole
lung homogenate at E18.5 (Figure SC) and P1 (Figure 7K). Notably,
the surfactant from Lpcat1¢7/¢T alive mice was functionally poor,
even though SFTPB protein levels were normal (Figure 8, A and B).
Together, these data indicate that the surfactant isolated from
Lpcat197/ST mice is functionally poor, independent of phospholipid-
associated SFTPB levels.

Characterization of the LPCAT1/B-geo fusion protein. The LPCAT1/
B-geo cDNA was cloned from primary alveolar type II cells isolated
Number 5
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Table 1
Mendelian distribution of newborn Lpcaté7¢T, [ pcaté™+, and
Lpcat*+ mice

Genotype  Expected Collected Dead Dead
(total, 520) (n) (% of genotype)

GT/GT 25% 119 (23%) 32 26.9

GT/+ 50% 270 (52%) 6 2.2

+/+ 25% 131 (25%) 4 3.1

from adult Lpcat167* mice and placed in-frame with a C-terminal
HA tag in a mammalian expression vector to characterize the func-
tion of the LPCAT1/-geo fusion protein. Results demonstrated
that the LPCAT1/f-geo protein localizes to the ER of transfected
HeLa cells in a pattern identical to the WT protein (Supplemental
Figure 1A; supplemental material available online with this article;

Lpcat16meT

Lpcat1+* asymptomatic

research article

doi:10.1172/JCI138061DS1). Furthermore, the LPCAT1/B-geo pro-
tein shows robust -galactosidase activity in vitro, demonstrating
that the LPCAT1/B-geo transcript generates a functional protein
(Supplemental Figure 1B). Due to a notable decrease in staining
intensity observed in the immunofluorescence studies, levels of
protein expression were quantitated by FACS analysis of transfect-
ed HeLa cells. LPCAT1/B-geo-transfected cells showed decreased
levels of expression compared with cells transfected with wild-type
LPCAT]1 or the H135A mutant, demonstrating increased turnover
of this protein (Supplemental Figure 1, C and D). In acyltransfer-
ase assays, the LPCAT1/f-geo fusion protein generated SatPC ata
level intermediate to the wild-type protein and the H135A mutant
(Supplemental Figure 1E) when normalized to protein expres-
sion levels (Supplemental Figure 1D). Finally, expression of the
LPCAT1/B-geo fusion protein in HeLa cells did not result in tox-
icity (Supplemental Figure 1F), and there was no evidence of an
ER stress response in the lung tissue of Lpcat167/6T mice at E18.5
as assessed by levels of Hspa5 (BiP) mRNA (Supplemental Figure
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Analysis of surfactant-associated proteins in newborn Lpcat1¢76™ mice. (A—F). H&E-stained lung tissue sections from newborn Lpcat1G7/GT mice
that succumbed from RDS, showing areas of atelectasis and hemorrhaging (C, arrow) compared with less-affected areas in the same lung (C,
arrowhead) and lungs of asymptomatic Lpcat167/67 (B) and wild-type littermates (A). (D—F) High-power magnifications of areas boxed in A—C.
ABCABS protein levels were assessed by immunostaining (G-I). Scale bars: 500 um (A—C), 100 um (D-F), 50 um (G-I). (J) gPCR analysis of
Abca3, Sftpb, and Sftpc from lung tissue of newborn mice. Data represent n = 5 for each genotype and were normalized to Actb. (K) Immunoblot
analysis of lung homogenate from newborn mice using antisera directed against pro-SFTPC (M, ~21 kDa), the mature peptide of SFTPC (M,
~4 kDa), or the mature peptide of SFTPB (M, ~16 kDa, nonreduced). The blot for mature SFTPB was stripped and reprobed with a-ACTIN as a
loading control. (L—O) Representative transmission electron micrograph of lung tissue from a newborn Lpcat16767 RDS mouse and a Lpcat1++
litermate control. Note the numerous lamellar bodies in alveolar type Il cells (arrowheads, L and M) and abundant luminal surfactant and tubular
myelin structures (arrows, N and O) in both genotypes. Scale bars: 2 um (L-0).
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1G). Collectively, these data demonstrate that the LPCAT1/B-geo
mutation generates an ER-localized fusion protein that retains
significant acyltransferase activity in vitro but is less stable than
the wild-type protein. Finally, the LPCAT1/B-geo protein does not
result in overt cell toxicity when expressed at high levels in vitro,
nor does it elicit an ER stress response in vivo.

Discussion
SatPC is the phospholipid species most responsible for the sur-
face tension-lowering properties of pulmonary surfactant, thereby
preventing alveolar collapse at end-expiration. Alveolar SatPC is
synthesized by 2 pathways: de novo synthesis or a remodeling
mechanism involving phospholipase-mediated deacylation of
monosaturated PC, followed by reacylation with palmitoyl-CoA by
alysoPC acyltransferase. The 2 other less-abundant species of sur-
factant-associated PC, namely 16:0/14:0 and 16:0/16:1 PC, likely
also arise via this remodeling pathway associated with LPCAT1
(ref. 19 and our unpublished observations). It is well established
that lysoPC acyltransferase activity exists in the lung (29-34), and
3 lines of evidence from previous studies suggested that LPCAT1
may be the lysoPC acyltransferase involved in the biogenesis of
alveolar SatPC. First, Lpcat] mRNA is developmentally regulated in
the mouse lung, with peak expression at E18.5, and is restricted to
alveolar type II cells (18). Second, Lpcat] mRNA is induced by KGF
and dexamethasone in vitro (18), both of which stimulate phos-
pholipid synthesis in type II cells (22, 35). Third, LPCAT1 prefer-
entially acylates lysoPC with palmitate (16:0) or myristate (14:0) in
transiently transfected cells (18, 19). However, LPCAT1 can utilize
18:2 and 18:1 as acyl donors when expressed at supraphysiologi-
cal levels (19), indicating that this enzyme may also contribute PC
1744
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Figure 8

Surfactant isolated from Lpcat1G7/GT mice fails to reduce minimum sur-
face tension to wild-type levels. (A) Surface tension—lowering proper-
ties of lung surfactant isolated from newborn mice was measured on a
captive bubble surfactometer. Minimum surface tensions of surfactant
preparations isolated from Lpcat1G7/GT alive mice were significantly
higher than those of Lpcat1¢™+ and Lpcat1++ mice. Data represent at
least n = 5 per genotype. *P < 0.001 versus Lpcat1++ and Lpcat167+,
(B) Immunoblot analysis of phospholipid-associated mature SFTPB
from an aliquot of samples used for captive bubble surfactometer anal-
ysis in A. Input was normalized to 40 nmol of total phospholipid. Graph
represents densitometry of immunoblot. Levels of surfactant-associ-
ated, mature SFTPB protein were similar among all genotypes.

to cellular membranes. The results from the present study con-
firm and extend previous in vitro data by demonstrating that (a)
LPCAT1 is an ER-resident type II transmembrane protein with a
catalytic motif containing His135 in the ER lumen; (b) LPCAT1
regulates SatPC synthesis in primary cultures of alveolar type II
cells; and (c) Lpcat] mRNA content and acyltransferase activity cor-
relate directly with SatPC content and survival in Lpcat197/6T mice.
Collectively, these data demonstrate that LPCAT1 is required for
the transition to air breathing and underscore the importance of
the remodeling pathway to SatPC synthesis in vivo.

One advantage of the hypomorphic Lpcatl/B-geo allele was that it
allowed us to define the critical amount of SatPC required for the
transition to air breathing. Specifically, the differences in SatPC lev-
els in the newborn Lpcat197/6T dead versus alive animals were small
(46.0% of wild-type versus 60.0% of wild-type, respectively; Figure
6C), suggesting that the threshold level of SatPC required for peri-
natal lung function lies somewhere between 4.3 and 5.6 nmol/mg
tissue weight. These data are consistent with lung function stud-
ies performed in preterm rabbits, where lung compliance failed to
improve with increasing amounts of alveolar SatPC until a thresh-
old value of 0.7 umol/kg body weight was reached (36). Beyond
this threshold, compliance rapidly reached maximum values with
minimal increases in SatPC pool size, demonstrating a nonlinear
relationship between SatPC content and lung compliance.

The importance of SatPC in the transition to air breathing is
supported by data from several species (including rat, rabbit, lamb,
monkey, and human) demonstrating that SatPC levels increase
markedly at term (37). Our data presented in this study are con-
sistent with these findings, as we observed a 3.3-fold increase in
SatPC from E18.5 to P1 in wild-type mice (Figure 6G). In contrast,
the increase in SatPC during this transition was markedly lower
in Lpcat197/6T mice (2.0- to 2.6-fold in dead vs. alive mice, respec-
tively). Furthermore, Lpcat197/6T mice that survived the transition
to air breathing were asymptomatic out to 7 weeks of age, despite
a40% reduction in tissue SatPC levels at this age (data not shown).
Together, these data suggest that full LPCAT1 activity may only be
necessary to generate the high SatPC levels required for the transi-
tion to air breathing and that decreased LPCAT1 activity may per-
mit adequate adult lung function under normal conditions. This
hypothesis remains to be formally tested.

It is important to note that the lungs of dead Lpcat197°T mice
retained substantial acyltransferase activity compared with con-
trol littermates (Figure 6E). Since the LPCAT1/B-geo fusion pro-
tein generated from the GT allele contains the catalytic motif
encoded by exon 3, including the critical residue His1335, one pos-
sible explanation is that the LPCAT1/B-geo fusion protein retains
Volume 120
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acyltransferase activity. To test this hypothesis, the LPCAT1/p-
geo cDNA was cloned from Lpcat®7* type II cells and function-
ally characterized in vitro. The data (Supplemental Figure 1)
demonstrate that the LPCAT1/f-geo protein is considerably less
stable that the wild-type protein, in concordance with what was
observed in vivo at the mRNA level (Figure 6B). Nonetheless, the
LPCAT1/p-geo protein localized to the ER and retained consider-
able acyltransferase activity when normalized to protein expres-
sion. Importantly, the LPCAT1/B-geo fusion protein was not
toxic to transfected HeLa cells and did not elicit and ER stress
response in vivo. These data demonstrate that the LPCAT1/B-geo
allele generates a hypomorphic protein that most likely accounts
for the variability in phenotype observed in vivo. Our data in iso-
lated type IT cells demonstrating that palmitic acid incorporation
into SatPC was decreased 63%, with a 70% suppression of Lpcatl
mRNA (Figure 3) support the idea that LPCAT1 was incompletely
activated in Lpcat167/6T mice and suggest that complete inactiva-
tion of the Lpcat] allele will result in uniform mortality. This pos-
sibility is currently under investigation.

An alternative explanation for the remaining activity in Lpcat1 67T
mice is the existence of additional lysoPC acyltransferase(s) that
generate SatPC. Recently, 3 additional lysoPC acyltransferases,
LPCAT2,LPCAT3, and LPCAT4, have been identified and partially
characterized (38-43). LPCAT?2 also generates SatPC from lysoPC
and palmitoyl-CoA and is 48% homologous to LPCAT1. Lpcat2
mRNA is present in the lung, although its expression appears to be
restricted to alveolar macrophages (40). Furthermore, transcripts
for LPCAT2 in lung tissue were only 1.5% as abundant as LPCAT1
and were not elevated in Lpcat167/9T mice (data not shown),
making it unlikely that LPCAT2 functionally compensates for
decreased LPCAT1 activity. LPCAT3 is also expressed in human
adult lung. It has been shown to acetylate LysoPC with palmitoyl-
CoA when overexpressed in yeast that is LPCAT deficient (42) but
not in mammalian CHO cells (39). While LPCAT4 is expressed at
low levels in the human and mouse lung (43), this enzyme does
not acylate LysoPC with palmitoyl-CoA in vitro (39). The possible
contribution of LPCAT3 and LPCAT4 to SatPC generation in vivo
remains to be determined.

PC is the most abundant phospholipid of mammalian cells and
is particularly enriched in ER and mitochondrial membranes as
well as the plasma membrane (44). Choline cytidylyltransferase o
(CCTa, gene symbol Pcytla), the primary rate-limiting enzyme
in the de novo synthesis of all PC species, is absolutely required
for embryogenesis, since global deletion of Peytla in the mouse
results in embryonic lethality prior to implantation (45). Inter-
estingly, adult Pcytla*/~ mice displayed a slight reduction in total
PC content in the lung, but not in the liver, suggesting a role for
CCTa in surfactant phospholipid synthesis. Consistent with this
concept, deletion of Pcytla in pulmonary epithelial cells resulted in
lethal neonatal respiratory distress in mice associated with a 40%
decrease in total lung PC (46). However, this study did not address
the direct impact of decreased SatPC versus other PC species on
the lethal respiratory phenotype.

While some of the SatPC in alveolar type II cells is synthesized
de novo (12), the majority is generated via the remodeling path-
way, with estimates ranging between 55% and 75% (12, 13). The
first enzymatic reaction in the remodeling pathway is the deacyla-
tion of PC by PLA,. Numerous PLA,; isoforms exist in the mam-
malian genome (47, 48), and PLA,; activity has been localized to
distinct subcellular compartments of the lung, including cytosol,
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microsomes, lysosomes, and lamellar bodies (49-56). PRDX6 is
a Ca?*-independent, acidic PLA; that localizes to lysosomes and
lamellar bodies and is a dual-function enzyme with peroxidase and
phospholipase activity (57). Prdx67/~ mice are viable and fertile (58)
and accumulate total phospholipids, PC, and SatPC in lung tis-
sue and lavage as a function of age, demonstrating a role for this
enzyme in surfactant phospholipid catabolism (59). However, the
fact that Prdx6~~ mice do not phenocopy Lpcat1S7/ST mice suggests
that other PLA, enzymes may be operating in the deacylation arm
of the remodeling pathway to generate SatPC.

Surfactant isolated from asymptomatic Lpcat16”/9T newborn
mice failed to reduce surface tension below S mN/m, despite nor-
mal levels of SFTPB protein (Figure 8, A and B). Because SFTPB
levels were normal in Lpcat167¢T mice at E18.5 and P1, we believe
that the marked elevation in surface tension in these animals (~13
mN/m) is primarily due to decreased SatPC content in the sur-
factant. For comparison, the minimum surface tension values
of surfactant isolated from adult mice conditionally deficient
in SFTPB range from 12 to 18 mN/m (60), which is higher than
what we observed in Lpcat197/6T mice. It is important to note that
the high surface tension measurements were detected in SFTPB
deficient animals prior to visible signs of respiratory distress,
demonstrating that values above 13 mN/m are compatible with
life. Although changes in surfactant lipid components other than
SatPC are known to alter surface tension properties, we detected
no significant differences in the percent composition of phospha-
tidylglycerol, phosphatidylinositol, phosphatidylethanolamine,
lysobisphosphatidic acid, and sphingomyelin in Lpcat1¢7/ST mice
(data not shown). While adding exogenous SatPC to the surfactant
from newborn Lpcat1%7T mice should, in theory, reduce the mini-
mal surface tension to WT levels, we predict from our previous
experience that the addition of exogenous SatPC in an organic sus-
pension to the pelleted endogenous surfactant suspension from
Lpcat1€7/6T mice would not fully induce the required surfactant
lipid-protein associations to restore minimum surface tension,
therefore confounding interpretation of these results.

While we cannot definitively explain why Lpcat17/6T mice sur-
vive the perinatal period despite high surface tension values, these
data demonstrate that a primary defect in SatPC synthesis, with
no changes in SFTPB content, results in a poor surfactant and
suggests that the minimum surface tension value required for the
transition to air breathing in mice is at least 13 mN/m. Data from
premature rabbit models have clearly shown that the relationship
between SatPC content and lung compliance is not linear (36).
Increasing SatPC content has little effect on compliance until a
threshold is reached, after which maximal compliance is achieved
and there is no additional benefit of further increases. We believe
that the SatPC levels in hypomorphic Lpcat1S7ST pups range just
above (live) or below (die) this threshold. These data demonstrate
that the primary cause of the lethal respiratory distress pheno-
type in the Lpcat1¢7/6T mice that died was insufficient SatPC levels
required for the transition to air breathing. To our knowledge, this
is the first report of lethal neonatal respiratory distress with a pri-
mary defect in pulmonary SatPC synthesis.

Mutations in genes essential for the production and function of
pulmonary surfactant, including Sftpb, Sftpc, and Abca3, have been
linked to acute and chronic lung disease in children and adults
(6). Given the critical requirement for LPCAT1 in the transition to
air breathing, it is tempting to speculate that decreased LPCAT1
expression, resulting from mutations in either the regulatory
Volume 120 1745
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or coding region of Lpcatl, may be responsible for the fatal RDS
observed in a subset of newborn infants who have normal levels
of SFTPB, SFTPC, and ABCA3. A total of 7 SNPs in the human
Lpcatl locus have been deposited in the NCBI Single Nucleotide
Polymorphism database (www.ncbi.nlm.nih.gov/snp/, Build 130).
Three of the 7 are synonymous mutations, 3 are missense muta-
tions, and 1 results in a frameshift. While none of mutations have
been associated with clinical disease, 4 of the 7 mutations cluster
within 30 bp of the critical HX4D motif in exon 3, suggesting that
these mutations may impact LPCAT1 function.

Surfactant deficiency also occurs in children and adults with
ALI and exogenous surfactant replacement therapies have not
been conclusively efficacious in either population (61). Numerous
factors have been proposed to explain the variability in efficacy,
including etiology of injury, dosing regimen, surfactant composi-
tion, rapid clearance of exogenous surfactant in the mature lung,
and delivery to injured areas of the lung (62-64). Overexpression
of LPCAT1 in transiently transfected MLE1S5 cells was sufficient to
increase the synthesis and secretion of SatPC (Figure 3E). Identify-
ing the transcriptional networks that induce LPCAT]1, including
the candidates CEBPa and SREBF1, which are known to induce
phospholipid synthesis in alveolar type II cells (21, 22, 26, 65),
may allow for the increased production of endogenous SatPC
in the injured lung, thereby providing an alternative therapeutic
approach to the treatment of ALL

In summary, we have shown that LPCAT1 is an ER-localized
transmembrane protein that requires His135 for its catalytic activ-
ity. LPCAT1 is critical for the production of SatPC in mouse alve-
olar type II cells and is required for the burst in SatPC synthesis
needed for the transition to air breathing. These data highlight the
importance of the remodeling pathway in SatPC synthesis in vivo
and suggest that LPCAT1 may be an important biological target for
therapeutic interventions in surfactant-associated deficiencies.

Methods
Expression constructs. Two epitope-tagged LPCAT1 constructs were generated
by PCR amplification from mouse alveolar type II cell cDNA: LPCAT-HA,
with a C-terminal HA tag, and LPCAT-FLAG, with an N-terminal FLAG
tag. The amplicons were ligated into pcDNA3.1+ (Invitrogen). The H135A
point mutant of mouse LPCAT1 was generated with the QuikChange kit
(Promega) using LPCAT-HA/pcDNA3.1+ as a template.

Secondary structure prediction of mouse LPCATI protein. The primary amino
acid sequence of mouse LPCAT1 protein was analyzed by the TMpred
(htep://www.ch.embnet.org/software/TMPRED_form.html), SOSUI
(htep://bp.nuap.nagoya-u.ac.jp/sosui/), and Kyte-Doolittle hydropathy
plot (http://gcat.davidson.edu/rakarnik/kyte-doolittle.htm) algorithms.

Membrane fractionation assay. Experiments were performed using a method
adapted from Schuberth and Buchberger (66). HEK293 cells (ATCC) were
transfected with LPCAT-HA or LPCAT-FLAG using Lipofectamine 2000
(Invitrogen). The following day, cells were washed with PBS, scraped, and
pelleted at 800 g for 10 minutes at 4°C. The cell pellet was resuspended in
300 ul of buffer A (50 mM Tris-HCI pH 7.5, 100 mM NaCl, 0.3 M sorbitol,
1 mM EDTA, and Complete protease inhibitors [Roche]), briefly sonicated,
and split into 30-ul aliquots. Membranes were pelleted from the aliquots
by centrifugation at 20,000 g for 30 minutes at 4°C and resuspended
in buffer A only or buffer A containing one of the following additions:
0.6 M NaCl, 0.2 M Na,COs3, 0.1% Triton X-100, or 1% Triton X-100. After
15 minutes of incubation on ice, the samples were centrifuged at 20,000 g
for 30 minutes to separate pellet and soluble fractions, and partitioning of
LPCAT1 was monitored by immunoblot analysis.
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Trypsin protection assay. Membrane pellets were isolated as described for
membrane fractionation experiments, except that buffer A lacked protease
inhibitors. The membrane pellets were incubated with trypsin (10 ug/ml,
New England Biolabs) or trypsin plus 1% Triton X-100 for 15 minutes on
ice. The reaction was terminated with the addition of 2 mM PMSF, and the
reaction products were analyzed by immunoblot analysis.

Generation of Lpcat17/* mice. ES cells harboring the GT cassette in intron 9
of the Lpcatl locus (cell line ID: BC0405) were obtained from the Sanger
Institute. The GT cassette consists of a splice acceptor site from the
Engrailed gene fused to a neomycin resistance cDNA followed by p-galacto-
sidase cDNA. For RT-PCR confirmation experiments, ES cells were cultured
on gelatin-coated plates in the presence of leukocyte inhibitory factor (LIF),
alongside parental ES cells derived from 129]/Ola mice. Chimeras were gen-
erated by blastocyst injections of the Lpcat197/* ES cells at the University
of Cincinnati Gene Targeting Facility. Chimeric males were backcrossed
to Black Swiss females to generate Lpcat1?/* mice, referred to as founder
(Fo) mice. All of the studies detailed in this article were performed with F,
offspring from F; intercrosses. Mice were maintained in cages containing
high-efficiency particulate-filtered air in a barrier facility. Sentinel control
mice housed alongside study mice were deemed pathogen-free, and all pro-
cedures were conducted under protocols approved by Cincinnati Children’s
Hospital Medical Center’s Institutional Animal Care and Use Committee.

Acyltransferase activity assays. To measure acyltransferase activity of
LPCAT1-transfected cells, the reaction mixture (200 ul final volume)
contained 80 mM Tris-HCI pH 7.5, 5 mM MgCl,, 200 uM lysoPC (Avanti
Polar Lipids), 20 uM 1-14C-palmitoyl-CoA (PerkinElmer Life Sciences), and
20 ug of cell lysate. The reaction was initiated by the addition of the pro-
tein homogenate, allowed to proceed for 20 minutes at 25°C, and termi-
nated with the addition of chloroform/methanol (2:1, vol/vol). The lipids
were extracted, and the amount of palmitate incorporation into SatPC
was determined as previously described (18). To measure endogenous
acyltransferase activity in lungs, microsomes were isolated from newborn
mouse lungs using a previously described protocol (67), and acyltransfer-
ase assays were performed as described above, except an input of 100 ug
microsomal protein was used.

Generation of LPCAT1 antibody. The cDNA encoding amino acids 413-534
of mouse LPCAT]1 protein was amplified from LPCAT1/pcDNA3.1+
and cloned into the pET41a+ vector (Novagen) to create LPCAT1413-534/
pET41a+. BL21(DE3) bacteria were transformed with LPCAT 1413534/
pET41a+, grown to log phase, and then induced with 1 mM IPTG for
4 hours to produce the recombinant protein. The protein was then isolated
from lysed cells, purified on a nickel column, and injected into guinea pigs
with adjuvant to generate polyclonal antibodies.

Immunoblot analysis. Lysate preparation from HEK293 cells, protein
standardization, and immunoblot analysis were performed as previously
described (68). Whole lung homogenate was prepared by briefly sonicating
fresh lung tissue (~50 mg) in RIPA buffer containing Complete protease
inhibitors (Roche). The homogenate was spun at 10,000 g for 5 minutes
to clear debris, and the supernatant was used for protein standardization
and immunoblot analysis. Lysates were separated on 12% PAGEgels (Fisher
Scientific) for LPCAT1 and 10%-20% gels for mature SFTPB, pro-SFTPC,
mature SFTPC, and actin under reducing conditions (except for mature
SFTPB). Polyclonal antisera for mature SFTPB, pro-SFTPC, mature SFTPC,
ABCA3, and pan-ACTIN were purchased from Seven Hills Bioreagents.

Lung histology and immunobistochemistry. Tissues were fixed in 4%
paraformaldehyde and embedded in paraffin, and 5-um sections were
cut for H&E staining or immunohistochemistry. Primary antibodies used
were: mature SFTPB, pro-SFTPC, and ABCA3 (Seven Hills Bioreagents)
and LPCAT]1 (in-house). Biotinylated secondary antibodies were used with
the ABC Vectastain kit (Vector Laboratories). DAB with nickel enhance-
Volume 120

NumberS  May 2010



ment was used for mature SFTPB, pro-SFTPC, and ABCA3 staining, fol-
lowed by a nuclear fast red counterstain; DAB was used for LPCAT1 with a
hematoxylin counterstain.

Primary alveolar type II cell isolation, culture, and administration of siRNA.
Mouse alveolar type II cells were isolated and cultured on 100% Matrigel
(BD Biosciences) as previously described (69). ON-TARGETplus SMART-
pool siRNA for mouse Lpcat1 (catalog L-059984-01) or a non-target control
siRNA (catalog D-001600-01) were purchased from Dharmacon. siRNAs
were delivered into primary type II cells via HV]-E particles (CosmoBio, cata-
log SK-GN-001-EX) per the manufacturer’s guidelines. Cells for biochemical
analyses were harvested off the Matrigel with dispase (Gibco, Invitrogen).

Palmitic acid incorporation into SatPC. Mouse alveolar type II cells were iso-
lated and cultured with Lpcat]l siRNAs as described above for 72 hours,
then labeled with 1 uCi/ml [*H]palmitic acid for an additional 14 hours
in a humidified incubator. The palmitic acid was stabilized in solution
with 5% human serum albumin prior to use. Media and cells were har-
vested after labeling, and the lipids were extracted by the method of Bligh
and Dyer (70). SatPC was isolated from each fraction using the method of
Mason et al. (71). The amount of palmitic acid incorporated into SatPC
was determined by quantification of radioactivity by liquid scintillation
counting and normalized to nanograms of genomic DNA isolated from
the cells using a previously described method (72). For labeling of MLE15
cells overexpressing LPCAT], cells were labeled as described for type II cells
48 hours after transfection. SatPC was isolated from both medium and
cellular fractions, and the data were normalized to cellular protein content
determined by microBCA (Pierce).

Surface tension measurements of surfactant from newborn mice. Due to the
inability to recover bronchoalveolar lavage fluid from newborn mice, sur-
factant was isolated by mechanically dicing newborn lungs into approxi-
mately 1-mm? pieces, followed by slowly stirring in 15 mM NaCl on a
magnetic stirrer for 20 minutes at 2°C. The lung tissue was removed from
the suspension by filtering through 2 layers of gauze. The suspension was
then centrifuged at 4,000 g over a 0.8-M sucrose cushion for 15 minutes at
room temperature, and large-aggregate surfactant was collected from the
interface, diluted in 15 mM NaCl, and centrifuged again at 40,000 g for
15 minutes (73). The large-aggregate surfactant pellet then was resuspended
in a small amount of saline, and aliquots were used for phosphorous assay
(74). The large-aggregate surfactant fractions from 3 mice for each group
were used for minimal surface tension measurements using the captive
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bubble surfactometer (75). Three-microliter suspensions of large-aggregate
surfactant fractions containing 15 umol of phospholipid were applied by
microsyringe on the surface of a 25-ul bubble. Sixty seconds after surfac-
tant application, the bubble was oscillated 5 times, and minimal surface
tensions at a surface area of 35% were measured.

Quantitative real-time PCR analysis. Total RNA for qPCR was isolated and
reverse transcribed into cDNA by standard methods. qPCR was performed
using TaqgMan primer/probe sets (Applied Biosystems) specific for Sfipc
(assay ID: MmO00488144_m1), Sfipb (assay ID: Mm00455681_m1), Abca3
(assay ID: Mm00550501_m1), Lpcat] exons 2/3 (assay ID: Mm00628177_
m1), Lpcat] exons 9/10 (assay ID: Mm00461015_m1), Lpcat] exons 12/13
(assay ID: MmO01340302_g1), Hspa$ (assay ID: Mm00517691), Fasn (assay
ID: Mm01253300_g1), and Scd1 (assay ID: Mm00772290_m1) and Actb
(part number: 4352933E) as an internal control. The PCR reactions and
relative quantifications were performed using 25 ng of cDNA per reaction
on a 7300 Real-Time PCR system (Applied Biosystems).

Transmission electron microscopy. The upper-right lobes of newborn mouse
lungs were fixed, processed, and analyzed as previously described (76).

Statistics. All data are presented as mean + SEM, with P < 0.05 consid-
ered significant. Multiple group comparisons were made by 1-way ANOVA
with Tukey’s post-hoc analysis. Two-way comparisons were performed
by 2-tailed, unpaired Student’s ¢ test. All analyses were performed using
GraphPad Prism software version 4.0.
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