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Abstract

The effect of rapid changes in cellular cholesterol content on adendsiiegclic monophosphate (CAMP) response element-mediated
gene transcription was investigated. The study was carried out in Chinese hamster ovary (CHO-K1) cells permanently expressing the hun
B,-adrenoceptor. Gene transcription was quantified using a reporter gene (secreted placental alkaline phosphatase) under the transcripti
control of CAMP response element (CRE) sequences. Cellular cholesterol was reduced by 42% or elevated by 47% by incubating cells |
1 hr with methyl-cyclodextrin alone or methys-cyclodextrin complexed with cholesterol, respectively. There was a significant negative
correlation between the free cholesterol content of the cells and CRE-mediated gene expression in responbeisopfenaline (slope
—4.57 = 0.73,P < 0.001), indicating thatB,-adrenoceptor-mediated activation of the CRE is inhibited by cholesterol. Cyclic AMP
accumulation in response to isoprenaline (3®to 10> M) was also inhibited in cholesterol-enriched cells and enhanced in cholesterol-
depleted cells compared to contro3 € 0.05,two-way ANOVA). Cholesterol also inhibited serum-mediated enhancement of CRE-driven
gene expression, and we present data suggesting that the pathway activated by serum and inhibited by cholesterol could be independe
adrenoceptor activation and protein kinase A. We conclude that in CHO-K1 cells cholesterol inhibits at least two processes that can stimul
CRE-mediated gene expression. One is isoprenaline activation of cAMP synthesis, the other is activated by serum. These findin
demonstrate that activation of gene transcription by extracellular stimuli could be influenced by cellular cholesterol content. © 200:
Elsevier Science Inc. All rights reserved.
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1. Introduction lipid metabolism via the sterol regulatory element (reviewed
in [6,7]). However, little is known about the indirect impact
The activities of a number of plasma membrane recep- of cholesterol on gene transcription via its effects on plasma
tors and other plasma membrane proteins can be modulatednembrane proteins involved in signalling pathways from
by changes in the cholesterol content of their environment. the extracellular environment to the nucleus.
Such modulation has been shown for the transferrin receptor CRE-mediated gene transcription is an example of tran-
[1], the nicotinic acetylcholine receptor [2], rhodopsin [3], scriptional response to activation of plasma membrane pro-
the oxytocin receptor [4], cholecystokinin receptors [4], and teins by extracellular stimuli. CREs are present in the pro-
adenylyl cyclase [5]. Cellular cholesterol levels have been moters of many genes, including those forfos-
shown to regulate the transcription of genes involved in somatostatin, phosphoenolpyruvate carboxykinase, tyrosine
hydroxylase, vasoactive intestinal peptide, pro-enkephalin,
—_— and a-chorionic gonadotropin [8]. Consequently, CRE-me-
* Corresponding author. Tel+44-115-970-9368; fax:+44-115-970- diated transcription is involved in a variety of cellular re-
9969. sponses, including cell proliferation, intermediary metabo-
E-mail _addressbruce.middlet(_)n@nottingham.ac.uk (B. Middleton). lism, neuronal signalling, and apoptosis [9]. The
Abbreviations:cAMP, adenosine %'-cyclic monophosphate; CHO, transcriptional activation of CREs is regulated via a family
Chinese hamster ovary; CRE, cyclic AMP response element; FBS, foetal . S .
bovine serum; N8CD, methyl-beta-cyclodextrin: PKA, protein kinase A:  Of transcription factors, the CRE-binding (CREB) proteins,
SPAP, secreted placental alkaline phosphatase. which become active upon phosphorylation on serine 133.
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PKA was the first activator of CREB to be described.
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7-methyl-H-inden-4-yl)oxyl-3-[(1-methylethyl)amino]-2-bu-

Subsequently, it was found that other kinases can also phostanol) HCI, were purchased from Sigma. Rolipram was from

phorylate CREB, thus enhancing CRE-mediated transcrip-

tion. Serine 133 of CREB can be phosphorylated by'Ca
calmodulin-dependent kinases [10], protein kinase C [11],
RSK2 [12], and p38 MAP (mitogen-activated protein) ki-
nase [13]. The proteins involved in cAMP production are all

plasma membrane proteins (receptors, G-proteins, adenylyl050) were from Boehringer

RBI.  H89, {N-[2-((p-bromocinnamyl)amino)ethyl]-5-iso-
quinolinesulphonamide, 2HCI} was from Calbiochem. CPT-
CcAMP (8-(4-chlorophenylthio)adenosiné&-cyclic mono-
phosphate) was from Roche. Cholesterol esterase (cat. no.
393916) and cholesterol assay kits (cat. no. 1 442 341 and 139
Mannheim. [adenine-U-

cyclase), as are other receptors for growth factors and hor-**CJcAMP and [8%H]adenine were from Amersham Interna

mones involved in initiating signalling pathways that acti-
vate the protein kinases mentioned above.
Recent studies have provided information relating to the

tional. [**A]lodocyanopindolol was from NEN Life Science
Products Ltd.

organization of lipids and proteins in the plasma membrane 2.2. Cells and media

into microdomains and their possible interaction with sig-
nalling pathways (reviewed in [14-16]). Proteins can be
selectively included or excluded from lipid microdomains,
providing a mechanism for co-localization of molecules that

This study used CHO cells expressing the cDNA for the
human B,-adrenoceptor and containing a reporter gene
(SPAP) downstream of a minimal thymidine kinase pro-

act sequentially to activate signalling pathways. Changes inmoter under control of six CRE sequences. We have previ-

cholesterol content alter the composition and distribution of
lipid microdomains and their associated proteins, with sub-
sequent changes in signalling cascades.

The cholesterol content of cells can be altered rapidly
using cyclic heptamers of glucosg@scyclodextrins. Cyclo-
dextrins have a hydrophobic cavity that can incorporate
non-polar molecules, forming soluble complexg<Cyclo-
dextrins have a high affinity for cholesterol compared to
other membrane lipids [17]. Incubation of cultured cells or
cell membranes with methyd-cyclodextrin results in rapid
loss of cellular cholesterol [4,18], while incubation with
preformed methyf3-cyclodextrin—cholesterol complex re-
sults in rapid gain of cellular cholesterol [4,19]. This move-
ment takes place without insertion of the cyclodextrin mol-
ecule into the membrane or its binding to the cell surface
[18].

In this study, we investigated the possibility that changes
in cellular cholesterol content can modify signalling from

ously described the generation of this cell line (Ci8@4
cells [20]). The cells were routinely cultured in FBS me-
dium (see below) in 75-cfflasks at 37°, in an atmosphere
of 5% CO,/95% air. Experiments were carried out using
confluent cells in 24-well cluster dishes, unless stated oth-
erwise.

Three types of media were used in the study: 1) FBS
medium: Dulbecco’s modified Eagle’s medium/nutrient mix
F-12 (1:1) containing 10% FBS and 2 mMglutamine; 2)
BSA medium: Dulbecco’s modified Eagle’s medium/nutri-
ent mix F-12 (1:1) containing 5 mg/mL of BSA and 2 mM
L-glutamine; and 3) unsupplemented medium: Dulbecco’s
modified Eagle’s medium/nutrient mix F-12 (1:1) contain-
ing 2 mM L-glutamine.

2.3. Enrichment and depletion of cellular cholesterol

Cholesterol-depleting and -enriching procedures, as well

extracellular ligands to the nucleus, with subsequent effectsas subsequent incubations with agonists and antagonists,

on gene transcription. The investigation was carried out in

were carried out in medium that did not contain serum.

CHO cells that were stably transfected with a reporter gene Serum-free media were used to avoid exchange of choles-
under the transcriptional control of six CRE sequences andterol between serum lipoproteins andBED, or serum

with the humargB,-adrenoceptor (cell line CHB,/4 [20]).

The sequence of the CRE-containing fragment did not con-

lipoproteins and cells. Such transfers would reduce the ef-
fectiveness of the cholesterol-loading/unloading proce-

tain sterol regulatory elements or serum response elementsdures.

As far as we are aware, the interaction between cellular

We obtained efficient exchange of cholesterol between

cholesterol levels and CRE-mediated gene expression hagells and MBCD in serum-free medium containing 5 mg/mL

not been investigated before.

2. Materials and methods
2.1. Materials

Dulbecco’s modified Eagle’s medium/nutrient mix F-12
(1:1), FBS, BSA (A-2153), \8CD, cholesterol (C-8667),
(x)-isoproterenol (I-5627)p-nitrophenyl phosphate (104-0,
phosphatase substrate), and ICI 11855t]-(-[2,3-(dihydro-

of BSA (Table 1). Although BSA has some capacity to
associate with cholesterol, this did not interfere with the
cholesterol-depleting and -enriching procedures. We also
found that SPAP production in response to isoprenaline in
medium containing 10% FBS was very similar to the re-
sponse in medium containing 5 mg/mL of BSA (data not
shown). Therefore, unless stated otherwise, experimental
procedures were carried out in serum-free medium that
contained 5 mg/mL of BSA (BSA medium).

Cells were seeded into 24-well cluster dishes and cul-
tured in medium containing 10% FBS until confluent. The
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confluent cells were incubated with 1 mL BSA medium per activity in cells. To assay SPAP activity in cells, washed
well at 37° for 20 min to allow dissociation or internaliza- monolayers were lysed with 200L of Promega Reporter
tion of serum lipoproteins. The cultures were then incubated Lysis Buffer (E397A) for 1 hr. SPAP activity was assayed
for 1 hr with 1 mL BSA medium alone (control), 1 mL BSA in 20 puL lysate.
medium containing 2 mM NCD (cholesterol-depleting
medium), or 1 mL MBCD-cholesterol complex solution 2.5. Cholesterol and protein assays
(cholesterol-enriching medium; prepared as described be-
low). The control, cholesterol-depleted, and cholesterol- In some experiments, both SPAP secretion and the cho-
enriched cells were then washed with 1 mL BSA medium to lesterol content of cells were assessed. Immediately after the
remove the NBCD and MBCD-cholesterol complex before  cholesterol-loading/unloading procedure<(t0) or follow-
any subsequent experimental procedures were carried out.ing the subsequent 6-hr incubation with or without agonists
Preparation of BCD-—cholesterol complex was carried (t = 6), the medium was removed, and the cells washed
out essentially as described in [19]. To prepare 10 mL of with 1 mL PBS and stored at20°. Lipids were extracted
complex solution, 48uL of 50 mg/mL of cholesterol in  from the cell monolayers with 2< 1 mL isopropanol.
chloroform:methanol 1:1 was placed in a sterile glass tube Extracts from each well were pooled, dried down, and
and dried in a thin layer on the tube wall, with a gentle stored at—20°. The free cholesterol content of the extracts
stream of N. Ten milliliters of 5 mM MBCD in BSA was assayed using a Boehringer Mannheim free cholesterol
medium, prewarmed to 37°, was added and the tube soni-colourimetric assay kit (cat. no. 139 050). The kit protocol
cated in a bath sonicator for 5-10 min. The mixture was was scaled down for use in 96-well plates. Total cholesterol
then incubated at 37° overnight with mixing, followed by content was assayed following the addition of cholesterol
filtration (0.22um filter) to remove undissolved choles- esterase to the system to hydrolyze cholesterol esters. Dried
terol. The cholesterol content of the filtered medium was cellular lipid extracts were dissolved in % isopropanol
assayed with Boehringer Mannheim cholesterol assay kitand 0.6 mL of kit reagent added. The reagent—sample mix-
cat. no. 1 442 341. This procedure yielded 130—L§0mL ture (0.3 mL) was placed in each of 2 adjacent wells of a
of cholesterol. The starting molar ratio of 3D to cho- 96-well plate. Cholesterol oxidase (28., supplied with
lesterol was 8:1. The molar ratio in the final filtered solution the kit) was added to one of the wells, with the other well
was 12:1-15:1. The complex was prepared anew for eachacting as sample blank. Optical density at 405 nm was read,

experiment. following incubation for 1 hr at 37°. This represents the free
cholesterol in the sample. Cholesterol esters were then hy-
2.4. Measurement of SPAP drolyzed by adding uL of 2 mg/mL of cholesterol ester-

ase. The optical density at 405 nm was read following

Following manipulation of cellular cholesterol as de- further incubation for 1 hr at 37°, giving an estimate of the
scribed above, cells were incubated with 1 mL fresh me- total cholesterol (freet esterified) content of the sample.
dium, with or without agonists as specified in the legends to Standard solutions of known cholesterol concentration were
tables and figures. Unless stated otherwise, the incubationincluded with each assay. The validity of this procedure was
continued for 6 hr, at which point the medium was removed confirmed by assaying mixtures of cholesterol and choles-
and stored at-20° for subsequent SPAP assay. When ICI terol ester of known composition.
118551 or H89 was used, cholesterol-depleted, cholesterol- Following lipid extraction, the cells were left to dry at
enriched, and control cells were preincubated for 30 min room temperature to remove any remaining isopropanol.
with or without these compounds, prior to incubation for 6 Cellular proteins were then dissolved in 1 mL 0.1 M NaOH
hr with fresh medium with or without ICI 118551, H89, or and assayed using the method of Lowtyl. [22] with BSA
agonist as appropriate. Note that neither cholesterol noras standard.
MBCD was present in the medium during the incubation
with agonists. 2.6. Cyclic AMP accumulation

SPAP activity was assayed as described previously [20,
21]. Medium samples were incubated at 65° for 30 min to  Elevation of cCAMP was assessed by measurement of the
inactivate endogenous alkaline phosphatase activity, whichamount of fH]adenine converted tfJcAMP [23]. Cells
is present in serum and commercial preparations of BSA. were incubated with 1 mL BSA medium containing 2
SPAP activity was then assayed in 200 of medium, wCi/mL of [*H]adenine for 1 hr, followed by 1 hr with 1 mL
incubated for 2 hr with the substrafenitrophenol phos-  cholesterol-loading, -unloading, or control medium contain-
phate. Results are expressed either as percent of basal SPARg 2 uCi/mL of [*H]adenine. The wells were then washed
secretion in control cells in the same experiments or as with 1 mL Hanks’ balanced salt solution containing 20 mM

mU/well [20,21]. HEPES, pH 7.4 (HBH). The washed cells were incubated
In some experiments, after the removal of medium, the with 1 mL HBH containing 10uM rolipram for 30 min to
cells were washed with 1 mL PBS and stored-&0° for inhibit phosphodiesterase activity. Isoprenaline was added

subsequent assay of cholesterol, protein, or residual SPARNn 10 uL to the wells and the incubation continued for a
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further 10 min. The reaction was stopped by the addition of 250~
40 pL 70% HCIO,. [*H]cAMP was isolated by sequential © e« Low cholesterol
chromatography on Dowex and alumina columns [24] using = Control

2000 dpm }“CJcAMP as a recovery standard. In experi v High cholesterol
ments measuring basal activity with and without ICI
118551, the concentration of labellingHJadenine was in
creased to Ci/mL. ICI 118551 was added at the same
time as rolipram.

n
o
o
1

1504

2.7. [**3]lodocyanopindolol binding

Confluent cells in 75-ciflasks were enriched or de 100
pleted of cholesterol following the procedure described
above for 24-well cluster dishes, with 15 mL of the appro-
priate medium used per flask. Specific radioligand binding
was assayed in membrane preparations from these cells,
with non-specific binding determined in the presence of 1
uM propranolol [20].

SPAP activity (% basal control)

50

0 T T T T 1
0 10 20 30 40 50

Free cholesterol
(Hg/mg cell protein)

2.8. Data analysis

Statistical significance was analysed using unpatred
test, pairedt-test, or analysis of variance (ANOVA) as Fig. 1. Isoprenaline-stimulated and basal SPAP secretion as a function of

. : ellular free cholesterol. Cells were depleted or enriched with cholesterol
stated in the Iegends to f|gures and tables. Assessment ogver 1 hr, then washed and incubated in fresh BSA medium for 6 hr with

linear regression, correlation, and fitting of agonist concen- (closed symbols) or without (open symbols) £M isoprenaline. At the

tration—response curves to four parameter logistic equationsend of the incubation, SPAP activity was assayed in the medium. Cellular

were carried out using Prism 2 (GraphPad Software), lipids were extracted and the free cholesterol content of the cells deter-
mined. All procedures were as described in Materials and Methods. Each
point is derived from 1 well in which both SPAP activity and cellular free
cholesterol were assayed. Data are from 4 independent experiments. SPAP

3. Results activity is expressed as % of basal activity measured in triplicate control
cultures in the same experiment. The range of basal activities was 0.0070—
3.1. Influence of cellular cholesterol content on 0.0116 mU/well.

isoprenaline-induced gene expression

basal). Thus, the difference in cholesterol content resulted in

Free cholesterol concentrations of CH4 cells were 750 reduction in the effectiveness of the response to iso-
manipulated as described in Materials and Method to prenaline.

achieve a range of 15—40g cholesterol per mg cell pro-

tein. The amount of the reporter gene product, SPAP, was3.2. Changes in cholesterol content of CHgJ4 cells
reduced with increasing cellular free cholesterol. Fig. 1 following treatment with \BCD

demonstrates a linear negative correlation between the free

cholesterol content of the cells and the amount of SPAP  Table 1 shows the changes in cellular cholesterol asso-
secreted into the medium in response to M isoprena ciated with the procedures followed in the experiments
line (closed symbols, slope4.57 + 0.73,r> = 0.64,P < presented in Fig. 1. Incubation of CH@,/4 cells for 1 hr
0.001). This concentration of isoprenaline was chosen to with 2 mM MBCD resulted in cholesterol depletion, and
give maximal activation of the receptor. In the absence of incubation for 1 hr with 5 mM NBCD-cholesterol complex
agonist, there was a small effect of free cholesterol on SPAPresulted in cholesterol enrichment. In both cases, statisti-
secretion as shown by the shallow (though significantly cally significant changes of 30—40% compared to controls
different from zero) slope of the regression line (open sym- were observed in free and total cholesterol (Table=1,3).
bols, slope—0.93 + 0.22,r? = 0.35,P < 0.001). The Following removal of the cholesterol-depleting or -en-
data indicated that the production of SPAP in response toriching medium and subsequent 6-hr incubation in control
isoprenaline was attenuated by cholesterol. Using the pa-BSA medium alone, the cholesterol-depleted cells gained
rameters derived from the regression lines, it can be calcu-free cholesterol and the cholesterol-enriched cells lost free
lated that 10° M isoprenaline stimulated SPAP production cholesterol (Table 1, free cholesterol att6 hr compared

by 2.0-fold over basal (i.e. 100% above basal) in cells tot= 0). The difference in free cholesterol content between
containing 20ug cholesterol per mg protein, while at 40 treated and control cells att 6 hr was reduced to 16—-17%,
pa/mg the stimulation was only 1.35-fold (i.e. 35% above but remained statistically significant (Table 1).
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Table 1
Cholesterol content of CH@,/4 after treatment with NACD
Treatment of cells Free cholester@lg cholesterol/well) Total cholesterol§ cholesterol/well)
t=0hr t=6hr t=0hr t=26hr
(N = 6) N=T7) (N = 4) (N = 6)
MPBCD (Low cholesterol cells) 2.2 0.1% 3.0 £ 0. 2%k 2.6+ 0.1* 3.2 &£ 0.3k
No additions (Control cells) 3.80.2 3.6+ 0.2 4.3+ 0.1 4.2+ 0.2
MpBCD:cholesterol complex (high cholesterol cells) 5.6.5%* 4.2 + Q. 2%xx* 5.7+ 0.5* 5.0+ 0.2**

Cellular lipids were extracted from cells either immediately after the 1-hr cholesterol depletion/enrichment proceddy®(tfollowing this procedure
and a subsequent 6-hr incubation in BSA medium alone. Free and total cholesterol were assayed in the extracts (total ehdtestetublesteroh-
esterified cholesterol). All procedures were as described in Materials and Methods. Values are-n&tz#visfrom N independent experiments in each of
which 2—4 wells were assigned to each experimental condition.

* P < 0.05, *P < 0.01, ** P < 0.001compared to control values in the same column; unpdiedt.

*xxx P < 0.05,*** P < 0.01compared to values at= 0 in the same row; unpairedtest.

The use of medium without serum lipoproteins mini- 3.4. Effects of cellular cholesterol content on cAMP
mizes transfer of cholesterol in or out of the cells. Conse- accumulation and SPAP production following exposure to
quently, the changes observed during the 6-hr incubation10*2-10"° M isoprenaline
following the depletion/enrichment procedures must have
been due primarily to endogenous processes. These changes The dose-response curves of cAMP accumulation over a
were compatible with cholesterol-depleted cells synthesiz- range of 10*2-10"° M isoprenaline showed stimulation in
ing cholesterol and cholesterol-enriched cells esterifying cholesterol-depleted cellsP(< 0.01) andinhibition in
cholesterol (Table 1). It is relevant that in the cholesterol- cpolesterol-enriched cell®(< 0.05) conpared to controls
enriched cells, the main difference was due to conversion of Fig. 3). Maximal cAMP synthesis in response to isopren-
free cholesterol to cholesterol ester, with very little actual gjine was inhibited by 27% in cholesterol-enriched cells
loss of cholesterol from cells. We did not add inhibitors of
cholesterol synthesis or cholesterol esterification, since sig-
nificant changes in free cholesterol content and subsequent
responses to isoprenaline were observed in the absence of
such inhibitors.

0.04+

O e Low chol

O = Control .
. %
. . vV v High chol
3.3. Interaction between cellular cholesterol and secretion g o0s-
of SPAP from CH@B,/4 cells into the medium 2 .
[
£
SPAP is much used as a reporter gene to study transcrip--i

tional control [21]. It is secreted into the medium, allowing 0.02+

sampling without lysis of the cells. Cholesterol is a factor in
determining the physical properties of membranes and
therefore could affect the secretion process directly. Con-
sequently, cholesterol-induced differences in SPAP accu- 0014
mulation in the medium could reflect changes in the rate of
secretion, as well as changes in gene expression.
We assessed the relationship between SPAP secretion
into the medium and the residual cellular SPAP of choles- 0 ooz ooms  oome  omos  oobio
terol-enriched, control, and cholesterol-depleted cells. L
SPAP activity in cells

96.8% = 0.56 (mean* SD, N = 48) of total (cells+ (mUiwell)
medium) SPAP activity in the well was found in the me- _ _ _ N
dium. The amount of SPAP in the medium increased lin- Fig. 2. Correlation between residual SPAP activity in cells and SPAP

R . ; secreted into the medium. Cholesterol-depleted, cholesterol-enriched, or
early with increasing cellular SPAP concentration regard- control cells were incubated for 1 hr with (closed symbols) or without
less of the cholesterol status of the cells (Fig. 2), indicating (open symbols) 10° M isoprenaline. The cells were washed for 1 hr with
that the secretion process is not impaired or stimulated by 1 mL BSA medium and the incubation continued in 1 mL fresh BSA
changes in cellular cholesterol. Thus, the activity of SPAP medium fgrafurther 22 hr. Atthe end of the |ncubat|0'n, SRAP actlv!tywas
in the medium accuratelv reflects CRE-driven transcrio- assayed in the medium and in the cells as described in Materials and
m y p Methods. Each point represents one well in which SPAP activity was
tional control of the reporter gene over the range of choles- assayed in both cells and medium. Data are all from one experinfent.
terol concentrations used in this study. 0.897,P < 0.001.

(mUiwell)

SPAP activit
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® Low cholesterol
H Control

¥ High cholesterol

[3H]cAMP accumulation

(% adenine converted to cAMP)

0 T T T T T T 1
-3 12 11 10 -9 -8

log [Isoprenaline] (M)

Fig. 3. PH]JcAMP accumulation in response to isoprenaline in cells of
different cholesterol content. Cells were labelled witk]adenine and
their cholesterol content manipulate@H[cAMP accumulation was deter
mined following exposure to the indicated concentrations of isoprenaline
for 10 min. All procedures were as described in Methods. Values are
means* SEM from 3 independent experiments. Statistical analysis by
two-way ANOVA: low cholesterol vs controR < 0.01; high cholesterol

vs control,P < 0.05.

compared to cholesterol-depleted cells, with no changes
observed irecs, (Table 2).
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207 @ Low cholesterol
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Fig. 4. SPAP activity in response to isoprenaline in cells of different
cholesterol content. Cholesterol-depleted, cholesterol-enriched, or control
cells were washed and then incubated for 6 hr in BSA medium with the
indicated concentrations of isoprenaline. At the end of the incubation,
SPAP activity was assayed in the medium. All procedures were as de-
scribed in Materials and Methods. SPAP activity is expressed as % of basal
activity measured in 2-3 control cultures in the same experiment. The
range of basal activities was 0.0040—0.0114 mU/well. Values are means
SEM from 7 independent experiments. Statistical analysis by two-way
ANOVA: low cholesterol vs controlP < 0.001; high cholesterol vs
control, P < 0.001.

Cholesterol depletion increased SPAP secretion and cho-

lesterol enrichment reduced SPAP secretion over'io
10° M isoprenaline (Fig. 4)High cholesterol significantly
reduced the maximal response to isoprenaline without af-
fecting ecso, While low cholesterol significantly increased

Table 2

both the maximal response and the sensitivity to isoprena-
line (Table 2). Although the differences observed were
small, they were statistically significant. The data in Figs. 3

Dose-response parameters for isoprenaline-stimulated cAMP accumulation and SPAP production in cells of different cholesterol content

Parameter Low cholesterol cells Control cells High cholesterol cells
Cyclic AMP accumulation

Minimum (% conversion) 1.5% 0.61 1.62+ 0.23 1.24+ 0.42

Maximum (% conversion) 5.93 0.46 4.95+ 0.54 4,35+ 0.29***

—Log ECsq 9.84+ 0.22 9.97+ 0.52 9.88+ 0.36
SPAP production

Minimum (% of basal control) 101.4 3.8 98.7£ 2.2 88.8+ 4.9*

Maximum (% of basal control) 205 9.2** 190.2+9.8 162.1+ 13.7%***

—Log ECgq 8.75+ 0.23* 8.37*=0.16 8.46+ 0.21

Values are means SEM of parameters, derived as described in Materials and Methods, for each of the dose-response experiments presented in Fig

(cAMP accumulation, N= 3) and Fig. 4 (SPAP production, N 7). Statistical significance was assessed by pditedt.

*P < 0.05, *P < 0.01with respect to control cells.
*** P < 0.01with respect to cholesterol-depleted cells.
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Table 3
Basal cAMP and SPAP production in cells of different cholesterol contet®l 118551

N Low cholesterol Control High cholesterol
cells cells cells
Cyclic AMP production Basal 3 110# 9.5 100 94.5+ 8.4
Basal+ ICI 118551 3 33.1x 14.1** 27.3*x42 35.1+ 6.9*
SPAP production Basal 9 10452.1 100 87.3+ 2.5%x
Basal+ ICI 118551 9 91.4+ 2.2** 88+ 2.1 81.9 2. 2%

Cyclic AMP and SPAP production were measured in cholesterol-depleted and cholesterol-enriched cells in the presence or abSeMcECot18551.
All procedures were as described in Materials and Methods. Values are me8B8/1 from N independent experiments and are expressed as percentages
of basal control values in the same experiment. In each experiment, 3—4 wells were assigned to each experimental condition. The range of basal cAl
accumulation in control cultures was 0.51-1.07%°6fJadenine converted tGfJcAMP in 40 min. The range of basal SPAP production in control cultures
was 0.004—-0.012 mU/well in 6 hr.

* P < 0.05 and **P < 0.01compared to basal activity in the same column. P+ 0.01 compared to low cholesterol cells in the same row. Statistical
significance was assessed by pairddst.

and 4 suggest that cholesterol modulation of SPAP produc-Unlike isoprenaline-stimulated SPAP production, which

tion could be consequent to its effects on cAMP levels.  follows a similar pattern to isoprenaline-stimulated cAMP
The characteristics of the specific binding &fTJiodo- accumulation (Fig. 4 compared to Fig. 3), the changes in

cyanopindolol to membranes prepared from cholesterol- basal cCAMP accumulation induced by ICI 118551 were not

depleted, control, or cholesterol-enriched cells were very associated with parallel changes in basal SPAP production

similar (B,,.x = 959 = 137, 792+ 61, 723= 80 fmol/mg (Table 3).

andKy = 113 = 34, 77 = 15, 60 = 18 pmol/L for

cholesterol-depleted, control, and cholesterol-enriched 3.6. Interaction between cellular cholesterol content and

cells, respectively [meart SEM, N = 5]). Thus, the ex-  stimulation of SPAP production by CPT-cAMP
pression of thgs,-adrenoceptor was not altered following 1
hr of cholesterol-loading/unloading treatment. We have demonstrated that cholesterol modulates iso-
prenaline-stimulated cAMP accumulation (Fig. 3), with
broadly similar effects on isoprenaline-stimulated SPAP
production (Fig. 4). CPT-cAMP, a membrane-permeant
cAMP analogue, directly activates PKA, by-passjga@d-
renoceptor activation of endogenous cAMP synthesis. If the
Agonist-independent activity of thg,-adrenoceptor in  effects of cholesterol on SPAP production are wholly con-
CHO B,/4 cells is significant and can be inhibited with ICI sequent to its effects on cAMP levels, then cholesterol
118551, aB,-adrenoceptor antagonist with inverse agonist should not alter CPT-cAMP-mediated SPAP production.
activity [20]. We investigated the possibility that cholesterol However, the effects of changes in cellular cholesterol
can alter this constitutive activity. IClI 118551 inhibited content on CPT-cAMP-stimulated SPAP production (Fig.
basal cAMP accumulation down to 27-35% of control val- 5A) were similar to those observed on SPAP production in
ues in all cells, regardless of their cholesterol content (Table response to isoprenaline (Fig. 4). Maximal SPAP produc-
3). Basal cAMP production was not significantly altered by tion in response to CPT-cAMP was increased in cholesterol-
cholesterol, either in the presence or absence of ICI 118551 .depleted cells and reduced in cholesterol-enriched cells (Ta-
Thus, cholesterol does not play a significant role in deter- ble 4). There was a negative correlation between cellular
mining the level of B,-adrenoceptor constitutive activity free cholesterol and CPT-cAMP-stimulated SPAP produc-
(assessed by cAMP accumulation). tion, comparable to the negative correlation between free
The substantial inhibition of basal cAMP accumulation cholesterol and isoprenaline-induced SPAP production in
by ICI 118851 was associated with a rather smaller inhibi- the same experiments. (CPT-cAMP [2.7 mM]: slope
tion of basal SPAP secretion. Whereas ICI 118851 inhibited —5.28 + 0.81,r> = 0.86,P < 0.01; isoprenaline [10°
cAMP levels down to 27-35% of controls, SPAP produc- M)]: slope —5.41 + 1.06,r> = 0.79,P < 0.001;basal:
tion was inhibited only down to 80—90% of control values. slope—2.10+ 0.44,r? = 0.77,P < 0.01, experimental
The differences in basal SPAP secretion between cholesterol-data not shown).
enriched and cholesterol-depleted cells were small but sta- In order to minimize the contribution of constitutive
tistically significant, both in the presence and absence of ICI B-adrenoceptor activity, SPAP production was also as-

3.5. Effects of cellular cholesterol content on cAMP
accumulation and SPAP production in the absence of
B,-adrenoceptor agonist

118851 (Table 3).
The data in Table 3 suggest that in the absencg,ef

sessed in cultures exposed to CPT-cAMP (X710 °-
2.7 X 102 M) with the addition of ICI 118851 (10° M).

adrenoceptor agonist, CRE-mediated gene expression inCl 118851 reduced CPT-cAMP-mediated SPAP secretion

CHO B./4 cells is not very sensitive to changes in cAMP.

in all cultures, but the differences between cholesterol-
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Fig. 5. SPAP production in response to CPT-cCAMP. (A) Cholesterol-depleted, cholesterol-enriched, or control cells were washed and thenonéubated f
hr in BSA medium containing the indicated concentrations of CPT-cAMP. At the end of the incubation, SPAP activity was assayed in the medium. All
procedures were as described in Materials and Methods. SPAP activity is expressed as % of basal activity measured in triplicate control eutanes in th
experiment. The range of basal activities was 0.0036-0.0121 mU/well. Values are m&#isl from 6 independent experiments. Statistical analysis by
two-way ANOVA: low cholesterol vs controR < 0.01; high cholesterol vs controR < 0.01. (B)Cholesterol-depleted, cholesterol-enriched, or control

cells were washed and then incubated for 6 hr in BSA medium with 2.7 mM CPT-cAMP, 2.7 mM CPT-cAMP ghill 181 118551, or with no additions.

At the end of the incubation, SPAP activity was assayed in the medium. Data are from 2 independent experiments. The cholesterol content
cholesterol-depleted, cholesterol-enriched, and control cells was determined in duplicate wells in each experiment. SPAP activities ageipitthd

mean cholesterol content of the appropriate group in the same experiment. All procedures were as described in Materials and Methods.

enriched, cholesterol-depleted, and control cells were main-independent pathway that activates CRE-mediated gene ex-
tained (data not shown). The negative correlation betweenpression is also influenced by cellular cholesterol content.
cellular free cholesterol and CPT-cAMP-stimulated SPAP pro-
duction was maintained in the presence of 1M ICI 118851
(Fig. 5B, CPT-CAMP: slope-4.31 + 0.83,r> = 0.87,P <
0.01; CPT-cAMP+ ICI 118851: slope-4.75+ 0.82,r% =
0.89,P < 0.01; basal: slope-1.74 + 0.50,r*> = 0.75,P < We have previously shown that CHR,/4 cells with
0.05). The data in Fig. 5 indicate that @-adrenoceptor-  access to serum produce more SPAP than serum-deprived

3.7. Interaction between cellular cholesterol content and
stimulation of SPAP production by serum components

Table 4

Dose—response parameters for CPT-cAMP-stimulated SPAP production in cells of different cholesterol content

Parameter Low cholesterol Control High cholesterol
cells cells cells

Minimum (% of basal control) 102 4.5 98.7+ 2.8 88.3+ 4.7

Maximum (% of basal control) 252.6 17.8* 219+ 13.4 191.5+ 13.8%xxxx

—Log ECsq 3.51+0.08 3.57+ 0.07 3.56+ 0.10

Values are means SEM of parameters, derived as described in Materials and Methods, for each of the 6 dose-response experiments presented in F
5A. Statistical significance was assessed by péiret.
* P < 0.05, **P < 0.01with respect to control cells. **P < 0.05 with respect to cholesterol-depleted cells.
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Fig. 6. Effect of serum on isoprenaline-stimulated SPAP production in cells of different cholesterol content. SPAP production during 6-lanindgttbati

10 2-10° M isoprenaline was assessed in cells subjected to our standard procedure (closed symbols; cultured in FBS medium, followed by experimen
procedures in BSA medium) or cells deprived of serum and BSA (open symbols; 24 hr in unsupplemented medium, followed by experimental procedure
in unsupplemented medium). SPAP activity is expressed as % of basal control activity in BSA medium measured in 2-3 control cultures in the sam
experiment. The range of basal activities was 0.0040-0.0114 mU/well. Values are m&itgl from 4 independent experiments. Statistical analysis by
two-way ANOVA comparing serum-deprived cells (open symbols) versus cells with access to serum/BSA (closed symbols)Fanél@Q1;panel B,

P < 0.001; andpanel C,P < 0.001.

cells, both in the presence and absence of isoprenaline [20]lation, due to inhibition of constitutive activity, were not

Fig. 6 shows that cholesterol enrichment of cells inhibited associated with similar changes in basal SPAP secretion.

serum-mediated enhancement of SPAP production. Serum Taken together, the data presented in Figs. 3, 4, and 6 and

enhancement of SPAP production in cholesterol-depleted Table 5 are compatible with cholesterol influencing at least

cells (Fig. 6B) was broadly similar to that seen in control two different processes involved in CRE-mediated gene

cells (Fig. 6A). However, in cholesterol-enriched cells, transcription. The firstis CAMP synthesis (Fig. 3), while the

these effects were substantially attenuated (Fig. 6C). second process is activated by serum (Fig. 6) and appears to
Table 5 demonstrates that the process by which serumbe independent of PKA (Table 5).

enhances the reporter gene expression is not mediated via

PKA, since it is not inhibited by H89. Stimulation of SPAP

production by isoprenaline was very effectively inhibited by 4. Discussion

H89, both in serum-deprived and control cells. However,

the difference in SPAP production between serum-deprived  Sterols, particularly cholesterol, regulate the transcrip-

cells and controls (which had access to serum/BSA) wastion of genes involved in lipid synthesis and cellular cho-

maintained in the presence of H89. The observation that in lesterol acquisition by controlling production of the mature

the absence of isoprenaline SPAP production in control form of the sterol regulatory element binding proteins [6,7].

cells was not inhibited by H89 (Table 5) is compatible with These proteins enhance transcription by binding to the sterol

the data in Table 3, where changes in basal cAMP accumu-regulatory element in the promoter region of the relevant

Table 5
Effect of H89 on serum-mediated activation of SPAP production

SPAP production gU/well)

No H89 20uM H89
Isoprenaline - + - +
Serum-deprived 2.7 0.1* 6.3 £ 0.4%**rx 1.0+ 0.3** 1.3+ 0.3**
Control 5.2+ 0.3 11.3% 1.3% 6.7 £ 0.7 7.4+ 0.8

Control cells were cultured in FBS medium, followed by 30 min in fresh BSA mediug® uM H89. The medium was replaced with 1 mL BSA medium
with or without 20uM H89 or 10 ¢ M isoprenaline and the incubation continued for 6 hr. Serum-deprived cells were cultured for 24 hr in unsupplemented
medium and subsequent incubations were as for control cells, but carried out in unsupplemented medium. Values areSikbfiem 3 independent
experiments in each of which 3 wells were assigned to each experimental condition. Statistical significance was assessed lytestpaired

* P < 0.05, ** P < 0.01 with respect to control cells in the same column.

P < 0.05,*** P < 0.01with respect to cells without isoprenaline.
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genes. All of these genes are involved in production or not know whether the effects of cholesterol on cAMP syn-
acquisition of lipids (cholesterol, saturated, and mono-un- thesis (Fig. 3) are due to changes in membrane fluidity,
saturated fatty acids) [6,7]. This study demonstrates thatcompartmentalization, caveolin distribution, or to another
rapid changes in cellular cholesterol content can also play ainteraction of cholesterol with the proteins involved (as
role in regulating expression of CRE-mediated gene expres-reported for the oxytocin [4] and nicotinic acetylcholine [2]
sion. receptors). It is of interest that our findings are compatible
The experiments were carried out with CH$)/4 cells with observations in turkey erythrocytes, where increasing
expressing the humap,-adrenoceptor and containing a membrane fluidity with cis-vaccenic acid increased both the
reporter gene under the transcriptional control of six CRE specific activity of adenylyl cyclase and its activation by
elements [20]. We have established by searches against thadrenaline [33]. In the same system, manipulation of the
TRANSFAC database [25] using Matlnspector V2.2 [26] cholesterol content of the membranes did not alter the max-
and PatSearch 1.1 [27] that the sequence of the CRE-imal binding or the affinity of theg3-adrenoceptor [34].
containing fragment [20] did not contain other response  However, our data indicate that the effects of cholesterol
elements, in particular sterol regulatory elements [28] and on CRE-mediated gene transcription are only partially due
serum response elements [29]. Thus, the observations reto changes in cAMP synthesis. SPAP production in re-
ported here are independent of the well-described, specificsponse to the cAMP analogue CPT-cAMP was elevated in
transcriptional control exerted by cholesterol, via the sterol cholesterol-depleted cells and inhibited in cholesterol-en-
regulatory element, on genes involved in lipid metabolism riched cells (Fig. 5A). Negative correlation between choles-
(reviewed in [6,7]). terol and SPAP production in response to CPT-cAMP was
We have demonstrated that changes in cellular choles-observed both in the presence or absence of ICI 118851, an
terol did not affect the secretion process per se (Fig. 2), thusinhibitor of g-adrenoceptor constitutive activity (Fig. 5B).
validating the use of the secreted reporter g&RAR as a These observations suggest that in addition to its effects on
measure of CRE-mediated gene transcription in this study. cAMP synthesis (Fig. 3), cholesterol interacts with another
Incubation of the cells for 1 hr with 2 mM BCD or 5 process involved in CRE-mediated transcription that is in-
mM MBCD: cholesterol complexes resulted in significant dependent of adrenoceptor activation. This second site of
cholesterol depletion and enrichment, respectively (Table cholesterol action could involve the PKA pathway down-
1). Using similar procedures, comparable changes in cellu- stream of cAMP synthesis. One possibility is that choles-
lar cholesterol content were observed by others, who dem-terol influences another pathway, independent of cAMP and
onstrated that the integrity of cultured cells was not com- PKA, and perhaps activated by serum (see below), which
promised following 2-hr exposure to 2 mMBCD [18] or acts additively or synergistically with PKA to stimulate the
loss of 70% of cellular cholesterol over a period of 2 hr [30]. CRE.
Christianet al. [19] showed that cholesterol delivered via We have previously shown that CRE-mediated gene ex-
MBCD-cholesterol complexes was readily esterified, i.e. pression in CH(B,/4 responds not only tB,-adrenoceptor
was metabolically active. In our experiments, the cells re- agonists, but also to the presence of serum. Both the basal
sponded to changes in their cholesterol as expected, i.e. byand isoprenaline-induced rates of SPAP production are
acting to normalize their free cholesterol content (Table 1). higher in cells incubated with serum than in serum-deprived
There was a negative correlation between cellular cho- cells [20]. The data presented in Figs. 1, 2, 4, and 5 were
lesterol content and CRE-mediated gene expression (Fig. 1),0btained in cells with access to serum/BSA (see Methods
i.e. activation of the CRE became less efficient with increas- for details of experimental protocol). Therefore, the mea-
ing cellular free cholesterol. Cholesterol-dependent changessured values of CRE-mediated gene expression represent
in isoprenaline-induced gene expression (Fig. 4) were sim-the combined effects of serum and isoprenaline (Figs. 1, 2,
ilar to cholesterol-dependent changes in isoprenaline-in- and 4) or serum and CPT-cAMP (Fig. 5) on CRE-mediated
duced cAMP accumulation (Fig. 3). Isoprenaline-mediated transcription. We demonstrate here that serum-enhanced
cAMP synthesis involves the plasma membrane proteins, SPAP production is independent of PKA (Table 5) and that
i.e. theB,-adrenoceptor, the heterotrimeric Gs-protein, and cholesterol enrichment of cells inhibits serum-mediated
adenylyl cyclase. The data presented in Figs. 3 and 4 sug-pathway(s), which activate SPAP secretion (Fig. 6). We
gest that the function of at least one of these proteins couldhave not yet identified the pathway involved in serum-
be modulated by cholesterol, with subsequent changes inmediated enhancement of CRE-mediated gene expression.
cAMP-mediated gene transcription. As summarized in the introduction, CREB can be phosphor-
Cholesterol depletion results in increased membrane flu- ylated and activated by several protein kinases responding
idity and cholesterol enrichment results in reduced fluidity. to numerous extracellular signals. Preliminary experiments
Cholesterol depletion with [dCD has been shown to dis- show that serum-mediated activation of CRE is independent
rupt plasma membrane compartmentalization, caveolin dis-of MAP (mitogen-activated protein) kinase, tyrosine kinase,
tribution, and lipid rafts [16,31,32]. Thus, in our experi- lysophosphatidic acid, and EGF (data not shown).
ments, cCAMP synthesis is enhanced with increased fluidity = We conclude that CRE-mediated gene expression in
and disruption of plasma membrane organization. We do CHO B./4 cells correlates negatively with cellular chcles
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terol content (Fig. 1). Cholesterol inhibits CRE-mediated
gene expression by inhibiting cAMP generation (Fig. 3).

Cholesterol also inhibits another as yet unidentified process

involved in CRE-mediated gene expression, which is acti-
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scaffolding proteins for organizing “preassembled signaling com-
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changes in cellular cholesterol levels could influence tran-
scriptional response to extracellular stimuli.
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