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HUMAN PROSTATE CANCER CELLS LACK FEEDBACK REGULATION OF
LOW-DENSITY LIPOPROTEN RECEPT@R AND ITS REGULATOR, SREBP2

Yunfei CHen and Milli e HugHES-FULFORD*

Laboratoly of Cell Growth University of California Sen Francism and Veterars Affairs Medicd Center San Franciscq CA, USA

The low-density lipoprotein receptor (LDLR) pathway pro-
vides cells with essential fatty acids for prostaglandin E,
(PGE,) synthesis. Regulation of LDLR expression by LDL was
compared between the human normal and cancer prostate
cells using semi-quantitative RT-PCR and LDL uptake assays.
LDLR mRNA expression and LDL uptake by LDLR were
down-regulated in the presence of exogenous LDL or whole
serum in the normal prostate cells, but not in the prostate
cancer cells. Addition of exogenous cholesterol down-regu-
lated both LDLR and a potent regulator of the Idir promoter,
sterol regulatory element binding protein 2 (SREBP2), in
normal cells but not in cancer cells. PGE, synthesis in pros-
tate cancer cells was significantly increased in response to
LDL. Our study suggests that over-production of LDLR is an
important mechanism in cancer cells for obtaining more
essential fatty acids through LDLR endocytosis, allowing in-
creased synthesis of prostaglandins, which subsequently stim-
ulate cell growth. The data also suggest that the sterol reg-
ulatory element and SREBP2 play a role in the loss of sterol
feedback regulation in cancer cells.
© 2001 Wiley-Liss Inc.
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Low-densiy lipoproten (LDL) and itsrecepte (LDLR) have
been extensivey studial for their critical roles in cholesterol
clearane and metabolismt LDLR is acell surfa@ glycopro-
tein? that binds and internalizes LDL, the major carrig of
cholesterband fatty acidsin blood Sterok or sterol-containing
LDL down-regulate expressiao of LDLR in a numbe of cell
types studied including fibroblasts34 lymphocytes’-¢ hepato-
cytest” and granulos cellst. Severa studies hawe reported
elevatel or ineffectively regulatel LDLR expressia in differ-
ert types of cancer Gueddar et al.® reportal up-regulatio of
LDLR in the A549 human lung adenocarcinomcell line when
comparel with fibroblasts LDLR is over-expressgin mary of
the human colorectd cance biopsies and LDLR feedbak reg-
ulation is lost in the DiFi colorectd cance cel line.l° De-
creasd feedbak regulation of LDLR has been reportal in the
Daud Burkitt’s lymphonma cells® and in acue myelogenous
leukemt cells from patientstt

LDLR expressia isregulatel by sterok via the sterd regulatory
elemen (SRE-1)2 which is locatal at -65/-5 of the IdIr gene.
This DNA elemen (5 ATCACCCCAC 3') binds to SREBPs a
family of transcriptia factors tha require cleava@ before they are
releasd from the membrane-bouhprecurso molecule and acti-
vate gere expressiori3 The srebd gere produces 2 proteins
(SREBPHR ard SREBP1{ through alternatiwe splicing SREBP1a
has alonge activation doman and is amore potert transcription
activator The less potert SREBP is believel to be importart in
constitutive fatty acid synthesis SREBR is anothe strorg acti-
vata encodé by a separa gene Expressio of SREBR is
stimulatel in respones to sterd depletio in the liver.

Anothe function of the LDLR pathwg is to deliver essential
fatty acids into the cells14 Essentia fatty acids include linoleic
acid (LA) ard arachidont acid (AA). LA can be convertel by A-6
desaturasinto AA, which is the precurso molecuk for synthesis
of eicosanoid sud as prostaglandi E, (PGE,). PGE, is synthe-
sized by the cyclo-oxygenase(COX, EC 1.14.99.1) Ore of the
COX isozymes COX-1, is aconstitutivey expressd enzyme the
othe isozyme COX-2, isinducible PGE, act as an autocrire or
paracrire facta to induce avariety of physiologicd responses

including cel growth differentiation and immure regulationt5-17
In prostaé cance cells PGE, up-regulats COX-2 messag and
stimulates cel growth18 making cox-2 afeedforwad enzyme.

Although the role of LDLR in cholesterb metabolisn is well
understood study on the associatio betwe@ LDLR regulation
and cance cel growth is lacking Our study compare the LDLR
feedbak regulation by LDL and PGE, productian of normd and
cance prostae cells We also examinel the mechanim responsi-
ble for loss of LDL R feedba& regulatian by compariry the effect
of cholesterb treatmen on SREBP expressia betwea& normal
ard cance prostae cells.

MATERIAL AND METHODS
Material

PrEC normd human prostae epithelid cells were obtained
from Clonetics (San Diego, CA). The PC-3 and the DU145
human prostae cance cell lines were provided by the Univer-
sity of California Sen Franciso (UCSH Cell Facility (San
Francisco CA). The human normd fibroblasts GM03348D,
and familial hypercholesterolemai fibroblasts GM02000G,
were from Coriell Cell Repositoy (Camden NJ). The benign
prostae hyperplasa (BPH) cell line was agift from Dr. Rajvir
Dahiya (Veterars Administration Medicd Center San Fran-
ciscg CA). FCS was purchasd from Hyclone Laboratories
(Logan UT). RPMI medium glucos and antibiotics were from
UCSF Cell Facility. Lipoprotein-deficien calf serun (LPDS),
LDL, cholesteral 25-hydroxycholesteldcand Tri-Reagemn were
from Sigma (St Louis, MO). RNA PCR kit was from Perkin-
Elmer (Foste City, CA). Dil-LD L was purchasd from Molec-
ular Probke (Eugene OR). PGE, assg kit was from Cayman
Chemica (Ann Arbor, MI).

Cel culture

PrEC cells were maintaine in the PrEGV mediun (Clonetics).
The PC-3 DU145 BPH-1 prostae cel lines and the fibroblasts
were maintainel in complee RPMI 1640 medium supplemented
with 10% FCS 2 mM L-glutamine 100 U/ml penicillin, 100
rg/ml streptomyan and 0.25 pg/ml amphoterian B. All cellswere
cultured with 5% CO, at 37°C. For experimentscells were grown
with FCS or LPDS-supplemente LDL or with cholesterb as
describe in detal in the figure legends.

Semi-quantitatie RT-PCR

RNA was isolated from cells using the Tri-Reagenm as rec-
ommended by the manufacture and was quantified in the
GeneQuan spectrophotomete (Pharmacia Piscataway NJ).
RT-PCR was carried out in a Robocycle 40 (StratagengSan
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TABLE | —PRIMERS USED IN RT-PCR REACTIONS

Target Orientation Sequence Product size (bp)

LDLR Sense 5" CAATGTCTCACCAAGCTCT 258
Anti-sense 5" TCTGTCTCGAGGGGTAGCT

SREBP2 Sense 5" GCAGATGGGCAGCAGAGTTCC 629
Anti-sense 5" GTGGTCAGGAGGCGGCAATG

SREBP1c Sense 5" GCCAGCAGCTCCATTGACA 493
Anti-sense 5" GCCCCTGTGCCCCCTCTC

COX-2 Sense 5" GTGCCTGGTCTGATGATGTATGC 724
Anti-sense 5" CCATAAGTCCTTTCAAGGAGAATG

Cyclophilin Sense 5" CGTCTCCTTTGAGCTGTTTGCAGAC 628
Anti-sense 5" CATAATCATAAACTTAACTCTGCAATCCAGC

18S Sense 5" TCAAGAACGAAAGTCGGAGG 488
Anti-sense 5" GGACATCTAAGGGCATCACA

Diego, CA) using the RNA PCR kit. Conditions for RT-PCR
were as described previousi§Most of the specific PCR prim-

ers for theldlr, srebp2 srebpl¢ cox-2and cyclophilin genes

(Table 1), were designed in this laboratory. The primers wel
synthesized by Operon Technologies (Alameda, CA). The PC
products were separated by electrophoresis in an agarose
and the visualized photographs were scanned and quantif
using the SigmaGel software (Sigma). Data were analyz:
using the SigmaStat software (Sigma). PCR efficiency of tt
reactions was verified by examining the slopes of the PC
product curves. Housekeeping genes from the same samg
were amplified and used as internal standards. The differer
between samples measured by semi-quantitative methods, ht

ever, does not necessarily reflect the absolute amount of diffi LPDS LPDS+LDL FCS

ence of the specific RNA? LDLR
Dil-LDL uptake assay 200 bp —h—
b el 185

Prior to assay, cells grown on coverslips in 6-well platesoo bp —p
were incubated in RPMI medium containing 10% LPDS witl

30 pg/ml LDL for 10 min at room temperature. Dil-LDL 100 bp
and Hoechst dye were then added to 1@/ml and 50 g/ ladder
ml, respectively, and incubated for 1.5 hr at room temper:

ture in dark. Cells were washed twice in PBS containing 1.2
mg/ml BSA and once in PBS. They were visualized and ph B
tographed under a Zeiss Axioskop fluorescent microsco|
(Zeiss, Thornwood, NY). Cell nuclei were stained with Hoechs

dye to ensure a similar number of cells present in the phot

graphed field.
PGE, assay .
An aliquot of culture medium was collected and frozen at -70°
before the cells were harvested for RNA isolation. RG#els in
the culture medium samples were determined by the R@&ho
clonal enzyme immunoassay kit following the manufacturer’s pre N

tocols. This assay kit is highly specific for native PGahd does
not detect other prostaglandins. A Dynatech MR5000 micropla LPDS LPDS+LDL FCS

reader (Dynatech, Chantilly, VA) was used to read the ass
results. Data were analyzed by the BioLinx 2.0 software (Dyni m LDLR
tech). 200 bp —»

w000 — | 195

Feedback regulation of LDLR mRNA expression by LDL in 100 bp
human prostate cells ladder

Expression of LDLR is feedback regulated by cholesterol or by
LDL, which carries cholesterol in many cell types. In our study, we Ficure 1 — LDLR mRNA expression in human prostate cells. Total
investigated how LDLR expression was regulated by LDL ifRNA from cells grown with 10% LPDS: LDL (100 pg/ml) or 10%
human prostate cells. The presence of LDL or whole serum sigES for 45 hr was subjected to RT-PCR with LDLR primers. Each bar
nificantly (o < 0.005) reduced the LDLR mRNA level (measure -|-ﬂ|1:>ect|)qar g:japhs repres?nts(,j meﬁnleBSof thg rele;tlve gm‘é“m OL
by RT-PCR) in the PrEC normal prostate cells, compared wiff), - products (normalized to the product) from 3 independent

. ) mples. Below the bar graphs are representative PCR bands on
those grown in LPDS (Fig.A). The PC-3 cancer cells, however,agarose gels. The bands in the 100 bp ladder immediately below the
expressed a similar amount of LDLR in the presence or absencep@ir products are indicated by arrows at le&). PrEC cells; B) PC-3

exogenous LDL or serum lipoprotein (FigBJL This suggests that cells. *p < 0.02; *** p < 0.005

— — —

Relative LDLR
RT-PCR product

Relative LDLR
RT-PCR product
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the cancer cells lack normal LDLR feedback regulation at th@holesterol regulation of SREBP and LDLR expression

MRNA level. To understand the role of transcription factors on loss of LDLR
Regulation of LDL uptake feedback regulation in prostate cancer cells, cholesterol regulation
of SREBP expression was studied (Fig. 3). In both PrEC cells and
formal human fibroblasts, SREBP2 expression was significantly
OEJIown—reguIated by cholesterg € 0.02). The same feedback was
Wibt observed in the human prostate cancer cell lines, PC-3 and
LDL uptake b docviosis. Wh I in th \f_?U145. SREBP1c expression was not regulated by cholesterol
uptaxe by endocytosis. eén cells were grown In the pPrégaiment in any cells tested. A specific SREBP1a product was not
ence of LDL or whole serum, the uptake was much lower. I, jified from any of the above cell lines even after using 4
contrast, LDLR activity (measured by Dil-LDL uptake) remainedjirarent combinations of primers and varying magnesium concen-

unchanged regardless of the presence of lipoproteins in the Pieginns'in PCR amplification. As expected, cholesterol regulation
prostate cancer cells. A human fibroblast cell line derived from LDLR expression was similar to regulation by LDL in both

familial hypercholesterolemia patient, which lacks function )
LDLR expression, was used as negative control for LDLR-medl-rEC and PC-3 cells.
ated LDL uptake. LDL increased PGE synthesis in cancer cells

The BPH-1 cell line, which is an immortalized but non-trans- Because the lack of LDLR feedback regulation may enable the
formed human prostate epithelial cell liftwas also included in cancer cells to acquire more essential fatty acids and increase
the LDL uptake experiment. This cell line had a high level of LDLPGE, synthesis, we investigated whether RGioduction from
uptake, and LDL or serum lipoprotein failed to down-regulateDL was differently regulated in normal and cancer cells. The
LDLR expression, suggesting that cells at a benign growth staB&E, level of the PrEC culture slightly decreased after 45 hr of
may have lost LDLR feedback regulation. incubation with LDL. In PC-3 cells, LDL significantly increased

To further study the regulation of LDLR expression at th
functional level, LDLR activity was measured by uptake of flu

LPDS LPDS + LDL FCS

Ficure 2 — Dil-labeled LDL uptake by human prostate cells. Cells were seeded to coverslips and grown in growth media containing 10%
LPDS, 10% LPDS+ 30 wg/ml LDL or 10% FCS for 45 hr. They were then labeled by Dil-LDL as described in Material and Methods. Bright
areas on the photographs represent Dil-LDL taken by the cells or bound to the cell surface. FH, human familial hypercholesterolemia fibroblasts
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the PGE level (more than 3-fold, Fig. 4)This suggests that the sis2 In normal cells, the feedback regulation of LDLR restricts
normal prostate cells have a mechanism to regulate,Rfthesis the transportation of cholesteryl fatty acids into the cells. The lack
even when a large number of precursor molecules are availalé&LDLR regulation in cancer cells allows unregulated uptake of
The cancer cells, on the other hand, do not efficiently regulatégh levels of fatty acids when the serum LDL level is high. A
PGE, synthesis from its substrate. previous study also reported up-regulation of COX-2 gene expres-
sion by PGE in PC-3 cellst® Together, the unlimited fat uptake by
LDLR and the increased COX-2 activity may contribute to the
DISCUSSION increased PGEproduction by PC-3 cells with a good LDL supply.

Our study demonstrates that expression of LDLR is feedbaglpis suggests that fat, especially if rich in essential fatty acids

regulated by LDL in normal human prostate cells, as in oth precursors for eicosanoid synthesis), may increase the risk for

; P ; ion. Interestingly, a non-transformed immortal cell

normal cell types. This regulation is lost in the prostate canc gncer progression :
: ; _ - e, BPH-1, also lacks feedback regulation of LDLR, as suggested
cells. This explains why the PC-3, but not PrEC, cells increas y the LDL uptake assay. We started studies of human prostate

PGE, production in response to LDL administration. Lack o rmal and cancer biopsies and found an up-regulation in the

feedback regulation in cancer cells has been observed in IympI’11 Nk Lo
cytes and colorectal cells, and may be a universal strategy t L.IR in I?I'Of 12 tumors (data nQItq Slholw.”)- Furtper studies in
many cancer cells employ to accelerate their growth. Increasggé' arce mes_ﬁnrc]i 'ln prostate e%'t ela gss#eslo l?enflgfn “(ergori
fatty acid uptake by cancer cells resulting from elevated LDLR" lcance.fs wi edp uls to understand the lack of teedbac
expression may provide an extra energy source and structiggulation in cancer developmentvivo. ,
molecules to promote uncontrolled growth. Moreover, it delivers Feedback regulation of LDLR occurs primarily at the transcrip-
increased amount of essential polyunsaturated fatty acids for sjighal level?? although there is also evidence for post-transcrip-
thesis of bioreactive eicosanoids such as PGFostaglandins tional regulatiort. It is not known how the cancer cells lose
influence cancer development and growth by stimulating cdfedback regulation of LDLR by sterols. The importance of the
growth8 and by their involvement in mutagen generation, tumopRE-1 in LDLR regulation by sterols suggests that this element
promotion and immune Suppression (reviewed by Mar%{Hy_ may be |nV0|Ved n |OSS Of feedbaCk In cancer Ce”s. An e_arly Study
droxyeicosatetraenoic acid is another eicosanoid metabolite of AX Brownet al23demonstrated a lack of feedback regulation of the
through the lipoxygenase pathway. This molecule has been siifG-CoA reductase by cholesterol in malignant tissues. This
gested to be involved in maintaining cancer cell growth, becauB#ther supports the possibility that SRE-1, which is shared by the

blocking its synthesis in a human prostate cell line causes apopgomoters of the genes encoding HMG-CoA and LDLR, plays an
important role in the loss of sterol feedback regulation in cancer

cells. Interestingly, therebp2promoter contains a perfect SRE-1,

whereas thesrebpl (which encodes SREBPla and SREBP1c)
LDLR SREBP2 SREBPI1c promoter does naét Our finding that SREBP2 was feedback
regulated by cholesterol in normal cells further supported a role of
the SRE-1 in auto-regulation of trerebp2promoter. Moreover,
the lack of SREBP2 feedback in cancer cells at least in part
explains the lack of LDLR feedback in cancer cells. A final
understanding of the mechanism for lack of sterol feedback in
cancer cells will rely on a complete knowledge of the feedback
process and a thorough investigationsoébp2promoter regula-
tion.

Our results showed that prostate cancer cells expressed more
LDLR molecules than normal cells in the presence of LDL or
whole serum. Although the cancer cells benefit from loss of LDLR
feedback regulation for their growth, it is possible to use this
phenomenon in cancer therapy. Koller-Luedel 25 reported that
an anti-cancer drug, Noctadecyl-18-D-arabinofuranosylcy
tosine, can be incorporated into LDL and taken up by lymphoma
cells via the LDLR pathway. Because the normal cells express
lower levels of LDLR than the cancer cells, especially after being
feedback regulated by a high level of sterol, anti-cancer drugs

1.5

PrEC

- - ==
- - - =

#4k

2
o | 13 carried by LDL may target more specifically and more efficiently
1
8 0 04 05
[} 0 0 —_
> - Kk
15 15 L5 %m *% £
T 1 1 gm k
ﬁ 1500 § 20
- 0.5 05 0.5 Y o Y
a ¥ ¥ ow
0 0 0 50
Ficure 3 — Cholesterol regulation of SREBP and LDLR expression.
9 P PrEc PC-3

Cells were grown for 30 hr in media containing LPDS (black bars) or

LPDS + 10 pg/ml cholesterol and juwg/ml 25-hydroxycholesterol

(open bars). RNA was isolated from the cells and subjected to RT-Ficure 4 — PGE, production by human prostate cells. Cells were
PCR. Amount of PCR product was normalized to that of the interngkown in media containing 10% LPDS (black bars) or 10% LPBS
standard, cyclophilin. Mean and SD shown in the bar graphs repres&@0 u.g/ml LDL (open bars) for 45 hr. Culture media samples from the
3 independent samples. Normal human fibroblasts were used as amils were assayed for PGEevel. The mean and SD of 3 independent
trol. *p < 0.02; **p < 0.01 samples are shown in the bar graph.p*< 0.01; ***p< 0.005
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the cancer cells. A thorough understanding of the regulation e$sential fatty acids for eicosanoid synthesis and growth stimula-
LDLR expression in all major types of cells in the human bodytjon. It linked the lack of feedback regulation of LDLR to in-
and the mechanism for the loss of feedback regulation in can@eeased prostate cancer risk from dietary fat. We also showed, for
cells, will reduce the risk of side effects from such a therapeuttbe first time, that a member of the SREBP family is feedback
strategy. regulated by cholesterol in normal cells, but not in cancer cells.
Previous experiments have associated dietary fat with the risk 0t data on feedback regulation of SREBP2 may lead to an
prostate, colon, and breast cancér In studies of colorectal understanding of the mechanism by which cancer cells escape
cancer, we have also noted aberrant regulation of LDLR in tumogterol feedback regulation.
compared with control biopsié8. Inhibitors of the eicosanoid
synthesis pathway inhibit cell grow#;28 suggesting that polyun-

saturated fatty acids contribute to increased cancer cell growth.
Our study strongly suggests that unregulated LDLR expression isWe thank Dr. Dahiya for kindly providing the BPH-1 cell line,
at least one of the mechanisms by which cancer cells acquire exdral Vicki Gilbertson for her excellent technical assistance.
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