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a  b  s  t  r  a  c  t

7-Dehydrocholesterol  reductase  (DHCR7)  catalyzes  the final  step  in cholesterol  synthesis.  The  enzyme
utilizes  NADPH  as  a source  of electrons  and  has  been  reported  to require  NADPH-cytochrome  P450
reductase  (POR)  as  its  redox  partner.  To  test  this  hypothesis,  microsomes  were  prepared  from  the  livers
of mice  in  which  hepatic  cytochrome  P450  reductase  expression  was  extinguished  during  maturation.
These  microsomes  contained  negligible  levels  of POR  but  had  2.5-fold  greater  DHCR7  activity  than  did
microsomes  from  wild-type  mice.  Consistent  with  this  greater  activity,  immunoblot  analysis  of  DHCR7
expression  indicated  that  DHCR7  protein  levels  were  elevated  2-fold  in POR-null  microsomes.  Addition  of
POR to  these  microsomes  provided  no  stimulation  of DHCR7  activity,  confirming  the  lack  of  a role  for  POR
in DHCR7  activity.  Because  the  original  observation  that POR was  necessary  for  DHCR7  activity  was  based,
iver microsomes in part,  on  antibody  inhibition  studies  with  POR  antibody,  the  ability  of  an  antibody  to  the  full-length  POR
protein  to  inhibit  DHCR7  activity  and  cytochrome  c  reductase  activity  was tested;  the  antibody  had  no
effect  on  DHCR7  activity  but  decreased  cytochrome  c reductase  activity  (a POR-catalyzed  reaction)  by  50%.
Immunoblot  analysis  further  demonstrated  no  cross-reactivity  between  POR  and  DHCR7  with  antibodies
to either  protein.  We  conclude  that  cytochrome  P450  reductase  is not  involved  in  7-dehydrocholesterol

reductase  activity.

. Introduction

7-Dehydrocholesterol reductase (DHCR7) is a 54 kDa microso-
al  enzyme that catalyzes the final step in cholesterol synthesis,

he reduction of the sterol C(7-8) double bond, using NADPH as an
lectron source. Mutations in the DHCR7 gene that impair or inac-
ivate the enzyme result in Smith-Lemli-Opitz Syndrome (SLOS), a
isease characterized by developmental and neurological deficits
ue to cholesterol deficiency [1]. Human and rat DHCR7 cDNAs
ere cloned in 1998 and 1999, respectively [2,3], and the enzymes
ere expressed in yeast and shown to be active in microsomal
reparations. A subsequent study with rat liver microsomes [4]
resented several lines of evidence that DHCR7 required NADPH-
ytochrome P450 reductase (POR) for activity; this included a
arked inhibition of DHCR7 activity in microsomes by addition
f antibody to POR, as well as a reconstitution of DHCR7 activ-
ty by addition of purified POR to protease-treated microsomes
nd to partially purified DHCR7 preparations. Although NADPH-

Abbreviations: DHCR7, 7-dehydrocholesterol reductase; POR, NADPH-
ytochrome P450 oxidoreductase; GC/MS, gas chromatography/mass spectrometry;
M7SF2, �14-sterol reductase.
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cytochrome P450 reductase is more widely recognized for its role
in the reduction of cytochrome P450 in the oxidation of xenobiotics
and steroids, POR is required for cholesterol synthesis, where it is
the requisite electron donor to lanosterol demethylase (CYP51A1)
[5] and the principal, but not exclusive, electron donor to squalene
monooxygenase [6].  POR is ubiquitously expressed in mammalian
cells and also in yeast.

DHCR7 has not yet been purified to homogeneity or expressed in
a host lacking POR (e.g., Escherichia coli), so the requirement for POR
for activity has not been unequivocally established. Moreover, the
absence of a recognizable NADPH binding domain in this protein,
or the closely related reductase, �14-sterol reductase (TM7SF2)
has further clouded the issue. The recent availability of hepatic
POR-null mice [7] provided an opportunity to examine the require-
ment for this electron transfer protein in mammalian microsomes
that lack this reductase. Our results argue strongly that POR is not
required for DHCR7 activity.

2. Materials and methods

7-Dehydrocholesterol reductase activity was measured by fol-

lowing the conversion of ergosterol to brassicasterol as described
[8] in liver microsomes prepared from wild-type and hepatic
POR-null mice [7]. Incubations (500 �l) contained 100 �g of
microsomal protein and 60 �M ergosterol solubilized in 5% methyl-

dx.doi.org/10.1016/j.jsbmb.2011.06.011
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:tporter@uky.edu
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Fig. 1. Activity of DHCR7 in wild-type and hepatic POR-null mouse liver micro-
somes. Microsomal protein content (n = 2), time (n = 2), and substrate concentration
(n  = 3) were varied and brassicasterol formation from ergosterol was monitored.
Standard conditions were 100 �g of microsomal protein and 60 �M ergosterol for
60  min  at 37 ◦C. DHCR7 protein content was measured by immunoblotting, with
20 �g of microsomal protein per lane, n = 3. All data presented as mean ± range;
*significantly different from wild-type, p < 0.05, Student’s t-test.
36 L. Zou et al. / Journal of Steroid Biochemi

-cyclodextrin (Sigma–Aldrich, St. Louis, MO)  and were carried
ut for 60 min  at 37 ◦C. Lipids were saponified (1 M ethanolic
aOH) for 1 h at 90 ◦C, extracted twice with hexane, deriva-

ized, and identified and quantified by GC/MS at the UK Mass
pectrometry facility, focusing on mass ions 363 (ergosterol),
80 (brassicasterol), and 394 (stigmasterol, internal standard).
OR-mediated cytochrome c reductase activity was  measured on
n HP8453 UV/Vis spectrophotometer at 550 nm at room tem-
erature. Sterols were obtained from the following suppliers:
-dehydrocholesterol (Sigma–Aldrich); ergosterol, brassicasterol,
�-hydroxycholesterol, and stigmasterol (Steraloids, Inc., New-
ort, RI). Cytochrome c was from Sigma–Aldrich; purified rat
ytochrome P450 reductase was purchased from ENZO Life Sci-
nces, Plymouth Meeting, PA.

Polyclonal antibodies to an N-terminal peptide (Santa
ruz Biotechnology, Santa Cruz, CA) or an internal segment
Sigma–Aldrich) of human DHCR7, to full-length rat POR (ENZO Life
ciences), and a monoclonal antibody to �-actin (Sigma–Aldrich)
ere used to detect these proteins on 8% SDS-polyacrylamide

el immunoblots on nitrocellulose (Bio-Rad, Hercules, CA) using
uorescent-labeled secondary antibodies (GE Healthcare, Pitts-
urgh, PA). Image intensity was quantified on a GE Typhoon 9400
mager.

. Results

As shown in Fig. 1, 7-dehydrocholesterol reductase activity,
easured as the conversion of ergosterol to brassicasterol [8],  was

rominent in microsomes prepared from the livers of mice in which
ytochrome P450 reductase expression is extinguished during mat-
ration [7].  This activity was consistently 2–3-fold greater than
hat found in microsomes from the corresponding control (wild-
ype) mice when evaluated on the basis of microsomal protein
oncentration, time-course, or substrate concentration. As noted
y Shefer et al. [8],  the substrate ergosterol was inhibitory to activ-

ty, with maximal activity at ∼50 �M.  DHCR7 protein content in
icrosomes correlated with activity, and was approximately 2-fold

igher in POR-null microsomes; POR protein was undetectable in
hese preparations.

To determine if POR was stimulatory to DHCR7 activity, puri-
ed rat POR was added to POR-null microsomes and DHCR7 and
holesterol 7�-hydroxylase activity was monitored by GC/MS. As
hown in Fig. 2, DHCR7 activity did not change in the presence
f 50 nM POR (inset). This addition of POR restored cholesterol
�-hydroxylase activity catalyzed by CYP7A1, a POR-dependent
icrosomal enzyme, indicating that the added reductase was func-

ional in this system.
To address the possibility that antibody to POR is inhibitory

o DHCR7 (as found by Nishino and Ishibashi [4]), a commer-
ial polyclonal antibody to the full-length POR protein was added
o wild-type microsomes and DHCR7 activity was  measured. As
hown in Fig. 3A, POR antibody had no effect on the conversion of
rgosterol to brassicasterol. This antibody was effective in inhibit-
ng a POR-catalyzed reaction, the reduction of cytochrome c, by
bout 50%, as shown in Fig. 3B. POR antibody did not cross-react
ith DHCR7, as evidenced by the immunoblot of Fig. 4, and poly-

lonal antibodies to an internal segment or the N-terminal segment
data not shown) of DHCR7 did not detect POR in wild-type micro-
omes, arguing that these two enzymes do not share common
pitopes.
. Discussion

The present results argue strongly against a role for cytochrome
450 reductase in 7-dehydrocholesterol reductase activity. The
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Fig. 2. Addition of POR to POR-null microsomes does not stimulate DHCR7 activity.
Two micrograms of purified rat POR (0.026 nmol) was added to POR-null micro-
somes (50 nM final concentration) and DHCR7 and cholesterol 7�-hydroxylase
activity was  measured. The inset bar graph shows DHCR7 activity (mean ± range,
n
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 = 2); the chromatograms depict the 456 m/e− ion abundance eluting at 24.7 min
haracteristic for 7�-hydroxycholesterol in POR-null and POR-supplemented POR-
ull  microsomes.

-fold increase in DHCR7 activity in liver microsomes from hep-
tic POR-null mice matched the 2-fold increase in immunoreactive
HCR7 protein, even while POR protein levels were reduced below
etectable levels. This increase in DHCR7 activity and protein is con-
istent with the 1.3- to 1.9-fold increase in DHCR7 gene expression
hat results from the loss of POR expression in this tissue [9,10].  The
ack of increase in DHCR7 activity when purified POR was added to
OR-null microsomes further argues that POR does not serve as an

lternative or supplemental electron donor to DHCR7.

The selective suppression of cytochrome P450 reductase expres-
ion in mouse liver results in a number of metabolic changes in this
issue, most notably the loss of cytochrome P450-mediated drug

DHCR7 ac tivity
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ig. 3. Antibody to POR inhibits POR but not DHCR7. Polyclonal antibody to POR was  ad
HCR7  activity (left) and cytochrome c reduction (right) was measured, mean ± range, n =
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metabolism [7,11].  Although some POR can be detected immuno-
logically [6],  in mature POR-null mouse liver it is less than 5% of
wild-type levels and may  be derived from nonparenchymal cells.
In the microsomes used in these studies POR protein was  not evi-
dent (Fig. 1) and no NADPH (POR)-dependent CYP2E1-catalyzed
activity could be detected [12], making it unlikely that any residual
cytochrome P450 reductase was  responsible for the DHCR7 activity
found here. Indeed, the loss of POR expression severely impacts the
activity of all known POR-dependent enzymes [7,11].

The loss of POR expression also disables cholesterol and bile
acid synthesis, as both pathways are dependent upon microso-
mal  cytochromes P450. While this lowers plasma cholesterol and
triglyceride levels it paradoxically increases hepatic triglyceride
levels [7,11],  perhaps due at least in part to the loss of bile
acid-mediated stimulation of FXR [13]. Cholesterol synthesis is
blocked at CYP51 (lanosterol demethylase), resulting in the accu-
mulation of 24-dihydrolanosterol [6]. As might be expected, the
loss of cholesterol synthesis modestly upregulates gene expres-
sion in the cholesterolgenic pathway [9,10],  although enzyme
protein and activity levels have not been systematically evalu-
ated in these livers. Indeed, we  noted [6] that HMG-CoA reductase
and squalene monooxygenase enzyme levels were decreased by
half in POR-null mouse livers, which we  attributed to secondary
post-translational down-regulation of these enzymes in response
to elevated levels of 24-dihydrolanosterol; lanosterol and 24-
dihydrolanosterol have been shown to enhance the degradation
of HMG-CoA reductase [14,15] but not squalene monooxygenase
[16]. In contrast to HMG-CoA reductase and squalene monooxyge-
nase, 7-dehydrocholesterol reductase protein levels were increased
several-fold in POR-null mouse liver in the present study (Fig. 1),
consistent with the modest increase seen in mRNA level for
this enzyme [9,10].  Because DHCR7 is downstream of lanosterol
demethylase it is not surprising that it is not subject to post-
translational suppression by accumulating 24-dihydrolanosterol in
POR-null liver. It is clear from this and other recent studies [e.g.,
15,16] that the post-translational regulation of cholesterol synthe-
sis is considerably more complex than previously appreciated.

The study by Nishino and Ishibashi [4] noted that antibody to
POR inhibited DHCR7 activity. We  were unable to replicate this
finding with a commercial polyclonal antibody to the full-length
reductase, although it was effective in inhibiting a marker activ-
ity for POR, the reduction of cytochrome c. The antibody used
by Nishino and Ishibashi was  raised to the trypsin-released cat-
alytic fragment of rat POR and was inhibitory to the rat POR and
DHCR7 enzymes, whereas our antibody was  raised to the com-
plete rat enzyme but was tested against mouse DHCR7 and POR.

It is possible that species differences may  explain the different
inhibitory results obtained, as their antibody showed greater effec-
tiveness in inhibition of cytochrome c reductase activity than we
obtained with our antibody with mouse liver microsomes. We
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ig. 4. Antibodies to DHCR7 and POR do not cross-react. Liver microsomes (20 �
DS-polyacrylamide gel electrophoresis and electroblotted to nitrocellulose for imm
OR.  M,  molecular weight markers at 95, 72, and 52 kDa.

onsidered the possibility that POR and DHCR7 share antigenic
pitopes, and that inhibition of DHCR7 by antibody to POR was
ue to direct interaction with DHCR7. However, we  could find no
vidence of cross-reaction between the POR antibody and DHCR7
rotein in microsomes (Fig. 4). In addition, antibody to DHCR7
id not cross react with microsomal POR protein. It remains pos-
ible that other antibodies might recognize epitopes shared by
hese two proteins, and might account for cross inhibition of activ-
ty. It also must be considered that the antibody used by Nishino
nd Ishibashi recognized both proteins due to contamination of
he trypsin-released POR antigen with trypsin-released DHCR7
rotein.

We are unable to provide an explanation for why partially
urified fractions of DHCR7 required the addition of purified,
etergent-solubilized POR for activity in the study by Nishino
nd Ishibashi, but would note that the DHCR7 assay used by
his group followed 7-dehydrocholesterol disappearance by mon-
toring absorbance at 280 nm by HPLC, whereas we monitored
rassicasterol formation from ergosterol by GC/MS. Substrate dis-
ppearance is generally considered a less reliable means to measure
nzyme activity, and does not exclude other mechanisms by which
he substrate might be removed. We  attempted to measure 7-
ehydrocholesterol disappearance by GC/MS in wild-type and
OR-null microsomes but were unable to detect significant changes
n substrate levels by this semi-quantitative technique; similarly,
t is not possible to measure cholesterol formation due to the high
evels of cholesterol in microsomes. It remains formally possible
hat DHCR7 uses different redox mechanisms (e.g., direct binding
f NADPH vs electron transfer from POR) for different substrates
i.e., 7-dehydrocholesterol vs ergosterol), but we are not aware of
ny oxidoreductases that discriminate redox sources by substrate.
ltimately this issue can best be resolved by reconstitution stud-

es with the purified native or recombinant DHCR7 enzyme in a
efined lipid milieu.
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