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Smith–Lemli–Opitz Syndrome (SLOS) is a congenital, autosomal recessivemetabolic and developmental disorder
caused bymutations in the enzymewhich catalyzes the reduction of 7-dehydrocholesterol (7DHC) to cholester-
ol. Herein we show that dermal fibroblasts obtained from SLOS children display increased basal levels of LC3B-II,
the hallmark protein signifying increased autophagy. The elevated LC3B-II is accompanied by increased beclin-1
and cellular autophagosome content.Wealso show that the LC3B-II concentration in SLOS cells is directly propor-
tional to the cellular concentration of 7DHC, suggesting that the increased autophagy is caused by 7DHC accumu-
lation secondary to defective DHCR7. Further, the increased basal LC3B-II levels were decreased significantly by
pretreating the cells with antioxidants implicating a role for oxidative stress in elevating autophagy in SLOS cells.
Considering the possible source of oxidative stress, we examined mitochondrial function in the SLOS cells using
JC-1 assay and found significant mitochondrial dysfunction compared to mitochondria in control cells. In
addition, the levels of PINK1 which targets dysfunctional mitochondria for removal by the autophagic pathway
are elevated in SLOS cells, consistent with mitochondrial dysfunction as a stimulant of mitophagy in SLOS. This
suggests that the increase in autophagic activity may be protective, i.e., to remove dysfunctional mitochondria.
Taken together, these studies are consistent with a role for mitochondrial dysfunction leading to increased
autophagy in SLOS pathophysiology.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Smith–Lemli-Opitz Syndrome (SLOS) is an autosomal recessive dis-
order of cholesterol biosynthesis caused by mutations in the gene that
encodes 3β-hydroxysterol-Δ7-reductase (DHCR7), the final enzyme in
the cholesterol biosynthetic pathway. Affected individuals typically
exhibit multiple anatomic malformations and intellectual disability,
though the phenotypic expression of this condition is extremely vari-
able. The clinical features of SLOS are thought to be primarily related
to cholesterol deficiency and/or accumulation of cholesterol precursors
and their metabolites. The primarymetabolite that accumulates in SLOS
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is the immediate precursor to cholesterol in the Kandutsch–Russell cho-
lesterol 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 cholesterol, but is otherwise structurally identical to
cholesterol (Fig. 1). Tint et al. [2] first described the biochemical defect
in SLOS patients by virtue of the accumulation of 7-DHC in the plasma
of affected individuals [2]. This finding has become diagnostic for SLOS
and has led to the detailed description of a large variety ofDHCR7muta-
tions with over 154 mutations reported to date which include 130mis-
sense, 8 nonsense, 8 deletions, 2 insertions, 1 indel, and 5 splice site
mutations [3] and which may explain the large phenotypic variation
observed for this disorder [4,5]. In contrast with the genetics of SLOS,
relatively littlework has been done to address the cell biology of this de-
bilitating disease. The discovery that 7-DHC accumulationmight partic-
ipate in the pathogenesis of SLOS stems from the early work of Honda
et al. [6] who demonstrated that 7-DHC accumulates in skin fibroblasts
cultured from patients with SLOS. This observation was confirmed by
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Fig. 1. Chemical structures of cholesterol and 7-dehydrocholesterol (7DHC). Note that the
only difference between the twomolecules is the presence of a double bond between car-
bons 7 and 8 in 7-DHC.

Table 1
Patient genotypes. For each patient a clinical severity score was calculated using the pub-
lished anatomical measure of severity [50,51].

Patient Clinical severity score Nucleotide Amino acid Nucleotide

1 17 c.529TNC p.Trp177Arg c.724CNT
2 11 c.906CNG p.Phe302Leu c.1409TNA
3 44 c.278CNT p.Thr93Met c.964-1GNC
4 17 c.461CNT p.Thr154Met c.292CNT
5 30 c.1384TNC p.Tyr462His c.964-1GNC
6 20 c.278CNT p.Thr93Met c.976GNT
7 10 c.1349GNT p.Arg450Leu c.964-1GNC
8 11 c.470CNT p.Ala247Val c.964-1GNC
9 33 c.1228GNA P.Gly410Ser Same mutation
10 5 c.1139GNA p.Cys380Tyr c.964-1GNC
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Wassif et al. [7] and extended by us in studies demonstrating that cell
membranes from SLOS fibroblasts contain 7-DHC which alters mem-
brane structure/function [8,9].

Autophagy is an ancient cellular degradation pathway for long-lived
and excess proteins, lipids, nucleotides, etc., along with unneeded or
damaged cellular organelles including mitochondria, peroxisomes and
endoplasmic reticulum. The autophagosomes are formed from a double
membrane precursor phagophore and delivers their cargo to lysosomes
by fusion where they are degraded to biologically active monomers,
e.g., amino acids for cellular recycling [10]. In this way, autophagy con-
tinually “refreshes” the cytoplasm and thus plays a homeostatic role
which is particularly important in terminally differentiated cells like
neurons. A well defined set of autophagy-related genes (ATG 1–35)
are required for autophagy and its related processes which are highly
conserved among eukaryotes, and numerous studies have revealed a
variety of physiologic roles of autophagy [11]. Autophagic activity
has both selective and nonselective features which vary by how sub-
strate cargo is delivered to the lysosome. For example, the chaperone-
mediated class of autophagy is highly selective targeting proteins
containing a KFERQ motif while the microautophagy class is largely
nonselective and involves continuous degradation of cytosolicmaterials
close to lysosomes by inward buddingof the lysosomalmembrane. Last-
ly, macroautophagy, the most widely studied autophagy class, can be
largely selective specifically targeting defective proteins and organelles
for engulfment into the phagophore which fuses with lysosomes for
cargo degradation. However, microautophagy can also be nonselective,
for example during nutrient starvation whereby autophagosomes
envelop random cytosolic proteins and organelles for lysosomal
degradation to re-supply the cell with essential amino acids and
carbohydrates for protein, energy and neosynthesis. An important
function of microautophagy is cargo-specific and responsible for
the clearance of defective organelles and its specificity has been delin-
eated along functional lines. Hence, “mitophagy” clears dysfunctional
mitochondria, “pexophagy” clears peroxisomes, “xenophagy” clears in-
vading bacteria, etc. In thisway, selective autophagy serves as an impor-
tant and essential cellular quality control preserving the steady-state
content of functional organelles therebymaintaining a healthy cytosolic
milieu. Importantly, while autophagy was initially thought to be a pro-
survival mechanism, it is now appreciated that defective autophagy
contributes to cellular pathology, notably in cancer, neurodegenerative
diseases and defective immunity [10].

A recent report from our lab showed impairment of IP3 synthesis in
SLOS cells [9]. Because impaired IP3 synthesis activates autophagy [12,
13], we set out to determine whether SLOS cells might demonstrate
enhanced autophagy. Using skin fibroblasts obtained from children
with confirmed diagnosis of SLOS, we found that numerous markers
of autophagy are elevated under basal conditions including the hall-
mark protein of autophagy LC3B-II as well beclin-1 and increased cyto-
plasmic autophagosome inclusions. Taken together, we present for the
first time data supporting the notion that autophagy is enhanced in
SLOS cells, and that dysfunctional mitochondria likely stimulate
mitophagy in SLOS cells. However, a defect in autophagic flux may
also exist in SLOS cells thereby preventing the efficient clearance of de-
fective mitochondria contributing further to cytopathology in children
with SLOS.

2. Methods

Beclin-1 and LC3B rabbit polyclonal antibodies were from Cell
Signaling (Danvers, MA). Actin mouse monoclonal antibody was from
Chemicon (Billerica, MA). AY9944 (trans-1,4 bis-(2-dichlorobenzyl-
aminomethyl)cyclohexane dihydrochloride) (1 μM as a working solu-
tion), N-acetylcysteine (NAC) and monodansylcadaverine (MDC) were
from Sigma (St. Louis, MO). Lipoprotein-deficient serum was from
Cocalico Biologicals, Inc. (Reamstown, PA). LC3-GFP was from Addgene
and transfast transfection kits were from Promega. Lipofectamine 2000
and the antioxidant cocktail supplement B27 (50× stock solution)were
from Invitrogen (Grand Island, NY. JC-1 Mitochondrial Membrane Po-
tential Assay Kit was from Cayman Chemical Company (Ann Arbor, MI).

2.1. Cell lines and culture

All fibroblast cell lines were obtained from our pediatric collection at
OHSU (RDS PI). SLOS fibroblast cell lines were established from skin bi-
opsy specimens obtained from SLOS patients with confirmed biochem-
ical and genetic diagnosis. Table 1 lists the specific genotypes in
fibroblasts isolated from children with SLOS. Control fibroblast cell
lines were established from skin specimens obtained from healthy
age-matched individuals during reconstructive surgery. TheOHSU Insti-
tutional Review Board approved this study and a written consent to use
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their cell lines was obtained from the legal guardians of all subjects. All
cell lines were maintained at 37 °C, 5% CO2 in DMEM supplemented
with 10% FBS (Atlanta Biologicals), nonessential amino acids, 2 mM
glutamine and a mix of penicillin (100 U) and streptomycin (100 U).
MIA PaCa-2 cells were kindly provided by Drs Galina and Arafat at
Thomas Jefferson University and cultured in DMEM supplemented
with 10% fetal bovine serum (FBS) and antibiotics (100 U penicillin
and 100 U streptomycin/ml) and were used for their ease of transfec-
tion. For each experiment, both control and SLOS cells were incubated
in lipoprotein-deficient serum (LPDS;Millipore) for 5–7 days to remove
exogenous sources of cholesterol prior to sample collection as this re-
sults in elevated 7DHC and reduced cholesterol in SLOS cells similar to
that which occurs in vivo [9,14].

2.2. Monodansylcadaverine (MDC) staining

MDC is a fluorescent dye that preferentially stains autophagic vacu-
oles [15]. Cells were seeded onto 96-well plates, maintained overnight
in DMEM containing 10% LPDS followed by incubation with 0.1 mM
MDC in PBS for 1 h, and washed three times with PBS. Fluorescence
was monitored using the GENios plate reader (Tecan US, Research
Triangle Park, NC) (λex 335 nm, λem 525 nm). Cell protein concentra-
tions were determined using the Bradford assay and used to normalize
readings.

2.3. LC3-GFP transfection

MIA PaCa-2 cells were seeded onto six well plates one day prior to
transfection. 1 μg LC3-GFP and 4 μl transfast reagent were used for
each well. GFP fluorescence was examined two days after transfection.
Fibroblasts were transfected by Xfect (following the vendor's guide-
lines) followed by growing cells on cover slips and fixing them in 4%
paraformaldehyde at pH 7.4. Images were taken on a Zeiss LSM 510
confocal microscope using a X63 oil-immersion lens.

2.4. Western blotting

Cells were grown in 6-well plates, washed twice with PBS and lysed
with 50 mM Tris–HCl buffer (pH 6.8) containing 20% glycerol, 1% sodi-
um dodecyl sulfate (SDS), and a protease inhibitor cocktail (Sigma, St.
Louis, MO). Protein concentration was determined using the DC protein
assay kit (Bio-Rad, Hercules, CA). Equal amounts of protein (40 μg)were
subjected to SDS-PAGE for 1 h at 200 V and the resolved proteins were
transferred to PVDF membranes at 100 V for 1 h. Membranes were
blocked for 1 h in PBS containing 5% bovine serum albumin (BSA) and
0.1% Tween 20 (blocking buffer), then incubated overnight at 4 °C
with the primary antibodies [anti-LC3B from Cell Signaling (Boston,
MA) and anti-actin from Sigma at 1:1000 dilution. After several wash-
ings, themembraneswere incubatedwith corresponding secondary an-
tibodies (anti-rabbit-Alexa Fluor680 or anti-mouse-Alexa Fluor594)
from Life Technologies (Grand island, NY) at 1:5000 dilution for 1 h.
Bandswere visualized and quantitated by scanningwith the FluoChemi
Q imager system (Protein Simple, Santa Clara, CA).

2.5. Immunostaining

SLOS and control cells were cultured on cover slips and fixed using
10% formalin buffer. After 30 min of blocking in 3% BSA in PBS, the
cover slips were incubated overnight at 4 °C with primary antibodies
for LC3B & actin at 1:200 or primary antibodies for Parkin or Pink-1
(Abcam, Cambridge, MA) at 1:300 overnight at 4 °C. Cells were washed
three times in PBS and incubated with corresponding secondary anti-
bodies (Cy3 or FITC conjugated anti-rabbit or anti-mouse antibodies)
at 1:400 for 1 h. Cells were washed again with PBS and mounted in a
medium containing 4′-6-diamidino-2-phenylindole (DAPI) to stain
the nuclei (Vector Laboratory, Burlington, Ontario, Canada). Slides
were viewed using a Confocal Laser Scanning Biological Microscope
(Olympus, Center Valley, PA). Images were captured using Fluoview
FV1000 software. A negative control to confirm the specificity of the im-
munostaining was prepared using non-immune goat serum in place of
the primary antibody.

2.6. Cellular sterol assay

Both control and SLOS cellswere cultured in LPDSmedium to conflu-
ence. Cells were collected in 1× PBS and pelleted by centrifugation at
500 ×g for 10 min. Cell pellets were solubilized in 1.0 ml of 0.05% SDS.
One aliquot was used for protein measurement (BCA™ Protein Assay
Kit, Pierce, Rockford IL). The sterols were extracted from the remaining
cell pellet using chloroform:methanol (2:1), after the internal standard
(epicoprostanol, EPIC, Sigma C-2882) had been added. The solvent was
removed by evaporation under nitrogen at 40 °C. Sterols were saponi-
fied by the addition of ethanol/KOH and incubated at 37 °C for 1 h. Ste-
rols were extracted 2 timeswith hexane. The combined hexane extracts
were evaporated to dryness and derivatized with BSTFA at 80 °C for
30 min. Concentrations of the trimethylsilyl ether derivatives of choles-
terol and 7-dehydrocholesterol were measured using a ZB1701 column
(30 m, 0.25mm ID, 0.25 μm film thickness: Phenomenex, Torrance, CA)
and selected-ion mass spectrometry (Agilent GC 6890N and MS 5975).
The mass spectra data were collected in selected ion mode m/z = 355
and 370 for EPIC; m/z = 329 and 458 for cholesterol, and m/z = 325
and 351 for 7-dehydrocholesterol. Internal standard (EPIC) and authen-
tic standards of cholesterol and 7-dehydrocholesterol (Steraloids,
Newport, RI C3000-000) were used for calibration.

2.7. JC-1 mitochondrial membrane potential assay

Mitochondrial membrane potential was assayed using JC-1
(tetraethylbenzimidazolylcarbocyanine iodide) and the Pierce Mito-
chondrial Membrane Potential Assay kit according to the
manufacturer's protocol (Abcam, Cambridge, MA.). Briefly, cells were
cultured in 3-cm glass bottom dishes for microscopy studies and 96-
well black culture plates for quantitative fluorescence measurements.
For microscopy, 100 μl of the JC-1 staining solution was added per ml
of culture medium for a 30-minute incubation followed by replacement
with fresh medium. Photographic images were then taken using an
Olympus confocal microscope. In cells with normal mitochondrial
membrane potentials, JC-1 forms aggregates that are detected as red
fluorescence, whereas cells with impaired mitochondrial membrane
potential, the dye stays in a monomeric form that is detected as green
fluorescence. For quantitative fluorescence studies, 5 μl of the JC-1 stain-
ing solution was used per 100 μl of medium with a 30-minute incuba-
tion. The cells were then washed twice and lysed with 100 μl of the kit
assay buffer. Fluorescence measurements were performed with a
SpectraMax M3 Microplate Reader (Molecular Devices, Sunnyvale, CA)
set at 560 nm (λex) and 595 nm (λem) (red fluorescence) and at
485 nm (λex) and 535 nm (λem) (green fluorescence). The green-to-
red fluorescence ratio was used as a measure of mitochondrial mem-
brane potential [16,17].

2.8. Isolation of neural stem cells from SLOS transgenic mice

Brains from wild-type mice harboring the SLOS mutation
Dhcr7Δ3–5/Δ3–5 and heterozygousmicewere a kind gift of Dr. F.D. Porter
of the NIH [14]. Whole brains were subjected to papain digestion and the
resulting cell suspension was cultured in Neurobasal A medium
(Invitrogen, cat. # 10888-022) supplemented with L-glutamine, penicil-
lin/streptomycin, B-27® Supplement (Gibco, cat. # 12587-010), human
recombinant EGF (Millipore, cat. #: 01-107) and human recombinant
FGF (Prepotech, cat. #: 100-1B) (complete Neurobasal A). After a few
days, neurospheres formed and the cellswere transferred to tissue culture
dishes coated with poly-DL-ornithine and further cultured in a complete
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Neurobasal A medium. The resulting adherent cells were subjected to
whole cell protein isolation and the protein was probed for LC3B-II
using immunoblots as described above.
2.9. Dhcr7-deficient neuroblastoma cell line

The mouse neuroblastoma cell line Neuro2a was purchased from
American Type Culture Collection (Rockville, MD). For the generation
of Dhcr7-deficient Neuro2a cells, Neuro2a cells were cultured
for 2 days before transfections. Cells were transfected with three differ-
ent Dhcr7 siRNA oligonucleotides (Qiagen) using a Nucleofector instru-
ment and Nucleofector Kit V (Amaxa GmbH, Cologne, Germany)
optimized for use with Neuro2a cells. Briefly, 2 × 106 cells were resus-
pended in 100 μl transfection buffer, siRNA was added, and cells were
electroporated using program T-24. The cells were grown for 24 h fol-
lowing transfection, and the expression of Dhcr7 was monitored by
quantitative RT-PCR. To establish stable down-regulation of Dhcr7,
after transfection of cells with pGIPZ plasmids, cells were grown in the
presence of puromycin. The cell lines were maintained in DMEM sup-
plemented with L-glutamine, 10% fetal bovine serum (FBS; Thermo Sci-
entific HyClone, Logan, UT), and penicillin/streptomycin at 37 °C and 5%
CO2. All cells were subcultured once a week, and the culture medium
was changed every two days. For LC3 expression measurements, cells
were grown for 48 h in cholesterol-deficient serum (Thermo Scientific
HyClone Lipid Reduced FBS). The harvested cells were washed with
cold PBS (pH 7.4) and centrifuged at 1000 rpm for 10 min at 4 °C.
Cells were lysed in RIPA lysis buffer (with protease and phosphatase in-
hibitors), and protein measurementwas done using Bio-Rad DC Protein
Assay kit. TheWestern blotting was done using anti-LC3A/B/C (Abcam)
and anti-LC3B (Abcam) antibodies. The expression level of the proteins
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Fig. 2. Increased autophagy in SLOShumandermalfibroblasts. (A) LC3-GFP transfection in contr
SLOS fibroblasts, normalized to total protein amounts (mean ± SEM). *p b 0.05, n = 5.
against which the primary antibodies were directed was determined
using enhanced chemiluminescence reagent (SuperSignal West Pico
Chemiluminescent Substrate, Pierce) and exposingmembranes to X-ray
film (Kodak X-omat). Bands were analyzed using ScionImage 4.02b
(ScionCorp, Frederick, MD, USA).
2.10. Statistics

All data are reported as the mean ± SEM. Statistical analyses were
conducted using Student's two-tailed t test (paired or unpaired where
appropriate) for comparisons between groups and ANOVA with
Bonferroni's multiple comparison test using SPSS v11.0 software. Data
with p ≤ 0.05 were considered statistically significant.
3. Results

3.1. Increased autophagosome formation in SLOS

LC3B-II is a signature protein of elevated autophagy in mamma-
lian cells [18]. Using a LC3-GFP transfection protocol increased
autophagosome formation was clearly visualized in SLOS cells (Fig. 2,
panel A). The green fluorescent puncta indicates the location of LC3B-II
protein in control and SLOS cells, with the SLOS cells showing greater
puncta accumulation compared to control cells. In addition, MDC staining
was performed to evaluate the abundance of autophagic vacuoles in SLOS
and control cells as illustrated in Fig. 2B. The quantitative result of MDC
staining in both cell lines demonstrates a 3.2-fold (p b 0.05) increase of
MDC staining in SLOS cells. The results in Fig. 2A & B are consistent with
an increased accumulation of autophagosomes in SLOS cells.
                       SLOS

SLOS
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* 

ol and SLOSfibroblasts to show autophagosome formation. (B)MDC staining of control and
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3.2. Up-regulated LC3B-II in SLOS cells

There are three forms of LC3 in mammalian cells: Pro LC3B (60KD),
LC3B-I (17KD) and LC3B-II (13KD). LC3B-I is conjugated to phospholipid
to form LC3-II, which is associated with the autophagosome membrane.
Therefore, LC3B-II is widely used as an autophagy marker [19].
Western-blot analysis and confocal microscopy were used to assess
LC3B-II expression and localization. Fig. 3A is a representative Western-
Fig. 3. Increased LC3B-II and beclin-2 protein expression in SLOS. LC3B-II: Cell lysates from cont
cells. (A) Representative Western blot, red fluorescent for LC3 and green fluorescent for β-a
(C) Confocal image of LC3B localization in control and SLOS fibroblasts. Red fluorescence for L
SLOS human fibroblasts (lanes 5–8) were collected from LPDS cultured cells. (D) Repre
(E) Quantitation bar graph of beclin expression, n = 6, p b 0.05.
blot image demonstrating LC3B-I (upper band), LC3B-II (lower band),
and actin (bottom band) as internal loading controls. Fig. 3B shows the
quantitative results of normalized LC3B-II expression in fibroblasts from
4 SLOS and 4 healthy control patients in which LC3B-II is increased 1.5-
fold in SLOS cells (p b 0.05). In Fig. 3C are representative confocal images
showing LC3B-II as red fluorescence, actin as green fluorescence and
nuclei as DAPI blue fluorescence. LC3B-II appears primarily perinuclear
in location and is increased in SLOS cells.
rol (lanes 1–4) and SLOS human fibroblasts (lanes 5–8)were collected from LPDS cultured
ctin. (B) Quantitation of LC3B-II amount by normalizing with β-actin, n = 7, p b 0.05.
C3, green for actin and blue for nuclei. Beclin-1: Cell lysates from control (lanes 1–4) and
sentative Western blot, red fluorescent for beclin and green fluorescent for β-actin.
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3.3. Increased beclin-1 in SLOS

Another important protein in autophagy regulation is beclin-1
which is part of PI3kinase complex which stimulates autophagy [18].
Since our previous publication demonstrated a decrease in IP3 in SLOS
fibroblasts [9], we measured the expression of beclin-1 in control and
SLOS cells. Beclin-1 expression (upper band) was increased in SLOS
cells as illustrated in Fig. 3D. Fig. 3E is the quantitative analysis of the
Western-blot data showing a 2.7-fold increase in beclin-1 expression
in SLOS cells compared to healthy control cells, consistent with our pre-
vious observation of reduced IP3 levels in the SLOS cells.
3.4. Correlation of the cell LC3B-II level with cellular 7DHC concentration

The results in Figs. 2 and 3 strongly support the conclusion that au-
tophagy is activated in SLOS cells when compared to controls. Because
we hypothesized that this activation was related to the accumulation
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Fig. 4. Correlation of LC3B-II expression with cellular 7DHC and cholesterol concentration
in SLOS and control cells. A total of 16 cell samples were collected from 4 SLOS cell lines
and 4 control cell lines under two culture conditions (with FBS or with LPDS). For each
cell sample, half was used for Western-blot to determine the expression level of LC3B-II
and the other half was used for 7DHC and cholesterol measurement. Panel A showed
the expression level of autophagy protein LC3B-II correlating with cellular 7DHC concen-
tration, r2= 0.6907. Panel B showedno correlation between the expression of LC3B-II and
cellular cholesterol concentration.
of 7DHC in cells, the primary metabolic defect in SLOS cells [1,2], we
evaluated the relationship between LC3B-II protein and 7DHC cellular
concentrations & unesterified cholesterol level in SLOS and control cells.
A total of 16 cell samples were collected for Western-blot to determine
the expression level of LC3B-II and cellular sterol assay to determine
7DHC & cholesterol concentration. Fig. 4 shows a significant positive cor-
relation (r2 = 0.6907, p b 0.01) between LC3B-II level and cellular 7DHC
concentration in panel A, while no clear correlation between LC3B-II level
and cellular cholesterol concentration in panel B. In this experiment, the
cellular concentration of 7DHC is comparable to that reported in SLOS
cells previously published by us and others [9,14,20].

Fig. 4B shows the lack of correlation between unesterified cholester-
ol and LC3B-II and thus supports the suggestion that LC3B-II correlates
with cellular 7DHC concentration rather than with cellular cholesterol
concentration.

3.5. Induced autophagy formation by inhibition of DHCR7 and the
protective effect of antioxidants

The correlation between 7DHC and LC3B-II levels prompted us to use
the specific DHCR7 inhibitor, AY9944 [21] to increase 7DHC levels follow-
ed by the assessment of autophagosome formation and LC3B-II levels.
Fig. 5A shows MIA PaCa-2 cells transfected with LC3-GFP with and with-
out AY9944 treatment showing an increase in autophagosomes in
AY9944 treated cells. Immunoblots revealed an increased LC3B-II expres-
sion compared to cells with no AY9944 treatment (Fig. 5B). This result is
consistent with the correlation between 7DHC and LC3B-II. Furthermore,
the antioxidant cocktail/supplement/ B27 had a protective effect in con-
trol cells treated with AY9944 (Fig. 5, panel C), a similar effect as that
seen with the single antioxidant N-acetylcysteine in Fig. 5, panel D.
These results demonstrate that the antioxidant cocktail B27 and the single
antioxidant N-acetylcysteine have very similar effects thereby supporting
the suggestion that oxidative stress underlies the activation of autophagy
in SLOS cells.

3.6. Impaired mitochondrial function in SLOS cells

Autophagy is important in mitochondrial quality control (QC) since
it is the only cellular mechanism for disposing dysfunctional mitochon-
dria. Moreover, oxidative stress as well as defective autophagy affect
mitochondrial health and promote the accumulation of dysfunctional
mitochondria [22]. To assess mitochondrial function we used the dye
JC-1 to measure mitochondrial function spectrophotometrically and
by confocal microscopy. In healthy cells JC-1 monomers aggregate on
the mitochondrial surface and can be detected as red fluorescence
while in unhealthy (i.e., depolarized) cells the JC-1 monomers do not
aggregate and are detected as green fluorescence. Fig. 6A shows greater
green fluorescence in SLOS cells compared to control cells which emit a
predominantly red fluorescence signal. The ratio of fluorescent intensity
of JC1-aggregates to fluorescent intensity of monomers is used as an in-
dicator of mitochondrial membrane potential and thus mitochondrial
health. As shown in Fig. 6, panel B we found a 25% increase in the
ratio of green-to-red fluorescence in SLOS cells compared to control
cells indicating the accumulation of significantly more dysfunctional
mitochondria in SLOS cells under steady-state conditions.

3.7. Accumulation of Pink-1 on mitochondria in SLOS

The activation of mitophagy by dysfunctional mitochondria is regu-
lated by the accumulation of Pink-1 on the mitochondrial outer mem-
brane [23]. To determine whether the presence of dysfunctional
mitochondria in SLOS cells serves to stimulate mitophagy, we assessed
the level of Pink-1 in SLOS cells. Confocal images revealed an obvious in-
crease in Pink-1 staining in SLOS cells compared with control (Fig. 7A),
while a difference in Parkin between SLOS and controlwas not observed
(Fig. 7B). Using nuclei staining as the internal control, the relative



Fig. 5. Inhibition of DHCR7with AY9944 increases autophagicmarkers and the protective effect of antioxidants. (A)MIA PaCa-2 cellswere transfectedwith LC3-GFP followed by treatment
with AY9944 for 48 h. Autophagic vacuole formation was visualized by the accumulation of LC3-GFP. (B) LC3Western-blot for AY9944 treated control and SLOS cells showing increased
LC3B-II in control fibroblasts and even greater expression in SLOS fibroblasts. (C) B27, a nutritional supplement with antioxidants, decreased LC3B-II expression in AY9944 treated fibro-
blasts. Lanes 1–3, AY9944 treated control fibroblasts, and lanes 4–6, effects of B27 in AY9944 treated control fibroblasts. (C) LC3B-II expression before and after B27 and (D), LC3B-II ex-
pression before and after N-acetylcysteine (NAC), a potent antioxidant.
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intensity of Pink1 was remarkably increased by 40% in SLOS vs control
cells, and there was no clear change of Parkin as shown in Fig. 7D and
confirmed in immunoblots (Fig. 7C) from control and SLOS cell protein
isolates (n= 3). These data support the conclusion that defects inmito-
chondrial health contribute to the stimuli elevating autophagy in SLOS
cells.

3.8. Elevated autophagy in neural stem cells isolated from SLOS transgenic
mice and Dhcr7 siRNA treated neuroblastoma cells

Lastly, since among the most common and devastating defects in
SLOS children derive from CNS dysfunction including intellectual
disability, we examined neural stem cells cultured from the brains of
transgenic mice harboring the Dhcr7Δ3–5/Δ3–5 mutation, i.e., similar to
mutations in homozygotic SLOS fetuses. As shown in Fig. 8, panel A, 1
heterozygote and 2 homozygotes have elevated LC3B-II protein
supporting the suggestion that autophagy is increased in the CNS simi-
lar to that seen in dermal fibroblasts isolated from SLOS children. Fur-
ther supporting a role for autophagy in the CNS, silencing Dhcr7 in
neuroblastoma cells resulted in an increase in the LC3B-II/I ratio
(Fig. 8B), indicative of increased autophagy in neuronal cells in which
Dhcr7 is deleted. The cellular 7-DHC level was monitored in control
Neuro2a (0.21 ± 0.01 ng/μg protein) and in Dhcr7-deficient cells
(33.3 ± 6.2 ng/μg protein).
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438 S. Chang et al. / Molecular Genetics and Metabolism Reports 1 (2014) 431–442
4. Discussion

The results from the present study demonstrate that LC3B-II and
beclin-1, two important markers of autophagy, are elevated in skin fi-
broblasts from children with the Smith–Lemli–Opitz Syndrome, sug-
gesting increased autophagy in this devastating disease. Further
support for elevated autophagy in SLOS comes from our demonstration
of increased autophagosome content in SLOS cells along with the find-
ing that treating control cells obtained from healthy children with the
selective DHCR7 inhibitor AY9944 demonstrates similar results. In addi-
tion, since the primary metabolic defect in SLOS is a mutation in DHCR7
which leads to decreased cholesterol content and elevated 7DHC levels,
our observation that the increase in LC3B-II levels correlates tightlywith
cellular 7DHC, but not cholesterol content is consistent with the notion
that 7DHC, or perhaps one of its auto-oxidation products, ofwhich there
are several [24,25], causes the elevation in autophagic activity.
Supporting a role for a 7DHC-derived reactive oxysterols, we found
that the elevated autophagy can be reduced back toward control levels
with the anti-oxidant/growth supplement B27 as well as the antioxi-
dant N-acetylcysteine, consistent with a role for oxidative stress partic-
ipating in the elevated autophagy. Since mitochondria are the primary
source of reactive oxygen species, we also examined the degree to
which dysfunctional mitochondria might occur in SLOS cells and
found evidence for cytosolic accumulation of dysfunctional mitochon-
dria. Since 7DHC, which accumulates in SLOS cells, is known to localize
in membranes in general [20] and in the mitochondrial membrane in
particular [26], we suggest that 7DHC, or one of its auto-oxidative sterol
derivatives has a deleterious role in SLOS pathology by virtue of its abil-
ity to induce mitochondrial dysfunction by oxidative stress. However,
our data of elevated autophagymarkers in SLOS cells may reflect a com-
bination of both an increased stimulation of autophagic flux, likely from
dysfunctional mitochondria, i.e., mitophagy, but also an autophagic de-
fect in which autophagic flux is at least partially impaired. We propose
therefore that mitochondrial dysfunction, along with impaired autoph-
agic flux is a significant component of SLOS pathophysiology.

Autophagy is a highly conserved cellular pathway which functions
across species to degrade long-lived and dysfunctional cytoplasmic pro-
teins and organelles and elegantly recycles the degradative products
through the lysosomal apparatus back to the cellularmetabolic machin-
ery [18]. It was originally described as an adaptive response to starva-
tion to provide nutrients and energy by “self eating,” [27] but has
ultimately emerged as a highly efficient pathway to rid the cell of
expired, misfolded and damaged proteins and organelles as well [28].
Autophagy is responsible for both nonselective “bulk” autophagy and
selective degradation of specific proteins and organelles. A key player
which is part of the “core autophagic machinery” is a member of the
three MAP1 light chain 3 subfamilies (LC3A, B and C), of which LC3B-I
is formed by the action of Atg 4 on Atg8 inmammals. LC3B-I is then con-
jugated to the membrane lipid phosphatidylethanolamine (PE) to form
LC3B-II. This lipidation reaction is mediated by the interaction of Atg 3
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with Atg 7, and LC3B-II thus becomes firmly bound to the early
phagophore membrane and accompanies it throughout its transit to
the final degradation events in the autolysosome. Hence LC3B-II,
which is essential for the formation and expansion of the phagophore
[28], serves as the autophagic hallmarkprotein [19]. In this study, the in-
crease in LC3B-II is consistently seen in the SLOS cells and healthy con-
trol cells incubated in AY9944whichmimics the SLOS phenotype in cell
culture by inhibitingDCHR7 [29,30]. In addition, since LC3B-II levels cor-
relate with cell 7DHC content, this finding supports the notion that
autophagy is elevated in SLOS. However, elevation in autophagy
markers can result either from activation of autophagy, a pro-survival
process, or alternatively, from a block in autophagic flux, i.e., defective
autophagy which is a deleterious process.

Autophagy is controlled by 2 separate signaling pathways, the Akt–
mTOR–p70 S6K and beclin-1 pathways.While themTOR pathway is de-
scribed as the predominant pathway for activating autophagy [31],
beclin-1, a member of the class III PI3K complex which plays a critical
role in the formation of autophagosomes has been shown to activate



Fig. 8. Increased autophagy in cell models on SLOS neurons. (A) Increased expression of
LC3B-II in neuronal stem cells obtained from thebrains of Dhcr7 knockoutmice.Mutation-
al defects of one of the SLOSgenotypes (Dhcr7Δ3–05/Δ3–5)were generated inmice using ge-
netic engineering.Whole cell protein extracts from heterozygote (+/−) and homozygote
(−/−) cellswere subjected to immunoblottingwith LC3B-II antibody. (B) Increased LC3B-
II in Dhcr7-deficient Neuro2a cells. The cellular 7-DHC was monitored in control Neuro2a
(0.21 ± 0.01 ng/μg protein) and in Dhcr7-deficient cells (33.3 ± 6.2 ng/μg protein). In-
creased LC3B-II in neuroblastoma cells in which Dhcr7 was silenced with siRNA.
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autophagy independent of mTOR [32]. This pathway for controlling au-
tophagy has been shown to contribute to the pathobiology of several
sphingolipid storage diseases (LSDs) which are characterized by aber-
rant cholesterol and sphingolipid trafficking [33,34]. Our observation
that beclin-1 is elevated in lysates of SLOS cells which also harbor aber-
rant cholesterolmetabolism suggests that the activation of autophagy in
SLOS may be by the beclin-1 pathway. Moreover, our earlier finding of
decreased IP3 levels in SLOS cells is consistent with this interpretation.

An interesting observation in this study was the reduction in
autophagic activity with antioxidants. Sincemitochondrion is a primary
site of ROS generation, we examined mitochondrial functional status
in SLOS cells using JC1 staining which identifies mitochondria with
impaired bioenergetics, i.e., depolarized mitochondria. JC1 is a cationic
dye that accumulates in healthy mitochondria [16,17]. At low,
i.e., depolarized mitochondrial transmembrane potentials (low Δψm),
JC-1 binds predominantly as a monomer that yields a green fluores-
cence emission (530 ± 15 nm). At high transmembrane potentials
(high Δψm) the dye aggregates more abundantly and yields a red to or-
ange colored emission (590 ± 17.5 nm). Therefore an increase in the
green to red fluorescent ratio is indicative of depolarization. Since
mitochondrial transmembrane potential is an important parameter of
mitochondrial function, JC1 fluorescence can be used as an indicator of
mitochondrial functionality [35,36] reporting collapse of the mitochon-
drial transmembrane potential which uncouples oxidative phosphory-
lation and ATP synthesis and thus mitochondrial dysfunction. We
observed a 25% increase in green fluorescence in SLOS cells compared
to control cells indicating the presence of dysfunctional mitochondria.
Since dysfunctional mitochondria are cleared from the cytoplasm by
mitophagy, it is reasonable to conclude that their presence in SLOS
cells stimulates autophagy in an attempt to rid the cells of these dys-
functional organelles. To shed light on this, we examined the expression
of Pink-1 and Parkin onmitochondrial membranes. A model for Pink-1/
Parkin-mediated QC of mitochondria has been proposed by Youle's
group [8,37–39] and validated by others [23,40–43]. According to this
model, mitochondria that have accumulated damage to the point
where they can no longer maintain an adequate membrane potential
are targeted for removal to lysosomes using the Pink-1/Parkin QC qual-
ity control pathway. Pink-1 (PTEN-induced putative kinase 1) is a cyto-
solic protein that is constitutively expressed and enters allmitochondria
where in the presence of healthy (high Δψm) mitochondria, it reaches
the inner mitochondrial membrane (IMM). At this location, it's amino-
terminal end is rapidly cleaved by mitochondrial proteases, and the
truncated Pink-1 is degraded by the proteosome. Since Pink-1 cleavage
in mitochondria requires a high Δψm, in damaged mitochondria,
i.e., with a lowΔψm, Pink-1 fails to reach the IMMand remains localized
to the outermitochondrial membrane (OMM) resulting in its robust ac-
cumulation. Pink-1 present on the OMM triggers the migration of
Parkin, an E3 ubiquitin ligase from the cytosol to the mitochondrion,
likely by phosphorylation events on either Pink-1 [23] or Parkin [44],
or both. Parkin thus polyubiquitinates various mitochondrial surface
proteins thereby targeting them for delivery to the autophagosome by
aggregation and binding to P62's cargo recognition domain [23,40,41].
Accordingly, the Pink-1/Parkin QC pathway is regulated at the bioener-
getic level of the individual mitochondrion and is thus an upstream
event that identifies individual damaged mitochondria for disposal. In
this study we observed a 40% increase in mitochondrial Pink-1 consis-
tent with the activation of mitophagy, i.e., autophagic removal of dys-
functional mitochondria in SLOS cells.

The nature of the stimulus for mitochondrial depolarization howev-
er is obscure at this time and needs further exploration. However, at
least 3 potential mechanisms could account for this condition. One
would be the presence of 7DHC-derived oxysterol derivatives in themi-
tochondrial membrane. We and Porter [45] have demonstrated several
such lipid reactive species in AY9944 treated healthy cells and in SLOS
cells. Excess oxidative stress from lipid peroxidation products could ex-
plain this. Consistent with oxidative stress in SLOS, Vaughn et al. [46]
also found that antioxidant treatment with dimethylthiourea abrogated
retinal dysfunction in rats fed the DHCR7 inhibitor AY9944. Likewise,
Korade et al. [47] found that antioxidants reduce oxysterols in Dhcr7
mutant mice and in fibroblasts from SLOS patients, a maneuver that
also normalized lipid gene expression in SLOS fibroblasts. Second,
work by our group has shown that 7DHC is known to alter membrane
structure/function, both in model membranes and in SLOS cells [9,20].
Appropriate registration of the membrane phospholipid bilayers in
both the inner and outer mitochondrial membranes is essential for cou-
pling of oxidative phosphorylation reactions, and disturbances of the
membrane bilayer physical state by the presence of 7DHC would be
expected to uncouple this complex reaction pathway and lead to the
generation of oxidative stress. Third, under a variety of stresses, mito-
chondria generate reactive oxygen species (ROS) from a number of dif-
ferent redox centers in the respiratory chain with the predominate ROS
generated being O2

− which can then be converted to H2O2 and ONOO−

which at high levels can oxidize lipids and redox-reactive proteins
thereby amplifying the oxidative damage. Hence, any or all of these
mechanisms may account for the presence of mitochondrial dysfunc-
tion and contribute to SLOS pathology. The complexity of these
pathways and the intricate interplay between reactive lipids, mitochon-
drial dysfunction andmitophagy need further attention to delineate the
pathological role and possible development of new antioxidant thera-
pies, particularly those targeting dysfunctional mitochondria [48,49] in
SLOS and other diseases caused by aberrant sterol metabolism.
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4.1. Study limitations

One limitation of this study is the use of dermal fibroblasts isolated
from children with SLOS to represent defects in cell biology in tissues
of the whole child, which by definition harbor both defective Dhcr7 al-
leles. Humane limitations prevent us from obtaining cells from other
body tissues from these children. However, neuronal stem cells isolated
from the brains of SLOS transgenicmice revealed an elevation of LCB3-II
protein expression, similar to that seen in the dermal fibroblasts from
SLOS children. In addition, neuroblastoma cells subjected to Dhcr7
silencing also show increased LC3B-II expression. These findings
employing two different approaches support the idea that the derange-
ments we report in autophagy are not likely limited to dermal fibro-
blasts and may also occur in the CNS of children with SLOS.

In conclusion, we present findings demonstrating for the first time
elevated autophagy in SLOS cells. The data indicates that autophagic ac-
tivity is increased due, at least in part, to the presence of excessivemito-
chondrial oxidative stress related to 7DHC accumulation which appears
to initiate mitochondrial dysfunction thereby activating mitophagy to
clear the cell of these dysfunctional organelles. However, the accumula-
tion of dysfunctional mitochondria in SLOS cells points to the possibility
of a concomitant defective autophagic machinery which would inter-
fere with the ability ofmitophagy to clear the defective proteins and or-
ganelles. In summary, we propose that dysfunctional mitochondria and
defects in the autophagic machinery co-exist in SLOS cells which there-
by impair cell function and abrogate the ability of the autophagy to per-
form its protective prosurvival function. Furthermore, these alterations
may underlie the derangements in cell function that contribute to the
pathophysiology in children with SLOS and further indicates that SLOS
is, at least in part, a mitochondrial disease.
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