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Interlink between cholesterol & cell cycle in prostate carcinoma
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Background & objectives: Earlier reports have shown hypocholesterolaemia in cancer patients and high number
of lipid rafts in cancer cells. The primary objective of this study was to compare the intracellular cholesterol
turnover in non-cancerous (benign) prostatic hyperplasia (BPH) and carcinoma prostate (CAP) with normal
prostate cells obtained from patients undergoing radical cystectomy for carcinoma bladder (sham control).

Methods: ELISA-based estimation of prostate-specific antigen (PSA), evaluation of expression of
low-density lipoprotein receptor (LDLR), peripheral-type benzodiazepine receptor (PBR) and cyclin
E, immunohistochemistry and confocal microscopy, measurement of integrated optical density of the
diaminobenzidine (DAB)-stained immunohistograms, isolation of nucleus and cell cytoplasm from
prostate tissue by ultracentrifugation followed by estimation of cholesterol spectrophotometrically in
isolated nuclear and cytoplasmic fractions were performed.

Results: Seventy five individuals, 25 for each group (BPH n=25; CAP n=25 and sham control n=25), were
included in the study. Cholesterol was increased in the cytoplasm and nucleus of the prostate cancer cells
along with elevated expression of LDLR. Increased cholesterol concentration in the cell nucleus was found
comparable with the increased expression of cholesterol transporter viz. PBR in the prostate tumour
tissues as compared to its expression in normal prostate cells obtained from individuals undergoing radical
cystectomy for carcinoma bladder. Cell cycle protein cyclin E was also highly expressed in cancer tissues.

Interpretation & conclusions: The present findings along with increased expression of cell cycle protein
cyclin E in the cell nucleus of the tumour tissue suggested the possibility of an intriguing role of cholesterol
in the mechanism of cell cycle process of prostate cell proliferation.
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Although cholesterolis primarily involvedinsteroid
hormone synthesis, bile production and cell membrane
formation, it has also been found to be implicated in a
number of human diseases. While hypercholesteraemia
is a known cause of atherosclerosis' for a long time,
hypocholesteraemia has been found to be associated

with cancers’. In an animal study on bone marrow
hyperplasia exponential fall of plasma lipoproteins
was observed, whereas triglycerides were significantly
elevated without any know reason’. A decrease of
total cholesterol content in the blood of patients with
metastatic prostatic carcinoma has been reported*’.
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It is still unclear whether this phenomenon is due to
an increased cholesterol uptake by the cells, even
though the overexpression of low-density lipoprotein
receptor (LDLR) in prostate cancer cell has been
documented®. The breast cancer and prostate cancer
cell lines contained more lipid rafts and were more
sensitive to cholesterol depletion-induced cell death
than their normal counterparts’. These results indicated
that cancer cells contained increased levels of rafts and
suggested a potential use of raft-modulating agents
as anti-cancer drugs. Lipid rafts have been shown as
master regulators of cancer cell function, cell adhesion,
migration, cell growth and signalling pathways’?.

There are ample data supporting a functional
relationship between cholesterol metabolism and prostate
cancer, ranging from an epidemiologic association
to cholesterol abnormality and to prostate cancer
illustrating dysregulation of cholesterol metabolism
at the cellular level in prostate cancer®'’. It has been
postulated that cholesteryl ester accumulation in lipid
droplets within prostate cancer cells is a causative factor
underlying prostate cancer aggressiveness'' and that
their occurrence increases with prostate cancer grade.

The findings on nuclear localization and
chromatin-associated cholesterol' have indicated
that cholesterol might also be a participant in the
mechanism of cell cycle processes. It has been shown
that the level of chromatin-associated cholesterol
increases just before initiation of S phase'?. The
translocation of cytoplasmic cholesterol into nucleus is
probably facilitated by peripheral-type benzodiazepine
receptor (PBR), which has previously been reported
to be a regulator of cholesterol transport to the
inner mitochondrial membrane, as well as the rate
determining step in steroid biosynthesis'. Although
PBR is known to be involved in the regulation of
steroidogenesis, Hardwick et a/'* have suggested its
presence on nuclear membrane and its involvement to
cholesterol transport into the nucleus in human breast
carcinoma. Exorbitant phenotypic expression of PBR
and aggressive proliferation of cancer cells might
be correlated phenomena in the advancement of the
disease process. Whether PBR has the same role in
other tumours or is an isolated phenomenon for breast
carcinoma is not known. Besides, the mechanism
through which cholesterol may be associated with
cellular proliferation remains to be unexplored.
Therefore, the aim of the present study was to find the
impact of cholesterol in the cell nucleus, particularly
on cell cycle process in prostate carcinoma cells.

Material & Methods

Histopathologically examined human prostate tissues
representing non-cancerous (benign) prostatic hyperplasia
(n=25) and carcinoma prostate (CAP) (n=25) were
obtained from consecutive patients visiting the surgical
Outpatient department of Urology, All India Institute of
Medical Sciences (AIIMS), New Delhi, India, during
April 2010 to March 2012. Normal prostate tissues for
representing control samples were obtained from patients
undergoing radical cystectomy (n=25) for carcinoma
bladder (sham controls). Normal tissues were examined
histopathologically as well. Prostate-specific antigen
(PSA) estimation kit was procured from Calbiotech Inc.
CA, USA. Antibodies for immunohistochemistry (IHC)
were purchased from Santa Cruz Biotechnology with the
following specifications e.g. LDLR (N-17: SC-11822),
PBR (W-12: SC-23418), cyclin E (C-19: SC-198)
and goat anti-rabbit IgG-fluorescein isothiocyanate
(FITC) (SC-2012). Diaminobenzidine (DAB) substrate,
secondary antibodies and streptavidin peroxidase kit
for IHC were procured from Vector Laboratories, Inc.,
Burlingame, USA.

All the specimens were collected following
approval of the study protocol by the Institute Ethics
Committee (AIIMS, New Delhi, India). Each patient
was given an information sheet having description of
the study and its importance. Written informed consents
were obtained from the patients or their bystanders.

Selection criteria: Only histopathological examination-
proven cases of BPH and CAP were included in the
study. Prostate tissues obtained from patients undergoing
radical cystectomy were considered as sham control.
PSA estimation in the blood plasma from all patients and
normal healthy control was the distinguishing parameter
to define CAP and control individuals. Those suffering
from any other acute or chronic disease and those not
willing to give consent were excluded from the study.

ELISA sandwich assay: Routine PSA (tumour
marker) estimation was carried out by microplate
immunoenzymometric (ELISA sandwich) assay as
reported earlier?.

Immunohistochemistry (IHC)

Low-density lipoprotein receptor (LDLR): Surgically
removed prostate tissues were washed thoroughly in
normal saline and small 1 ¢cm? cubes were dissected,
snap-frozen in liquid nitrogen and blocks were prepared
using the cryogel at —25°C. Sections (5-10 pm)
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were taken on glass slides, air-dried and fixed with
absolute acetone at 4°C for 10 min. After fixation,
the slides were rinsed thrice, five minutes each, with
phosphate-buffered saline containing 0.01 per cent
Triton X-100 (PBST). Processing of sections for
IHC was carried out using DAB staining and images
acquired using a Nikon Microphot FXA microscope
with Nikon DXM 1200 Digital Camera (Nikon, Japan)
as per the procedure described previously'.

Peripheral-type benzodiazepine receptor (PBR) and
cyclin E: The procedure was same as LDLR described
above except the Triton concentration used in PBST
wash. The three repeated five-minute PBST washes
in the above protocol were substituted with serially
increased concentration of Triton X-100 viz. 0.01,
0.025 and 0.05 per cent, respectively, instead of only
0.01 per cent Triton X-100.

Estimation of protein expression from
immunohistogram: Expressions of LDLR, PBR and
cyclin E on their respective immunohistograms were
estimated by measuring integrated optical density
(IOD) of the DAB stain. Multiple fields were chosen
randomly to determine their expression densities per
25 cells as reported earlier'®. Mean+standard deviation
(SD) was determined to show the respective IOD of the
expression.

Confocal microscopy: Prostatic tissues on slides were
fixed in absolute acetone at 4°C. Blocking was done in
1 per cent bovine serum albumin at room temperature
for one hour to protect non-specific expression
followed by addition of primary antibody (anti-cyclin
E rabbit polyclonal) at 1:50 dilution in PBS. This
was incubated at room temperature for two hours in
a humid chamber. The cells were then labelled with
the secondary antibody (anti-rabbit FITC conjugate)
at 1:50 dilution in the dark. Incubation and washing
were carried out as routine protocol. Slides were
incubated with propidium iodide (1 mg/ml) at 1:3000
dilution in PBS for one minute and then mounted in
glycerol - PBS (1:1) with cover glasses and stored in
the dark at —20°C. The images were then captured on a
Leica SP-2 confocal microscope (Germany) under the
%20 and %60 oil-immersion objectives.

Isolation of nucleus and cell cytoplasm from
prostate tissue: Prostate tissue was made blood free

by washing with ice-cold sucrose and weight was
measured. The tissue was minced into small fragments
and homogenized in isotonic sucrose solution
(0.25 M sucrose). The homogenate of prostate tissue

(20% in ice cold 0.25 M sucrose) was centrifuged at
800 g for 10 min at 4°C. The pellet was used as nuclear
pellet. The supernatant was spun at 100,000 g for 60 min
to obtain cytoplasmic fraction. The nuclear pellet was
resuspended in lysis buffer [50 mM Tris—HCI (pH 7.4),
300 mM NaCl, 0.5% (v/v) Triton X-100, 5 mM EDTA
with 2 mM PMSF, 10 mg/ml leupeptin and 10 U/ml
aprotinin] and vortexed. The purity of the isolates was
verified by relative activity/expressions of site-specific
bio-markers'® e.g. DNA estimation and lactate
dehydrogenase (LDH) activity.

Total cholesterol estimation in nuclear and cytoplasmic
fractions: Total cholesterol from isolated nuclear and

cytoplasmic fractions were extracted in 1ml of hexane:
isopropanol (3:2, v:v), and the extract was transferred
to microcentrifuge tubes and air dried. The cholesterol
standard, samples and blank were dissolved in 1 ml
of isopropanol:nonidet P-40 (9:1, v:v). Cholesterol
content in cell nucleus and cell cytoplasm was
estimated by enzymatic cholesterol assay based on
fluorometric method'’, and the fluorescence was
read at 530 nm (excitation wavelength) and at 580
nm (emission wavelength). The organelle-specific
cholesterol concentration was expressed per gram of
prostate tissue mass.

Protein estimation: The protein concentration was
determined using Bradford assay!'s.

Statistical analysis: The data, IOD, were represented
as mean£SD. Student’s ¢ test was applied between two
groups to compare the mean values.

Results

Routine serum PSA (data not shown) was estimated
for each individual as screening test of prostatic
carcinoma in affected individual. Significantly high
value was obtained only in those having carcinoma.
Significantly low level was found with control and
sham controls. Only marginal increase in serum PSA
level was seen in BPH.

Low-density lipoprotein receptor (LDLR) expression:
The THC findings (Fig. 1) showed that there was a
significant increase in the expression of LDLR in
case of carcinogenic or benign tumours (P<0.001)
compared to sham control. The estimated IOD of the
DAB stain taken by LDLR protein represented its state
of expression. The increased expression of LDLR is
expected to transfer more cholesterol into prostate
cells.
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Fig. 1. Low-density lipoprotein receptor (LDLR) protein expression
by immunohistochemistry (magnification x200). DAB stain
(diaminobenzidine; brown colour) depicts a significant increase in
LDLR expression in carcinogenic and non-carcinogenic (benign)
tumours. Arrows indicate areas of higher expression. In the graph
each bar shows the mean+standard deviation of 25 samples,
represented as IOD (integral optical density) from the respective

Hxk

category. - P<0.001 compared to sham control.

Peripheral-type benzodiazepine receptor (PBR)
expression: The IHC findings (Fig. 2) showed a
significant increase in the expression of PBR in
case of carcinogenic (5-7 fold) or benign tumours
(3-4 fold). Staining of the cell nucleus showed a
preferentially increased PBR expression around
nuclear periphery of cancerous cells as compared to
the expression found in prostate cells collected from
unaffected site of the patients undergoing radical
cystectomy for carcinoma bladder. The increased
expression of PBR around nucleus was presumably
due to transfer of more cytoplasmic cholesterol into
cell nucleus.

Cholesterol content in cell nucleus and cell cytoplasm
of the prostatic tissue: Nuclear and cytoplasmic
fractions were separated using ultracentrifugation,
and the purity of the isolated nuclear and cytoplasmic
fractions obtained from normal as well as CAP samples
were determined (Fig. 3). DNA and LDH were chosen
as site-specific markers for cell nucleus and cytoplasm.
The optimal purity of nucleus and cytoplasm was
decided on the relative ratio of DNA:LDH in each
respective compartment following the standard
reported protocol’. DNA was found more in nucleus
(Fig. 3A) and LDH (Fig. 3B) in the cell cytoplasm.
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Fig. 2. Peripheral-type benzodiazepine receptor (PBR) protein
expression by immunohistochemistry (magnification x200). DAB
stain (brown colour) depicts a significant increase in PBR expression
in carcinogenic and non-carcinogenic (benign) tumours. Arrows
indicate areas of higher expression. In the graph each bar shows
the mean+standard deviation of 25 samples, represented as 10D.
"*P<0.001 compared to sham control.
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Fig. 3. Marker assay in the isolates of ultracentrifugation. (A) DNA
(nuclear marker), and (B) lactate dehydrogenase, LDH (cytosolic
marker) were measured to determine the purity of the fractions. Each
bar shows the meantstandard deviation of 25 samples. P*<0.05,
"<0.01, ""<0.001 compared to respective control.
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Fig. 4. Measurement of cholesterol content. The concentration
of cholesterol in cell nucleus and cytoplasm was found higher in
cancer prostate tissue as compared to control prostate. The data
show the meantstandard deviation (mg cholesterol/g prostate
tissue) of 25 samples. “P<0.05 compared to respective control.
Nuclear-cholesterol ratio in cancer prostate tissue to control
prostate: 1.8.
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Fig. 5. Nuclear localization of cyclin E by confocal microscopy. Cyclin
E was labelled by fluorescein isothiocyanate (green) and nucleus
was stained with propidium iodide (red) (Magnification x400). The
merged image (yellow-coloured) shows the nuclear localization of
cyclin E.

Significant increase of the cholesterol content in cell
nucleus and cell cytoplasm of prostate cancer tissue was
observed (Fig. 4). The concentration of nuclear cholesterol
in CAPwas found to be two-fold higher compared to sham
control. The fold increase of cholesterol concentration in
cell cytoplasm was comparatively less than that found
in the nuclear compartment; this was probably because
cytoplasmic cholesterol was drawn away by cell nucleus
for its intranuclear needs.

Expression and nuclear localization of cyclin
E: Figure 5 shows nuclear localization of cyclin E,
as detected using FITC (green) tagged anti-cyclin E
antibody and the nuclear stain propidium iodide (red)
and their colocalization.

Expression of cyclin E in prostate tissue: Cyclin E is
a cell cycle protein. There was a significant increase
(IOD value) in the expression of cyclin E in case of
tumours and particularly high in CAP (Fig. 6).
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Fig. 6. Expression of cyclin E on prostate tissue detected by
immunohistochemistry (magnification x200) of cyclin E protein.
The IOD of DAB stain taken by cyclin E protein shows a significant
increase of cyclin E expression in carcinogenic and non-carcinogenic
(benign) tumours. Increased expression was observed in the
carcinoma prostate group. Arrows indicate areas of higher expression.
Each bar shows the mean+standard deviation of 25 samples.
P"<0.01, ""<0.001 compared to sham control.

Discussion

An earlier study has shown higher activity of
HMG-CoA reductase, the regulatory enzyme of
cholesterol biosynthetic pathway, in rapidly dividing
tumour cells'. High expression of LDLR, a cholesterol
transporting protein on surface membrane, has also
been reported on various cancer cells®. In addition, the
well-known feedback regulatory mechanism for the
maintenance of intracellular cholesterol pool*! was also
found to be obviated in cancer cells®.

Besides, this newly growing consensus on
the role of cholesterol in cell nucleus had got
solicited by the following observations: (i) presence
of cholesterol with the chromosomal DNA'?2
(if) existence of sphingomyelin-bound cholesterol
(esterified cholesterol) in cell nucleus®, and (ii7) during
liver regeneration, sphingomyelin-bound cholesterol
goes down and more free cholesterol is generated®;
these reports raised an inquisition regarding the use of
cholesterol in cell cycle process and especially about
any of its secret role in DNA synthesis/replication of
proliferative tissues.

Although the aspects of LDLR expression, loss
of feedback regulation of intracellular cholesterol
homoeostasis, existence of highly expressed cholesterol
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transporter on nuclear membrane have been studied by
several groups of investigators, the reports are mostly
fragmentary. A significant increase of expression of
LDLR was observed in cancer cells as compared to
those in control and affected BPH cells. The clearance
of extracellular cholesterol was expected to be high
by the cells expressing higher LDLR on their cell
surface. The net utilization of plasma cholesterol by
the prostate tissue was not expected to be substantial
enough to cause a significant change in cholesterol
levels in systemic circulation as was reported earlier
from our laboratory’. A moderate rise in cholesterol
concentration was observed in cell cytoplasm of
cancer cells in contrast to the observed cholesterol
concentration of control cells.

PBR, a cholesterol channel, was found on the
surface of mitochondrial*** and nuclear membrane?.
The expression of PBR was found higher in cancer
cells as compared to normal ones. In the same cancer
cells, comparatively, more cholesterol concentration
was detected in cell nucleus against their normal
counterpart, which suggested the plausibility of transfer
of more cholesterol from cell cytosol through PBR.

Cyclin E is a cell cycle protein and found in the cell
nucleus. A higher expression of this protein is expected
in highly proliferative cells to keep the nucleus
continually in an active replication phase. In our study,
cyclin E level was found more in cancer prostate than
control or BPH. Since earlier reports claimed the role
of nuclear cholesterol in cell proliferation, our study
showed higher cyclin E level in cholesterol-filled
nucleus, implicating a possible role of cholesterol in
the process of cell multiplication.

It has been shown that elevated cholesterol levels
in prostate cancer cells are a result of an aberrant
regulation of cholesterol metabolism?’. A fall in blood
cholesterol levels was reflected only upon massive
utilization of plasma cholesterol by solid/floating
tissues - a scenario previously reported in case of
haematological carcinoma??., Normal prostate gland
is very small in size. However, when it increases in size
reaching a critical mass, it can probably utilize enough
circulatory cholesterol which in turn can contribute to
a fall in the total blood cholesterol levels.

The ratio of the cyclin E expression (cyclin E is
a cell cycle protein and remain expressed in dividing
cells allowing cells to enter from G1 to S phase) in
prostate cancer cells to that of their control counterpart
was found exactly identical with the ratio of nuclear

cholesterol in cancer cells to that of their corresponding
control. The numerical value of this ratio was 1.8. This
indicated that in cancer prostate nucleus, the cyclin
E expression went up almost twice of its normal
expression with twice the cholesterol concentration
in the same cell nucleus as compared to control cells.
Increase of cholesterol concentration in cell nucleus
might be a stimulus for cell division. The ultimate
source of the cholesterol found in cell nucleus was the
cytoplasmic pool which was maintained by the influx
of extracellular cholesterol through LDLR. Therefore,
the net expression of LDLR in prostate cancer cells
takes the pivotal role in supplying cholesterol to the
cell nucleus. More work is needed to specify the
mechanism responsible for stimulating cell division
by cholesterol component of the nucleus. Besides its
normal use in cell membrane, future studies on the role
of cholesterol in DNA replication and the following
new cell formation or cell proliferation would be a new
perspective of cholesterol in cellular metabolism and
homoeostasis.

In conclusion, our results showed high expression
of cholesterol transport proteins viz., LDLR and PBR
in prostate cancer tissue. Cholesterol concentration and
cyclin E were also higher in cancer tissue than the control
counterpart. Our findings indicated that cholesterol
might have an intriguing role in the mechanism of
cell proliferation. Since cancer tissue possesses highly
proliferative cells, demand for cholesterol is apparently
more in cancer cells as compared to its content in
respective control tissue.
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