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Nuclear-localized CTP:phosphocholine 
cytidylyltransferase α regulates 
phosphatidylcholine synthesis required 
for lipid droplet biogenesis
Adam J. Aitchison, Daniel J. Arsenault, and Neale D. Ridgway
Departments of Pediatrics and of Biochemistry and Molecular Biology, Atlantic Research Centre, Dalhousie University, 
Halifax, NS B3H 4R2, Canada

ABSTRACT The reversible association of CTP:phosphocholine cytidylyltransferase α (CCTα) 
with membranes regulates the synthesis of phosphatidylcholine (PC) by the CDP-choline 
(Kennedy) pathway. Based on results with insect CCT homologues, translocation of nuclear 
CCTα onto cytoplasmic lipid droplets (LDs) is proposed to stimulate the synthesis of PC that 
is required for LD biogenesis and triacylglycerol (TAG) storage. We examined whether this 
regulatory mechanism applied to LD biogenesis in mammalian cells. During 3T3-L1 and hu-
man preadipocyte differentiation, CCTα expression and PC synthesis was induced. In 3T3-L1 
cells, CCTα translocated from the nucleoplasm to the nuclear envelope and cytosol but did 
not associate with LDs. The enzyme also remained in the nucleus during human adipocyte 
differentiation. RNAi silencing in 3T3-L1 cells showed that CCTα regulated LD size but did not 
affect TAG storage or adipogenesis. LD biogenesis in nonadipocyte cell lines treated with 
oleate also promoted CCTα translocation to the nuclear envelope and/or cytoplasm but not 
LDs. In rat intestinal epithelial cells, CCTα silencing increased LD size, but LD number and 
TAG deposition were decreased due to oleate-induced cytotoxicity. We conclude that CCTα 
increases PC synthesis for LD biogenesis by translocation to the nuclear envelope and not 
cytoplasmic LDs.

INTRODUCTION
Major energy sources for eukaryotic cells are fatty acids, which are 
stored in a neutral esterified form as triacylglycerol (TAG) or choles-
terol esters in cytoplasmic lipid droplets (LDs). The neutral lipid core 

of an LD is surrounded by a monolayer of phospholipids and associ-
ated proteins and enzymes that regulate stability and lipid metabo-
lism (Pol et al., 2014). The large uniocular LDs found in adipocytes 
are the main storage depots for neutral lipids, but other cells, in-
cluding hepatocytes and macrophages, also have the capacity to 
store lipids in LDs. TAG stored in adipocyte LDs is hydrolyzed to 
release fatty acids during nutritional deficiency. Alternatively, the li-
potoxic effects of circulating fatty acids are buffered by increased 
storage in LDs. Exceeding the lipid storage capacity of cells is linked 
to prevalent human diseases, including metabolic syndrome, hepa-
tosteatosis, and atherosclerosis (Krahmer et al., 2013).

LDs expand and contract, depending on the balance between 
synthesis and degradation of core neutral lipids. During LD expan-
sion, surface phospholipids must be added coordinately with 
changes in core volume in order to maintain stability and prevent 
particle coalescence (Guo et al., 2008). The phospholipid mono-
layer, which in mammalian cells contains 50–60% phosphatidylcho-
line (PC) and 20–30% phosphatidylethanolamine (PE), stabilizes the 
LD by decreasing surface tension and providing bending elasticity. 
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The terminal enzymes in the CDP-choline pathway are not pres-
ent on isolated LDs (Moessinger et al., 2011). However, recent stud-
ies show that activation of the pathway is coupled to the biogenesis 
of cytosolic LDs by selective retention and activation of nuclear CCT 
on the surface of LDs. In Drosophila S2 cells treated with exogenous 
oleate, deletion of choline kinase, CCT1, or CCT2 increased LD size 
as a result of particle coalescence due to PC deficiency (Guo et al., 
2008; Krahmer et al., 2011). mCherry-tagged CCT1, the insect ho-
mologue of mammalian CCTα, rapidly cycled between the nucleus 
and cytoplasm in untreated S2 cells and associated with the surface 
of expanding LDs that had reduced PC content or were enriched in 
lipid activators such as phosphatidic acid, DAG, and fatty acids. In-
creased localization and activity of CCT1 on the surface of LDs 
would provide the CDP-choline substrate for PC synthesis and in-
corporation into nascent LDs emerging from the ER. Alternatively, 
PC synthesized in the ER could be exported to LDs at contact zones 
(Kassan et al., 2013).

A similar regulatory mechanism could occur in mammalian cells, 
since GFP-CCTα was partially localized on the surface of LDs and a 
fraction of endogenous CCTα was recovered in an isolated LD frac-
tion from oleate-treated macrophages (Krahmer et al., 2011). How-
ever, the model for CCT regulation of LD biogenesis was formulated 
using insect cells, in which PC is a minor component of LDs com-
pared with PE. This naturally PC-deficient monolayer may not reca-
pitulate the situation in mammalian cells, in which PC is more abun-
dant. Indeed, our results using mammalian adipocyte and 
oleate-induced models of LD biogenesis indicate that activation of 
de novo PC synthesis regulates LD biogenesis by a mechanism that 
is independent to CCTα association with LDs.

RESULTS
CCTα expression and PC synthesis are induced during 
adipocyte differentiation
The differentiation of 3T3-L1 cells into adipocytes is accompanied 
by increased phospholipid synthesis and mass (Coleman et al., 
1978; Kasturi and Wakil, 1983). To assess whether the CDP-cho-
line pathway contributed to increased PC synthesis, we monitored 
the expression of the initial and rate-limiting enzymes in the path-
way by immunoblotting (Figure 1). During a 7-d differentiation 
period, 3T3-L1 cells showed a characteristic increase in peroxi-
some proliferator-activated receptor γ (PPARγ) and adiponectin 
expression (Figure 1A) and increased TAG mass, which reached a 
plateau at 5–7 d (Figure 1B). Coincident with the expression of 
these protein and lipid markers, CCTα protein expression gradu-
ally increased to a maximum of 15-fold relative to uninduced cells 
at days 5–7 (Figure 1C). The expression of the CCTβ isoform was 
not induced, nor was that of the initial enzyme in the pathway, 
choline kinase α.

The relationship between increased CCTα expression and flux 
through the CDP-choline pathway was assessed by metabolic label-
ing with [3H]choline. At each day during the differentiation period, 
3T3-L1 cells were incubated for 3 h in medium containing [3H]cho-
line, and isotope incorporation into PC, CDP-choline pathway inter-
mediates (choline, phosphocholine, and CDP-choline), and the PC 
degradation product glycerophosphocholine was quantified (Figure 
2). A significant increase in [3H]choline incorporation into PC was 
observed at 3 d, followed by stabilization at days 4–7 at a level that 
was threefold increased relative to undifferentiated cells. [3H]Cho-
line incorporation into phosphocholine was reduced at days 3–7 but 
not significantly. Isotope incorporation into other metabolites, in-
cluding the cellular [3H]choline (unpublished data), was not affected 
during differentiation.

In the early stages of LD biogenesis, phospholipids are acquired 
from the cytosolic leaflet of the endoplasmic reticulum (ER). How-
ever, the phospholipid composition and molecular species in cyto-
solic LDs are distinct from those of the bulk ER, indicating site-spe-
cific lipid synthesis, remodeling, or transport during LD maturation 
(Tauchi-Sato et al., 2002; Bartz et al., 2007). Depending on the cell 
type, PC on LDs is synthesized by PE N-methyltransferase (PEMT; 
Horl et al., 2011), the Lands cycle enzymes lysophosphatidylcholine 
acyltransferases (LPCATs) 1 and 2 (Moessinger et al., 2011), and de 
novo via the CDP-choline pathway (Krahmer et al., 2011; Moessinger 
et al., 2014). RNA interference (RNAi) silencing of PEMT in 3T3-L1 
cells did not significantly affect PC mass but reduced TAG deposi-
tion by increasing lipolysis. Although PEMT has several transmem-
brane domains (Shields et al., 2003), a GFP-tagged version was lo-
calized to the surface of LDs in 3T3-L1 cells (Horl et al., 2011). 
Similarly, LPCAT1 or 2 synthesizes PC on isolated LDs when supplied 
with lyso-PC and acyl-CoA, and RNAi silencing of either enzyme in 
A431 cells reduced LD size and number as well as TAG mass 
(Moessinger et al., 2011, 2014). Because the Lands cycle is a 
salvage and acyl-chain remodeling pathway, phenotypes related to 
LPCAT silencing could be a result of altered PC molecular species or 
lyso-PC accumulation. Nevertheless, Lands cycle and PEMT activity 
on the surface of LDs contributes directly to LD expansion and 
stability by provision of PC and/or consumption of lyso-PC or PE, 
respectively.

The CDP-choline pathway produces the majority of PC in mam-
malian cell membranes (Fagone and Jackowski, 2012) and is an 
important contributor to the phospholipid monolayer of LDs (Guo 
et al., 2008). The pathway begins with choline uptake by high-, 
medium-, or low-affinity transporters, followed by ATP-dependent 
phosphorylation by cytosolic choline kinases. The synthesis of 
CDP-choline from phosphocholine and CTP is catalyzed by 
CTP:phosphocholine cytidylyltransferase α (CCTα), a ubiquitous 
nuclear enzyme (Cornell and Northwood, 2000), and CCTβ, a cyto-
solic enzyme with restricted tissue distribution (Lykidis et al., 1998). 
Finally, choline/ethanolamine phosphotransferase (CEPT) and cho-
line phosphotransferase (CPT) in the ER and Golgi apparatus, 
respectively, catalyze the synthesis of PC by transfer of phospho-
choline from CDP-choline to diacylglycerol (DAG; Henneberry 
et al., 2000, 2002). The rate of PC synthesis is controlled by CCTα, 
which alternates between a soluble, inactive form and a mem-
brane-associated, active form. CCTα contains an α-helical domain 
M that preferentially interacts with membranes enriched in anionic 
lipids (e.g., fatty acids) or with lateral packing defects due to in-
creased content of type II lipids (e.g., DAG and PE) and reduced 
PC (Yang et al., 1995; Arnold and Cornell, 1996). Thus the mem-
brane-sensing function of domain M allows CCTα to regulate PC 
synthesis in response to the relative proportion of pathway sub-
strates and products. The nuclear/cytoplasmic distribution of CCTα 
also potentially regulates enzyme activity. By virtue of an N-termi-
nal nuclear localization signal, CCTα is present in the nucleoplasm 
but translocates to the nuclear envelope, nucleoplasmic reticulum, 
and/or cytoplasm after stimulation with oleate or other lipophilic 
activators (Watkins and Kent, 1992; Lagace and Ridgway, 2005; 
Gehrig et al., 2008b). In addition to lipid activators, other factors 
affect the nuclear–cytoplasmic distribution of CCTα, including its 
phosphorylation state, calcium, and proteolytic processing (Chen 
and Mallampalli, 2009; Agassandian et al., 2010). The prevailing 
evidence suggests that CCTα cycles between the nucleus and cy-
toplasm and is selectively activated in either or both compart-
ments, depending on the relative membrane content of PC and 
lipid activators.
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nal-specific antibody due to epitope mask-
ing, we used a commercial rabbit monoclo-
nal antibody directed against an epitope in 
the N-terminus of CCTα. Similar to results 
shown in Figure 4A, the commercial mono-
clonal detected CCTα on the nuclear enve-
lope and in the cytoplasm but not on LDs in 
differentiated 3T3-L1 cells (Supplemental 
Figure S1A). Thus results with two indepen-
dently derived antibodies reveal that CCTα 
is activated on the nuclear envelope and/or 
cytoplasmic membranes. CCTα in human 
preadipocytes was also exclusively localized 
in the nucleus (Figure 4B). However, CCTα 
remained in the nucleus during differentia-
tion and was not associated with the nuclear 
envelope or detected in the cytoplasm irre-
spective of the number or size of LDs in the 
adipocyte.

CCTα activity and PC synthesis 
regulate LD size
Induction of CCTα expression and PC syn-
thesis during the differentiation of 3T3-L1 
and human preadipocytes suggests that the 
CDP-choline pathway contributes PC for LD 
biogenesis. To test this, we transduced 3T3-
L1 cells with lentivirus encoding a CCTα-
specific short hairpin RNA (shCCTα) to 
achieve a >95% reduction in expression 
compared with cells expressing a control 
nontargeting short hairpin RNA (shNT; 

Figure 5A). CCTα silencing reduced PC synthesis (measured by [3H]
choline labeling) by 30 and 50% in 3T3-L1 cells at 0 and 7 d, respec-
tively, effectively preventing the twofold increase in PC synthesis as-
sociated with differentiation (Figure 5B). Whereas CCTα silencing 
during differentiation of 3T3-L1 cells prevented the increase in PC 
synthesis, there was no effect on the expression of the differentia-
tion-specific genes adiponectin (Figure 5, A and C) and PPARγ 
(Figure 5, A and D).

The 3T3-L1 cells in which CCTα was silenced for 7 d had fewer 
and larger BODIPY-493/503-stained LDs than did shNT controls 
(Figure 6A). Quantification of LD area revealed a significant reduc-
tion in small LDs (<2 μm) and an increase in large LDs (>20 μm) in 
differentiated cells transduced with lentiviral shCCTα versus shNT 
controls (Figure 6B). Accompanying this shift to toward larger LDs, 
CCTα silencing also caused a reduction in the total number of LDs 
(Figure 6C). TAG mass in CCTα-knockdown and control cells was 
similar regardless of the differentiation state (Figure 6D). Collectively 
this indicates that preventing the induction of PC synthesis by 
the CDP-choline pathway during 3T3-L1 differentiation affects LD 
size but does not compromise the ability of the adipocyte to store 
TAG.

CCTα localization and function during oleate-induced 
LD biogenesis
Most cultured cells take up and convert oleate into TAG for stor-
age in cytoplasmic LDs that are structurally similar to those found 
in adipocytes. We tested whether CCTα and the CDP-choline 
pathway were regulated and/or required in this model of LD bio-
genesis. Initially, a number of cultured cell lines were treated with 
400 μM oleate complexed to bovine serum albumin (BSA), and 

Similar to results for 3T3-L1 cells, CCTα expression and PC syn-
thesis were increased during differentiation of primary human pre-
adipocytes (Figure 3). Human preadipocytes were differentiated 
over a 16-d period into TAG-laden adipocytes containing large LDs 
that occupied most of the cytoplasmic space (see later discussion of 
Figure 4B). Differentiation of human preadipocytes was accompa-
nied by a twofold increase in CCTα protein expression at 12 and 
16 d (Figure 3, A and B). The expression of CCTβ was unaffected 
during differentiation. Accompanying the increase in CCTα expres-
sion was an eight- to 10-fold increase in [3H]choline incorporation 
into PC but not the water-soluble metabolites (Figure 3C).

CCTα localizes to the nucleus and nuclear envelop during 
adipocyte differentiation
Increased TAG synthesis in oleate-treated insect cells leads to ex-
port of nuclear, ectopically expressed CCTα onto the surface of LDs 
as a mechanism to coordinate expansion of the surface phospho-
lipid monolayer and lipid core (Krahmer et al., 2011; Payne et al., 
2014). To test whether this mode of regulation occurs during LD 
biogenesis in 3T3-L1 and human preadipocytes, we immunostained 
endogenous CCTα in conjunction with LD detection with 
BODIPY-493/503 (Figure 4). Before differentiation, CCTα was dif-
fusely localized in the nucleoplasm of 3T3-L1 cells (Figure 4A). In 
cells that were differentiated for 2 d, CCTα was primarily in the nu-
cleus but with evidence of weak cytoplasmic staining. With the ap-
pearance of LDs at 5 and 7 d, however, CCTα was more extensively 
localized to the nuclear envelope and the cytoplasm but was not 
detected on the surface of LDs (see expanded images on the right-
hand side of Figure 4A). To rule out the possibility that CCTα might 
not be detected on cytoplasmic membranes or LDs by our C-termi-

FIGURE 1: CCTα expression is induced during differentiation of 3T3-L1 preadipocytes. 
3T3-L1 cells were differentiated over a 7-d period as described in Materials and Methods. 
(A, B) Expression of adipocyte differentiation markers PPARγ and adiponectin was monitored by 
immunoblotting of total cell lysates. Accumulation of cellular TAG mass was assayed using a 
colorimetric assay. (C) Total cell lysates of differentiating 3T3-L1 cells were immunoblotted for 
CCTα, CCTβ, and choline kinase α (CKα). CCTα and CKα expression was quantified relative to 
actin using a Li-Cor (Lincoln, NE) imaging system and normalized to values at day 0. Results are 
the mean and SD of three or four separate experiments.
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the nucleoplasm or nuclear envelope of 12 h oleate-treated IEC-
18 and IEC-ras4, respectively (Figure 7B). However, the steady-
state distribution of epitope-tagged CCTα in the nucleoplasm and 
on the nuclear envelope does not rule out a dynamic, transient 
interaction with the cytoplasmic compartment. To test this, we 
subjected CHO cells expressing CCT-GFP and treated without and 
with oleate for 24 h to fluorescence loss in photobleaching (FLIP) 
analysis of the cytoplasmic and nuclear compartments (Figure 7, C 
and D). Fluorescence intensity in the nucleus of control and oleate-
treated CHO cells declined by only 20% (compared with un-
bleached control nuclei) when regions of the cytoplasm, including 
those containing LDs, were subject to repeated photobleaching 
for 10 min (Figure 7C). Repeated photobleaching of a nuclear re-
gion resulted in a uniform and rapid >95% recline in total nuclear 
fluorescence (Figure 7E, oleate-treated CHO cell) that was delayed 
slightly in oleate-treated versus control CHO cells (Figure 7D). Of 
interest, residual nuclear envelope–associated CCT-GFP was ob-
served at the end of the bleaching period in oleate-treated CHO 
cells but not in controls (Figure 7F). Exchange between the nuclear 
envelope and nucleoplasmic pool of CCT-GFP could explain the 
slight delay in photobleaching of the latter compartment in oleate-
treated cells (Figure 7D).

LDs and CCTα were visualized by BODIPY-493/503 and immu-
nostaining (Supplemental Figure S2, A–G). Treatment of CHO, 
HEK293, HeLa, HepG2, and 77A4, intestinal epithelial cell (IEC)-
18, and IEC-ras4 cells with oleate/BSA for up to 24 h stimulated 
the formation of LDs of variable size and number. The most ro-
bust response was observed in IEC-18, ras-transformed IEC-18 
(IEC-ras4), and HepG2 cells. Relocalization of nuclear CCTα dur-
ing LD biogenesis was cell dependent: CHO, HEK293, IEC-ras4, 
and J77A4 cells displayed CCTα on the nuclear envelope; all 
cells had some degree of CCTα export to the cytoplasm; and 
cytoplasmic CCTα was diffuse or on punctate structures but not 
the surface of LDs. In IEC-ras4, CCTα was extensively localized to 
the nuclear envelope and cytoplasm after exposure to oleate for 
24 h but did not associate with the surface of LDs (Supplemental 
Figure S2G).

The localization of epitope-tagged versions of CCTα was also 
visualized in live and fixed cells (Figure 7). Similar to results with 
the endogenous enzyme, CCT-GFP was primarily localized in the 
nucleus of CHO cells after oleate-treatment despite extensive cy-
toplasmic LD deposition (Figure 7A). CCT-mCherry was also local-
ized in the nucleus of IEC-18 cells that contained cytoplasmic LDs 
(Figure 7A). Transiently expressed V5-tagged CCTα localized to 

FIGURE 2: [3H]choline incorporation into PC is stimulated during differentiation of 3T3-L1 preadipocytes. 
3T3-L1 cells were differentiated over a 7-d period as described in Materials and Methods. At the indicated times, 
cells were pulse labeled with [3H]choline (2 μCi/ml) for 3 h, and isotope incorporation into PC, phosphocholine 
(pChol), CDP-choline, and glycerophosphocholine (GPC) was measured. Results are the mean and SD of three 
experiments. *p < 0.05 compared to time 0 control.
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twofold compared with shNT cells, indicat-
ing that inhibition of PC synthesis diverted 
fatty acids into TAG (Figure 8E). However, 
treatment of shCCTα cells with oleate failed 
to stimulate TAG synthesis compared with 
controls. As mentioned, IEC-18 that express 
shCCTα appear to have a cytotoxic re-
sponse to exogenous oleate that could be 
the result of reduced capacity to synthesize 
and store TAG. Using an 3-(4,5-dimethylthi-
azol-2-yl)-2,5diphenyltetrazolium bromide 
(MTT) assay to measure cell viability, it was 
apparent that control shNT cells were not 
significantly affected by exogenous oleate, 
but oleate concentrations >100 μM caused 
a significant reduction in the viability of IEC-
18 in which CCTα was silenced (Figure 8F). 
Thus, compromising the CDP-choline path-
way in IEC-18 increases LD size but also sup-
presses overall TAG storage in LDs, leading 
to excess unesterified oleate (or an oleate 
metabolite), which negatively affects cell 
viability.

DISCUSSION
The first and last reactions in the CDP-cho-
line pathway take place in the cytoplasm 
and ER/Golgi apparatus, respectively, but 
the rate-limiting step catalyzed by CCTα oc-
curs in the nucleus. Nuclear CCTα could 
contribute to PC synthesis by the transport 
of its substrates and product across the nu-
clear envelope. Alternatively, the enzyme is 
observed to translocate to the cytoplasm of 
cells that have an increased demand for PC. 
Under those conditions, cytosolic mem-
branes that are PC deficient and/or enriched 
in lipid activators may recruit CCTα, leading 
to increased CDP-choline and PC synthesis. 
A similar regulatory scenario occurs during 
LD biogenesis in insect cells; CCT1 and 
CCT2 localize to the surface monolayer of 
LDs in response to PC deficiency and there 

produce CDP-choline required for PC synthesis and LD expansion 
(Guo et al., 2008; Krahmer et al., 2011). In this study, we show that 
PC synthesis by the CDP-choline pathway is required for expansion 
of cytoplasmic LDs in adipocytes and other mammalian cells, but 
the mechanism involves CCTα activation at the nuclear envelope.

Based on metabolic labeling and mass analysis, PC synthesis is 
found to increase during the differentiation of preadipocytes in cul-
ture. In 3T3-L1 cells, PC synthesis occurs by a concerted pathway 
involving increased phosphatidylserine synthesis and decarboxyl-
ation, followed by PE methylation to form PC (Horl et al., 2011). We 
now show that the CDP-choline pathway, the major route for PC 
synthesis in mammalian cells, is also strongly induced during adipo-
cyte differentiation. CCTα protein expression was increased 15-fold 
in 3T3-L1 cells after 5–7 d of differentiation, which coincided with a 
threefold increase in PC synthesis measured by [3H]choline incorpo-
ration. The observed increase in CCTα protein expression is consis-
tent with a report that CCTα mRNA was induced 30- to 40-fold dur-
ing differentiation of 3T3-L1 cells (Kast et al., 2001). PC made by the 
PE methylation and CDP-choline pathways could have different 

Similar to experiments with 3T3-L1 cells shown in Figure 6, we 
examined whether the CDP-choline pathway was required for LD 
formation in IEC-18 cells by silencing the expression of CCTα. IEC-
18 stably transduced with lentiviral shCCTα had a >90% reduction 
in protein expression compared with shNT-expressing cells (Figure 
8A). Treatment with 400 μM oleate/BSA for 24 h did not alter the 
expression of CCTα or the effectiveness of silencing. Control and 
CCTα knockdown IEC-18 cells were treated with oleate/BSA for 
24 h, and the distribution of LDs was monitored by BODIPY-493/503 
fluorescence. Reduction of CCTα expression in IEC-18 resulted in 
the appearance of larger LDs compared with shNT-expressing cells 
(Figure 8B). However, LD distribution in oleate-treated knockdown 
cells was heterogeneous, and these cells showed evidence of 
growth inhibition and shrinkage and had smaller nuclei than un-
treated counterparts and shNT controls. Quantitation of LD area 
confirmed that CCTα knockdown caused a significant increase in 
large LDs (>20 μm2; Figure 8C), but the number of LDs/cell was re-
duced by 60% relative to oleate-treated shNT controls (Figure 8D). 
TAG mass in untreated shCCTα cells was increased approximately 

FIGURE 3: Induction of CCTα and PC synthesis during human preadipocyte differentiation. 
(A, B) At the indicated times during a 16-d differentiation period, total cell lysates of primary 
human adipocytes were collected and immunoblotted for CCTα and CCTβ. CCTα expression 
was quantified relative to actin using a Li-Cor imaging system and normalized to day 0. 
Results are the mean and SD of three separate experiments. (C) At the indicated times 
during differentiation, primary human adipocytes were pulse labeled with [3H]choline 
(2 μCi/ml) for 3 h, and isotope incorporation into PC and water-soluble metabolites was 
measured. Results are the average of duplicate determinations from a representative 
experiment.
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FIGURE 4: Nuclear CCTα does not associate with lipid droplets during 3T3-L1 or human preadipocyte differentiation. 
(A) At the indicated times during differentiation, 3T3-L1 cells were fixed, permeabilized, and immunostained with a 
CCTα primary antibody and an Alexa Fluor 594 secondary antibody. Lipid droplets were visualized with 
BODIPY-493/503. Right, enlarged images taken from the boxed areas for 7-d-differentiated cells. Images are 1-μm 
sections captured using a Zeiss LSM 510 META confocal microscope. Microscope settings for BODIPY imaging of 
3T3-L1 cells were identical, but gain and pinhole settings for the 594-nm scan were adjusted due to increased CCTα 
overexpression at 5 and 7 d (Figure 1C). (B) Human preadipocytes differentiated over a 16-d period were fixed and 
immunostained for CCTα, and LDs were visualized with BODIPY-493/503 as described in A. Images are representative 
of three separate experiments.
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differentiation, since we observed no decrease in the expression of 
PPARγ and adiponectin, and TAG mass was unaffected. However, 
suppressing PC synthesis reduced the number and increased the 
size of LDs in 3T3-L1 cells. This confirmed that the CDP-choline 
pathway provides PC for the surface monolayer that acts as a surfac-
tant to prevent the coalescence of small LDs (Guo et al., 2008). 
However, these results are at odds with a recent report showing that 
CCTα protein expression was not induced during differentiation of 
3T3-L1 cells and CCTα silencing caused a reduction in perilipin ex-
pression and TAG deposition (Payne et al., 2014). The reason for this 
discrepancy is not clear, since we observed an increase in CCTα 
expression using the commercial antibody described in that study 
(Supplemental Figure S1B), and the time course for expression of 
differentiation markers was similar. It is possible that inhibition of 

functions during adipocyte differentiation. Induction of the CDP-
choline pathway would increase biosynthetic capacity from a source 
that already supplies the cell with the majority of its PC. In contrast, 
PEMT is virtually absent in preadipocytes and would supply PC with 
a unique molecular species composition (Ridgway and Vance, 1988) 
and in close proximity to the LD (Horl et al., 2011). This may explain 
why silencing PEMT inhibited TAG accumulation in 3T3-L1 cells 
(Horl et al., 2011), whereas we observed no effect on TAG mass but 
an increase in LD size after CCTα silencing.

To assess the role of CCTα expression and de novo PC synthesis 
in adipocyte differentiation, we silenced CCTα in 3T3-L1 cells to 
prevent the twofold increase in PC synthesis during differentiation 
and maintain a biosynthetic rate similar to nondifferentiated cells 
(Figure 5B). Clearly, this basal level of PC synthesis was sufficient for 

FIGURE 5: CCTα silencing does not affect the expression of 3T3-L1 cell differentiation markers. (A) 3T3-L1 
preadipocytes were stably transduced with lentivirus encoding shCCT or shNT as described in Materials and Methods. 
CCTα knockdown and shNT control cells were incubated in differentiation medium, and at the indicated times total cell 
lysates were immunoblotted for CCTα, adiponectin (ADN), and PPARγ. (B) Undifferentiated (0 d) or 7-d-differentiated 
(7 d) 3T3-L1 cells expressing shNT or shCCTα were pulse labeled for 3 h with [3H]choline (2 μCi/ml) to measure PC 
synthesis. Results are the mean and SD for three experiments. (C, D) Adiponectin and PPARγ expression in control 
shNT– and shCCTα-expressing 3T3-L1 cells during a 7-d differentiation period (shown in A) was quantified using a Li-Cor 
imaging system and normalized to actin expression. Results are the mean and SD of three separate experiments.
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duction in LD number and increased LD 
size. However, TAG synthesis was also sup-
pressed, and there was a significant loss of 
cell viability even at relatively low oleate 
concentrations. The inability of CCTα-
deficient IEC-18 to synthesize and store 
TAG during acute induction of LD biogene-
sis supports a primary role for de novo PC 
synthesis in preventing fatty acid–induced 
toxicity. Without sufficient PC, primordial LD 
particles in the ER may not mature, thus lim-
iting the capacity of the cell to synthesize 
and store TAG. 3T3-L1 cells in which the 
CDP-choline pathway is compromised 
would be buffered from fatty acid cytotoxic-
ity due to induction of PEMT (Horl et al., 
2011) and expression of fatty acid–binding 
protein 4 (Hotamisligil et al., 1996).

Treatment of cells with oleate results in 
the rapid (∼5 min) translocation of endoge-
nous and ectopically expressed CCTα to the 
inner nuclear envelope and nucleoplasmic 
reticulum before export into the cytoplasm 
(Lagace and Ridgway, 2005; Gehrig et al., 
2008b). Endogenous CCTα displayed a 
similar localization in differentiated 3T3-L1 
cells and in some nonadipocyte cell lines af-
ter 12–24 h of oleate treatment. A striking 
feature of 3T3-L1 cells was the apparent 
translocation of nucleoplasmic CCTα to the 
nuclear envelope in cells containing large 
LDs. These cells also exhibited cytoplasmic 
CCTα, but at no time during differentiation 
was the enzyme detected on the surface of 
LDs. In human preadipocytes, CCTα was re-
tained in the nucleus and did not appear on 
nuclear membranes during differentiation, 
perhaps reflecting a reduced requirement 
for PC during the biogenesis of large LDs 
with a low surface-to-volume ratio. In non-
adipocyte cell lines treated with oleate to 
induce LD biogenesis, endogenous CCTα 
was activated on the nuclear envelope or 
appeared in the cytoplasm on small punc-
tate structures that were interspersed with 
LDs but did not form discrete “rings” indica-
tive of surface association. Similarly, epit-

ope-tagged CCT was in the nucleus or nuclear envelope but not on 
the surface of LDs. FLIP experiments indicted that oleate treatment 
had no effect on the relatively slow exchange of CCT-GFP between 
the nuclear and cytoplasmic compartments, but association with the 
nuclear envelope was enhanced.

Our results are in stark contrast to the almost exclusive association 
of insect and mammalian CCTs with the surface of LDs in oleate-
treated insect cells and the rapid (<30 s) shuttling of CCT1 between 
the nucleus and cytoplasm (Krahmer et al., 2011; Payne et al., 2014). 
The different phospholipid composition of insect and mammalian 
LDs likely accounts for this discrepancy. The PE/PC ratio in mem-
branes and LDs from Drosophila S2 cell is ∼3:1, whereas in mamma-
lian LDs and membranes, the ratio is reversed (Jones et al., 1992; 
Tauchi-Sato et al., 2002; Krahmer et al., 2011). The high content of 
PE, reduced PC, and presence of lipid activators such as oleate and 

3T3-L1 differentiation observed by Payne et al. (2014) after CCTα 
silencing could be related to the lack of CCTα induction, which 
could result in a more profound suppression of PC synthesis and 
inhibition of TAG storage.

We also determined whether de novo PC synthesis is required 
for oleate-stimulated LD biogenesis in nonadipocytes. In this model, 
exogenous oleate supplied over a 24-h period is taken up by cells, 
esterified, and stored as TAG in cytoplasmic LDs. Oleate potently 
activates CCTα by promoting its dephosphorylation and transloca-
tion to membranes but does not increase CCTα expression (Pelech 
et al., 1983; Cornell and Vance, 1987; Wang et al., 1993). After 
screening a variety of cultured cells, we further characterized a non-
malignant IEC-18 that expressed nuclear CCTα and produced a 
large number of small LDs when challenged with oleate. Similar to 
3T3-L1 cells, CCTα silencing in oleate-treated IEC-18 caused a re-

FIGURE 6: PC synthesis by the CDP-choline pathway regulates LD size in 3T3-L1 cells. 
(A) 3T3-L1 cells expressing shNT or shCCTα were either untreated or differentiated for 7 d, and 
LDs were visualized with BODIPY-493/503. (B) The size distribution of BODIPY-493/503 stained 
LDs in 7-d-differentiated control and knockdown cells was quantified using particle analysis 
features of ImageJ (version 1.48) and binned into area ranges. Results are the mean and SD of 
three or four fields of cells from three separate experiments. *p < 0.05 compared with matched 
shNT controls. (C) The total number of LDs in each cell was quantified from data in B. *p < 0.05 
compared with matched shNT controls. (D) TAG mass was quantified in control and 
undifferentiated cells using an enzymatic assay. Results are the mean and SD of three 
experiments.
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lipid activators in the nuclear envelope or ER during LD biogenesis 
promotes CCTα recruitment and activation of CDP-choline synthesis 
at these membranes. ER-localized CEPT would then use the CDP-
choline, either directly or after transport from the nucleus, to make 
PC for incorporation into LDs (Gehrig and Ridgway, 2011).

DAG on the surface of Drosophila LDs would make this an optimal 
binding site for domain M in CCTα. On the basis of our inability to 
detect endogenous or overexpressed CCTα on LDs, we infer that this 
unique phospholipid lipid environment does not exist on the surface 
of mammalian LDs. Instead, PC deficiency and/or increased levels of 

FIGURE 7: Localization of epitope-tagged CCTα in oleate-treated cells. (A) CHO and IEC-18 cells transiently expressing 
CCT-GFP or CCT-mCherry (CCT-mCh), respectively, were incubated with 400 μM oleate/BSA for 24 h. LDs were 
visualized by incubation with DPH or BODIPY-493/503. Spinning disk confocal images (1-μm sections) of live cells were 
captured as described in Materials and Methods. (B) IEC-18 and IEC-ras4 transiently expressing V5-tagged CCTα were 
treated with 400 μM oleate/BSA for 12 h before fixing and immunostaining with a V5-monoclonal and Alexa Fluor 
594–conjugated secondary antibody. Images are 1-μm confocal sections captured using a Zeiss LSM510 META confocal 
microscope. (C) FLIP experiments in which the cytoplasm of CHO cells was repeatedly photobleached and relative 
fluorescence intensity of nuclear regions of interest (ROIs) were quantified. Green symbol, nonbleached cell; red symbol, 
no addition (NA); black symbol, oleate treated, 24 h. (D) FLIP experiment in which CHO cell nucleoplasm was repeatedly 
photobleached and the relative fluorescence intensity measured in a nuclear ROI. Results in C and D are the mean of 
four to nine cells from two separate experiments (error bars are removed for clarity). (E) FLIP analysis of an oleate-
treated CHO cell (white circle indicates the photobleach area). (F) Nuclei of a control (NA) and oleate-treated CHO cell 
after the 10-min FLIP analysis shown in D. Image contrast and intensity was increased to visualize nuclear CCT-GFP.
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purchased from Abcam (Toronto, Canada). Anti–choline kinase α 
antibody was from Proteintech Group (Chicago, IL). Anti-CCTβ 
antibody was provided by S. Jackowski (St. Jude Children’s Re-
search Hospital, Memphis, TN). TAG mass in cell lysates was 
quantified using a colorimetric assay according to the manufac-
turer’s instructions (BioVision, Milpitas, CA). Cells lysates were 
solubilized in 0.1 ml of NP-40 (5% [wt/vol]), heated at 100ºC for 
5 min, and subjected to centrifugation at 10,000 × g for 2 min, 

MATERIALS AND METHODS
Materials
Anti-adiponectin monoclonal antibody was purchased from 
Pierce-Thermo Fisher (Waltham, MA). PPARγ monoclonal anti-
body (E8) was from Santa Cruz Biotechnology (Dallas, TX). Anti-
CCTα polyclonal antibody was raised in rabbits against a peptide 
from the C-terminal phosphorylation domain (GenScript, Scotch 
Plains, NJ). Anti-CCTα rabbit monoclonal antibody was 

FIGURE 8: PC synthesis by the CDP-choline pathway regulates LD size and TAG mass in oleate-treated IEC-18 cells. 
(A) IEC-18 cells were stably transduced with lentivirus encoding shNT or shCCTα and treated with or without 400 μM 
oleate/BSA for up to 24 h. Cell lysates were immunoblotted for CCTα to confirm silencing. (B) shNT- and shCCTα-
transduced IEC-18 cells treated with or without 400 μM oleate/BSA for 24 h were immunostained with the nuclear pore 
protein NUP62 antibody and an Alexa Fluor 594 secondary antibody. LDs were visualized with BODIPY-493/503. 
(C, D) The size distribution and number of LDs in IEC-18 cells stimulated with oleate for 24 h was quantified as 
described in the legend to Figure 6. *p < 0.05 compared with matched shNT. (E) TAG mass was quantified in oleate-
treated IEC-18 cells expressing shNT and shCCTα cells using a colorimetric assay. Results are the mean and SD of three 
experiments. (F) The viability of shNT- and shCCTα-transduced IEC-18 treated with 0–400 μM oleate was measured 
using an MTT assay. Results are expressed relative to untreated cells and are the mean and SD of three experiments. 
*p < 0.05 compared with similarly treated shNT cells.
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CDP-choline pathway (choline, phosphocholine, CDP-choline, and 
glycerophosphocholine) were extracted and resolved by thin-layer 
chromatography (TLC), and radioactivity in TLC scrapings was quan-
tified by liquid scintillation counting (Storey et al., 1997).

Immunostaining and microscopy
Cells cultured on glass coverslips were fixed with paraformaldehyde 
(4% [wt/vol]) in PBS for 15 min and then permeabilized in PBS con-
taining BSA (1% [wt/vol]) and saponin (0.05% [wt/vol]). Coverslips 
were incubated sequentially in PBS containing BSA/saponin with 
primary antibodies and secondary antibodies conjugated with Alexa 
Fluor 488 or 594. LDs were visualized with BODIPY 493/503 or 
1,6-diphenylhexatriene (DPH) added during the final secondary an-
tibody incubation. Coverslips were mounted on glass slides with 
Mowiol 4-88, and images were captured using a Zeiss LSM510 
META confocal microscope equipped with a 100×/numerical aper-
ture (NA) 1.4 oil immersion objective (Zeiss, Jena, Germany). Lipid 
droplet size distribution was quantified using ImageJ software, ver-
sion 1.47 (National Institutes of Health, Bethesda, MD). Briefly, im-
ages (three or four per experiment) were converted to 8-bit, the 
threshold was adjusted accordingly, and the “analyze particle” com-
mand was used to exclude on edges. Particle size distribution was 
20 pixels2 (lower cutoff) to infinity. The area distribution files were 
imported into Excel (Microsoft, Redmond, WA) and binned. Images 
of CCTα and LDs in human preadipocytes and mature adipocytes 
were captured using a Zeiss Axiovert 300M fluorescence micro-
scope equipped with an AxioCam HRm charge-coupled device 
(CCD) and a 100×/NA 1.4 oil immersion objective.

CHO cells expressing CCT-GFP and treated with oleate 
(400 mM)/BSA were incubated with DPH for 15 min before live-cell 
imaging. Oleate-treated IEC-18 expressing CCT-mCherry were in-
cubated with BODIPY 493/503 for 15 min before imaging. Images 
of live cells were captured using a Zeiss Cell Observer microscope 
equipped with a CSU-X1 confocal scanner (Yokogawa, Tokyo, Ja-
pan), an AxioCam HRm CCD, and a Plan-Apochromat 63×/1.40 NA 
oil immersion objective.

For FLIP experiments, CHO cells expressing CCT-GFP were 
treated with or without oleate (400 mM)/BSA for 24 h. A cytosolic or 
nuclear target (4-μm diameter) was bleached for 250 ms at 10-s in-
tervals (80% maximum intensity, 488-nm laser). Images were ac-
quired at 2-s intervals using the described spinning disk confocal 
microscope and an Evolve CCD (Photometrics, Tucson, AZ). The 
fluorescence intensity of nuclear regions of interest (which did not 
include the nuclear envelope) was quantified using Zeiss Zen 2012 
Blue software (version 1.1.2.0).

and the supernatant was diluted fivefold with water before the 
assay. Cell viability was assayed by measuring the reduction of 
MTT at 570 nm according to the manufacturer’s instructions 
(Promega, Madison, WI). Oleate/BSA complexes (6:1 [mol/mol]) 
were sterilized by passage through a 0.45-μm filter (Goldstein, 
1983).

Cell culture and adipocyte differentiation
All cells were maintained at 37ºC in a humidified 5% CO2 atmo-
sphere. Intestinal epithelial cells (IEC-18) and an H-ras–transformed 
clone (IEC-ras4) were cultured in α-MEM supplemented with 5% 
fetal bovine serum (FBS), glucose (3.6 mg/ml), insulin (12.74 μg/ml), 
penicillin (600 μg/ml), streptomycin (100 μg/ml), and glutamine 
(2.92 mg/ml) (Rak et al., 1995). CHO cells were cultured in DMEM 
supplemented with 5% FBS and proline (34 μg/ml). HEK293, 
HEK293T, 3T3-L1, and J774A cells were cultured in DMEM contain-
ing 10% FBS. HepG2 cells were cultured in the same medium sup-
plemented with glutamine (2 mM).

Confluent cultures of 3T3-L1 preadipocytes were differenti-
ated in DMEM containing 10% FBS and dexamethasone (1 μM), 
insulin (1 μg/ml), and isobutylmethylxanthine (IBMX, 0.5 mM) for 
7 d (Kasturi and Wakil, 1983). Cryopreserved subcutaneous hu-
man preadipocytes were seeded at a density of 4 × 104 cell/cm2 in 
preadipocyte media (DMEM/Ham’s F-12 supplemented with 10% 
FBS, penicillin, streptomycin, and amphotericin B) until confluent 
(ZenBio, Research Triangle Park, NC). Cells were differentiated 
for 16 d in preadipocyte medium containing dexamethasone, 
insulin, IBMX, and rosiglitazone according to the manufacturer’s 
instructions.

Lentivirus transduction and plasmid transfection
Lentivirus was produced in HEK293T cells by polyethyleneimine-
mediated transfection of plasmids encoding a short hairpin RNA 
(shRNA; pLKO.1), packaging factors (pCMVΔ8.2), and vesicular sto-
matitis virus glycoprotein envelope protein (pCMV-VSVG). pLKO.1-
shCCT encoded a CCTα-specific shRNA (CCTAAGGACATCTA-
CAAGAA), and pLKO.1-shNT encoded a nontargeting control 
(CAACAAGATGAAGAGCACCAA; Arsenault et al., 2013). After 72 
h, virus-containing medium was collected, filtered, and supple-
mented with Polybrene (5 μg/ml). 3T3-L1 preadipocytes or IEC-18 
were incubated with virus-containing media for 24 h and subse-
quently selected for 48–72 h in medium containing puromycin 
(1 μg/ml). The efficiency of CCTα silencing was determined by 
immunoblotting.

IEC-18 and CHO cells were transfected with pCCTα-GFP, 
pCCTα-mCherry, or pcDNA-CCT-V5/His (Lagace and Ridgway, 
2005; Gehrig et al., 2008a) using Lipofectamine 2000 according to 
manufacturer’s instructions (Life Technologies, Burlington, Canada). 
Live- or fixed-cell fluorescence microscopy was performed 24 h after 
transfection.

Metabolic labeling with [3H]choline
For time-course experiments, 3T3-L1 cells were differentiated at 
staggered intervals such that [3H]choline labeling was done at the 
same time. Owing to the length of the differentiation period, human 
preadipocytes were cultured in differentiation medium at the same 
time, and [3H]choline incorporation was measured at intervals up to 
16 d. Human and 3T3-L1 adipocytes were cultured in their respec-
tive choline-free growth media and pulse-labeled with [3H]choline 
(2 μCi/ml) for 3 h. Cells were rinsed once with cold phosphate-buff-
ered saline (PBS) and harvested in methanol/water (2:1 [vol/vol]). 
[3H]choline-labeled PC and water-soluble metabolites of the 
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