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Abstract

The Smith-Lemli-Opitz syndrome (SLOS) is an inherited disorder of cholesterol synthesis caused
by mutations in DHCR7which encodes the final enzyme in the cholesterol synthesis pathway. The
immediate precursor to cholesterol synthesis, 7-dehydrocholesterol (7-DHC) accumulates in the
plasma and cells of SLOS patients which has led to the idea that the accumulation of abnormal
sterols and/or reduction in cholesterol underlies the phenotypic abnormalities of SLOS. We tested
the hypothesis that 7-DHC accumulates in membrane caveolae where it disturbs caveolar bilayer
structure-function. Membrane caveolae from skin fibroblasts obtained from SLOS patients were
isolated and found to accumulate 7-DHC. In caveolar-like model membranes containing 7-DHC,
subtle, but complex alterations in intermolecular packing, lipid order and membrane width were
observed. In addition, the BK; K* channel, which co-migrates with caveolin-1 in a membrane
fraction enriched with cholesterol, was impaired in SLOS cells as reflected by reduced single
channel conductance and a 50 mV rightward shift in the channel activation voltage. In addition, a
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marked decrease in BKcg protein but not mRNA expression levels were seen suggesting post-
translational alterations. Accompanying these changes was a reduction in caveolin-1 protein and
mRNA levels, but membrane caveolar structure was not altered. These results are consistent with
the hypothesis that 7-DHC accumulation in the caveolar membrane results in defective caveolar
signaling. However, additional cellular alterations beyond mere changes associated with abnormal
sterols in the membrane likely contribute to the pathogenesis of SLOS.

Keywords

7-dehydrocholesterol; B-hydroxy-steroid-A’-reductase (DHCR7); birth defects; caveolin-1; lipid
rafts; membrane structure/function

Introduction

Smith-Lemli-Opitz syndrome (SLOS) is an autosomal recessive disorder of cholesterol
biosynthesis caused by mutations in the gene that encodes 3p-hydroxysterol-A’-reductase
(DHCRY), the final enzyme in the cholesterol biosynthetic pathway. Affected individuals
exhibit multiple anatomic malformations and mental retardation, though the phenotypic
expression of this condition is extremely variable. The clinical features of SLOS are thought
to be primarily related to cholesterol deficiency and/or accumulation of cholesterol
precursors and their metabolites. The primary metabolite that accumulates in SLOS is the
immediate precursor to cholesterol in the Kandutsch-Russell cholesterol synthesis pathway,
7-dehydrocholesterol (7-DHC) [1-2]. 7-DHC contains a double bond at carbon seven, which
is reduced by DHCR7 to form unesterified (free) cholesterol (FC), but is otherwise
structurally identical to FC (Figure 1). Tint et a/. [2] first described the biochemical defect in
SLOS patients by virtue of accumulation of 7-DHC in plasma of affected individuals. This
finding has become diagnostic for SLOS and has led to the detailed description of a large
variety of DHCR7mutations with over 130 reported to date and which may explain the large
phenotypic variation observed for this disorder [3—4]. In contrast with the genetics of SLOS,
relatively little work has been done to address the cell biology of this debilitating disease.
The discovery that 7-DHC accumulation might participate in the pathogenesis of SLOS
stems from the early work of Honda et a/. [5] who first demonstrated that 7-DHC
accumulates in skin fibroblasts cultured from patients with SLOS. This observation was
confirmed by Wassif et a/. [6], and extended by us in a study demonstrating that cell
membranes from SLOS fibroblasts contain 7-DHC and are also dysfunctional [7].

Cell membranes are well known to be highly dependent on the presence of cholesterol for
normal structure and function. Cholesterol contains a hydrophaobic sterol ring with a
saturated hydrocarbon side chain attached to carbon 17 which contributes to its profound
lipophilicity. Hence, its preferred environment is in the fatty acyl chain region of cell
membranes where it readily associates with sphingomyelin by virtue of hydrogen bonding to
sphingomyelin’s saturated fatty acyl chains. Together, cholesterol and sphingomyelin tend
to coalesce by phase separation into liquid ordered domains within the plane of the
membrane bilayer to form “cholesterol rafts” [8]. A subset of these lipid rafts incorporate
caveolin, the signature protein of caveolae [9] which binds tightly to cholesterol and is
thought to account for the formation of flask-shaped invaginations in the membrane [10].
Caveolin contains a single hairpin loop comprised of lipophilic amino acid residues which
bind to cholesterol while the amino and carboxyl ends of caveolin orient to the cytosolic side
of the membrane. Caveolin in turn binds a large number of proteins of considerable
importance to cell function, including ion channels, ion transporters, G-protein coupled
receptors, lipid (and cholesterol) transporters and signaling cascades, most of which appear
to be regulated, at least in part, by caveolin [11]. Caveolin has thus come to be appreciated
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as a scaffolding protein within the caveolar complex which functions as an important
signaling module in the cell membrane mediating a host of signaling and transport activities
essential to the health of a large variety of cells.

Since 7-DHC is present in the cell membranes of SLOS patients [7], it is plausible that its
presence may disturb membrane function. Supporting a disrupting action of 7-DHC on
membrane function are the recent observations by Singh, et a/,, [12] that the incorporation of
7-DHC into membranes containing the serotoninga receptor alters ligand binding. In
addition, the potential for 7-DHC to insert into and disturb cell membranes and perhaps
membrane caveolae has been suggested by various studies using model membranes [13-15]
and cell cultures [16-17] in which exogenous cholesterol precursors are added directly to
experimental preparations, or in rats treated with DHCR7 inhibitors [18]. While these
studies show alterations consistent with membrane disturbances, their relevance to
membrane function in humans harboring DHCR7 mutations is not clear.

Considering the importance of caveolar function to normal cell biology, we sought to
determine the degree to which 7-DHC might accumulate in the caveolar membrane and
disturb caveolar function in SLOS patients. Herein we present results demonstrating that 7-
DHC accumulates in the caveolar membrane which is accompanied by alterations in the
function of large-conductance calcium- and voltage-activated potassium channels (BKc,,
MaxiK, Kcal.1 or KCNMAL), a K* channel that co-localizes with caveolin in a cholesterol-
rich membrane fraction and is implicated in cell signaling. The results are consistent with
the hypothesis that 7-DHC contributes to SLOS pathogenesis, in part, by accumulating in
the caveolar membrane where it disturbs membrane structure/function. However, additional
findings of unanticipated complex ion channel activity along with alterations in Cav1 and
BKca MRNA and protein expression suggest that the human condition in which DHCR7
mutations exist may be more complicated than mere alterations in 7-DHC and cholesterol
levels.

Experimental Procedures

Reagents

The following lipids were obtained from Avanti Polar Lipids (Alabaster, AL) and used
without further purification in these experiments: porcine brain L-a-sn-phosphatidylcholine
(POPC), porcine brain sphingomyelin (SPM), and cholesterol (unesterified or free
cholesterol, FC). 7-DHC and 8-dehydrocholesterol (8-DHC) were purchased from Sigma-
Aldrich. Lipids were stored in chloroform at 10 mg/mL at —20°C until use.

Cell cultures of human SLOS skin fibroblasts

Skin fibroblasts were obtained from SLOS patients and healthy control subjects, and grown
to confluence in MEM+10% fetal bovine serum (FBS) supplemented with nonessential
amino acids. Prior to experiments, the SLOS cells were transferred to MEM+10%
lipoprotein deficient serum (LPDS) for 5 — 7 days to remove exposure to exogenous
cholesterol (lipoproteins) otherwise present in normal FBS. Fibroblasts from a total of 5
SLOS patients and 5 control subjects were used. All cells were studied between passage 4
and 11, and all assays were performed at 37°C. Approval to use human skin fibroblasts was
granted by the University Institutional Review Boards prior to the initiation of this study.

Isolation of cholesterol-rich cell membrane fractions

Cholesterol-rich cell membrane fractions were isolated using a detergent-free method
essentially as described by Song et a/. [19]. Briefly, fibroblasts were scraped into 1 ml of
500 mM sodium carbonate, pH 11.0 and lysed by sheering through a 23-ga. needle 10 times
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and sonicating 3 times for 15 seconds. The homogenate was adjusted to 40% sucrose and
placed at the bottom of an ultracentrifuge tube. A 5-35% discontinuous sucrose gradient
was applied above the homogenate by adding 6 ml of 35% sucrose and 4 ml of 5% sucrose
(both in MBS containing 250 mM sodium carbonate) and centrifuged at 39,000 rpm for 3
hours in an SW41 rotor (Beckman Instruments, Palo Alto, CA). 1 mL fractions were
aspirated starting from the top of the gradient. A light-scattering band confined to the 5-35%
sucrose interface (/.¢e., fraction 4), which contained caveolin (see Fig 4), was aspirated for
further analysis.

Sterol analysis

For caveolar membrane sterol measurements, cholesterol-rich membrane fractions
containing Cav-1 were isolated as described above. Coprostanol (1 mg) was added as an
internal recovery standard and membrane pellets were extracted in chloroform/methanol/
water [20]. The chloroform phase was collected and dried under nitrogen. Sterols were
identified and quantitated using gas-liquid chromatography/mass spectrometry (GC/MS), as
previously described [2]. Briefly, an aliquot of the extract was hydrolyzed in 1N NaOH
ethanol for 1 hour at 70°C, extracted with /+~hexane, and converted into trimethylsilyl (TMS)
ether derivatives which were injected into a capillary column. This column was a chemically
bonded, fused silica, nonpolar CP-Sil 5CB (25m x 0.25 mm ID: stationary phase, 100%
dimethylsiloxane) (Chrompack, Raritan, NJ); helium was used as the carrier gas at a flow
rate of 1 ml/min. To achieve optimal separation of sterols, the column oven temperature was
programmed to change from 100°C to 265°C at 35°C/min after a 2 minute delay from the
time of injection. The chromatograph was calibrated with a standard consisting of 1 ug each
of authentic coprostanol and 7- and 8-DHC. Membrane sterol content was expressed as the
ratio of sterol to protein. Protein was quantitated using the method of Lowry [21].

Preparation of model membranes

Model membrane vesicles were prepared from various combinations of palmitoyloleyl
phosphatidylcholine (PC), sphingomyelin (SPM), free cholesterol (FC) and 7-DHC at molar
ratios approximating those found in caveolar membrane fractions isolated from normal and
SLOS skin fibroblasts [22-23]. For sterol location studies, “normal” (control) model
membranes were prepared as ternary mixtures of PC:SPM:FC (3:1:2 mole ratio); “SLOS”
model membranes were prepared as mixtures of PC:SPM:Sterol (3:1:2 mole ratio), with the
sterol component made up of FC and 7-DHC at 1:1 mole ratio. For all membrane
preparations, component lipids (in chloroform) were transferred to glass test tubes and shell-
dried under nitrogen gas while vortex mixing. Residual solvent was removed by drying for a
minimum of 1 hour under vacuum. After desiccation, each membrane sample was
resuspended in diffraction buffer (0.5 mM HEPES, 154 mM NaCl, pH 7.3) to yield a final
phospholipid concentration of 2.5 mg/mL. Multilamellar vesicles were then formed by
vortex mixing for 3 min at ambient temperature [24].

Small Angle X-ray Diffraction Analyses

Lipid bilayers were oriented for x-ray diffraction analysis as previously described [25].
Briefly, 100 pL aliquots (containing 250 pg total phospholipid) of each multilamellar vesicle
preparation were transferred to custom-designed Lucite® sedimentation cells, each
containing an aluminum foil substrate upon which the final membrane sample pellets were
collected. Samples were then loaded into a Sorvall AH-629 swinging bucket ultracentrifuge
rotor (Dupont Corp., Wilmington, DE) and centrifuged at 35,000 g for 1 h at 5°C. Following
orientation, the supernatants were aspirated and the aluminum foil substrates supporting the
membrane pellets were removed from the sedimentation cells and mounted onto curved
glass slides. The samples were then placed in hermetically sealed brass canisters in which
temperature and relative humidity were regulated prior to and during x-ray diffraction
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analyses. Saturated solutions of potassium tartrate (KoC4Hjy - ¥2H,0) were used to establish
a relative humidity level of 74% in these experiments, and samples were incubated at this
relative humidity for a minimum of 1 hour prior to experimental analysis.

The oriented membrane samples were aligned at grazing incidence with respect to a
collimated, monochromatic x-ray beam (CuK, radiation, A = 1.54 A) produced by a Rigaku
Rotaflex RU-200, high-brilliance rotating anode microfocus generator (Rigaku-MSC, The
Woodlands, TX). The fixed geometry beamline utilized a single Franks mirror providing
nickel-filtered radiation (K7 and K> unresolved) at the detection plane. Diffraction data
were collected at 20°C on a one-dimensional, position-sensitive electronic detector (Hecus
X-ray Systems, Graz, Austria) using a sample-to-detector distance of 150 mm. This
technique allows for precise measurement of the unit cell periodicity or a-space of the
membrane lipid bilayer which is defined as the distance from the center of one lipid bilayer
to the next including surface hydration. The dtspace for any given membrane multibilayer is
calculated from Bragg’s Law, /A = 2 d'sin 6, where A is the diffraction order, A is the
wavelength of the x-ray radiation (1.54 A), dis the membrane lipid bilayer unit cell
periodicity and 6 is the Bragg angle equal to one-half the angle between the incident beam
and scattered beam. Fourier transformation of the collected x-ray diffraction data provides
the time-averaged electron density distribution (distance in A versus electrons/A3) across the
membrane bilayer. Changes in electron density distribution that occur in the presence of an
added component (such as 7-DHC) allow for the measurement of its time-averaged location
in the bilayer. For location analyses, each individual diffraction peak was corrected using a
linear subtraction routine that averaged background noise. The lamellar intensity functions
from the oriented membrane samples were normalized by a factor of s = sin 6/, the Lorentz
correction, and phases were assigned to each lamellar diffraction peak based on a swelling
or hydration analysis, as previously described [26].

Electron Microscopy

SLOS and control skin fibroblasts were grown in 60 mm petri dishes. Cell cultures were
fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4 for 30 min at room
temperature. The cultures were later post-fixed with 1% osmium tetroxide in 0.1 M sodium
cacodylate buffer, pH 7.4 for 1 hr, contrasted with 1% tannic acid in 0.05 M sodium
cacodylate, followed by dehydration through graded alcohols and propylene oxide. During
the propylene oxide step the cells were lifted off the dishes, transferred to microcentrifuge
tubes and gently pelleted. Infiltration using graded epon solutions was performed and the
cell pellets were embedded in EMbed 812 epon resin (Electron Microscopy Sciences,
Hatfield, PA). Thin sections were cut on an UltraCut E ultramicrotome and stained with
uranyl acetate and lead [27]}. Images were collected with an AMT XR41-B 4 megapixel
camera on a Hitachi H-7000 electron microscope.

Immunoblot Analysis

For protein identification, the cells were washed with ice-cold Dulbecco's PBS and lysed in
RIPA lysis buffer (150 mM NaCl, 1% Nonidet P-40, 1.0 MM EDTA and 50 mM Tris)
containing 1 mM PMSF and 1X Protease Inhibitor Mixture™ (Roche Applied Science). For
positive controls, thoracic aorta and whole brain were removed from 12-15 week old male
Wistar-Kyoto (WKY) and spontaneously hypertensive rats (SHR, Charles River), cut into
small pieces, and homogenized (Kontos glass homogenizer, Fisher Sci.) twice in cold lysis
buffer of the following composition: 1X PBS, 1% Nonidet P40, 0.1% SDS, and 0.5% Na
deoxycholate with protease (Complete mini, Roche Diagnostics) and phosphatase inhibitors
(Halt, Pierce Biotechnology). Lysates from cells and tissue were centrifuged at 10,000 rpm
(9800 x g) for 15 min at 4°C and the supernatant analyzed for protein content (BioRad
protein assay, Hercules, CA) using albumin as a standard. Unless otherwise stated, equal

Mol Genet Metab. Author manuscript; available in PMC 2012 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Renetal.

Page 6

quantities of protein (30 pg) were separated by SDS-polyacrylamide gel electrophoresis (4—
20% gradient gel), and electrophoretically transferred to nitrocellulose or polyvinylidene
fluoride membranes. The blots were then probed with antibodies directed against BK¢,
(1:1000), caveolin-1 (1:2000), and f actin (1:10,000) (BD Transduction Laboratories). For
two color detection, blots were incubated with both primary antibodies simultaneously,
followed by IR-labeled secondary antibodies. Blots were imaged and quantitated on a
Licor® Odyssey fluorescence imager in both 700 and 800 nm channels at 169 um
resolution.

MRNA Expression

RNA was isolated from cultured fibroblasts (RNAeasy, Qiagen) and first strand synthesis
performed using random hexamer primers (Superscript Onestep, InVitrogen). The cDNAS
were amplified by real time PCR (AB 7500) employing Cav-1 and BK ¢, -specific primers
and fluorescently labeled probes (proprietary; obtained from Applied Biosystems). RNA
expression was normalized to ribosomal 18s RNA.

Electrophysiology

Genotyping

Statistics

Results

Patch-clamp techniques were employed to measure BK, currents in cell-attached or inside-
out patches of human skin fibroblasts, as previously described [28]. Inside-out patches were
examined in the presence of symmetrical 145 mM KCI, 1 mM MgCl,, 10 mM glucose, 10
mM HEPES, pH 7.5 at room temperature. Recording pipettes (10-15 MQ) were made from
1.2-mm borosilicate capillary glass using a Sutter P-84 puller (Sutter Instrument Co.,
Novato, CA). Voltage clamp protocols and data acquisition were controlled digitally by a
PC interfaced to an A/D converter (Molecular Devices) using Clampex 8.0 (Axon
Instruments, Foster City, CA). Data analysis was conducted using Clampfit 8.1 (Axon
Instruments) and Origin 6.0 (Microcal Software Inc., Northhampton, MA). Steady-state
channel activity was represented as the product of the number of channels in the bilayer
during recording (A) and the open channel probability (7). Nwas determined by stepping
voltage to positive levels to maximize £#,. NP, values were determined from 1-minute
duration measurements and defined as: NP, =X (¢;+ 2o+ 3t3+ ... + nty), where Nis
channel number, £, is open probability, and xt, is the ratio of open time to total time of
measurement for the channel at each current level. Unitary current amplitudes were
determined by fitting the amplitude histogram to a Gaussian curve.

The fibroblasts cells lines were derived from subjects with SLOS. Genotyping was done on
genomic DNA isolated from the buffy coats of these subjects (Gentra Systems, Minneapolis,
MN). PCR products spanning all of the coding exons of DHRC7 were sequenced, and the
sequences were compared to the reference sequence in Gen Bank (Accession NC_00011).

In all experiments, the number 7 equals the number of patients studied and the data are
expressed as mean = S.D. In most experiments, statistical analyses were performed on
paired and unpaired data using either repeated measures analysis of variance (ANOVA) or
the Students £test. Multiple comparisons were analyzed using the Newman-Keuls post-hoc
test. Statistical significance was defined as A< 0.05.

Using skin fibroblasts obtained from SLOS patients, we isolated cholesterol-rich cell
membranes, and analyzed them for sterol and caveolin. As shown in Fig. 2, cholesterol
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content was 30% lower in the light membranes co-eluting with caveolin 1 (see also fraction
4, Fig. 4) isolated from SLOS patients compared to the same membrane fraction isolated
from controls. 7-DHC, which was undetectable in controls, constituted approximately 35%
of total sterol in the SLOS caveolar membranes. The total amount of sterol in SLOS
caveolar membranes was approximately equal to that in control membranes. In addition, the
concentration of cholesterol measured in control caveolar membranes (70+10 pg/mg
protein) was almost 12-fold higher than that seen in non-caveolar plasma membrane
fractions (5.9+2.7 pg/mg protein) isolated from human fibroblasts. These data are consistent
with previous findings showing that cholesterol concentrates in the caveolar membrane and
demonstrates that it is replaced by about one-third with 7-DHC in SLOS caveolae.

To assess the effect of 7-DHC on the structure and lipid organization of caveolar
membranes, we used small angle x-ray diffraction approaches. Model membranes were
prepared with PC, SM, FC and/or 7-DHC at ratios approximating those thought to occur in
native caveolae [22-23]. Representative diffraction patterns, obtained from oriented control
and SLOS-like model membranes, are shown in Fig. 3A. Four reproducible diffraction
orders were obtained from both samples at 20°C with the most noticeable difference being
the rightward shift of the diffraction peaks associated with 7-DHC-containing membranes
(shaded peaks), an effect consistent with a decrease in d-space. d-space values largely reflect
overall membrane width, i.e., from the lipid-aqueous phase interface on one side of the
membrane to the lipid-aqueous phase interface of the opposing membrane leaflet [29-30].
The d-space value calculated for control membranes was 66.2 +0.3A.; in the presence of 7-
DHC, the membrane bilayer d-space decreased 4.8A to 61.4 + 0.3A (7.3%). A change in
bilayer width of 3-5 A could affect a displacement of 2—4 amino acids, or nearly an entire
turn of an a-helix (at 1.54 A/amino acid) of a transmembrane protein. These data are
consistent with the conclusion that the presence of 7-DHC in caveolar membranes at
concentrations typically seen in SLOS cells likely decreases membrane width and may
contribute to altered caveolar function.

Fourier transformation of the diffraction data yielded one-dimensional electron density
profiles for control and 7-DHC-treated model membranes, as shown in Figure 3B. The
electron density peaks on either side of the profile correspond to the electron-dense
phospholipid headgroups; the minimum electron density at the center of the profile
corresponds to the region occupied by the terminal methyl groups of the phospholipid acyl
chains. The effects of 7-DHC on membrane structure were determined by subtracting the
superimposed electron density profiles and are indicated by the horizontally oriented shaded
areas in Figure 3B. 7-DHC treatment resulted in a discrete increase in electron density, and
thus intermolecular packing in the hydrocarbon core region + 0-11A from the center of the
membrane bilayer, consistent with its equilibrium location [7]. This type of alteration in a
highly saturated membrane domain would be expected to increase lateral pressure impinging
on membrane proteins spanning this region of the membrane. The decrease in d-space of
4.8A calculated from the one-dimensional electron density profiles in figure 3A is confirmed
as an inward shift in the electron density profile peaks relative to control (Fig. 3B). The
same effect on membrane width was observed with an increase in 7-DHC content to 50%
total sterol (data not shown).

In preliminary screening of membrane ion channel currents we found markedly altered
single channel activity of large conductance, calcium-activated BKc, K* channels in SLOS
fibroblasts. These channels are expressed in many mammalian cells, and are involved in
regulating cell volume, membrane excitability, and signal transduction processes with
important contribution to vital body functions, including vascular, renal, immune and neural
activity [31]. Knockout of the gene coding for BK¢, causes multiple organ malfunctions, for
instance ataxia [32], progressive hearing loss [33], urinary bladder incontinence, and erectile
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dysfunction [34], underscoring the important physiological role of BKc, channels. Recent
reports in uterine myometrium [35-36] and arterial smooth muscle [34] have demonstrated
that BK ¢, is contained in caveolae, and linked to and regulated by Cav-1. Moreover, altered
caveolin-1 levels have been reported in SLOS lung parenchyma and have been suggested to
result in caveolar-dependent signaling [37]. On the basis of this finding, we isolated
membrane caveolae from fibroblasts using detergent-free methods and probed for BK¢, and
Cav-1 protein. Following isopycnic centrifugation, both BKc, and Cav-1 proteins were
found to be colocalized in a membrane fraction that was highly enriched with cholesterol
(Fig. 4). These results indicate that, like other tissues, BK¢, channel proteins are associated
with membrane caveolae in human skin fibroblasts.

In addition to the accumulation of 7DHC in the caveolar membrane and its likely effect on
bilayer structure and dynamics, we also found an approximately 70% reduction in
caveolin-1 protein in whole cell lystates of SLOS cells that was surprisingly associated with
an even larger reduction (*85%) in caveolin-1 mRNA levels (Fig. 5). The marked decrease
in Cav-1 mRNA is consistent with down-regulation at the transcriptional level and
decreased Cav-1 protein concentration. These findings combined with the accumulation of
7DHC in the caveolar membrane and its predicted changes in bilayer structure suggest
possible alterations in caveolar number and/or structure in cells isolated from SLOS patients.
Surprisingly, as shown in figure 6, typical flasked-shaped caveolae were readily observed
within SLOS cells with no apparent differences in caveolar morphology as compared to
control cells. In addition, a modest reduction in membrane-bound caveolae was detectable in
only one of three SLOS cell lines evaluated.

Assessment of BK, activity indicated that the function of BK¢, channels was significantly
altered in SLOS cells as illustrated in figure 7A. In addition to reduced whole cell currents,
we found a pronounced rightward shift in the voltage dependence of channel open
probability (Fig. 7B), which indicates that a much higher membrane voltage is necessary to
activate BK ¢, currents in SLOS cells. The shift in V4, of a Boltzmann’s fit to the data
averaged approximately 50 mV for all SLOS cells examined compared to normal healthy
cells (Fig. 7C). These changes in BKc, channel activity may reflect alterations in BK¢, —a
subunit protein levels or in the molecular composition of BK¢, channels in SLOS cells.
Immunoblots of whole cell lysates of cells collected from SLOS and control patients
revealed reduced BK, protein levels in SLOS cells compared to controls (Fig. 8A). Rat
brain and aortic lysates were included as positive controls. Slightly slower gel migration was
observed for BK¢, protein derived from rat tissue as compared to protein derived from
human fibroblasts (dashed line in Fig. 8A), suggesting that the human form of BKc, may be
a different splice variant or may be post-translationally modified compared to rat. On
average, BK, protein levels were reduced by approximately 80% in SLOS versus control
cells (Fig. 8B). In contrast, there was no significant difference in BKcy; mRNA levels
between SLOS and control cells (Fig. 8C), The data thus raise the possibility of altered
BK 4 translation or altered protein stability.

Discussion

The primary objective of this study was to test the hypothesis that SLOS is associated with
alterations in the sterol content of membrane caveolae and altered caveolar membrane
structure and function. To this end, we found that 7-DHC, the immediate cholesterol
precursor that accumulates in SLOS, replaces approximately 35% of the cholesterol content
in the sterol- and caveolin-rich cell membrane fractions. Regarding the relative distribution
of 7DHC, whole cell lystates contain approximately 8 ug 7DHC/mg protein and 33 pg FC/
mg protein. Hence, <20% (41/8) of the total membrane sterol pool is comprised of 7DHC.
Since we show in figure 2 that approximately 35% of the caveolar sterol pool is 7DHC, this
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is consistent with the suggestion that 7DHC actually concentrates in the caveolar membrane.
Associated with 7-DHC accumulation in membrane caveolae were subtle but potentially
significant alterations in membrane structure and dynamics assessed in model membranes
prepared to approximate the major lipid components of native caveolar membranes. These
alterations included increased intermolecular packing within the hydrocarbon core of the
membrane and an overall decrease in membrane width of approximately 7%. In addition, we
found marked changes in the protein expression and functional properties of BK¢g, an
important modulator of cell signaling and cell function. Since this ion channel co-migrates
with caveolin-1 in a membrane fraction highly enriched with cholesterol, has two consensus
caveolin-binding motifs [34, 38-39] and is regulated, in part, by caveolin-1 [34-36], the data
suggest a disrupting action of 7-DHC on caveolar membrane function. However, additional
findings of complex alterations in BKc, conductance properties (e.g. shift in activation V%)
along with a marked alteration in caveolin-1 transcription and translation, as well as BK¢,
translation without a change in mRNA levels indicate that additional and/or alternative
mechanisms such as protein stability may underlie cellular derangements in SLOS cells.
Hence we propose that the concept of an increase in 7-DHC, decrease in cholesterol, or a
combination of the two as a primary basis of SLOS pathology is hard to defend.

To gain insights into how 7-DHC might interact with cholesterol and phospholipids in the
caveolar membrane, we employed X-ray diffraction of model bilayers prepared to
approximate the major lipid components of the caveolar membrane. We found that, unlike
cholesterol which partitions into the glycerol backbone-hydrocarbon core interface region
[40-41], 7-DHC intercalates deeper into the hydrocarbon core, 0-11 A from the bilayer
center. From this location, 7-DHC causes a 4.8A (7.3%) decrease in membrane width and an
increase intermolecular packing. These results suggest that similar changes may occur in
membrane caveolae and call for experiments to confirm this suggestion using caveolae
isolated from SLOS fibroblasts. In preliminary studies, we were not able to diffract native
caveolar membranes to confirm these disturbances in SLOS cells. Nonetheless, our data
demonstrate that the biophysical interactions of 7-DHC with membrane lipids are distinctly
different from those of cholesterol and suggest that 7-DHC disturbs the lipid structural
organization of membrane caveolae in SLOS. These findings are consistent with those of
several other laboratories using a variety of different approaches to this question. For
example, Rakheja and Boriack [42] demonstrated the accumulation of 7DHC in cholesterol-
rich membrane domains prepared from an autopsy liver specimen of a SLOS infant.
Consistent with this, Keller et a/. [18] showed that 7-DHC and cholesterol were equally
efficient at incorporating into lipid rafts in the brains of rats treated with the DHCR7
inhibitor AY9944, an agent that mimics the SLOS biochemical defect and phenotype in rats.
However, in their study, gel electrophoresis analysis of raft fractions from AY9944-treated
and control rats demonstrated multiple differences, all suggesting that 7-DHC perturbs raft
protein content. Likewise, Shrivastava, et al., [13] have shown that 7-DHC markedly
disturbs membrane organization and dynamics, whereas desmosterol, a cholesterol precursor
in the Bloch cholesterol synthesis pathway does not. Like 7-DHC, desmosterol differs from
cholesterol by a single double bond, but at carbon 24. This implies that the position of the
double bond in the B ring of sterols is a major determinant in maintaining appropriate
membrane order, dynamics and function as originally proposed by London’s laboratory [43].
Other studies have shown that 7DHC forms raft domains in phospholipid bilayers so long as
the phospholipids contained saturated fatty acyl chains [17, 44] but not when they contained
unsaturated fatty acyl chains [17, 45]. Of note, the bilayers evaluated in our study were
made up of POPC and sphingolipid, giving them an overall saturated hydrocarbon core
region similar to native caveolar membranes [8]. It is important to point out that a criticism
of studies in model membranes, including those used in this report, is that they never
faithfully reflect the in vivo composition and dynamics of native cell membranes. Indeed,
changes in other membrane lipids; e.g., phospholipids and fatty acyl chain characteristics are
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often not taken into account. Nonetheless, Sanchez-Wandelmer et a/., [16] found negligible
alterations in phospholipids in raft and non-raft membranes in 3T3-Li cells treated with the
DHCRY inhibitor AY9944, an often employed model of SLOS pathology. Thus we conclude
that accumulation of 7-DHC in cell membranes, a hallmark of the SLOS metabolic
phenotype, causes cell membrane structural abnormalities in vivo.

Interestingly, despite the changes in caveolar sterol composition and reduction in cav-1
protein levels, electron microscopic analysis of SLOS cells failed to show differences in the
apparent quantity or morphology of plasma membrane-bound caveolae. On the contrary,
typical flask-shaped caveolae were observed in relative abundance in cholesterol-free
medium (LPDS). This observation is surprising since depletion of membrane cholesterol by
extraction with cyclodextrins [35, 46-47], HMGCoA inhibition with statins [48-49], or
silencing with siRNAs [36, 50] were all reported to alter membrane caveolae. Our
observation of normal caveolae structure is consistent with the findings from London’s
laboratory [14, 43] that 7-DHC not only contributes to raft formation in model membranes,
but does so even better than cholesterol. However, as suggested by our data and that of
others [12-13, 17-18, 43], the ability of 7DHC to participate in the formation of raft-like
domains does not exclude a negative impact of 7-DHC on caveolae function.

As a measure of caveolar “function”, we selected the large conductance voltage and
calcium-activated BKc, K* channel to study because it possesses at least two cav-1 binding
motifs [38-39] and has been shown to be a caveolin bound and caveolin regulated protein in
other cell types [35-36, 51] including fibroblasts [36], and its activity has been shown to be
sensitive to changes in membrane lipid dynamics secondary to 7DHC inclusion [52]. While
screening membrane currents that might be altered in SLOS cells, we found this channel to
be markedly altered compared to control cells. Like others [31, 35, 53], we show that BK¢,
localizes to a membrane fraction enriched with both cholesterol and caveolin (Fig. 4).
Caveolar membranes have characteristics that are distinct from those of non-caveolar
membranes, including increased bilayer width and lipid structural order [8], properties that
are essential for the normal function of resident proteins [54]. Changes in caveolar
membrane width, lipid order or lateral pressure would be expected to alter the conformation
and function of associated transmembrane proteins. For example, in model membranes of
varying thicknesses, BKc, channel activity was shown to be directly affected by bilayer
thickness [52, 55], primarily by affecting the stability of the closed state. X-ray diffraction
data collected in the present study suggest that 7-DHC may affect BK¢, function by altering
caveolar bilayer width and lipid structural organization. Accordingly, we assessed BK¢c,
channel activity. Using single channel patch recording techniques, we discovered that BKc,
channels are present in both normal (control) and SLOS fibroblasts. However, BK¢, activity
is grossly altered in SLOS cells as reflected by a reduced single channel conductance (Fig
7A) and a 50 mV shift in the half-maximal voltage required to activate channel opening
(Fig. 7B). Supporting a membrane role in mediating at least some of these abnormalities in
BK, activity, enrichment of caveolar membranes with sterols has been shown to produce
qualitatively similar results as seen in the present study, i.e., a rightward shift in the
activation voltage of Kv1.5, an unrelated voltage-activated K* channel [56]. Similar findings
have been reported on the effects of experimentally altered membrane cholesterol levels on
activation and inactivation properties of caveolar ion channels emphasizing the importance
of appropriate sterol content on caveolar function [57-60]. It is of interest however, that
Singh, et al., [12] found that adding 7-DHC to model bilayers containing the 5HT 1 receptor
altered both lateral membrane pressure and 5HT binding. Changes in lateral pressure are
known to alter the conformation of nearby membrane proteins, and this effect may explain
the alterations in the BK, activity observed in this study. These observations
notwithstanding, additional studies are necessary to rule out other contributing factors such
as altered expression of BKc, a-subunit splice variants, altered association with 1 subunits,
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and/or disturbances in the association of BK¢, channels with its numerous signaling
partners. However, a lipid bilayer-BKc, protein mismatch is not unreasonable, and is
consistent with the concept of defective caveolar signaling in SLOS. Support for this
conclusion comes from a study by Kovorova, et al., [61] who showed accumulation of 7-
DHC in lipid rafts isolated from mast cells obtained from a D#Acr7knockout mouse model of
SLOS. In their study, altered mast cell raft sterols were associated with hyperresponsiveness
to degranulation following raft-associated IgE stimulation, consistent with raft dysregulation
cause by 7DHC accumulation in the raft membrane.

Our finding of reduced BKc, protein in SLOS cells was unanticipated and a mechanism
based on 7DHC accumulation is not clear. One possibility is that 7-DHC accumulates in the
endoplasmic reticulum (ER) membrane where its accumulation might impair the sensing of
missfolded proteins and thus lead to a posttranslational clearing of BKc, through the
endoplasmic reticulum protein degradation (ERAD) pathway. Of note, Fitzky, et al., [62]
found a decrease in HMGCoA reductase protein in fibroblasts isolated from the Dhcr7
knockout mouse mediated by an apparent action of 7-DHC on the ER membrane. Likewise
open for speculation was the unanticipated reduction in caveolin-1 mRNA levels in the
SLOS cells. It is speculated that 7-DHC accumulation in the ER membrane may upregulate
the sterol regulatory element binding protein (SREBP), which can bind to sterol regulatory
elements in the Cav-1 promoter [63] and thus inhibit Cav-1 transcription and mRNA levels.
However, the degree to which 7-DHC might interact with this SRE, and how, has not been
studied, but an explanation based on dysregulation at the level of the Cav-1 promoter SRE is
plausible.

In conclusion, our data are consistent with the hypothesis that caveolar membrane alterations
are secondary to accumulation of 7-DHC in SLOS cells and significantly impair cell
signaling. Due to the ubiquitous presence of caveolae in all cells of the body, such
alterations could account for some of the phenotypic features in SLOS patients.
Confirmation of this hypothesis will require further studies where, for example, correction
of the genetic anomaly restores the SLOS membrane phenotype.
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Cholesterol

Figure 1. Chemical structures of cholesterol and 7-dehydrochlesterol (7-DHC)
Note that the only difference between the two molecules is the presence of a double bond
between carbons 7 and 8 in 7-DHC.
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Figure 2. Altered sterol content of caveolin-rich membranesin SL OS fibroblasts

Sterols were measured in caveolin-rich membrane fractions (see fraction 4, Fig. 4) by GC/
MS. Cholesterol and 7-DHC are represented by open and solid bars, respectively,
demonstrating that 7-DHC replaces about a third of the cholesterol in the caveolar
membranes isolated from SLOS patients. *p < 0.01, control (n=5 patients) vs. SLOS (N=6
patients).

Mol Genet Metab. Author manuscript; available in PMC 2012 November 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Renetal.

Page 18

4.8

>
'
1

Photons (Log Scale)
w A
i 2

32 Control

1.0
>
=
a
c 0.5
o)
()]
S 0.0
=
3]
o)
j -0.5-
)
=
£ 10-
o)
o Control
-1.54 ---- 7-DHC
1 Y 1 . 1 & T L3 T L) T & T
-30 -20 -10 0 10 20 30

Distance (A)

Figure 3. Altered membrane structurein model caveolar membranes

(A) Representative x-ray diffraction patterns collected from control and 7-DHC rich model
membranes. The diffraction peaks associated with the 7-DHC-containing sample are shifted
to the right relative to control, an effect consistent with a decrease in membrane bilayer
width. (B) Electron density profiles across the membrane bilayer for control (solid line) and
SLOS-like membranes (dashed line) are superimposed. The shaded area represents
differences in electron density between control and 7-DHC-treated samples and was
calculated by direct subtraction of their representative profiles. These data indicate that 7-
DHC intercalates into the hydrocarbon core region, as evidenced by a broad increase in
electron density, 0-11 A from the center of the membrane bilayer.

Mol Genet Metab. Author manuscript; available in PMC 2012 November 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Ren et al. Page 19

20

4

(4]
o
1
-
N

o 10

Top
Bottom ')

10 7 o o
1 2 3 4 5 6 7 8 9
Cav-| - - —

Membrane Cholesterol

BKCa-| —

Figure 4. BK ¢4 migrates with caveolin-1 and a cholester ol-rich membrane fraction

Separation of cellular membranes by isopycnic sucrose density ultracentrifugation
demonstrates Cav-1 co-migration with cholesterol and BK¢,. Membrane fractions were
isolated from cell lysates spun on a discontinuous sucrose gradient and 1 mL fractions were
collected for analysis from the top to bottom of the gradient. The cholesterol-rich fraction
(fraction 4) was subjected to GC/MS analysis and reported in figure 2.
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Figure 5. Caveolin-1 protein and mRNA expression in SLOS cells

(A) Immunoblot of caveolin-1 protein in control and SLOS fibroblasts suggest a marked
decrease in caveolin-1 protein in SLOS cells. B actin is included as a loading control. (B)
Quantitation of caveolin-1 in control and SLOS cells confirms an average decrease of over
60% in caveolin-1 protein in SLOS cells. (C) However, caveolin-1 mRNA levels in control
and SLOS cells as determined by gPCR demonstrate a decrease in caveolin-1 mRNA levels
in SLOS cells of approximately 80%. n = numbers of patients studied; *p < 0.01.
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Figure 6. Membrane caveolaein SLOScells

Electron micrographs from SLOS (top) and healthy control (bottom) fibroblasts clearly
show numerous well-formed membrane caveolae in SLOS cells, despite the presence of
7DHC and reduction in caveolin-1 protein in these cells. Each frame is an image
photographed from a different control (n=2) or SLOS (n=3) cell line, and is representative of
10-16 images taken for each sample. Bar = 250 p
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Figure 7. Altered BK c4 channel activity in SLOS cells

(A) Single-channel, inside-out patch clamp recordings of BKc, currents in control and
SLOS cells, measured at different voltages as indicated to the right of each trace. Data were
sampled at 10 kHz and filtered at 5 kHz during acquisition. (B) Voltage-activation curves of
the BK¢, channels measured in control and SLOS fibroblasts. Channel open channel
probability (/) is plotted as a function of membrane potential. The lines represent a least
squares-fit of a Boltzmann function where P, =P,max/[1 + exp((V12 — Vi )/Kk)], Pomax is
the maximum open probability, V/,is the membrane potential, V/;,,is the midpoint potential
for activation, and k'is a slope factor. Data represent average values from six different cells
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from one typical control and one typical SLOS subject (Mean + SD of cells). (C) Average

difference in V ;,» between all control (n=5 patients) and all SLOS (n=6 patients) with 4-5
measurements in each subject cell line (total measurements indicated in each group).
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Figure 8. Reduced BK ¢4 protein in SLOS cells
(A) Immunoblot of BK¢, protein isolated from SLOS and control fibroblasts compared with

rat aorta and brain (positive controls). Note the low level of expression of BK¢, in the aorta
from normal animals, but present in the aorta from hypertensive animals (SHR) at high
levels, a finding described previously [50]. Protein loading was performed as indicated with
B actin serving as a loading control. (B) Quantitation of BK¢, protein from control (n=3
patients) and SLOS (n=6 patients) cells demonstrates a marked decrease in BK¢, protein
from SLOS cells. (C) Quantitation of BKc; mMRNA by qPCR from control (n=3 patients)
and SLOS (n=6 patients) cells shows no difference between control and SLOS BKc; mMRNA
levels. *p<0.01
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Table |
SL OS genotypes
SLOS cell genotypes used in study.
SL OS genotypes

SLOS | Nucleotide | Aminoacid | Nucleotide | Amino acid

Patient | change#1 change #1 change#2 change#2
1 ¢.151C>T p.P51S €.964-1G>C Splice site
2 C.740C>T p.A247V €.964-1G>C Splice site
3 c.461C>T p.T154M €.964-1G>C Splice site
4 €.906C>G p.F302L ¢.1409T>A p.L470Q
5 c.278C>T p.T93M €.964-1G>C Splice site
6 c.717C>A p.F239L €.976G>T p.vV236L
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