Proliferation

Cell Prolif., 2011, 44, 360-371

doi: 10.1111/j.1365-2184.2011.00758.x

Cholesterol esters as growth regulators of lymphocytic leukaemia cells

M. F. Mulas, C. Abete, D. Pulisci, A. Pani, B. Massidda, S. Dessi and A. Mandas

Department of Internal Medicine, University of Cagliari, Cagliari, Italy

Received 8 November 2010; revision accepted 21 February 2011

Abstract

Objective: Alterations in plasma lipid profile and in
intracellular cholesterol homoeostasis have been
described in various malignancies; however, signifi-
cance of these alterations, if any, in cancer biology is
not clear. The aim of the present study was to investi-
gate a possible correlation between alterations in
cholesterol metabolism and expansion of leukaemia
cell numbers.

Materials and methods: Lipid profiles in plasma and
in primary leukaemia cells isolated from patients
with acute or chronic lymphocytic leukaemia (ALL
and CLL) were studied.

Results and conclusions: Decreased levels of HDL-
C were observed in plasma of leukaemic patients,
levels of total cholesterol, LDL-C, triglycerides
and phospholipids were unchanged or only slightly
increased. As compared to normal lymphocytes,
freshly isolated leukaemic cells showed increased
levels of cholesterol esters and reduction in free cho-
lesterol. Growth stimulation of ALL and CLL cells
with phytohemagglutinin led to further increase in
levels of cholesterol esters. Conversely, treatment
with an inhibitor of cell proliferation such as the
mTOR inhibitor, RAD, caused decline in population
growth rate of leukaemia cells, which was preceded
by sharp reduction in rate of cholesterol esterifica-
tion. On the other hand, exposure of leukaemic cells
to two inhibitors of cholesterol esterification, proges-
terone and SaH 58-035, caused 60% reduction in
their proliferation rate. In addition to demonstrating
tight correlation between cell number expansion and
cholesterol esterification in leukaemic cells, these
results suggest that pathways that control cholesterol
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esterification might represent a promising targets
for novel anticancer strategies.

Introduction

Cholesterol content in tumour tissues has been the topic of
a range of investigations since the beginning of 1900s.
Starting from 1916, on the basis of an extensive series of
experiments indicating that cholesterol is greatly increased
in neoplastic tissue, Roffo concluded that cholesterol must
play a predominant part in formation of tumours (1-3). In
1932, Yasuda and Bloor (4) reported that highly malignant
tumours contained a much higher percentage of neutral
lipids, mainly phospholipids and cholesterol esters (CEs)
compared to less malignant ones. These authors empha-
sized that increase in CEs was extremely interesting and
concluded with the question: ‘is the increase in CEs a pre-
dominant factor and a cause for the development of the
tumor?’ Many years have passed since they posed this
question, but the answer is still missing. It is now widely
accepted that cholesterol levels in both plasma and tumour
tissues are altered in cancer patients (5); therefore, it is
realistic to think that pathways that regulate cell popula-
tion growth and intracellular cholesterol metabolism might
be intertwined and hence that mechanisms that modulate
cholesterol esterification may be involved in cell number
regulation. It has currently become clear that cholesterol-
enriched membrane microdomains, generally referred to
as lipid rafts (which exist within the lipid bilayer of all
mammalian cells), play an important role in signalling
from the cell surface to various subcellular compartment
(6-8). Cholesterol levels in these rafts affect both abun-
dance and function of raft-resident proteins including Src
family kinases, G proteins, growth factor receptors (such
as EGFR), mitogen-activated protein kinase (MAPK) and
protein kinase C, most of which control proliferation of
leukaemic cells (9,10). However, molecular bases by
which cholesterol levels modulate cell signalling are still
largely unknown. It has been proposed that progressive
increases in membrane cholesterol contribute to expansion
of rafts, which may potentiate oncogenic pathways of cell
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signalling (11,12) and therefore that therapies that are able
to decrease cell membrane cholesterol content would be a
possible cancer chemotherapy (13,14). In contrast, several
independent investigations have demonstrated that deple-
tion of membrane cholesterol activates EGFR and that it
also stimulates MAPK pathways including ERK, p38,
JNK and Src (15-17). Among the mechanism(s) evoked
to explain why cholesterol depletion increases EGFR acti-
vation, the hypothesis that cholesterol depletion causes
removal of EGFR from lipid rafts appears to be the most
suggestive (18,19). It has been proposed that EGFR
migration out of rafts allows changes in structural confor-
mation of the receptor, thereby promoting its binding to
EGF and phosphorylation (20-23). This is consistent with
the finding that kinase activity of EGFR is suppressed
when it is associated with lipid rafts (24,25). The most
common form of cholesterol within cell membranes is free
cholesterol (FC); CEs are not readily associated with the
plasma membrane (5). Numerous studies have indicated
that in tumour cells, FC, whether arising from neosynthe-
sis or from uptake, is preferentially channelled into its
storage form, CE via acyl CoA cholesterol acyltransferase
(ACAT), rather than being transported to the plasma mem-
brane (26-28). Impairment of this intracellular transport
mechanism may have, as consequence, abnormally low
levels of high-density lipoprotein cholesterol (HDL-C).
Consistent with these observations, reduced plasma
HDL-C levels are commonly observed in cancer patients
(29-34). Thus, intracellular accumulation of CEs observed
in tumour cells, rather than being a mere consequence of
changed metabolic needs, could indirectly contribute to
potentiate mitogenic signalling pathways by limiting
amounts of FC that can be transported to raft membranes.
To build up evidence in support of this hypothesis, in the
present study we have investigated lipoprotein profiles in
plasma of patients newly diagnosed with acute and
chronic lymphocytic leukaemias (ALL, CLL), and intra-
cellular cholesterol metabolism in primary leukaemic cells
from the same patients. We also studied effects of inhibi-
tors of cholesterol esterification on rate of proliferation
and size of intracellular pools of FC and CEs in the same
cells. We chose to use these haematological neoplasms as
they represent a readily accessible ‘ex vivo’ model system
to investigate parallel alterations of cholesterol metabo-
lism in plasma and tumour cells, in the same patient.

Materials and methods

Drugs and reagents

Acyl amide ACAT inhibitor SaH 58-035 (SaH) and 40-O-
(2-hydroxyethyl) rapamycin (RAD) were kindly provided
by Novartis Pharma AG, Basel, Switzerland. Silica gel 60
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thin-layer chromatography plates were purchased from
Merck (Darmstadt, Germany). Unless otherwise stated, all
other drugs and reagents were purchased from Sigma
Chemical (St Louis, MO, USA).

Patient selection

Intracellular lipid content and plasma lipid profiles were
initially evaluated in eighteen patients with (CLL) (aged
45-65 years) and twelve patients with acute lymphocytic
leukaemia (ALL) (aged 40-60 years) recruited at diagno-
sis in local hospitals. Fifteen healthy, age-matched sub-
jects were also recruited as controls. None of the subjects
was dieting and there was no significant difference in
BMI or waist circumference between the groups. Ten
patients (seven with CLL and three with ALL) were ran-
domly chosen on whom to perform kinetic and molecular
analyses. Informed written consent was obtained from all
patients and healthy controls before initiating the study,
according to the policies of the hospital’s Institutional
Review Boards.

Cell types and culture conditions

Normal lymphocytes (NL) and leukaemic cells (LC) were
obtained by centrifuging blood samples at 600 g for
15 min. After centrifugation, plasma was removed,
transferred to centrifuge tubes and utilized for plasma lipid
profile determination. The buffy coat was collected, and
LC and NL separated by Ficoll-Hypaque density gradient.
Cells were then resuspended (1 x 10° cells/ml) in RPMI-
1640 supplemented with 10% FCS and incubated over-
night at 37 °C. These freshly isolated (ex vivo) cells were
utilized for the experiments. Where indicated, non-adher-
ent cells were seeded on 24-well plates at 2.0 x 10°/ml
and incubated in RPMI-1640-10% FCS supplemented
with PHA (10 pg/ml) for 48 h. Trypan blue exclusion test
was performed to assess cell viability.

For inhibition experiments, 2.0 x 10°/ml non-adher-
ent cells were incubated at 37 °C in RPMI-1640 supple-
mented with 10% FCS and PHA (10 pg/ml) in the
presence and absence of SaH, progesterone (PG) or RAD.
Preliminary experiments were carried out to determine
drug dosages exerting minimal cell toxicity effects (PG,
10 pv, SaH, 4 pm and RAD, 20 nwm, respectively).

Lipid testing

Total cholesterol (TC), triglyceride (TG) and phospholipid
(PL) levels were determined enzymatically (Boehringer
Mannheim Diagnostics, Indianapolis, IN, USA). High-
density lipoprotein cholesterol (HDL-C) levels were
determined after precipitation of apolipoprotein B
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(Apo-B)-containing particles, by magnesium chloride and
dextran sulphate (35).

Intracellular lipid content

For cell lipid content determinations, neutral lipids were
extracted from freshly isolated cells with cold acetone and
evaporated under nitrogen. Dry lipids were re-suspended
with 50 pl of chloroform, spotted on kiesegel plates and
run in solvent system containing n-heptane/isopropyl
ether/formic acid (60:40:2, v/v/v). Plates were stained
with iodine vapor and spots corresponding to FC, CEs,
TG and PL, identified by comparison with reference stan-
dards run simultaneously side-by-side. Spots were cut out
and lipids were eluted in chloroform. After elution,
masses of different lipid subclasses were measured using
a standard enzymatic method (Boehringer Mannheim
Diagnostics).

Lipid staining

NL and LC were cultured as described above. After indi-
cated incubations, cells were washed three times in PBS
and fixed by soaking in 10% formalin. Cells were then trea-
ted with isopropyl alcohol (60%), washed, stained in oil
red O (ORO) for NL and counterstained with Mayer’s hae-
matoxylin. Stained cells were examined by light micro-
scopy. Cytoplasmic red-stain intensity indicating neutral
lipid accumulation was quantified using Image J software
(National Institutes of Health, United States). ORO inten-
sity was expressed as mean pixels + SD/cell obtained by
manually selecting three regions of interest (ROIs).

[ HJ-thymidine incorporation

Proliferating cells were identified after [*H]-thymidine
incorporation. Freshly isolated NL and LC cultured as
described above were growth-stimulated by phytohemag-
glutinin (PHA) treatment in presence or in absence of SaH
or RAD. Cells had been labelled with [*H] thymidine
(2.5 pCi/ml) during the last 6 h of culture and harvested
at 6 and 48 h. Then they were rinsed twice in ice-cold
PBS, washed with 5% cold TCA and lysed with 1 m
NaOH. Aliquots of cell lysate were processed for protein
content. Amounts of radioactivity were measured using a
Beckman LS-250 B-counter (Palo Alto, CA, USA). Any
drug toxicity effect was excluded by examination of cells
after trypan blue uptake.

Cholesterol esterification

Cholesterol esterification was evaluated by incubating
cells for 6 h in medium containing [1-'*C] oleic acid

(Dupont, NEN 55 mCi/mmol), bound to bovine serum
albumin (BSA). After incubation, cells were washed in
PBS. Neutral lipids, extracted in cold acetone, dried and
re-suspended with 50 pl of chloroform, were submitted
to characterization by thin layer chromatography as
described above. For scintillation counting, spots corre-
sponding to CEs were excised and added directly to
counting vials containing 10 ml of liquid scintillation
fluid. Radioactivity was determined using a Beckman
LS-250 liquid scintillation counter.

RT-PCR and Southern blotting

mRNA levels for low density lipoprotein receptor (LDL-
R), hydroxy-methyl-glutaryl coenzyme A reductase
(HMGCoA-R), sterol regulatory element-binding protein-
2 (SREBP-2), ATP-binding cassette A (ABCA1), acyl
CoA-cholesterol  acyltransferase (ACAT-1), neutral
cholesterol ester hydrolase (nCEH), cyclin D1 (Cyc-D1)
and caveolin-1 (cav-1), were evaluated by reverse
transcription polymerase chain reaction (RT-PCR) using
appropriate primer sets as previously described (36).
Total RNA was extracted from approximately 10°
cells using TRIZOL reagent (Invitrogen Corporation,

Table 1. Lipid profile in cells and plasma from normal subjects and
leukaemic patients

Normal
lymphocytes Leukaemic cells t-test
(n=15) (n =30) (P-value)
TC (CE + FC) 2.6 +0.77 3.0+1.37 0.3
(ng/10° cells)
FC (ug/10° cells) 24 +0.74 1.8 £ 0.66 0.008
FC/TC (%) 92 60
CE (ng/10° cells) 0.2 +0.04 1.2 +0.55 0.000
CE/TC (%) 8 40
Triglycerides 59+19 7.0 3.3 0.24
(ng/10° cells)
Phospholipids 49 +1.5 42 +£22 0.27
(ug/l()6 cells)
Normal
plasma Leukaemic
(n=15) plasma (n = 30) t-test
Total cholesterol 172 + 58 150 = 71 0.30
(mg/dl)
HDL-cholesterol 52+15 30 £ 11 0.000
(mg/dl)
Triglycerides 88 £27 110 £ 55 0.15
(mg/dl)
Phospholipids 150 + 54 162 + 82 0.61
(mg/dl)

TC, total cholesterol; CE, cholesterol ester; FC, free cholesterol.
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Figure 1. ORO staining of cytoplasmic neutral lipids. NL and LC were incubated for 0-48 h with PHA and then stained with ORO to demonstrate neu-
tral lipids and counterstained with haematoxylin for nuclei. Cells were then examined by light microscopy and two different fields per sample were imaged.
Red ORO intensity was measured in these two fields using NIH Image J software. Panel (a) shows representative images of ORO stained NL and LC
cultures. Panel (b) shows red intensity expressed as mean pixels + SD/cell. ¥*P < 0.05 versus corresponding 0 h **P < 0.05 versus corresponding NL.
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Figure 2. [*H]thymidine and ['*C]-oleate incorporation of leukaemic cells. NL and LC isolated from patients affected by CLL and ALL were incu-
bated at 37 °C in RPMI-1640-10% FCS supplemented with PHA (10 pg/ml) for 48 h. Cells were incubated with [*H]thymidine (panel a) and [**C]-ole-
ate (panel b) 3 and 6 h before harvesting respectively. Data are means + SD of triplicate determinations from a single normal subject and a single
leukaemic patient and are representative of three separate subjects for each group. Panel b: Pearson’s correlation ([*H]thymidine incorporation versus
[**CJ-oleate incorporation). *P < 0.05 versus corresponding 3 or 6 h **P < 0.05 versus corresponding NL.

Carlsbad, CA, USA). Equal amounts of total RNA (1 ug) specific primers, according to the manufacturer’s instruc-
were reverse transcribed into cDNA using the random tions (GeneAmp RNA PCR Kit; Perkin-Elmer Cetus,
hexamer method and amplified by PCR in presence of = Norwalk, CT, USA). Amplicons were labelled during
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Figure 3. RT-PCR analyses in NL and LC. Total mRNA was extracted from normal lymphocytes (NL) and leukaemic cells (LC). mRNA levels of
indicated genes were determined by RT-PCR using appropriate primer sets. Specific bands were detected after addition of a chemiluminescent substrate,
and analysed using NIH Image 1.63 program (Scion Image). Panel a: blots of target genes, representative of NL and LC isolated from three different sub-
jects for each group. Panel b: densitometric analysis of mRNA levels of NL and LC normalized for endogenous B-actin mRNA. Histograms represent
means + SD of densitometric scans of triplicate determinations expressed as target gene/3-actin. *P < 0.05 versus corresponding 0 h **P < 0.05 versus

corresponding NL.

PCR, with digoxigenin-11-dUTP (Roche Applied
Science, Mannheim, Germany), immunodetected with
anti-digoxigenin antibodies conjugated to alkaline phos-
phatase (Roche Applied Science) and visualized with
chemiluminescent substrate CSPD. Intensity of autoradio-
graphic bands was measured after exposure to X-ray film
using Kodak Digital Science Band Scanner Image Analy-
sis System (Kodak, Rochester, NY, USA). Specific bands
were detected and analysed by NIH Image 1.63 program
(Scion Image, Frederick, MD, USA). Amounts of PCR
products for each target mRNA was normalized by using
f-actin as housekeeping gene.

Western blotting

Harvested NL and LC were extracted with radio immuno-
precipitation assay (RIPA) buffer (R0278, Sigma,
0.05 ml/1 000 000 cells) and protein concentration was
assessed using Bicinchoninic Acid Protein determination
kit (Sigma). For Cyc.-D1, Cav.-1, ACAT-1 and ABCA-1

determinations, aliquots (30 pg) of cell extracts were sep-
arated by 10% SDS—-PAGE and blotted on nitrocellulose
membranes (Millipore, Bedford, MA, USA), which were
then probed with anti- Cyc.-D1, Cav.-1, ACAT-1 and
ABCA-1 antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). After incubation with suitable HRP-
conjugated secondary antibodies, specific bands
corresponding to target proteins were detected by the
ECL procedure (Amersham, Freiburg, Germany), and
analysed by NIH Image 1.63 Analysis Software program
(Scion Image). Anti B-actin antibodies (Cell Signalling,
Beverly, MA, USA) were used for detection of house-
keeping protein.

Statistical analysis

Data are reported as mean =+ standard deviation (SD).
Statistical calculations were performed using statistical
analysis software Origin 8.0 version (Microcal Inc, North-
ampton, MA, USA). Data analysis was performed using
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Student’s 7-test and Pearson test; P < 0.05 was considered
statistically significant.

Results

Lipid profile of patients with CLL and ALL

We first determined cell lipid mass and fasting plasma
lipid profiles in patients with newly diagnosed lympho-
cytic leukaemia (18 CLL, ages 45—65 years and 12 ALL
ages 40—60 years), and in 15 healthy, age-matched con-
trols. As shown in Table 1, we found that basal levels of
CEs were significantly higher in LC compared with NL.
In contrast, FC was significantly lower in LC. No signifi-
cant differences were found in levels of other cell lipid
parameters, such as content of TC, TG and PL. Levels of
plasma HDL-C were significantly lower in leukaemic
patients compared to controls. Plasma TC, TG, and PL
levels were not significantly different between control
subjects and tumour-bearing hosts, although a trend
towards hypocholesterolaemia and hypertriglyceridaemia
was observed in leukaemia patients.

Accumulation of neutral lipids in LC was confirmed
by directly staining then with ORO, a stain able to
provide evidence of presence of neutral lipid, but not FC.
As shown in Fig. 1, neutral lipids were readily detected
in cytoplasm of unstimulated LC, but remained
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undetectable in resting NL (Fig. 1, time 0). When cells
were growth-stimulated (48 h) with PHA, cytoplasmic
staining became apparent in NL (Fig. 1); however, extent
of lipid accumulation in response to PHA was signifi-
cantly higher in LC than in normal ones (Fig. 1b). Inter-
estingly, ALL cells that grow and divide more quickly
than CLL cells accumulate even greater amounts of
neutral lipids (Fig. 1b). Accordingly, positive correlation
(Pearson’s correlation coefficient » = 0.933, P = 0.006)
between growth rate as determined by[*H]-thymidine
incorporation into DNA and cholesterol esterification
measured by ['*C]-oleate incorporation into CE was also
found (Fig. 2a—c).

To determine whether changes in CL and CE content
in LC may reflect specific alterations in cholesterol
homeostasis, in NL and LC we next determined mRNA
levels of proteins regulating key steps of cholesterol
metabolism, namely cholesterol: (i) uptake, LDL-R; (ii)
neosynthesis, HMGCoA-R; (iii) homoeostasis, SREBP-
2; (iv) efflux, ABCA-1; (v) esterification, ACAT-1 and
(vi) CE hydrolysis, nCEH. In addition, we also deter-
mined mRNA levels of Cyc-D1 (responsible for cell
cycle transition from G, to S phase) (37), and of Cav-1,
a negative regulator of Ras-p42/44 MAP kinase cascade
(38) (also involved in transport of cholesterol from
endoplasmic reticulum (ER)) and internal stores to lipid
rafts (39).

(b)
= 160
=1 Jeuw-
8 EEE cusre
g = 120 Fre] CLL#5at
£
E
kB
g
a8
E a0
=
= a4
(d) 120
g
a2
£ 90
B =
# 5
28 o
i
%
B2 o
L
Io
. o

4&h
Time after P4 stimulatien

Figure 4. SaH and Pg cause inhibition of cell growth. Freshly isolated ALL and CLL cells were stimulated with PHA in presence or in absence of
either PG (10 pm) or SaH (4 pum) and harvested 6 or 48 h later. Cultures were incubated with [3H]-thymidine (a and b) and ["*C]-oleate (c and d) 6 h
before harvest. Histograms represent mean + SD of triplicate determinations and are representative of 10 different patients (7 CLL and 3 ALL).

*P < 0.05 versus untreated cells.
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Semiquantitative RT-PCR analysis showed that Cyc-
D1 mRNA levels was higher and Cav-1 mRNA was lower
in LC at baseline (0 h). This was associated with higher
mRNA levels of HMGCoA-R and ACAT-1 and with
lower mRNA of nCEH, ABCA-1 and SREBP-2 in LC
compared to NL. Similar differences between NL and LC
were observed when cells were growth-stimulated with
PHA for 48 h. No change in baseline mRNA levels of
LDL-R was observed; however, LDL-R increased in LC
after 48 h of PHA stimulation (Fig. 3a,b). All these find-
ings confirm that cholesterol homeostatic mechanisms are
generally altered in LC. In particular, accumulation of CE
and increased ACAT-1 mRNA levels associated with
decrease in Cav-1, nCEH and ABCA-1 mRNAs seems to
indicate that during population growth of leukaemic cells,
transfer of FC from its site of synthesis, or its uptake into
the plasma membrane (PM), is reduced.

(a)
LC
- +PG +4SaH -~

+PG +SaH

Cye.D1

Cav-1

SREBP-2

LDL-R

HMGCoA-R

ACAT-1

nCEH

ABCA-1

B-actin

o
=
[
=~
co
=

Effect of inhibitors of cholesterol esterification on ALL
and CLL-cell expansion

To evaluate further the possible relationship between
cholesterol esterification and population growth of LC,
we determined incorporation of [*H]-thymidine and ['*C]-
oleate in ALL and CLL stimulated to proliferate by PHA,
treated with or without two well-known inhibitors of
cholesterol esterification, SaH and PG. Inhibition of cho-
lesterol esterification, well evident as early as 6 h after
exposure to the drugs, in both ALL and CLL (Fig. 4c,d),
was followed by reduction in [°H]-thymidine incorporation
(Fig. 4a,b) that became apparent only 48 h after treatment.
No obvious cell toxicity was observed, both by visual
inspection and by trypan blue exclusion, under experimen-
tal conditions that inhibited cell replication. Inhibition of
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Figure 5. RT-PCR analyses in LC treated with inhibitors of cholesterol esterification. Total mRNA was extracted from LC and mRNA levels of
indicated genes were determined by RT-PCR using appropriate primer sets. Specific bands were detected after addition of a chemiluminescent substrate,
and analysed using NIH Image 1.63 program (Scion Image).). Panel a: blots of target genes, representative of LC treated with or without PG (10 pm) or
SaH (4 pwm) isolated from three different patients. Panel b: densitometric analysis of mRNA levels of LC normalized for endogenous B-actin mRNA.
Histograms represent mean + SD of densitometric scans of triplicate determinations expressed as target gene/B-actin. *P < 0.05 versus corresponding

untreated LC.
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cholesterol concentration as all cells were cultured in 10%
foetal calf serum under cholesterol-clamped conditions.

Reduction in ACAT-1 and Cyc-D1 mRNA levels asso-
ciated with an up-regulation of Cav-1, nCEH and ABCA-
1 mRNAs was also observed in LC 48 h after SaH and
PG treatment (Fig. 5a,b).

Effect of RAD on intracellular cholesterol esterification

The above results showing that two different inhibitors of
cholesterol esterification suppress proliferation of primary
ALL and CLL cells in culture strongly support the
hypothesis that cholesterol esterification plays an impor-
tant role in population growth of LC. This concept was
also corroborated by the result that when LC were treated
with RAD [an immunosuppressant drug able to induce G,
arrest in cycling B-CLL cells (40)], inhibition of [*H]-
thymidine incorporation (Fig. 6a) was preceded by sig-
nificant decrease in rate of ['*C]-oleate incorporation into
CE (Fig. 6b).

Inhibitory effects of RAD on cholesterol esterification
were also evident by direct detection of cytoplasmic neu-
tral lipids stained with oil-red O. As shown in Fig. 7,
RAD inhibits neutral lipid accumulation in CLL cells to
the same extent as the inhibitor of cholesterol esterifica-
tion PG.

When protein expression of Cyc.-D1, ACAT-1, Cav-1
and ABCA-1 was examined by western blotting, we
found that Cyc-D1 and ACAT-1 expression levels were
higher in LC compared to NL at 0 and 48h after PHA
stimulation; in contrast, Cav-1 and ABCA-1 were lower.
These data are consistent with the mRNA results. Interest-
ingly in LC, RAD inhibited protein expression of Cyc-D1
and ACAT-1, whereas it increased that of Cav-1 and
ABCA-1 (Fig. 8). These results suggest that RAD, by
inhibiting cell proliferation, restores intracellular choles-
terol transport mechanisms found altered in LC.

Discussion

It has long been known that cholesterol metabolism is de-
regulated in most human malignancies (41-44); however,
fewer studies have tried to dissect roles of intracellular
pools of FC versus CEs in cancer cells. The current study
reveals that in freshly isolated leukaemic cells, multiple
anomalies in intracellular cholesterol metabolism, mainly
increase in cholesterol esterification potential, abnormal
accumulation of CEs and low FC content. An analogous
reduction in FC content has been previously observed in
the PM of human lymphocytes from leukaemic patients
compared to lymphocytes from normal donors, by Inbar
and M. Shinitzky (45), FC deficiency in ALL cells being
greater than in CLL cells. It is well known that under

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 360-371.
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Figure 6. RAD induces inhibition of cholesterol esterification.
Freshly isolated CLL cells were stimulated with PHA in presence or in
absence of RAD (20 nwm) and harvested 6 or 48 h later. [*H]-thymidine
(a) and ["*CJ-oleate (b) were added 6 h before harvest. Histograms repre-
sent mean + SD of triplicate determinations and are representative of six
different patients *P < 0.05 versus untreated cells.

physiological conditions, FC in the PM is not static, but is
steadily delivered to the cell interior and then efficiently
returned to the cell surface. It is estimated that cholesterol
cycles from PM to the ER and back in about 40 min (46).
Intracellular FC can also be esterified by ACAT-1, and
released from the ester storage pool by action of nCEH
(5). In most non-specialized cells, the CE storage pool is
quite small (5). In our study, 90% of the cholesterol was
free and 8% in esterified form in NL, while in LC, 60% of
the cholesterol was free and 40% was esterified. In addi-
tion, we show that in LC, increase in cholesterol esterifica-
tion closely paralleled a two-fold increase in ACAT-1
gene expression and that expressions of Cav-1, nCEH and
ABCA-1 were down-regulated during proliferation of LC.
Thus, it seems that LC possess an inherent defect in PM
cholesterol pool cycles, that is, increased ability to entrap
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either RAD (20 nm) or PG (10 pwm) and harvested 24 or 48 h later. Then, cells were fixed, stained with ORO for neutral lipids and counterstained with
haematoxylin for nuclei.
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Figure 8. Effect of RAD on protein expression of Cyc.-D1, Cav.-1, ACAT-1 and ABCA-1 in LC. Freshly isolated LC were stimulated with PHA
for 48 h in presence or in absence of RAD (20 nm). B-actin served as housekeeper gene. (a) Protein levels of Cyc.-D1, Cav.-1, ACAT-1 and ABCA-1
examined by western blotting (b). Histograms represent means + SD of the densitometric scans of protein bands from triplicate determinations, repre-
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**P < 0.05 versus corresponding NL. §P < 0.05 versus 48 h untreated LC.
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cholesterol, in the form of cytoplasmic lipid droplets
(LDs). This defect, by reducing transport of cholesterol to
the PM, potentially decreases its efflux from the cells.
Accordingly, abnormally low HDL-C levels were found
in plasma of ALL and CLL patients. These results high-
light the hypothesis that increase in levels of CEs in LC
and decrease of HDL-C in plasma could represent a com-
mon and easily detectable biomarker for these types of
disease.

Here, ALL and CLL cells responded to PHA mito-
genic stimulus by further increasing rate of cholesterol
esterification and of accumulation of cytoplasmic neutral
lipids; increase in CE synthesis preceded onset of DNA
synthesis. Treatment with two different agents, SaH and
PG, which are able to inhibit cholesterol esterification by
distinct mechanisms (the first by inhibiting ACAT activity,
the second one possibly by blocking transport of FC from
the PM to the ER), caused growth arrest of LC. On the
other hand, inhibition of cell proliferation by RAD, a
known antiproliferative agent (40), was associated with
very early reduction in cholesterol esterification, which
precedes inhibition of LC-DNA synthesis by several
hours. Treatment of LC with these three drugs also
resulted in down-regulation of Cyc-D1, and in increase in
expressions of Cav-1, nCEH and ABCA-1 to a value char-
acteristic of NL. In light of these results, it may be argued
that in LC, FC reduction, probably secondary to decreased
expression of Cav-1, nCEH and ABCA-1, may activate
signalling pathways involved in cell division, thereby con-
tributing to increased proliferative rate of the tumour cells
(15-17).

These conclusions fit well with recent observations that
liver X receptor (LXRs) activation in freshly isolated CLL
cells, by synthetic agonists, inhibited cytokine-induced cell
proliferation and cell cycle progression without affecting
cell viability (47). LXRs, through their ability to regulate
expression of ABCA-1, have been involved in the process
of reverse cholesterol transport (48). LXR activation
results in increased levels of plasma HDL and increase in
cholesterol excretion. ABCA-1 expression is virtually
absent in untreated CLL cells suggesting that endogenous
LXR agonists are largely absent in these cells (47). There-
fore, lack of LXR activation in leukaemic cells, by reduc-
ing cholesterol efflux, may contribute to cell population
growth and cell cycle progression.

Although our findings do not represent final proof of a
direct causative involvement of CEs in tumour growth,
they add support to the hypothesis that intracellular
pathways that regulate cholesterol esterification may
contribute to abnormal growth regulation of leukaemic
cells. It is well documented that levels of FC in cell
membranes regulate a number of critical processes: from
de novo cholesterol biosynthesis to signal transduction.
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FC is particularly abundant in specialized membrane
domains called rafts, which house many proteins involved
in the transduction of extracellular mitogenic signals (6—
8). Several studies have demonstrated that FC levels in
rafts have a profound effect on function of raft-associated
proteins, and that depletion of membrane cholesterol is
capable of activating the EGF receptor or the MAP kinase
cascade in absence of any extracellular mitogen (15—17).
Cholesterol trafficking across different cell compartments
plays a fundamental role in maintenance of FC levels both
in rafts and other membrane compartments and, as such, it
is a highly regulated process (8). As opposed to the FC
pool, intracellular pool of CEs is usually viewed as a mere
storage form of cell cholesterol and the process of intracel-
lular cholesterol esterification a simple means to avoid
toxic effects of excess FC (5).

In light of our previous studies (5,29,32,33) and find-
ings presented in this paper, a new role for cholesterol
esterification in cell proliferation would be suggested. It is
tempting to hypothesize that cell machinery that controls
cholesterol esterification might be an integral part of
cellular apparatus that regulates FC abundance in critical
membrane domains such as rafts. In this view, cholesterol
esterification could represent a key step along pathways
that modulate membrane levels of FC in response to extra-
cellular stimuli, and could directly take part in mecha-
nisms of population growth regulation. In summary here,
we show for the first time that ALL and CLL cells display
alterations in intracellular cholesterol homoeostasis con-
sisting of increased rate of cholesterol esterification and
accumulation of CEs. Although further research is needed
to better define exact mechanisms and significance of
these alterations, our results pave the way for development
of new pharmacological approaches for treatment of this
important group of neoplasms.
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