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Depletion of phosphatidylcholine affects endoplasmic
reticulum morphology and protein traffic at the Golgi

complex
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Abstract The mutant Chinese hamster ovary cell line MT58
contains a thermosensitive mutation in CTP:phosphocholine
cytidylyltransferase, the regulatory enzyme in the CDP-cho-
line pathway. As a result, MT58 cells have a 50% decrease in
their phosphatidylcholine (PC) level within 24 h when cul-
tured at the nonpermissive temperature (40°C). This is due
to a relative rapid breakdown of PC that is not compensated
for by the inhibition of de novo PC synthesis. Despite this
drastic decrease in cellular PC content, cells are viable and
can proliferate by addition of lysophosphatidylcholine. By
[SH]oleate labeling, we found that the FA moiety of the de-
graded PC is recovered in triacylglycerol. In accordance
with this finding, an accumulation of lipid droplets is seen in
MT58 cells. Analysis of PC-depleted MT58 cells by electron
and fluorescence microscopy revealed a partial dilation of
the rough endoplasmic reticulum, resulting in spherical
structures on both sites of the nucleus, whereas the mor-
phology of the plasma membrane, mitochondria, and Golgi
complex was unaffected. In contrast to these morphological
observations, protein transport from the ER remains intact.
Surprisingly, protein transport at the level of the Golgi com-
plex is impaired. lll Our data suggest that the transport pro-
cesses at the Golgi complex are regulated by distal changes
in lipid metabolism.—Testerink, N., M. H. M. van der
Sanden, M. Houweling, J. B. Helms, and A. B. Vaandrager.
Depletion of phosphatidylcholine affects endoplasmic re-
ticulum morphology and protein traffic at the Golgi com-
plex. J. Lipid Res. 2009. 50: 2182-2192.
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Phosphatidylcholine (PC) is the major phospholipid
species in eukaryotic cell membranes, generally compris-
ing ~50% of the total phospholipid mass of most cells and
their organelles. In mammalian cells, PC is mainly synthe-
sized de novo via the CDP-choline pathway (1). The major
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ity of PC produced by the CDP-choline pathway is used for
membrane assembly as PC or as a precursor for other
membrane phospholipids like phosphatidylserine and
sphingomyelin (1). In addition to its structural role, PC
also functions as a major source of intracellular signaling
molecules (2-4). Agonist-stimulated hydrolysis of PC by
either phospholipase C or the combined action of phos-
pholipase D and phosphatidate phosphohydrolase results
in an elevation of diacylglycerol (DAG) levels in the cell
(2). DAG is an activator of the protein kinase C family of
enzymes involved in biological processes, such as prolifera-
tion and differentiation (5). It has therefore been sug-
gested that PC synthesis is tightly regulated in accordance
with requirements for membrane turnover and cell prolif-
eration (6).

The enzyme CTP:phosphocholine cytidylyltransferase
(CT) catalyzes a major regulatory step in the CDP-choline
pathway (1). This enzyme is primarily localized to the nu-
cleus, cytosol, and endoplasmic reticulum (ER) (7, 8). CT
activity in cells is controlled by association with membrane
lipids and by gene expression (9-11). Inhibition of CT by
pharmacological drugs like hexadecylphosphocholine
leads to the inhibition of cell growth and increased apop-
tosis (12). Furthermore, a Chinese hamster ovary (CHO)
cell line, MT58, which contains a thermosensitive, inhibi-
tory mutation in CTa, has been established and was shown
to have severely reduced levels of PC at the nonpermissive
temperature, resulting in growth inhibition and eventu-

Abbreviations: CHO,Chinesehamsterovary; CT,CTP:phosphocholine
cytidylyltransferase; DAG, diacylglycerol; EM, electron microscopy; ER,
endoplasmic reticulum; FRAP, fluorescence recovery after photo-
bleaching; LD, lipid droplet; lysoPC, lysophosphatidylcholine; PC,
phosphatidylcholine; PKD, protein kinase D; pVSVG-GFP, plasmid con-
taining the coding sequence for vesicular stomatitis virus glycoprotein
fused to green fluorescent protein; RLU, relative light units; TAG, tri-
acylglycerol; TGN, trans-Golgi network; YFP, yellow fluorescent
protein.
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ally, after 48 h, in an increase in apoptosis (13-18). In a
previous study, we showed that shifting MT58 cells to the
nonpermissive temperature of 40°C leads to an inhibition
in PC synthesis within 5 h and a subsequent rapid deple-
tion of the amount of PC (>50%) within 24 h (17). At this
time point, the PC-depleted MT58 cells are still viable and
have a comparable CHO-K1 growth rate; addition of lyso-
phosphatidylcholine (lysoPC) around 30 h can rescue
them from apoptosis (17).

This study was designed to investigate the effects of inhi-
bition of PC synthesis on PC metabolism and on morpho-
logical and functional changes in MT58 cells. Here, we
report that inhibition of PC synthesis results in a distur-
bance of the morphological structure of the ER, accompa-
nied by an impaired protein transport at the Golgi
complex. Furthermore, an accumulation of lipid droplets
(LDs) is observed, caused by an increase in intracellular
triacylglycerol (TAG).

MATERIALS AND METHODS

Materials

Ham'’s F-12 medium, FBS, and calcium-free PBS was purchased
from Gibco BRL (Grand Island, NY). [methyl—sH] Choline chlo-
ride (83.0 Ci/mmol), [9,10(n)—3H] oleic acid (7 Ci/mmol), and
[1-""C]palmitoyl-CoA (55 mCi/mmol) were obtained from Am-
ersham Pharmacia Biotech (Little Chalfont, UK). Penicillin,
streptomycin, trypsin/EDTA solution, and Bodipy 493/503 were
from Molecular Probes (Breda, The Netherlands), and all other
chemicals were from Sigma-Aldrich (Poole, UK). Mouse mono-
clonal anti-PDI was purchased from Stressgen (Victoria, BC, Can-
ada), mouse monoclonal anti-GM130 from BD Biosciences (San
Jose, CA), rabbit anti-mouse IgG from Dako (Glostrup, Den-
mark), and PAG10nm from CMC-UMC (Utrecht, The Nether-
lands). The monoclonal antibody against the extracellular
domain of VSVG was a generous gift of Dr. Pepperkok. Prefab
Silica Gel G TLC plates were purchased from Merck (Darmstad,
Germany). Coomassie” Plus Protein assay reagent kit was sup-
plied by Pierce (Cheshire, UK). All other nonspecified chemicals
were of analytical grade.

Cell culture

Wild-type CHO-K1 and CHO-MT58 (14, 15) cell lines were
cultured in Ham’s F-12 medium supplemented with 7.5% FBS,
100 units/ml penicillin, and 100 pg/ml streptomycin. MT58 cells
stably expressing ER-targeted enhanced yellow fluorescent pro-
tein (YFP) were made by transfecting MT58 cells with pEYFP-ER
(Clontech Laboratories, Mountain View, CA). All cells were
maintained at 33°C, 5% CO,, and 90% relative humidity and sub-
cultured twice a week.

Determination of PC degradation

The PC pool was labeled to equilibrium by incubation of the
cells under standard culture conditions at 33°C in 60 mm dishes
containing 3 ml of DMEM with 7.5% FBS and 2 pCi (*H)choline
for 48 h or in Ham’s F-12 medium with 7.5% FBS and 1 pCi [’H]
oleate for 24 h. After removal of the label by three washes with
medium, the PC degradation was determined by incubating the
cells in 3 ml Ham’s F-12 medium (100 pM choline) containing
7.5% FBS for 2 or 22 h at either the permissive temperature
(33°C) or the nonpermissive temperature (40°C). Subsequently,
the cells were washed with ice-cold PBS, after which 1 ml of meth-

anol and 0.8 ml of water were added. Lipids and water-soluble
products were extracted from the cells by the method of Bligh
and Dyer (19). Radioactivity in the water phase was measured
directly by liquid scintillation counting. The extracted lipids were
separated by TLC on prefab silica G plates in a solvent system of
chloroform/methanol/water 65:35:4 (v/v/v) in the case of phos-
pholipids and in a solvent system of petroleum ether/diethyl
ether 80:20 (v/v) in the case of neutral lipids. [SH] containing
spots were scraped off, and radioactivity in the spots was mea-
sured by liquid scintillation counting.

Determination of TAG

Cells grown in 60 mm dishes were washed with ice-cold PBS.
Lipids were extracted from the cells by the method of Bligh and
Dyer (19). Dried lipids were first resuspended in 0.2 ml 10% Tri-
ton X-100 in chloroform, and after evaporation of the chloro-
form, 0.3 ml of water was added. Subsequently, TAG was
hydrolyzed by lipase (from Pseudomonas sp. Type XIII; 2 units;
Sigma-Aldrich), and the released glycerol was determined by
coupled enzymatic reactions (20).

Determination of diacylglycerolacyltransferase activity

Cells grown in 60 mm dishes were washed with ice-cold PBS
and scraped into 1 ml of PBS. Cells were homogenized by sonica-
tion (2 x 15”), and diacylglycerolacyltransferase (DGAT) activity
was determined by adding 50 pl of the homogenate (~50 pg pro-
tein) to 250 pl reaction mix finally containing 175 mM Tris-HCI
(pH 7.4), 8 mM MgCl,, 1 mg/ml BSA, 4 mM DAG in 0.12 mg/ml
Tween 20, 30 pM palmitoyl-CoA, and 0.05 pCi [1-'"C] palmitoyl-
CoA. After 10 min incubation at 37°C, the reactions were stopped
and lipids were extracted by the method of Bligh and Dyer (19)
and separated by TLC on prefab silica G plates in a solvent system
of petroleum ether/diethyl ether 80:20 (v/v) in an atmosphere
of 10% ammonia. The TAG spot was scraped off, and the radio-
activity was determined by liquid scintillation counting.

Electron microscopy

After incubation for 24 h at 33 or 40°C, CHO-K1 and MT58
cells were fixed with Karnovsky fixative for 24 h, postfixed in 2%
OsO, buffered in 0.1 M cacodylaat buffer, dehydrated in a graded
series of ethanol, and embedded in Durcupan AMC. Ultrathin
sections were stained with 2.5% aqueous uranyl acetate and with
0.5% lead citrate. Specimens were examined and photographed
using an EM Philips CM 10 EX electron microscope (Philips,
Eindhoven) at 75 kV.

For immunoelectron microscopy, MT58 cells were fixed with
2% paraformaldehyde and 0.2% glutaraldehyde for 2 h. After
scraping the cells from the dish and embedding them in 10%
gelatin, small blocks were cut and incubated in 2.3 M sucrose at
4°C overnight and subsequently frozen in liquid nitrogen. Ultra-
thin sections (50-60 nm) were cut on a Leica Ultracut T equipped
with a cryo-unit and picked up with sucrose/methylcellulose on
Formvar carbon-coated cupper grids. Sections were immunola-
beled with «-PDI mAb (1:100), followed by RaM IgG (1:400) and
protein A conjugated to 10 nm gold (1:80). Subsequently, the
sections were contrasted with 0.2% uranyl oxalate (pH 7) and
0.4% uranyl acetate in 1.8% methylcellulose. Specimens were
analyzed with a FEI Technai 12 electron microscope (Eindhoven)
at 80 kV.

Immunofluorescence microscopy and fluorescence
recovery after photobleaching

CHO-K1 and MT58 cells were grown on glass coverslips. Incu-
bations were started by shifting the cells to 40°C or leaving them
at 33°C (control). After 24 h of incubation, cells were fixed with
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4% paraformaldehyde in PBS and permeabilized with 0.1% sa-
ponin in PBS. After preincubation with PBS containing 2% BSA,
cells were incubated with the primary antibody for 1 h at room
temperature. Cells were washed three times for 5 min with
PBS containing 1% BSA and then incubated with fluorophore-
conjugated secondary antibodies for 1 h. For staining of the LDs,
cells were fixed with 4% paraformaldehyde in PBS, followed by
Bodipy 493/503 (final concentration 0.02 wg/ml) for 15 min
at room temperature. Specimens were analyzed using a LEICA
DMR fluorescence microscope or Leica TCS SP confocal
laser scanning microscope. Images were analyzed using Image J
software.

For studying the protein secretion and transport efficiency in
MT58 cells, cells transiently transfected with plasmid containing
the coding sequence for vesicular stomatitis virus glycoprotein
fused to green fluorescent protein (pVSVG-GFP) were incubated
at 40°C for 24 h and transferred to 33°C for 0, 12, or 60 min. Cells
were fixed, stained, and analyzed as described above.

Fluorescence recovery after photobleaching (FRAP) studies
were performed on MT58 ER-YFP cells cultured for 24 h at 40 or
33°C using a Bio-Rad 2100MP confocal microscope equipped
with LaserSharp 2000 software for data acquisition. YFP was
bleached within a defined region of interest with iterations of
50% 488 nm laser power, and subsequent recovery was moni-
tored. Images were analyzed using Image ] software.

Gaussia luciferase transport assay

CHO-K1 and MT58 cells were transiently transfected with pC-
MV-Gluc (New England Biolabs, Ipswich MA), containing the
coding sequence for secreted Gaussia Luciferase, and after 2 h
recovery shifted to 40°C or left at 33°C. After 24 h incubation, the
medium was collected and cells were lysed by Luciferase Cell Ly-
sis Buffer (New England Biolabs). Gluc activity in both fractions
was measured by adding 20 pM coelenterazine according to the
manufacturer’s protocol (Gaussia Luciferase Assay kit; New En-
gland BioLabs) and measured for 10 s in a luminometer. Gaussia
luciferase secretion (relative light units (RLU) medium/RLU
lysate) was expressed relative to the value of CHO-K1 secretion at
40°C (arbitrarily set to 1).

Miscellaneous methods

Protein was determined by the method of Lowry as previously
described (17). Statistical analyses were performed using a Stu-
dent’s ttest.

RESULTS

MT58 cells show an inhibited PC synthesis and an
increased PC degradation

The CHO mutant cell line MT58 has a temperature-
sensitive mutation in the CTa gene (18). In a previous
study, we have shown that this mutation results in a de-
crease in PC synthesis by 80% in MT58 cells grown at the
nonpermissive temperature of 40°C (17). Cellular mem-
branes have a high turnover in PC, caused by a high rate of
synthesis and breakdown (6). We therefore investigated
which effect the inhibition of de novo synthesis of PC
would have on the degradation of cellular PC in MT58
cells. MT58 cells and the wild-type CHO-K1 cells were
prelabeled with [SH] choline for 48 h; thereafter, the
breakdown of PC was measured. As shown in Fig. 1A,
MT58 cells incubated at 33°C for 22 h still contained al-
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most 80% of labeled PC compared with the 2 h time point
and ~60% of label remained in CHO-K1 cells under the
same conditions; the total PC mass in both cell lines is sim-
ilar (17). In contrast, both wild-type and MT58 cells incu-
bated at 40°C had only ~40% of the [3H]-labeled PC
remaining after 22 h compared with the 2 h time point.
The decreased amount of [SH] choline in PC at the per-
missive temperature was accompanied by 3- (MT58) to
5-fold (CHO-K1) higher levels of water-soluble choline
products compared with cells incubated at 33°C (Fig. 1A).
These results indicate that the breakdown of PC is acceler-
ated in MT58 cells at the nonpermissive temperature and
that it contributes to the rapid decline of the cellular PC
content (13, 17) as itis not compensated for by an increase
in synthesis of new PC, as in wild-type CHO cells.

Inhibition of CT results in increased levels of
intracellular neutral lipids in MT58 cells

To study the fate of the FA moieties of degraded PC in
the MT58 cells at the nonpermissive temperature, we
prelabeled the cells with trace amounts of [SH] oleate for
24 h, at which time point most of the intracellular label
was in the phospholipid pool (mainly PC and phosphati-
dylethanolamine; cf. Fig. 1B), and chased the cells for 2
and 22 h in the absence of radiolabel. As shown in Fig. 1B,
PC in MT58 cells at 33°C and in CHO-K1 cells at both tem-
peratures retained >80% of their label. In MT58 cells
chased for 20 h (from 2-22 h) at 40°C, the radiolabel in
PC was lost for ~50%. The loss of [3H] oleate from PC in
MT58 cells grown at 40°C was accompanied by a large
increase of label in the TAG pool (Fig. 1B). The increase
in [SH] oleate in the TAG pool correlated with the increase
in total TAG in MT58 cells after incubation at 40°C (cf.
Fig. 1B, C), suggesting that the FA moieties of the de-
graded PC are incorporated for a large part in TAG. The
increase in TAG after a 24 h incubation period at the non-
permissive temperature (approximately 13 nmol/mg pro-
tein; Fig. 1C) also corresponds well with the loss of PC in
that time period (30-40 nmol/mg protein, which would
theoretically provide FAs for 20-27 nmol/mg protein of
TAG; data not shown; cf. Ref. 17). The increased net for-
mation of TAG did not depend on an induction of DGAT,
the last enzyme in the synthesis of TAG, as the homoge-
nates of MT5H8 cells cultured at 40°C did not shown an in-
crease in DGAT activity (Fig. 1C).

Most cells store their excess of TAG in cytosolic LDs,
organelles consisting of a phospholipid monolayer and a
core of neutral lipids (21). As shown in Fig. 2B, an increase
in the amount of LDs is seen in MT58 cells cultured at the
nonpermissive temperature in comparison to CHO-K1
cells grown at 40°C (Fig. 2A), in line with the increased
level of TAG in these cells. In contrast, no significant dif-
ferences in the number of LDs were observed in CHO-K1
and MT58 cells cultured at 33°C (Fig. 2F). To investigate
whether PC-depleted MT58 displayed an increased LD fu-
sion as seen in Cct knockdown Drosophila S2 cells (30),
we incubated cells with 200 wM oleic acid for 24 h. Incuba-
tion at the nonpermissive temperature resulted in an in-
crease in the size of the numerously present LDs (Fig. 2E).
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Fig. 1. A: Effect of the nonpermissive temperature on PC break-
down in MT58 cells. CHO-K1 and MT58 cells were grown at 33°C
for 24 h and subsequently labeled with 2 pCi [SH] choline for 48 h.
After labeling, the cells were incubated at 40°C for a period of 22 h
in nonlabeled choline containing medium. Lipids and water-soluble
compounds were extracted, and lipids were analyzed by TLC.
The label present in PC (black bars) or water-soluble compounds

A similar enlargement of LDs was observed in oleic acid-
treated CHO-KI cells (Fig. 2D).

PC depletion results in changes in ER structure and
integrity

The inability of MT58 cells to synthesize PC at the non-
permissive temperature and the observed, increased
breakdown of this major membrane component is likely to
influence the overall structure of the cell, which was inves-
tigated by electron microscopy (EM) studies. As already
seen in the neutral lipid staining at light microscopy level
(Fig. 2B), numerous LDs were observed in the PC-depleted
cells (Fig. 2C). The morphology of the mitochondria, nu-
clear, and plasma membrane (Fig. 3A, B) and the Golgi
complex (Fig. 7) was not affected by the decrease in PC as
observed by EM and immunofluorescence studies. How-
ever, we observed dilated tubular and spherical structures
in 70-80% of the PC-depleted MT58 cells (Fig. 3A, B), en-
closed by electron-dense ribosomes, which suggests a
rough ER (rER) origin. Immunolabeling of these struc-
tures with an antibody against the ER protein PDI (Fig.
3C) revealed that the ER, normally a tubular membrane
network enclosing a single luminal space, is largely dilated
in these cells. PDI staining at the light microscopy level
clearly demonstrated that the dilated, spherical ER struc-
tures were mainly localized at opposite sides of the nucleus
(Fig. 3F). These ER sphericles were induced by culturing
at the nonpermissive temperature, as PDI localization in
MT58 cells grown at 33°C (Fig. 3D) was similar to that in
CHO-KI1 cells incubated at 40°C (Fig. 3E) and 33°C (data
not shown).

To investigate these ER sphericles in detail, we stably
transfected MT58 cells with a YFP construct containing the
KDEL-ER retention signal. As shown in Fig. 4B, the ER-
targeted YFP in MT58 cells at 40°C localize in spherical
structures, similar to PDI localization at the nonpermissive
temperature. Subsequent addition of lysoPC to the MT58
cells restored the normal ER morphology (Fig. 4C), dem-
onstrating that the morphological change of the ER was
reversible and not primarily caused by improper folding of
CT itself.

(open bars) after 22 h incubation was expressed relative to the
amount of label present in PC after 2 h. The results represent the
means + SEM of three experiments, performed in triplicate. *P <
0.05, MT58 versus CHO-K1. #P < 0.05, 40°C versus 33°C. B: Redis-
tribution of the oleate moiety of PC in MT58 cells after inhibition
of de novo PC synthesis. CHO-KI and MT58 cells were grown at
33°C for 24 h and labeled with 1 nCi [SH] oleate for 24. After label-
ing, the cells were incubated at 33 or 40°C for a period of 2 (open
bars) or 22 h (closed bars). Lipids were extracted and analyzed by
TLC. The results represent the means + SEM of three experiments,
performed in triplicate. *P < 0.05, MT58 versus CHO-KI. C: In-
crease in TAG in MT58 cells is not accompanied by increased
DGAT activity. CHO-K1 and MT58 cells were cultured for 24 h at 33
or 40°C. DGAT activity (open bars) and intracellular TAG (closed
bars) were determined after homogenization as described in Mate-
rials and Methods. The results represent the means + SEM of three
experiments, performed in triplicate. *P < 0.05, MT58 versus
CHO-KI1.
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Fig. 2. Inhibition of PC synthesis results in an accumulation of LDs. Analysis of the neutral lipid content of CHO-K1 (A, D) and MT58
cells (B, G, E) cultured for 24 h at 40°C in the absence (A-C) or presence of 200 pM oleic acid (D, E) by fluorescence microscopy after
Bodipy staining and transmission electron microscopy (C). Arrow indicates LDs. N, nucleus. Total number of LDs in CHO-KI and MT58
cells at 33 and 40°C in the absence of oleic acid was quantified using Image J software (F). The results represent the means = SEM per-
formed in 100 cells. ¥*P < 0.05, MT58 versus CHO-K1. Bar = 10 pm in A and 500 nm in C.

When the formation of the ER sphericles was followed
in time in MT5H8 ER-YFP cells, it was observed that small
punctuated ER structures appeared 6 h after inhibition of
PC synthesis, which seemed to fuse to larger ER sphericles
(data not shown). As the ER and the microtubule network
are highly interdependent structures, we tested whether
microtubule-driven motors were involved in the formation
of the large dilated ER sphericles. After treatment of MT58
ER-YFP cells with nocodazole, an inhibitor of microtubule
formation, no large ER sphericles were observed. Instead,
smaller dispersed ER structures appeared throughout the
cytoplasm (Fig. 4E).

Since the ER sphericles seemed to coexist with tubular
ER in MT58 cells (Fig. 4B, F), we investigated whether the
spherical structures were still in connection with this nor-
mal pool of ER or if dilated regions formed individual
structures. For this purpose, we performed FRAP on the
affected ER parts in MT58 ER-YFP cells. The ER sphericles
were photobleached, and images were collected to moni-

2186 Journal of Lipid Research Volume 50, 2009

tor the diffusion of ER-YFP into the photobleached region.
Considering the loss of fluorescence signal of the bleached
region (Fig. 5B), full recovery was observed (Fig. 5C), indi-
cating a close connection of the sphericles and the remain-
ing part of the ER.

PC inhibition is accompanied by impairment in the
protein transport from Golgi complex toward plasma
membrane in MT58 cells

The observation that the sphericles and normal ER parts
were still connected suggests that the ER might be largely
functionally intact and, therefore, that secretion and trans-
port of proteins still occurs in MT58 cells. To study the
exocytic membrane transport, we transiently transfected
CHO-K1 and MT58 cells with pVSVG-GFP, a temperature-
sensitive vesicular stomatitis virus glycoprotein fused to
GFP. VSVG misfolds and accumulates in the ER at 40°C
(which coincides with the nonpermissive temperature of
MT58 cells) and is rapidly folded and transported synchro-
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nously via the Golgi complex to the plasma membrane
upon a temperature shift to 33°C (22).

In MT58 cells, it was seen that in contrast to the ER-
resident protein PDI, VSVG-GFP did not accumulate in the
dilated ER regions and that in comparison with the wild-
type CHO-K1 cells, the protein synthesis was not affected
in these cells (Fig. 6). However, we found a significant dif-
ference in the transport of the VSVG protein in MT58 cells
toward the plasma membrane. After 1 h of incubation at
33°C, alarge percentage of VSVG proteins was transported
to the plasma membrane in CHO-KI cells. In contrast, in
MT58 cells, only a small amount of VSVG was found at the
plasma membrane (Fig. 6A). A prolonged incubation of
2 h at 33°C did not result in an increased VSVG staining of
the plasma membrane (data not shown). Furthermore,
staining of nonpermeabilized cells with a monoclonal an-
tibody directed against the extracellular domain of VSVG
showed a lower VSVG labeling on the plasma membrane
in MT58 cells compared with CHO-K1 cells (Fig. 6B, up-
per panels), pointing out that protein transport along the
secretory pathway is defective in PC-depleted MT58 cells.
Protein transport in CHO-K1 and MT58 was also studied
by transfecting cells with a vector encoding secreted
Gaussia luciferase. Consistent with the VSVG data, we ob-
served an intracellular accumulation of Gaussia luciferase,
and therefore a lower relative secretion, in PC-depleted
MT58 cells (Fig. 6C). Addition of lysoPC to MT58 cells re-
stored both VSVG transport to the plasma membrane (Fig.
6B, lower panels) as well as secretion of Gaussia luciferase
into the medium (Fig. 6C).

In order to investigate at which subcellular level this PC-
induced impairment occurs, we shifted MT58 and wild-
type cells after VSVG-GFP transfection to 20°C, to block
transport of proteins from the Golgi complex to the plasma
membrane (23). In both MT58 and wild-type cells, we
found VSVG accumulation in the Golgi complex (Fig. 7),

Fig. 3. Dilatation of the rER in PC-depleted MT58
cells. Thin section electron micrographs of MT58
cells cultured at 40°C for 24 h, showing dilated, tu-
bular ER (A) and ER sphericles (B). Immunolabel-
ing of MT58 cells with anti-PDI antibody and 10 nm
gold-coupled secondary antibody, showing luminal
staining of the ER sphericles (C). For fluorescence
microscopy analysis, CHO-K1 (E) and MT58 cells
(D, F) were cultured at 32°C (D) or 40°C (E, F) for
24 h and stained with an antibody against ER marker
PDI. Arrow indicates ER sphericles localized on both
sides of the nucleus (N). m, mitochondria. Bar =
500nm in A and B, 200 nm in C, and 10 pm in D-F.

indicating a normal ER-Golgi transport. However, after
shifting the cells again to 33°C to permit transport to the
plasma membrane, we observed in MT58 cells a sustained
accumulation of VSVG in the Golgi complex, whereas in
the wild-type cells, most GFP-labeled proteins were found
on the plasma membrane. These results indicate that the
inhibition of PC synthesis specifically impairs the protein
transport from the Golgi complex toward the plasma
membrane.

DISCUSSION

MT58 cells incubated for 24 h at the nonpermissive tem-
perature have a drastic decreased cellular PC content but
are still viable with a growth rate comparable to CHO-K1
and can be rescued from apoptosis by addition of lysoPC
around 30 h (13, 17). Therefore, we used this model to
investigate the effects of inhibition of PC synthesis on PC
breakdown and morphological and functional changes in
these cells.

MT58 cells have a lower CT activity at 33°C compared
with the wild-type CHO-K1 cell line but can nevertheless
maintain their PC levels (17). In this study, we show that
MT58 cells grown at 33°C retain a higher percentage of
labeled choline in their PC pool compared with CHO-K1
cells. Although we cannot formally exclude the possibility
that MT58 cells have a higher reincorporation of labeled
choline in PC, we consider that it is more likely that this
reflects a lower degradation of PC for several reasons.
First, a relatively high excess of unlabeled choline was
added during the chase to prevent reincorporation of re-
leased label. Second, MT58 cells have a lower rate of PC
synthesis than the wild-type cell line at 33°C. A lower deg-
radation of PC in MT58 cells at 33°C would compensate
for the reduced PC synthesis. However, such a “brake” on
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Fig. 4. Dilation of the rER in PC-depleted MT58 cells is influenced by microbule activity and can be re-
stored by addition of lysoPC. To study the reversibility of the formed ER sphericles, MT58 cells stably express-
ing ER-YFP were cultured at 33°C (A) or 40°C (B) for 24 h. To cells cultured at 40°C for 24 h, 50 pM lysoPC
was added for another 24 h at 40°C (C). To examine microtubule involvement in the formation of ER
sphericles, MT58 ER-YFP cells were treated with 10 pM nocodazole for 24 h at 33°C (D), 40°C (E), or cul-
tured at 40°C without nocodazole treatment (F). Bar = 10 pm.

PC degradation is apparently lost when culturing MT58
cells at the nonpermissive temperature. This may suggest
a difference in the regulation of the enzyme responsible
for breakdown of PC at 33 and 40°C. Alternatively, degra-
dation of PC at the permissive and restricted temperature
may be performed by different enzymes. In fact, multiple
enzymes have been implicated in the degradation of PC at
various conditions, including a calcium-independent
phospholipase Ay, which was active during enhanced PC
turnover (24, 25), and the neuropathy target esterase re-
sponsible in yeast and mammalian cells for formation of
glycerophosphocholine (26).

Another consequence of the inactivation of CT is that
the degradation products of PC, including free FAs, DAG,
phosphocholine, and glycerophosphocholine, cannot be
recycled in the CDP-choline pathway anymore. As high
concentrations of FFAs are toxic to the cell (27), FAs are
incorporated in neutral lipids, like TAG. As observed by
electron and fluorescence microscopy, incubation of
MT58 cells at 40°C leads to the formation of LDs. These
LDs presumably form as a consequence of the rise in TAG
levels observed here and also described previously (28, 29).
We show that the FAs converted into TAG are mainly de-
rived from the degraded PC (Fig. 1B), providing further
evidence for the relation between phospholipid metabo-
lism and TAG/LD formation. This link is further strength-
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ened by Guo et al. (30), who also observed an increased
TAG content in Cetl knockdown Drosophila S2 cells. How-
ever, in oleic acid-treated cells, they found only few very
large LDs as a result of enhanced LD fusion. In contrast,
oleic acid-treated MT58 cells have numerous large LDs
(Fig. 2E), similar to the oleic acid-induced LDs in CHO-K1
cells. Even treatment with relative high oleic acid concen-
trations (1 mM) did not increase LD fusion in the MT58
cells (data not shown).

Interestingly, Caviglia et al. (31) observed that MTb58
has lower levels of TAG than CHO-KI cells at the permis-
sive temperature. This was supposedly caused by a rela-
tively fast degradation of TAG, not compensated for by a
somewhat higher rate of TAG synthesis, due to an increase
in acyl-coA synthase, mitochondrial glycerol-3-phosphate
acyltransferase, and DGAT activity (31). We also found
somewhat lower amounts of TAG and LDs in MT58 cells
compared with K1 cells at 33°C (Figs. 1B and 2F), although
we could not observe a difference in DGAT activity be-
tween the cell lines (Fig. 1C). A possible increased degra-
dation of TAG in MT58 at the nonpermissive temperature,
similar as described by Caviglia, in combination with the
observed increase in PC degradation, would result in ele-
vated levels of lipotoxic FAs or derivatives thereof, which
may contribute to the final apoptotic response in the
MT58 cells.
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Fig. 5. FRAP analysis to determine the connectiv-
ity of ER sphericles to unaffected ER in MT58 cells.
MT58 cells stably expressing ER-YFP were cultured
at 40°C for 24 h. ER sphericles were bleached by it-
erations of 50% 488 nm laser power. Images were
captured before (A; prebleach, white circle indicates
the region to be bleached), immediately after (B;
bleach), and after photobleaching (C; postbleach).
Fluorescence was measured in the bleached regions
of interest and plotted against time (D). Bar = 10

pm.
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The loss of approximately half of its major membrane-
building component is expected to influence the structure
of membranes in MT58 cells grown at 40°C. After 24 h of
PC depletion, the structure of the plasma membrane, nu-
clear membrane, Golgi complex, and mitochondria seems
to be morphologically intact. In contrast, a part of the ER
apparently lost its reticular structure as dilated and spheri-
cal ER structures are observed. As ER membranes consti-
tute on average ~50% of the total cellular membranes
(32), it might be expected that a reduction of 50% in PC
level will affect the PC content of the ER structure pro-
foundly and, therefore, its function. The transition of a re-
ticular to the observed spherical structure may reflect a way
to preserve the integrity of an organelle when faced with a
shortage of the major membrane component, due to the
more efficient volume-to-surface ratio of a spherical struc-
ture. It is conceivable that the ER also serves as a “PC reser-
voir” to maintain the PC level and, thus, function of less
adaptive membrane structures like mitochondria and the
plasma membrane. Typically, in PC-depleted MT58 cells,
only the rER is partially affected. Other subpools of the ER,
like the smooth (s)ER, which can be morphologically dis-
tinguished from rER on the EM level, and transitional (t)
ER, defined by sec23 Ab staining, seemed to be morpho-
logically intact, stressing the existence of specialized ER
regions with different behavior to changes in lipid profile.

The cause of ER sphericle formation in MT58 cells is
unknown. It has been described that the ER tubular struc-
ture is sensitive to ER stress, like Ca” overload (33) and
addition of palmitic acid, a lipotoxic compound (34).
When cells are faced with one of these stresses, a process
known as the ER stress response is induced (35). ER stress
might also result in the formation of ER-containing au-
tophagosomal structures (36). However, in previous stud-

800 900

ies we did not observe an ER stress response in MT58 cells
grown at the nonpermissive temperature (17, 37). We
could not prove the presence of autophagosome markers
in PC-depleted cells (data not shown), thereby excluding
the possibility of ER stress-induced ER-containing au-
tophagosomes (36).

As the ER is morphologically heavily affected in MT58
cells, the main ER functions, protein synthesis, folding,
and transport, might be impaired. We previously found
that the protein synthesis is not inhibited in MT58 cells at
40°C (17). The VSVG experiments demonstrate that the
expression of VSVG and its transport from the ER toward
the Golgi complex is likewise not affected. However, de-
spite the fact that the Golgi complex seems morphologi-
cally intact, we observe an inhibited protein transport from
the Golgi complex toward the plasma membrane in PC-
depleted MT58 cells, which could be rescued by addition
of exogeneous PC. The importance of a balanced PC syn-
thesis on protein transport is further underlined by recent
experiments performed in CCTa-deficient macrophages,
in which cytokine secretion was shown to be impaired
(38). Whereas the group of Jackowski only found an inhib-
ited effect on regulated secretion induced by lipopolysa-
charide, we also showed an impairment of constitutive
secretion. It might have to be taken into account that we
use an inducible CCTa-deficient cell line in our experi-
ments, in comparison to a permanent CCTa knockout cell
line in where adaptation can occur. Besides, the distribu-
tion of trans-Golgi network (TGN) markers in lipopolysa-
charide-treated CCTa.™/~ macrophages does not resemble
our Golgi morphology after blocking the constitutive
secretion, which might suggest that in macrophages
a permanent CCTa knockout directly affects TGN
morphology.
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Fig. 6. A: VSVG transport to the plasma membrane is impaired in PC-depleted MT58 cells. MT58 and
CHO-K1 transiently transfected with VSVG-GFP were cultured for 24 h at 40°C and shifted to 33°C. Cells
were subsequently fixed at the indicated time. After fixation, cells were stained with PDI antibody. VSVG-GFP
(direct fluorescence) is green, and PDI is red. Bar = 10 pm. B: Impaired VSVG transport in PC-depleted
MT58 cells can be restored by lysoPC addition. Transiently VSVG-GFP transfected MT-58 cells and CHO-K1
cells were cultured in the absence or presence of 50 uM lysoPC during the 40°C incubation period (24 h).
Cells were subsequently shifted to 33°C for 1 h and fixed and stained under nonpermeabilizing conditions
with an antibody directed against the extracellular domain of VSVG (red). Bar = 10 pm. C. Gaussia luciferase
secretion is impaired in PC-depleted MT58 cells. Gaussia luciferase was measured in medium and cell lysate
of transiently transfected MT58 and CHO-KI1 cells incubated at 33 or 40°C. For experimental details, see
Materials and Methods. Gaussia luciferase secretion (RLU medium/RLU lysate) is expressed relative to the
value of CHO-K1 secretion at 40°C (arbitrarily set to 1). To investigate whether the impaired secretion was
dependent on PC, 50 uM lysoPC was added during the 40°C incubation period. The results represent the
means + SEM of three experiments performed in triplicate. *P < 0.05, MT58 versus CHO-K1.

The necessity of lipids in Golgi-mediated transport is in-
creasingly discussed. DAG and phosphatidic acid are both
needed for the vesicular transport of proteins from the
TGN, possibly by induction of membrane bending and
formation of highly curved membranes (39, 40). It is also
found that DAG can recruit and activate proteins required
for protein transport, like the vesicle biogenesis factor pro-
tein kinase D (PKD). Binding of PKD to DAG is essential
for its recruitment to the TGN where it can form specific
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transport vesicles (41). Reduction of DAG levels results in
an inhibited PKD recruitment and blocked protein trans-
port to the cell surface (41), thus stressing the importance
of maintaining certain DAG concentrations. The precise
mechanisms to maintain DAG levels in the Golgi complex
are not yet known. Nevertheless, there are indications that
the PC metabolism might be involved in DAG regulation
by interactions of Pl-transfer proteins sec-14 (yeast) and
Nir 2 (mammalian) (42, 43).
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Fig. 7. VSVG protein accumulates in the Golgi complex in PC-depleted MT58 cells. MT58 and CHO-K1
cells transiently transfected with VSVG-GFP were cultured for 24 h at 40°C and shifted to 20°C for 1 h to
block protein transport from the Golgi complex toward the plasma membrane. Thereafter, cells were fixed
or incubated for another hour at 33°C. After fixation cells were stained with an antibody against cis-Golgi
marker GM130. VSVG-GFP (direct fluorescence) is green, and GM130 is red. Bar = 10 pm.

In MT58 cells, the intracellular DAG balance might be
disturbed by the inhibition of PC synthesis. On one hand,
it can be expected that DAG levels will rise, as DAG is not
longer used in the formation of PC (43). However, on the
other hand, the decrease in intracellular PC level is ex-
pected to lead to a decrease in the generation of DAG
from PC (e.g., by sphingomyelin synthase and by phospho-
lipases C and D). Furthermore, since DAG may also be
converted in TAG by the release of FAs during the degen-
eration of PC, the overall effect of inhibiting PC synthesis
in the MT58 cells on DAG levels in a particular membrane
compartment is hard to predict. In earlier experiments,
we already showed that total cellular DAG levels are de-
creased in PC-depleted MT58 cells (44). It might be inter-
esting to know if the DAG concentration is specifically
altered in the Golgi complex of PC-depleted MT58 cells as
well.

Our PC-depleted MT58 cell model might be a nice sys-
tem to get more insight in the relation of ER and Golgi
complex and the mechanisms in which lipids are involved
in the secretory pathway. Ongoing studies on lipid profiles
of the Golgi complex and the exact localization of protein
transport impairment in PC-depleted cells should give
more insight in these processes. il
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