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Abstract

In this study, we have shown the intracellular distribution of choline and phosphatidylcholine fluorescent derivatives in human
breast carcinoma cells using confocal microscopy. The fluorescent choline derivatives ethanamimium 2-hydroxy-N, N-dimethyl-N-[2-
N-(2,1,3-benzoxadiazol-4-amine,- N-methyl,-7- nitro)-ethyl] bromide (NBD-choline) and Cs—NBD-phosphatidylcholine (C¢—~NBD-
PC) were used in this work. NBD-choline was easily internalised into drug sensitive MCF-7 and in multidrug resistant MCF-7/DX
cells. The probe was found to localise in the endoplasmic reticulum of sensitive cells and in the Golgi of multidrug resistant cells. In
contrast, very low accumulation was found in normal MCF10A cells. For C.~NBD-PC, a similar pattern of localisation was found
in tumour cells, but a significant uptake was also observed in normal cells. Unlike NBD-choline, Cc~NBD-PC appears not to dis-
criminate between normal and tumour cells. These results are consistent with previously published results showing higher levels of
"'C-choline uptake in malignant lesions seen with positron emission tomography (PET) in vivo imaging. Our results suggest that
using NBD-choline and laser scanning confocal fluorescence microscopy (LSCFM) could be a useful tool to study choline metab-
olism in cancer cells and to consolidate PET imaging findings.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction ing in alterations in the cell cycle, apoptosis, cell
differentiation and metabolism. An altered phospholipid

Neoplastic transformation is a multi-step phenome- metabolism, whose hallmarks are enhanced choline up-
non triggered by genetic and environmental hits result- take and increased phosphorylcholine and choline

metabolite levels, has been found in a variety of cancers
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positron emission tomography (PET) of several malig-
nant lesions. PET has proven to be a valuable non-
invasive technique that allows the detection of different
malignant tumours by means of suitable radiotracers
such as [''C]-choline [6-9]. However, [''C]-choline PET
shows limited sensitivity in discriminating between malig-
nant neoplasia and other pathologies with enhanced cho-
line metabolism such as inflammatory tissue [10,11]. The
study of choline metabolism in cancer cells and its
involvement in cell growth and transformation will be
potentially useful in identifying tumour alterations
that could be exploited in PET detection of malignant
lesions.

Choline metabolism occurs through a cascade of
three enzymes in the Kennedy pathway resulting in the
biosynthesis of phosphatidylcholine. The control of sub-
cellular distribution of compartments involved in cho-
line metabolism has been shown to be implicated in
the regulation of metabolism itself [12]. The enzymes
that regulate the biosynthesis and hydrolysis of phos-
phatidylcholine have been extensively studied and their
subcellular localisation defined [13—-17]. However, in liv-
ing cancer cells, little is known about the localisation of
choline, its metabolites and the cell compartments in-
volved in phospholipid metabolism. The study of the
intracellular localisation of choline in cancers by means
of suitable fluorescent probes is of great interest and is
hoped to ultimately characterise choline metabolism in
tumours. The aim of this study was to identify in living
cells and at the single-cell level, the subcellular compart-
ments and organelles that are involved in choline metab-
olism in tumour cell lines. To this end, we undertook a
confocal fluorescence microscopy study to define the
intracellular localisation of choline using a newly syn-
thesized fluorescent choline probe.

2. Materials and methods

2.1. C&~NBD-phosphatidylcholine and NBD-choline
synthesis

The synthesis of ethanamimium,2-hydroxy-N,N-di-
methyl-N-[2-N-(2,1,3-benzoxadiazol-4-amine,- N-methyl,
-7-nitro)-ethyl] bromide (NBD-choline) has been des-
cribed in detail in Appendix A and Fig. A.1. CcNBD-
phosphatidylcholine (C4—NBD-PC) was purchased from
Molecular Probes, Eugene, USA).

2.2. Cell culture

The parental drug-sensitive human breast carcinoma
MCF-7 cell line and its derivative MDR variant (MCF-
7/DX) were cultured as a monolayer in RPMI 1640
medium (EuroClone Ltd., UK) supplemented with
10% v/v Fetal Calf Serum (FCS), 100 units/ml penicillin,

0.1 mg/ml streptomycin and 2 mM L-glutamine at 37 °C
in a humidified 5% CO, atmosphere. The immortalised
epithelial cell line MCF10A was grown in DMEM med-
ium (Gibco, Invitrogen) supplemented with 10% v/v
FCS, 10 pg/ml Insulin, 0.5 pg/ml Hydrocortisol and 20
ng/ml EGF at 37 °C in a 5% CO, humidified atmo-
sphere. MCF-7, MCF-7/DX and MCFI10A cells were
kindly provided by Nerviano Medical Science, Milan.

Prior to experimentation, P-glycoprotein (P-gp)
expression in MCF-7, MCF-7/DX and MCF10A was
measured by RT-PCR with specific oligonucleotide
pairs. A high level of P-gp transcript was found in the
multidrug resistant MCF-7/DX while P-gp expression
was not found in MCF-7 and MCF10A.

For the confocal fluorescence microscopy, cells were
grown in the appropriate medium in Petri dishes, incu-
bated for 2 min in the presence of NBD-choline (50
uM), or for 15 min in the presence of Ce—NBD-PC (5
uM). Cells were then washed with PBS and incubated
in RPMI medium for 0, 15, 40 and 75 min. Confocal
microscopy observations were made immediately (time
0) and after 15, 40 and 75 min.

2.3. Toxicity of NBD-choline

Cell viability was tested with the CellTiter-Glo™
Luminescent Cell Viability Assay (Promega), which al-
lowed an evaluation of cellular ATP levels. Cellular
ATP levels are thought to be proportional to the num-
ber of metabolically active viable cells. The assay proce-
dure required the addition of cell lysis buffer, the enzyme
firefly luciferase and its substrate luciferin to the cells. In
the presence of cellular ATP released after lysis, the
luciferase enzyme converted the luciferin to oxyluciferin
in a light-producing reaction. The amount of light given
out was recorded by a luminometer, was proportional to
the amount of ATP and directly correlated to the num-
ber of viable cells. Using this assay, we tested the toxic-
ity of the newly synthesized NBD-choline on MCF-7,
MCEF-7/DX and MCF10A cell lines that were incubated
with the labeled choline at different concentrations (200,
100, 50, 25 and 12.5 uM) for 15, 40 and 75 min. The cells
were then washed, incubated in RPMI medium for 72 h
and tested for cell viability.

In addition, we tested the effect of NBD-choline on
cell proliferation by measuring 5-bromo-2’-deoxyuridine
(BrdU) incorporation into newly synthesized DNA
using the light immunoassay DELFIA Cell Proliferation
Kit (Perkin—-Elmer). The evaluation of the amount of
incorporated BrdU (and consequently the number of
viable cells) was performed after 15 min of incubation
with NBD-choline, overnight BrdU labelling and 24 h
of recovery in RPMI medium alone. Incorporated BrdU
was detected using a europium labeled mouse monoclo-
nal antibody 1:100 (stock solution 50 pg/ml) according
to the manufacturer instructions. To allow antibody
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detection, the cells were fixed by denaturing DNA using
a Fix Solution containing ethanol. Unbound antibody
was washed away, and DELFIA Inducer was added to
dissociate the europium ions from the labeled antibody
to form highly fluorescent chelate-complexes with com-
ponents of the DELFIA Inducer. The fluorescence mea-
sured by a luminometer was proportional to the DNA
synthesised in the cell population.

2.4. Laser scanning confocal fluorescence microscopy

The images of NBD-choline and Cs—~NBD-PC fluo-
rescence in living cells were obtained using a laser scan-
ning confocal microscope MRC-600 Bio-Rad (Hemel
Hempstead, UK) coupled with an epifluorescence
microscope Nikon Optiphot-2. An oil immersion objec-
tive Nikon Planapochromat 60x (N.A. 1.4) was also em-
ployed. The dye fluorescence excitation was carried out
by 25 mW Ar ion laser at 488 nm, a wavelength falling
within the absorption band of NBD-moiety. Both NBD-
choline and Cs~NBD-PC fluorescence were observed
through a long pass filter, transmitting wavelengths
longer than 515 nm. A photon counting system was em-
ployed to detect the fluorescence signal. This sensitive
detection allowed the reduction of the laser excitation
power to 0.1 mW at the entry of the optical head, en-
abling us to preserve cell viability during measurements
and to collect good fluorescence images of the two
probes at low concentrations [18].

3. Results

In the present study, the intracellular distribution of
choline and phosphatidylcholine was investigated using
laser scanning confocal fluorescence microscopy
(LSCFM) in breast carcinoma MCF-7 cells. These cells
represent a good model system where choline metabo-
lism alterations have been extensively characterised
[4,5]. In addition, the multidrug resistant sub-line
MCEF-7/DX and the normal breast epithelial MCF10A
cells were also examined. To investigate choline metab-
olism by LSCFM, a new fluorescent derivative of cho-
line (NBD-choline) was synthesized and used in
addition to the commercially available C—NBD-phos-
phatidylcholine (C¢—NBD-PC).

3.1. Synthesis of NBD-choline

To follow choline localisation in live normal and tu-
mour cells through LSCFM fluorescence detection, a
new fluorescent derivative, NBD-choline, was expressly
synthesised by anchoring a fluorescent moeity to one
of the three methyl groups on the nitrogen atom of the
choline structure. Derivatisation at this site is not ex-
pected to interfere with the biological functions of the

choline-hydroxyethyl chain. Details of synthesis can be
found in Appendix B and Fig. A.l.

3.2. NBD-choline intracellular localisation

A good fluorescence signal from NBD-choline was
observed by LSCFM in carcinoma cells (Fig. 1(a) and
(b)) indicating that the newly synthesized probe had
internalised well in these cells. In the immortalized
MCFI10A cells (Fig. 1(c)) a low signal, comparable to
intrinsic background cell fluorescence, was found. These
results are in agreement with the data obtained by PET
analysis in several malignant neoplasia, where ''C-cho-
line uptake was found to be greater in tumour lesions
than in the normal tissue [6-9]. Furthermore, as can
be seen by the comparison of Fig. 1(a) and (b), the intra-
cellular distribution of NBD-choline in drug-sensitive
MCEF-7 cells is different from that of multidrug resistant
MCF-7/DX cells. In sensitive cells, NBD-choline fluo-
rescence was localised to the endoplasmic reticulum
(ER) (Fig. 1(a)). In additions intense spots were ob-
served superimposed to the ER diffuse fluorescence. In
contrast, multidrug resistant cells had a weak fluores-
cence signal in ER with intense signals localised to the
Golgi apparatus. The Golgi pattern was very similar
to that observed in the same cell line for NBD-ceramide
[19], a well known vital fluorescent probe of the Golgi
system [20-22]. The viability of cells treated with the
NBD-choline probe was similar to control cells and no
appreciable differences were found in cellular growth
as quantified by ATP levels and BrdU incorporation
(data not shown).

3.3. Cs~NBD-phosphatidylcholine intracellular
localisation

It is already known [21,23] that the Cc—NBD-PC
probe is a non toxic, easily internalised probe that
gives stable fluorescent signal. The intracellular locali-
sation of C&—NBD-PC was investigated and compared
to NBD-choline. A similar intracellular localisation
was observed for both NBD-choline and CgNBD-
PC in carcinoma cells. In sensitive MCF-7 cells,
CseNBD-PC was found mainly in ER (Fig. 2(a)). In
drug-resistant MCF-7/DX cells (Fig. 2(b)) the probe
was localised in the Golgi apparatus and to a smaller
extent to the ER with lower fluorescence intensity.
The pattern of localisation was very similar to that of
NBD-choline (Fig. 1). In immortalised MCF10A cells
(Fig. 2(c)), a diffused C—NBD-PC fluorescence was
observed throughout the cytoplasm. The nuclear and
plasma membranes also gave fluorescence signal as
was seen by line profile analysis (data not shown).
The fluorescent patterns found in this study for
NBD-choline and C¢c—NBD-PC localisation are con-
stant in time within a few hours after incubation.
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Fig. 1. LSCFM image of NBD-choline in carcinoma and normal
breast epithelial cells. (a) sensitive carcinoma MCF-7 cells; (b)
multidrug resistant carcinoma MCF-7/DX cells; (c) normal immortal-
ized MCF10A cells. To allow the visual inspection of MCF10A cell
fluorescence, the data in subpart ¢ were intensified by a factor 3. Scale
bar: 10 um.

4. Discussion

The newly synthesised fluorescent NBD-choline, de-
signed to probe choline uptake and distribution in living
cells, has been successfully used in this LSCFM study to
visualise the intracellular compartments involved in cho-
line metabolism and choline-phospholipid biosynthesis
in human breast tumour and normal cell lines. In partic-
ular, NBD-choline was found to predominantly localise

Fig. 2. LSCFM image of Cc—NBD-phosphatidylcholine in carcinoma
and normal breast epithelial cells. (a) sensitive carcinoma MCF-7 cells;
(b) multidrug resistant carcinoma MCF-7/DX cells; (c) normal
immortalized MCF10A cells; Scale bar: 10 um.

in the ER of drug-sensitive MCF-7 cells and in the Golgi
apparatus of multidrug resistant MCF-7/DX cells. This
difference in NBD-choline distribution between drug-
sensitive and drug resistant cell lines suggests for the first
time that MDR cells have changed choline metabolic
pathways. As it is well documented in a recent review
by Vance and Vance [16], important steps of phospho-
lipid biosynthesis pathway take place in the ER and
mitochondrial membranes at contact regions with ER,
known as mitochondria-associated membranes (MAM)
[24]. The fluorescent spots observed in drug-sensitive
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cells could be assigned to NBD-choline in these MAM
regions. It should be noted that these structures are not
seen in the drug resistant cell line, where ER displays a
weaker fluorescence and NBD-choline accumulates in
the Golgi.

Phosphatidylcholine shows an intracellular distribu-
tion in MCF-7 and in MCF-7/DX carcinoma cells sim-
ilar to that of NBD-choline. Cc~NBD-PC localised to
the ER of drug-sensitive cells and in the Golgi of
MDR cells. Interestingly, it has been shown that P-gly-
coprotein, that is overexpressed in multidrug resistant
MCEF-7/DX cells, is also localised to the trans-Golgi ves-
cicles [25]. Also, in drug resistant CEM/VBL300 cells,
C¢—NBD-PC appears to be a substrate of P-gp [26].
All these results suggest that NBD-choline and Cg—
NBD-PC in MDR MCF-7/DX cells may be substrates
of P-gp that is responsible for cell detoxification and cell
membrane phospholipid traffic leading to lower intracel-
lular accumulation of the two probes. Moreover, intra-
cellular lipid transport is fundamental for the
dynamics of subcellular membrane architecture and
defining a given membrane environment could regulate
the multidrug resistance activity of P-gp itself [27].

We have also shown that NBD-choline enters almost
exclusively into cancer cells and not in normal cells, a re-
sult that confirms in vivo imaging by ''C-choline-PET of
several human tumours. Opposite to what was found for
NBD-choline (Fig. 1(c)), Ce~NBD-PC entered efficiently
into MCF10A cells (Fig. 2(a)). While C.—NBD-PC en-
tered both normal and cancer cells, NBD-choline is
actively transported and accumulated only in malignant
cells in which choline metabolism and uptake are
enhanced [4,5].

In this context, NBD-choline could be considered a
new valuable fluorescent probe for detecting and cha-
racterising malignant cells with deregulated choline
metabolism and for studying the first steps of its metab-
olism in transformed cells. It is also possible to speculate
that LSCFM could be combined with in vivo PET studies
to provide a better cancer detection and provide valuable
support to PET oncological applications. In addition,
the results of this study have shown the specificity of cho-
line uptake by cancer cells and highlight the possibility of
designing new choline derivatives that can be specifically
targeted to tumour cells for anticancer activity.
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Appendix A

All reagents, solvents and starting materials, 4-
chloro, 7-nitro, 2,1,3-benzoxadiazole (NBD-CI);

methylethanolamine, N, N-dimethylethanolanime, meth-
ylethylketone, methylene chloride, triphenylphosphine
and N-bromo-succinimide, were purchased from com-
mercial suppliers (Aldrich, Fluka) and used without fur-
ther purification. Thin layer chromatographic analyses
(tlc) were performed on silica gel-G (Merck) coated
plates, and column chromatography purification was
performed using silica gel (230-400 mesh) from Merck.
The synthesis of 2-[methyl(7-nitro-2,1,3-benzoxadiazol-
4-yl)amino]-ethanol 2 (see Fig. A.l1) was done as de-
scribed in the literature [28].

Synthesis of 1-bromo,2-[methyl(7-nitro-2,1,3-ben-
zoxadiazol-4-yl)amino]-ethane 3 (Fig. A.1): compound
2 (0.2 g, 0.84 mmol) was dissolved in dry CH,Cl, (10
ml); Ph; P (0.44 g, 1.68 mmol) was added and the solu-
tion was cooled to 0 °C, and NBS (0.4 g, 1.68 mmol) was
added portion wise over 5 min under continuous stir-
ring. The solution was stirred at 0 °C following the reac-
tion by thin layer chromatography (tlc) (eluent CH,Cl,/
AcOEt, 7:3). After 1.5 h the reaction was practically
concluded; the solvent was then evaporated under re-
duced pressure and the crude reaction mixture was puri-
fied by column chromatography over silica gel (eluent
CH,CIl,/AcOEt, 7:3), affording 0.201 g of analytically
pure 3 (79% yield).

Data for 3: orange solid, m.p. 122-123 °C; '"H NMR
(CDCl;, 300 MHz), ppm: 3.53 (s, 3H, N-CH3), 3.70 (t,
2H, J = 6.6 Hz, CH, Br), 4.58 (t, 2H, J = 6.6 Hz, CH—
NMe), 6.21 (d, 1H, J = 8.9 Hz, furazane nucleus), 8.49
(d, 1H, J = 8.9 Hz, furazane nucleus); Elemental Anal.
Caled for CoHoBrN405: C, 35.90; H, 3.01; N, 18.61.
Found: C, 35.12; H, 2.89; N, 17.98.

Synthesis of the ethanamimium,2-hydroxy-N,N-di-
methyl-N-[2-N-(2,1,3-benzoxadiazol-4-amine,- N-methyl,
-7-nitro)-ethyl] bromide 1 (Figs. 1 and A.1). A solution
of compound 3 (0.2 g, 0.66 mmol) in dry methylethylk-
etone (15 ml) was refluxed for 48 h with the N,N-dime-
thylethanolamine (2 ml). The formed precipitate was
filtered off and washed several times with dry acetone,
giving 0.103 g analytically pure 1 (40% yield).

Data for 1: orange solid, IR: 3250 cm~! (vOH, broad
band); 'H NMR (CDCl; + DMSO, 300 MHz), ppm:
3.47 (s, 3H, N-CHs;), 3.59 (m, 2H, CH,-OH), 3.79 (t,
2H, J=6.6 Hz, CH; Br), 3.93 (m, 8H, CH, +2 CH3)
4.60 (t, 2H, J = 6.6 Hz, CH,—NMe), 5.36 (broad s, 1H,
OH), 6.44 (d, 1H, J=9.0 Hz, furazane nucleus), 8.48
(d, 1H, J=9.0 Hz, furazane nucleus); MALDI-TOF:

Me
Me. . Br

Me.  ~_-OH N
Me\ /\/OH Me\N/\/“\*OH

Br
N /\/
\ NBS/Ph;P _N,
ChZCl MEK, reﬂux \N/O
40%
NO: NO,
2 3

1

Fig. A.1. Synthesis of the NBD-choline derivative 1.
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choline unit

Me‘N'Me Br
Me. N
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Ethanamimium,
2-hydroxy-N,N-dimethyl-N-[2-N-(2,1,3-benzoxad
iazol-4-amine,N-methyl, 7-nitro)-ethyl] bromide

Fig. A.2. Molecular structure of the NBD-choline derivative 1.

310 (M™ — Br). Elemental Anal. Caled for C;3 Hy
BrNs04: C, 40.01; H, 5.17; N, 17.95. Found: C, 38.85;
H, 4.89; N, 17.32%.

Appendix B

Our choice of the 4-nitro-2,1,3-benzoxadiazole nu-
cleus (NBD) as the fluorescent probe was due to its
being commonly exploited in many biological system
studies. It was also planned that this unit would be an-
chored to the choline moiety by an aminoethyl chain
as in the ethanaminium,2-hydroxy-N,N-dimethyl-N-
[2-N-(2,1,3-benzoxadiazol-4-amine,- N-methyl,-7-nitro)-
ethyl] bromide (see Fig. A.2 for the molecular formula)
since this solution guarantees high NBD nucleus fluores-
cence. The synthesis of ethanaminium,2-hydroxy-N,N-
dimethyl-N-[2-N-(2,1,3-benzoxadiazol-4-amine, N-methyl,
7-nitro)-ethyl] bromide (compound 1, NBD-choline),
was carried out starting from N-methyl, N-(2hydroxy)-
ethyl-4-amino, 7-nitro, 2,1,3-benzoxadiazole (compound
2), prepared as described in the literature [28], which was
then transformed into the bromoethyl derivative (com-
pound 3) by means of an OH/bromine exchange carried
out with N-bromosuccinimide (NBS) in the presence
of triphenylphosphine [29]. Finally, compound 3 was
reacted in boiling methylethylketone (MEK) with N,N-
dimethyl-ethanolamine to afford the expected salt
compound 1 in satisfactory yields [30] (Fig. A.1).

The optical absorption and fluorescence of NBD-
choline are similar to those reported in the literature
for NBD-amino derivatives[31-33], displaying maxima
at 479 and 541 nm, respectively.
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