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Abstract

Cholesterol homeostasis is critical for cell viability and proliferation. The sterol regulatory element-
binding protein (SREBP) pathway is crucial for the maintenance of cholesterol homeostasis. This
pathway is controlled by cholesterol and cholesterol-derived oxysterols. J774 cells cannot convert
desmosterol into cholesterol, a defect resulting from the absence of mRNA for sterol-A24-reductase.
Using J774 cells, we addressed the capacity of desmosterol to replace cholesterol in sustaining cell
proliferation and regulating the SREBP pathway. J774 cells were able to grow indefinitely after the
virtually total replacement of cholesterol by desmosterol (J774-D cells). Inhibition of sterol
biosynthesis with lovastatin suppressed J774-D cell proliferation. Desmosterol prevented this effect
but its analogue, cholest-5,22-trans-dien-3p-ol, did not. Addition of desmosterol inhibited processing
of SREBP-1 and -2 as well as reduced the expression of SREBP-targeted genes. As occurs in
cholesterol-containing cells, 25-hydroxycholesterol was more potent than desmosterol or cholesterol
in suppressing these processes. Moreover, desmosterol addition enhanced the expression of Abcal
and Srebflc, two liver X receptor (LXR)-targeted genes. To test the ability of endogenously produced
desmosterol to regulate gene expression, J774-D cells were pretreated with lovastatin to inhibit sterol
biosynthesis. After removal of the inhibitor the expression of SREBP-targeted genes decreased and
that of an LXR-targeted gene increased, reaching control levels. Our results demonstrate that the
virtually complete replacement of cholesterol by desmosterol is compatible with cell growth and the
functioning of the SREBP pathway. In these cells, desmosterol suppresses SREBP processing and
targeted gene expression, and it is especially effective activating LXR-targeted genes.
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INTRODUCTION

As a key molecule for maintaining cell membrane architecture and biophysical properties,
cholesterol is essential for mammalian cell viability and function. Cell proliferation requires
membrane synthesis and this, in turn, depends critically on the availability of cholesterol. We
have demonstrated that cholesterol is required for the G2-to-M phase transition and completion
of mitosis [1-4]. On the other hand, excess unesterified cholesterol is cytotoxic [5]. Therefore,
cholesterol homeostasis is subjected to strict control, and cells have developed a complex
regulatory system to maintain the cellular content of cholesterol within a narrow range [6].
Moreover, in order to preserve the biophysical properties of cell membranes, the metabolism
of cholesterol is regulated in concert with that of fatty acids and acylglycerols. The sterol
regulatory element-binging protein (SREBP) family of transcription factors is crucial for the
control of lipid homeostasis [7,8] and a functional SREBP pathway is required for cell survival
and proliferation [8,9]. Cholesterol itself and certain cholesterol-derived oxysterols, such as
25-hydroxycholesterol (25HC), control this regulatory system. In the present study we focussed
on these two essential and tightly linked functions of cholesterol, namely, support of cell
proliferation and regulation of the SREBP pathway.

The cholesterol required for cell proliferation is either obtained from plasma lipoproteins or
synthesized intracellularly from acetyl-coenzyme A. 3-hydroxy-3-methylglutaryl coenzyme
A (HMGCoA) reductase—the target of the hypocholesterolemic statin drugs —catalyzes the
conversion of HMG-CoA into mevalonate, the rate-limiting step in cholesterol biosynthesis.
There is a stringent requirement for cholesterol to support optimal mammalian cell growth
[3,10-12]. Some sterols, such as certain cholesterol precursors and phytosterols, can support
cell growth provided that a suboptimal amount of cholesterol is also available [3,12-14], a
feature that is reminiscent of the synergism between sterols first observed in lower eukaryotes
[15,16]. Thisisinterpreted asadual role of sterols in cell growth: a bulk membrane requirement,
which can be satisfied by different sterols with broad specificity, and a regulatory role that is
highly specific and fulfilled by small amounts of the selected sterol, cholesterol in mammalian
cells.

Rothblat et al reported that L-cell mouse fibroblasts, which are defective in cholesterol
biosynthesis and accumulate desmosterol, are able to survive and proliferate indefinitely in
lipoprotein-deficient serum [17]. This indicated that in L-cells cholesterol can be replaced by
desmosterol. Desmosterol, the immediate unsaturated precursor, is converted to cholesterol
through a reaction catalyzed by sterol-A?4-reductase (DHCR24, also known as Seladin-1).
Desmosterol only differs from cholesterol in the presence of a double bond in the side chain
at C24. Nevertheless, it has been suggested that, aside from the structural stringency of sterols,
the ability of cells to compensate through changes in the composition of membrane lipids is
also important in order to adapt to growth without cholesterol [13]. Whether this adaptability
is a peculiarity of certain cells, such as fibroblasts, or it is a common phenomenon is unknown.

The SREBP family consists of three members, designated SREBP-1a, SREBP-1c and
SREBP-2, which are encoded by two genes, Srebfl — that gives rise to SREBP-1a and
SREBP-1c - and Srebf2. The SREBPs are synthesized as precursor proteins that are embedded
in the membrane of the endoplasmic reticulum (ER). In this location, SREBPs bind to the
SREBP cleavage-activating protein (Scap), which serves as both a cholesterol sensor and an
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escort protein. When cells are depleted of cholesterol, Scap escorts SREBP from the ER to the
Golgi apparatus via COPII-coated vesicles. In the Golgi apparatus, SREBPs are cleaved
sequentially by the Site-1 and Site-2 proteases, releasing the NH,-terminal domain of the
protein, which is the active transcription factor. This mature form of SREBPs enters the nucleus
and binds to specific nucleotide sequences known as sterol regulatory elements (SRE) located
in the promoters of target genes, thus activating their transcription. When the cholesterol
content of the ER membrane rises, cholesterol binds to Scap and induces a conformational
change that allows Scap to bind to Insig-1 or Insig-2, which are resident membrane proteins
of the ER. This interaction results in the retention of Scap/SREBP complexes in the ER by
preventing their incorporation into transport vesicles and subsequent SREBP cleavage in the
Golgi apparatus [8,18]. Different sterols can induce a conformational change in Scap in cell
membrane suspensions [19] and/or can inhibit SREBP processing in intact cells [20]. Certain
cholesterol-derived oxysterols, such as 25HC, are potent inhibitors of SREBP processing. In
this case, the inhibition is initiated by its binding to Insig but not to Scap [19,21], causing Insig
to bind to Scap and thereby blocking the export of Scap/SREBP complexes from the ER [20,
22].

As master regulators of lipid homeostasis, SREBPs induce the transcription of many genes
involved in both cholesterol and fatty acid metabolism. SREBP-1a and, especially, SREBP-1c
preferentially activate genes for fatty acid biosynthesis and their incorporation into
triglycerides and phospholipids, whereas SREBP-2 principally activates genes involved in
cholesterol biosynthesis and uptake [23,24]. Moreover, SREBPs stimulate the expression of
genes of the regulatory machinery, such as those encoding SREBP-1, SREBP-2 and Insig-1
[18,23,24].

Recently, DHCR24 and its substrate, desmosterol, have generated great interest due to the
down-regulation of DHCR24 in regions of the brain affected by Alzheimer's disease [25]. By
contrast with other cholesterol analogues, desmosterol is an abundant component of the
membrane of certain mammalian cells such as spermatozoa [26] and astrocytes [27], and high
desmosterol levels have been detected in developing brain [28]. Mice with a targeted disruption
of DHCR24 (Dhcr247/") were viable but infertile, although they had no gross morphological
defects [29]. This is in marked contrast to the multiple severe inborn defects appearing in human
subjects with desmosterolosis, who carry a mutation in DHCR24 [30,31]. It should be noted,
however, that analysis of sterol content in embryos of Dhcr24~/~ mice revealed that the animals
represent a low-cholesterol, high-desmosterol model rather than being cholesterol-free [29,
32]. Furthermore, there is no evidence that either of the two cases of desmosterolosis reported
to date were cholesterol-free during development [30,31]. Thus, a possible contribution of
cholesterol to cell proliferation and other cellular processes in these situations can not be ruled
out. J774 mouse monocyte/macrophages have been reported to be unable to convert
desmosterol into cholesterol [33]. Using this cell line, in the present study we addressed the
capacity of desmosterol to replace cholesterol in sustaining cell proliferation and regulating
the SREBP pathway.

MATERIALS AND METHODS

Materials

J774A.1 mouse monocyte/macrophages (ATCC TIB-67) and HL-60 human promyeloblasts
(ATCC CCL-240) were obtained from the American Type Culture Collection. Fetal bovine
serum (FBS), RPMI, antibiotics and L-glutamine were purchased from Gibco BRL.
Lipoprotein deficient serum (LPDS) was obtained by ultracentrifugation of FBS at a density
of 1.21 kg/L. DCCM-1 was purchased from Biological Industries. Lovastatin was from Merck,
Sharp and Dohme. Cholesterol, mevalonate and 5-fluorodeoxyuridine were purchased from
Sigma and desmosterol, cholest-5,22-trans-dien-3p-ol and 25-hydroxycholesterol (25HC)
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were from Steraloids. Hydroxypropyl-p-cyclodextrin (HPCD) and methyl-B-cyclodextrin
(MCD) were obtained from Sigma. [3H-methyl]thymidine (5 Ci/mmol) and [2-14C]acetate (53
mCi/mmaol) were from Amersham Biosciences. Multiscreen-HV culture plates were purchased
from Millipore. All other chemicals were of analytical grade.

Cell cultures

J774 and HL-60 cells were maintained in RPMI containing 10% FBS, 100 U/ml penicillin,
100 U/ml streptomycin and 10 pg/ml gentamicin at 37 °C in a humidified atmosphere
containing 5% CO,. J774 cells were adapted to grow in the cholesterol-free medium DCCM-1
supplemented with 2 mM L-glutamine and the above mentioned antibiotics. For this, the
regular maintenance medium was gradually replaced by increasing the proportion of DCCM-1
every two days, until complete withdrawal of the maintenance medium was achieved on the
eighth day. Thereafter, the cells were grown in DCCM-1 and passaged every three days.

Proliferation assays

DCCM-1 was replaced with fresh medium and the cells were plated in sterile 96-well
Multiscreen-HV plates at 2 x 10* cells in a final volume of 225 pL. The medium was
supplemented with lovastatin (final concentration, 0.5 uM) dissolved in dimethylsulfoxide
(final concentration, 0.044%), pure sterols dissolved in ethanol (final concentration, 0.44%),
and/or the corresponding vehicles, as indicated. At 71 h of incubation, the medium was
supplemented with 10 mM 5-fluorodeoxyuridine and 1 h later with 0.5 uCi [3H-methyl]
thymidine. Following a further 18 h of incubation the cells were processed for the measurement
of radioactivity incorporated into DNA, as described previously [1]. Cells (2.5 x 10%/ml) were
also incubated in 12-well plates in the indicated conditions for 72 h to determine cell number
and viability by trypan blue dye exclusion using a hemocytometer.

Analysis of sterol biosynthesis and content by HPLC

To study sterol biosynthesis, 107 cells were incubated in 10 ml of the indicated medium
supplemented with 40 uCi [2-14C]acetate for 10 h (in RPMI containing 10% LPDS) or 72 h
(in DCCM-1). Subsequently, cells were washed twice with PBS and lysed with 0.5 ml of 10%
KOH. Protein concentration was determined in an aliquot as described above. The
nonsaponifiable lipid fraction was isolated and analyzed by HPLC and radioactivity counting
as described previously [11]. Briefly, ergosterol was added to the samples as an internal
standard and the lipid fraction was extracted with chloroform/methanol (2:1, v/v). Lipids were
subjected to saponification and the nonsaponifiable fraction was extracted and resuspended in
hexane. Sterol separation was accomplished by reverse-phase HPLC with a Luna 5 um C18
column (Phenomenex). The eluate was monitored simultaneously by UV absorption using a
Beckman 168 variable-wavelength detector (Beckman Instruments) and online radioactivity
detection using an LB-506 C-1 detector (Berthold). Peaks were identified by comparing their
retention time and UV spectrum with those of pure sterol standards. Sterols were quantified
by measurement of the area under the peak at 206 nm. The lowest limit of detection (LOD) for
cholesterol was less than 60 ng/ml.

Analysis of Dhcr24 expression

Total RNA was extracted with TriReagent (Sigma). For Northern blot analysis, 80 ug of total
RNA were subjected to electrophoresis in a 1.2% agarose gel containing 2.2 M formaldehyde,
transferred to Hybond-N+ membranes (Amersham) and cross linked with UV light. The blots
were then hybridized with Dhcr24 and Gapdh cDNA probes labelled with digoxygenin using
the DIG High Prime DNA Labelling and Detection Starter Kit (Roche). The detection of the
probes was carried out with an alkaline phosphatase-labelled antibody against digoxygenin

and developed by chemiluminescence following the instructions given by the manufacturer.
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The cDNA probes were prepared by RT-PCR (see below) using primers no. 2 and 3 for
Dhcr24 detection and primers no. 9 and 10 for Gapdh detection (Supplementary Table S1).

For RT-PCR analysis of Dhcr24, 2 g of total RNA were reverse-transcribed with 200 U of
M-MLV-RT enzyme (Promega) using random hexamers (Promega). Two pl of cDNA were
then amplified by PCR with 2.5 U of TagGold DNA Polymerase (Applied Biosystems) by
using primers no. 1 and 2 (Supplementary Table S1). Gapdh was used as an internal control
(primers no. 9 and 10, Supplementary Table S1). To amplify Dhcr24 cDNA fragments of
increasing length, total RNA was reverse-transcribed as above, and cDNA was subjected to a
set of PCRs in which a sense primer whose sequence was comprised in exon 1 of Dhcr24
mRNA (primer no. 3, Supplementary Table S1) was combined with different antisense primers
whose sequences were located in exons 2 to 7 (primers no. 4-8, respectively; Supplementary
Table S1). The PCR products were resolved in a 1% agarose gel and were photographed using
a gel documentation system (Kodak 1D Software).

Analysis of SREBP processing

On day 0, cells were plated at 108 cells/well in 6-well plates. On day 1, they were washed with
PBS and switched to medium containing 2.5% LPDS (J774 and L cells) or to fresh DCCM-1
(J774-D cells), both supplemented with 1% (HPCD, Sigma), 2.5 uM lovastatin and 0.1 mM
mevalonate, and incubated for 1 h. Next, cells were washed twice with PBS and switched to
the same medium but without HPCD in the absence or presence of 0.5 pg/mL 25HC dissolved
in ethanol, 25 pg/mL cholesterol or desmosterol dissolved in ethanol or 11.6 pg/mL cholesterol
or desmosterol complexed with MCD. The sterol-MCD complexes were prepared as described
elsewhere [19]. After incubation for 5 h, cells were washed with PBS, harvested and processed
for western blot analysis and RNA isolation.

Western blot analysis

For LDL receptor detection cells were lysed in 20 mM Tris-HCI buffer, pH 8, containing 120
mM KCI, 1 mM DTT, 1 mM Nay-EDTA, 2 mM EGTA, 0,1 % Triton X-100, 0,5 % Nonidet
P40, 1 mM benzamidine, 10 pg/mL antipain, 1 ug/mL leupeptin, 40 ug/mL aprotinin, 100 mM
NaF, 20 mM sodium molibdate, 20 mM B-glycerophosphate, 2 mM sodium ortovanadate and
1 mM PMSF and subsequently sonicated. For SREBP processing analysis, the above
mentioned lysis buffer was supplemented with 1 ug/mL of the caspase-3 inhibitor Ac-DMQD-
CHO (Alexis), and cells were passed through a 22-gauge needle 10 times. For HMG-CoA
reductase detection the lysis buffer was 1M PBS, pH 7.4, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 0.01% sodium azide, 5 mM Nay,-EDTA and 0.1 M NaCl. After
passing the cells through a 22-gauge needle 10 times, proteins were precipitated with
trichloroacetic acid and resuspended in Laemmli sample buffer [34]. The protein concentration
of each cell lysate was measured by using the BCA kit (Pierce), and equal amounts of protein
were subjected to 10% SDS-PAGE. The proteins were transferred to a nitrocellulose filter and
probed with rabbit polyclonal antibodies against LDL receptor [35], HMG-CoA reductase
[36], SREBP-1 [37], SREBP-2 [38], or actin as the loading control (Amersham). Bound
antibodies were visualized by chemiluminescence (ECL from Amersham or Inmun-Star HRP
from Bio-Rad) and exposure to X-ray film (Hyperfilm, Amersham). Optical density of the
bands was quantified by using the ImageQuant TL software (Amersham).

Quantitative real-time PCR

Total RNA was extracted with TriReagent (Sigma). Two ug of total RNA were reverse-
transcribed with 200 U of M-MVL reverse transcriptase enzyme (Promega) using oligo(dT)
primers (Promega). The cDNA was then subjected to quantitative real-time PCR using the
FastStart DNA Master SYBR Green | kit and LightCycler 2.0 equipment, and data were
analyzed with the manufacturer's software version 4.05 (Roche Diagnostics GmbH). Analyses
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were performed in duplicate using the cyclophilin B gene (Cypb) as the invariant control.
Primer sequences for the different genes analyzed are shown in Supplementary Table S1.

Statistical analyses

Statistical comparisons were performed by paired t-test using SigmaStat, version 2.3 (Jandel
Corporation, San Rafael, CA). Statistical significance was set at P < 0.05.

It has been reported that J774 cells are unable to synthesize cholesterol and instead accumulate
desmosterol, suggesting a deficiency of DHCR24 activity [33]. This was confirmed in the J774
cells used in the present study by analyzing the incorporation of [14C]acetate into sterols. As
shown in Figure 1A, HL-60 cells, which were used as a reference, accumulated most of the
radioactivity in cholesterol. By contrast, no incorporation of 14C into cholesterol was detected
in J774 cells; instead 14C accumulation was observed in desmosterol (Figure 1A).

To explore the defect underlying the deficiency of DHCR24 activity, we first analyzed RNA
extracts from J774 cells and mouse liver as control by Northern blot. As shown in Figure 1B,
no Dhcr24 mRNA was detected in J774 cells. Then, the mRNA sequence corresponding to
exons 8 and 9 of Dhcr24 was subjected to RT-PCR. Again, no cDNA was detected (Figure
1C). To further increase the sensitivity of the assay, quantitative real-time RT-PCR was
performed to amplify different regions of Dhcr24, but no amplification product was obtained
from J774 cells in any case (results not shown). Next, we tested for possible truncated mRNAs.
Total RNA was reverse-transcribed and cDNA fragments of increasing length were amplified
by combining a sense primer located in exon 1 of Dhcr24 mRNA with different antisense
primers located in exons 2 to 7. In contrast to liver samples, only a faint band was detectable
in J774 cells. This band comprised sequences up through exon 2. No detectable amplification
product was obtained for any of the longer fragments studied (Figure 1D). These results
demonstrate that J774 cells are defective in the production of a normal Dhcr24 transcript.

Next, we analyzed whether desmosterol is able to substitute for cholesterol for the survival and
proliferation of J774 cells. Cholesterol was the predominant sterol in cells growing in 10%
FBS. After 3 days growing in 10% LPDS, desmosterol became the major sterol (Figure 2A).
Despite the inability of J774 cells to synthesize cholesterol, cholesterol levels were still
approximately one-fifth of total sterol content after 10 days in 10% LPDS (Figure 2A). This
observation may be explained by the low concentration of cholesterol usually present in 10%
LPDS (approximately 0.2 ug/ml). To test whether biosynthetic desmosterol could completely
replace cell cholesterol in viable J774 cells, the regular maintenance medium containing 10%
FBS was replaced with a cholesterol-free medium (DCCM-1). As shown in Figure 2A, J774
cells have been growing in this medium, with passages every three days, for as long as 13
months, the time at which the culture was interrupted. We designated these J774-D cells. They
were unable to express the normal Dhcr24 transcript (Figure 1D) or to synthesize cholesterol.
Instead, they accumulated biosynthetic desmosterol, as measured by incubation with [2-14C]
acetate for 72 h (Figure 2B). Consistently, cellular cholesterol was undetectable (less than 0.017
% of total sterols in J774 cells) from 10 days after the complete withdrawal of serum;
desmosterol was the only quantifiable sterol (Figures 2A and 2C). Replacement of the regular
maintenance medium was performed on multiple occasions and in each case the cells
successfully adapted to growth in cholesterol-free medium, indicating that this was not the
result of selecting a specific cell mutant. On average, cellular levels of desmosterol in cells
growing in DCCM-1 were similar to the sum of cholesterol plus desmosterol levels in cells
growing in 10% FBS (Figure 2D). Therefore, J774 cells were able to grow indefinitely after
the virtually complete replacement of cholesterol by desmosterol. These cells were used for
subsequent studies at least three weeks after complete withdrawal of FBS.
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To assess the effect of the addition of cholesterol or desmosterol on the proliferation of J774-
D cells, incorporation of [3H-methyl]thymidine was analyzed in DCCM-1 medium. The
addition of either cholesterol or desmosterol up to a final concentration of 10 pg/ml slightly
increased [2H-methylJthymidine incorporation in the control condition (Figure 3A). Treatment
with 0.5 uM lovastatin completely abolished cell proliferation (Figure 3A). However, a dose
of 2.5 pug/ml of either cholesterol or desmosterol was sufficient to completely overcome the
inhibitory effect of the drug (Figure 3A). Similar results were obtained by counting the number
of viable cells (Figure 3B), indicating that the [3H-methyl]thymidine incorporation assay
reflected actual effects on cell proliferation. These findings indicate that desmosterol can
sustain J774 cell proliferation in the absence of cholesterol.

Cholest-5,22-trans-dien-3p-ol, a structural analog of desmosterol that is not converted into
cholesterol [39], has also been shown to support the growth of S cells, a sterol auxotrophic
cell line derived from L cells and which fails to demethylate lanosterol in the course of
cholesterol biosynthesis [13]. Given the ability of J774-D cells to proliferate with only
desmosterol, we tested the effect of cholest-5,22-trans-dien-3p-ol on proliferation of J774-D
cells. As shown in Figure 3, this sterol partially prevented the inhibitory effect of lovastatin,
but it was unable to restore the proliferation rate to control values. Thus, cholest-5,22-trans-
dien-3B-ol was not equivalent to its analogue desmosterol in supporting J774-D cell
proliferation.

A functional SREBP pathway is required for cell survival and proliferation [9]. The SREBP
family of transcription factors regulates the expression of many genes involved in lipid
homeostasis in response to changes in cellular cholesterol content. Thus, we next analyzed the
ability of desmosterol, cholesterol and 25HC to inhibit the SREBP pathway in J774-D cells.
For this, we tested the short-term effect of these sterols on SREBP-1 and -2 processing and on
SREBP-targeted gene expression when added to sterol-deprived J774-D cells. As shown in
Figure 4A, 25HC markedly decreased the ratio between the mature (M) and the precursor (P)
forms of both SREBP-1 and -2, indicating an inhibition of their processing as compared with
the controls. Accordingly, the mRNA levels of HMG-CoA reductase (Hmgcr), the LDL
receptor (LdIr) and Insigl were lower in 25HC-treated cells than in controls (Figure 4B). Such
effects of 25HC on Hmgcr and Ldir mRNAs were paralleled by reductions of HMG-CoA
reductase and LDL receptor protein levels (Figure 4C). Cholesterol and desmosterol were
added to the cells dissolved in ethanol, as was 25HC, or complexed with MCD to increase their
solubility. Cholesterol, either dissolved in ethanol or complexed with MCD, inhibited
SREBP-1 and SREBP-2 processing (Figure 4A) and decreased Hmgcr, Ldlr and Insigl mRNA
levels (Figure 4B), although less potently than 25HC. Cholesterol also caused a reduction of
HMG-CoA reductase and LDL receptor protein levels, although the effect on the former protein
was null when cholesterol was added in ethanol (Figure 4C). Desmosterol, added in any of the
two vehicles, suppressed SREBP-1 and SREBP-2 processing and the expression of the above
mentioned genes and proteins at least as efficiently as cholesterol did (Figure 4).

The inhibition of SREBP processing and targeted gene expression by desmosterol was also
observed in sterol-deprived parental J774 cells (Supplementary Figure S1), indicating that such
responses of J774-D cells to desmosterol were not a consequence of adapting the cells to growth
in the cholesterol-free medium. We then questioned whether desmosterol addition would be
able to regulate the SREBP pathway in L-cell mouse fibroblasts, another cell model defective
in DHCR24 activity [17]. Similarly to J774-D and parental J774 cells, in sterol-deprived L
cells, desmosterol was at least as efficient as cholesterol suppressing SREBP-1 and SREBP-2
processing as well as Hmgcr, Ldlr and Insig1 expression (Supplementary Figure S2). Together,
these findings demonstrate that desmosterol inhibits SREBP processing and the expression of
target genes, and that cholesterol-free J774 cells retain the ability to respond to sterols through
the suppression of the SREBP pathway.
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A noticeable finding arising from the analysis of SREBP processing in J774-D (Figure 4A),
parental J774 (Supplementary Figure S1A) and L cells (Supplementary Figure S2A) is that the
absolute amount of the precursor form of SREBP-1 (P-SREBP-1) was markedly increased by
the addition of 25HC, cholesterol or desmosterol as compared with control cells, whereas the
absolute amount of P-SREBP-2 was not changed appreciably by sterol addition. Such an
accumulation of P-SREBP-1 may be a direct consequence of the sterol-induced inhibition of
its cleavage. However, it may also result from an increased expression of the SREBP-1c
isoform through the activation of the liver X receptor (LXR), which is known to stimulate
Srebflc transcription [40]. We then analyzed the effect of those sterols on the levels of
Srebflc mRNA and, for comparison, those of Srebf2 mRNA. As shown in Figure 5, when
desmosterol was delivered complexed with MCD it significantly increased Srebflc mRNA
levels as compared with control cells, whereas no effect was produced by other additions.
Neither addition influenced Srebf2 mRNA levels (Figure 5). The expression of another LXR-
targeted gene, Abcal, was also analyzed. It was found that 25HC and desmosterol, when added
either dissolved in ethanol or complexed with MCD, increased Abcal mRNA levels (Figure
5). Therefore, desmosterol can stimulate the expression of LXR-targeted genes in J774-D cells.

The fact that desmosterol increased Srebflc expression while inhibiting SREBP-1 processing
led us to ask what would be the net effect on the expression of genes required for fatty acid
biosynthesis, which are characteristic SREBP-1c targets [23]. Thus, we addressed the effect
of desmosterol addition on the expression of fatty acid synthase (Fas) and stearoyl-CoA
desaturase-1 (Scd1) in J774-D cells. As shown in Figure 6, desmosterol, 25HC and cholesterol
decreased Fas mRNA levels. By contrast, the different sterols did not decrease Scdl mRNA
levels, but, instead, desmosterol and cholesterol significantly enhanced it when added
complexed with MCD (Figure 6).

Finally, we tested the ability of endogenously produced desmosterol to regulate the expression
of SREBP and LXR gene targets. For this, J774-D and HL-60 cells, as a control, were treated
with 0.25 puM lovastatin for 24 h, which was then removed to promote a burst of de novo sterol
biosynthesis [41]. The expression of Hmgcr, Insigl and Abcal was studied up to 24 h after the
removal of the drug. The results are shown in Figure 7. In J774-D cells, lovastatin increased
the mRNA levels of Hmgcr and Insigl, and both returned to control levels by 8 h after lovastatin
removal. As regards Abcal, lovastatin decreased its mMRNA levels, which increased up to
control levels after lovastatin removal. Qualitatively similar results were obtained in HL-60
cells for HMGCR, INSIG1 and ABCAL, respectively (Figure 7). These findings suggest that
endogenously produced desmosterol is able to regulate the expression of SREBP and LXR
gene targets in a similar manner to that of endogenously produced cholesterol.

DISCUSSION

J774 cells are unable to synthesize cholesterol and instead accumulate desmosterol. Present
results show that the lack of cholesterol biosynthesis in J774 cells results from their inability
to produce a normal Dhcr24 transcript. This leads to the complete absence of enzyme, and is
consistent with the virtually total replacement of cholesterol by desmosterol in J774-D cells
when growing in a cholesterol-free medium. Using this cell model we addressed the capacity
of desmosterol to substitute for cholesterol in two essential and tightly linked functions in
mammalian cells, namely, the maintenance of cell growth and the control of regulatory
responses involved in the maintenance of lipid homeostasis.

The ability of J774-D cells to grow indefinitely in a cholesterol-free medium demonstrates that
desmosterol is sufficient to support cell survival and proliferation. Therefore, desmosterol can
perform the dual role attributed to cholesterol in mammalian cell growth, namely, the formation
of membranes, an ability shared by different sterols, and the highly specific regulatory function,
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which is fulfilled by small amounts of the species' selected sterol, cholesterol in mammalian
cells [3,4,12,13]. This finding extends previous results obtained in L-cell mouse fibroblasts
[13,17] and indicates that the ability of desmosterol to substitute for cholesterol is not a
peculiarity of fibroblasts. The fact that the addition of either desmosterol or cholesterol
overcomes the inhibitory effect of lovastatin on proliferation of J774-D cells further supports
the suggestion that both sterols can be used interchangeably for cell growth in J774 cells.

As far as we know, desmosterol is the only sterol proven to be able to completely substitute
for cholesterol in mammalian cells for an indefinite period of time. Although our observations
in J774 cells and previous findings with L cells are consistent with the obvious proliferation
that takes place in the Dhcr24~~ mice and in human subjects with desmosterolosis, the
Dhcr24~'~ mice actually represents a low-cholesterol, high-desmosterol model [29,32], and
there is no evidence that subjects with desmosterolosis were cholesterol-free during
development [30,31]. It is conceivable that desmosterol could replace cholesterol for cell
proliferation in vivo, but the severe abnormalities associated with desmosterolosis indicate that
cholesterol has a unique role in embryogenesis. Another process in which cholesterol and
desmosterol appear not to be equivalent is in the lipid raft/caveolae function, since exchanging
the bulk of cell cholesterol for desmosterol increases caveolin-1 phosphorylation [42] and
impairs insulin signaling [43].

The ability of desmosterol to substitute for cholesterol in maintaining membrane integrity may
not be surprising, since it differs from cholesterol only in the presence of a double bond at C24,
and it otherwise satisfies the structural features required to support cell growth [10,11].
Interestingly, cholest-5,22-trans-dien-3p-ol, which only differs from desmosterol by the
position of the double bond (C22 vs. C24) in the side chain, was not able to effectively support
J774-D cell proliferation, thus demonstrating the specificity of this effect. The partial
prevention of the inhibitory effect of lovastatin by cholest-5,22-trans-dien-3p-ol suggests that
this compound has some capacity to cooperate with desmosterol in a process that is similar to
the synergism between sterols described previously [3,12-14]. The discrepancy between the
effects of desmosterol and cholest-5,22-trans-dien-3p-ol on cell proliferation may reflect a
distinct requirement for accompanying membrane lipids imposed by the distance of the side
chain double bond to the steroid nucleus. Our findings contrast with those obtained by
Rujanavech and Silbert in S, cells, an L cell-derived sterol auxotrophic cell line, which grow
normally on either desmosterol or cholest-5,22-trans-dien-3p-ol [13]. The reason why J774-
D cells discriminate between these two sterols whereas Sy cells do not is unknown, but it may
be due to a differing ability to undergo accompanying compensatory changes in membrane
lipids.

In response to changes in cholesterol levels, SREBP-2 controls the cholesterol biosynthesis
pathway and lipoprotein uptake, whereas SREBP-1, and especially the SREBP-1c isoform,
regulates the biosynthesis of free fatty acids and acylglycerols, also required for membrane
biosynthesis. It was predictable that J774-D cells would be able to control lipid homeostasis
as to preserve cell viability and proliferation. We were, therefore, interested in studying the
ability of desmosterol to substitute for cholesterol in the regulation of the SREBP pathway.
We found that desmosterol is able to inhibit SREBP-1 and SREBP-2 processing, as observed
both in J774 and L cells. Accordingly, in these cells the expression of Hmgcr and Ldlr, two
preferential SREBP-2 target genes [23], was suppressed by desmosterol. Similarly,
desmosterol reduced the expression of Insigl, whose expression can be stimulated by
SREBP-1c [18]. Addition of desmosterol to J774-D cells also decreased Fas expression, which
is regulated principally by SREBP-1c [23]. Consistently with these studies, the treatment of
J774-D cells with lovastatin produced an up-regulation of SREBP-targeted genes, whereas
after lovastatin removal the expression of these genes returned to control levels. This suggests
that, like cholesterol, endogenously produced desmosterol can regulate the SREBP pathway.
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However, contributions to these effects by other endogenously produced sterols, notably 24
(S),25-epoxycholesterol, cannot be excluded [41]. Such effects of desmosterol are in keeping
with the finding that desmosterol, like cholesterol, can induce a conformational change in Scap
when assayed in cell membrane suspensions [19]. This conformational change causes Scap to
bind to Insig, thereby retaining the Scap/SREBP complex in the ER and precluding SREBP
processing [8,18]. Consistent with this, desmosterol treatment of CHO cells has recently been
shown to reduce SREBP-2 processing [20,44], although the possibility existed that its
conversion into cholesterol mediated such an effect. Our findings unambiguously show that
desmosterol inhibits SREBP processing in intact cells that cannot convert it to cholesterol at
least as efficiently as does cholesterol added with the same vehicle.

Current results demonstrate for the first time that cells virtually free of cholesterol retain the
capacity to respond to sterols such as desmosterol and cholesterol through the inhibition of the
SREBP pathway. They also respond to 25HC, whose potent inhibitory effect is exerted by
binding to Insig [20,22], but not to Scap [19,21]. Therefore, the replacement of cholesterol
with desmosterol in cell membranes is compatible with the functioning of the SREBP pathway,
sterols being able to suppress SREBP processing by binding to either one of the two sterol
sensors, Scap or Insig.

Increased expression of both Abcal and Srebflc, two well known LXR targets, following
addition of desmosterol to J774-D cells suggests activation of this nuclear receptor.
Consistently, we also found that Abcal is up-regulated in response to increased production of
endogenous desmosterol after lovastatin pretreatment. However, the involvement of other
sterols, such as 24(S),25-epoxycholesterol, in the effect of lovastatin removal cannot be
excluded [41]. It has recently been demonstrated that desmosterol is an LXR ligand [44].
Moreover, all these observations are in agreement with the up-regulation of hepatic Srebflc,
Cyp7al, Abcg5 and Abcg8, all of which are LXR targets, in the Dhcr24~/~ mouse [45].
Surprisingly, hepatic Abcal expression was not enhanced in this animal model, which may
reflect a differential regulation of this gene by LXR in hepatocytes and monocyte/macrophages
like J774 cells. Desmosterol-induced stimulation of Abcal expression suggests that
desmosterol itself might be released from cells through the ABCA1 transporter, thus
contributing to the reported high efficiency of the efflux of biosynthetic desmosterol [46,47].

Addition of 25HC also raised Abcal expression, although, in contrast to desmosterol, it failed
to affect Srebflc expression. The latter result is consistent with the notion that 25HC is a weak
activator of LXR [48], but other mechanisms may be involved. Besides being stimulated by
LXR, Srebflc transcription is also up-regulated by SREBPs, including SREBP-1c [49,50].
Therefore, the lack of effect of 25HC on Srebflc expression may be the consequence of the
counterbalance between two opposite mechanisms: the activation of the LXR pathway and the
suppression of the SREBP pathway. Relative to 25HC and cholesterol, excess desmosterol
appears to be more effective activating the LXR pathway, thus markedly increasing the
expression of both Abcal and Srebflc.

Apart from influencing the expression of genes involved in cholesterol homeostasis,
desmosterol altered the expression of genes for fatty acid biosynthesis, such as Fas and Scd1,
as well as their upstream regulator Srebflc. Similarly to cholesterol and 25HC, desmosterol
had a differential effect on Fas and Scd1 expression. While lowering Fas mRNA levels, in
correspondence to the sterol-induced inhibition of SREBP-1 processing, Scdl mRNA levels
were increased (desmosterol and cholesterol) or unchanged (25HC). A possible involvement
of an LXR-mediated up regulation of Scd1 can not be ruled out [51]. Similarly to our findings,
it has been observed previously that feeding mice a cholesterol-rich diet can produce different
responses of hepatic expression of Fas and Scd1 [40]. Considered together, these results
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suggest a differential regulation of both genes by sterols, in such a way that the expression of
Fas is more responsive than that of Scd1 to the sterol-induced inhibition of SREBP-1 cleavage.

Current results show that desmosterol can replace cholesterol in sustaining J774 cell
proliferation. These cells have a functional SREBP pathway, which, by regulating lipid
homeostasis, presumably contributes to cell viability and growth. Desmosterol, like cholesterol
and 25HC, is able to suppress SREBP processing and targeted gene expression. On the other
hand, in comparison with cholesterol and 25HC, desmosterol is especially effective activating
LXR-targeted genes. Such effects of desmosterol on SREBP and LXR pathways may be
relevant for lipid homeostasis in cells and tissues with high desmosterol content, such as
spermatozoa [26], astrocytes [27] and the developing brain [28].
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SREBP sterol regulatory element-binging protein
Srebflc sterol regulatory element-binding factor 1c
rebf2 sterol regulatory element-binding factor 2
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Figure 1.

Sterol biosynthesis and Dhcr24 expression in J774 cells. (A) [1*C]Acetate incorporation into
sterols in J774 and HL-60 cells. Cells were incubated in RPMI containing 10% LPDS
supplemented with 40 uCi of [14CJacetate for 10 h and the cell extracts containing the
nonsaponifiable lipid fraction were analyzed by reverse-phase HPLC and in-line radioactivity
counting. The arrows indicate the elution times of desmosterol (des), and cholesterol (chol).
nd, not detected. (B) Northern blot analysis of RNA of J774 cells and mouse liver. Total RNA
was subjected to electrophoresis and blot hybridization with digoxygenin-labelled cDNA
probes for mouse Dhcr24 and mouse Gapdh. (C) RT-PCR analysis of RNA of J774 cells and
mouse liver for detection of Dhcr24 and Gapdh. (D) RT-PCR analysis of RNA of J774 cells
and mouse liver for detection of Dhcr24 cDNA fragments of increasing length and comprising
regions expanding from exon 1 up to exon 7, as indicated. J774-D cells are J774 cells grown
in DCCM-1 (see text). The upper panel indicates the position of the sense (no. 3 in
Supplementary Table S1) and antisense (no. 4-8 in Supplementary Table S1) primers (filled
and empty arrowheads, respectively) used for the amplifications and the resulting cDNA
fragments (horizontal bars). stand., standard; bp, base pairs.
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Figure 2.

Sterol content and biosynthesis in J774 cells adapted to grow in a cholesterol-free medium.
(A) Cholesterol and desmosterol content of cells at different times of growth after the complete
replacement of RPMI containing 10% FBS with either RPMI containing 10% LPDS or
DCCM-1. (B and C) HPLC profiles of radioactivity (B) and absorbance at 206 nm (C) of
sterols from cells at day 21 of growth in DCCM-1. DCCM-1 was supplemented with 40 pCi
of [14CJacetate for 3 days and the cell extracts containing the nonsaponifiable lipid fraction
were analyzed by reverse-phase HPLC and in-line radioactivity counting. The arrows indicate
the elution times of desmosterol (des), cholesterol (chol) and ergosterol (erg). d, days; m,
months; is, internal standard; nd, not detected. (D) Average cholesterol and desmosterol levels
in cells maintained in RPMI containing 10% FBS or at days 21 to 32 of growth in DCCM-1.
Bars show the mean and whiskers indicate the SEM of data from seven separate cell cultures.
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Figure 3.

Effect of cholesterol, desmosterol and cholest-5,22-trans-dien-33-ol on the proliferation of
lovastatin-treated J774-D cells. (A) [3H-methyl]thymidine incorporation into DNA of cells
incubated in DCCM-1 in the absence or presence of 0.5 uM lovastatin alone or in combination
with the indicated concentrations of cholesterol, desmosterol or cholest-5,22-trans-dien-3p3-ol.
Data correspond to the mean + SEM of triplicates. (B) Cells were incubated in the presence or
absence of 0.5 uM lovastatin alone or in combination with 2.5 ug/ml cholesterol, desmosterol
or cholest-5,22-trans-dien-3p-ol. At 72 h of incubation, the cells were harvested for counting
of viable cells. Data correspond to the mean + SEM of duplicates. Data in A and B correspond
to a representative experiment out of five. chol, cholesterol, des, desmosterol; C-5,22,
cholest-5,22-trans-dien-3p-ol.
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Figure 4.

Effect of 25HC, cholesterol and desmosterol on the SREBP pathway in sterol deprived J774-
D cells. Cells were incubated in DCCM-1 supplemented with 1% HPCD, 2.5 uM lovastatin
and 100 uM mevalonate for 1 h. Then, cells were switched to the same medium but without
HPCD and containing or not (control, C) 0.5 pg/mL 25HC dissolved in ethanol, 11.6 pg/mL
cholesterol (CholMCD) or desmosterol (DesMCD) complexed with MCD or 25 pg/mL
cholesterol (CholEt) or desmosterol (DesEt) dissolved in ethanol, and incubated for additional
5 h. (A) Western blot analysis of SREBP-1 and SREBP-2 processing. Fifty ug of protein were
subjected to SDS-PAGE electrophoresis. The precursor and mature form of SREBPs are
denoted P and M, respectively. The results correspond to a representative experiment out of
three. Lower panels represent the ratio between the respective optical densities of M and P
bands; the ratio obtained for the control condition has been arbitrarily defined as 1. Bars show
the mean and whiskers indicate the SEM of data from three experiments. *, P<0.05; and **,
P<0.01 vs. the control condition by paired t-test. (B) Hmgcr, LdIr and Insigl mRNA levels.
The results are expressed as the relative amount of mMRNA compared to the level in control
condition without sterol. Bars show the mean and whiskers indicate the SEM of data from three
experiments. *, P<0.05; and **, P<0.01 vs. the control condition by paired t-test. (C) Western
blot analysis of HMG-CoA reductase and LDLR protein levels. Fifty pg of protein were
subjected to SDS-PAGE electrophoresis. The results correspond to a representative experiment
out of three.
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Figure 5.

Effect of 25HC, cholesterol and desmosterol on Srebflc, Srebf2 and Abcal mRNA levels in
sterol deprived J774-D cells. Cells were treated as described in Figure 4. The results are
expressed as the relative amount of mMRNA compared to the level in control condition without
sterol (C). Bars show the mean and whiskers indicate the SEM of data from three experiments.
*, P<0.05; **, P<0.01; and ***, P<0.001 vs. control condition by paired t-test.
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Figure 6.

Effect of 25HC, cholesterol and desmosterol on Fas and Scdl mRNA levels in sterol deprived
J774-D cells. Cells were treated as described in Figure 4. The results are expressed as the
relative amount of mMRNA compared to the level in control condition without sterol (C). Bars
show the mean and whiskers indicate the SEM of data from three experiments. *, P<0.05; and
** P<0.01 vs. control condition by paired t-test.
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Effect of endogenously produced desmosterol on the expression of SREBP and LXR gene
targets. J774-D and HL-60 cells (5x10° cells/ml) were preincubated in the absence (control,
C) or presence of 0.25 uM lovastatin for 24 h. Media with lovastatin (lov) were then removed
and the cells were washed with PBS and incubated in fresh media without lovastatin for
additional 8 or 24 h. The levels of Hmgcr, Insigl and Abcal mRNA were measured. The results
are expressed as the relative amount of mMRNA compared to the level in control condition. Bars
show the mean and whiskers indicate the SEM of data from four experiments. *, P<0.05; **,

P<0.01 and ***, P<0.001 vs. control; and #, P<0.05; ##, P<0.01 and ###, P<0.001 vs.

lovastatin pretreatment by paired t-test.
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