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Abstract We examined the effect of lipoprotein depriva-
tion on the expression of the rate-regulatory enzyme in-
volved in phosphatidylcholine (PtdCho) synthesis, phos-
phocholine cytidylyltransferase (CCT), within an alveolar
type II epithelial cell line (MLE-12). Compared with cells
exposed to 10% fetal bovine serum (FBS, control), cells cul-
tured with lipoprotein-deficient serum (LPDS) for 72 h had
a 150% increase in CCT activity. Stimulation of CCT activity
after LPDS exposure was associated with a 2-fold increase
in immunoreactive CCT content and a corresponding in-
crease in [

 

35

 

S]methionine incorporation into newly synthe-
sized CCT. LPDS induction of CCT protein was reversible,
as it was suppressed to baseline levels by the addition of low
density lipoproteins to the culture medium. Northern blot-
ting revealed that LPDS increased CCT mRNA levels 2-fold
compared with control. The induction of CCT mRNA by
LPDS was not associated with an increase in mRNA half-
life. Nuclear run-on assays revealed that LPDS-induced ex-
pression of CCT was due, at least in part, to an increase in
gene transcription.  These studies reveal that lipoprotein
deprivation upregulates the activity of a key enzyme in-
volved in the PtdCho biosynthetic pathway. LPDS induction
of CCT protein might serve as a novel compensatory mech-
anism in response to lipid deprivation by increasing cellular
transcription of the CCT gene.
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Phosphatidylcholine (PtdCho) is the major phospho-
lipid in eukaryotic cellular membranes. It also serves as an
important component of serum lipoproteins and secre-
tory products such as pulmonary surfactant (1). The bio-
synthesis of PtdCho is regulated closely within cells by the
cytidine diphosphocholine (CDP-choline) pathway. The
four steps involved in this pathway involve cellular uptake
of choline, choline phosphorylation by choline kinase
(CK; EC 2.7.1.32), conversion of cholinephosphate to
CDP-choline by cholinephosphate cytidylyltransferase (CCT;
EC 2.7.7.15), and, finally, generation of PtdCho by cho-

 

linephosphotransferase (CPT; EC 2.7.8.2) (1). Much of the
previous work investigating PtdCho synthesis has focused
on the regulation and properties of CCT, in part because
maneuvers that alter CCT activity might also alter the pool
size of PtdCho, thereby impacting a specific cellular func-
tion. Thus, changes in membrane phospholipid composi-
tion may affect processes such as cellular growth, and
membrane protein transport (2, 3); in the lung, modifica-
tion of total cellular PtdCho content impacts surfactant
balance (4).

To date, CCT

 

a

 

 protein has been purified to homogeni-
ety, and the cDNAs from several species have been identi-
fied and cloned (5–7). The primary structure of CCT

 

a

 

 in
mammals consists of four functional domains, including
an amino-terminal sequence that targets the enzyme for
nuclear membrane localization, a catalytic core confer-
ring enzyme activity, a hydrophobic domain that interacts
with lipids, and a carboxy-terminal phosphorylation domain
(7). Within mammalian cells, CCT

 

a

 

 has been localized to
the cytosol, the nucleus, and to the endoplasmic reticu-
lum, Golgi, and transport vesicles (8, 9). Two additional
isoforms of CCT, CCT

 

b

 

1, and CCT

 

b

 

2, have been identi-
fied (10, 11). Characterization of the physiologic role of
these additional isoforms requires further investigation.

The primary mechanisms by which CCT activity is con-
trolled in cells include lipid regulation, reversible phos-
phorylation, and regulation at the level of mRNA (8). Of
these mechanisms, studies investigating regulation of CCT
by lipid factors have been most extensive (12–14). Initial
studies demonstrated that enzyme activity can be mark-
edly stimulated by unsaturated fatty acids, diacylglycerol,
and anionic phospholipids (12, 15, 16). These stimulatory
lipids increase CCT activity, in part, by promoting the

 

Abbreviations: CCT, CTP:phosphocholine cytidylyltransferase; CDP-
choline, cytidine diphosphocholine; CK, choline kinase; CPT, choline-
phosphotransferase; DSPtdCho, disaturated phosphatidylcholine; FBS,
fetal bovine serum; LDL, low density lipoproteins; LPDS, lipoprotein-
deficient serum; LysoPtdCho, lysophosphatidylcholine; PtdCho, phos-
phatidylcholine; SREBP, sterol regulatory element-binding proteins;
VLDL, very low density lipoproteins.
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translocation of enzyme from the cytosol to the mem-
brane fractions (17). Lipids delivered to cells in the form
of low density lipoproteins (LDL) or very low density lipo-
proteins (VLDL) can serve as potent stimulators of CCT
activity (18, 19). Lipids released from these lipoproteins
(cholesterol or fatty acids released from triglycerides) may
increase CCT activity in vitro. Not all lipids upregulate
CCT activity, however, as negative regulatory lipids such as
sphingosine and lysophosphatidylcholine (LysoPtdCho)
have been identified (20, 21). Further, the degree to
which these lipids alter CCT activity and the ability of the en-
zyme to associate with the membrane environment appear
to be regulated by enzyme phosphorylation (22). Inde-
pendent of lipid activation and phosphorylation, an addi-
tional regulatory mechanism for CCT involves changes at
the level of enzyme protein and mRNA (23–25). Studies
showing changes in CCT mRNA are attributed to changes
in mRNA stability, whereas transcriptional regulation of
CCT remains largely unknown (23, 24, 26, 27).

Although CCT activity and PtdCho synthesis can be
modulated by exogenous lipid factors, overall cellular
PtdCho content is generally maintained within a physio-
logic range presumably because of a balance between the
PtdCho biosynthetic and hydrolytic pathways (28). Other
membrane lipids, such as cholesterol, are also closely reg-
ulated in cells by intricate transcriptional feedback mech-
anisms (29). For example, cholesterol depletion triggers
transcription of HMG-CoA reductase and HMG-CoA syn-
thase genes via activation of specific transcription factors,
the endoplasmic reticulum-associated sterol regulatory
element-binding proteins (SREBPs) (29). In addition, the
cholesterol synthesis inhibitors compactin and 25-hydroxy-
cholesterol not only decrease cholesterol production, but
also suppress PtdCho synthesis in cells cultured in lipid-
depleted medium (30). Cells defective in the transcrip-
tional activation of genes required for cholesterol synthe-
sis also exhibit reduced PtdCho synthesis (31). Thus, the
availability of cholesterol not only regulates de novo cho-
lesterol synthesis, but cholesterol and PtdCho synthesis
also appears to be coordinately regulated (32). Collec-
tively, these studies provide some evidence of the exist-
ence of a feedback control mechanism that acts to main-
tain PtdCho homeostasis in response to lipid deprivation.

In the present study, we investigated feedback control
mechanisms for PtdCho synthesis in lung alveolar epithe-
lial cells after long-term lipid deprivation. The lung is
highly dependent on the availability of lipid substrates that
are utilized for the biosynthesis of PtdCho (33). As men-
tioned above, substrates such as LDL-cholesterol or fatty
acids released from VLDL may serve either as activators of
CCT or as components that are incorporated into PtdCho
directly (33). PtdCho generated within alveolar epithelial
cells can be utilized for cell membrane formation, a vital
process that leads to an enormous alveolar surface area al-
lowing for effective gas exchange within the lung. To
maintain this surface area, alveolar type II epithelial cells
must also have the capacity to adequately synthesize and
secrete surfactant PtdCho in response to rapid changes in
lipid substrate availability. In the process of studying PtdCho

synthesis, we observed that CCT activity is markedly upreg-
ulated in response to long-term lipoprotein deprivation.
Our studies reveal that this increase in CCT activity was
due to an increase in transcription of the CCT gene, per-
haps serving as a novel compensatory mechanism in the
setting of lipid deprivation.

MATERIALS AND METHODS

 

Materials

 

Intermediate-size VLDL with S

 

f

 

 60–100 (from the d 

 

,

 

 1.006
g/mL fraction of plasma), LDL, actinomycin D, and Sepharose
CL-B4 were from Sigma (St. Louis, MO). Lipoprotein-deficient
serum (LPDS, d 

 

.

 

 1.21 g/mL) was isolated by ultracentrifuga-
tion (34). Carbon-stripped fetal bovine serum (CS-FBS) was pre-
pared as described previously (35). Silica LK5D (0.25 mm 

 

3

 

 20
cm 

 

3

 

 20 cm) thin-layer chromatography (TLC) plates were pur-
chased from Whatman International (Maidstone, UK). All radio-
chemicals were purchased from Du Pont-New England Nuclear
(Boston, MA). Immunoblotting membranes were obtained from
Millipore (Bedford, MA). The ECL Western blotting detection sys-
tem and GammaBind

 

®

 

 Plus Sepharose

 

®

 

 were from Amersham
Pharmacia Biotech (Piscataway, NJ). Protein A was purchased
from RepliGen (Cambridge, MA). Anti-CCT

 

a

 

 rabbit polyclonal
antiserum was kindly provided by S. Jackowski (10). A rabbit poly-
clonal antibody to synthetic peptide corresponding to residues
164–176 (36) was generated by Covance Research Products (Rich-
mond, CA). The random primed labeling kit used was Redprime
II™ (Amersham, Pharmacia, Buckinghamshire, UK). The
MLE-12 cell line was kindly provided by J. Whitsett (Cincinnati,
OH) (37). Hite’s medium was obtained from the University of
Iowa Tissue Culture and Hybridoma Facility (Iowa City, IA).

 

Cell culture

 

Cells were maintained in Hite’s medium with 10% fetal bo-
vine serum (FBS) at 37

 

8

 

C in an atmosphere containing 5% CO

 

2

 

.
After reaching confluence, the cells were harvested with 0.25%
trypsin–0.1% EDTA and plated onto 60-mm tissue culture dishes
(~350,000 cells per dish). After incubation overnight, the me-
dium was removed and the cells were rinsed twice with medium
containing 0.1% fatty acid-free albumin, and then incubated
with Hite’s medium containing either 10% FCS, 10% CS-FBS,
and 10% LPDS (2 mg/mL), or 10% LPDS in combination with
VLDL (20–100 

 

m

 

g/mL), LDL (20–100 

 

m

 

g/mL), or high density
lipoprotein (HDL, 20–500 

 

m

 

g/mL) for 72 h. Cells lysates were
prepared by brief sonication in buffer A (150 m

 

m

 

 NaCl, 50 m

 

m

 

Tris, 1.0 m

 

m

 

 EDTA, 2 m

 

m

 

 dithiothreitol [DTT], 0.025% sodium
azide, 1 m

 

m

 

 phenylmethylsulfonyl fluoride [PMSF], pH 7.4) at
4

 

8

 

C. Cell cytosolic and microsomal subfractions were prepared
by sequential centrifugation (38). Cell nuclei were prepared by
nuclease treatment of cellular lysates as described (39).

 

Phosphatidylcholine and disaturated
phosphatidylcholine analysis

 

Lipids were extracted from equal amounts of cellular protein
according to the method of Bligh and Dyer (40). After drying
under nitrogen gas, lipids were spotted on silica LK5D plates
and resolved in chloroform –methanol–petroleum ether–acetic
acid–boric acid 40:20:30:10:1.8 (v/v) (41). Samples that comi-
grated with PtdCho standard as detected by exposure to iodine
vapor were scraped from the silica gel, and quantitatively assayed
for phosphorus content (42). To assess PtdCho and disaturated
phosphatidycholine (DSPtdCho) synthesis, cells cultured in
Hite’s medium containing either 10% FBS or 10% LPDS for 72 h
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were pulsed with 1 

 

m

 

Ci of [

 

methyl

 

-

 

3

 

H]choline chloride during the
final 2 h of incubation. Cellular lipids were extracted, PtdCho
was resolved by TLC, and the lipid was reacted with osmium
tetroxide before a run in the second dimension (41). Incorpora-
tion of label into PtdCho or DSPtdCho was quantitated by scin-
tillation counting.

 

Enzyme assays

 

The activity of choline kinase was assayed as described (43).
The reaction mixture (0.1-mL volume) contained 100 m

 

m

 

 Tris-
HCl buffer (pH 8.0), 10 m

 

m

 

 magnesium acetate, [

 

14

 

C]choline
(specific activity, 

 

,

 

7,100 dpm/nmol), 10 m

 

m

 

 ATP, and 50–100 

 

m

 

L
of cell sample. After a 1-h incubation at 37

 

8

 

C, the reaction was ter-
minated with 0.02 mL of cold 55% tricloroacetic acid. Twenty-
microliter aliquots of the mixture were spotted on Whatman 3MM
paper and choline metabolites were resolved by paper chromatog-
raphy with ethanol–concentrated ammonia–isopropanol 65:35:20
(v/v/v). The spots that comigrated with the radiolabeled standard,
cholinephosphate, were cut and used for scintillation counting.

The activity of CT was determined by measuring the rate of in-
corporation of phospho[

 

methyl

 

-

 

14

 

C]choline into CDP-choline,
using a charcoal extraction method (19). Assays were performed
with and without the inclusion of a lipid activator, PtdCho–oleic
acid, in the reaction mixture.

The activity of cholinephosphotransferase was assayed as de-
scribed (44). Each reaction mixture contained 50 m

 

m

 

 Tris-HCl
buffer (pH 8.2), Tween 20 (0.1 mg/mL), 1m

 

m

 

 1,2-dioleoylglyc-
erol, 0.8 m

 

m

 

 phosphatidylglycerol, 0.5 m

 

m

 

 [

 

14

 

C]CDP-choline
(specific activity, 1,110 dpm/nmol), 5 m

 

m

 

 dithiothreitol, 5 m

 

m

 

EDTA, 10 m

 

m

 

 MgCl

 

2

 

, and 50–100 

 

m

 

L of sample. The lipid sub-
strate was prepared by combining appropriate amounts of 1,2-
dioleoylglycerol (1 m

 

m

 

) and phosphatidylglycerol (0.8 m

 

m

 

) in a
test tube, drying the mixture under nitrogen gas, and briefly
sonicating it before addition to the assay mixture to achieve the
final desired concentration. The reaction proceeded for 1 h at
37

 

8

 

C, and terminated with 4 mL of methanol –chloroform–water
2:1:7 (v/v/v). The PtdCho product was resolved by TLC with
chloroform–methanol–ammonium hydroxide as solvent. The re-
mainder of the assay was performed exactly as described (44).

 

Immunoblot analysis

 

For immunoblot analysis, equal amounts of protein from cell
homogenates and from cytosolic, microsomal, and nuclear ex-
tracts were used. Each sample was adjusted to give a final solu-
tion of 60 m

 

m

 

 Tris-HCl (pH 6.8), 2% sodium dodecyl sulfate
(SDS), 10% glycerol, 0.1% bromphenol blue, and 5% 2-mercap-
toethanol; heated at 100

 

8

 

C for 5 min; electrophoresed through a
10% SDS-polyacrylamide gel; and transferred to a polyvinylidene
difluoride membrane. All studies were performed to analyze the
CCT

 

a

 

 isoform as this was the only isoform detected in MLE cells
(data not shown). Probing for CCT was per formed with the ECL
Western blotting detection system. The dilution factor for anti-
CCT antibody was 1:1,000.

 

Immunoprecipitation of CCT

 

CCT synthesis was assessed in control and LPDS-treated cells
by labeling cells with [

 

35

 

S]methionine (60 

 

m

 

Ci/mL in methion-
ine-deficient medium) during the last 4 h of culture at 37

 

8

 

C.
After labeling, cells were scraped in radioimmunoprecipitation
assay (RIPA) buffer (10 m

 

m

 

 Na

 

2

 

HPO

 

4

 

, 100 m

 

m

 

 NaCl, 5 m

 

m

 

 EDTA,
5 m

 

m

 

 EGTA, 1 m

 

m

 

 dithiothrietol, 1 m

 

m

 

 PMSF, 20 

 

m

 

m

 

 leupeptin,
1% Triton X-100, 0.1% SDS, 20 m

 

m

 

 

 

l

 

-methionine, and 2 m

 

m
l

 

-cysteine; pH 7.4), sonicated briefly, and centrifuged at 15,000 

 

g

 

for 60 sec, and the supernatants precleared by treatment for 2 h
at 4

 

8

 

C with Sepharose CL-4B and preimmune rabbit serum.
Cleared supernatants, containing equal amounts of protein (500

 

m

 

g), were incubated overnight at 4

 

8

 

C with 1 

 

m

 

g of rabbit anti-CCT
antibody, which was previously bound to GammaBind

 

®

 

 Plus
Sepharose

 

®

 

. The next morning, the immunoprecipitates were
washed with lysis buffer (50 m

 

m

 

 HEPES, 150 m

 

m

 

 NaCl, 0.5 m

 

m

 

EGTA, 1 m

 

m

 

 PMSF, 50 m

 

m

 

 NaF, 1 m

 

m

 

 NaVO

 

4

 

, 1 m

 

m

 

 PMSF, and
1 

 

m

 

m

 

 aprotinin; pH 7.6) and the pellets placed in SDS protein sam-
ple buffer, and heated to 95

 

8

 

C for 5 min. Soluble proteins were
separated by 10% SDS-PAGE, and the gels were stained with Coo-
massie Blue, destained, and then dried for both autoradiography
and liquid scintillation counting of excised 42K protein bands.

 

Detection of CCT mRNA

 

Total cellular RNA was isolated from cells by cesium chloride
gradient centrifugation after lysis with guanidine thiocyanate
(45). Total RNA (30 

 

m

 

g) containing ethidium bromide was sepa-
rated electrophoretically on a 1% agarose gel containing 2.2 

 

m

 

formaldehyde with a circulating running buffer of 20 m

 

m

 

 mor-
pholinepropanesulfonic acid (MOPS), 5 m

 

m

 

 sodium acetate, 1
m

 

m

 

 EDTA, and 2.2 

 

m

 

 formaldehyde. RNA was capillary blotted to
a nitrocellulose membrane with a Turbo-blot apparatus, and hy-
bridized at 42

 

8

 

C with a 

 

32

 

P-labeled probe (7.5 

 

3

 

 10

 

6

 

 cpm/15
mL), using standard Northern blot hybridization protocols (10).
Radiolabeled probes for CCT were prepared by random prime
labeling of cDNA. The probe for CCT

 

a

 

 consisted of a 1.1-kb

 

Hin

 

dIII–

 

Bam

 

HI fragment of the rodent CCT cDNA inserted in
pcDNA3. The blot was washed four times for 1 min at 22

 

8

 

C, and
then at 42

 

8

 

C for 10 min, after hybridization with the CCT probe.

 

Nuclear run-on assay

 

Cells were cultured in FBS or LPDS for various times and
rinsed in PBS, lysed (10 m

 

m

 

 Tris [pH 7.4], 10 m

 

m

 

 NaCl, 3 m

 

m

 

MgCl

 

2

 

, 0.5% Nonidet P-40 [NP-40]), and centrifuged at 1,500
rpm for 5 min at 4

 

8

 

C, and the nuclear pellet was resuspended in
glycerol buffer before storage at 

 

2

 

70

 

8C. Nuclear transcription
was assessed by incubating nuclei in reaction buffer (10 mm Tris
[pH 8.0], 0.3 m KCl, 5 mm MgCl2) with 1 mm nucleotides (ATP,
CTP, GTP) and 10 mL of [g-32P]uridine triphosphate (400 mCi/
sample), and each sample was placed in an orbital shaker for 30
min at 308C. After terminating the reaction with ribonuclease-
free DNase I (1 mg/mL) and proteinase K (20 mg/mL), RNA
was extracted with phenol –chloroform–isoamyl alcohol 25:24:1
(v/v/v). The RNA solution was placed in 10% trichloroacetic acid
(TCA)–60 mm sodium pyrophosphate with 10 mL of tRNA (10
mg/mL) and cooled on ice for 30 min. The precipitate was fil-
tered (0.45-mm pore size filter) and radiolabeled RNA was
eluted. After precipitating and centrifuging for 30 min at 9,000
rpm, the pellet was resuspended in 1 mL containing TES [10 mm
N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (pH
7.4)], 10 mm EDTA, and 0.2% SDS. Samples were counted and
equalized by counts per minute of 32P-labeled RNA per mL and
equalized samples hybridized at 658C for 36 h to CT cDNA pre-
viously bound to nitrocellulose. Filters were washed 6 times
in 13 saline–NaPO4–EDTA (SSPE) with 1% SDS at 658C, once
in 0.13 SSPE with 1% SDS at 658C, once in 23 SSPE with RNase
A (1.25 mg/mL) at 378C, and 3 times in 23 SSPE at room tem-
perature. Filters were dried and exposed to autoradiographic
film for detection of CT transcripts.

RESULTS

Phosphatidylcholine and disaturated
phosphatidylcholine analysis

Incubation of MLE cells with LPDS significantly de-
creased the mass of PtdCho in MLE cells by nearly 30%
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after 72 h of exposure (Fig. 1A). The magnitude of these
effects is important because, as in primary alveolar type II
epithelial cells, PtdCho accounts for nearly 60% of the
total phospholipid in MLE cells (46). The major species
of PtdCho within alveolar type II epithelial cells and MLE
cells is DSPtdCho, an integral component of pulmonary
surfactant that exhibits surface tension-lowering proper-
ties (47). DSPtdCho mass in MLE cells was also reduced
by incubation with LPDS (Fig. 1B). We next examined
whether the decrease in PtdCho mass was secondary to a
decrease in PtdCho synthesis by measuring the incorpora-
tion of [methyl-3H]choline into PtdCho and DSPtdCho.
After 72 h of LPDS exposure, choline incorporation into
PtdCho decreased by 21% relative to cells exposed to FBS.
Choline incorporation into DSPtdCho was also reduced
by approximately 24% compared with FBS-exposed cells

(Fig. 1C). These results suggest that the overall decrease
in PtdCho synthesis after LPDS treatment is reflected by a
reduction in the amount of surfactant PC.

Enzymes assays
Lipoprotein deprivation significantly altered the activity

of enzymes of the CDP-choline pathway, the principal
pathway for the de novo synthesis of PtdCho (Fig. 2).
Compared with cells cultured in FBS, culture of cells in
LPDS for 72 h reduced the activity of choline kinase, the
first committed enzyme of the CDP-choline pathway, by
more than 40% (Fig. 2A). Further, an even greater reduc-
tion was observed in the activity of the terminal enzyme of
the pathway, cholinephosphotransferase, which decreased
by 64% in cells cultured with LPDS compared with FBS
(Fig. 2). In contrast, the activity of CCT, the rate-regulatory

Fig. 1. Phosphatidylcholine (PtdCho), disaturated PtdCho (DSPtdCho), and choline incorporation into DSPtdCho in MLE cells grown
in lipoprotein-deficient serum (LPDS). Cells were incubated for 72 h in Hite’s medium supplemented with either 10% FBS or 10% LPDS.
The mass of PtdCho (A) and DSPtdCho (B) was determined after lipid extraction from cell lysates, separation by TLC, and quantification by
the phosphorus assay. (C) Cells were pulsed with 1 mCi of [3H]choline for the final 2 h of incubation, and the radioactivity in cellular
[3H]DSPtdCho was determined. Values are means 6 SEM from 3 independent experiments. * P , 0.05 LPDS versus FBS.

Fig. 2. Effect of LPDS on (A) choline kinase, (B) cytidylyltransferase, and (C) cholinephosphotransferase activities in MLE cell lysates.
MLE cells were incubated for 72 h in Hite’s medium containing 10% FBS or 10% LPDS. Cells were harvested and assayed for enzymes re-
quired for PtdCho biosynthesis. Assays for cytidylyltransferase activity were conducted in the presence (1Lipid) or absence (2Lipid) of PtdCho-
oleic acid emulsions. Results are means 6 SEM from 3 independent experiments. * P , 0.05 LPDS versus FBS.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1272 Journal of Lipid Research Volume 41, 2000

enzyme within the CDP-choline pathway, was markedly en-
hanced in cells cultured with LPDS. LPDS stimulated CCT
activity by 150% compared with cells cultured in medium
containing 10% FBS (Fig. 2B). When cells were exposed to
CS-FBS, CCT activity also increased 2-fold above control
values. These increases in CCT activity after LPDS or CS-FBS
treatment were observed whether or not the assay was per-
formed with the inclusion of the lipid activator, PtdCho–
oleic acid, in the reaction mixture. Collectively, these results
indicate that lipoprotein deprivation differentially regu-
lates the activity of enzymes required for PtdCho biosyn-
thesis. LPDS markedly upregulates CCT activity and yet
inhibits choline kinase and cholinephosphotransferase ac-

tivities, resulting in an overall decrease in PtdCho biosyn-
thesis within alveolar type II epithelial cells.

Immunoblot analysis
The observation that lipoprotein deprivation stimu-

lated CCT activity in mammalian cells, using a functional
assay, is remarkable because lipoprotein loading has also
been shown to potently increase CCT activity (18, 19).
Prior studies have shown that exposure of cells to LDL
and VLDL can increase CCT activity by posttranslational
mechanisms (18, 19). However, the kinetics of CCT stimu-
lation after lipoprotein loading and lipid deprivation dif-
fer in that maximal effects of LPDS exposure on enzyme

Fig. 3. Immunoblot analysis of CCT protein in MLE cells. (A) Cells were grown for 72 h in Hite’s medium
containing 10% FBS, 10% LPDS or 10% CS-FBS (carbon-stripped fetal bovine serum). Cell lysates (300 mg of
protein) were separated by SDS-10% polyacrylamide gel electrophoresis, transferred to nitrocellulose, and
probed with an anti-CCT rabbit polyclonal antibody. The far left lane of all immunoblots shows purified rat
liver CCT. The top right bar graph reveals CCT protein levels quantified by densitometric analysis of auto-
radiograms with the FBS controls arbitrarily assigned a value of 1 (means 6 SEM, n 5 4). * P , 0.05 LPDS or
CS-FBS versus FBS. (B) Cells were incubated in Hite’s medium containing 10% FBS or 10% LPDS for peri-
ods ranging from 0 to 72 h. Cells were then harvested and analyzed for CCT content. (C) Cellular fractions
(homogenate [H], cytosol [C], microsomal [M], nuclear [N]) were analyzed for CCT protein after cells were
incubated for 72 h in Hite’s medium containing 10% FBS or 10% LPDS. (D) Immunoblots for expression of
CCT protein in rat immortalized fetal type II cells (IFTII), a human adenocarcinoma cell line (H441), MLE
cells, and primary alveolar type II epithelial cells (Primary TII). Cells were grown for 72 h in Hite’s medium
containing 10% FBS or 10% LPDS.
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activity are seen only after prolonged culture. Thus, we hy-
pothesized that chronic lipoprotein deprivation increases
CCT activity as a compensatory response involving a pre-
translational mechanism. Immunoblot analysis was per-
formed to determine if LPDS stimulation of CCT activity
was secondary to an increase in the amount of enzyme.
Culture of MLE cells with either LPDS or CS-FCS in-
creased the levels of immunoreactive CCT 2-fold above
control levels (Fig. 3A). An increase in steady state CCT
protein was first detected in cells after 48 h of LPDS expo-
sure and persisted at least to 72 h (Fig. 3B). The physio-
logically active forms of CCT are predominantly detected
within the microsomal and nuclear subfractions of cells
(8). Consistent with its effects in whole cells, immunoblot
studies revealed that LPDS increased the amount of mi-
crosomal and nuclear-associated enzyme (Fig. 3C). How-
ever, only low levels of CCT protein were detected in the
soluble fraction of MLE cells; these levels were not af-
fected by LPDS treatment. To ascertain whether LPDS ef-
fects on CCT protein were specific to MLE cells, addi-
tional analyses were performed with a rat immortalized
fetal alveolar pretype II epithelial cell line (48), primary
alveolar type II epithelial cells, and a human adenocarci-
noma cell line (H441) (49). Similar to results in MLE
cells, incubation of the immortalized alveolar pretype II
epithelial cell line with LPDS led to induction of CCTa
protein (Fig. 3D). Studies conducted in primary alveolar
type II epithelium also showed increases in immunoreac-
tive CCT after 72 h of exposure to LPDS (Fig. 3D). In con-
trast, LPDS induction of CCT was not observed in H441
cells. These results indicate that LPDS stimulates CCT ac-
tivity in alveolar type II epithelial cells by increasing the
amount of CCT mass.

To determine if specific lipoproteins could alter CCT
protein expression, MLE cells were cultured in LPDS in
the presence of either HDL, VLDL, or LDL. Levels of
CCT protein were then determined by immunoblotting
(Fig. 4). LPDS induction of CCT protein was reduced to
baseline (control) levels after inclusion of HDL (Fig. 4A),
VLDL (Fig. 4B), or LDL (Fig. 4C) in the culture medium.
The addition of LDL at 100 mg/mL suppressed CCT pro-
tein expression to almost undetectable levels (Fig. 4C).
Compared with HDL or VLDL, exposure of cells to LDL
appeared to be more potent in reducing CCT protein ex-
pression. These results suggest that CCT expression in
cells is reversibly regulated by specific lipoproteins.

De novo synthesis of CCT
We next examined whether LPDS alters de novo synthe-

sis of CCT. For synthesis studies, cells were pulsed with
[35S]methionine and CCT was then immunoprecipitated
with isoform-specific antibody. Pulse times between 15
and 60 min were within the linear range with regard to in-
corporation of [35S]methionine into total TCA-precipitable
protein and into precipitable CCT in cells cultured with
FBS (Fig. 5A). Similar rates for incorporation of [35S]
methionine into total TCA-precipitable protein were noted
for cells pulsed for 15 to 60 min with either FBS or LPDS
(Fig. 5A). However, after long-term (48–72 h) culture,

greater levels of immunoprecipitatable radiolabeled CCT
were observed in cells cultured with LPDS compared with
cells exposed to FBS (Fig. 5B). Thus, these results indicate
that lipoprotein deprivation does not result in an overall
increase in total protein synthesis, but selectively increases
the amount of newly synthesized CCT in MLE cells.

Detection of CCTa mRNA
We next conducted studies to determine if LPDS in-

creased CCT protein by increasing the amount of CCT
mRNA. By using probes prepared from 1.3 kb of rodent
CCTa cDNA, Northern blotting was performed on total
RNA isolated from control cells and cells exposed to
LPDS for various times (Fig. 6A). As shown in Fig. 6, LPDS
exposure modestly increased expression of the 5.0-kb
CCTa transcript during 2 to 8 h of incubation and in-
creased CCTa mRNA by more than 2-fold after 48 h.
Northern analysis of poly(A) mRNA also confirmed that
LPDS increased the levels of the CCT transcript (Fig. 6C).
These results suggest a pretranslational mechanism for
LPDS induction of CCT protein in alveolar type II epithe-
lial cells.

Fig. 4. Effect of lipoprotein supplementation on CCT protein in
MLE cells. Cells were grown for 72 h in Hite’s medium containing
either 10% FBS, 10% LPDS, or 10% LPDS supplemented with indi-
vidual lipoproteins. Cells were harvested and immunoblot analysis
was conducted to detect CCT protein. Cells supplemented with (A)
HDL (20 to 500 mg of protein per mL), (B) VLDL (20 to 100 mg of
protein per mL), and (C) LDL (20 to 100 mg of protein per mL).
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We next conducted studies to determine if LPDS in-
creased steady state CCT mRNA by increasing the mRNA
half-life (Fig. 7). Cells were cultured in Hite’s medium
containing 10% FBS or Hite’s medium containing LPDS
for various times in the presence of actinomycin D (5 mg/
mL). After culture, cells were harvested for total RNA and
levels of CCT mRNA were quantitated as described above.
Levels of CCT mRNA decreased gradually in cells treated
with either FBS or LPDS, and no significant differences in
mRNA half-life were observed (FBS t1/2 5 8.4 6 2.8 h vs.
LPDS t1/2 5 6.9 6 1.5 h, n 5 4). These results suggest that
lipoprotein deprivation increases CCT protein by stimu-
lating gene transcription.

Nuclear run-on assay
To examine whether LPDS altered transcription of the

CCT gene, we performed nuclear run-on assays after cul-
turing cells in FBS or LPDS for various times. Compared
with cells cultured in FBS, LPDS increased CCT gene tran-
scription in MLE cells after 6 and 48 h of exposure (Fig. 8).
These results indicate that lipoprotein deprivation in-

creases CCT mRNA, at least in part, at the level of CCT
transcription within type II cells.

DISCUSSION

The present results indicate that lipoprotein depriva-
tion markedly increased the activity of the rate-regulatory
enzyme, CCT. Unlike many studies showing activation of
CCT by posttranslational mechanisms, we provide evi-

Fig. 5. The effect of LPDS on de novo synthesis of CCT protein in
MLE cells. (A) Cells were grown for 72 h in Hite’s medium contain-
ing 10% FBS or 10% LPDS, and then pulsed with [35S]methionine
(60 mCi/mL in methionine-deficient medium) for 15, 30, or 60
min. (A) Total protein synthesis determined from radioactivity
found in 1 mg of TCA-precipitable protein. (B) CCT was immuno-
precipitated from cell lysates (500 mg of protein) with 1 mg of anti-
CCT rabbit polyclonal antibody. Immunoprecipitates were sepa-
rated by SDS-10% polyacrylamide gel electrophoresis (PAGE) and
gels dried for autoradiography. (C) Cells were grown for 48 or 72 h
as described above and pulsed with [35S]methionine (60 mCi/
mL). CCT immunoprecipitates were subjected to SDS-PAGE and
autoradiography.

Fig. 6. Effect of LPDS on CCT mRNA in MLE cells. Cells were
grown in Hite’s medium with 10% FBS for 72 h before changing to
fresh medium containing 10% FBS or 10% LPDS for 2 to 48 h. At
the indicated times, total cellular RNA (50 mg) was isolated and the
amount of (A) CCT mRNA or (B) 18S RNA was determined by
Northern analysis as described in the text. Representative auto-
radiograms are shown. (C) CCT mRNA levels in FBS- and LPDS-
exposed cells as determined by Northern analysis with 10 mg of
poly(A)-rich RNA. (D) Densitometric analysis of CCT mRNA in
cells cultured in medium containing 10% FBS or 10% LPDS for 2
to 48 h. The CCT mRNA/18S ratios for FBS were arbitrarily as-
signed a value of 1. The densitometric data are from 3 independent
experiments. Values are shown as means 6 SEM.
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dence that increases in CCT activity are most likely ex-
plained by increases in CCT gene transcription. The results
of these studies might serve as a springboard to investigate
sterol-dependent regulatory elements within the CCT gene
that might function as part of an overall feedback re-
sponse mechanism for PtdCho synthesis in the setting of
chronic lipid deprivation.

The current results revealed that under conditions of
long-term culture in lipoprotein-deficient medium, alveo-
lar cells show reductions in PtdCho mass and an impaired
ability to synthesize surfactant PtdCho. Lipoprotein depri-
vation significantly reduced the activities of choline kinase
and cholinephosphotransferase, which together with re-
duced lipid substrate availability likely account for the de-
crease in PtdCho mass. There is limited information re-
garding the regulatory mechanisms for these enzymes.
The reduction in choline kinase activity after LPDS treat-
ment might be secondary to a reduction in substrate avail-
ability, either choline or ATP levels, for example, or re-
duced levels of enzyme mass. The purification of this
enzyme should allow for generation of antibodies useful for
determining enzyme content after LPDS treatment (50).

On the other hand, the mechanisms for LPDS-associated
decrease in cholinephosphotransferase activity might be
mediated by an increase in cellular argininosuccinate, as
this product accumulates in the fasting state and is known
to inhibit enzyme activity (51). In addition, it appears that
polyunsaturated fatty acids stimulate cholinephospho-
transferase activity in vivo (52). Therefore LPDS might de-
crease cellular levels of polyunsaturated fatty acids that
are needed for optimal enzyme activation.

The fact that cells exposed to LPDS expressed a 3-fold
increase in CCT activity concomitant with an increase in
CCT protein suggests that these responses might repre-
sent a novel compensatory mechanism for alveolar epithe-
lial cells exposed to prolonged periods of lipid depriva-
tion. Ultracentrifugation and carbon-stripping of fetal
bovine serum were performed to remove serum lipids.
Both approaches resulted in modified serum preparations
that when added to cell cultures effectively increased en-
zyme mass and stimulated protein synthesis as demon-
strated by increased incorporation of [35S]methionine
into CCT. The effect of LPDS on increasing CCT mass was
not restricted to MLE cells, but was also observed in a fetal
type II cell line and in primary rat alveolar type II epithe-
lial cells. Thus, both fetal and adult type II cells are sensi-
tive to lipid deprivation, lending further support to the
idea that these responses might be physiologically impor-
tant in vivo.

Current understanding suggests that mechanisms for
CCT activation include lipid regulation, membrane trans-
location, and reversible phosphorylation. When cells are
chronically exposed to conditions of lipid deprivation, the
availability of lipid activators should be reduced and thus
regulation by stimulatory lipids seems unlikely. We ob-
served a consistent increase in CCT mass in total cell ly-
sates and in microsomal and nuclear subfractions of the
cells; little protein was found in the cytosolic fraction.
Thus, we cannot rule out the possibility that our antibody
did not recognize cytosolic CCT and that enhanced activ-
ity was partly due to a physiologic shift from the cytosolic
to the membrane fraction. In addition, multiple bands
were observed on our immunoblots, suggesting the pres-
ence of both phosphorylated and dephosphorylated
forms of CCT in cells exposed to LPDS. However, most ev-
idence shows that lipoprotein loading, rather than lipid
deprivation, promotes dephosphorylation of CCT and en-
hances enzyme activity in cells (18). Our observation that

Fig. 7. The effect of LPDS on turnover of CCT mRNA in MLE
cells. Cells were grown in Hite’s medium containing 10% FBS for 72 h
before changing to fresh medium with either 10% FBS or 10% LPDS
containing actinomycin D (5 mg/mL) for 0 to 8 h. Northern analysis
of total cellular RNA (50 mg) was performed to determine amounts
of (A) CCT mRNA and (B) 18S RNA. (C) Densitometric analysis of
autoradiograms shows CCT mRNA/18S OD ratios for cells grown in
medium containing actinomycin D (5 mg/mL) with either 10% FBS
or 10% LPDS. Values are expressed on a logarithmic scale and repre-
sent means 6 SEM of 3 independent experiments.

Fig. 8. The effect of of LPDS on CCT gene transcription in MLE
cells. Cells were grown in Hite’s medium containing 10% FBS for
72 h before changing to fresh medium with either 10% FBS or 10%
LPDS for 6 or 48 h. After culture, cells were harvested and processed
for CCT transcriptional activity as described in Materials and Meth-
ods. The data are representative of two independent experiments.
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a 3-fold increase in CCT activity was associated with a 2-fold
increase in both enzyme mass and mRNA argues against
dephosphorylation or membrane translocation as the pri-
mary mechanism for CCT activation after LPDS treat-
ment. Further, because the magnitude of the increase in
enzyme activity exceeded the increase in CCT mass after
LPDS exposure, we conclude that overall specific CCT ac-
tivity was relatively increased in these studies.

In contrast to prior work, an increase in transcription of
the CCT gene appears to provide the best explanation for
our finding that CCT protein and mRNA were increased
in cells chronically exposed to lipid deprivation. The mag-
nitude of increase in CCT transcript levels after lipid dep-
rivation was similar to increases in CCT mRNA previously
observed after partial hepatectomy (24). Other studies
showing induction of CCT mRNA during lung develop-
ment and in response to growth factors appear to be de-
scribing the result of an increase in CCT mRNA stability
(23–25). However, our observation that CCT mRNA levels
were increased after lipid deprivation cannot be explained
by enhanced mRNA stability as CCT mRNA half-life was
found to be similar for cells cultured in either lipid-replete
or lipid-deprived medium when studied in the presence of
a transcriptional inhibitor. Nuclear run-on assays provided
confirmation that lipoprotein deprivation increased tran-
scription of the CCT gene (Fig. 8). In our preliminary
studies, transient transfections of MLE cells with a re-
porter construct containing the proximal 59 flanking region
of the mouse CCT promoter exhibit an increase in re-
porter activity in response to lipoprotein deprivation (R. K.
Mallampalli et al., unpublished observations).

Several genes involved in lipid metabolism are known
to be regulated in a transcriptional manner (29, 53).
Some of these genes are induced in response to lipid dep-
rivation (29). Chief among these include the HMG-CoA
reductase and fatty acid synthase genes, which are both
upregulated via activation of the transcription factors
SREBP-1 and SREBP-2 in response to cholesterol deprivation
(29, 53). Studies have identified several regulatory elements
involved in activation and repression of CCT transcription
(27, 54). SREBP consensus elements are found within the
CCT gene, and the CCT promoter region is thought to con-
tain binding elements for other transcriptional proteins,
such as Sp1, Ap1, and C/EBP (27). Future studies investigat-
ing the role of SREBP in upregulating the CCT gene after
sterol deprivation are attractive, and if demonstrated, would
provide a unifying control feedback mechanism for tran-
scriptional regulation of genes involved in cholesterol, fatty
acid, and PtdCho synthesis. However, the recognition sites
that interact with the C/EBP family of transcription factors
also deserve further study because these proteins appear to
be involved in surfactant metabolism (55).
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