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Abstract Seven human disorders of postsqualene choles-
terol biosynthesis have been described. One of these, con-
genital hemidysplasia with ichthyosiform nevus and limb
defects (CHILD) syndrome, results from mutations in the
X-linked gene NADH sterol dehydrogenase-like (NSDHL) en-
coding a sterol dehydrogenase. A series of mutant alleles of
the murine Nsdhl gene are carried by bare patches (Bpa) mice,
with Bpa'H representing a null allele. Heterozygous Bpa'! fe-
males display skin and skeletal abnormalities in a distribu-
tion reflecting random X inactivation, whereas hemizygous
male embryos die before embryonic day 10.5. To investi-
gate the molecular basis of defects associated with pertur-
bations in cholesterol biosynthesis, microarray analysis was
performed comparing gene expression in embryonic fibro-
blasts expressing the Bpa' allele versus wild-type (wt) cells.
Labeled cDNAs from cells grown in normal serum or lipid-
depleted serum (LDS) were hybridized to microarrays con-
taining 22,000 mouse genes. Among 44 genes that showed
higher expression in the Bpa!!! versus wt cells grown in LDS,
11 function in cholesterol biosynthesis, 7 are involved in
fatty acid synthesis, 3 (Srebp2, Insigl, and OrflI) encode ste-
rol-regulatory proteins, and 2 (Ldlr and StarD4) are lipid
transporters.Bi Of the 21 remaining genes, 16 are known
genes, some of which have been implicated previously in
cholesterol homeostasis or lipid-mediated signaling, and 5
are uncharacterized cDNA clones.—Cunningham, D., D.
Swartzlander, S. Liyanarachchi, R. V. Davuluri, and G. E.
Herman. Changes in gene expression associated with loss
of function of the NSDHL sterol dehydrogenase in mouse
embryonic fibroblasts. J. Lipid Res. 2005. 46: 1150-1162.
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Cholesterol homeostasis in mammalian cells is achieved,
in part, through coordinated regulation of the ~30 enzy-
matic reactions that constitute the cholesterol biosyn-
thetic pathway. Primary regulation of the pathway occurs
by sterol-mediated feedback of transcription of the genes
encoding cholesterogenic enzymes (reviewed in 1). Post-
transcriptional mechanisms have also been described, in-
cluding the regulated degradation in the endoplasmic
reticulum (ER) of HMG-CoA reductase (HMGR), which
catalyzes the rate-limiting step in the pathway (2). Further
control involves regulation of the cellular uptake, efflux,
and sites of storage of cholesterol within the cell (3).

The precision with which cholesterol homeostasis is
achieved and maintained may be attributable to its poten-
tially deleterious effects on the organism when levels are
increased and the tremendous energy expenditure in-
volved in its de novo production. Most important, however,
cholesterol is an essential constituent of cell membranes.
Localized regions of increased cholesterol in the plasma
membrane help define lipid rafts and caveolae that func-
tion in intercellular signaling and endocytosis, respectively
(4). Covalent modification of active hedgehog proteins by
cholesterol to provide membrane anchoring is required
for their proper signaling functions during embryonic de-
velopment (5). Furthermore, cholesterol is the precursor
for the synthesis of steroid hormones and bile acids.

Abbreviations: Bpa, bare patches; CHILD, congenital hemidyspla-
sia with ichthyosiform nevus and limb defects; 7DHC, 7-dehydrocholes-
terol; E13.5, embryonic day 13.5; ER, endoplasmic reticulum; FACS,
fluorescence-activated cell sorting; GFP, green fluorescent protein;
HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; LDS, lipid-depleted
serum; MEF, mouse embryonic fibroblast; NSDHL, NADH sterol dehy-
drogenase-like; SCAP, sterol-regulatory element binding protein cleav-
age-activating protein; SREBP, sterol-regulatory element binding pro-
tein; wt, wild type.
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malformation syndromes have been identified that arise
from mutations in genes encoding enzymes that function
in the postsqualene steps of cholesterol biosynthesis (6,
7). These disorders are marked by several common fea-
tures, including growth and mental retardation, major
developmental malformations, and skeletal defects. How-
ever, they are distinguished by their incidence and severity,
following a general trend of decreasing incidence and in-
creasing severity, including prenatal lethality, for genes
that function in earlier steps of the pathway. It has been
suggested that deficiency of cholesterol or total sterols,
toxicity from the excessive accumulation of specific sterol
intermediates, distinct effects on hedgehog protein modi-
fication and signaling, and abnormal feedback regulation
of early steps in the pathway, with concomitant effects on
isoprenoids that are generated as side products, all may
contribute to the observed phenotypes and disease patho-
genesis.

Spontaneous mouse mutants or animals generated by
targeted gene disruption exist for six of the seven human
disorders, providing potential models to examine disease
pathogenesis (7, 8). One of these mouse models is the
X-linked, male-lethal bare patches (Bpa) mouse resulting
from mutations in the NADPH steroid dehydrogenase-like
(Nsdhl) gene (9). Nsdhl encodes a ubiquitously expressed
362 amino acid protein that functions as a 3B-hydroxyste-
rol dehydrogenase and is involved in the removal of C-4
methyl groups at an intermediate step in the conversion
of lanosterol to cholesterol. The gene was first identified
by positional cloning in the mouse. Subsequently, muta-
tions in human NSDHL were discovered in patients with
congenital hemidysplasia with ichthyosiform nevus and limb
defects (CHILD) syndrome, an extremely rare X-linked,
male-lethal malformation syndrome associated with uni-
lateral ichthyosiform skin lesions and limb reduction de-
fects (10, 11).

All of the seven known mutant murine Nsdhl alleles pro-
duce a characteristic striping of the coat in heterozygous
females that follows the lines of X inactivation, and all of
the mutations are lethal by embryonic day 13.5 (E13.5) in
hemizygous males (9, 12, 13). The Bpa'! allele, resulting
from the nonsense mutation K103X, produces the most
severe phenotype in surviving females, with asymmetric
dwarfing and skeletal dysplasia, early postnatal patchy hy-
perkeratotic skin eruptions, and occasional microphthalmia
and/or cataracts. The majority of hemizygous Bpa'f males
die by E9.5. Evidence from sterol analyses of affected male
embryos for two less severe Nsdhl alleles suggests that the
male lethality is not attributable to simple cholesterol defi-
ciency, because cholesterol and total sterol levels in af-
fected male embryos are comparable to those of wild-type
(wt) littermates, probably as a result of maternal transfer
across the placenta (13).

To begin to examine the cellular consequences of an
enzymatic block in cholesterol synthesis at the level of the
sterol C-4 demethylase complex, we have isolated mouse
embryonic fibroblasts (MEFs) from Bpa'f embryos. We de-
scribe here comparisons of gene expression profiles from
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time PCR analyses.

MATERIALS AND METHODS

Mice

A breeding stock of Bpa'" mice (9) was maintained by mating
heterozygous Bpa''! females to F1 hybrid C57BL/6JA*/XCBA/
CaGnLe males (Jackson Laboratory, Bar Harbor, ME). The green
fluorescent protein (GFP) transgenic line TgN(GFPX)4Nagy
(strain D4/XEGFP) on a 129/Sv background (14, 15) was ob-
tained from Dr. David Burke (University of Michigan). To mini-
mize skewing of X inactivation in heterozygous females, the GFP
transgene was recombined onto a C57BL/6 X chromosome
carrying an Xce® allele (16, 17) by backcrossing an F1 hybrid
TgN(GFPX)4NagyXC57BL/6 female to a C57BL/6 male. Fe-
male N2 offspring were genotyped for Xce by PCR using the
linked microsatellite markers DXPas28 and DXPas29 that distin-
guish the C57BL/6 Xce? allele from the 129 Xce? allele (16). Back-
crossing of GFP-positive females that were homozygous for Xce’
to C57BL/6] males was continued to N5.

Generation and culture of primary murine
embryonic fibroblasts

To generate primary cultures of embryonic fibroblasts, BpaIH
females were mated to a backcross N5 GFP transgenic male.
Pregnant females were sacrificed at E15.5, and yolk sac DNA was
purified for PCR genotyping of the embryos. The sex of the em-
bryos was determined using primers for Smcx as described previ-
ously (18), and Nsdhl genotype was inferred using the closely
linked microsatellite DXMit1 (19).

All tissue culture reagents were purchased from Invitrogen
Life Technologies (Carlsbad, CA) unless stated otherwise. Af-
ter removing the head and internal organs, the embryos were
minced and incubated for 30 min at 37°C in 1 mg/ml collage-
nase A (Roche Applied Science, Indianapolis, IN) dissolved in
MEMa medium. The disaggregated cells were pelleted by cen-
trifugation and plated at 5 X 10° cells/75 cm flask in MEMa
supplemented with 10% FBS (Hy-Clone, Logan, UT), penicillin,
streptomycin, and 2 mM rL-glutamine. Cells were grown at 37°C
in a 5% COy atmosphere and replated at 5 X 10° cells/flask ev-
ery 3 days.

Lipid-depleted serum (LDS) was prepared by adding 2 mg of
silicon dioxide (Cab-O-Sil™ M-5; Acros, Morris Plains, NJ) to 100
ml of FBS and stirring overnight at 4°C (20). The serum was
passed through a 0.2 uM sterile filter, and 15 mg of insulin-trans-
ferrin-sodium selenite media supplement (catalog number I
1884; Sigma, St. Louis, MO) was added per 100 ml of serum.
The treated serum was 97% cholesterol-depleted as determined
using the Infinity™ cholesterol assay (Thermo Electron Corp.,
Waltham, MA).

MEFs that expressed GFP were counted using a Coulter
EpicsXL flow cytometer equipped with EXPO32 acquisition and
analysis software (Beckman Coulter, Fullerton, CA). GFP-nega-
tive (GFP—) cells were sorted from mixed populations of het-
erozygous female MEFs at passage 3 using a FACSVantage DiVa
instrument (BD Biosciences, San Jose, CA). Sorted cells were
plated at 5 X 10°/75 cm flask and replated when they reached
confluence after 4 days. Subconfluent cultures of MEFs at pas-
sage 5 were used for microarray analysis. For growth in LDS, cells
were first grown in normal medium for 24 h after replating, then
rinsed twice with PBS, and LDS medium was added. Incubation
in LDS medium was continued at 37°C for 24, 36, or 48 h, at
which time the cells were harvested for RNA isolation.

Gene expression changes with NSDHL loss of function 1151
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averaged 4s a single experiment. A one-sample #test

Total RNA was isolated from MEFs at passage 5 using TRIzol
Reagent (Invitrogen, Carlsbad, C) according to the manufac-
turer’s protocol. RNA was further purified using an RNeasy Mini
Kit (Qiagen, Valencia, CA). The quality and concentration of
RNA samples were assayed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA). RT-PCR and DNA se-
quencing of cDNA to test for the monoallelic expression of Nsdhl
in sorted cell populations were performed as described (21) us-
ing a forward primer from exon 2 (NsdhlE2F, 5'-CCAGCTGAT-
CATGGTGAATGC-3') and a reverse primer from exon 5 (NsdhlE5R,
5" TGGCACTGCTGGTTAAAATGAGTTT-3'), generating a 400 bp
PCR product that spans the site of the Bpa'’ mutation in exon 4.

For microarray analysis, cDNA was synthesized from 40 pg of
total RNA using amino-allyl dUTP (Sigma), and either Cy3 or
Cy5 dye (Amersham Biosciences, Piscataway, NJ) was then conju-
gated to the cDNA samples (22). Approximately 0.5 pg of puri-
fied target cDNAs from mutant and wt cells was combined with
control target cDNAs in 500 wl of hybridization buffer (In Situ
Hybridization Kit Plus; Agilent Technologies) and hybridized to
glass slide microarrays containing 60-mer oligonucleotides repre-
senting ~22,000 mouse gene sequences (Mouse Development
Oligo Microarray; Agilent Technologies). Hybridizations were
performed with constant rotation in Agilent hybridization cham-
bers for 16 h at 60°C. Slides were washed in 6X SSC (1X SSC is
150 mM sodium chloride, 15 mM sodium citrate) with 0.005%
Triton X-102 for 10 min at room temperature and in ice-cold
0.1X SSC, 0.0005% Triton X-102 for 5 min. Fluorescence signal
was quantified using an Affymetrix 428 Array Scanner (Affymet-
rix, Santa Clara, CA) and GenePix 4.0 software (Axon Instru-
ments, Union City, CA).

A total of 15 microarray experiments were performed, each
involving cohybridization of wtand Bpa'" cDNA samples from lit-
termates. Six primary cultures of sorted GFP— MEFs from three
different litters were used and designated 1W, 1B, 2W, 2B, 3W,
and 3B, where the number specifies the litter and W or B signi-
fies MEFs expressing the wt or BpalH Nsdhl allele, respectively.
Five experiments (four with 1W vs. 1B and one with 3W vs. 3B)
were performed with RNA from cells grown in normal medium;
four experiments (two using 1W vs. 1B, one using 2W vs. 2B, and
one using 3W vs. 3B) included RNA from cells grown in LDS for
24 h; two experiments (one using 1W vs. 1B and one using 3W vs.
3B) included samples from cells grown in LDS for 36 h; and four
experiments (three using 1W vs. 1B and one using 3W vs. 3B)
contained RNA from cells grown in LDS for 48 h. Independently
isolated RNA samples were used in all of the experiments except
two, one in normal medium and one after 48 h in LDS, in which
the same RNA sample pairs, 1W and 1B with reversed Cy3 and
Cyb labeling, were hybridized to different microarrays.

Statistical analysis of microarray data was performed using the
software package S-Plus version 6.2.1 (Insightful Corp., Seattle,
WA). Before statistical analysis, the median of the background
corrected fluorescence intensities of the two dyes (Cy3 and Cyb),
as well as the ratios of the median intensities of the two dyes,
were calculated for each spot on the array. Array spots were
screened for poor quality or low signal intensity compared with
the local background (% > B635 + 2SD < 25 for the Cy5 chan-
nel and % > B532 + 2SD < 25 for the Cy3 channel), and those
identified were excluded from the analysis and treated as missing
values (denoted NA in supplementary Tables I and II). Array
data sets were then normalized using an intensity-dependent
normalization method by fitting a locally weighted least-square
fit (LOWESS) to the M versus A plot, where M = log intensity ra-
tio logy (Cy3/Cy5) and A = mean log intensity logy (Cy3 X
Cy5)1/2 (23). Data for color inversion experiments were com-
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was performed to identify upregulated or downregulated genes
in the Bpa'f cells compared with the wt cells for replicate experi-
ments from each growth condition time point separately, as well
as for the three LDS time points combined, under the null hy-
pothesis that the mean log ratio of test over reference is zero.
Cluster analysis was performed using GeneCluster software, and
the results were displayed graphically using TREEVIEW version
1.60 software (24). Microarray probes that met the following cri-
teria were included in the cluster analysis: they showed a mean
fold difference between the Bpa’ and wt signal greater than 1.5
for at least one of the experimental time points with a Pvalue of
less than 0.1, and there were less than 80% missing values in the
13 experiments.

To identify the most consistent and statistically significant dif-
ferences in gene expression between Bpa''’ and wt cells associ-
ated with lipid depletion, data from the three LDS time point ex-
periments (24, 36, and 48 h) were combined. Although the yield
of RNA from samples from the 48 h time point was lower than
from the other time points, there was no difference in the quality
of the 48 h RNA samples, as determined by analysis on the Bioan-
alyzer. Pvalues were assigned to genes that displayed a mean fold
difference of greater than 1.5 and had less than 50% missing val-
ues for the nine LDS experiments. Lists of all of the upregulated
and downregulated microarray probes, ranked by P value, with
the calculated fold difference in individual experiments ex-
pressed as a logs value, as well as the mean fold difference and P
values calculated for the combined LDS experiments, are pro-
vided in supplementary Tables I and II.

Real-time PCR

cDNA was synthesized from 20 wg of total RNA from MEFs us-
ing SuperScript II reverse transcriptase with oligo-dT and ran-
dom hexamer primers (Invitrogen) using standard protocols. Af-
ter cDNA samples were brought to a final volume of 200 ul in
water, a dilution series of 1:2, 1:4, and 1:8 was made for each sam-
ple, and aliquots were stored at —20°C. Amplification reactions
included 2 pl of cDNA with 0.5 uM forward and reverse primers
in SYBR Green PCR Master Mix (Applied Biosystems, Foster City,
CA) in a total volume of 25 pl. Primers were designed to span in-
trons if possible and to generate PCR products between 80 and
120 bp. Primer sequences are provided in supplementary Table
III. Real-time PCR amplification was performed using an ABI
Prism 7700 Sequence Detector equipped with Sequence Detec-
tor version 1.6.3 software (Perkin Elmer, Wellesley, MA) for data
acquisition and analysis. Amplification reactions of the three
c¢DNA dilutions (1:2, 1:4, and 1:8) were performed in parallel,
and the results using the cDNA from wt MEFs grown in normal
medium were used to generate a standard curve for each primer
pair. The relative signal quantity for the remaining samples was
calculated using this standard curve. RNA samples were analyzed
from two Bpa' (1B and 3B) and two wt (1W and 3W) cultures of
sorted MEFs, each of which had been grown in either normal
medium or LDS medium for 24 h. RNA aliquots from MEF cul-
tures 3B and 3W were from the same samples used for microar-
ray analysis, whereas RNAs from 1B and 1W were isolated from
independent cultures of these cells.

RESULTS

Generation of Bpa' mutant fibroblasts

The Bpa' allele of Nsdhiwas chosen for microarray anal-
ysis because it is predicted to be null and has the most
severe phenotype among the known murine mutations (12).

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMVB

JOURNAL OF LIPID RESEARCH

I

0.DC2.html

. http;, .jjr.org/content/suppl/2005/05/18/M400462-JLR20
We chose to compare gene expression pnﬁme| ro%n pri- xRépa waf

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2005/12/01/M400462-JLR20

mary cultured embryonic fibroblasts rather than embry-
onic tissue(s) for several reasons. As with many lethal
mutants, Bpa'’ male embryos exhibit a range of early
postimplantation defects, likely rendering the effects of
the mutation difficult to resolve from the biological “noise”
caused by the rapidly changing normal developmental
patterns of gene expression at this stage. Second, cultured
cells provide a relatively simple system that is amenable to
manipulations, such as growth in LDS. Finally, because
the skin of heterozygous females is one of the tissues af-
fected by all of the known mutant Nsdhlalleles, fibroblasts,
the major cell type populating the dermis of the skin, rep-
resent an “affected” cell type for investigating the defects
seen in Bpa mice.

The early lethality of affected Bpa'/ male embryos, how-
ever, prohibited the expansion of sufficient viable MEFs
for our experiments. We circumvented this problem by
taking advantage of the phenomenon of random and sta-
ble X inactivation in mammalian females as follows: Bpa'!!
females were mated to males carrying a ubiquitously ex-
pressed X-linked GFP transgene [TgN (GFPX)4Nagy] that
undergoes normal, random inactivation in the early postim-
plantation female embryo (14). Resulting female embryos
all carried a paternally inherited X chromosome with a
GFP transgene and wt¢ Nsdhl allele, but they expressed
both in approximately half of their cells as a result of ran-
dom X inactivation. The remaining cells expressed a ma-
ternal Bpa'™ or wt Nsdhl allele, depending on which X
chromosome was inherited from the Bpa! dam (Fig. 1).

After primary cultures of female MEFs were established
from genotyped E15.5 embryos, the relative abundance of
cells expressing GFP (GFP+) and not expressing GFP
(GFP—) was measured by flow cytometry (Fig. 2A). The
GFP+ and GFP— cells were detected as two well-defined
peaks, with few cells showing an intermediate level of fluo-
rescence. The ratio of GFP+ to GFP— cells, when mea-
sured after initial expansion at passage 1, varied among
the different cultures but did not correlate with the Nsdhl
allele, mutant or wf, present on the GFP— X chromo-
some. The proportion of GFP+ cells in cultures from
eight heterozygous Bpa't female embryos from four litters
ranged from 24% to 82% (mean = 47 *= 21%), whereas
GFP+ cells in cultures from six embryos homozygous for
wt Nsdhl ranged from 27% to 54% (mean = 41 * 10%).
The ratios seen in early-passage MEFs did not change sig-
nificantly after nine passages in culture (data not shown),
further suggesting that the mutant cells grow as well as wt
cells in a mixed population under standard culture condi-
tions.

Only GFP— cells were used in our analyses, to exclude
any effects that might be produced by long-term GFP ex-
pression. The GFP— cells were sorted by fluorescence-acti-
vated cell sorting (FACS) to a purity of >99% from both
mutant and wt passage 3 MEFs. Sorted cells retained this
level of purity through at least passage 9 (Fig. 2B). Purity
was also assessed by sequencing Nsdhl exon 4, which in-
cludes the Bpa'™ mutation, in PCR-amplified ¢cDNA syn-
thesized from sorted mutant GFP— cells. As shown in Fig.

Cunningham et al.

praTHY prRfoGFP

Bpa’H RNA wi RNA
microarray

Fig. 1. Experimental strategy for microarray analysis of bare
patches (Bpa') mouse embryonic fibroblasts (MEFs). Females het-
erozygous for the Bpa'" mutant allele of the X-linked NADPH
steroid dehydrogenase-like (Nsdhl) gene were crossed with TgN
(GFPX)4Nagy males that carry a ubiquitously expressed, X-linked
green fluorescent protein (GFP) transgene. Hemizygous Bpa' male
embryos die by embryonic day 10.5 (E10.5). MEFs were cultured
from female embryos sacrificed at E15.5. The sex and Nsdhl geno-
types of the embryos were determined by PCR assays of yolk sac DNA
(see Materials and Methods). Because of normal X inactivation,
each culture was a mixed population of GFP-positive (GFP+) cells
and GFP-negative (GFP—) cells that expressed either the Bpa!? al-
lele or the wild-type (wt) allele of Nsdhl. GFP— cells were isolated by
fluorescence-activated cell sorting (FACS) at passage 3, generating
>99% pure populations of Bpa!'’ or wt MEFs. Total RNA from
these cultures was isolated at passage 5 after defined periods of
growth in either normal or lipid-depleted serum (LDS) medium
and used to synthesize fluorescently labeled cDNAs that were cohy-
bridized to mouse oligonucleotide microarrays.

2C, these cells expressed only the mutant allele, as dem-
onstrated by the presence of the thymidine peak at nucle-
otide 522. Control GFP— cells from wt embryos showed
the expected adenosine peak (Fig. 2D). Control experi-
ments in which known amounts of mutant and wt Nsdhl
PCR products were mixed and sequenced indicated that
as little as 5% of a variant sequence is detectable as a su-
perimposed peak at nucleotide 522 on the sequence trace
data (data not shown). To verify that the wt Nsdhl allele on
the GFP X chromosome had been stably silenced in cells,
after eight passages in culture, sorted GFP— MEFs were
retested by flow cytometry and RT-PCR. Less than 1% of
the cells were GFP+, and wt Nsdhl mRNA could not be de-
tected by sequencing the Nsdh! RT-PCR product from the
Bpa' cells (data not shown), consistent with the expected
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Fig. 2. Characteristics of Bpa!!’ and wt MEFs. A: Quantitation of
GFP+ and GFP— cells by flow cytometry in a typical population of
unsorted female MEFs at passage 1. GFP signal is shown on the x
axis, with cell number indicated on the y axis. Note the two well-
defined peaks of signal that enabled cell sorting of GFP— cells to a
high degree of purity. B: Detection of GFP+ and GFP— cells by
flow cytometry in a population of female MEFs at passage 9 that
had been sorted as GFP— at passage 3. Less than 1% of the cells
were GFP+, indicating that sorting was efficient and that the GFP
transgene was stably silenced by X inactivation. C: Partial sequence
of Nsdhl exon 4 near nucleotide 522 (arrow) in cDNA synthesized
from total RNA isolated from sorted Bpa'" MEFs, showing the thy-
midine residue that results in the nonsense mutation. No evidence
of an overlapping adenosine peak, indicative of wt Nsdhl expres-
sion, was detected. D: Sequence of the same region of Nsdhlshown
in C in cDNA derived from sorted wt MEFs showing the expected
lysine-103 codon. E: Phase-contrast microscopy images of sorted wt
and Bpa!t’ MEFs at passage 5 grown in normal medium or LDS me-
dium for 24 and 48 h. Both cultures grew at similar rates in normal
medium and appeared morphologically similar after 24 h in LDS
medium. However, after 48 h in LDS medium, many of the Bpa'!!
MEFs had rounded up and detached from the substrate, whereas
the wt cells continued to grow normally. Cells are shown at 200X
magnification.
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Nsdhl allele on the inactive X chromosome.

Under standard culture conditions, the Bpa!'’ and wt
cells were essentially indistinguishable in terms of mor-
phology and growth rate. Because the Bpa'H cells would
be expected to be fully dependent on the uptake of exog-
enous cholesterol from the culture medium, we com-
pared the growth of parallel cultures of wt and Bpa' cells
in medium supplemented with LDS (Fig. 2E). After 24 h
in LDS medium, the appearance of the two cultures was
roughly equivalent. However, at 36 h, some of the mutant
cells had rounded up and detached from the surface, and
by 48 h in LDS medium, approximately half as many
Bpa' cells as wt cells could be seen attached to the sur-
face, presumably as a result of cell death caused by choles-
terol deficiency. The wit cells showed little to no cell death
in LDS medium and subsequently grew to confluence at a
normal rate.

Microarray analysis

RNA samples were isolated from three independent
pairs of early-passage, sorted, primary cell cultures of
Bpa'™ and wi MEFs grown in both normal medium and
LDS medium (see Materials and Methods). Because the
Bpa'™ MEFs appeared to grow normally in standard me-
dium, we reasoned that the effects of the mutation on glo-
bal gene expression might be more readily detectable un-
der conditions of cholesterol deprivation. We chose three
time points of growth in LDS medium (24, 36, and 48 h),
because the observed cell death of the mutant MEFs over
time would be expected to result in increasing secondary
effects on gene expression associated with apoptosis or al-
tered cell cycle regulation. In contrast, altered expression
patterns in early time points or in all of the time points
might reflect effects that were more directly related to
Nsdhlloss of function.

Fluorescently labeled cDNA samples derived from mu-
tant and wt RNA were cohybridized to oligonucleotide ar-
rays (Agilent Mouse Development) representing ~22,000
mouse genes from the NIA 15k and 7.4k cDNA clone sets
(25). A total of 15 hybridizations representing 13 inde-
pendent experiments and data sets comparing Bpa'" ver-
sus wt RNA were performed: five with cells grown in nor-
mal medium, four with cells in LDS medium for 24 h, two
with cells in LDS medium for 36 h, and four with cells
grown in LDS medium for 48 h (see Materials and Meth-
ods). To gain an overview of the microarray results, cluster
analysis was performed on ~1,525 genes that showed at
least 1.5-fold higher or lower expression with P < 0.1
in the Bpa' MEFs relative to wt cells in at least one of
the time points (data not shown). One cluster, which in-
cluded 25 genes, was characterized by upregulation of ex-
pression in the mutant cells in all three LDS time points
relative to samples grown in normal medium (Fig. 3A).
Not surprisingly, most of the genes in this cluster are
known to be directly involved in cholesterol synthesis or in
its regulation. In contrast, another cluster was character-
ized by genes that showed the greatest change in expres-
sion only in the samples from 48 h in LDS medium. It
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Lipin, Lipin1

Membrane-associated protein 17, Map17
Nuclear factor, erythroid derived 2, Nfe2/
Hydroxysteroid 17-beta dehydrogenase, Hsd17b7
Squalene epoxidase, Sgle

Lanosterol 14 o demethylase, Cyp51

CTP: phosphocholine cytidylytransferase, Peyi2
Sterol regulatory element binding protein, Srebp2
Mevalonate pyrophosphate decarboxylase, Mvd
Fatty acid desaturase 2, Fads2

Open reading frame 11, Orf11
7-dehydrocholesterol reductase, Dher7
Stearoyl-Coenzyme A desaturase 1, Sed1

Sterol regulatory element binding protein, Srebp2
Acyl CoA:cholesterol acyl transferase, Acat2
NM_06708.1, anonymous gene

Emopamil binding protein, Ebp

Fatty acid desaturase 1, Fads?

Low density lipoprotein receptor, Ldlr

Lanosterol synthase, Lss
Sterol-C4-methyloxidase-like, Sc4mol

Farnesyl pyrophosphate synthase, Fdps
Lanosterol synthase, Lss

ATP citrate lyase, Acly

Stearol-Coenzyme A desaturase, Scd?

Thymidine kinase 1, Tk1

p-tubulin 5, Tubbs

Cell division cycle 20, Cde20

XM_125808, Cytoskeleton-associated protein (predicted)
BM114342, anonymous EST

a—actinin 1, Actn1

HNRP methyltransferase, Hrmt
Centromere protein E

Kinesis related mitotic, Knsl1

Fibroblast growth factor inducible 16, Fin16
C81222, anonymous EST

Cyclin E2, Cecne2

Karyopherin (importin) a2, Kpna2
Ribonucleotide reductase A2, Arm2

H2A histone family, member X, H2afx
Serine/threonine kinase 5, Stk5

Cyclin A2, CenA2

Ubiquitin conjugating enzyme E2C, Ube2c

Fig. 3. Selected clusters of genes demonstrating similar patterns of differential expression between Bpa'!
and wt MEFs. Each column represents a different experiment in which cells were cultured in either normal
medium or LDS medium for 24, 36, or 48 h. Cluster analysis was performed using GeneCluster and TREE-
VIEW software (24) on 1,525 genes that showed a mean fold difference of at least 1.5 between mutant and wt
cells in at least one experimental time point (see Materials and Methods). Red indicates higher expression in
the Bpa'! cells; green represents lower expression in the Bpa'! cells; black indicates no difference between
the Bpa' and wt cells; and gray indicates no data available because of low signal or poor spot quality. A: A
cluster of 25 genes that was characterized by higher expression in Bpa'/ versus wt MEFs at all three time
points of growth in LDS. B: A cluster of 18 genes that showed a profile of lower expression in the Bpa'" com-
pared with wt cells with longer culture times in LDS medium.

included several genes that are involved in cell cycle con-
trol, such as Cdc20, Ccne2, and CcnA2, probably reflecting
deleterious secondary effects of cholesterol deficiency
that accumulate over time (Fig. 3B).

Genes that showed differential expression of at least
1.5-fold between Bpa'f and wt cells were then ranked us-
ing a more stringent P value of <0.001 for each experi-
mental time point to assess the most significant patterns.
By this criterion, for cells grown in normal medium, only
one gene was identified as upregulated in the mutant ver-
sus wt cells and two were downregulated. The upregulated
gene was an anonymous cDNA of unknown function

Cunningham et al.

(GenBank accession number BM118718). The downregu-
lated genes were Nsdhlitself and Ywhaz, encoding 14-3-3(,
a multifunctional regulator of phosphoproteins (26, 27).
The lower level of Nsdhl transcript in the Bpa'f-expressing
cells may be a result of accelerated decay of the message
attributable to premature termination of translation caused
by the nonsense mutation (28). Based on searches of mouse
expressed sequence tag databases (University of Califor-
nia Santa Cruz Genome Browser, http://genome.ucsc.edu/,
mouse genome May 4, 2004 assembly), the oligo probe for
Ywhaz (Agilent feature A_65_P09812) apparently repre-
sents sequence from the 3’ untranslated region of a rare

Gene expression changes with NSDHL loss of function 1155
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alternative transcript that extends the me&a%ﬂfwgﬁﬁn bp ™’ Combined and analyzed together, 44 genes had Pvalues of

and uses a downstream polyadenylation signal. The func-
tional significance of this, or several other variant Ywhaz
transcripts with alternative 5" and 3’ untranslated regions,
is not known. A separate oligo probe from the coding re-
gion of Ywhaz (Agilent feature A_65_P13182) showed no
significant differences between Bpa' and wt samples, sug-
gesting that the majority of Ywhaz message was unaffected
in the mutant cells.

Of those genes identified as upregulated in Bpa' ver-
sus wt samples from the three time points of growth in
LDS medium, a majority were involved in lipid metabo-
lism. When the data for all three time points in LDS were

<<0.001 (Table 1). Four of these, Cyp51, Lss, StarD4, and
Cisd, were represented twice, because of the presence of
two independent probes for the same gene on the mi-
croarray. Eleven of the 44 genes encode enzymes directly
involved in cholesterol synthesis, 3 function as regulators
of cholesterol synthesis, 7 are involved in fatty acid synthe-
sis or metabolism, 2 are lipid transporters, 5 represent
anonymous cDNAs, and 16 are genes with miscellaneous
functions. The fold increase detected by the microarray
analysis for most of the genes was generally 1.5-2.5. This
relatively modest difference between the Bpam and wit
cells was attributable in part to the fact that the wt cells

TABLE 1. Genes upregulated in Bpa' cells in LDS

GenBank Accession

Gene Number Gene Product One-Sided P Fold Increase Function
Fdft1e NM_01019 Farnesyl diphosphate farnesyl transferase 1 9.95E-08 2.05 Cholesterol synthesis
Mud* NM_138656 Mevalonate pyrophosphate decarboxylase 2.86E-07 3.07 Cholesterol synthesis
Sqle NM_009270 Squalene epoxidase 3.04E-06 1.98 Cholesterol synthesis
Scdmol® NM_025436 Sterol-C4-methyl oxidase-like 3.94E-06 2.21 Cholesterol synthesis
Gyp51 BC031813 Lanosterol 14a demethylase 6.16E-06 2.08 Cholesterol synthesis
Acly XM_126704 ATP citrate lyase 1.01E-05 1.88 Fatty acid synthesis
Sparcl1® NM_010097 SPARCHlike 1, hevin, SC1 2.52E-05 1.85 Matricellular protein
Acat2 BC012496 Acyl-CoA:cholesterol acyl transferase 2 3.35E-05 1.74 Fatty acid synthesis
Hmger® XM_127496 3-Hydroxy-3-methylglutaryl CoA reductase 3.88E-05 1.56 Cholesterol synthesis
Lce NM_130450 Long-chain fatty acyl elongase 4.16E-05 1.91 Fatty acid synthesis
Srebp2 @ U12330 Sterol-regulatory element binding protein 2 4.33E-05 1.53 Cholesterol regulation
StarD4 ¢ AK014587 START domain-containing 4 4.48E-05 1.76 Cholesterol transport
Gyp51 NM_020010 Lanosterol 14a demethylase 6.39E-05 1.68 Cholesterol synthesis
Hsd17b7 NM_010476 Hydroxysteroid 17-3 dehydrogenase 7 6.52E-05 2.07 Cholesterol synthesis
Unknown NM_026708 Homology to longevity assurance gene (Lagl) 6.58E-05 1.84 Ceramide regulation?
Orfl1° NM_021446 Open reading frame 11 (erg28) 7.13E-05 1.99 Cholesterol regulation
Fads1 NM_146094 Fatty acid desaturase 1 7.53E-05 1.83 Fatty acid synthesis
Scd1 BC007474 Stearoyl-CoA desaturase 1 8.98E-05 1.85 Fatty acid synthesis
Dher7¢ NM_007856 7-Dehydrocholesterol reductase 9.43E-05 2.45 Cholesterol synthesis
Peyt2 NM_024229 CTP:phosphocholine cytidylyltransferase 9.43E-05 1.71 Phospholipid synthesis
Epb7.2° NM_013515 Erythrocyte protein band 7.2, stomatin 9.84E-05 1.53 Lipid raft protein
StarD4 ¢ BC005642 START domain-containing 4 1.21E-04 1.83 Cholesterol transport
H2-D1 BC023409 MHC class I heavy chain precursor 1.37E-04 1.52 Histocompatibility antigen
Unknown CA569887 Unknown 1.58E-04 1.56 Unknown
Fdps NM_134469 Farnesyl pyrophosphate synthase 1.80E-04 1.74 Cholesterol synthesis
Cdldl1 NM_007639 CD1dl1 antigen 1.82E-04 1.53 Lipid antigen binding
Grina NM_023168 NMDA receptor glutamate binding chain 1.92E-04 1.72 Receptor
Unknown® BG075096 Unknown 2.12E-04 2.26 Unknown
Scd2 NM_009128 Stearoyl-CoA desaturase 2 2.45E-04 1.51 Fatty acid synthesis
Ldlr BC019207 Low density lipoprotein receptor 2.45E-04 1.50 Cholesterol transport
Lss® NM_146006 Lanosterol synthase 2.67E-04 1.92 Cholesterol synthesis
Unknown? XM_131685 Unknown 2.72E-04 1.54 Unknown
Mdk NM_010984 Midkine 3.04E-04 1.51 Growth factor
Atf4 NM_009716 Activating transcription factor 4 (CREB2) 3.06E-04 1.66 Multiple regulatory pathways
Lss® AK014742 Lanosterol synthase 3.09E-04 1.78 Cholesterol synthesis
Fads2 BC057189 Fatty acid desaturase 2 3.28E-04 1.58 Fatty acid synthesis
Cdknlc NM_009876 Cyclin-dependent kinase inhibitor 1C 3.56E-04 1.84 Unknown
Unknown NM_029083 Unknown 3.99E-04 1.50 Unknown
Ctsd NM_009983 Cathepsin D 4.22E-04 1.71 Aspartate protease
Dusp9 NM_029352 Dual-specificity phosphatase 9, MPK4 4.41E-04 1.68 Mitogen-activated protein
kinase phosphatase
Ctsd NM_009983 Cathepsin D 4.72E-04 1.75 Aspartate protease
Kap NM_010594 Kidney androgen-regulated gene 5.38E-04 1.80 Unknown
Insigl NM_153526 Insulin-induced gene 1 5.81E-04 1.66 Cholesterol regulation
Mef2c BC037731 Myocyte enhancer factor 2C 6.53E-04 1.59 Muscle development
DMR-N9 XM_133223 Dystrophia myotonica-linked gene N9 7.31E-04 1.58 Unknown
Map17¢ NM_026018 Membrane-associated protein 17 7.35E-04 2.87 Cholesterol regulation?
Dgll, Ypell NM_023249 Yippee-like 1, cyclophilin-like 8.86E-04 1.81 Cell morphology?
Ebp NM_007898 Sterol-D8,D7-isomerase 9.92E-04 1.62 Cholesterol synthesis

Bpa, bare patches; LDS, lipid-depleted serum.
@ Upregulation confirmed by real-time PCR analysis.
¢ Upregulation not confirmed by real-time PCR analysis.
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also induced cholesterogenic genes whe$T§#ﬂ%r‘ff?/iﬁ§{5uPpllzﬁ%ﬁl%g <089 " As [shown by real-time PCR below, signifi-

as demonstrated by real-time PCR results (see below),
thus partially masking the total increase in the expression
of these genes in the mutant cells.

In contrast to the upregulated genes, those showing sig-
nificant downregulation in the combined data from the
three LDS time points did not show a clear bias toward a
specific cellular function or pathway. The top-ranked 49
genes out of 77 that were downregulated with a one-sided
P value of <0.001 are listed in Table 2. Only two of the
genes, Cavl and Abcal, encode proteins with known lipid-
related functions. The ABCAI protein is a membrane-
spanning lipid transporter involved in cholesterol efflux

cant downregulation of this gene was found exclusively in
Bpa' cells, likely reflecting attempts to conserve existing
cellular cholesterol. Downregulation of Cavl, the main
structural protein of caveolae (30), was not confirmed by
real-time PCR (see below). Several of the downregulated
genes encode cell cycle regulators, including Pcna, Rras,
Cend, and Cks2, probably indicating a secondary response
to the increasing stress of cholesterol deficiency on the
mutant cells. Interestingly, the oligomer representing the
alternative 3’ untranslated region of Ywhaz was again the
probe with the most significant level of downregulation in
the LDS-treated cells, as it was in the samples grown in

TABLE 2. Genes downregulated in Bpa' cells in LDS

GenBank Accession

Gene Number Gene Product One-Sided P Fold Decrease Function
Ywhaz® XM_147897 14-3-3¢ 6.10E-06 4.38 Phosphoprotein regulation
Epes3 NM_025310 Fts] homolog 3 1.08E-05 1.60 Unknown
Chstl1 NM_023850 Carbohydrate (keratan sulfate) sulfotransferase 1 1.72E-05 1.64 Sulfotransferase
Unknown AL832353 Unknown 1.97E-05 1.88 Unknown
Crmkorl? BC015254 Chemokine orphan receptor 1 2.82E-05 1.89 G-protein-coupled receptor
Usp39 NM_138592 Ubiquitin-specific protease 39 5.87E-05 1.50 Protein catabolism
Tfdp1 XM_134001 Transcription factor Dp-1 6.05E-05 1.55 Cell cycle control, E2F binding
Unknown*  XM_126276 Unknown 7.54E-05 2.23 Unknown
Amdl NM_009665 S-Adenosylmethionine decarboxylase 1 7.97E-05 2.16 Polyamine synthesis
Sibp NM_009193 Stem-loop binding protein 8.70E-05 1.63 mRNA processing
Cavl® BC_038280 Caveolin 1 1.06E-04 1.70 Lipid raft structure
Nol5a NM_024193 Nucleolar protein 5a 1.06E-04 1.65 Ribosome biogenesis
Camk2g XM_127599 Calcium/ calmodulin-dependent protein kinase 2y~ 1.27E-04 1.56 Calmodulin binding
AbcAl“ NM_005502 ATP binding cassette Al 1.35E-04 2.86 Cholesterol efflux
Pena NM_011045 Proliferating cell nuclear antigen 1.43E-04 1.81 Cell cycle control
Unknown ¢  NM_026515 Unknown 1.46E-04 3.74 Unknown
Unknown BM220702 Unknown 1.51E-04 1.66 Unknown
Prkab2 BG076307 Protein kinase, AMP-activated 2 1.59E-04 1.68 Metabolic stress response
Cacybp XM_129572 Calcyclin binding protein 1.65E-04 1.76 Unknown
Unknown NM_152812 Unknown 1.73E-04 1.61 Unknown
Cycs XM_131904 Cytochrome C, somatic 1.74E-04 1.69 Apoptotic signaling cascade
Ranbpl NM_011239 RAN binding protein 1 1.75E-04 1.50 Nucleotide hydrolysis of RAN-GTP
Perp NM_022032 p53 apoptosis effector related to Pmp22 1.76E-04 1.65 p53-activated apoptosis
Ppfibp1 BC035209 PTPRF-interacting protein, binding protein 1 1.82E-04 1.53 Unknown
Lif2s1 NM_026114 Eukaryotic translation initiation factor 2, 2.24E-04 1.58 Protein synthesis

subunit la
Unknown NM_027432 Unknown 2.68E-04 1.69 Unknown
Kpnb3 XM_127872 Karyopherin (importin) 33 2.71E-04 1.61 Protein nuclear import
Rnasep2 NM_019428 RNase P2 (Rpp30) 2.72E-04 1.74 Ribosome component
G3bp NM_013716 Ras-GTPase-activating protein 2.84E-04 1.50 Ras signaling, stress response
Bmp4 BC034053 Bone morphogenetic protein 4 3.63E-04 1.72 Cell fate/development
Tardbp NM_145556 TAR DNA binding protein 3.74E-04 1.51 Transcriptional repression
Ran NM_009391 RAN GTPase 4.17E-04 1.65 Cell cycle, spindle assembly
Adm NM_009627 Adrenomedullin 4.27E-04 1.63 Vasodilator
Unknown NM_027093 Unknown 4.36E-04 1.55 Unknown
Rrm2 XM_122396 Ribonucleotide reductase M2 4.45E-04 2.35 Deoxyribonucleotide metabolism
Ppih BC016565 Peptidyl prolyl isomerase (cyclophilin) H 4.55E-04 1.51 Spliceosome, protein folding
Unknown NM_146169 Unknown 4.67E-04 1.61 Unknown
Snrpal NM_021336 Small nuclear ribonucleoprotein polypeptide A 4.68E-04 1.98 Ribonucleoprotein complex
Psma2 NM_008944 Proteosome subunit, a type 2 4.77E-04 1.56 Protein catabolism
Rras2 NM_025846 Related RAS viral oncogene homolog 4.83E-04 1.69 Cell cycle control
Thocl BC027149 THO complex 1 5.04E-04 1.54 mRNA processing/transport?
Unknown BG073324 Unknown 5.09E-04 1.54 Unknown
Mcem3 BC031700 Minichromosome maintenance-deficient 3 5.09E-04 1.50 DNA replication
Hmgb2 XM_135612 High-mobility group box 2 5.11E-04 2.34 Chromatin structure
Tfpi NM_023249 Tissue factor pathway inhibitor 5.12E-04 1.65 Protease inhibitor
Cendl NM_007631 Cyclin D1 5.15E-04 1.61 Cell cycle control
Anxa3 NM_013470 Annexin A3 5.16E-04 1.63 Phospholipase inhibitor
Unknown XM_134164 Unknown 5.31E-04 1.60 Unknown
Cks2 NM_025415 CDC28 protein kinase regulatory subunit 2 5.53E-04 2.22 Cell cycle regulation

“ Downregulation confirmed by real-time PCR analysis.
’ Downregulation not confirmed by real-time PCR analysis.

Cunningham et al.
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normal medium. No other gene probe $hapadsignificant '~ onstrated a reprodficible change in expression similar to

differences in levels between Bpa' and wt cells in both
normal and LDS media.

Confirmation of expression differences by real-time PCR

Twenty-four genes from among the upregulated and
downregulated genes were assayed by real-time PCR using
RNA samples from wtand Bpa'? MEFs grown in normal or
LDS medium for 24 h (Tables 1 and 2). We chose to exam-
ine RNA samples from the 24 h LDS time point with the
goal of confirming early or primary events resulting from
NSDHL deficiency. Of the 24 genes tested, 19 (79%) dem-

that seen by microarray analysis. The real-time PCR results
showed that, as expected, cholesterogenic genes were also
induced when the wt MEFs were grown in LDS medium,
but among the 19 genes confirmed as upregulated by real-
time PCR, the Bpa' MEFs always had a greater induction
under the same conditions (Fig. 4A).

The differential expression pattern exhibited by the
anonymous expressed sequence tag NM_026708 was simi-
lar to that of multiple lipogenic genes (Fig. 4A). Similarly,
the confirmed downregulation of two additional anony-
mous expressed sequence tags paralleled that of the Abcal

A i Fdps Srebp 2 Insig1 orf11
3 T
2
8 Dher7 Sc4mol StarD4 NM_026708
T
e '
g
16 Hmger Mapi17
2
©
B
16 AbcA1 NM_026515 XM_126276 wt, LDS
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1.2
Bpa'f, LDS
° 1H
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2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq

Fig. 4. Real-time PCR analysis of gene expression in Bpa'"’ and wt MEFs cultured in normal (nl) and LDS
media for 24 h. Ratios are shown for RNA samples 2W and 2B that were also used for microarray analysis and
represent results from a single experiment performed in triplicate. The ratios shown represent means = SD
and were calculated from values that had been normalized to the signal for w¢ cells in normal medium,
which was arbitrarily set to 1. Similar results were obtained for an independent set of RNA samples (1B and
1W) obtained from primary cultures grown in parallel with but not used for microarrays. Although the Bpa/
wt expression ratios were qualitatively similar between the two sets of cDNAs, the magnitude of expression
differences varied substantially for some of the genes (not shown) and could reflect normal biologic variabil-
ity, given the modest expression differences detected by microarrays. A: Graphic representation of the rela-
tive mRNA abundance for 12 genes in wt cells grown in LDS versus normal media (white bars), Bpa'f cells
grown in LDS versus normal media (hatched bars), and Bpa'# cells in LDS versus wt cells in LDS (black
bars). These genes had been shown by microarray analysis to be upregulated in Bpa'? versus wt cells after 24 h
in LDS medium. B: Graphic representation, as described for A, of three genes that were identified by mi-
croarray analysis as downregulated in Bpa'" versus wi cells after 24 h in LDS medium.
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transporter gene involved in cellular [chxslest@iol eriux Wit atfow Fartier investigation into whether other cell

(Fig. 4B). However, additional experiments will be re-
quired to determine whether the functions of these anon-
ymous expressed sequence tags are, indeed, related to
lipid metabolism. The unique pattern of downregulation
of the alternative 3’ untranslated region transcript from
Ywhaz that was detected by microarray analysis was con-
firmed by real-time PCR. The level of the Ywhaz transcript
was not sensitive to growth in LDS medium in either wt or
Bpa' MEFs. However, its levels were several orders of
magnitude lower in the mutant cells than in w¢ cells, with
a threshold cycle of 31 in mutant cells and 19 in wt cells.
Hprt transcript levels, which would not be expected to vary
in the four samples, were analyzed as a control for the
efficiency of cDNA synthesis among the samples and
showed essentially identical amplification curves (data not
shown).

DISCUSSION

Mutations in the murine Nsdhl gene are lethal in hemi-
zygous males from early postimplantation to E13.5, de-
pending on the allele. The most consistent defect ob-
served in embryos that progress beyond E9.5 is a poorly
developed placenta, specifically in the labyrinth, where
embryonic blood vessels fail to invade the trophoblast
layer and proliferate to provide an interface for gas and
nutrient exchange with maternal blood sinuses (13). Total
sterol and cholesterol levels are equivalent between mu-
tant and w¢ embryos, suggesting that the lethality is not
caused by simple cholesterol deficiency.

To begin to investigate disease pathogenesis, we screened
for changes in gene expression in fibroblasts cultured
from Bpa!'l embryos, taking advantage of an X-linked GFP
transgene and random X inactivation to isolate pure pop-
ulations of Bpa! MEFs. The ratio of GFP+ to GFP— MEFs
in the initial unsorted cultures was not significantly differ-
ent between wt and mutant embryos, indicating that the
subpopulation expressing the mutant Bpa'/’ null allele
proliferated at approximately the same rate as wt fibro-
blasts in the functionally mosaic female embryos, at least
until E15.5. When cultured in normal medium, sorted
populations of Bpa'f MEFs also appeared morphologically
normal and grew at a rate comparable to wt cells. When
cultured in LDS medium, however, the mutant MEFs showed
substantial cell death by 48 h, presumably as a result
of cholesterol deficiency, whereas wt cells continued to
grow normally. In contrast, when unsorted populations of
GFP+ and Bpa' MEFs were cultured in LDS medium,
cell death was not observed, and no change in the ratio of
GFP+ to GFP— cells was seen after 72 h (data not shown),
suggesting that cells expressing the Bpa!f Nsdhl allele
were rescued by cholesterol synthesized and exported by
cells expressing the wt allele. The apparent ability of wt
MEFs to provide sufficient cholesterol for the survival of
Bpa' cells would explain the lack of negative selection
against Bpa'"! fibroblasts seen in the E15.5 embryos. The
use of the X-linked GFP transgene as an in vivo marker

Cunningham et al.

types, including those affected in heterozygous embryos
and adults, demonstrate a selective advantage for cells ex-
pressing the wt Nsdhl allele.

Finally, the death of Nsdhl null fibroblasts after 48 h of
culture in LDS medium strongly suggests that the lanos-
terol derivatives that accumulate in these cells cannot sup-
port one or more vital functions of cellular cholesterol
and/or that they themselves are toxic. In contrast, fibro-
blasts from several Smith-Lemli-Opitz patients homozy-
gous for null alleles of DHCR7 survived for at least 1 week
when cultured in LDS medium, suggesting that 7-dehy-
drocholesterol (7DHC) can substitute for at least some
key functions of cholesterol, including maintaining the in-
tegrity of cell membranes (31).

Based on homology with yeast, it is predicted that the
NSDHL protein would function in a complex with a sterol
C-4 methyloxidase, encoded by the SC4MOL gene in human
(32), and a 3B-ketosterol reductase. During the course of
our studies, Marijanovic et al. (33) demonstrated that the
protein encoded by the human HSD17B7 locus functions
as a cholesterol biosynthetic 3-ketosterol reductase. In Sac-
charomyces cerevisiae, the ERG28 gene encodes a regulatory
protein for the complex that may act as a scaffold and an-
chor the C-4 demethylase enzymes to the ER membrane
(34, 35). Consistent with this model, our results showed
upregulation of Sc4mol, Hsd17b7, and Orfl1, the murine
ortholog of ERG28 (34), in Bpa' cells grown in LDS. The
increased expression of Orf11 provides the first functional
evidence for a conserved role of the protein in mamma-
lian cholesterol metabolism.

An initial question in understanding the pathogenesis
associated with inherited defects in cholesterol biosynthe-
sis is determining how the cell responds to both a defi-
ciency of cholesterol and an abnormal accumulation of
specific sterol intermediates at the blocked step in the
pathway. Analysis of cultured human fibroblasts isolated
from Smith-Lemli-Opitz patients that carry mutations in
the DHCR?7 gene showed that when 7DHC levels are sig-
nificantly increased upon prolonged culture in delipi-
dated medium, the activity of HMGR is suppressed, de-
spite the presence of significantly lower total sterol levels
in the mutant cells (31). Indeed, 7TDHC was more effective
in suppressing HMGR than cholesterol itself. Similarly,
mice that are homozygous for a targeted null allele of
Dher7, in which tissue cholesterol is decreased 5- to 6-fold
and 7DHC is increased 30- to 40-fold, demonstrate de-
creased levels of HMGR protein and activity, probably as a
result of accelerated proteolysis of the enzyme (36). Lev-
els of mRNA for several cholesterol regulatory proteins
and biosynthetic enzymes, including HMGR, remain un-
changed between Dher7~/~ and wt animals. In contrast,
cultured fibroblasts from patients with deficiency of me-
valonate kinase, the enzyme subsequent to HMGR in the
pathway, accumulate excess mevalonate and demonstrate
a 6fold increase in HMGR activity (20). Thus, mutant
cells may show distinct responses to disruption of choles-
terol biosynthesis depending on which step in the pathway
is affected. Our analysis of Bpa!! MEFs showed that, un-
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expression of 11 cholesterogenic enzymes, including HMGR,
even after 24 h of growth in LDS medium. There was also
a concomitant upregulation of genes for seven enzymes
involved in fatty acid metabolism. Upregulation of fatty
acid biosynthetic enzymes was reported in transgenic mice
overexpressing sterol-regulatory element binding protein
2 (SREBP2) (37, 38), consistent with the lack of absolute
specificity of SREBP1 and SREBP2 for fatty acid and cho-
lesterol biosynthetic genes, respectively (38, 39).

In addition to the lipogenic enzymes, we detected mod-
estly increased expression of the two regulatory genes,
Srebp2 and Insigl. Srebpl was not represented in the array,
whereas expression of Insig2 was unchanged (data not
shown). The upregulation of Srebp2 may account for the
increased expression of the cholesterol biosynthetic en-
zymes, as well as the LDL receptor, because most of these
genes have been shown to be direct targets of transcrip-
tional activation by SREBP2 (37-41). Although our study
did not measure levels of nuclear SREBP2 in the MEFs, it
has been demonstrated that SREBP2 activation and nu-
clear import is stimulated by cholesterol depletion (re-
viewed in 1, 2). Thus, we hypothesize that the higher level
of Srebp2 mRNA in Bpa'" versus wi MEFs in LDS is respon-
sible for or at least contributes to the increased expression
of cholesterogenic enzymes observed in these cells. The
observed increased expression of Insigl was somewhat sur-
prising given that the sterol-mediated binding of INSIGs
to SREBP cleavage-activating protein (SCAP) results in
the retention of inactive SREBPs in the ER (42). However,
the expression of Insigl itself is directly upregulated by
SREBPs, whereas Insig2 is insensitive to regulation by
SREBPs, except in the liver. Thus, the increased expres-
sion of Srebp2 observed in Bpa! MEFs may account for the
modest upregulation of Insigl without concomitant in-
creased expression of Insig2.

Among the genes showing upregulation in Bpa''’ MEFs
were two, Mapl7 and StarD4, that encode proteins whose
precise function is unclear but have previously been impli-
cated in cholesterol metabolism. MAP17 (for membrane-
associated protein 17) plays a regulatory role in the up-
take of HDL cholesterol through its interaction with
PDZKI1 in the liver (43). Among several proteins known to
associate with PDZK1 at the plasma membrane is scaven-
ger receptor class B type I, the receptor that mediates
both the uptake of HDL cholesterol in the liver and cho-
lesterol efflux from a variety of peripheral cell types (re-
viewed in 44). Overexpression of MAP17 in the livers of
transgenic mice results in 2-fold increased plasma choles-
terol levels and dramatic reductions in the scavenger re-
ceptor class B type I and PDZK1 proteins (43). MAP17
transcript levels are increased in livers of transgenic mice
that overexpress either SREBP-1a or SREBP-2, but not in
Scap knockout mice, suggesting that the MAP17 gene is ei-
ther a direct or indirect target of SREBPs (38).

STARD4 is a member of the START domain family of
proteins based on its homology to STAR (for steroidogenic
acute regulatory protein), a protein that binds cholesterol
and participates in its translocation from the outer to the
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viewed in 45). The gene was initially identified by microar-
ray analysis as downregulated in livers of mice fed a high-
cholesterol diet (41, 46). Although the exact function of
the protein remains unknown, Stard4 expression in mouse
3T3-L1 cells decreases in the presence of increased levels
of exogenous cholesterol and increases in the presence of
lovastatin, suggesting a role in cholesterol homeostasis
(46). Furthermore, the gene appears to be a direct target
of SREBP regulation based on its increased expression in
the livers of transgenic mice that overexpress SREBP and
in Scap knockout mice (38).

Finally, one can envision how several of the other upregu-
lated genes might be perturbed by a complete block in cho-
lesterol biosynthesis. Cathepsin D is an endosomal aspartate
protease that is activated by the sphingolipid ceramide and
plays a role in ceramide-induced apoptosis as well as in epi-
dermal differentiation (47, 48). Ceramide is generated in re-
sponse to a variety of stress conditions and signaling mole-
cules and influences cellular proliferation, differentiation,
and apoptosis (reviewed in 49). Ceramide may also affect cell
function through its role in membrane structure and micro-
domains at the Golgi, endosomes, and plasma membrane
(reviewed in 50). The predicted amino acid sequence of one
of the anonymous cDNAs identified as upregulated in our
microarray analysis (NM_026708) showed 42% sequence
similarity (E-value of 1E-18) to a domain in the yeast Lagl
gene that functions in ceramide synthesis (51-53).

In light of the fully penetrant early lethality of the Bpa!"
mutation in hemizygous males, our microarray analysis
showed surprisingly few differences in gene expression be-
tween mutant and wi cells when the MEFs were cultured in
normal serum. This result suggests that the abnormalities
seen in vivo arise from cellular defects that are not associ-
ated with dramatic changes in mRNA level, that localized
cholesterol deficiency may in fact occur in a subset of tis-
sues of the mutant embryo but is not detectable by sterol
analysis of the whole embryo, or that embryonic fibroblasts
derived from midgestation embryos are less sensitive to the
loss of NSDHL function than other cell types of the earlier,
gastrulating embryo. Finally, the sorted Bpa''’ MEFs used in
this study will provide a unique and valuable tool for the in
vitro analysis of possible perturbation of lipid raft structure,
intracellular sterol trafficking, or signaling pathways. il
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