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Background: Surfactant phosphatidylcholine (PC) must be transported to lamellar bodies (LBs) prior to secretion from type
II cells.
Results: The acyltransferase LPCAT1 interacts specifically with the phospholipid transfer protein StarD10 in vivo and in vitro.
Conclusion: The LPCAT1 and StarD10 interaction is an initial step in PC trafficking to LB.
Significance: This is the first direct evidence linking StarD10 to transport of SatPC to LB.

Pulmonary surfactant, a mixture of proteins and phospholip-
ids, plays an important role in facilitating gas exchange by main-
taining alveolar stability. Saturated phosphatidylcholine
(SatPC), the major component of surfactant, is synthesized both
de novo and by the remodeling of unsaturated phosphatidylcho-
line (PC) by lyso-PC acyltransferase 1 (LPCAT1). After synthe-
sis in the endoplasmic reticulum, SatPC is routed to lamellar
bodies (LBs) for storage prior to secretion. The mechanism by
which SatPC is transported to LB is not understood. The speci-
ficity of LPCAT1 for lyso-PC as an acyl acceptor suggests that
formation of SatPC via LPCAT1 reacylation is a final step in
SatPC synthesis prior to transport. We hypothesized that
LPCAT1 forms a transient complex with SatPC and specific
phospholipid transport protein(s) to initiate trafficking of
SatPC from the endoplasmic reticulum to the LB. Herein we
have assessed the ability of different StarD proteins to interact
with LPCAT1. We found that LPCAT1 interacts with StarD10,
that this interaction is direct, and that amino acids 79 –271 of
LPCAT1 and the steroidogenic acute regulatory protein-related
lipid transfer (START) domain of START domain-containing
protein 10 (StarD10) are sufficient for this interaction. The role
of StarD10 in trafficking of phospholipid to LB was confirmed
by the observation that knockdown of StarD10 significantly
reduced transport of phospholipid to LB. LPCAT1 also inter-
acted with one isoform of StarD7 but showed no interaction
with StarD2/PC transfer protein.

Pulmonary surfactant is a complex mixture of phospholipids
and proteins that is synthesized, stored, and secreted by alveo-
lar type II epithelial cells in the lung (1). Deficiencies and/or
dysfunction of the surfactant system contribute to the patho-

genesis of pulmonary diseases, including respiratory distress
syndrome in infants (2) and acute lung injury in adults (3, 4).
Phospholipids constitute �80% of the total mass of pulmonary
surfactant with the remainder composed of neutral lipids
(5–10%) and proteins (10%) (5). Phosphatidylcholine (PC)2 is
the predominant phospholipid species in surfactant, account-
ing for 80% of the total phospholipids. Approximately 50 – 60%
of surfactant PC contains two saturated fatty acid chains at the
sn-1 and sn-2 positions of the glycerol backbone, a property that
distinguishes it from PC found in cellular membranes that typ-
ically has an unsaturated fatty acid moiety at the sn-2 position.
The high percentage of disaturated PC in surfactant is essential
for its function of reducing surface tension at the air/liquid
interface in the alveolus (6, 7).

Saturated phosphatidylcholine (SatPC) is synthesized de
novo through the Kennedy pathway (8) or by remodeling via the
Lands cycle (9). In the lung, 55–75% of SatPC is synthesized
through the remodeling pathway (10, 11) where a phospho-
lipase A2 deacylates existing unsaturated PC at the sn-2 posi-
tion to generate lysophosphatidylcholine (lyso-PC), which is
then reacylated with a saturated fatty acid by the lyso-PC acyl-
transferase 1 (LPCAT1). We and others have demonstrated
previously that LPCAT1 exhibits a high affinity for palmitoyl-
CoA as an acyl donor and preferentially acylates lyso-PC com-
pared with other lysophospholipids (12–14). In the mouse lung,
LPCAT1 is expressed only in surfactant-producing alveolar
type II cells and is developmentally regulated, peaking at the
end of gestation (12). The importance of LPCAT1 to surfactant
SatPC synthesis is underscored by the previous observations
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that surfactant isolated from Lpcat1�/� mice or from mice
bearing a hypomorphic allele of Lpcat1 exhibits a significantly
decreased SatPC content and impaired surface tension-lower-
ing capability (15, 16).

Levels of LPCAT1 can also affect surfactant homeostasis
because overexpression of LPCAT1 in a lung epithelial cell line
targets the enzyme CPT1 (cholinephosphotransferase), which
catalyzes the terminal step in de novo PC synthesis, for degra-
dation via the lysosomal pathway (17). LPCAT1 may also play
an important role in the response of the lung epithelium to
injury. LPCAT1 translocates to the nucleus in lung epithelial
cells treated with LPS or LPS-containing bacteria where it reg-
ulates inducible gene expression by catalyzing the palmitoyla-
tion of histone H4 (18, 19).

Newly synthesized SatPC moves from the smooth endoplas-
mic reticulum (ER) to the cytoplasmic lamellar body (LB) for
storage prior to secretion (for a review, see Ref. 20). Although
several studies have documented the critical role of ABCA3
located on the LB surface (21, 22) in moving SatPC from the
cytosol into the LB, the molecular mechanisms regulating the
trafficking of SatPC from the ER to the LB have not been
defined. Lipid transport can occur by various mechanisms,
including diffusion between contact membranes, vesicular
transport through the budding and fusion of membrane vesi-
cles, and non-vesicular transport mediated by lipid transfer
proteins (23–29). Vesicular transport is importantly involved in
the trafficking of newly synthesized surfactant protein B and
surfactant protein C to LB (30 –32) as well as in the endocytosis-
mediated recycling of surfactant protein A (33) and lipids (34 –
36). Initial studies suggested that transport of newly synthe-
sized SatPC to LB also occurred via vesicles based on an
electron microscopic autoradiography study of type II cells fol-
lowing an in vivo pulse of [3H]choline that showed the sequen-
tial appearance of radiolabeled PC in the ER followed by the
Golgi and then finally LB (37). More recent studies (31, 38),
however, have shown that disruption of the Golgi apparatus in
type II cells by brefeldin A had no effect on both SatPC traffick-
ing to LB and PC secretion, suggesting that a non-vesicular
pathway is responsible for SatPC transport.

Because reacylation of lyso-PC is a final step in SatPC syn-
thesis prior to its trafficking to LB, we hypothesized that
LPCAT1 forms a transient complex with SatPC and a specific
phospholipid transport protein(s) to initiate the movement of
SatPC from the ER to the LB. The steroidogenic acute regula-
tory protein-related lipid transfer (START) proteins are non-
vesicular lipid transporters that facilitate intracellular lipid traf-
ficking between cellular membranes (39, 40). The START
domain is a protein motif spanning �210 amino acids that is
responsible for lipid binding. Among the 15 mammalian
START domain-containing (StarD) proteins, a subfamily that
comprises StarD2/PCTP, StarD7, and StarD10 has been cate-
gorized as PC-specific transporters (41– 43). The fact that
StarD2/PCTP, StarD7, and StarD10 are co-expressed in the
lung makes them attractive candidate molecules for the trans-
port of SatPC to LB. In this study, we demonstrate a specific and
direct interaction between LPCAT1 and StarD10 both in vivo
and in vitro and define regions of each molecule that are
involved in this interaction. In concert with previous data (19,

44), these results provide further evidence that LPCAT1 is a
multifunctional enzyme that plays important roles in diverse
cellular functions.

Experimental Procedures

Animals—All protocols involving mice were reviewed and
approved by the Institutional Animal Care and Use Committee
at Cincinnati Children’s Medical Center. The studies utilizing
wild-type mice were done using strain FVB/N (Harlan Labora-
tories, Madison, WI). Lungs for ontogeny studies were obtained
from timed fetuses on embryonic (E) days E11.5 through E18.5.
Lungs were also obtained from postnatal (PN) animals on days
PN0, PN1, PN7, and PN14 as well as from adults. Adult type II
cells for gene expression studies were isolated by FACS from
surfactant protein C/GFP mice that express green fluorescent
protein under control of the human SFTPC promoter (45).

Quantitative Real Time RT-PCR (qPCR)—Total RNA was
purified from lung tissue or alveolar type II cells using an
RNeasy Plus Mini kit (Qiagen, Hilden, Germany) or by CsCl
centrifugation (46) and reverse transcribed with the iScript kit
(Bio-Rad). qPCR was performed on a 7300 Real Time PCR
Machine using TaqMan probes (both from Applied Biosys-
tems, Foster City, CA). �-Actin was used as the internal control
for quantitation. Changes in gene expression are expressed as
-fold changes versus controls.

LPCAT1 and StarD Expression Constructs—To generate the
StarD constructs, total adult mouse liver RNA was isolated and
reverse transcribed with Superscript II reverse transcriptase
(Invitrogen). cDNA fragments for coding sequences with a
FLAG (DYKDDDDK) or HA (YPYDVPDYA) tag added to the
3�-end were generated by PCR for StarD2/PCTP, StarD7, and
StarD10 using the primers listed in Table 1; a unique restriction
site was also added to the 5�-end of each primer to facilitate
directional cloning. The resultant StarD2-HA, StarD7-I-HA,
StarD7-II-HA, StarD10-HA, and StarD10-FLAG PCR products
were digested with the appropriate restriction enzymes and
ligated into the vector pcDNA3.1(�) (Invitrogen). The result-
ing expression constructs were sequenced in both directions to
ensure that no mutations were introduced by PCR amplifica-
tion. Expression of StarD10-HA, StarD10-FLAG, StarD2-HA,
StarD7-I-HA, and StarD7-II-HA proteins was tested by tran-
sient transfection of HEK293 cells followed by immunoblotting
using anti-HA (Santa Cruz Biotechnology, Dallas, TX) or anti-
FLAG antibody (Stratagene, La Jolla, CA) to detect recombi-
nant protein.

The generation and use of the LPCAT1 expression con-
structs LPCAT1-FLAG and LPCAT1-HA have been described
previously (15). To determine the domains required for the
LPCAT1 and StarD protein interaction, the following deletion
constructs were generated by PCR using the appropriate full-
length expression construct as template with primers listed
in Table 1: LPCAT1(49 –534)-HA, LPCAT1(79 –534)-HA,
LPCAT1(272–534)-HA, LPCAT1(1–271)-HA, LPCAT1(79 –
271)-HA, LPCAT1(114 –239)-HA, StarD10(1–227)-HA, and
StarD10(19 –227)-FLAG. The truncated fragments were
cloned into the vector pcDNA3.1(�), and their sequence fidel-
ity was confirmed. The expression vector StarD7-I(1–78)-
FLAG was constructed by inserting the DNA sequence coding
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Met1–Leu78 plus a FLAG tag into the vector pEGFP-CI (BD
Biosciences).

LPCAT1 and StarD Co-immunoprecipitation (Co-IP) As-
says—HEK293 cells were transfected with LPCAT1 and StarD
constructs (either singly or in combination) using Lipo-
fectamine 2000 (Invitrogen). Cells transfected with empty vec-
tor served as controls. 48 h post-transfection, cells were lysed in
1 ml of lysis/binding buffer (20 mM HEPES, pH 7.6, 150 mM

NaCl, 10% glycerol, 1% Triton X-100, 1 mM EDTA, 1 mM

EGTA) plus protease inhibitor mixture (Sigma-Aldrich) for 1 h
at 4 °C. The lysates were cleared by centrifugation at 12,000 rpm
for 15 min at 4 °C. The supernatants were incubated overnight
at 4 °C with 50 �l of anti-FLAG M2 antibody bound to agarose
beads (Sigma-Aldrich); resins conjugated with anti-FLAG anti-
body were used to circumvent detection problems caused by
free immunoglobulins. The beads were washed and boiled in 25
�l of 2� Laemmli buffer. The precipitated proteins were sepa-
rated by SDS-PAGE and immunoblotted with anti-HA anti-
body; 5% of cell lysates was used as input on a protein gel for all
experiments. Expression levels of FLAG-tagged bait and HA-
tagged prey proteins were demonstrated by immunoblotting
using anti-FLAG and anti-HA antibody, respectively. Co-IP
was also carried out by pulling down protein complexes with
anti-StarD10 antibody (Santa Cruz Biotechnology) and Protein
G-Sepharose (Invitrogen) followed by immunoblotting using
anti-LPCAT1 antibody (15).

LPCAT1 and StarD10 Direct Protein Interaction Assays—To
determine whether LPCAT1 interacts directly with StarD10,
full-length LPCAT1 and StarD10 cDNAs were cloned into the
expression vectors pET-24a (Novagen, Madison, WI) and
pGEX-4T-1 (Ge Healthcare) to generate pET-24a/LPCAT1,
pET-24a/StarD10,pGEX-4T/LPCAT1,andpGEX-4T/StarD10con-
structs. The resulting constructs were used to transform bacte-
rial strain BD21 (Novagen). Expression of GST-LPCAT1 and
GST-StarD10 recombinant proteins was induced with 0.1 mM

isopropyl 1-thio-�-D-galactopyranoside (Invitrogen) for 4 h,

whereas LPCAT1-His and StarD10-His were induced with 1
mM isopropyl 1-thio-�-D-galactopyranoside. The recombinant
proteins were subsequently purified with GST- or His-resin
(Novagen) according to the manufacturer’s instructions.
Briefly, bacterial pellets for GST-LPCAT1 or GST-StarD10
were lysed in GST bind/wash buffer (4.3 mM NaHPO4, 1.47 mM

KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.2) with 0.1% Nonidet
P-40 and 5 mM imidazole plus proteinase inhibitor, sonicated,
and cleared. The resulting supernatants were incubated with
GST-resin. Protein-bound resins were washed and eluted with
GST elution buffer (50 mM Tris-HCl, pH 8.0, 10 mM reduced
glutathione). Bacterial pellets for LPCAT1-His or StarD10-His
were lysed in binding buffer (20 mM Tris-HCl, pH 7.9, 500 mM

NaCl, 5 mM imidazole) with 0.1% Nonidet P-40 plus proteinase
inhibitor, sonicated, and cleared. The resulting supernatants
were incubated with nickel-charged His-resin. Protein-bound
resins were washed and eluted with elution buffer (20 mM Tris-
HCl, pH 7.9, 500 mM NaCl, 1 M imidazole). The concentrations
of the purified proteins were determined by BCA assay (Pierce).
20 �g of GST-LPCAT1 and StarD10-His proteins were diluted
in 1 ml of GST bind/wash buffer and incubated with 50 �l of
GST-resin overnight at 4 °C. The precipitated proteins were
separated by SDS-PAGE and immunoblotted with anti-
StarD10 and anti-LPCAT1 antibodies. To examine the con-
verse interaction, LPCAT1-His and GST-StarD10 recombinant
proteins were precipitated with GST-resin and then immuno-
blotted with anti-LPCAT1 and anti-StarD10 antibodies.

Proximity Ligation Assays (PLAs)—Adult mouse lungs were
inflation-fixed overnight in 4% paraformaldehyde, then embed-
ded in Optimal Cutting Temperature embedding medium, and
frozen. PLA was performed on 6-�m frozen sections using
the Duolink In Situ kit (Olink Bioscience, Uppsala, Sweden)
according to the manufacturer’s instructions. Briefly, after
antigen retrieval, lung sections were incubated with rabbit anti-
LPCAT1 (1:150; ProteinTech, Chicago, IL) and mouse anti-
StarD10 (1:50; Santa Cruz Biotechnology) antibodies overnight

TABLE 1
List of cloning primers
aa, amino acid.

Names Primer sequence (5� to 3�)

5�HindIII/LPCAT1-aa49 CTTAAGCTTGCAGCCATGACGTTGACGCTG
5�HindIII/LPCAT1-aa79 CTTAAGCTTGCCACCATGCCTCCTGATAAGGAG
3�LPCAT1-aa211/BsrGI GAGGCAGGTCCTATTTGTACA
5�HindIII/LPCAT1-aa272 CCCAAGCTTGCAGCCATGGAATTTCTGCCTGTGTAT
3�HA/BamHI ATGGATCCCTATGCATAGTCCGGGAC
5�EcoRI/LPCAT1 TGGAATTCGCCACCATGAGGCTGCGGGGC
3�LPCAT1-aa271�HA/XhoI CCGCTCGAGCTATGCATAGTCCGGGACGTCATAGGGATAAATTTCCACTTGGTT
3�LPCAT1-aa271�FLAG/BamHI GCGGATCCCTATTTATCATCATCATCTTTATAATCAATTTCCACTTGGTT
3�LPCAT1-aa239�HA/XhoI CCGCTCGAGCTATGCATAGTCCGGGACGTCATAGGGATATGGGTAGCGTAGCACCAC
5�HindIII/LPCAT1-aa114 CTTAAGCTTGCCACCATGCGTGTAGCTGTGAAGGG
3�LPCAT1-aa239�FLAG/XhoI CCGCTCGAGCTACCTTTTATCATCATCATCTTTATAATCTGGGTAGCGTAGCACCAC
5�EcoRI/StarD2 TGGAATTCGGAAGGATGGCGGGGGCC
3�StarD2�HA/XbaI CCTCTAGATTATGCATAGTCCGGGACGTCATAGGGATAGGTTTTCTTGTGGTA
5�EcoRI/StarD10 TGGAATTCGCCACCATGGAAAAGCCAGCT
3�StarD10�FLAG/XbaI CCTCTAGATCATTTATCATCATCATCTTTATAATCGGTGAGCGAGGTGTC
3�StarD10�HA/XbaI CCTCTAGATCATGCATAGTCCGGGACGTCATAGGGATAGGTGAGCGAGGTGTC
3�StarD10-aa227�HA/XbaI CCTCTAGATCATGCATAGTCCGGGACGTCATAGGGATACTGCTTCCACTCGGG
5�BamHI/StarD10-aa19 CGGGATCCGCCACCATGCGTGAAAGTGTCCAG
3�StarD10-aa227�FLAG/XbaI CCTCTAGATCATTTATCATCATCATCTTTATAATCCTGCTTCCACTCGGG
5�EcoRI/StarD7I TGGAATTCGCCGACATGTTCCCGA
3�StarD7I�HA/XbaI TCTAGATTATGCATAGTCCGGGACGTCATAGGGATAAGCATACTCAATCCG
5�EcoRI/StarD7I-aa79 TGGAATTCGCCGACATGGCGGCGCTCTCCGGT
5�BglII/StarD7I GGACTCAGATCTATGTTCCCGAGGAGG
3�StarD7I-aa78�FLAG/BamHI GCGGATCCTTTATCATCATCATCTTTATAATCCAAAACAGAGGCATG

LPCAT1 Interacts with StarD10

JULY 24, 2015 • VOLUME 290 • NUMBER 30 JOURNAL OF BIOLOGICAL CHEMISTRY 18561



at 4 °C. Substitution of normal rabbit IgG (Sigma-Aldrich) and
normal mouse IgG (Santa Cruz Biotechnology) for each pri-
mary antibody served as negative controls. PLA was performed
with anti-rabbit PLUS and anti-mouse MINUS Duolink PLA
probes. In situ ligation and subsequent amplification were car-
ried out at 37 °C for 30 and 100 min, respectively. Images were
acquired with an Olympus IX83 confocal microscope equipped
with a 60� oil objective using laser excitation at 405 and 559
nm; PLA signals, which represent the sites of the protein-pro-
tein interaction, appear in red. The intensities of the PLA sig-
nals were quantified using ImageJ software.

Proteinase K Protection Assay—LPCAT1-FLAG or LPCAT1-
HA proteins were expressed in HEK293 cells for 24 h. Cells
were lysed, and microsomes were isolated in the absence of
protease inhibitors as described previously (44). Microsomes
were incubated with 50 �g/ml proteinase K (Invitrogen) in the
presence or absence of 1% Triton X-100 for 60 min on ice.
Treatment was stopped by the addition of 2 mM PMSF. Samples
were boiled in 1� Laemmli buffer and subjected to SDS-PAGE
followed by immunoblotting with anti-FLAG, anti-HA, or anti-
BiP (BD Biosciences) antibody.

Mouse Type II Cell Isolation, Culture, and siRNA Treat-
ment—Mouse alveolar type II cells were isolated from 6 –7-
week-old mice as described previously (47) and seeded onto
Matrigel (BD Biosciences) in bronchial epithelial cell growth
medium (Lonza, Basel, Switzerland) minus hydrocortisone but
additionally containing 5% charcoal-stripped fetal bovine
serum and 10 ng/�l FGF-7 (R&D Systems, Minneapolis, MN).
Non-adherent cells were removed with a medium change after
18 h. Cells were transfected with StraD10 Stealth RNAi siRNA
or control RNAi siRNA (both from Invitrogen) via HVJ-E par-
ticles (Cosmo Bio, San Diego, CA) according to the manufactu-
rer’s instructions. siRNA-transfected cells were released from
Matrigel with Dispase (BD Biosciences) 72 h post-transfection
and processed for protein and RNA analysis. Expression level of
StarD10 was determined by qPCR and immunoblotting.

Fluorescence Assay for Phospholipid Incorporation into LB in
Cultured Type II Cells—Type II cells from 16 mice were iso-
lated, pooled, and seeded onto Matrigel. After overnight recov-
ery, cells were transfected with StarD10 siRNA for 72 h as
described above and then labeled with 250 �M NBD-palmitoyl-
CoA (Avanti Polar Lipids, Alabaster, AL) for 16 h. Cells were
released from Matrigel with Dispase, and then LBs were iso-
lated as described previously (48). Briefly, type II cells were
homogenized in 0.25 M sucrose/Tris-CaCl2 (STC) buffer (10
mM Tris-HCl, pH 7.4, 1 mM CaCl2, 150 mM NaCl, 0.1 mM

EDTA). The homogenate was adjusted to 0.9 M sucrose by addi-
tion of 2 M STC and overlaid with 2 ml of 0.65 M and 0.45 M STC
buffer. The tubes were centrifuged for 1 h at 100,000 � g at 4 °C
in a Beckman L-80 ultracentrifuge with an SW55i rotor. The LB
fraction, found at the 0.45 and 0.65 M interface, was collected
and diluted in Tris-CaCl2 buffer and centrifuged at 35,000 � g
for 20 min. The pellet was resuspended in 200 �l of Tris-CaCl2
buffer and used for fluorescence measurement and protein
quantitation. The newly synthesized NBD-labeled phospho-
lipid in LB was measured with a BioTek Synergy 2 microplate
reader, and the fluorescence was quantified with Gen5 software
(both from BioTek Instruments, Inc., Winooski, VT). Fluores-

cent palmitoyl-CoA incorporation was normalized to the LB
protein content as determined by BCA. Data are presented as
fluorescence intensity of NBD-labeled phospholipid formed/
�g of LB protein.

Palmitic Acid (PA) Incorporation into SatPC—To determine
whether siRNA knockdown of StarD10 affected SatPC synthe-
sis, StarD10 siRNA-treated type II cells were labeled after 72 h
with 1 �Ci/ml [3H]PA as described previously (15). Lipids were
extracted from the medium and harvested cells after 16 h of
labeling (49), and SatPC was isolated according to the method
of Mason et al. (50). The incorporation of PA into SatPC was
determined by scintillation counting and normalized to ge-
nomic DNA content (51).

Statistical Analysis—Data were analyzed and graphed using
GraphPad Prism (GraphPad Software, San Diego, CA). Two
group comparisons were performed by two-tailed, unpaired
Student’s t test. Comparisons among groups were made by one-
way analysis of variance using the Turkey-Kramer multiple
comparisons test. Data are presented as means � S.E. with a p
value �0.05 considered significant.

Results

Ontogeny of StarD Expression in the Developing Lung—We
first used qPCR to generate expression profiles for StarD2/
PCTP, StarD7, and StarD10 during lung development. These
patterns were compared with that of LPCAT1, which showed a
progressive increase in expression during the last trimester of
gestation that peaked around the time of birth (Fig. 1D). We
found that StarD10 mRNA levels remained relatively constant
over the course of gestation but showed a significant increase
(2.5-fold versus E11.5) in expression on the day of birth (Fig.
1A). Expression decreased to prenatal levels during the first 2
weeks postnatally but then increased again in adult (2.8-fold)
animals. By contrast, StarD2/PCTP expression levels showed
little variation across all developmental time points examined
(Fig. 1B). StarD7 expression showed an initial decrease on E13.5
to a level that was maintained through E16.5 whereupon there
was a progressive decrease postnatally that continued through
adulthood where levels were 15% of that seen at E11.5 (Fig. 1C).
Most strikingly, when we compared expression of the different
StarD proteins in adult type II cells isolated by FACS from the
lungs of surfactant protein C/GFP mice, we found that StarD10
mRNA was 31 times more abundant than StarD2/PCTP and 8
times more abundant than StarD7 (Fig. 1E; p � 0.0001, n 	 3).

LPCAT1 Interacts with StarD10 —We first tested the inter-
action of LPCAT1 with StarD10 by co-IP assays after transfect-
ing constructs (Fig. 2A) into HEK293 cells. We first co-trans-
fected full-length LPCAT1-HA with full-length StarD10-
FLAG. When cell lysates were immunoprecipitated using anti-
FLAG antibody, electrophoresed under denaturing conditions,
then blotted, and probed with anti-HA antibody, we identified a
protein band at the correct molecular weight for LPCAT1 (Fig.
2B). When we performed co-IP on cells that were co-trans-
fected with LPCAT1-FLAG and StarD10-HA, we identified a
band at the correct molecular weight for StarD10 (Fig. 2C). In
both cases, no bands were detected when the constructs were
transfected singly. The LPCAT1-StarD10 association was also
confirmed by immunoprecipitation with anti-StarD10 anti-
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body and immunoblotting with anti-LPCAT1 antibody in
transfected cells (data not shown).

Although these observations indicated a clear association
between LPCAT1 and StarD10, they did not establish whether
these proteins interact directly. To address this possibility, we
generated constructs (Fig. 2D) for expressing GST-LPCAT1,
GST-StarD10, LPCAT1-His, and StarD10-His proteins in bac-
teria and then purified them with either GST- or His-resin,
respectively. Purified GST-LPCAT1 and StarD10-His proteins
were incubated with GST-resin singly or together, and then the
precipitated protein(s) was separated and immunoblotted with
anti-LPCAT1 and anti-StarD10 antibodies (Fig. 2E). GST-LP-
CAT1 by itself bound to GST-resin and was identified with
anti-LPCAT1 antibody. StarD10-His by itself did not bind to
GST-resin as evidenced by the lack of detection with anti-
StarD10 antibody. StarD10-His was only detected when GST-

LPCAT1 was present in the same reaction, indicating a direct
interaction between LPCAT1 and StarD10. This finding was
confirmed by the converse experiment in which LPCAT1-His
fusion protein was only detected when GST-StarD10 was also
present (Fig. 2F). These studies demonstrated that recombi-
nant LPCAT1 interacts with StarD10 in the absence of other
cellular proteins or lipids.

To ascertain whether the interaction between LPCAT1 and
StarD10 that we observed in transfected cells also occurs in
vivo, we performed in situ PLA (52, 53) on mouse lung sections.
We only detected PLA signal when both anti-LPCAT1 and
anti-StarD10 antibodies were present (Fig. 3A); scant signal was
detected in the negative controls where anti-LPCAT1 antibody
(Fig. 3A) or anti-StarD10 antibody (data not shown) was
replaced with normal serum IgG. We also included a genetic
negative control for these assays. As part of another study, we

FIGURE 1. Ontogeny of StarD10, StarD2/PCTP, StarD7, and LPCAT1 in the developing mouse lung. A–D, qPCR analysis of StarD10 (A), StarD2/PCTP (B),
StarD7 (C), and LPCAT1 (D) expression in whole mouse lungs from stages E11.5 to adult. The mRNA level of each gene was normalized to �-actin at each time
point. Note the differences in scale on the graphs for relative expression of the target genes. Data were derived from three independent litters at each time
point. E, comparison of StarD2/PCTP, StarD7, StarD10, and LPCAT1 expression in freshly isolated adult mouse alveolar type II cells. StarD10 abundance was 31
times that of StarD2/PCTP and 8 times that of StarD7. Note that the level of LPCAT1 mRNA was most abundant among these four genes in the type II cells. Error
bars represent S.E.
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have generated Lpcat1�/� mice3 that exhibit the same pheno-
type as described previously (16, 54). Importantly, on sections
of Lpcat1�/� lung, we detected very little PLA signal, which was
7-fold less than that seen in wild-type lung (Fig. 3B). These in
vivo studies clearly confirmed our in vitro observation that
LPCAT1 interacts with StarD10.

Amino Acid Residues 79 –271 of LPCAT1 Are Required for
Interaction with StarD10 —To map the LPCAT1 motif that is
required for interaction with StarD10, a series of deletion con-
structs was generated. To determine whether the N terminus of
LPCAT1 is required for interaction with StarD10, the N-termi-
nal 48 amino acids of LPCAT1 were deleted to generate
LPCAT1(49 –534)-HA construct (Fig. 4A). Transfection and
co-IP of LPCAT1(49 –534)-HA and StarD10-FLAG showed3 S. Lin, unpublished data.

FIGURE 2. LPCAT1 interacts directly with StarD10. A, schematic of HA- or FLAG-tagged constructs for full-length mouse LPCAT1 and StarD10. Co-IP of
LPCAT-HA plus StarD10-FLAG (B) and LPCAT1-FLAG plus StarD10-HA (C) is shown. Total lysates of HEK293 cells were singly transfected with empty vector,
LPCAT1, or StarD10 or co-transfected with both LPCAT1 and StarD10; immunoprecipitated with resins conjugated with anti-FLAG antibody; and immuno-
blotted with anti-HA antibody. 5% of cell lysates was used as input; expression of HA-tagged prey and FLAG-tagged bait protein was demonstrated by
immunoblotting with anti-HA and anti-FLAG antibodies, respectively. Note that HA-tagged LPCAT1 or StarD10 was pulled down by FLAG-tagged StarD10 or
LPCAT1, respectively, demonstrating that co-IP with LPCAT1 and StarD10 worked in both directions. Molecular sizes are indicated in kDa. Results are repre-
sentative of four independent experiments. D, schematic of GST- or His-tagged mouse LPCAT1 and StarD10 constructs used for the production of recombinant
proteins. GST pulldown assays for GST-LPCAT1 plus StarD10-His (E) and LPCAT1-His plus GST-StarD10 (F) are shown. GST or His column-purified recombinant
LPCAT1 and/or StarD10 was incubated with GST-resin followed by immunoblotting against LPCAT1 and StarD10. Note that StarD10-His was pulled down by
GST-LPCAT1 and that LPCAT-His was pulled down by GST-StarD10, demonstrating that the interaction of LPCAT1 with StarD10 was unaffected by the position
of the GST and His tags. Results are representative of four independent experiments.

FIGURE 3. LPCAT1 interacts with StarD10 in vivo. A, cryostat sections of frozen fixed adult lungs were subjected to in situ PLA using antibodies against LPCAT1
and StarD10. Confocal images of the PLA signal (red dots; arrows) shows that LPCAT1 and StarD10 interact in wild-type mouse lung (top row). No signal is
apparent in sections of lungs from Lpcat1�/� mice (middle row) or in sections in which normal rabbit IgG was substituted for anti-LPCAT1 (negative control;
bottom row). The images are representative of lung sections from two different mice for each group in five independent experiments. Scale bar, 10 �m. B,
quantification of PLA signals. The values represent the mean � S.E. (error bars) of five independent experiments in each group. p � 0.0001 versus Lpcat1�/�

lungs and the negative control. NS, not significant (p � 0.05).
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that LPCAT1(49 –534) was pulled down by StarD10 (Fig. 4B),
indicating that the N terminus of LPCAT1 is not required for its
interaction with StarD10. Transfection of both HA-tagged full-
length LPCAT1 and LPCAT1(49 –534) with StarD10-FLAG
resulted in pulldown of both full-length and truncated LPCAT1
proteins by StarD10, although the expression level of full-
length LPCAT1 was higher than that of the mutant (Fig. 4C),
suggesting that the N terminus is required for optimal expres-
sion of LPCAT1. To determine whether the transmembrane

domain (TMD) of LPCAT1 (amino acids 53–74) is required for
interaction with StarD10, a construct containing the C-termi-
nal amino acids 79 –534 of LPCAT1 and an HA tag was gener-
ated (Fig. 4A). Transfection of LPCAT1(79 –534)-HA with
StarD10-FLAG resulted in pulldown of the truncated LPCAT1
by StarD10 (Fig. 4D), suggesting that the TMD is not required
for the interaction. Several studies have also suggested that
LPCAT1 has up to four TMDs, spanning amino acid residues
from 53 to 271 (13, 14, 55). To eliminate all the potential TMDs,

FIGURE 4. Interactions between LPCAT1 mutants and full-length StarD10. A, schematic of HA-tagged LPCAT1 truncated mutants and full-length StarD10-
FLAG constructs. B, co-IP of LPCAT1(49 –534)-HA plus StarD10-FLAG resulted in pulldown of LPCAT1(49 –534) by StarD10. C, co-transfection of LPCAT1-HA and
LPCAT1(49 –534)-HA with StarD10-FLAG resulted in pulldown of both full-length and truncated LPCAT1 by StarD10. Note that the expression of full-length
LPCAT1 was slightly higher than that of truncated LPCAT1(49 –534). D, co-IP of LPCAT1(79 –534)-HA plus StarD10-FLAG resulted in pulldown of LPCAT1(79 –
534) by StarD10. NS, nonspecific band (�35 kDa). E, co-transfection of LPCAT(79 –534)-HA and LPCAT1(272–534)-HA with StarD10-FLAG resulted in pulldown
of only LPCAT1(79 –534), suggesting that the region of LPCAT1 that interacts with StarD10 is found between amino acids 79 and 271. Note that expression of
LPCAT1(272–534) is higher than that of LPCAT(79 –534). Results are representative of three independent experiments.
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a construct containing the C-terminal amino acids 272–534
of LPCAT1 was generated (Fig. 4A). Transfection of both
LPCAT1(272–534)-HA and LPCAT1(79 –534)-HA with
StarD10-FLAG resulted in pulldown of LPCAT1(79 –534) by
StarD10 but not LPCAT1(272–534) (Fig. 4E), suggesting that
amino acids 79 –271 of LPCAT1 are responsible for its interac-
tion with StarD10 and that amino acid residues 272–534 of
LPCAT1 are dispensable. To confirm this, a construct contain-
ing residues 79 –271 of LPCAT1 was generated (Fig. 5A).
Transfection of LPCAT1(79 –271)-HA with StarD10-FLAG
resulted in pulldown of LPCAT1(79 –271) by StarD10 (Fig. 5C),
suggesting that amino acids 79 –271 of LPCAT1 are sufficient
for interaction with StarD10. This result was further confirmed
by co-IP of LPCAT1(1–271)-HA and StarD10-FLAG in which
LPCAT1(1–271) was pulled down by StarD10 (Fig. 5B).
Because amino acids 79 –271 of LPCAT1 contains the acyl-
transferase domain spanning amino acids 114 –239, a construct
containing only the acyltransferase domain was generated to
determine whether this domain is involved in interaction with
StarD10. Transfection of LPCAT1(114–239)-HA with StarD10-
FLAG showed no interaction between LPCAT1(114 –239) and
StarD10 (data not shown). Together, these studies demon-
strated that amino acid residues 79 –271 of LPCAT1 are
required for interaction with StarD10.

LPCAT1 Is a Monotopic Protein—A previous study from our
laboratory showed that LPCAT1 is a type II transmembrane

protein with the C terminus inside the ER lumen (15). This
orientation would make it impossible for StarD10, a cytosolic
protein, to interact with the C-terminal amino acids 79 –271 of
LPCAT1. A recent study by Moessinger et al. (44), however, has
shown that LPCAT1 is a monotopic protein with both the N
and C termini facing the cytosol. This orientation would allow
an interaction between the C terminus of LPCAT1 and cytosol-
ic StarD10. To verify the topology of LPCAT1, HEK293 cells
were transfected with LPCAT1 constructs bearing either an
N-terminal FLAG or a C-terminal HA tag (Fig. 6A). Micro-
somes were isolated and treated with proteinase K; the integrity
of microsomes was confirmed by immunoblotting against BiP,
an ER lumen protein. The accessibility of the N and C termini of
LPCAT1 to proteinase K was assessed by immunoblotting with
anti-FLAG and anti-HA antibodies, respectively. Neither the N
nor the C terminus of LPCAT1 was detectable after proteinase
K digestion, suggesting that both N and C termini are cytosolic
(Fig. 6B). These data contradict our previous observation and
confirm the observation of Moessinger et al. (44) that LPCAT1
is a monotopic protein with both the N and C termini facing the
cytosol (Fig. 6C). As suggested by Moessinger et al. (44), we
believe that the disparity with our previous results may be due
to reduced efficacy of protein degradation by trypsin versus
proteinase K.

LPCAT1 Interacts with the START Domain of StarD10 —We
next deleted the C-terminal 64 amino acids to generate the

FIGURE 5. Amino acids 79 –271 are required for interaction of LPCAT1 with StarD10. A, schematic of HA-tagged LPCAT1 mutants and full-length StarD10-
FLAG constructs. B, co-IP of LPCAT1(1–271)-HA plus StarD10-FLAG showing that this fragment interacts with StarD10. C, co-IP analysis shows that mutant
LPCAT1(79 –271)-HA, a further truncation of LPCAT1, also interacts with StarD10-FLAG. NS, nonspecific band. Results are representative of three independent
experiments.
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StarD10(1–227)-HA construct (Fig. 7A) and determine wheth-
er the C terminus of StarD10 is required for interaction with
LPCAT1. Transfection of LPCAT1-FLAG and StarD10(1–
227)-HA resulted in pulldown of StarD10(1–227) by LPCAT1
(Fig. 7B), indicating that the C terminus of StarD10 is not
required for its interaction with LPCAT1. To determine
whether the N terminus is required for interaction with
LPCAT1, we made a StarD10(19 –227)-FLAG construct (Fig.
7A). Transfection of LPCAT1-HA and StarD10(19 –227)-
FLAG resulted in pulldown of LPCAT1 by truncated
StarD10(19 –227) (Fig. 7C), suggesting that the START domain
of StarD10 is sufficient for interaction with LPCAT1.

Knockdown of StarD10 Inhibits Phospholipid Trafficking to
LB—To test the hypothesis that the StarD10 interaction with
LPCAT1 is involved in phospholipid transport to LB, we used
StarD10 siRNA to knock down StarD10 in primary cultures of
mouse type II cells. We tested three different siRNAs and found
a 25– 62% decrease in StarD10 mRNA by qPCR 72 h after trans-
fection (Fig. 8A), that was confirmed by immunoblotting (Fig.
8B). We chose the most effective siRNA (siStarD10 number 3)
for further study. To determine the role of StarD10 in phospho-
lipid trafficking, mouse type II cells were treated with siStarD10
number 3 for 72 h and then with NBD-palmitoyl-CoA for an
additional 16 h to fluorescently label lipids. After purifying the
LBs from the cultured cells by sucrose density centrifugation,
the amount of fluorescence was determined and normalized to

total protein. We found that suppressing StarD10 expression
resulted in a significant decrease (29%; p 	 0.0013, n 	 6) in the
amount of NBD-labeled phospholipid in LB compared with
controls transfected with scrambled siRNA (Fig. 8C), suggest-
ing that trafficking of newly synthesized phospholipid, most
likely SatPC, to LB was impaired. Importantly, this decrease was
not due to inhibition of overall SatPC synthesis because we
observed that StarD10 siRNA treatment had no effect on the
incorporation of [3H]PA into SatPC isolated from both cells
and the culture medium (Fig. 8D; p 
 0.05, n 	 3). Collectively,
these data demonstrate that StarD10 knockdown inhibits phos-
pholipid trafficking to the LB in cultured type II cells.

LPCAT1 Interacts with StarD7-I but Not StarD7-II or
StarD2/PCTP—To determine whether StarD7 interacts with
LPCAT1, we generated a full-length StarD7-I construct (Fig.
9A). Transfection and co-IP of LPCAT1-FLAG and StarD7-
I-HA showed that both full-length StarD7-I and the alternative
splicing variant StarD7-II, which comprises amino acids
79 –373 (42), were produced by the cells but that only full-
length StarD7-I was pulled down by LPCAT1 (Fig. 9B). To con-
firm that StarD7-II does not interact with LPCAT1, we tested a
StarD7-I(79 –373)-HA construct and found no detectable
interaction between StarD7-I(79 –373) and LPCAT1 (data not
shown), suggesting that the N-terminal 78 amino acids of
StarD7-I are responsible for the interaction. To confirm this,
we generated a construct containing only the N-terminal 78

FIGURE 6. Topology of LPCAT1. A, schematic of N-terminal FLAG-tagged or C-terminal HA-tagged full-length LPCAT1 constructs. B, proteinase K protection
assay. Microsomes isolated from HEK293 cells transiently expressing FLAG- or HA-tagged LPCAT1 were incubated with buffer only, proteinase K, or proteinase
K plus Triton X-100 (Prot. K � Triton) followed by immunoblotting with anti-HA or anti-FLAG antibody. The lack of detection of the N terminus of LPCAT1 with
anti-FLAG antibody and the C terminus with anti-HA antibody after proteinase K digestion indicates that both termini were exposed on the exterior of the
microsome. The integrity of microsomes was demonstrated by immunoblotting against the luminal ER marker BiP. C, model depicting the monotopic
orientation of LPCAT1. LPCAT1 is attached to the ER membrane through its TMD (red) with both the N and C termini facing the cytosol.
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amino acids and a FLAG tag (Fig. 9A). Transfection of StarD7-
I(1–78)-FLAG and LPCAT1-HA resulted in pulldown of
LCPAT1 by StarD7-I(1–78) (Fig. 9C), demonstrating that this
78-amino acid fragment is sufficient for interaction with
LPCAT1. Although StarD2/PCTP is present at much lower lev-
els in type II cells than StarD10, we also tested its ability to
interact with LPCAT1. Transfection and co-IP of StarD2-HA
(Fig. 9A) and LPCAT1-FLAG showed no interaction between
the two proteins (Fig. 9D).

Discussion

Surfactant phospholipids are synthesized in the ER and
transported to mature LB where they are stored before secre-
tion, but the mechanism by which this occurs is currently
unknown. The observation that trafficking of the newly synthe-
sized phospholipid to LB is unaffected when vesicular transport
through the Golgi complex is inhibited by brefeldin A (31, 38)
supports the concept that a phospholipid transfer protein(s)
may be required for the surfactant lipid transport from ER to
LB. In searching for a potential phospholipid transporter in
alveolar type II cells, we explored the possibility that LPCAT1
partners with a lipid transfer protein to initiate SatPC transport
to LB. This was based on the fact that the reacylation of lyso-PC

to SatPC, which is catalyzed by LPCAT1, is a final step in SatPC
synthesis by the remodeling pathway.

The START domain family of proteins comprises 15 mem-
bers that are known to be involved in lipid or sterol binding (39,
56). One subfamily consists of StarD2/PCTP, StarD7, and
StarD10, which are known PC transporters (41– 43). Although
all three proteins are expressed in alveolar type II cells, StarD10
mRNA abundance is more than 31-fold greater than StarD2/
PCTP and 8-fold greater than StarD7 (Fig. 1), making it an
attractive candidate as a PC transporter in type II cells. This
observation let us to hypothesize that LPCAT1 forms a tran-
sient complex with SatPC and StarD10 to initiate trafficking
of SatPC to LB. The data presented here support this hypoth-
esis as we have demonstrated both that full-length LPCAT1
interacts with StarD10 in transfected HEK293 cells and in
vitro (Fig. 2) and that endogenous LPCAT1 and StarD10
interact with each other in vivo (Fig. 3). Our observation that
knockdown of StarD10 in primary cultures of type II cells
resulted in reduced phospholipid transport to LB (Fig. 8)
further supports the concept that StarD10 is involved in
phospholipid trafficking in type II cells. This is the first
direct evidence linking StarD10 to transport of phospholipid
to LB in type II cells.

FIGURE 7. The START domain of StarD10 is required for interaction with LPCAT1. A, schematic of HA- or FLAG-tagged full-length LPCAT1 and mutant
StarD10 constructs. B and C, co-IP of LPCAT1 and StarD10 mutants. Co-IP of LPCAT1-FLAG plus StarD10(1–227)-HA resulted in pulldown of StarD10(1–227) by
LPCAT1 (B), whereas co-IP of LPCAT1-HA plus StarD10(19 –227)-FLAG resulted in pulldown of LPCAT1 by StarD10(19 –227) (C), demonstrating that the START
domain of StarD10 is sufficient for its interaction with LPCAT1. NS, nonspecific band. Results are representative of three independent experiments.
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Although the mechanism by which the StarD proteins trans-
port lipids is unclear, structural analyses have shown that the
START domain forms a hydrophobic tunnel that is large
enough to bind a single lipid molecule (57–59). Other recent
studies have revealed that the START domain of the cholesterol
transfer protein StarD3/MLN64 stimulates free cholesterol
transfer from donor to acceptor mitochondrial membranes
(60). Similarly, the START domain of StarD11/Ceramide
Transport Protein (CERT) specifically recognizes ceramide and
mediates its intermembrane transfer (61). START proteins can
also contain regions other than the START domain that are
involved in lipid trafficking. For example, the C terminus of
StarD2/PCTP facilitates membrane binding and extraction
of PC (62). Phosphorylation of serine 284 in the C terminus of
StarD10 inhibits lipid transfer activity by regulating its associ-
ation with cellular membranes (63). Studies have also shown
that direct interactions between StarD2/PCTP and paired box
gene 3 or thioesterase superfamily member 2 dictate its func-
tion as a lipid transporter through the cellular expression of
paired box gene 3 or thioesterase superfamily member 2 (64).
We propose that interaction between StarD10 and LPCAT1
may dictate the function of StarD10 as a lipid transporter in

type II cells. Based on the fact that the START domain is
required for interaction with LPCAT1 (Fig. 7) and that high
homology exists among the START domains of StarD proteins,
it is likely that, by interacting with LPCAT1, StarD10 is
recruited to the ER to initiate SatPC transport to LB. We spec-
ulate that unsaturated PC generated from the de novo pathway
is deacylated in ER by a phospholipase A2 (65) to generate
lyso-PC that subsequently flips to the outer membrane of ER
where the LPCAT1 reacylates it with a palmitoyl-CoA moiety
to generate SatPC. After reacylating lyso-PC to SatPC, LPCAT1
recruits cytosolic StarD10 to the ER surface where it binds to
newly synthesized SatPC through its START domain, extracts
it from the ER membrane, and delivers it to an acceptor mole-
cule (e.g. ABCA3 (21, 22)) in the LB.

Knockdown of StarD10 in cultured type II cells significantly
(�30%) but not totally reduced phospholipid transport to LB
(Fig. 8). Furthermore, StarD10-deficient mice have normal lung
function (66). These observations suggest that StarD10 is not
the sole lipid transporter involved in SatPC transport. Indeed,
StarD2/PCTP, StarD7, and StarD10 are all capable of PC bind-
ing (41– 43) and are all expressed in type II cells. LPCAT1 inter-
acts with StarD7-I, although the interaction between StarD7-I

FIGURE 8. Knockdown of StarD10 results in decreased PC transport to LB. A, qPCR analysis of StarD10 mRNA in mouse type II cells treated with siRNAs
targeting StarD10. Freshly isolated mouse type II cells were cultured and transfected with the viral vector alone, scrambled siRNA, and various StarD10 Stealth
RNAi siRNAs. The level of endogenous StarD10 mRNA was quantitated by qPCR and normalized to �-actin. Note that StarD10 siRNA 3 was more effective in
knocking down StarD10 than siRNA 1, siRNA 2, or a combination of all three. The data represent the mean � S.E. (error bars) of three independent experiments.
*, p � 0.0001 versus scrambled siRNA. B, immunoblot analysis of StarD10 protein levels in whole cell lysates treated with StarD10 siRNA. StarD10 protein was
significantly reduced in cells treated with StarD10 siRNA compared with scrambled siRNA. NS, nonspecific band. Results are representative of three indepen-
dent experiments. C, 72 h after siRNA treatment, type II cells were labeled for 16 h with NBD-palmitoyl-CoA, then LBs were isolated, and the fluorescent content
was determined. Incorporation of fluorescent palmitoyl-CoA-labeled phospholipid into LB was normalized to LB protein content. The amount of fluorescent
phospholipid that was transported to LB was significantly reduced in cells transfected with StarD10 siRNA compared with scrambled siRNA. The data represent
the mean � S.E. (error bars) of six independent experiments. *, p 	 0.0013 versus scrambled siRNA. D, mouse type II cells treated with scrambled or StarD10
siRNA were labeled with [3H]PA, and incorporation into SatPC was determined. [3H]PA incorporation into SatPC was not significantly different in cells treated
with scrambled or StarD10 siRNA, indicating that SatPC synthesis itself was unaffected. No change in the amount of SatPC released into the medium was
detected as well. The data represent the mean � S.E. (error bars) of three independent experiments.
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and LPCAT1 is mediated by the N-terminal 78 amino acids of
StarD7-I and not its START domain (Fig. 9C). The fact that the
N-terminal 78 amino acid residues of StarD7-I contain a mito-
chondrial targeting signal suggests that StarD7-I is responsible
for PC transport to mitochondria (42). This observation, how-
ever, does not exclude the possibility that it can deliver PC to
other cellular organelles such as LB. StarD2/PCTP is unlikely

to play a compensating role for the loss of StarD10 because
we observed no interaction of StarD2/PCTP with LPCAT1
(Fig. 9D). Furthermore, ablation of StarD2/PCTP has no
effect on either surfactant PC composition or LB structure
(67).

Most recently, Hishikawa et al. (68) have identified Sec14L3
as a phospholipid transporter in alveolar type II cells. Sec14L3,

FIGURE 9. LPCAT1 interacts with StarD7-I through its N terminus but does not interact with StarD2/PCTP. A, schematic of FLAG- or HA-tagged LPCAT1,
StarD7, and StarD2/PCTP constructs. B, co-IP of LPCAT1-FLAG and StarD7-I-HA. Co-IP using LPCAT1-FLAG and StarD7-I-HA resulted in pulldown of StarD7-I by
LPCAT1. The alternative splicing variant StarD7-II was detected but did not co-precipitate with LPCAT1. C, co-IP of LPCAT1-HA and StarD7-I(1–78)-FLAG. Co-IP
with LPCAT1-HA and StarD7-I(1–78)-FLAG resulted in pulldown of LPCAT1 by StarD7-I(1–78), demonstrating that the N-terminal 78 amino acids of StarD7-I are
sufficient for interaction with LPCAT1. NS, nonspecific band. D, StarD2/PCTP does not interact with LPCAT1. These data represent the results of five indepen-
dent experiments.
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a Sec14 homolog, not only has an expression pattern similar to
LPCAT1 and StarD10 but also binds to a variety of PC species.
Similar to the START domain of StarD proteins, the highly
conserved Sec14 domain of Sec14L3 forms a hydrophobic cav-
ity to allow binding of a single lipid ligand (69 –71). Sec14L3
interacts with 30-nm-diameter liposomes but not larger 100-
nm-diameter liposomes, suggesting that the curvature of the
liposome may play an important role in the ability of Sec14L3 to
bind lipids. Because lipid-packing defects more likely occur in
small liposomes, Sec14L3 may act as a sensor for lipid-packing
defects. The fact that Sec14L3 preferentially binds to dio-
leoyl-PC (68), however, suggests that Sec14L3 may not be the
primary phospholipid transfer protein delivering lipids to LB in
type II cells where the majority of surfactant phospholipid is
dipalmitoyl-PC. Although StarD10 is known to bind PC (41), its
affinity for dipalmitoyl-PC has not been specifically tested.
Sec14L3 is a secretory protein involved mainly in Golgi func-
tion and trafficking (72, 73). This observation also suggests that
it may not be the major PC transporter in type II cells because
PC trafficking to LB occurs via a route that bypasses the Golgi
complex (31, 38). However, we have unpublished data3 showing
that Sec14L3 interacts strongly with LPCAT1. It is therefore
possible that Sec14L3 acts as a sensor for lipid-packing defects
under normal conditions but can compensate to engage in PC
transport if another transporter such as StarD10 is not avail-
able. Taken together, these results suggest that multiple lipid
transfer proteins may exist in type II cells and play compensa-
tory roles in PC transport.

In identifying the LPCAT1 motif/domain required for its
interaction with StarD10, we generated serial deletion con-
structs and tested them for their ability to interact with
StarD10. Our results showed that amino acid residues 79 –271
of LPCAT1 are sufficient for its association with StarD10. How-
ever, according to our previous report (15), LPCAT1 is a type II
transmembrane protein with C-terminal amino acids 79 –534
inside of the ER lumen, which would make interaction with
cytosolic StarD10 unlikely. To address this discrepancy, we
repeated the proteinase protection assay using proteinase K
instead of trypsin as in our previous study. The proteinase K
protection assay showed that both the N and C termini were
susceptible to proteinase K treatment, indicating that LPCAT1
is a monotopic protein with both the N and C termini facing the
cytosol. This finding confirms the results of Moessinger et al.
(44) and places the region containing amino acids 79 –271 of
LPCAT1 on the cytosolic surface of the ER where it is accessible
to StarD10.

The concept that LPCAT1 is a protein that performs func-
tions beyond its well documented role in lipid biosynthesis is
not without precedent. As noted above, studies both in vivo and
in vitro have shown that LPCAT1 can be induced to relocate
into the nucleus where it participates in histone H4 palmitoy-
lation (19). How this relocation of LPCAT1, which is normally
bound to ER membranes, is accomplished is completely
unknown, but such relocation is known to occur with other
lipogenic enzymes (74, 75). The ability of LPCAT1 to modify
histones is notable because they are known to regulate RNA
polymerase II activity and hence gene transcription. This may
have significant implications because LPCAT1 expression is

increased in several tumors (76 –78). Although this may just
reflect the need for increased amounts of phospholipids in a
proliferating cell population, it is also possible that increased
LPCAT1 activity may give neoplastic cells a growth advantage
by accelerating overall RNA synthesis.

In summary, we have demonstrated that LPCAT1 is a mono-
topic enzyme that interacts with StarD10 to initiate trafficking
of phospholipid from the ER to LB in type II cells. The mecha-
nism by which the interaction between LPCAT1 and StarD10
facilitates loading of the phospholipid cargo for SatPC traffick-
ing is currently unknown. LPCAT1 also interacts with StarD7-I
as well as Sec14L3,3 suggesting the possibility that multiple
transporters may function in SatPC trafficking. Full elucidation
of the mechanism by which SatPC is transported to LB in alve-
olar type II cells awaits further study.
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