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( 1 ). The de novo synthesis of PtdCho via the CDP-choline 
(Kennedy) pathway is initiated by choline transport into 
cells and subsequent phosphorylation by choline kinase 
(CK). Phosphocholine is converted to CDP-choline by the 
rate-limiting enzyme CTP:phosphocholine cytidylyltrans-
ferase (CCT), an amphitropic enzyme that is regulated by 
reversibly binding to membranes in response to changes 
in lipid composition ( 2 ). Finally, choline phosphotransferase 
(CPT) or choline/ethanolamine phosphotransferase 
(CEPT) in the Golgi and endoplasmic reticulum, respec-
tively, synthesize PtdCho from CDP-choline and DAG ( 3 ). 
Because multiple enzyme isoforms catalyze each step in 
the pathway [reviewed in ( 4 )], regulation and biosynthetic 
capacity is determined by unique developmental and tis-
sue-specifi c patterns of enzyme expression. For example, 
knockout of the ubiquitous CCT �  isoform in mice is em-
bryonic lethal, indicating an essential developmental role 
( 5 ). However, conditional CCT �  deletion in tissues that 
express suffi cient CCT �  or phosphatidylethanolamine  N -
methyltransferase is not lethal, resulting in phenotypes 
related to partial deduction in biosynthetic capacity ( 6–8 ). 

 The synthesis of PtdCho is increased during the G1 and 
S phases of the cell cycle to coincide with duplication 
of other cellular components in preparation for mitosis 
( 9, 10 ). During the G0/G1 transition, PtdCho degrada-
tion supplies lipid activators of CCT �  that promote in-
creased activity throughout the S phase ( 10, 11 ). Depending 
on the cell type, the mode of CCT �  activation involves 
increased enzyme dephosphorylation and activation ( 10 ) 
or export from the nucleus to the cytoplasm ( 12 ). Chinese 
hamster ovary (CHO) MT58 cells expressing a thermolabile 
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  Phosphatidylcholine (PtdCho), a zwitterionic glycero-
phospholipid that comprises 40–60% of eukaryotic mem-
brane mass, is an essential component of lung surfactant, 
bile, and lipoproteins, and a source for signaling mole-
cules such as diacylglycerol (DAG) and phosphatidic acid 
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8 and V5 monoclonal antibodies were purchased from Cell Sig-
naling Technologies and Invitrogen (Carlsbad, CA), respectively. A 
rabbit polyclonal CCT �  anti-peptide antibody (PSPSFRWPFSGKTSP) 
was made by GenScript (Scotch Plains, NJ). Recombinant human 
caspases were purchased from Calbiochem (Gibbstown, NJ). 
Radioisotopes were purchased from Perkin-Elmer (Waltham, MA). 
TransIT-TKO was used for siRNA transfections (Mirus Corp., Ne-
pean, ON, Canada). The caspase 8 siRNA (GGACAAAGUU-
U A CCAAAUG) was from Dharmacon (Chicago, IL). Caspase 
3 (G GA A UAUCCCUGGACAACA and GGUACUUUAAGACAUA-
CUC), caspase 6 (GGGUUUGAUAUGGAGAAAC), and caspase 
7 (GGAAUUGACUUACAUAGA) siRNAs were from Ambion/Life 
Technologies (Austin, TX). 

 A vector encoding CCT �  with a deletion of amino acids 1–28 
(CCT � - � 28) was constructed by amplifi cation of the rat cDNA 
with a forward primer containing a  Hin dIII site and start codon 
prior to glycine 29 (CCAAGCTTCCACC ATG GGAATTCCTTC-
CAAAGT), and an internal reverse primer. The PCR product was 
digested with  Hin dIII/ Eco RV, cloned into  Hin dIII/ Eco RV-di-
gested pcDNA-CCT-V5/His, and verifi ed by restriction digestion 
and sequencing. 

 Cell culture 
 Human embryonic kidney (HEK)293 cells were cultured in 

DMEM containing 10% FBS   (medium A). CHO-MT58 cells were 
cultured in DMEM with 5% FBS and proline (33  � g/ml). MCF7 cells 
stably expressing pBabe retroviral-encoded caspase 3 (MCF7-C3) 
or control vector (MCF7) were cultured in medium A containing 
puromycin (0.5  � g/ml) (kindly provided by Dr. Daum Tang, 
McMaster University, ON, Canada). HEK293 and MCF7 cells 
were incubated in a 5% CO 2  atmosphere at 37°C. CHO-MT58 
cells were maintained at 32°C but shifted to 42°C after cDNA 
transfection to reduce the expression of the endogenous tem-
perature-sensitive CCT � . 

 HEK293 cells were transfected using TransIT-TKO reagent 
with 30 nM (caspase 6), 100 nM (caspase 8), or 100 nM (caspases 
3 and 7) siRNAs. After 24 h, medium A was replaced and cells 
were cultured for another 24 h prior to the start of experiments. 
CHO-MT58 cells were transfected with pcDNA-CCT-V5/His or 
pcDNA-CCT � 28-V5/His using Lipofectamine 2000 according to 
the manufacturer’s instructions. 

 Fluorescence microscopy 
 CHO-MT58, MCF7, and MCF7-C3 cells (seeded on glass cover-

slips) were fi xed in 4% paraformaldehyde in PBS for 10 min and 
quenched with 100 mM NH 4 Cl. Cells were permeabilized with 
0.05% Triton X-100 (w/v) in PBS at 4°C for 10 min and blocked 
in PBS with 1% BSA (w/v). All primary and Alexa Fluor-
conjugated secondary antibody incubations were in PBS/BSA for 
1 h. Cells were incubated for 20 min with 10  � g/ml Hoechst 
33258 (Invitrogen, Burlington, ON, Canada) in PBS/BSA, 
washed three times with PBS, and mounted on glass slides using 
Mowiol (Calbiochem). Images were captured using a Zeiss 
LSM510 Meta laser scanning confocal upright microscope with a 
plan-apochromat 100×/1.40 NA oil immersion objective. 

 Caspase cleavage of recombinant CCT �  
 CCT �  and CCT � -D28E were in vitro transcribed/translated 

from pGEM4z-CCT and pGEM4z-CCT � -D28E using the T N T 
coupled reticulocyte lysate system (Promega Inc., Madison, WI) 
in the presence of [ 35 S]methionine ( 27 ). [ 35 S]-labeled CCT or 
CCT � -D28E (3  � l of translation reaction) was incubated with 
PBS or recombinant human caspase (5 units) in 20  � l of reaction 
buffer [50 mM HEPES (pH 7.4), 100 mM NaCl, 10% glycerol 
(v/v), 10 mM EDTA, 2 mM DTT, and 0.1% CHAPS (w/v)] ( 27 ). 

CCT �  mutant have reduced S phase content and undergo 
apoptosis at the nonpermissive temperature ( 13 ). This sug-
gests that PtdCho imposes an essential checkpoint in the cell 
cycle that controls cell death and proliferation. Cancer cells 
have overcome this lipid-regulated brake by increasing over-
all lipogenic capacity by increased synthesis of fatty acids, ste-
rols, and phospholipids. The activity and expression of fatty 
acid synthase and other lipogenic genes, such as ATP citrate 
lyase and acetyl CoA-carboxylase, are increased in a variety 
of invasive carcinomas, and are causal factors in cell trans-
formation ( 14–17 ). The lipogenic phenotype also extends 
to synthesis of choline metabolites, primarily phosphocho-
line and PtdCho [reviewed in ( 18, 19 )]. Choline transport 
( 20 ), CCT �  ( 20, 21 ), and/or CK activities ( 22, 23 ) are in-
creased in  ras -transformed cells and contribute to the on-
cogenic phenotype. CK �  is frequently overexpressed in a 
variety of tumors, and inhibition by RNA interference (RNAi) 
or pharmacological methods reduces cancer cell prolifera-
tion. Increased PtdCho synthesis in transformed cells is fre-
quently countered by phospholipase A 2 - and phospholipase 
C-mediated degradation, which could sustain the production 
of mitogenic signaling molecules such as DAG ( 24–26 ). 

 The importance of PtdCho to cell survival is further em-
phasized by the specifi c inhibition of CDP-choline pathway 
enzymes that occurs during apoptosis. A relatively early event 
in apoptosis is caspase cleavage of CCT �  that removes the 
N-terminal nuclear localization signal (NLS) ( 27 ). Lipophilic 
activators, such as farnesol and oleyl alcohol, promote cas-
pase cleavage of CCT � , export from the nucleus, and 
binding to cytoplasmic membranes ( 27, 28 ). CPT/CEPT is 
inhibited during apoptosis by cytotoxic drugs ( 29, 30 ), cel-
lular acidifi cation ( 30 ), and/or depletion of DAG ( 28, 31 ). 
Overexpression of CEPT prevents farnesol-induced inhibi-
tion of PtdCho synthesis but not apoptosis, indicating that 
inhibition of CEPT and PtdCho synthesis may not be directly 
linked to this mode of cell death ( 32 ). Apoptosis has not been 
reported to affect CK or choline transport activity. 

 It is evident that inhibition of the CDP-choline pathway is 
a common feature of apoptotic programs. However, a pri-
mary mechanism involving inhibition of CCT �  and/or 
CPT/CEPT is at odds with metabolic labeling studies that 
consistently show a reduction in choline incorporation 
into the substrates and products of these enzymes ( 21, 28, 
30 ). To reconcile this discrepancy, we compared CCT � , 
CK, and choline transport activities with the fl ux of radiola-
beled choline through the CDP-choline pathway in apo-
ptotic cells. This approach identifi ed a caspase 3-dependent 
pathway for proteolysis and nuclear export of CCT � . How-
ever, caspase 3-dependent and -independent inhibition of 
choline transport was identifi ed as the primary mechanism 
for suppression of the CDP-choline pathway. 

 MATERIALS AND METHODS 

 Materials 
 Rabbit polyclonal antibodies against polyADP-ribose poly-

merase (PARP), lamin A/C, and caspases 3, 6, and 7 were pur-
chased from Cell Signaling Technologies (Boston, MA). Caspase 
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Given the variability of commercial caspase preparations, 
the limited scope of the initial screen, and the signifi cant 
substrate redundancy of caspases under in vitro conditions 
( 37 ), we tested whether [ 35 S]methionine-labeled CCT �  
was a substrate for a wider range of recombinant caspases 
(  Fig. 1  ).  [ 35 S]CCT �  was incubated with recombinant 
caspases, resolved by SDS-PAGE, and visualized by autora-
diography ( Fig. 1 ). Incubation of [ 35 S]CCT �  with caspases 
3, 6, 7, and 9 resulted in removal of the 28 N-terminal 
amino acids and appearance of a 37 kDa product (indicated 
by an arrowhead). Mutation of the caspase site in [ 35 S]
CCT � -D28E prevented proteolysis by all four caspases. 

 The results of the in vitro assay served as the basis to 
identify the CCT � -specifi c caspase(s) in apoptotic HEK293 
cells. Based on evidence from our lab and others ( 27, 38 ) 
and preferred caspase consensus sites ( 39 ), caspases 3, 6, 
7, and 8 were selected for analysis. Our inability to identify 
the involvement of individual caspases using pharmaco-
logical approaches (results not shown) prompted the use 
of siRNAs to silence caspases 3, 6, 7, and 8 in HEK293 cells 
induced to undergo apoptosis with chelerythrine, a pro-
tein kinase C inhibitor that also profoundly inhibits the 
CDP-choline pathway ( 30 ). Caspase 6 displayed the high-
est activity toward CCT �  in vitro and its major nuclear sub-
strate is lamin A/C ( 40 ). Caspase 6 was silenced in HEK293 
cells, apoptosis was induced with chelerythrine, and the 
cleavage of lamin A/C and CCT �  was examined by immu-
noblotting (  Fig. 2A  ).  The caspase 6 siRNA reduced pro-
tein expression by 81.5 ± 6.7% (n = 4) after 48 h ( Fig. 2A , 
Casp6 panel). In caspase 6 knockdown cells, lamin A/C 
was poorly processed to its 28 kDa cleavage product com-
pared with nontargeting controls. However, the time course 
for processing of CCT �  was similar in control and caspase 
6-depleted cells, and there was no signifi cant difference in 
the distribution of full-length and processed forms at 4 h 
( Fig. 2D ). Caspase 8 is associated with the extrinsic death-
receptor pathway but can also be activated through the 
intrinsic pathway ( 41 ). The involvement of caspase 8 was 
tested by silencing its expression in HEK293 cells, followed 
by induction of apoptosis with chelerythrine ( Fig. 2B, C ). 
Immunoblotting showed a 91.4 ± 5.6% (n = 3) reduction in 
caspase 8 expression in nonapoptotic HEK293 cells after 

After 60 min at 37°C the reactions were terminated by addition of 
SDS-PAGE sample buffer [62.5 mM Tris-HCl (pH 6.8), 10% glyc-
erol (v/v), 2% SDS (w/v), and 5%  � -mercaptoethanol (v/v)], 
heated at 90°C for 5 min, resolved by SDS(8  %)-PAGE and visual-
ized by autoradiography. 

 Immunoblotting 
 HEK293, CHO-MT58, and MCF7 cells were rinsed once with 

PBS, lysed in SDS sample buffer, heated to 90°C for 5 min, and 
equivalent amounts of protein (10–20  � g) were resolved by SDS-
PAGE and transferred to nitrocellulose. Membranes were incu-
bated in blocking buffer with primary antibodies for 1 h at 20°C 
or overnight at 4°C. Proteins were visualized using secondary 
HRP-conjugated antibodies and chemiluminescence, or with 
IRDye800- or IRDye680-conjugated secondary antibodies and an 
Odyssey infrared imaging system. Depending on the method of 
protein visualization, expression was quantifi ed by densitometry 
of fi lm or fl uorescence intensity. 

 [ 3 H]choline metabolite analysis 
 Activity of the CDP-choline pathway in CHO-MT58 and MCF7 

cells was analyzed by [ 3 H]choline incorporation into PtdCho and 
water-soluble metabolites ( 33 ). At the end of the pulse or pulse-
chase labeling period, cells were washed once with PBS, harvested 
in methanol:water (5:4, v/v), chloroform was added, and 
the phases were separated by centrifugation at 2,000  g  for 3 min. 
The aqueous phase was removed for further analysis of water-
soluble choline metabolites by thin-layer chromatography 
using a water:ethanol:ammonium hydroxide (95:48:6) sol-
vent system. The organic solvent phase was washed twice with 
chloroform:0.58% NaCl:methanol (45:47:3), dried under nitro-
gen, and radioactivity was quantifi ed by scintillation counting 
(PtdCho contains >97% of the radioactivity). 

 CCT, CK, and choline transporter assays 
 CCT �  activity was assayed in the soluble and particulate (mem-

brane) fractions prepared from CHO-MT58 cells expressing 
CCT �  and CCT � - � 28 ( 33, 34 ). Briefl y, cells were homogenized 
in 20 mM Tris-HCl (pH 7.4) by 10–15 passages through a 25-
gauge needle and sedimented at 100,000  g  for 1 h. The pellet was 
resuspended in 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 
250 mM sucrose. CCT activity was assayed in the soluble fraction 
in the presence of PtdCho/oleate vesicles over a range of CTP 
concentrations. The membrane fraction was assayed in a similar 
manner but in the absence of PtdCho/oleate vesicles. 

 MCF7 and MCF7-C3 cells were homogenized in 20 mM 
Tris-HCl (pH 7.4), 10 mM NaF, 1 mM EDTA, and 5 mM DTT by 
10 passages through a 25-gauge needle. CK activity was assayed in 
the soluble fraction (prepared by centrifugation of the homoge-
nate for 1 h at 100,000  g ) based on the conversion of [ 3 H]choline 
to phospho[ 3 H]choline ( 33 ). High affi nity choline transport ac-
tivity in MCF and MCF7-C3 cells was measured by concentration-
dependent uptake of [ 3 H]choline for 10 min at 37°C as previously 
described ( 35, 36 ). 

 RESULTS 

 CCT �  is a caspase 3 substrate 
 The NLS was removed from the N terminus of CCT �  

by caspase cleavage at TEED 28  following induction of the 
intrinsic apoptotic pathway in cultured cells. Based on the 
consensus site and site-specifi c cleavage of in vitro-translated 
CCT � , caspase 6 or 8 was predicted to be involved ( 27 ). 

  Fig.   1.  Proteolysis of in vitro translated CCT �  by recombinant 
caspases. In vitro translated [ 35 S]methionine-labeled CCT �  was in-
cubated with 5 units of recombinant caspase or no addition (NA) 
for 1 h at 37°C. Reactions were terminated by addition of SDS sam-
ple buffer, an aliquot was resolved by SDS(10%)-PAGE and the gel 
exposed to fi lm at  � 80°C for 24 h. Processed CCT �  is indicated by 
an arrowhead. Results are from a representative experiment that 
was repeated three other times with similar results.   



3376 Journal of Lipid Research Volume 54, 2013

CCT � , suggesting that neither caspase 6 nor caspase 8 are 
primarily involved in CCT �  proteolysis. 

 We next considered executioner caspases 3 and 7, which 
are activated by intrinsic/extrinsic apoptotic signals but 
have consensus cleavage sites that would appear to exclude 
CCT �  as a substrate. Nevertheless, both were tested by 
siRNA knockdown in HEK293 cells (  Fig. 3  ).  Two different 
caspase 3 siRNAs consistently reduced the expression of 
the 35 kDa caspase 3 by 80.6 ± 7.1% (n = 4) in untreated 
HEK293 cells ( Fig. 3A ). Compared with nontargeting con-
trols, caspase 3 knockdown had only a minor effect on 
PARP processing after chelerythrine treatment for 4 h 
( Fig. 3B ). This was not unexpected because PARP is a sub-
strate for other executioner caspases, including caspase 
7 ( 42–44 ). In contrast, caspase 3 depletion by both siRNAs 
inhibited CCT �  processing at 2 and 4 h as indicated by 
reduction in the 37 kDa processed form and a reciprocal 
increase in the full-length enzyme ( Fig. 3B ). Quantifi ca-
tion of CCT �  processing at 4 h in response to siCasp3-1 is 
shown in  Fig. 3D . To rule out the possibility of functional 
redundancy with caspase 7 ( 45 ), its expression was re-
duced with a siRNA, alone or in combination with si-
Casp3-1, and CCT �  and PARP cleavage was assessed after 
chelerythrine treatment for 4 h ( Fig. 3C and D ). Reduc-
tion of caspase 7 expression by 82.7 ± 5.5% (n = 3) had no 
effect on PARP or CCT �  processing relative to nontarget-
ing controls, and combined knockdown of caspases 3 and 
7 was no more effective than knockdown of caspase 3 alone. 
These siRNA experiments show that caspase 3 is primarily 
responsible for proteolysis of the N-terminal domain of 
CCT � . 

 MCF7 cells are partially resistant to apoptosis as a result 
of a deletion in the caspase 3 gene ( 46 ), but can be re-
sensitized by ectopic expression of caspase 3 ( 47 ). This 
cell model was used to confi rm that CCT �  is a caspase 3 
substrate and to dissect its involvement in inhibition of 
PtdCho synthesis. MCF cells stably expressing the empty 
retroviral vector (MCF7), or one encoding caspase 3 
(MCF7-C3), were treated with camptothecin for up to 24 h 
and immunoblotted for caspase 3, PARP, and CCT � . In-
duction of the intrinsic DNA damage pathway by camp-
tothecin inhibits PtdCho synthesis ( 30 ) and requires 
caspase 3 ( 46 ). Unlike control MCF7 cells, MCF7-C3 cells 
expressed holo-caspase 3 (p35), which was processed to 
the 17 kDa form during camptothecin treatment (  Fig. 4A  ).  
There was extensive proteolysis of PARP in MCF7 cells 
treated with camptothecin for 24 h, but processing of 
CCT �  was not evident ( Fig. 4B, C ). In contrast, 50% of 
CCT �  was proteolyzed in MCF7-C3 cells by 24 h, with a 
reduction in total expression at 24 and 48 h ( Fig. 4B, C ). 
Activation of the extrinsic apoptotic pathways with tumor 
necrosis factor  �  (TNF � ) also stimulated CCT �  processing 
in MCF7-C3 cells but not in vector controls ( Fig. 4D ). 
Immunofl uorescence was used to localize CCT �  in the 
nucleus of untreated MCF and MCF7-C3 cells ( Fig. 4E ). 
The nuclei of MCF7 cells treated with camptothecin for 
24 h were shrunken and irregularly shaped, but the nuclear 
envelope (NE) was uniformly stained with a nuclear pore 
complex (NPC) antibody and CCT �  was retained in the 

RNAi treatment for 48 h ( Fig. 2C ). Cleavage of PARP was 
similar in apoptotic HEK293 cells transfected with nontar-
geting and caspase 8 siRNAs. Similarly, caspase 8 silencing 
did not inhibit CCT �  processing during chelerythrine 
treatment ( Fig. 2B, D ). To address the possibility that indi-
vidual knockdown of caspases 6 and 8 did not eliminate 
CCT �  processing due to redundancy, both caspases were 
simultaneously suppressed by RNAi, and CCT �  processing 
was determined after induction of apoptosis in HEK293 
cells for 4 h ( Fig. 2E ). Silencing of caspases 6 and 8 caused 
a slight reduction in processed CCT �  in treated cells, but 
this was not accompanied by an increase in full-length 

  Fig.   2.  CCT �  is not a substrate for caspase 6 or 8. A: HEK293 cells 
were transfected with a caspase 6 siRNA (siCasp6) (30 nM) or an 
equivalent amount of a nontargeting control (siNT) for 48 h. Cells 
then received medium A with 15  � M chelerythrine for the indi-
cated times (0–8 h), lysates were prepared and resolved by SDS-
PAGE and immunoblotted for caspase 6, lamin A/C, CCT � , and 
actin  . B, C: HEK293 cells transfected with nontargeting or cas-
pase 8 siRNAs (siCasp8) (100 nM) were treated as described above 
and the lysates immunoblotted for PARP, caspase 8, CCT � , and 
actin. D: Quantifi cation of immunoblots in (A) and (B) showing 
the percent distribution of holo- and processed CCT �  (pro-CCT) 
in lysates of HEK293 cells transfected with the indicated siRNAs 
and treated with chelerythrine for 4 h. Results are the mean and 
standard deviation of three experiments. E: Lysates from HEK293 
transfected with siRNAs targeting caspases 6 and/or 8 (30 and 100 
nM) were immunoblotted for CCT � , caspase 6, caspase 8, and ac-
tin. Symbols refer to the full-length (�) and the caspase-cleaved (*) 
forms of CCT � , PARP, and lamin A/C.   
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V5-tagged CCT �  and CCT � - � 28 had the expected molec-
ular masses and were transiently expressed at similar levels 
in CHO-MT58 cells (  Fig. 5A  ).  Immunofl uorescence analy-
sis of transiently transfected CHO-MT58 cells showed that 
CCT �  was expressed primarily in the nucleoplasm while 
CCT � - � 28 was distributed in both the nucleoplasm and 
cytoplasm ( Fig. 5B ). To assess the activity of CCT �  and 
CCT � - � 28, each was transiently expressed in CHO-MT58 
cells, and PtdCho and CDP-choline pathway metabolites 
were measured by [ 3 H]choline labeling after shifting cells 
to 40°C to inactivate endogenous CCT �  ( Fig. 5C, D ). [ 3 H]
choline incorporation into PtdCho was signifi cantly in-
creased in cells expressing CCT � - � 28 compared with wild-
type CCT �  ( Fig. 5C ). Compared with cells expressing 
wild-type CCT � , CCT � - � 28 expression caused a signifi cant 
increase in [ 3 H]choline incorporation into CDP-choline 
and a minor decrease in phosphocholine ( Fig. 5D ). 

 To determine whether the kinetic properties of CCT � - � 28 
were altered compared with the wild-type enzyme, cDNAs 

nucleoplasm. Camptothecin-treated MCF7-C3 cells had 
shrunken nuclei, weak NPC staining of the NE, and CCT �  
was localized to the cytoplasm. CCT �  had a similar local-
ization in TNF � -treated MCF7 cells, but in MCF7-C3 cells 
there was more extensive localization of CCT �  around or 
on the NE ( Fig. 4E ). This supports the conclusion that cas-
pase 3 is responsible for CCT �  processing and release 
from the nucleus. 

 Enzyme activity of the caspase-cleaved mimic CCT � - � 28 
 Endogenous caspase-cleaved CCT �  is activated follow-

ing induction of apoptosis with farnesol ( 27 ). However, 
farnesol is also a lipophilic activator of CCT �  that increases 
membrane translocation and enzyme activity on liposomes 
and in cultured cells, making it diffi cult to directly deter-
mine the effect of N-terminal processing on enzyme activ-
ity. To assess whether caspase 3 processing affects CCT �  
activity independent of apoptotic induction, we assayed 
the activity of a constitutively cleaved mimic CCT � - � 28. 

  Fig.   3.  Inhibition of CCT �  cleavage by caspase 3 knockdown. HEK 293 cells were transfected with siRNAs 
(150 nM) targeting caspase 3 (A, B), caspase 7 (C), caspases 3 and 7 (C), or a nontargeting (siNT) control 
for 48 h. Apoptosis was induced with 15  � M chelerythrine for up to 4 h. At the indicated times, cell lysates 
were prepared, resolved by SDS(8%)-PAGE, and immunoblotted for PARP, caspase 3, caspase 7, CCT � , and 
actin as described in the Materials and Methods. Symbols indicate full-length (�) and caspase-cleaved (*) 
forms of CCT �  and PARP. D: Quantifi cation of immunoblots in (B) and (C) showing the percent distribu-
tion of holo- and processed CCT �  (pro-CCT) in lysates of HEK293 cells transfected with the indicated siR-
NAs and treated with chelerythrine for 4 h. Results are the mean and standard deviation of three experiments. 
* P  < 0.05 using unpaired  t -test compared with siNT.   
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 Caspase 3 cleavage of CCT �  does not contribute to 
inhibition of PtdCho synthesis 

 CCT �  is proteolyzed and exported into the cytoplasm of 
apoptotic MCF7-C3 cells. Because these two events do not 
occur in caspase 3-defi cient MCF7 cells, we can directly 
ascertain the contribution of this caspase 3-dependent 
pathway to inhibition of PtdCho synthesis in apoptotic 
cells. A prior study indicated that camptothecin and other 
apoptotic agents inhibited PtdCho synthesis at the CEPT/
CPT catalyzed step ( 30 ). However, the incorporation of 
radiolabeled-choline into CDP-choline and other CDP-
choline pathway intermediates was reduced suggesting ad-
ditional mechanisms. To identify which step(s) is inhibited, 
MCF7 and MCF7-C3 cells were treated with camptothecin 

were transiently overexpressed in CHO-MT58 cells and cy-
tosolic and particulate (membrane) fractions were pre-
pared after shifting cells to 40°C to inactivate endogenous 
CCT � . Kinetic constants were determined by assaying CCT �  
activity in soluble and membrane fractions with increasing 
concentrations of CTP in the presence or absence of Ptd-
Cho/oleate liposomes (  Fig. 6  ).   K m   and  V max   constants for 
soluble CCT �  and CCT � - � 28 assayed in the presence of 
PtdCho/oleate liposomes were similar ( Fig. 6A ). Compared 
with the wild-type enzyme, membrane-associated CCT � - � 28 
had a  K m   for CTP that was reduced by 2-fold ( Fig. 6B ). 
Hence, increased activity of CCT � - � 28 expressed in MT-58 
cells ( Fig. 5 ) could be the result of increased affi nity for 
CTP by the membrane-associated form of the enzyme. 

  Fig.   4.  Defective CCT �  proteolysis in MCF7 cells is restored by stable expression of caspase 3. A: MCF7 
(expressing empty vector) or MCF7-C3 (stably expressing caspase 3) cells were treated with 15  � M camptoth-
ecin (CMT). At the indicated times, total cell lysates were prepared and immunoblotted for caspase 3. The 
holo (p35) and processed form (p17  ) of caspase 3 are indicated. B: Cells were treated with camptothecin (15 
 � M) for the indicated times, harvested, and immunoblotted for CCT � , actin, or PARP. Caspase-processed 
forms of CCT �  and PARP are indicated (�). C: Quantifi cation of immunoblots from (B) showing the per-
cent distribution of holo- and processed CCT �  (pro-CCT) after 24 h camptothecin treatment. Results are 
the mean and standard deviation of three experiments. * P  < 0.05 using unpaired  t -test compared with MCF7. 
D: Immunoblot analysis CCT �  in MCF7 and MCF7-C3 treated with TNF �  (10 ng/ml). E: Cells were treated 
with CMT (15  � M for 24 h), TNF �  (10 ng/ml for 12 h), or no addition (NA) followed by immunostaining 
for CCT �  and the NPC using a NUP62 monoclonal antibody. Images are 0.5  � m confocal sections. Results 
are representative of three separate experiments.   



Apoptosis inhibits choline metabolism 3379

In untreated MCF7-C3 cells, the initial rate of PtdCho 
synthesis (11,680 ± 5170 dpm/h) was reduced compared 
with untreated MCF7 cells, refl ecting a larger pool of 
phospho[ 3 H]choline in these cells ( Fig. 8C ). In camptoth-
ecin-treated MCF7-C3 cells ( Fig. 8D ), radiolabeled phos-
phocholine at the end of the pulse period (0 h) was 
reduced by 50% compared with untreated cells, and sub-
sequent conversion to PtdCho was complete by 1 h. The 
estimated rate of PtdCho synthesis and phosphocholine 
conversion during this time was approximately 50% of that 
in untreated MCF7-C3 cells. Based on rates of phosphocho-
line conversion to PtdCho, CCT �  activity was reduced by 

for 24 h and pulse-labeled with [ 3 H]choline. Incorpora-
tion of [ 3 H]choline into PtdCho was inhibited by 50% and 
30% in camptothecin-treated MCF7 and MCF7-C3 cells, 
respectively, although PtdCho synthesis was initially 40% 
lower in untreated MCF7-C3 cells (  Fig. 7A  ).  The reduced 
synthesis of PtdCho in untreated MCF-C3 cells was accom-
panied by increased phospho[ 3 H]choline, which was re-
duced to a similar level in apoptotic MCF7 and MCF7-C3 
cells ( Fig. 7B ). Isotope incorporation into CDP-choline, 
glycerophosphocholine, and choline were low relative to 
phosphocholine, and either unchanged or inhibited in 
apoptotic cells. [ 3 H]choline incorporation into total CDP-
choline pathway metabolites was reduced by 40 and 55% 
in MCF7 and MCF7-C3 cells, respectively, indicating both 
caspase 3-dependent and -independent inhibition of mul-
tiple steps in the pathway or a block in choline uptake. 

 [ 3 H]choline pulse-chase experiments were also per-
formed to assess the activity of CCT �  in intact cells. One 
hour pulse-labeling of cells with [ 3 H]choline resulted in 
accumulation of radiolabeled phosphocholine, which was 
then converted during a 3 h chase period to PtdCho as a 
function of the activity of the rate-limiting enzyme CCT �  
(  Fig. 8  ).  The rate of PtdCho synthesis was reduced by 50% 
in camptothecin-treated MCF7 cells compared with un-
treated controls (26,390 ± 7,320 dpm/h vs. 14,640 ± 4,330 
dpm/h, respectively) ( Fig. 8A, B ). There was a similar 50% 
reduction in the rate of consumption of phosphocholine. 

  Fig.   5.  Transient expression of CCT- � 28 in CHO MT58 cells in-
creases PtdCho synthesis. A: Total lysates of CHO-MT58 cells tran-
siently expressing CCT �  or CCT � - � 28 were immunoblotted with a 
V5 monoclonal antibody  . B: Transiently transfected CHO-MT58 
cells were immunostained using V5 monoclonal antibody and 
Alexa Fluor-488 antibodies. Hoechst 33258 was used to counter-
stain the nucleus. C, D: CHO-MT58 cells transiently expressing 
V5-tagged CCT �  or CCT � - � 28-V5 were cultured at 42°C. After 48 h, 
cells were labeled with [ 3 H]choline (2  � Ci/ml) for 4 h and PtdCho 
(C) and choline metabolites (D) were quantifi ed. Choline incorpo-
ration was normalized to expression of CCT �  and CCT � - � 28 by 
densitometry of immunoblots of total cell lysates. Results are the 
mean and standard deviation for three experiments. * P  < 0.05 us-
ing unpaired  t -test compared with CCT �  expressing cells.   

  Fig.   6.  Kinetic analysis of CCT � - � 28. Soluble (A) and membrane 
fractions (B) from CHO-MT58 cells (cultured at 42°C) transiently 
expressing CCT �  or CCT � - � 28 were assayed for CCT �  activity at 
increasing concentrations of CTP (mM). Soluble CCT �  activity was 
assayed in the presence of PtdCho/oleate vesicles. The activity of 
membrane fractions was assayed in the absence of PtdCho/oleate 
vesicles. Enzyme activity was normalized to expression of CCT �  or 
CCT � - � 28 in each fraction by immunoblotting and densitometry. 
 K m   and  V max   values (see inserts) are the mean and standard devia-
tion for three experiments.   

  
  Fig.   7.  Suppression of the CDP-choline pathway by camptothe-
cin-induced apoptosis in MCF7 and MCF7-C3 cells. MCF7 and 
MCF7-C3 cells were treated with camptothecin (15  � M) or solvent 
control for 24 h. During the last 3 h, cells were pulse-labeled with 
2  � Ci/ml [ 3 H]choline in choline-free medium A. Isotope incorpo-
ration into PtdCho (A) and water-soluble choline metabolites (B) 
was determined as described in Materials and Methods. Results are 
the mean and standard deviation of fi ve experiments. * P  < 0.05 us-
ing an unpaired  t -test compared with untreated cells.   
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K D  (17.7 ± 7.0  � M and 14.3 ± 6.3  � M) but caused a signifi -
cant 30 and 60% reduction in the Bmax (219 ± 51 pmol/
min/mg and 163 ± 39 pmol/min/mg,  P  < 0.05 compared 
with untreated controls). Based on mRNA expression, 
choline transport activity in MCF7 cells is mediated pri-
marily by CTL1 and OCT2/1 ( 50 ). CTL1 is competitively 
inhibited by hemicholinium-3 (HC-3), whereas OCTs are 
not ( 49, 51 ). Treatment of MCF7 and MCF7-C3 with HC-3 
inhibited choline uptake by 70–80% indicating CTL1 or a 
related family member is involved ( Fig. 10B ). HC-3 was 
then used to determine whether intermediate- and/or 
low-affi nity choline transporter activities are inhibited by 
camptothecin-induced apoptosis ( Fig. 10C, D ). For these 
experiments, the relative inhibition by camptothecin of 
HC-3-sensitive and -insensitive choline transporters was 
measured in MCF7 and MCF7-C3 cells. In the case of 
MCF7 cells, camptothecin signifi cantly inhibited choline 
transport activity in the absence but not the presence of 
HC-3, suggesting that a HC-3-sensitive CTL was affected 
( Fig. 10C ). In contrast, camptothecin signifi cantly inhib-
ited approximately 70% of choline transport activity in 
MCF7-C3 cells in the absence and presence of HC-3. How-
ever, inhibition of the HC-3-sensitive transporter during 
apoptosis is more relevant because it accounts for >70% of 
activity in MCF7 cells. Thus, reduced choline incorpora-
tion into PtdCho in apoptotic MCF7 and MCF7-C3 cells 
( Figs. 7, 8 ) is primarily due to caspase 3-independent and 
-dependent inhibition of HC-3-sensitive CTL1 or related 
family members. 

 DISCUSSION 

 Perturbation of membrane structure by alterations in 
the composition and topology of the phospholipid con-
stituents is an important feature of apoptotic programs. In 
the case of PtdCho, synthesis by the CDP-choline pathway 
is inhibited ( 52 ), degradation by lipases is stimulated ( 53 ), 
and it is the source of the lysophosphatidylcholine “eat 
me” signal ( 54 ). Caspase processing of CCT �  and inhi-
bition of CEPT/CPT are implicated in the cessation of 
PtdCho synthesis but evidence is indirect and, based on 
radiolabeling experiments, the substrates for these enzymes 
(CDP-choline and phosphocholine) do not accumulate in 

approximately 50% in camptothecin-treated MCF7 and 
MCF7-C3 cells. CDP-[ 3 H]choline did not change during 
the chase period indicating that inhibition of CEPT/CPT 
is not a contributing factor. 

 Inhibition of choline uptake in camptothecin-treated cells 
 Metabolic labeling of phosphocholine is reduced in 

apoptotic MCF7 and MCF7-C3 cells despite an apparent 
reduction in CCT �  activity ( Fig. 8 ), which utilizes phos-
phocholine as a substrate. This suggests that the synthesis 
of phosphocholine is inhibited due to reduced choline 
transport and/or phosphorylation. CK �  is the major iso-
form expressed in MCF7 cells and is overexpressed in many 
types of cancer ( 48 ). However, total CK activity in the cyto-
solic fractions from control and camptothecin-treated 
MCF7 and MCF7-C3 cells was similar (  Fig. 9  ).  

 Choline is taken up into mammalian cells by the high-
affi nity sodium-dependent choline transporter 1, interme-
diate affi nity sodium-independent choline transporter-like 
proteins (CTLs), and low-affi nity nonspecifi c sodium-
independent organic cation transporters (OCTs) [reviewed 
in ( 49 )]. To determine if choline transport was inhibited 
during apoptosis, MCF7 and MCF7-C3 cells were treated 
with camptothecin for 24 h and transport activity was mea-
sured based on uptake of 1–25  � M [ 3 H]choline (  Fig. 10A  ). 
  The K D  (22.5 ± 9.0  � M and 27.0 ± 9.1  � M) and maximal 
uptake (Bmax) values (321 ± 82 pmol/min/mg and 353 ± 
78 pmol/min/mg) for saturable choline transport were 
similar in untreated MCF7 and MCF7-C3 cells, respec-
tively. These kinetic parameters are also similar to those 
reported previously for MCF7 cells ( 50 ). Camptothecin 
treatment of MCF7 and MCF7-C3 cells did not affect the 

  Fig.   8.  [ 3 H]choline pulse-chase analysis of CCT activity in apop-
totic MCF7 and MCF7-C3 cells. MCF7 (A, B) and MCF7-C3 cells (C, 
D), cultured in the absence (A, C) or presence (B, D) of camp-
tothecin (15  � M) for 24 h, were pulse-labeled with [ 3 H]choline 
(2  � Ci/ml) in choline-free medium for 1 h followed by replace-
ment with medium containing 50  � M choline. Cells were harvested 
at the indicated times during the chase period and [ 3 H]choline 
incorporation into PtdCho ( � ), phosphocholine ( � ), CDP-cho-
line (▲), and glycerophosphocholine (GPC) (▼) was quantifi ed as 
described in Materials and Methods. Results are the mean and 
standard deviation of three to four experiments.   

  Fig.   9.  CK activity in apoptotic MCF7 and MCF7-C3 cells. CK ac-
tivity was assayed in the cytosolic fractions from MCF7 and MCF7-C3 
cells cultured in the absence [no addition (NA)] or presence of 
camptothecin (CMT, 15  � M) for 24 h. Results are the mean and 
standard deviation of three to four experiments.   
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misfolding and loss of tertiary structure-specifi c context, 
lack of caspase substrate specifi city in vitro ( 37 ), and/or 
loss of temporal and spatial regulatory elements in a cell-
free system ( 43 ). The lack of involvement of caspase 6 in 
CCT �  processing in cells was unexpected because it had 
the highest activity toward CCT �  in vitro and is present in 
the nucleus where it cleaves lamin A ( 40 ), which also inter-
acts with CCT �  to regulate nucleoplasmic reticulum for-
mation ( 55 ). Despite a poor consensus site match, siRNA 
silencing in apoptotic HEK293 cells showed that caspase 3 
is primarily responsible for CCT �  cleavage. This was con-
fi rmed by the restoration of CCT �  processing in response 
to camptothecin and TNF �  in MCF7 cells in which caspase 

apoptotic cells ( 28–30 ). In this study, we used two well-
characterized apoptotic agents (camptothecin and cheleryth-
rine) that strongly inhibit PtdCho synthesis to demonstrate 
that caspase 3 cleaves the NLS from CCT � . However, met-
abolic labeling and in vitro assays revealed that transport 
of choline into cells is inhibited by caspase 3-dependent 
and -independent mechanisms, leading to global sup-
pression of choline incorporation into the CDP-choline 
pathway. 

 In vitro translated CCT �  was a substrate for caspases 3, 
6, 7, 8, and 9, but only caspase 3 was involved in process-
ing the enzyme in cultured cells. The processing of in vitro 
translated CCT �  by multiple caspases could be due to 

  Fig.   10.  Choline transport activity is reduced in apoptotic MCF7 and MCF7-C3 cells. A: MCF7 and MCF7-C3 
cells were treated with camptothecin (CMT, 15  � M) for 24 h. Cells were subsequently rinsed with Krebs-
Ringer buffer and uptake of increasing concentrations of [ 3 H]choline (1–25  � M) was measured at 37°C for 
10 min as described in Materials and Methods. K D  and Bmax values were determined by Scatchard analysis 
fi t to a single binding site model. Results are the mean and standard deviation of triplicate measurements 
from fi ve experiments. B: Uptake of 10 nM [ 3 H]choline into MCF7 and MCF7-C3 cells was assayed for 10 min 
at 37°C in the presence of increasing concentrations HC-3. Results are the mean and standard deviation of 
three experiments. C, D: Uptake of 20  � M [ 3 H]choline into MCF7 and MCF7-C3 cells (treated with control 
solvent or 15  � M CMT for 24 h) was assayed in the presence of 0, 100, and 200  � M HC-3 for 10 min at 37°C. 
Results are the mean and standard deviation of three experiments. * P  < 0.05 using unpaired  t -test compared 
with matched untreated MCF7 or MCF7-C3 cells.   
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MCF7 cells could be due to a combination of factors in-
cluding reduced substrate levels (phosphocholine and 
CTP), CCT �  degradation, and/or the acidic environment 
in apoptotic cells. 

 The global suppression of [ 3 H]choline incorporation 
into PtdCho and other metabolites in camptothecin-
treated MCF7 and MCF-C3 cells indicated that an early 
step(s) in the CDP-choline pathway is inhibited. In vitro 
CK activity was unaffected, but maximal uptake by an 
intermediate affi nity choline transporter was inhibited, 
suggesting that the number or activity of cell surface trans-
porters is reduced in apoptotic cells. The inhibition of 
choline transport had both caspase 3-independent and 
-dependent components that each accounted for approxi-
mately 30%, which correlated well with the 30 and 55% 
inhibition of choline incorporation into total CDP-choline 
metabolites in apoptotic MCF7 and MCF7-C3 cells, respec-
tively. Based on HC-3 inhibition ( Fig. 10B–D ), kinetic pa-
rameters ( Fig. 10A ), and mRNA expression profi les ( 50 ), 
we conclude that CTL1 is responsible for <70% of choline 
transport activity in MCF7 and MCF7-C3 cells and is inhib-
ited by caspase 3-dependent and -independent processes. 
Based on metabolic labeling from other studies that show 
a general suppression of choline input in the CDP-choline 
pathway ( 21, 27, 30 ), we posit that inhibition of choline 
transport occurs in other apoptotic programs and, because 
of reduced input of choline into the pathway, secondary 
effects on CCT �  and/or CEPT/CPT have a lesser contri-
bution to inhibition of PtdCho synthesis. 

 Cancer cells have increased CK �  expression and activity 
that is necessary for survival and proliferation ( 60–62 ). 
Phosphocholine is also elevated in cancer cells, where it 
has discrete oncogenic activities and contributes to PtdCho 
biogenesis and signaling ( 19 ). These hallmarks of prolif-
eration are reversed in apoptotic cells, which display re-
duced choline transport and synthesis of phosphocholine. 
Inhibition of this initial step in the CDP-choline pathway 
effi ciently blocks the synthesis of PtdCho and choline me-
tabolites that are required for cell proliferation.  

 The authors thank Robert Zwicker for technical support of 
tissue culture. 
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