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peroxide products ( 1–6 ). Over the past several years, we 
have determined the rate constants for lipid peroxidation 
of PUFAs, and, because of their importance in mamma-
lian biology, we recently determined the propagation rate 
constants for cholesterol and 7-DHC ( 7 ). The rate con-
stant for cholesterol, 11 M  � 1 s  � 1 , falls in line with those de-
termined for other cycloalkenes, with cyclohexene and 
cyclopentene both having values of about 6 M  � 1 s  � 1  ( 8 ). 
On the other hand, the constant determined for autoxida-
tion of 7-DHC, 2,260 M  � 1 s  � 1 , is surprisingly large, and this 
rate constant makes 7-DHC the most reactive organic com-
pound that can maintain an oxidative free radical chain 
reaction ( 7 ). 

 Accumulation of 7-DHC in tissues and fl uids is observed 
in patients with Smith-Lemli-Opitz Syndrome (SLOS) ( 9–
11 ). SLOS results from mutations in the gene encoding 
the last enzyme of the cholesterol biosynthesis pathway, 
7-DHC reductase (Dhcr7) ( 12–15 ). The SLOS mutations 
lead to inactivation of the Dhcr7 enzyme, resulting in ele-
vated levels of 7-DHC and reduced levels of cholesterol 
( 10, 11, 16 ). Typical clinical features of SLOS patients in-
clude a distinctive facial appearance, cleft palate, and limb 
anomalies, syndactyly of the second and third toes being 
the most frequent one observed ( 17, 18 ). Nervous system 
abnormalities include microcephaly, myelin maturation 
delay, lyssencephaly, agenesis/hypoplasia of the corpus 
callosum, hypoplastic cerebellum, and other central ner-
vous system defi cits ( 17, 18 ). Clinically, nervous system ab-
normality manifestations are extremely broad, from minor 
learning and behavioral problems to mental retardation 
and autism-like symptoms ( 19, 20 ). 

 It is not clear if these abnormalities arise as a result of 
cholesterol defi ciency, increased levels of 7-DHC, or other 
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 Lipids, including cholesterol, 7-dehydrocholesterol (7-
DHC), and PUFAs, are prone to undergo reactions with 
molecular oxygen by free radical mechanisms ( 1–3 ). This 
process, known as lipid peroxidation, gives rise to a host of 
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99.9%) were purchased from Thermo Fisher Scientifi c Inc. 
7-Ketocholesterol was prepared by a known procedure ( 39 ). 

 Cell cultures 
 The neuroblastoma cell line Neuro2a was purchased from the 

American Type Culture Collection (Rockville, MD). Dhcr7-defi -
cient and nonsilencing Neuro2a cells were generated as described 
previously ( 40 ). Dhcr7-defi cient cells express short hairpin (sh)
RNA that downregulates the Dhcr7 enzyme and leads to accumu-
lation of 7-DHC when the cells are grown in lipid-defi cient serum. 
Nonsilencing Neuro2a cells express nonsilencing shRNA vector. 
All cell lines were maintained in DMEM supplemented with  L -glu-
tamine, 10% FBS (Thermo Scientifi c HyClone, Logan, UT), and 
penicillin/streptomycin at 37°C and 5% CO 2 . According to the 
vendor, the FBS contained cholesterol at concentrations of 32 
mg/100 ml. This translates into a fi nal cholesterol concentration 
of 32 µg/ml in our culture medium. For experiments shown in 
  Fig. 1  , cells were cultured with medium containing 10% choles-
terol-defi cient serum (Thermo Scientifi c HyClone Lipid Reduced 
FBS). This FBS medium did not have detectable cholesterol levels. 
While Neuro2a cultures were maintained in DMEM with phenol 
red, the experimental data was obtained from cultures grown in 
phenol-free DMEM medium. Dhcr7-defi cient and control (trans-
fected with nonsilencing shRNA) cells were grown in the presence 
of puromycin ( 40 ). 

 Lipid extraction, separation, and HPLC-MS/MS analyses 
of Neuro2a cells 

 Control and Dhcr7-defi cient Neuro2a cultures were generated 
as discussed above and as previously reported ( 40 ). Cell pellets 
were collected after the cultures were grown for 5 days in lipid-
defi cient medium. Cell pellets were homogenized in Folch solu-
tion (5 ml, chloroform-methanol = 2/1, containing 0.001 M 
butylated hydroxytoluene and PPh 3 ) by vortexing and sonication 
for 20 s. A NaCl aqueous solution (0.9%, 1 ml) was then added, 
and the resulting mixture was vortexed for 1 min and centrifuged 
for 5 min. The lower organic phase was recovered, dried under 
nitrogen, redissolved in methylene chloride, and subject to sepa-
ration with NH 2 -SPE [500 mg; the column was conditioned with 
4 ml of hexanes, and the neutral lipids containing oxysterols 
were eluted with 4 ml of chloroform-isopropanol (2/1)]. The 
eluted fractions were then dried under nitrogen and reconsti-
tuted in methylene chloride (400  � l) for HPLC-MS/MS analyses. 
The analyses were carried out similarly to the method described 
previously ( 32 ). The HPLC conditions were: silica, 4.6 mm × 25 
cm column, 5  � , 1.0 ml/min; elution solvent: 10% 2-propanol in 
hexanes. For MS, selective reaction monitoring was employed to 
monitor the dehydration process of the ion [M+H-H 2 O] +  in the 
MS. Thus, for oxysterols with a molecular weight of [7-DHC+2O], 
dehydration of  m/z  399 to 381 was monitored. For [7-DHC+3O], 
 m/z  415 to 397 was monitored. In this way, masses that corre-
spond to 7-DHC plus 1, 2, 3, and 4 oxygen atoms can be moni-
tored. Only the [7-DHC+2O] and [7-DHC+3O] masses showed 
major differences between control and Dhcr7-defi cient cells, 
which are shown in  Fig. 1  in the text. 25-Hydroxycholesterol was 
added to each sample as an external standard, which has a minor 
fragment, [M-4H+H + ], with the same  m/z  of 399. As a result, 
25-hydroxycholesterol was detected in the [7-DHC+2O+H + -H 2 O] 
panel of  Fig. 1  with the retention of 4.69 min. 

 Immunocytochemistry 
 Neuro2a cells were plated in 24-well plates at a density of 5,000 

cells/well. Twenty-four hours after plating, the cells were treated 
with oxysterols (concentrations shown in text) for 24, 48, or 72 h 
and incubated at 37°C with 5% CO 2 . After the appropriate time in 

mechanisms. One hypothesis is that 7-DHC and/or its ox-
idative derivatives, i.e., oxysterols, are biologically active, 
which may play some role in the pathology of SLOS ( 19, 
21–24 ). In one recent study, for example, it was reported 
that high levels of 7-DHC cause exaggerated photosensi-
tivity to ultraviolet (UV) A for SLOS patients ( 24 ). Long-
wavelength UV irradiation has been shown to activate 
NADPH -dependent oxidase activity, leading to oxidative 
stress in human keratinocytes ( 24 ). Similarly, in the rat 
SLOS model, elevated 7-DHC and formation of lipid per-
oxides lead to retinal degeneration ( 22, 25 ). Although 
there is no direct correlation between plasma levels of 
7-DHC and the severity of SLOS ( 26 ), it is not known if this 
correlation is present in specifi c tissues, especially the ner-
vous system. Brain cholesterol biosynthesis is independent 
from whole-body cholesterol biosynthesis ( 27 ); different 
tissues may accumulate 7-DHC to different degrees and 
may metabolize 7-DHC or its derivatives differently. In 
some reported therapeutic studies of SLOS, cholesterol 
supplementation leads to no signifi cant symptomatic im-
provement in SLOS patients ( 28–31 ). Thus, it is possible 
that 7-DHC accumulation within the nervous system, 
rather than cholesterol defi ciency, may be critical for de-
velopment of the nervous system pathophysiology associ-
ated with SLOS. 

 The observation that 7-DHC is such a reactive com-
pound toward free radical reaction with molecular oxy-
gen, producing a complex oxysterol mixture ( 32 ), coupled 
with the fact that it plays a prominent role in cholesterol 
biosynthesis and in SLOS, stimulated us to consider the 
biological activities of 7-DHC oxysterols in greater detail. 
The notion that 7-DHC oxysterols may be of interest was 
further supported by the fact that cholesterol-derived oxy-
sterols have been the focus of many recent studies be-
cause of their interesting activities ( 23, 33–38 ). By analogy, 
it seems reasonable to suggest that 7-DHC oxysterols will 
have interesting activities, some of which may be associ-
ated with the pathophysiology of SLOS. 

 To test the functional effects of 7-DHC oxysterols on 
neuronal function, we:  1 ) oxidized 7-DHC in vitro,  2 ) 
isolated and purifi ed individual oxysterols,  3 ) analyzed 
Dhcr7-defi cient Neuro2a cells for the presence of oxy-
sterols,  4 ) tested the effects of 7-DHC-derived oxysterols 
on cell viability, cell proliferation, growth, and gene ex-
pression, and  5 ) correlated oxysterol structure with bio-
logical activity. We report here the results of those 
studies and discuss the signifi cance of these fi ndings for 
SLOS. 

 MATERIALS AND METHODS 

 Materials 
 The initiator 2,2’-azobis(4-methoxy-2,4-dimethylvaleronitrile) 

was purchased from Wako Chemicals, dried under vacuum, and 
then stored at  � 40°C. 7-DHC (>98%) and Rose Bengal (95%) 
were purchased from Sigma-Aldrich Co. and were used without 
further purifi cation. Benzene (HPLC grade) was passed through 
a column of neutral alumina and stored over molecular sieves. 
Hexanes, ethyl acetate, methylene chloride, and methanol (all 
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photooxidation products 13-15 were prepared as reported 
( 42, 43 ). 

 HPLC fractionation of 7-DHC oxysterols 
 Because the 7-DHC oxysterol mixture contains over a dozen 

compounds, we designed experiments to determine the activity 
of individual fractions collected from HPLC, aiming to fi nd the 
most potent peaks. The 7-DHC oxidation product mixtures 
were obtained as reported previously ( 32 ). Briefl y, 7-DHC (0.13 M) 
in benzene was oxidized under an atmosphere of O 2  at 37°C 
for 28 h with the radical initiator 2,2’-azobis(4-methoxy-2,4-
dimethylvaleronitrile) (1 mol%), and the resulting reaction mix-
ture was stored at  � 80°C until HPLC separation. The primary 
7-DHC-oxidation mixture (0.11 M, 100  � l) was subject to sepa-
ration by normal phase HPLC-UV (25 cm × 10 mm, 5  �  Si; elu-
tion solvent: 10% 2-propanol in hexanes, fl ow rate: 4.0 ml/min, 
monitoring wavelengths: 210 and 246 nm) over a 40 min pe-
riod. One minute fractions were collected beginning at the 3rd 
min until the 39th min. One milliliter of each collected fraction 
was saved for MS analysis. Half of this 1 ml was analyzed directly 
by HPLC-MS, and the other half was reduced by PPh 3  (0.1 M, 
10  � l) before being analyzed by HPLC-MS. HPLC-MS analyses 
were carried out as previously reported ( 32 ). Peaks containing 
 1 ,  2a ,  2b (OOH),  2b ,  2b (OOH),  3 , and  4  were identifi ed by com-
paring with the retention time and mass spectra of the corre-
sponding standards. The remaining 3 ml was dried under N 2  
and used for cell viability tests. 

the culture, the cells were washed with PBS and fi xed for 15 min at 
room temperature in 4% paraformaldehyde. Following washing 
with PBS, the cells were incubated for 30 min in the blocking 
buffer (10% fetal bovine serum plus 0.1% saponin in PBS) at room 
temperature. Primary antibodies, anti-p75 (Promega), and Tu20 
(Abcam) were diluted in blocking buffer 1:1,000 and incubated 
overnight at +4°C. After several washes in PBS, secondary antibody, 
anti-rabbit Cy3 (Sigma), was used at 1:2,000 for 1 h at room tem-
perature. The cells were washed with PBS, a droplet of Flouro-
mount was added, and they were then coverslipped and analyzed 
on the Zeiss AXIO Observer.Z1 inverted microscope equipped 
with a Hamamatsu Digital Camera C10600 Orca R 2 . Images were 
acquired using AxioVision Rel. 4.7 program. The objective lenses 
were Zeiss EC Plan-NEOFLUAR 10×/0,3 Ph1 (420341-9911) and 
Zeiss LD Plan-NEOFLUAR 20×/0,4 Ph2 Korr ( ∞ /0-1,5). 

 Total RNA isolation and quantitative PCR 
 The detailed description of total RNA isolation, quantitative 

PCR (qPCR), and primer sequences used in the current study 
were published recently ( 40, 41 ). The Ki67 primers used in the 
SYBR qPCR assay were: forward: actgcagcagatggaactagg, reverse: 
agaacagtagcgtgatgtttgg. These primers were optimized and found 
to have a slope of  � 3.1 with  R  = 0.99. 

 Preparation of 7-DHC-derived oxysterols 
 Pure oxysterols  1  –  7  and  10  were isolated from 7-DHC free 

radical oxidation mixture as described previously ( 32 ). 7-DHC 

  Fig.   1.  7-DHC oxysterols are present in Dhcr7-defi cient Neuro2a cells. The chromatogram in panel A 
shows the oxysterol profi le of Dhcr7-defi cient Neuro2a cells. New peaks relative to control (B) are marked 
with an asterisk. The peak at RT = 4.69 min represents a minor MS fragment from the external standard 
25-hydroxycholesterol.   
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in human cells and tissues, will be subject to metabolic 
detoxifi cation ( 44 ). Indeed, there are a number of en-
zymes that serve to combat oxidative stress by the reduc-
tion of hydroperoxide functional groups, –OOH ––> –OH 
( 45, 46 ). We therefore developed methods to reduce hy-
droperoxide functionality in the primary 7-DHC oxy-
sterol product mixture by a mild reducing agent that 
reduces hydroperoxides without modifying other func-
tional groups. 

 Peroxidation of 7-DHC was carried out in solution as 
described previously ( 32 ), and the mixture of 7-DHC-
derived oxysterols formed, which we identify hereafter as the 
primary oxysterol mixture (or the primary oxysterols), was 
added to cell cultures to determine their effect on cell sur-
vival. The 7-DHC-derived oxysterol mixture that was re-
duced, which we identify hereafter as the reduced oxysterol 
mixture, was also assayed for cytotoxicity. For these experi-
ments, we used Neuro2a neuroblastoma cells that were 
treated with several concentrations (0–100  � M) of the 
7-DHC oxysterol mixtures for different periods of time 
(24–72 h) (  Fig. 2 ,  supplementary Fig. I). Cell viability was 
signifi cantly reduced in a dose- and time-dependent man-
ner for treatments with both the primary and reduced 
oxysterol mixtures. The reduced 7-DHC oxysterol mixture 
is more toxic than the primary mixture based on compara-
ble effects of the primary mixture at 50  � M and the effects 
of the reduced mixture at 25  � M, suggesting that the tox-
icity of the mixture is not due to a general lipid hydroper-
oxide effect but is more intimately associated with the 
oxysterol nucleus structure. For comparison, 7-ketocholes-
terol and 7 � -hydroxycholesterol derived from cholesterol 
peroxidation trigger cell death, activate infl ammation, 
and modulate lipid homeostasis, and their toxicities range 
from 30–100 µM in monocytic cells to 10–100 nM in hip-
pocampal neurons ( 35, 47, 48 ). 

 7-DHC-derived cyclic peroxides are the most toxic of all 
of the isolated 7-DHC oxysterols 

 Cell viability tests were carried out on Neuro2a cells with 
all fractions collected from an HPLC separation of the pri-
mary and reduced 7-DHC oxysterol mixtures. We conclude 
from these studies that all of the major potent compounds 
in the mixtures have known chemical structures that were 
previously assigned ( 32 ) (supplementary Fig. II). Sub-
sequently, the Neuro2a cells were exposed to different con-
centrations of the individual purifi ed 7-DHC-derived 
oxysterols, and the cytotoxicity of the 7-DHC oxysterol mix-
ture was compared in each case to the activity of individual 
compounds. Compounds assayed in this way were the 
epoxy alcohols  1 ,  6a , and  6b , the cyclic peroxides  2a ,  2b ,  3 , 
and  7 , the dienol  4 , trienol  5 , and tetraols  12a  and  12b . 
In addition, three 7-DHC photo-oxidation products and 
7-ketocholesterol were examined for cytotoxicity (  Fig. 3 ,  
supplementary Fig. III). 

 Epoxy alcohol  1  and compound  7  do not affect appar-
ent cell viability, whereas all other compounds decrease 
cell viability more than the 7-DHC oxysterol mixture. For 
most compounds, a concentration of 25  � M reduces cell 
viability by 50% or more. The most toxic compounds are 

 The same procedure was applied to separation and collection 
of 7-DHC oxidation products (0.11 M, 100  � l) reduced with an 
excess amount of P(OMe) 3 . Similarly, 1 ml of each fraction was 
directly used for HPLC-MS analysis and 3 ml was used for cell 
viability tests. 

 A parallel HPLC-UV separation of 7-DHC oxidation products 
reduced with P(OMe) 3  was carried out to collect peaks eluting 
at 6.9, 7.9, 8.9, 9.2, 10.9, 11.9, 12.5, 13.0, and 15.5 min.  1 HNMR 
analysis on the collected peaks confi rmed the peaks containing 
compounds  1 ,  2a ,  2b ,  3 , and  4 , which is consistent with the HPLC-
MS analysis. 

 The correlation between HPLC fractions and their effects on 
cell viability is shown in supplementary Fig. IIA, B. 

 In the chromatogram of the primary oxysterol mixture, the 
majority of bioactive compounds elute in the fi rst 15 HPLC frac-
tions. Among those, fractions 6, 7, 10, 11, and 12 contain the 
compounds most toxic to Neuro2a cells. In contrast, in the chro-
matogram of the reduced product mixture, fractions 6 and 7 are 
much less toxic compared with the comparable primary oxysterol 
fractions. The compound  2a (OOH) was found to elute in frac-
tion 6 of the primary product mixture and  2b (OOH) elutes in 
fraction 7 (supplementary Fig. IIA). This suggests that the most 
toxic components in fractions 6 and 7 of the primary oxysterol 
product mixture are  2b (OOH) and  2a (OOH). Cell viability tests 
on purifi ed compounds are consistent with this observation. 

 RESULTS 

 7-DHC oxysterols are present in Dhcr7-defi cient 
Neuro2a cells 

 We hypothesized that oxysterols will be present in bio-
logical samples under normal metabolic conditions if 
7-DHC is present at high levels because of the high oxidiz-
ability of this sterol. To test this hypothesis, we analyzed a 
cellular model for SLOS, Dhcr7-defi cient Neuro2a cells 
( 40 ). Neuro2a have a high endogenous level of the Dhcr7 
enzyme and Dhcr7-defi cient cells express shRNA that 
downregulates Dhcr7 and leads to accumulation of 7-DHC 
when the cells are grown in lipid-defi cient medium ( 40 ). 
Dhcr7-defi cient and nonsilenced cells were grown for 5 
days in lipid-defi cient medium and collected for HPLC-
MS analysis. A representative chromatogram is shown in 
 Fig. 1 . A number of peaks that have  m/z  expected for 
7-DHC oxysterols were found in the chromatogram of 
Dhcr7-defi cient cells, whereas these compounds were not 
detected in the nonsilenced Neuro2a cells. The peak in 
the chromatogram at RT = 7.24 min was tentatively as-
signed as compound  10 , 3 � ,5 � -dihydroxycholesta-7-en-6-
one, based on the exact retention time and mass spectrum 
compared with a standard isolated from 7-DHC oxidation 
product mixture (vide infra, also see  Fig. 3 ) ( 32 ). Studies 
that confi rm the presence of compound  10  and the struc-
ture elucidation of other compounds present in SLOS cell 
models are ongoing and will be reported in due course. 

 7-DHC oxysterol mixtures reduce Neuro2a cell viability 
in a dose- and time-dependent manner 

 Free radical oxidation of 7-DHC produces a complex 
primary oxysterol product mixture that contains hydroper-
oxides, cyclic peroxides, epoxides, and alcohols ( 32 ). It 
seems likely that this primary product mixture, if formed 
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reduced 7-DHC oxysterol mixture downregulates  Ki67  
expression by about 3.2-fold and compound  10  downreg-
ulates  Ki67  expression even more than the oxysterol mix-
ture (4.3-fold) (  Fig. 4  ). 

 7-DHC-derived oxysterols induce differentiation of 
Neuro2a cells 

 Compared with control Neuro2a cells that are amoe-
boid irregularly shaped cells, we noticed that 7-DHC-oxy-
sterol-treated cells show signifi cant morphological changes. 
The concentration of the 7-DHC oxysterol mixture that 
led to a 50% reduction in cell survival was used to treat 
Neuro2a cultures for 24–72 h, and the morphological 
changes of the cells were analyzed by the use of Tu20 and 
p75 antibodies. Tu20 recognizes neuron-specifi c  �  III tu-
bulin and it is used as a differentiation marker ( 50 ). The 
P75 antibody recognizes neurotrophic receptor p75 that is 
expressed at high levels in Neuro2a cells and stains both 
cell bodies and processes ( 41, 51 ). Microscopic examina-
tion showed that in the presence of the 7-DHC oxysterol 
mixture, Neuro2a cells develop long processes (  Fig. 5  ). 
These changes are visible within hours of treatment and 
persist in culture for at least 72 h. The differentiation ef-
fect is observable even with lower concentrations of the 
7-DHC oxysterol mixture, but it is not as dramatic as shown 
in  Fig. 5 . Both primary and reduced oxysterol mixtures 
lead to similar morphological changes. The same mor-
phology is observed with both Tu20 and p75 antibodies 
(supplementary Fig. IV). Undifferentiated Neuro2a cells 
express very low levels of  �  III tubulin, while they express 
signifi cantly more p75. Therefore, under control condi-
tions, the staining of cell bodies is more prominent with 
the anti-p75 antibody (supplementary Fig. IV). Differenti-
ated Neuro2a cells upregulate expression of  �  III tubulin, 
and both cell bodies and processes are very brightly stained 
with Tu20 antibody. 

 Transcriptome changes that are observed in 
Dhcr7-defi cient Neuro2a cells are also observed in 
control Neuro2a cells when treated with 
7-DHC oxysterols 

 We reported previously that Dhcr7 defi ciency in Neuro2a 
cells leads to transcriptome changes ( 40 ) and to better 
understand the molecular consequences of oxysterol 
treatment, we analyzed treated and control cells by qPCR 
at 24 h ( Fig. 4 ) and 48 h (supplementary Fig. V) after 
treatment. We chose to analyze the expression level of 
the same transcripts that we found altered in Dhcr7-defi -
cient Neuro2a cells ( 40 ). These include  Adam 19 ,  Egr1 , 
 20Rik ,  Prr13 ,  Snag1 ,  Snx6 , and lipid biosynthesis genes 
( FASN ,  SREBP2 ,  SCAP ,  S1P , and  SQS1 ). We found that 
7-DHC oxysterols indeed induce changes in the same set 
of genes in control cells as those that were identifi ed in 
Dhcr7-defi cient cells. With the exception of the  Snx6  
transcript that is not affected by oxysterols, the treated 
cells generally show more pronounced effects than those 
observed in Dhcr7-defi cient cells; the magnitude of change 
in oxysterol-treated cells is on average more than 1  �  � Ct 
(2-fold) compared with less than 1  �  � Ct in Dhcr7-defi cient 
cells. 

endoperoxides  2a ,  2b , and  3 , which all affect cell viability 
at 5  � M concentrations. While these compounds all con-
tain an endoperoxide functional group linking carbons 5 
and 9 on the steroid ring B, compound  7  has a similar en-
doperoxide but has little, if any, cytotoxicity. Clearly, these 
cytotoxicity effects depend on subtle structural differ-
ences, and generalizations about structure-activity should 
be advanced with some caution at this time. 

 7-DHC-derived oxysterols reduce proliferation of 
Neuro2a cells 

 Neuro2a cells are a rapidly proliferating neuroblas-
toma cell line. The reduced cell viability in these cells 
when exposed to oxysterols could be the result of re-
duced proliferation, cell death, or both. Ki67 is a cell 
cycle-related nuclear protein expressed by proliferating 
cells in all phases of the active cell cycle, and it is rou-
tinely used as a marker of cell proliferation ( 49 ). qPCR 
for the expression level of  Ki67  mRNA shows that the 

  Fig.   2.  Primary and reduced 7-DHC oxysterol mixtures reduce 
cell viability in a dose- and time-dependent manner. The  x -axis 
shows different concentrations of oxysterol mixture, the  y -axis 
shows absorbance at 492 nm, and different colors of the bars show 
different time points. Under control conditions, the number of 
cultured cells increases over the 72 h time period. Different con-
centrations of the 7-DHC oxysterol mixture have specifi c effects on 
cell survival; whereas treatment with 10  � M concentration of pri-
mary mixture does not differ from control, 10  � M of the reduced 
mixture signifi cantly reduces the cell number. The error bars show 
SD and the stars show signifi cant change ( P  < 0.01).   
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53 ). Based on the studies reported here, we conclude 
that the majority of the oxysterols formed from perox-
idation of 7-DHC are bioactive and strongly affect cell 
viability. Indeed, the oxysterol mixture formed from 
peroxidation of 7-DHC strongly reduces cell prolifera-
tion in Neuro2a cells and leads to induction of cell 
differentiation. 

 The set of 7-DHC-derived products is remarkably com-
plex compared with the products that are normally ob-
served from peroxidation of cholesterol. Cholesterol is a 
mono-alkene that, upon peroxidation, gives primarily 
oxo-, hydroxyl-, and hydroperoxyl-substituted derivatives 
at C-7 of the sterol structure. 7-DHC, on the other hand, is 
a diene and this provides additional mechanistic options. 
A detailed reaction mechanism that involves abstraction of 
hydrogen atoms at C-9 and/or C14 of the sterol was pre-
sented recently to account for the formation of all of the 
isolated oxysterols ( 32 ). 

 Both primary and reduced 7-DHC oxysterols trigger 
expression changes similar to those observed in Dhcr7-
defi cient cells. However, compound  10  shows a slightly 
different gene expression profi le. Whereas compound  10  
regulates expression of  Ki67 ,  Prr13 ,  Adam19 ,  Egr1 , and 
 Snag1 , it does not affect the lipid biosynthesis enzymes ex-
cept the  Dhcr7  transcript. The observed changes in lipid 
transcripts induced with primary and reduced 7-DHC oxy-
sterol treatment are in agreement with published reports 
on the ability of cholesterol-derived oxysterols modulating 
lipid biosynthesis ( 33 ). 

 DISCUSSION 

 The products of fatty acid and cholesterol peroxida-
tion may serve as biomarkers of oxidative stress, but they 
may also exert signifi cant biological activities and play 
important roles in cell signaling and gene induction ( 52, 

  Fig.   3.  Individual 7-DHC oxysterols show toxicity equal to or greater than the oxysterol mixture, correla-
tion of structures with cellular effects. A: Neuro2a cells were treated with purifi ed oxysterols (25 µM), and 
cell survival was analyzed 48 h later. At this concentration, a majority of compounds reduces cell viability to 
<50% ( P  < 0.001, marked with star). Compounds 1 and 7 are not toxic and compound 4 reduces cell survival 
by 20% ( P  < 0.01). B: Chemical structures of oxysterols. Compounds 1–12 are formed from free radical oxi-
dation of 7-DHC. Compounds 13–15 are formed from photo-oxidation of 7-DHC. The number below each 
compound shows the oxysterol concentration that leads to reduction in cell survival to  � 50% at 48 h after 
the treatment.   
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scription factors ( 54–56 ). The most potent endogenous 
ligands for LXRs are 24S-hydroxycholesterol, 24 S ,25-
epoxycholesterol, 24-oxocholesterol, 27-hydroxycholesterol, 
and desmosterol ( 57–60 ). The drastic differences between 
the core structures of 7-DHC-derived oxysterols and the 
structures of the classic ligands for LXRs may provide 
much needed guidance for the study of structure-activity 
relationships of nuclear receptor ligands ( 57 ). Indeed, 
oxysterols are ligands not only for LXRs and retinoid X 
receptors but also for other nuclear receptors ( 61 ). In 
addition, there is a very large family of oxysterol-binding 
proteins, and different oxysterols may work in concert 
with specifi c binding proteins ( 62 ). This is in agreement 
with our fi nding that the cellular transcriptome changes 
triggered by 7-DHC-derived oxysterols in control Neuro2a 
cells overlap with the changes observed in Dhcr7-defi cient 
cells, suggesting a role for oxysterols not only in lipid bio-
synthesis but also in other aspects of cellular metabolism. 

 Our studies show that several oxysterols are present in 
the SLOS Neuro2a cell models, and these compounds are 
not found in control Neuro2a cells ( Fig. 1 ). One of these 
oxysterols is tentatively assigned as compound  10  on the 
basis of identical mass spectra and retention times com-
pared with the isolated standard. Compound  10  is a con-
stituent of the product mixture formed from the free 
radical oxidation of 7-DHC, and this is highly suggestive 
that peroxidation of 7-DHC is linked to cellular changes in 
SLOS. 

 Compound  10  as well as oxysterol mixture induce tran-
scriptome changes in the cholesterol and lipid biosyn-
thesis pathways. However, compound  10  shows slightly 
different changes than those found for the 7-DHC oxy-
sterol mixture. It is not surprising that the individual 7-DHC 
oxysterols would show differential effects on induction of 
specifi c genes, because they most likely act as specifi c li-
gands for different liver X receptors (LXRs) or other tran-

  Fig.   4.  Oxysterol treatment of control Neuro2a leads to gene expression changes. In the graphs A and B, 
the genes are plotted on the  x -axis, and the  y -axis denotes the average – �  � Ct that was calculated against 
Tbp1 as a normalizer.  P  < 0.001 for changes shown in bold and not signifi cant for those in Italic. A: Oxysterol 
treatment results in decreased expression of critical lipid biosynthesis genes that were also found altered in 
Dhcr7-defi cient Neuro2a cells. The results are concordant for the primary (50 µM) and reduced (25 µM) 
mixtures. Compound 10 signifi cantly affects the expression of Dhcr7 at both 24 and 48 h, but the effect on 
other lipid genes is not consistent and not signifi cant. B: Oxysterol treatment results in gene expression 
changes similar to those identifi ed in Dhcr7-defi cient Neuro2a cells. Whereas Prr13, Egr1, and Snag1 showed 
consistent changes at both the 24 and 48 h time points, Adam19 and 20Rik were not changed at 48 h, sug-
gesting transient change in the expression of these genes in response to oxysterol treatment. Compound 10 
affects the expression of Ki67, Prr13, Egr1, and Snag1 similarly to primary and reduced mixtures. C: Sum-
mary of gene expression changes expressed as percentage of untreated cells. The table lists the genes and 
percentage of change. The changes are upregulation (positive value) and downregulation (negative value). 
For details of gene expression changes in Dhcr7-defi cient cells, see Korade et al. (40).   
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cause the cholesterol precursors and their oxidized forms 
may be bioactive and potentially toxic, careful isolation 
and characterization of specifi c sterols and oxysterols in 
these KO mice may prove to be of interest. Studies directed 
toward identifi cation of other 7-DHC-derived oxysterols 
found in SLOS cell models and assessment of their bio-
logical activities are ongoing in our laboratories and will 
be reported in due course. The examination of human 
SLOS fi broblasts and knockout rodents will also be carried 
out to explore the role of 7-DHC oxysterols in these 
systems. 

 What is the signifi cance of our fi ndings for SLOS? In 
SLOS, 7-DHC accumulates in tissue and fl uids. Whereas 
control populations show plasma cholesterol levels of 
 � 180 mg/dl and 7-DHC of  � 0.005-0.05 mg/dl, SLOS pa-
tients can have plasma cholesterol levels of  � 85 mg/dl or 
lower and 7-DHC levels as high as  � 25 mg/dl ( 20, 28 ). 
A rough calculation of the kinetics of oxysterol product 

 Indeed, our studies are in agreement with a recent pro-
posal by Fliesler ( 63 ) suggesting that SLOS is not only an 
imbalance of cholesterol and 7-DHC caused by defects in 
Dhcr7, but it also involves secondary defects in nonsterol 
metabolic pathways and additional biochemical changes 
( 63 ). Low levels of cholesterol are present in several disor-
ders arising from defects in different enzymes in the cho-
lesterol biosynthesis pathway (CDPX2, lathosterolosis, 
desmosterolosis) ( 18, 64 ). Because the phenotype is spe-
cifi c for different disorders, it is very likely that in addition 
to low levels of cholesterol there are other contributing 
factors, including the accumulation of sterol intermedi-
ates. This is supported by recent studies that analyzed 
Insig double KO mice ( 65–67 ). Insig proteins regulate 
cholesterol biosynthesis through modulating the activities 
of Hmgcr and Scap ( 68 ). In these mice, accumulation of 
cholesterol intermediates in the presence of cholesterol 
leads to cleft palate ( 65 ) or hair growth defects ( 67 ). Be-

  Fig.   5.  Both primary and reduced 7-DHC oxysterol mixtures induce differentiation of Neuro2a cells. After 
48 h of oxysterol treatment, cells were fi xed and processed for immunocytochemistry using Tu20 (A, C, E) 
antibody. Panels on the left show Cy3 fl uorescence and the panels on the right show phase contrast of the 
same fi eld. A and B are control, C and D are treated with 50  � M primary 7-DHC oxysterol mixture, and 
E and F are treated with 25  � M reduced mixture.   
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sis, sterol metabolism/transport, and fatty acid synthesis. 
Based on the identifi cation of overlapping gene expression 
changes in Dhcr7-defi cient and 7-DHC oxysterol-treated 
Neuro2a cells, we hypothesize that the pathophysiological 
fi ndings in the mouse SLOS model and SLOS patients 
might be due to accumulated 7-DHC oxysterols. Should 
this prove to be the case, it would potentially change the 
paradigm for SLOS therapy, shifting the focus to the iden-
tifi cation of therapeutic agents that prevent the forma-
tion (or neutralization) of the most toxic 7-DHC-derived 
oxysterols.  

 Z.K. appreciates support from the Vanderbilt Kennedy Center 
for Research on Human Development. Special thanks to Drs. 
Aaron Bowman for the use of the Zeiss inverted microscope 
and Karoly Mirnics for the use of the tissue culture facility and 
ABI system. We also thank Amy Millsap for collecting HPLC 
fractions and Khine Lwin for designing Ki67 primers. 
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