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Cholesterol is detrimental to human health in excess but is
also essential for normal embryogenesis. Hence, enzymes
involved in its synthesis possess many layers of regulation
to achieve balanced cholesterol levels. 7-Dehydrocholesterol
reductase (DHCR?) is the terminal enzyme of cholesterol syn-
thesis in the Kandutsch-Russell pathway, converting 7-dehy-
drocholesterol (7DHC) to cholesterol. In the absence of func-
tional DHCR7, accumulation of 7DHC and a lack of cholesterol
production leads to the devastating developmental disorder,
Smith-Lemli-Opitz syndrome. This study identifies that statin
treatment can ameliorate the low DHCR7 expression seen with
common Smith-Lemli-Opitz syndrome mutations. Further-
more, we show that wild-type DHCR?Y is also relatively labile. In
an example of end-product inhibition, cholesterol accelerates
the proteasomal degradation of DHCRY7, resulting in decreased
protein levels and activity. The loss of enzymatic activity results
in the accumulation of the substrate 7DHC, which leads to an
increased production of vitamin D. Thus, these findings high-
light DHCR?7 as an important regulatory switch between choles-
terol and vitamin D synthesis.

Cholesterol is an essential molecule for life in higher organ-
isms, but too much or too little can lead to disease. Its synthesis
requires a complex series of reactions that involves >20 steps,
which must be tightly controlled to balance cholesterol levels.
Here, we focus on the post-translational regulation of 7-dehy-
drocholesterol reductase (DHCR7),” the terminal enzyme in
the Kandutsch-Russell pathway of cholesterol synthesis (1, 2)
(Fig. 1A). The alternative terminal enzyme in the Bloch path-
way of cholesterol synthesis is 24-dehydrocholesterol reductase
(DHCR24) (3). Despite a certain level of redundancy, both the
Kandutsch-Russell and Bloch pathways are utilized in different
cellular contexts, and are both essential for cell survival (2).
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DHCR?7 acts by reducing the C(7—8) double bond of 7-dehy-
drocholesterol (7DHC) to form cholesterol. A lack of functional
DHCR? results in an accumulation of 7DHC and reduced cho-
lesterol synthesis, resulting in the devastating developmental
disorder Smith-Lemli-Opitz syndrome (SLOS) (4, 5). SLOS is
characterized by morphogenic and congenital abnormalities,
mental retardation, and behavioral problems (6). The incidence
of SLOS reportedly ranges between 1 in 10,000 to 70,000 in
different populations, with a carrier rate of approximately one
percent for pathogenic mutations of SLOS (7). Although the
disorder was first identified 50 years ago (4), there is no cure,
and clinical and biochemical research into effective therapies is
still ongoing (8).

Besides being a precursor for cholesterol, 7DHC is also a
precursor in vitamin D synthesis. This reaction is catalyzed by
ultraviolet B (UVB) irradiation of the skin (Fig. 14) and repre-
sents the major source of vitamin D in humans. Vitamin D is
best known for its role in |calcium homeostasis and skeletal
health, but its deficiency has also been associated with an
increased risk of certain cancers, autoimmune diseases, type
II diabetes mellitus, cardiovascular disease, and overall mor-
tality (9-11). With an increasing number of individuals
placed on vitamin D supplements despite little evidence of
their success in preventing chronic disease (10, 12), there
needs to be a greater understanding of how vitamin D syn-
thesis is regulated. Through genome-wide association stud-
ies, genetic variants in DHCR7 have been identified as strong
determinants of circulating concentrations of 25-hydroxyvi-
tamin D, a marker of vitamin D status (13, 14). Thus, exam-
ining DHCR?7 regulation will provide insights into both vita-
min D and cholesterol synthesis.

The rate-limiting steps of cholesterol synthesis are catalyzed
by 3-hydroxy-3-methylglutaryl CoA reductase (HMGCR) and
squalene monooxygenase (SM), which are both rapidly turned
over in response to sterol triggers (15, 16). In contrast, DHCR24
protein appears relatively stable (17). Because DHCR7 and
DHCR24 are regulated similarly at the transcriptional level via
sterol-regulatory element-binding protein (SREBP) (18), it is
possible that these two alternative terminal enzymes differ at
the post-translational level, providing differential regulation of
the two pathways. Here, we report for the first time that
DHCRY is rapidly degraded proteasomally in response to cho-
lesterol, which switches flux from cholesterol toward vitamin D
synthesis.
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Degradation of DHCR7 Increases Vitamin D Synthesis

TABLE 1

Retention times and ion m/z values monitored in selective ion monitoring mode during gas chromatography/mass spectrometry

Retention Quantification/confirmation Molecular ion
Compound time ion (m/z) (m/z)
min
5a-Cholestane 28.0 217 372
[*H,]Cholesterol 33.5 336 465
[*H,]7DHC 35.5 358 463
[*H,]Vitamin D 30.0 358 463

Experimental Procedures

Cell Culture—CHO-7 and SRD-1 cell lines (gifts of Drs.
Goldstein, Brown, and DeBose-Boyd, University of Texas
Southwestern) and HaCaT cells (gift of Dr. Mason, University
of Sydney, Australia) were used. HEK-293 cells stably overex-
pressing SM-N100-GFP-V5 (16) and CHO-7 cells stably over-
expressing DHCR24-V5 (CHO-DHCR24) (19) were generated
previously. HEK-293 or CHO-7 cells stably overexpressing
DHCR7-myc (HEK-DHCR7 or CHO-DHCR?7, respectively)
were similarly generated for this study. HEK-293 and HaCaT
cell lines were maintained in DMEM HG medium supple-
mented with 10% (v/v) fetal calf serum, and CHO cell lines were
maintained in DMEM/F12 media supplemented with 5% (v/v)
newborn calf lipoprotein-deficient serum. Cells were seeded at
a density of 4.5 X 10° cells per well in a 6-well plate, transfected
the following day, and treated the next day. Sterol intermediates
were complexed to the carrier methyl-B-cyclodextrin (CD)
(20). Treatments were performed in sterol-depleted media that
contained the statin compactin (5 um). All statin treatments
were supplemented with mevalonate (50 um). HEK-SM-N100-
GFP-V5 cells were additionally pretreated overnight in the
treatment media, as performed previously (16). HEK-293 and
HaCaT cell lines were treated in DMEM HG media supple-
mented with 10% (v/v) fetal calf lipoprotein-deficient serum.

Expression Plasmids—The protein-coding sequence of
human DHCR7 (NM_001360.2) was cloned from ¢cDNA into
PGEM T-easy (Promega) and subcloned into pcDNA4 (Life
Technologies) with a C-terminal V5-epitope tag and into
pcDNAS5-FRT (Life Technologies) with a C-terminal myc
tag that was used previously (21). The plasmid pcDNA4-
DHCR7-V5 was used as the template to generate amino
acid mutations via site-directed mutagenesis, whereas
pcDNA5-DHCR7-myc-FRT was used to create the stable
cell lines for this study. Primer sequences are available upon
request.

Plasmid and siRNA Transfections—HEK-293 cells were
seeded, and DHCR?7 plasmids were transfected the next day for
24 h with 1 pug of DNA to 2 ul of TransIT-2020 reagent (Mirus
Bio). Similarly, CHO-DHCR24-V5 cells were transfected with
the DHCR7-myc plasmid for 4 h with 1 ug of DNA to 4 ul of
Lipofectamine LTX transfection reagent (Life Technologies).
Cells were treated the following day as indicated in the figure
legends.

For siRNA transfections, HEK-DHCR7 or CHO-DHCR?7
cells were transfected for 24 h with 25 nm siRNA using 5 ul of
Lipofectamine RNAIMAX transfection reagent (Life Technol-
ogies). Then cells were harvested for quantitative real-time-
PCR or treated as indicated in the figure legends.
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Quantitative Real-Time PCR—After plasmid or siRNA
transfection, total RNA was harvested using Tri Reagent and
reverse transcribed to ¢cDNA using Superscript III Reverse
Transcriptase. Gene expression levels of Insig-1, Insig-2, and
DHCR?7 were determined and normalized to the housekeeping
gene porphobilinogen deaminase (PBGD). Primer sequences
for PBGD have been published previously (22, 23). Insig-1
primer sequences were CGCCTGTTGCAGAGGAGCC (for-
ward) and CGAGGTGACTGTCGATACAGGG (reverse),
Insig-2 primers were CGCTCTTTCCACCTGATGTG (for-
ward) and CAGTCCAATGGATAGTGCAGCC (reverse), and
DHCR?7 primers were CACCGGCCGTGCTAGTCTGG (for-
ward) and CAGGCTTGTAGCCCGTTCACCTC (reverse).

Western Blotting—Protein was harvested in modified radio-
immunoprecipitation assay buffer, as described previously (24).
Protein concentrations were measured and normalized using
BCA Protein Assay (Thermo Fisher Scientific), and all samples
were equally loaded for 10% (w/v) SDS-PAGE gel separation.
Samples were transferred onto nitrocellulose membranes, and
equal loading was confirmed with Ponceau S stain. Membranes
were blocked with 5% (w/v) skim milk and probed with the
following primary antibodies: mouse anti-myc (1:5000 dilution
in 0.5% BSA; Santa Cruz, catalog no. SC-40, lot no. A2814),
mouse anti-V5 (1:5000 dilution in 5% skim milk; Life Technol-
ogies, catalog no. R960-25, lot no. 1658817), rabbit anti-
GAPDH (1:1000 dilution in PBST; Cell Signaling Technology,
catalog no. 2118, lot no. 8), rabbit anti-calnexin (1:1000 dilution
in PBST, Cell Signaling Technology, catalog no. 2433, lot no. 4),
and mouse anti-a-tubulin (1:10,000 dilution in 5% BSA, Sigma,
catalog no. T5168, lot no. 072M4809). Membranes were then
visualized with the enhanced chemiluminescent detection sys-
tem using the ImageQuant LAS 500 (GE Healthcare). Protein
band intensities from Western blots were quantified by densi-
tometry using Image Studio Lite (version 4.0). Locations of
molecular weight standards are indicated on the blots.

Gas Chromatography/Mass Spectrometry (GC/MS)—Cells
were treated as indicated in the figure legends with 2 ug/ml
[*H,]J7DHC (Avanti Lipids) complexed to CD for 2 h. If
required, cells were treated with UVB, then harvested, and pro-
tein was normalized before adding 0.3 ug of 5a-cholestane as
an internal standard for GC/MS. Lysates were processed in eth-
anol, with 10 um butylated hydroxytoluene and 200 um EDTA.
Lipids were extracted, derivatized, and analyzed in selective ion
monitoring mode using a Thermo Trace gas chromatograph
coupled with a Thermo DSQII mass spectrometer and Thermo
Triplus autosampler (Thermo Fisher Scientific), and data were
processed with Thermo Xcalibur Software (Version 2.1.0.1140)
as described previously (17). Sterols monitored are detailed in
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FIGURE 1. DHCRY7 is rapidly turned over compared with DHCR24. A, DHCR7 and DHCR24 catalyze the final steps of cholesterol synthesis via the Kandutsch-
Russell and Bloch pathways, respectively. 7-Dehydrocholesterol can be converted to cholesterol by acting as a substrate for DHCR7 or to vitamin D through
exposure to ultraviolet B (UVB) light. A simplified version of the modified Kandutsch-Russell pathway is shown as described in detail previously (2). B,
CHO-DHCR24-V5 cells were transfected with empty vector (EV) or DHCR7-myc plasmid and treated with or without 10 ng/ml cycloheximide (CHX) for 0-8 h.
Protein levels were analyzed using Western blotting with myc, V5, and GAPDH antibodies. Blots are representative of three independent experiments. There

is a nonspecific band at 37 kDa in the myc immunoblot.

Table 1. Quantification of DHCR7 activity or rate of vitamin D
production was based on chromatographic peak areas
measured for [*H,]cholesterol relative to [*H,]7DHC or
[*H,]vitamin D, respectively.

Data Presentation and Statistical Analysis—Data are pre-
sented as the mean * S.E. Statistical differences were deter-
mined by Student’s paired ¢ test (two-tailed), where p values of
=0.05 (*) and =0.01 (**) were considered statistically
significant.

Results

DHCRY7 Is Rapidly Turned Over in Response to Cholesterol—
First, we compared the protein stability of DHCR7 and
DHCR24 using CHO-7 cells stably overexpressing DHCR24-V5
(19). We transiently transfected these cells with DHCR7-myc
and treated them with the protein synthesis inhibitor, cyclo-
heximide to study protein turnover. Although DHCR24 protein
expression remained stable for 8 h, DHCR7 turnover was rapid
(Fig. 1B).

Because cholesterol is produced by DHCR7, we considered
whether end-product inhibition occurred. Therefore, we
treated cells overexpressing DHCR7 with cholesterol and found
that DHCR?7 protein expression was indeed reduced by choles-
terol treatment in a time-dependent manner (Fig. 24), con-
sistent with end-product-mediated degradation. Although
basal turnover of DHCR7 was very rapid with cycloheximide
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alone (Fig. 2B), cholesterol treatment further accelerated its
degradation (Fig. 2, A and B). A version of DHCR7 tagged at the
N terminus was similarly degraded at 8 h (data not shown).

Next we used SRD-1 cells (25), a CHO mutant cell line that
lacks SREBP-mediated transcriptional regulation, to ensure
that the observed effects were post-translational. To measure
DHCRY7 activity, we metabolically labeled cells with deuter-
ated 7DHC ([*H,]7DHC) and determined conversion to
[*H,]cholesterol by GC/MS as we have done previously (21)
(Fig. 3, A and B). In the absence of an effective endogenous
DHCR?7 antibody, this confirmed that the decreased protein
levels also resulted in a decrease in DHCR7 activity. Our
findings show that cholesterol treatment decreased DHCR?
activity by 50% (Fig. 3C). Furthermore, DHCR7 mRNA levels
remained stable after cholesterol treatment in SRD-1 cells
(Fig. 3D). Collectively, these results demonstrate that cho-
lesterol stimulates a decrease in DHCR?7 protein at the post-
translational level, which also caused a decrease in DHCR7
activity.

Sterol Specificity of DHCR7 Degradation—Next, we tested
desmosterol, the product of DHCR? in the Bloch pathway, and
found that it also reduced DHCR7 protein levels (Fig. 44). Con-
versely, overnight statin pretreatment, which was used to lower
sterol status, resulted in higher basal expression of DHCR?7 (Fig.
4A).
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FIGURE 2. DHCR? is rapidly turned over in response to cholesterol. A, HEK-
DHCRY cells were treated with or without 20 ug/ml cholesterol-cyclodextrin
(Chol/CD) and with or without 10 wg/ml cycloheximide (CHX) for 0-8 h. Blots
are representative of six independent experiments. Protein levels were ana-
lyzed using Western blotting with myc and calnexin antibodies. B, semilog
plot of DHCR7 protein levels normalized to the 0-h control conditions from A,
which was set to 100%, and is presented as the mean = S.E. The dotted line
indicates that 50% of protein remained.

HMGCR and SM have distinct sterol response profiles, with
SM degradation induced by cholesterol and desmosterol (16),
whereas HMGCR responds to earlier intermediates, such as
24,25-dihydrolanosterol, and the oxygenated derivatives of
cholesterol, oxysterols (26, 27). We predicted DHCR7 to be
degraded similarly to SM in response to sterol products in the
pathway. Having shown that both cholesterol and desmosterol
accelerate DHCR?7 protein degradation, we further investigated
sterol specificity by testing a selection of sterol pathway inter-
mediates. There was little sterol specificity with most interme-
diates causing some decrease in DHCR? levels (Fig. 4, B and C)
and with later products in the pathway tending to display a
higher propensity to trigger degradation.

Additionally, oxysterols were tested at concentrations shown
to degrade HMGCR (28). Side-chain oxysterols, such as 25-hy-
droxycholesterol, induce HMGCR degradation (29), whereas
steroid-ring oxysterols can induce SM degradation (16). Again,
we predicted that DHCR7 would follow a similar pattern to SM
but found that most oxysterols had no effect. Only 7-ketocho-
lesterol, which can be generated enzymatically from 7DHC
(30), significantly decreased DHCR?7 levels, albeit to a lesser
extent than cholesterol (Fig. 4, D and E). Although DHCR? is
relatively labile and sensitive to degradation via a number of
sterol triggers, we focused on the relationship between DHCR?
and cholesterol as it is the most physiologically abundant sterol
(31), and therefore, any measurable effects within cells are likely
to be largely caused by cholesterol.

Cholesterol-mediated Degradation of DHCR7 Does Not
Involve Putative Cholesterol-binding Sites nor the Insig Reten-
tion Protein—There are at least two ways that DHCR7 may
respond to increased cholesterol: first, via a predicted sterol-
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FIGURE 3. Cholesterol causes a decrease in DHCR7 activity but not DHCR7
mRNA levels. A and B, SRD-1 cells were treated with or without 20 ug/ml
cholesterol-cyclodextrin (Chol/CD) for 8 h before labeling with [2H,]7DHC/CD
for 2 h. Lipid extracts were analyzed for [?H,]cholesterol relative to [*H,]7DHC
using GC/MS. A, chromatograms are representative. B, data were normalized
to the control condition, which was set to 1,and are presented as mean *+ S.E.
from five independent experiments. ** indicates statistical significance com-
pared with the control condition, p < 0.01. C, SRD-1 cells were treated with or
without 20 pug/ml Chol/CD for 8 h. Gene expression levels of DHCR7 were
normalized to the housekeeping gene, PBGD. Data are presented as the
mean = S.E. from four independent experiments performed with triplicate
cultures.

sensing domain (32, 33), and second, by interacting with puta-
tive cholesterol-binding sites (34). In HMGCR, crucial residues
were identified in the enzyme’s sterol-sensing domain, which
must bind to the endoplasmic reticulum retention protein Insig
to induce HMGCR degradation (35). DHCR7 has been pro-
posed to contain a sterol-sensing domain (32), although this has
not been verified experimentally. To examine if a similar pro-
cess occurs in the sterol-mediated degradation of DHCR7, we
used specific siRNA to knock down both isoforms of Insig (Fig.
5A). Because cholesterol regulation remained after nsig knock-
down (Fig. 5A4), this indicates that Insig is not required in the
cholesterol-mediated degradation of DHCR?7.

Alternatively, mutations of other residues in DHCR7 may
confer resistance to cholesterol-mediated degradation. Two
cholesterol-binding sites (tyrosine 280 and aspartic acid 411)
were recently predicted through solving the crystal structure of
a A(14)-sterol reductase that is a homologue of human DHCR7
found in the methanotrophic bacterium Methylomicrobium
alcaliphilum 20Z (34). Using site-directed mutagenesis, we
mutated these residues both singly and together to determine
their importance in the degradation of DHCR?7. A loss of cho-
lesterol-mediated regulation in these mutants would imply that
cholesterol may directly bind to these sites to induce DHCR7
degradation. Despite similar transcript levels indicating equal
transfection rates (Fig. 5B), both conservative (Y280F; D411N)
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FIGURE 4. The effects of various sterols on DHCR7 protein stability. A, HEK-DHCR? cells were treated with or without 5 um compactin (statin) overnight and then
treated with or without 20 pg/ml cholesterol-cyclodextrin (Chol/CD) or desmosterol/cyclodextrin (Desm/CD) for 8 h. Blots are representative, and densitometry is
presented as the mean = S.E.from three independent experiments. HEK-DHCR?7 cells were treated with 20 ug/ml concentrations of the indicated sterol from the Bloch
pathway, Kandutsch-Russell pathway, or methyl-g-cyclodextrin (CD) (B and C) or treated with 2.5 um steroid-ring or side-chain oxysterols for 8 h (D and E). Blots are
representative, and data are normalized to the control condition, which has been set to 1, and presented as the mean = S.E. from three (CD, steroid-ring oxysterols),
four (Bloch sterols), five (side-chain oxysterols), or six (Kandutsch-Russell sterols) independent experiments. * indicates statistical significance compared with the
control condition, p < 0.05; **, p < 0.01. Protein levels were analyzed using Western blotting with myc and a-tubulin antibodies.

and non-conservative mutations (Y280C; D411A) tended to sents a mutation identified in SLOS patients (36), which could
display lower protein expression (Fig. 5C), suggesting that explain its low protein expression compared with wild type. All
DHCR?7 is easily destabilized. The mutant Y280C also repre- mutants maintained regulation by cholesterol (Fig. 5C), sug-
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FIGURE 5. Degradation of DHCR7 does not involve Insig nor putative cholesterol-binding sites. A, HEK-DHCR? cells were transfected with 25 nm concen-
trations of the indicated siRNA for 24 h, then harvested to measure mRNA levels. Gene expression levels of Insig-1 and Insig-2 were normalized to the
housekeeping gene, PBGD. Data are normalized to the control siRNA condition, which has been set to 1, and are presented as the mean = S.E. from three
independent experiments performed in triplicate cultures. B, HEK-DHCR7 cells were transfected with 25 nm concentrations of the indicated siRNA for 24 h, then
treated with or without 20 png/ml cholesterol-cyclodextrin (Chol/CD) for 8 h. Blots are representative of four independent experiments. C and D, HEK-293 cells
were transfected with the indicated DHCR7-V5 plasmid and harvested the next day to measure mRNA levels or treated with or without 20 wg/ml Chol/CD for
8 h. Gene expression levels of DHCR7 were normalized to the housekeeping gene, PBGD. Data are normalized to the control (WT) condition, which has been set
to Tandis presented as mean = S.E.from three independent experiments performed with triplicate cultures. EV, empty vector. Blots are representative of three
independent experiments. Protein levels were analyzed using Western blotting with V5 and a-tubulin antibodies.

gesting that these sites are not responsible for the cholesterol- mutants (Fig. 6C). Indeed, statin treatment ameliorated low

mediated degradation of DHCR?7. DHCR?7 expression in the SLOS mutants, causing an ~3-fold
Low DHCR?7 Expression in SLOS Mutations Is Ameliorated by — improvement in protein levels.
Statin Treatment—Considering the lowered DHCR7 expres- Cholesterol-mediated Degradation of DHCR7 Occurs via the

sion of the Y280C mutant, we sought to specifically examine the =~ Proteasome—DHCR?7 is a polytopic protein located in the
effect of common SLOS-related mutations on DHCR7 protein  endoplasmic reticulum (41). Proteins, like HMGCR and SM,
levels. More than 150 known mutations of DHCR7 existinindi-  that are bound to the endoplasmic reticulum (16, 29) are typi-
viduals affected by SLOS (37), which are widely distributed over  cally targeted for destruction by the ubiquitin-proteasome sys-
the gene. Missense mutations compose >85% of the known tem (42). We predicted that DHCRY7 is similarly degraded and
alleles, although the two most common are a splice acceptor found that inhibition of the proteasome (using MG132 or
site mutation (IVS8-1G>C) and a nonsense mutation N-acetyl-L-leucinyl-L-leucinyl-L-norleucinal (ALLN)) rescued
(W151X) (37). As these would abolish DHCR?7 expression, we the cholesterol-induced degradation of DHCR?7 (Fig. 7A). Use
selected the four most common missense mutations to study of ammonium chloride or bafilomycin to inhibit the lysosome,
(T93M, V326L, R352W, and R352Q)) (38). Despite equal transcript — another major degradative compartment in the cell, could not
levels after transient expression in HEK-293 cells, protein expres-  prevent DHCR7 degradation (Fig. 7A). The cholesterol-regula-
sion was significantly reduced with all four mutations (Fig. 6A). tory domain of SM was similarly preserved by the same protea-
This explains why these single point mutations are patho- somal inhibitors as shown previously (16), albeit to a lesser
genic, with ~90% of protein expression lost, confirming a pre-  extent than DHCR7 (Fig. 7A). Considering that the E3 ligase
vious report for V326L and R352W (39). The other mutations MARCHS6 can target both SM and HMGCR for degradation, we
tested were R352Q and T93M, which is recognized as a founder =~ employed two independent siRNAs to knock down MARCHS,
mutation for SLOS (40) and observed in ~10% of patients (37). as we have done previously (28). However, DHCR7 degradation
Because expression levels of the SLOS mutants were so low, was not rescued (Fig. 7B) suggesting further investigation is
cholesterol treatment showed no additional reduction (Fig. 6B). needed to identify the E3 ligase(s) involved.
Since we found that statin pretreatment increased the expres- Cholesterol-mediated Degradation of DHCR7 Increases Vita-
sion of wild-type DHCR? protein levels (Fig. 44), we tested min D Production—The connection between cholesterol and
whether it could also improve the low expression in these SLOS  vitamin D is well known, considering that 7DHC is a precursor
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FIGURE 6. Four common SLOS mutations reduce DHCR7 protein stability, which can be rescued by statin treatment. A, HEK-293 cells were transfected
with the indicated DHCR7-V5 plasmid and then harvested to measure mRNA or protein levels. Gene expression levels of DHCR7 were normalized to the
housekeeping gene, PBGD. Data are normalized to the control (WT) condition, which has been set to 1, and are presented as the mean = S.E. from three
independent experiments performed with triplicate cultures. Blots are representative of three independent experiments. EV, empty vector. Band C, HEK-293
cells were transfected with the indicated plasmid and treated with or without 20 wg/ml cholesterol-cyclodextrin (Chol/CD) for 8 h (B) or 5 um compactin (statin)
for 24 h (C). Blots are representative, and densitometry was normalized to the control (WT) condition and is presented as the mean = S.E. from three
independent experiments. Protein levels were analyzed using Western blotting with V5 and a-tubulin antibodies.

in the synthesis of both molecules. The majority of circulating
7DHC exists in the epidermis, where it can be converted to
pre-vitamin D via exposure to UVB light, and then to vitamin D
(also known as cholecalciferol) (9). This can then move from
the skin to the liver and kidneys where it is converted into active
forms of vitamin D. Here, we examined the effect of vitamin D
(cholecalciferol) on DHCR7 expression and found that it
reduces DHCR?7 protein levels in a dose-dependent manner
(Fig. 8A4).

In conditions of low DHCR?7 levels, the substrate 7DHC
accumulates. As 7DHC is a precursor for vitamin D as well as
cholesterol, we next tested whether the 7DHC accumulation
caused by the cholesterol-dependent degradation of DHCR7
would increase vitamin D synthesis. We used SRD-1 cells as a
proof-of-principle to show that vitamin D could be produced
and measured with the same GC/MS approach used for sterol
analysis (Fig. 34). To do this we labeled SRD-1 cells with
[®H,]7DHC and extracted total lipids, which were subjected to
UVB treatment. This showed that UVB efficiently converted
[®H,]7DHC to [*H,]vitamin D (Fig. 8B).

Because the skin is where vitamin D is formed as well as a very
active site of cholesterol synthesis (43), we employed human
keratinocyte (HaCaT) cells (44) that were labeled with
[®H,]7DHC and subjected to UVB treatment. Cholesterol
treatment resulted in a 55% decrease in DHCR?7 activity, shown
by the conversion of 7DHC to cholesterol (Fig. 8C), and a 50%
increase in vitamin D synthesis (Fig. 8C). To determine the
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relative fate of [*H,]7DHC, we directly compared cholesterol
and vitamin D production. Treatment with cholesterol resulted
in a 3-fold increase in vitamin D relative to cholesterol synthesis
(Fig. 8C). This demonstrates that cholesterol feeds back on
DHCR?7, increasing vitamin D production in skin cells.

Discussion

Cholesterol synthesis is controlled at numerous stages (45).
DHCR? inhabits a special place in the pathway, as the gateway
to both cholesterol and vitamin D production. As with nearly all
cholesterol synthetic enzymes, gene expression of DHCR7 is
regulated by SREBP (18, 46). However, the post-translational
regulation of DHCR?7 has been relatively unexplored to date.

In this study we characterized the effect of common SLOS
mutations on DHCR?7 stability, providing evidence that statin
therapy can at least partially reverse the significant loss of
DHCR?7 expression in SLOS (Fig. 6C). Second, we show that
DHCR?7 is rapidly turned over, and its degradation is acceler-
ated by cholesterol (Fig. 2), which occurs via the proteasome
(Fig. 7A). We demonstrate that this mechanism acts as a switch
to increase vitamin D synthesis as a consequence of 7DHC
accumulation (Fig. 8C). Thus, DHCR7 plays a unique role in
regulating both cholesterol and vitamin D levels in the cell.

Although we previously found that SM protein is degraded
by cholesterol with considerable specificity (16), DHCR7 deg-
radation was induced by numerous sterols (Fig. 4). Besides its
products, cholesterol and desmosterol, the substrates of
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siRNA for 24 h, then treated with or without 20 ug/ml Chol/CD for 8 h. Blots
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DHCR7, 7DHC, and 7-dehydrodesmosterol, were also particu-
larly effective in stimulating degradation. There are precedents
for the substrate-assisted suicide of enzymes (47). However,
this likely has physiological relevance only in individuals with
high 7DHC levels, such as those affected by SLOS. 7DHC accu-
mulation is considered detrimental in SLOS patients because of
the toxic oxidized species it is readily converted into (48), but
our data suggest that 7DHC itself may also have a negative
effect in further destabilizing any residual DHCR?7 (Fig. 4B).

To decrease levels of 7DHC in SLOS patients, statin therapy
has been proposed as a means of reducing the cholesterol syn-
thetic pathway entirely (49, 50), and short-term clinical trials
using statin as a therapeutic for SLOS have been performed
(51). Significantly, we found that statin treatment increased
DHCR?7 expression in the SLOS mutants tested. Therefore, in
addition to reducing 7DHC levels as proposed, statin treatment
improves DHCR?7 expression transcriptionally (18) and also
post-translationally, as shown in this study. Thus, our data
identify another benefit of statin use in SLOS patients with mis-
sense mutations that destabilize DHCR?7.

Based on our findings, we expected that cholesterol would
further reduce DHCR?7 expression in SLOS mutants, suggest-
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ing that cholesterol supplementation may have negative conse-
quences as a treatment for SLOS. Earlier studies have indicated
that cholesterol therapy provides initial benefit to SLOS
patients in terms of development and behavioral issues (52), but
more recent research has shown that this may not improve
patient health long term (53, 54). In our system cholesterol had
little effect on the SLOS mutants, which could be expected con-
sidering that initial DHCR7 expression was already very low
(Fig. 6B). This suggests that no additional reduction in DHCR?
activity is likely to occur with cholesterol treatment. Ongoing
clinical trials testing cholesterol should be informative about its
suitability as a SLOS treatment option (55). However, our data
suggesting that statin therapy can help stabilize DHCR?7 levels
should encourage further investigation into its efficacy in a clin-
ical setting.

We have also identified that DHCR7 is proteasomally
degraded, with inhibition of the proteasome causing a 2—3-fold
increase of DHCR?7 protein expression (Fig. 7A). We previously
identified MARCHS6 as an E3 ligase involved in the proteasomal
degradation of SM and HMGCR (28). However, in this case we
excluded its role in targeting DHCR7 for degradation (Fig. 7B).
Thus, the identity of the E3 ligase(s) and the specific ubiquiti-
nation sites on DHCR7 remain unknown.

Further investigation into the membrane topology of
DHCR?7 could provide some clues. A recent study by Li et al.
(34) made significant advances in predicting the structure of
DHCR?7. However, we have ruled out the involvement of two
putative cholesterol-binding sites that they reported (34) (Fig.
5D). It is possible that the two sites may still act within a larger
sterol-sensing domain, which DHCR?7 is suspected to possess
(33). We showed that this predicted domain does not behave in
a similar manner to that in HMGCR (35), in that Insig is not
required for DHCR? degradation (Fig. 5B). Thus, the precise
interaction between DHCR7 and cholesterol is yet to be
elucidated.

Our study also provides new biochemical evidence connect-
ing DHCR?7 and vitamin D. Genetic variants in DHCR? are reli-
ably associated with vitamin D status (13, 14), indicating that
the enzyme plays an important role in vitamin D metabolism.
This variation in DHCR?7 has been identified as a major adap-
tation affecting vitamin D metabolism in recent evolutionary
history. Kuan et al. (56) determined that the strong selective
pressure exerted by polymorphisms associated with DHCR7
assisted early human migration into areas of low sunlight by
providing protection from the effects of low vitamin D. How-
ever, little was previously known about the biochemical nature
of this relationship between DHCR7 and vitamin D. A recent
study identified that vitamin D can inhibit DHCR7 activity (57),
which suggests that a feed-forward mechanism for vitamin D
production could exist. Our data extend this by demonstrating
that vitamin D can impede cholesterol synthesis by specifi-
cally reducing DHCR7 protein expression in a dose-depen-
dent manner (Fig. 84). The skin predominantly utilizes a
modified Kandutsch-Russell pathway (2), indicating that the
pathway can provide a constant source of 7DHC for the pro-
duction of vitamin D (58). In addition, the highly labile
nature of DHCR?7, destabilized further by cholesterol, also
serves to switch flux toward vitamin D synthesis (Fig. 8C).
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Therefore, our findings uncover a new control point in cho-
lesterol synthesis that also regulates vitamin D production,
with DHCR7 playing a critical role in the homeostasis of two
important molecules that are involved in human health and
disease.
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