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All eukaryotic cells have to maintain cholesterol concentrations within defined margins in order to function
normally. Perturbing cholesterol homeostasis can result in a wide range of cellular and systemic defects,
including cardiovascular diseases, as well as Niemann-Pick and Tangier diseases. Here, we show that DHR96
is indispensable for mediating the transcriptional response to dietary cholesterol and that it acts as a key
regulator of the Niemann-Pick type C gene family, as well as of other genes involved in cholesterol uptake,
metabolism, and transport. DHR96 mutants are viable and phenotypically normal on a standard medium but
fail to survive on diets that are low in cholesterol. DHR96 mutants have aberrant cholesterol levels, demon-
strating a defect in maintaining cholesterol homeostasis. Remarkably, we found that a high-cholesterol diet
phenocopied the genomic profile of the DHR96 mutation, indicating that DHR96 resides at the top of a genetic
hierarchy controlling cholesterol homeostasis in insects. We propose a model whereby DHR96 is activated
when cellular cholesterol concentrations drop below a critical threshold in order to protect cells from severe
cholesterol deprivation.

Cholesterol is best known for its adverse effects on human
health, since an excess of the substance is a significant risk
factor for developing atherosclerosis, heart disease, and stroke.
On the other hand, cholesterol is critically important for higher
organisms, mostly because it performs a range of vital cellular
functions. In particular, cholesterol functions as an indispens-
able precursor for steroid hormones, and it contributes to the
fluidity and integrity of the lipid bilayer. In addition, choles-
terol has important roles in cell signaling, since it is required
for the covalent modification of hedgehog proteins and con-
stitutes a critical component of lipid rafts. To ensure that all of
these processes function properly, cellular cholesterol concen-
trations have to be maintained within specific limits. Exceeding
healthy levels of free (i.e., unesterified) cholesterol may result
in cytotoxicity (40), whereas insufficient levels may result in
dramatic malformations and behavioral problems, as observed
in the Smith-Lemli-Opitz syndrome, a developmental disorder
caused by a mutation that affects cholesterol biosynthesis
(12, 50).

While the mechanisms that control cholesterol biosynthesis
have been characterized in great detail, we are only beginning
to understand the processes that regulate cholesterol uptake,
removal, and turnover. In vertebrates, cholesterol homeostasis
is maintained by controlling dietary uptake, by adjusting cel-
lular influx and efflux, and through the regulation of key steps
in the cholesterol biosynthetic pathway. Two vertebrate tran-
scription factor families, sterol-regulatory element binding
proteins (SREBPs) and liver X receptors (LXRs), are involved
in regulating cholesterol homeostasis. A series of studies have
identified SREBP1a, -1c, and -2 as critical regulators of fatty

acid and cholesterol biosynthetic pathways (6, 46, 49). These
proteins are proteolytically activated by a decline in cellular
cholesterol levels and are subsequently imported into the nu-
cleus, where they act as transcription factors. In contrast, the
mechanism by which the nuclear receptors LXR� (NR1H3)
and LXR� (NR1H2) regulate gene expression relies on direct
binding to cholesterol metabolites that function as agonistic
ligands (30, 32). Nuclear receptors form a large superfamily of
proteins that function simultaneously as transcription factors
and receptors for small lipophilic compounds. Members of this
protein family directly regulate gene expression in response to
fat-soluble ligands, such as steroid hormones, certain vitamins,
fatty acids, oxysterols, and bile acids. Ligands that bind with
high affinity to LXR include 24(S),25-epoxy-cholesterol, an
oxysterol, which is sufficient to modulate the expression of
LXR target genes in vivo (5). LXR� controls genes required
for cholesterol efflux, indicating that the receptor acts to pro-
tect cells against high cholesterol levels (3). Mice lacking func-
tional LXR� display an abnormal response to dietary choles-
terol and accumulate hepatic cholesterol when reared on a
cholesterol-rich diet (31).

We used the fruit fly, Drosophila melanogaster, to study the
regulation of cholesterol homeostasis in a simple genetic
model organism. Similar to vertebrates, Drosophila requires
cholesterol as a precursor for steroid hormones, such as the
molting hormone ecdysone, and as a structural component in
plasma membranes. Drosophila, like all other insects, cannot
synthesize cholesterol and has to retrieve a suitable sterol from
the diet (9, 17, 18). The sterol content of a particular diet
therefore constitutes an important developmental variable for
the survival of Drosophila and allows the study of mutants that
fail to survive on low-cholesterol media.

The Drosophila genome harbors a single ortholog of the
SREBP gene family; however, some notable functional differ-
ences exist between the fly and vertebrate proteins. The Dro-
sophila SREBP pathway is activated by phosphatidylethano-
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lamine instead of cholesterol and regulates fatty acid synthesis
pathways (10, 22, 37), suggesting that a different protein con-
trols cholesterol homeostasis in flies. So far, however, no nu-
clear receptor or other transcriptional regulator has been
linked to cholesterol homeostasis in Drosophila. Vertebrate
LXRs have two close homologs in the fly, the Ecdysone Recep-
tor (EcR) and Drosophila Hormone Receptor 96 (DHR96) genes
(23). Specifically, the ancestral LXR gene, predating the split of
the vertebrate and insect lineages, gave rise to seven human
genes (LXR�/�, FXR�/�, CAR, VDR, and SXR) and two Dro-
sophila genes (EcR and DHR96) (see Fig. S1 at http:
//www.biology.ualberta.ca/king-jones_lab/Bujold_et_al_2010
_Supplemental_data_MCB.pdf). Of the two fly homologs,
LXR has greater similarity to EcR, which binds with high
affinity to 20-hydroxyecdysone (hereafter referred to as 20E),
the metabolically active form of ecdysone. It appears unlikely,
however, that EcR functions as a cholesterol sensor, as it has
widespread roles in orchestrating 20E-driven developmental
transitions, including molting and metamorphosis. In contrast
to EcR, DHR96 has no apparent developmental function and
plays a role in regulating detoxification responses (21), indi-
cating that this nuclear receptor exerts control over metabolic
processes. We showed previously that DHR96 is strongly ex-
pressed in tissues important for nutrient traffic, storage, and
excretion, suggesting it may act as a nutrient sensor (21). Fur-
thermore, we recently demonstrated that DHR96 has the abil-
ity to bind cholesterol in vivo, suggesting that the receptor
could act as a sterol sensor in a manner comparable to that of
LXR� (18a).

Certain target genes of LXR� have confirmed roles in main-
taining cholesterol homeostasis. One such target gene is
ABCA1, which encodes an ABC transporter that plays a critical
role in reverse cholesterol transport, a process by which excess
cellular cholesterol is transported by HDL from peripheral
tissues to the liver (8). Patients with a mutation in both copies
of the ABCA1 gene suffer from Tangier disease, a disorder that
is characterized by severely reduced HDL levels and accumu-
lation of cholesterol in peripheral tissues (28, 29).

Some evidence suggests that LXR target genes may include
the Niemann-Pick disease Type C 1 and 2 genes (NPC1 and -2),
since they are upregulated by synthetic LXR agonists (33). The
NPC1 and NPC2 proteins participate in the transport of un-
esterified cholesterol from the late endosomal/lysosomal com-
partment to the cytosol. Mutations in either NPC1 or NPC2
result in a usually fatal lysosomal storage disorder with char-
acteristic accumulation of cholesterol and sphingolipids (7, 24,
26). A gut-specific member of the NPC1 protein family,
NPC1L1, is critical for intestinal absorption of dietary choles-
terol and plant sterols, but it is unclear whether liver X recep-
tors transcriptionally regulate the gene (1, 45). The Drosophila
genome includes a set of highly conserved Niemann-Pick dis-
ease genes, including two NPC1 homologs. NPC1a is widely
expressed and was shown to play a critical role in transporting
sterols to the ring gland, thus allowing ecdysone production to
occur (13). In contrast, NPC1b expression is restricted to the
midgut, and a recent study demonstrated that the protein plays
an important role in the intestinal uptake of cholesterol, like its
vertebrate ortholog, NPC1L1 (44). In addition to the NPC1
homologs, eight genes with significant sequence similarity to
NPC2 have been recently described in Drosophila, among

which Npc2a and Npc2b function in a redundant manner to
coordinate sterol homeostasis (19). No studies have yet ad-
dressed whether transcriptional regulation of Drosophila NPC
genes might contribute to maintaining cholesterol homeosta-
sis.

Here, we show that the Drosophila nuclear receptor DHR96
is required to ensure survival on a low-cholesterol diet and that
it is necessary to maintain appropriate cholesterol levels. Im-
portantly, we show that genes with roles in maintaining cho-
lesterol homeostasis are strongly dependent on DHR96 func-
tion, including homologs of vertebrate NPC1L1, NPC2, and
ABCA1. In this paper, we use a combination of genetics, nu-
tritional studies, and genomics as a systemic approach for
studying the molecular mechanisms by which cholesterol ho-
meostasis is achieved.

MATERIALS AND METHODS

Population studies. For population studies, we transferred 50 rinsed or de-
chorionated Drosophila embryos to each vial, and each condition was tested in
triplicate. We scored the appearance of pupae every 24 h and maintained the
vials until the pupae developed into adults. To prepare lipid-depleted or un-
treated “4-24” medium (Carolina Biological Supply Company) (hereafter re-
ferred to as C424), flakes were ground using a household blade grinder. Small
batches were combined and thoroughly mixed to ensure equal distribution of
methylparaben powder in untreated C424. To extract lipids, 200 g of ground
C424 powder was transferred to a 4-liter Erlenmeyer flask and treated six times
for 12 h each time with 1 liter of chloroform. The lipid-depleted C424 was then
air dried until no traces of chloroform were detectable. Finally, methylparaben
was added to a final concentration of 1% of the wet weight. To add sterols, each
vial received a total of 200 �l of ethanol containing the appropriate amount
of sterol on the surface of 1 g of C424 powder. After the ethanol was allowed
to evaporate, each vial was mixed vigorously with 5 ml water until the medium
was set.

Larval collections and RNA extraction. For the C424-versus-standard-medium
microarray, 100 eggs were transferred to petri dishes containing C424 medium or
standard medium. The larvae were raised at room temperature for 4 days,
collected as mid-second instars (25 per sample), flash frozen, and stored at
�80°C. Larval staging was verified through quantitative real-time PCR (qPCR)
using the DHR4 and �-FTZ-F1 genes, which are genes induced during the second
half of the larval stage, as timing controls. Roche UPL probes and TaqMan
Universal PCR Master Mix (ABI) were used according to the manufacturer’s
instructions. RNA was extracted from frozen larvae using a slightly modified
Trizol protocol (Invitrogen) in which the RNA was chloroform extracted an
additional time and ethanol precipitated using LiCl to remove organic contam-
inants, salts, and genomic DNA.

The cholesterol gradient qPCR studies were carried out in a similar manner,
with the following exceptions: C424 medium was first lipid extracted with chlo-
roform (see below), air dried, and then supplemented with either 0 �g, 50 �g, or
200 �g cholesterol per gram dry weight.

To prepare microarray samples from larvae that were exposed to high choles-
terol, 200 eggs were transferred to bottles containing a standard medium sup-
plemented with either 0% or 1% cholesterol, and eight mid-L3 larvae per sample
were collected. For timing larvae to the mid-third-instar stage, we added 0.05%
bromophenol blue to the medium and selected for larvae with dark-blue guts, as
described by others (2, 25). RNA extraction followed the modified Trizol pro-
tocol, but instead of LiCl, we used sodium acetate (NaOAC) for precipitation.
Total-RNA samples were purified using Qiagen RNeasy columns before cDNA
synthesis.

cDNA preparation and preamplification. cDNA was prepared from 1 �g of
total RNA using either a Stratagene Affinity Script qPCR cDNA Synthesis Kit or
an ABI High Capacity Reverse Transcription Kit. For microfluidics-based qPCR
on the Fluidigm Biomark, we carried out preamplification of cDNA. For this, we
used the equivalent of 5 ng of total RNA to amplify cDNA samples with the
TaqMan Pre-Amp 2� Master Mix (Applied Biosystems) by following the pro-
cedures recommended by Fluidigm.

Microarray analysis. To generate labeled cRNA from 200 ng of starting RNA,
we used an Affymetrix GeneChip 3� IVT Express kit according to the manufac-
turer’s instructions. For each experimental condition, we prepared samples in
triplicate. Affymetrix gene expression arrays (Drosophila Genome 2.0) were
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hybridized and scanned at the University of Alberta microarray facility. Raw data
analysis was conducted by using LIMMA (47) and gcRMA (48) downloaded
from the bioconductor (15) web page, while data mining and gene ontology (GO)
statistics were based on Affymetrix annotation files that were analyzed with
Microsoft Access and Microsoft Excel.

Microfluid-based high-throughput qPCR. High-throughput qPCR (2,304 re-
actions per run) was performed on preamplified cDNA samples and analyzed on
48.48 dynamic arrays (Fluidigm). Sample mixtures were prepared according to
the manufacturer’s instructions using Fluidigm DA Sample Reagent, TaqMan
Universal PCR Master Mix, and preamplified cDNA samples. Assay mixtures
were prepared following the manufacturer’s instructions using Fluidigm DA
Assay Reagent in combination with Roche UPL probes and oliguncleotides
(IDT). The primer design (melting temperature [Tm] � 60 � 1°C) and probe
selection were based on the Roche online assay design center. The microfluidic
qPCRs were run according to thermal-cycling parameters recommended by
Applied Biosystems for the TaqMan Universal PCR Master Mix. For each
experimental condition, we tested four samples in triplicate. We included five
housekeeping control genes per run: rp49 (CG7939), �-tubulin 84B (CG1913),
metallothionein A (CG9470), RNA polymerase II 140-kDa subunit (CG3180),
and tropomyosin 1 (CG4898). 		CT values were calculated individually for each
control gene, and differential gene expression was determined as the geometric
mean of all the 		CT values (43).

Lipid measurements. Total-cholesterol concentrations were determined with
the Amplex Red cholesterol assay kit (Invitrogen) following the instructions of
the manufacturer. Cholesteryl ester concentrations were measured using gas
chromatography (GC). Lipid extractions were carried out as described previously
(35). For either of these assays, 50 L2 larvae and 8 L3 larvae were collected per
sample, flash frozen, and homogenized with a motorized pestle with 500 �l of
phosphate-buffered saline (PBS). For gas chromatography, samples were mixed
with tridecanoin as an internal standard and analyzed on an Agilent 6890 Gas
Chromatography System using a Zebron ZB-5 (Phenomenex) column. Data
were visualized with Agilent Chemstation software. All measurements were
normalized to the sample protein concentration as determined by the bicincho-
ninic acid (BCA) protein assay reagent (Pierce).

RESULTS

DHR96 mutants are highly sensitive to cholesterol depriva-
tion. The close structural and phylogenetic relationships of the
vertebrate liver X receptors to their fly counterpart, DHR96,
suggest that the latter may play a role in controlling cellular
and/or systemic cholesterol levels in Drosophila. Therefore, a
mutation in DHR96 may affect the ability to properly regulate
cholesterol homeostasis, raising the question of how DHR96
mutants might respond to low or high levels of dietary choles-
terol. On a standard cornmeal diet (hereafter referred to as
standard medium/diet), DHR96 mutants appear normal and
display no obvious phenotypes, suggesting that DHR96 is not
essential when the animals are maintained under optimal lab-
oratory conditions. However, when DHR96 mutants are reared
on a potato tuber-derived medium that is naturally low in
cholesterol (C424), 
90% of the population arrest develop-
ment at the L2 stage, while 75 to 90% of the controls reach the
adult stage (Fig. 1A). The inability of DHR96 mutants to sur-
vive on C424 medium could indicate a failure to properly
retrieve a vital nutrient from the diet. To examine this possi-
bility, we supplemented C424 medium with low concentrations
of yeast, since yeast is a sufficient food source for Drosophila.
Supplementation with 1% yeast completely restored the via-
bility of DHR96 mutants (Fig. 1C). Remarkably, supplemen-
tation with yeast extract failed to rescue DHR96 mutants, sug-
gesting that a vital nutrient is lost during the extraction
procedure (Fig. 1D). Yeast extract is water soluble and conse-
quently contains substantially fewer lipids than live yeast, sug-
gesting that DHR96 mutants fail to survive on C424 medium
because it is low in, or lacks, specific classes of lipids. The only

known essential lipid class required in a Drosophila diet is
sterols that can be metabolized to cholesterol by the fly (36).
We therefore tested whether dietary supplementation of C424
medium with cholesterol would result in a rescue of DHR96
mutants. Indeed, reconstituting C424 with 0.1% or 0.01% cho-
lesterol was sufficient to rescue DHR96 mutants (Fig. 1E and
F), with survival rates similar to those observed with yeast
supplementation (Fig. 1C). In contrast, a nonsterol source like
oleic acid failed to restore viability in DHR96 mutants (Fig.
1B), suggesting that the lethality associated with the DHR96
mutation arises from a defect in sterol homeostasis and does
not reflect a global defect in lipid metabolism. We also showed
that DHR96 mutants could not be rescued with 20E or desmo-
sterol or combinations thereof; however, ergosterol, the main
yeast sterol, and stigmasterol, a widespread plant sterol, could
rescue DHR96 mutants (A. Gopalakrishnan, N. Premji, M.
Bujold, and K. King-Jones, unpublished data).

We concluded that the presence of cholesterol or other
suitable sterols is a prerequisite for the survival of DHR96
mutants, suggesting that these animals suffer from widespread
defects that include, but are not limited to, impaired steroid
hormone production.

DHR96 mutants have aberrant cholesterol levels. The fact
that DHR96 mutants can be rescued by cholesterol supplemen-
tation may indicate a defect in either absorption or distribution
of cholesterol. To address this possibility, we measured total
cholesterol levels in lipid extracts isolated from L2 and L3
larvae using the Amplex Red kit (Molecular Probes). First, we
compared the wild type and the DHR96 mutants reared on
C424 medium to examine cholesterol levels in these animals.
We found that the cholesterol concentration in DHR96 mu-
tants was 
20% lower than in the wild type on this medium,
indicating a significant but not dramatic decrease due to the
loss of DHR96 function (Fig. 2). In contrast, when larvae were
reared on standard medium, we observed 20 to 35% higher
cholesterol levels in DHR96 mutants than in the wild type, and
this effect was observed in L2 and L3 larvae (Fig. 2A). This
suggests that DHR96 mutants accumulate cholesterol on diets
with sufficiently high concentrations of the compound. To test
whether this cholesterol accumulation phenotype could be ag-
gravated when animals were reared on a high-cholesterol diet,
we repeated the experiment with L3 larvae retrieved from a
standard medium that was supplemented with 1% cholesterol.
Under these conditions, DHR96 mutants accumulated choles-
terol at 
45% above wild-type levels, indicating that the in-
creased load of dietary cholesterol translated into a corre-
sponding elevation of total cholesterol in mutant animals. In
conclusion, DHR96 mutants do not appear to suffer from an
inability to absorb cholesterol. However, it is clear that cho-
lesterol uptake is not properly regulated in DHR96 mutants, as
evidenced by the accumulation of cholesterol when the animals
were reared on media with relatively high cholesterol concen-
trations.

To validate these findings, we measured cholesteryl esters in
mutant and wild type animals using GC. This approach allowed
us to quantify the relative abundances of two prevalent cho-
lesteryl ester classes: cholesteryl esters with 43 carbon atoms
(CE43) are predominantly composed of cholesteryl palmitate,
while the CE45 subclass may contain cholesteryl oleate as well
as cholesteryl stearate. Any perturbation in the concentrations
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of these cholesterol metabolites may indicate aberrant expres-
sion of enzymes that generate or cleave cholesteryl esters and
would suggest that this process is regulated by DHR96. Similar
to the results for total cholesterol levels, we found lower abun-
dances of both CE43 and CE45 cholesteryl esters in DHR96
mutants that were reared on C424 medium but significantly
higher concentrations of these metabolites when mutants were
maintained on a standard medium (Fig. 2B). Cholesteryl esters
with 45 carbon atoms are more abundant than their CE43
counterparts, and this ratio varies in the wild type by a maxi-
mum of 35%, depending on the food source used (the ratios
are between 2.0 and 2.55) (Fig. 2C). In contrast, the CE45/
CE43 ratios fluctuate to a greater degree in DHR96 mutants.
When mutant larvae are reared on C424 medium, the relative
abundance of CE45 drops by 
50% compared to the wild type,
while extracts isolated from mutants that were raised on a
standard medium have 
25% higher ratios than controls.
Overall CE45/CE43 ratios vary by 
100% in DHR96 mutants,
almost 3-fold higher than in the wild type.

Summing up, we found that total cholesterol and cholesteryl

ester levels dropped moderately but significantly when DHR96
mutants were reared on a low-cholesterol medium and that the
opposite was true when mutants were raised on standard or
high-cholesterol medium. This suggests a role for DHR96 in
the regulation of cholesterol homeostasis and in the metabo-
lism of cholesteryl esters.

DHR96 is required for expression of sterol metabolism
genes. To identify genes that are differentially regulated by
DHR96 on C424 medium compared to a standard diet, we
compared the genomic responses of mutant and wild-type L2
larvae on these different medium types using Affymetrix 2.0
microarrays. We filtered data sets for genes that showed sig-
nificant changes in expression between the wild type and
DHR96 mutants and/or responded to dietary differences, which
yielded a total of 1,038 genes. To extract a more meaningful
subset, we compared this set to 390 genes that are significantly
affected by ectopic DHR96 expression (21). This comparison
yielded a highly significant overlap of 53 genes (P value,
1.8E�12) (Fig. 3), which we expect to be highly enriched for
genes doubly dependent on DHR96 and differences in the diet,

FIG. 1. DHR96 mutants are hypersensitive to cholesterol deprivation. Larvae were reared on a low-cholesterol medium (C424) with no added
nutrients (A) or C424 medium that was supplemented with 0.1% oleic acid (B), 1% yeast (C), 2.5% yeast extract (D), 0.01% cholesterol (E), or
0.1% cholesterol (F). Survival was quantified by determining the number of emerging pupae every 24 h. Pupae were followed to adulthood to
ensure successful completion of development. Solid circles, wild type; open squares, DHR96 mutants.
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suggesting that these gene responses are mediated by DHR96.
Remarkably, this set of 53 genes harbored 8 genes with known
links to sterol metabolism and transport, suggesting that the
genes respond to different levels of dietary cholesterol via
DHR96 (Fig. 3, table). Among these 8 genes, 4 are homologs
of genes associated with human Niemann-Pick disease type C
(NPC1b and NPC2c, -d, and -e). Furthermore, we identified
hedgehog, which encodes a signaling molecule that is covalently
modified by cholesterol, as well as CYP301A1, a cytochrome
P450 gene with a predicted function in mitochondrial steroid
metabolism because of its close relationship to three genes of
the “Halloween” group that act in the ecdysteroid biosynthesis
pathway (16). Finally, we found CG8112 and CG1718 among
this group. Upon conducting a bidirectional BLAST search,

these genes turned out to be most closely related to human
ACAT1 and -2 and human ABCA1 and -3, respectively.

Acyl coenzyme A (CoA)/cholesterol acyltransferase 1 and 2
(ACAT1 and -2), are enzymes that catalyze the reaction by
which free cholesterol is esterified with long-chain fatty acids,
effectively lowering the cellular concentration of free choles-
terol and allowing the sequestration of cholesteryl esters into
lipid droplets for future use. To our knowledge, no transcrip-
tional regulators of the ACAT genes have been identified in
any model system, and the finding that DHR96 is required for
the regulation of Drosophila ACAT (CG8112) may suggest that
LXRs might have a similar role in vertebrates.

As indicated above, ABCA1 is an ABC transporter with
important roles in the reverse cholesterol transport pathway.
ABCA3, on the other hand, encodes a lipid transporter re-
quired for surfactant function at birth (38). Presumably,
CG1718 is the single fly ortholog of both human genes, and we
refer to it as ABCA1 from here on, since our data suggest that
it has a role in cholesterol homeostasis.

In summary, the presence of 8 genes in a set of 53 genes with
links to sterol biology is highly significant. For instance, there
are a total of 10 NPC genes in the fly genome (8 NPC2 and 2
NPC1 homologs), and the probability of finding 4 out of 10 by
chance in a set of 53 genes is very low (P value, 6.5E�124).

FIG. 2. DHR96 mutants display aberrant cholesterol levels.(A) To-
tal cholesterol levels in L2 and L3 larvae reared on C424, standard
medium (SM), or standard medium supplemented with 1% cholesterol
(SM � 1% chol). (B) Relative abundances of cholesteryl esters mea-
sured in L2 larvae collected from C424 medium and L3 larvae reared
on standard medium. CE43 and CE45, cholesteryl esters with 43 or 45
carbon atoms. (C) Relative ratios of CE43 to CE45 in the wild type and
DHR96 mutants measured on different diets. L2 larvae were reared on
C424 and standard medium, while L3 larvae were collected from stan-
dard medium only. Black bars, wild type; gray bars, DHR96 mutants.
*, P � 0.05; **, P � 0.01. The error bars indicate standard errors.

FIG. 3. Comparison of microarray data sets identified genes with
roles in sterol biology. Two microarray data sets were compared. The
first set harbored 1,038 differentially expressed genes obtained from an
analysis of either wild-type or mutant L2 larvae that were reared on
C424 and standard medium (SM). The second set contained a list of
390 genes that were affected in response to ectopic expression of
DHR96 (hs-DHR96 transgenic line [21]). The resulting overlap (53
genes) contained 
2.5-fold more genes than one would expect, on
average, when random sets of the same size are compared. This en-
richment is significant, as indicated by the P value derived from a 2

calculation. The arrows indicate up- and downregulated genes. The
table lists genes with known or predicted functions with links to sterol
biology. An asterisk indicates that the gene name is not listed in
Flybase. CG, computed gene; FC, fold change; P, P value, based on
Student’s t test calculated by the LIMMA software package; pr. func-
tion, predicted function. Controls for the gain-of-function array were
w1118 larvae, whereas controls for the C424/SM array were CanS
larvae.
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To validate these microarray results, we analyzed four genes
(ACAT, ABCA1, NPC2c, and NPC1b) (Fig. 4A to D; also see
Fig. S2 at http://www.biology.ualberta.ca/king-jones_lab/Bujold
_et_al_2010_Supplemental_data_MCB.pdf) using qPCR. In
the wild type, we found that NPC1b was expressed at an 
4
-fold-higher level on C424 medium than on standard medium,
suggesting that NPC1b levels are elevated on a low-cholesterol
diet in order to improve intestinal absorption of sterols. In
contrast, NPC1b mRNA levels were very similar in DHR96
mutants regardless of the medium, indicating that the gene has
lost the ability to appropriately respond to dietary cholesterol
levels. The net effect is that NPC1b expression is roughly 3-fold
higher in DHR96 mutants than in controls when standard
medium is used (Fig. 4A). Given its role in cholesterol uptake,
the high levels of NPC1b in DHR96 mutants might account for

the higher cholesterol levels we observed in mutant animals
collected from a standard or high-cholesterol diet (Fig. 2A
and B).

In many respects, the expression profiles of NPC2c, ACAT,
and ABCA1 appear to be opposite to that of NPC1b. For
instance, these genes are different from NPC1b in that they are
expressed at a higher level in wild-type controls reared on a
standard diet than in those reared on C424 medium, suggesting
they might be induced by dietary sterols. While this difference
is substantial for NPC2c (
12.5-fold) (Fig. 4B; also see Fig.
S2 at http://www.biology.ualberta.ca/king-jones_lab/Bujold_et
_al_2010_Supplemental_data_MCB.pdf), we observed only
moderately higher levels for ACAT and ABCA1 (40% and 30%
increases, respectively) (Fig. 4C and D). In neither case did we
see a corresponding increase in the DHR96 mutants, indicating

FIG. 4. Dietary cholesterol regulates cholesterol metabolism genes in a concentration- and DHR96-dependent manner. (A to D) Staged L2
larvae were collected from either untreated C424 medium or a standard medium (SM). (E to H) Staged L2 larvae were collected from
lipid-depleted C424 medium that was supplemented with either 0 �g, 50 �g, or 200 �g cholesterol per gram (dry weight). For each gene, the highest
expression level was normalized to 100%. Black bars, wild type (CanS); gray bars, DHR96 mutants. (I to L) Staged mid-L3 larvae were collected
from media that contained 1% cholesterol, 1% canola oil, or 1% tristearin. LpR1, LDL-receptor-related protein. The error bars indicate standard
errors. N, standard medium with no added lipid.
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that DHR96 is necessary for this response. In addition,
expression levels of NPC2, ACAT, and ABCA1 in DHR96
mutants reared on C424 medium were consistently higher than
those of control animals. This also contrasts with NPC1b,
where this relationship is reversed. Despite the difference
between NPC1b and the other three genes tested here, we
found that the transcriptional responses of all four genes to
cholesterol were either muted or absent in DHR96 mutants.

Taken together, our results suggest that the differences in
sterol compositions and concentrations between C424 and
standard medium are responsible for the transcriptional re-
sponses in genes associated with different aspects of sterol
homeostasis. Importantly, these transcriptional responses are
dependent on DHR96, suggesting that DHR96 coordinates the
regulation of genes involved in sterol homeostasis and metab-
olism.

Cholesterol regulates gene expression in Drosophila. One
would expect that the differences between C424 medium and a
standard diet are complex and that consequently one would
observe transcriptional changes of genes in many metabolic
pathways. The fact that DHR96 mutants reared on C424 food
can be rescued by cholesterol supplementation and the finding
that genes linked to sterol metabolism pathways require
DHR96 for proper regulation suggest that a critical distinction
between these two media is the sterol concentration and com-
position. To test directly which genes respond to dietary cho-
lesterol, we examined qPCR-based gene expression profiles of
wild-type and mutant L2 larvae reared on lipid-depleted C424
medium that was supplemented with either 0 �g, 50 �g, or 200
�g of cholesterol per vial, which corresponds to 0%, 0.00083%,
and 0.0033% cholesterol (wet weight), respectively. For this
experiment, we selected 34 genes, mainly from our existing
microarray data but also including lipid and cholesterol me-
tabolism genes described in gene ontology files and publica-
tions (see Table S1 at http://www.biology.ualberta.ca/king
-jones_lab/Bujold_et_al_2010_Supplemental_data_MCB.pdf).
Using this approach, we found that NPC1b, NPC2c, ACAT,
and ABCA1 responded specifically to changes in dietary
cholesterol concentrations. In particular, NPC1b expression
was repressed by dietary cholesterol, while NPC2c, ACAT, and
ABCA1 levels increased with higher cholesterol concentrations
(Fig. 4E to H). These results precisely track the changes we
observed between C424 and standard medium (Fig. 4A to D),
strongly suggesting that these differences are indeed due to
cholesterol. On lipid-depleted medium with no added
cholesterol, NPC1b levels in DHR96 mutants were 50% lower
than in controls (Fig. 4E). Similar to our findings for C424
medium (compare C424 expression levels in Fig. 4A to D), we
observed that NPC2c, ACAT, and ABCA1 expression levels
were strongly elevated in DHR96 mutants when the animals
were maintained on very low cholesterol concentrations, as
seen in lipid-depleted C424 medium supplemented with 0 �g
and 50 �g cholesterol (Fig. 4F to H).

In addition to NPC1b, NPC2c, ACAT, and ABCA1, we found
the following genes to be repressed by cholesterol: Lip3, which
encodes a predicted cholesterol ester hydrolase; CG5932,
which encodes a gastric triacylglyceride lipase; CG31148,
which encodes a glucosylceramidase with roles in sphingolipid
metabolism (see below); and FANCL, which encodes a predicted
ubiquitin E3 ligase (see Fig. S4 at http://www.biology.ualberta.ca

/king-jones_lab/Bujold_et_al_2010_Supplemental_data_MCB.pdf).
In contrast, Cyp12d1, a cytochrome P450 gene closely related to
CYP301a1 (41) (Fig. 3), appears to be induced by cholesterol,
while CG10514, a gene encoding a DUF227 domain (domain
of unknown function 277), was not significantly affected by
changes in the diet but displayed low levels of expression in
DHR96 mutants, regardless of the condition (see Fig. S4 at the
URL given above).

Taken together, we found that NPC1b is downregulated by
dietary cholesterol, while NPC2c, ACAT, and ABCA1 are up-
regulated by cholesterol. Similarly, NPC1b is clearly downregu-
lated in DHR96 mutants, while NPC2c, ACAT, and ABCA1 are
substantially upregulated in mutant animals.

Exposure to high cholesterol triggers distinct transcrip-
tional responses. We expected that gene responses to choles-
terol might be concentration dependent, due to the diverse
gene functions associated with cholesterol homeostasis. Spe-
cifically, a gene that responds within a defined concentration
range might be unresponsive to doses that lie outside this
range, and vice versa. To complement our expression analysis
that was based on lipid-depleted C424 supplemented with 0,
50, or 200 �g cholesterol, we used microarray analysis to ex-
amine the transcriptional effects of a high-cholesterol diet in
wild-type animals and DHR96 mutants reared on a standard
medium, to which we added either 0% or 1% cholesterol (wet
weight). In total, we found 73 genes in the wild type that were
upregulated by high cholesterol and 55 genes that were down-
regulated, based on a greater-than-1.5-fold change and a P
value of less than 0.01.

The two genes most strongly affected by high cholesterol in
the wild type, whether based on fold change or significance, are
NPC2d and NPC2e, suggesting that these Niemann-Pick gene
homologs also have roles in sterol transport in Drosophila (Fig.
5A also see Tables S2 and S3 at http://www.biology.ualberta.ca
/king-jones_lab/Bujold_et_al_2010_Supplemental_data_MCB
.pdf). Interestingly, NPC2e is strongly induced by cholesterol,
while NPC2d expression is essentially shut down, which may
suggest that the two genes have opposing functions. To vali-
date these findings, we tested (i) whether we could recapitulate
the results using qPCR and (ii) whether these responses were
specific to cholesterol. For the latter, we reared larvae on
media containing either 1% canola oil or 1% tristearin instead
of cholesterol. Canola oil is mainly composed of monounsat-
urated fatty acids; oleic acid, linoleic acid, and some trace
amounts of plant sterols (27). Tristearin, on the other hand, is
a naturally occurring triglyceride that contains only stearic acid
as a fatty acid and has no toxicity in Drosophila (11). We found
that both NPC2d and NPC2e are highly specific to cholesterol
(Fig. 4I and J). NPC2d was not repressed by canola oil or by
tristearin, while NPC2e failed to be induced by these sub-
stances, suggesting that both genes play specific roles in cho-
lesterol homeostasis.

LpR1, which encodes a homolog of the LDL receptor pro-
tein family, is upregulated 
3-fold by cholesterol but displays
much stronger induction by canola oil and tristearin, demon-
strating that this gene responds to a wide range of lipids (Fig.
4K). CG5932 encodes a midgut-specific lipase, but despite an
apparent role in fat breakdown rather than cholesterol ho-
meostasis, this gene is clearly specifically regulated by choles-
terol. In particular, CG5932 shows very strong repression in
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the presence of cholesterol but is completely unaffected by
canola oil; however, the gene shows some repression by tris-
tearin (Fig. 4L).

Other significantly induced genes include Atet, which codes
for an ABC transporter, and egghead, which encodes a beta-
1,4-mannosyltransferase required for glycosphingolipid biosyn-
thesis (see Table S2 at http://www.biology.ualberta.ca/king
-jones_lab/Bujold_et_al_2010_Supplemental_data_MCB.pdf).
Some genes are effectively repressed by cholesterol, such as
FANCL, which encodes a ubiquitin E3 ligase, and CG10300,
which encodes a protein that harbors a Sec14p-like lipid-
binding domain (see Table S2 at the URL given above).

We used gene ontology statistics to further characterize the
results obtained from the high-cholesterol microarrays. In the

wild type, relatively few groups were induced by cholesterol.
Most notably, we found 4 homeobox-containing genes (twin of
eyeless, dorsotonalis, NK7.1, and CG10037), 3 genes encoding a
DUF227 domain (“domain of unknown function 227”), and
two sulfotransferase genes (Table 1, rows 6, 13, and 3, respec-
tively). Based on the group terms “DNA-binding/transcription
factor” and “nucleus,” we identified 15 and 19 transcripts,
respectively, among the 73 cholesterol-induced genes (Table 1,
rows 22 and 24), suggesting that the exposure to high choles-
terol triggered the induction of a complex transcription factor
network. Groups that stand out among the 55 genes repressed
by cholesterol are five cytochrome P450 enzymes, three gluta-
thione transferases, and two UDP-glucoronosyl/UDP-glucosyl
transferases, all protein families that are linked to detoxifica-
tion responses, suggesting that high levels of dietary choles-
terol do not trigger a detoxification response. Enriched GO
terms are “metabolic process” with 16 genes (row 27) and
“catalytic activity” with 12 genes (row 23), perhaps suggesting
that high concentrations of specific nutrients trigger the down-
regulation of enzymes that are only required when small quan-
tities of the nutrient are available.

We also compared the high-cholesterol array results to other
microarray data, specifically DHR96 gain- and loss-of-function
arrays (rows 17 to 20). Apart from genes that are upregulated
due to ectopic expression of DHR96, we saw strong correla-
tions between these different microarrays, indicating that
DHR96 partially regulates the same genes that are affected by
treatment with cholesterol. For the GO analysis of DHR96
mutants, we analyzed data from animals reared on a standard
diet only. In the set upregulated by the DHR96 mutation, we
found 4 homeobox-containing genes. Two of these transcrip-
tion factor genes, dorsotonalis and NK7.1, are identical to those
found to be upregulated by cholesterol, suggesting there is a
common mechanism by which these transcription factors are
regulated. The most significant GO term is “sphingolipid me-
tabolism,” a group of 5 affected genes (row 26), which strongly
suggests that DHR96 plays a role in sphingolipid processes, as
well. Like sterols, sphingolipids play important roles in plasma
membranes and cell signaling, and both molecule classes are
enriched in lipid rafts. Furthermore, sphingolipids accumulate
along with cholesterol in patients with Niemann-Pick type C
disease (20), suggesting that homeostatic control of both lipid
classes may be regulated by shared pathways. Transcripts af-
fected by the DHR96 mutation with predicted roles in sphin-
golipid metabolism include egghead, CG16708 (a predicted
D-erythrosphingosine kinase), CG15534 and CG15533 (both
encode sphingomyelin phosphodiesterases), and ifc (a stearoyl-
CoA 9-desaturase).

Exposure to high cholesterol phenocopies the DHR96 mu-
tation. If one compares the transcriptional consequences of a
high-cholesterol diet to the effects of the DHR96 mutation alone,
one notices that 53 of the 55 genes downregulated by cholesterol
display corresponding lower levels of expression in DHR96 mu-
tants than in controls (see Table S2 at http://www.biology
.ualberta.ca/king-jones_lab/Bujold_et_al_2010_Supplemental
_data_MCB.pdf) and that 72 of 73 genes that are upregulated
in response to 1% cholesterol have higher levels in DHR96
mutants (see Table S2 at the URL given above), even though
mutant animals were maintained on a standard diet without
added cholesterol. To test whether any of these corresponding

FIG. 5. A high-cholesterol diet phe nocopies the transcriptional
response caused by the DHR96 mutation. (A) Global statistical anal-
ysis of two microarray data sets based on a Pearson correlation. Fold
changes (FC) of all genes, affected either by the DHR96 mutation
alone (y axis) or by feeding a 1% cholesterol diet to wild-type animals
(x axis), were plotted against each other using the SPSS software
package. Linear fold changes are shown on log2-based axes. The cor-
relation between the two data sets is indicated by the r value, and the
resultant significance is indicated by the P value (two-tailed Student’s
t test). Some genes mentioned in the text are indicated in red.
(B) Comparison of microarray data sets representing 73 genes upregu-
lated in response to high cholesterol (left circle) or 102 upregulated
due to a mutation in the DHR96 gene (right circle). The P value
indicates the significance of the overlap, based on a 2 test. (C) Anal-
ysis similar to that in panel B; however, here the data sets comprise 55
genes downregulated in response to high cholesterol (left circle) and
43 genes downregulated in DHR96 mutants that were maintained on
standard medium. Average expected overlaps and P values based on 2

calculations are indicated.
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changes are significant in DHR96 mutants, we compared only
significant gene sets. We found 102 genes that are significantly
upregulated in the DHR96 mutant (Table 1), and a comparison
with the set of 73 cholesterol-induced genes showed 13
overlapping genes, roughly 33 times higher than expected (P �
6.9E�90) (Fig. 5B and Table 1, row 15). Even more notable is
the overlap of 22 genes when one compares the 43 genes that
are downregulated in DHR96 mutants with the 55 genes
repressed by high cholesterol (P � 10E�999) (Fig. 5C and
Table 1, row 16). These data suggest that the administration of
cholesterol through the diet phenocopies many of the
transcriptional changes that are caused by disrupting DHR96
function. This observation is further corroborated by the fact
that the actual fold changes are equally similar under both
conditions, for instance, the top genes induced and repressed
by high cholesterol, NPC2e and NPC2d, respectively, are also
the most strongly affected genes in DHR96 mutants (see Tables
S2 and S3 at http://www.biology.ualberta.ca/king-jones_lab
/Bujold_et_al_2010_Supplemental_data_MCB.pdf).

To examine whether this correlation can be observed on a
genome-wide level, we carried out a Pearson correlation for all
fold changes observed under high cholesterol in the wild type
or by the DHR96 mutation alone (Fig. 5A). We found that the
correlation holds even in this global analysis, with a Pearson
coefficient (r) of 0.640 and a P value of �0.01 based on a
two-tailed Student t test. In agreement with this statistical
analysis, we found that most genes fall into the lower left and
upper right quadrants, as one would expect if the majority of
genes are coordinately regulated.

To rule out a bias in the microarray design, we carried out a
repeat experiment with the following differences: independent
samples were collected and analyzed by a second experi-
menter, and gene expression was examined by microfluidics-
based qPCR (Fluidigm) rather than microarray analysis. Each
sample was analyzed for the expression of 34 genes (not count-
ing controls), which were selected based on microrarray re-
sults, predicted functions, and published studies. To determine
gene expression differentials with high reliability, we calculated
relative fold changes based on the geometric mean of 5 inter-
nal control genes per sample (43). Of the 34 genes analyzed, 26
displayed greater than 1.2-fold changes in wild-type animals
reared on standard medium with or without 1% cholesterol,
while the remaining 8 genes showed no significant differences.
In DHR96 mutants, all 26 genes showed gene expression
changes in the same direction and of magnitude similar to
those observed in the wild type in response to cholesterol
(see Fig. S3 at http://www.biology.ualberta.ca/king-jones_lab
/Bujold_et_al_2010_Supplemental_data_MCB.pdf). The strong
correlation between the magnitudes of the gene expression
changes confirmed our finding that feeding a high-cholesterol
diet phenocopies the DHR96 mutation.

Finally, if we compare completely independent microarray
studies, namely, data sets from mutant L2 larvae to wild-type
L3 larvae reared on standard medium and 1% cholesterol,
respectively, we still observe highly significant correlations (Ta-
ble 1, rows 19/20), indicating that the transcriptional conse-
quences of cholesterol are similar to those of the DHR96
mutation.

Taken together, we provide several lines of evidence dem-
onstrating that the global transcriptional changes triggered by

a high-cholesterol diet phenocopy the effects on gene expres-
sion caused by the DHR96 mutation alone. This not only cor-
roborates a role for DHR96 in coordinating the global re-
sponse to cholesterol, it also suggests that cholesterol in fact
suppresses DHR96 function, since the removal of DHR96
seems to be equivalent to elevating cholesterol levels.

Cholesterol downregulates DHR96 transcription. A simple
explanation for the fact that dietary cholesterol can phenocopy
the DHR96 mutation could be that cholesterol inactivates
and/or downregulates DHR96. Given the fact that DHR96 can
bind to cholesterol (18a), this may suggest that DHR96 is
directly inactivated by a cholesterol metabolite. Alternatively,
cholesterol may transcriptionally downregulate DHR96, possi-
bly through an autoregulatory mechanism. We therefore ana-
lyzed DHR96 expression in wild-type larvae reared on different
medium types supplemented or not with cholesterol. We found
that DHR96 was repressed roughly 4-fold by cholesterol in L2
larvae reared on lipid-depleted medium supplemented with as
little as 50 �g per vial (Fig. 6A). Similarly, wild-type L3 larvae
reared on standard medium had two-times-higher levels of

FIG. 6. Cholesterol represses DHR96. (A) qPCR analysis based on
wild-type L2 larvae raised on lipid-depleted (LD) C424 medium with
or without 50 �g cholesterol. (B) qPCR analysis based on wild-type L3
larvae reared on a standard medium (SM) with or without 1% choles-
terol. (C) Model for DHR96 function. For simplicity, DHR96 is de-
picted as a monomeric protein. (Left) Under conditions of low dietary
cholesterol levels, DHR96 protein remains active due to low ligand
concentrations. This allows coactivators to bind (green) and transcrip-
tion to occur. (Right) High levels of dietary cholesterol result in high
concentrations of a presumptive DHR96 ligand (small circles). These
ligands deactivate DHR96 by preventing coregulators from binding.
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DHR96 mRNA than their counterparts reared on a 1% cho-
lesterol diet (Fig. 6B). These data suggest that DHR96 tran-
scription is downregulated by cholesterol in a concentration-
dependent manner. Since DHR96 itself mediates responses to
dietary cholesterol, it is possible that the DHR96 gene is con-
trolled by an autoregulatory feedback loop.

DISCUSSION

The lethal phenotype of DHR96 mutants. In the present
work, we demonstrated that DHR96 is a critical regulator of
cholesterol homeostasis and that it mediates transcriptional
changes in response to dietary cholesterol. A central question
is why DHR96 mutants fail to survive on a low-cholesterol diet.
The most likely answer is that DHR96 mutants are unable to
recognize that they are ingesting a low-cholesterol diet and
therefore fail to implement the necessary transcriptional pro-
grams that are required to adapt to conditions of severe cho-
lesterol paucity. For instance, genes that function to increase
cellular cholesterol levels, such as NPC1b and Lip3, are tran-
scriptionally upregulated in wild-type larvae when cholesterol
concentrations decline. In DHR96 mutants, however, the upregu-
lation of NPC1b and Lip3 never reaches wild-type expression
levels (Fig. 4A and E; see also Fig. S4 at http://www.biology
.ualberta.ca/king-jones_lab/Bujold_et_al_2010_Supplemental_data
_MCB.pdf). NPC1b is specifically expressed in the gut and is
required for cholesterol absorption, while the predicted
function of the Lip3 protein is the hydrolyzing of cholesteryl
esters, resulting in the liberation of free cholesterol. This
suggests that at least two genes required for increasing cellular
cholesterol levels are submaximally expressed in DHR96
mutants.

It appears likely that insufficient cholesterol absorption in
DHR96 mutants merely contributes to the failure to survive on
low cholesterol, because we found only a 20% reduction of
total cholesterol and cholesteryl ester levels in mutant animals
compared to controls (Fig. 2A and B). With this in mind, it is
interesting that genes with roles in reducing cellular choles-
terol concentrations are substantially overexpressed in DHR96
mutants, suggesting that cellular cholesterol efflux is increased
in mutant animals compared to the wild type. The ACAT and
ABCA1 genes fall into this category, since ACAT reduces the
pool of free cellular cholesterol through an esterification reac-
tion that adds a fatty acid to the molecule, while ABCA1
encodes an ATP transporter that is involved in the active
removal of cholesterol by pumping it across the cell membrane.
Wild-type ACAT and ABCA1 are downregulated in response
to declining cholesterol concentrations, which is in agreement
with the idea that under conditions of dangerously low choles-
terol levels, genes that increase cholesterol efflux must be
turned off. On lipid-depleted medium, ACAT and ABCA1
mRNA levels are substantially higher in DHR96 mutants than
in controls (Fig. 4G and H), suggesting that mutant cells ac-
tively reduce cellular cholesterol concentrations under condi-
tions of low dietary cholesterol. At the same time, cholesterol
uptake is reduced as well, thus aggravating the situation.

A model for DHR96 function. The fact that treatment with
1% cholesterol largely phenocopies the genome-wide effects of
the DHR96 mutation strongly suggests that DHR96 functions
at the top of a gene network controlling the systemic response

to varying levels of dietary sterols. In a recent study, we showed
that DHR96 can bind cholesterol in vivo, suggesting that this
nuclear receptor is a cellular sensor for varying sterol levels
(18a). This would suggest that cholesterol or a very similar
metabolite acts as a direct ligand for DHR96; however, a key
question is whether such a ligand would act as an agonist or an
antagonist. The “constitutive androstane receptor” (CAR),
which is one of the three vertebrate nuclear receptor orthologs
of DHR96 (see Fig. S1 at http://www.biology.ualberta.ca/king
-jones_lab/Bujold_et_al_2010_Supplemental_data_MCB.pdf),
displays the unusual feature that it acts as a constitutively
active transcription factor in the absence of a ligand.
Androstane metabolites, however, act as inverse agonists and
deactivate murine CAR upon ligand binding (14, 42). Prior to
this finding, all nuclear receptors were believed to be activated
by ligand binding; however, it remains unclear how widespread
this mode of nuclear receptor inactivation is.

Our observations are best explained by an inverse agonist
mechanism similar to what has been described for CAR (Fig.
6C). Given the fact that DHR96 is only required for survival
when the animal is feeding on a low-cholesterol diet, it follows
that cholesterol metabolites that might act as ligands for DHR96
are scarce under these conditions. This suggests that DHR96 is
active in the absence of a ligand. Conversely, the DHR96 gene
is not required for survival when cholesterol concentrations are
sufficiently high, suggesting that the DHR96 protein is inactive
when potential ligands are abundant, again favoring the view of
an inverse agonist mechanism. Perhaps the strongest argument
for a mechanism through an inverse agonist derives from the
fact that it provides the simplest explanation for the fact that a
high-cholesterol diet is able to phenocopy the DHR96 muta-
tion. In accordance with the finding that DHR96 binds to
cholesterol (18a), this model predicts that a high-cholesterol
diet would result in a widespread deactivation of DHR96 re-
ceptor molecules, essentially turning off DHR96 activity. Con-
sequently, one would expect that the molecular consequences
of deactivated DHR96 protein (via a high-cholesterol treat-
ment) or removing functional protein altogether (via a null
mutation) are very similar indeed. The observation that
DHR96 mRNA levels decline in response to increasing choles-
terol levels (Fig. 6A and B) is also compatible with the idea of
inverse agonism. Since DHR96 mRNA is possibly regulated by
its own protein, one would predict that increasing choles-
terol levels reduce DHR96 activity, which in turn results in
reduced transcription of the DHR96 gene itself.

The cholesterol gene network and DHR96. Nutrigenomics is
a powerful strategy for identifying genes that act in nutrient-
dependent pathways (4, 34), and our studies represent a first
step toward the identification of genes with hitherto unknown
roles in cholesterol homeostasis. We show here that the ex-
pression of four Niemann-Pick genes—NPC1b and NPC2c, -d,
and -e—is strongly dependent on the concentration of dietary
cholesterol. Other identified genes with predicted roles in
sterol biology are ACAT, ABCA1, Lip3, and Cyp12d1 (see Fig.
S4 at http://www.biology.ualberta.ca/king-jones_lab/Bujold
_et_al_2010_Supplemental_data_MCB.pdf). We also found
cholesterol-responsive genes with no known links to cholesterol
homeostasis. For instance, CG5932, encoding a gastric lipase;
FANCL, encoding a ubiquitin E3 ligase; and CG31148, encoding
a glucosylceramidase, were all downregulated in response to
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increasing cholesterol concentrations (see Fig. S4 at the URL
given above). A recent study showed that DHR96 mutants are
resistant to diet-induced obesity, which is at least in part due to
the role of DHR96 in regulating CG5932, confirming that this
nuclear receptor also has important roles in controlling lipid
metabolism (39). In addition, a study of mice demonstrated that
the “Idol” ubiquitin E3 ligase is transcriptionally induced by LXR
and triggers proteolytic degradation of the LDL receptor via
ubiquitination, thereby downregulating cellular cholesterol
uptake (51). Future work may provide insight into whether
FANCL has comparable roles in regulating cholesterol
homeostasis in Drosophila.

The present study provides new avenues to model choles-
terol homeostasis in Drosophila. By studying the functions of
nuclear receptor DHR96 and the genomic responses to dietary
cholesterol, we are beginning to unravel the regulatory net-
works that control cholesterol absorption, transport, and me-
tabolism. Our work also provides a starting point for identify-
ing novel genes with roles in cholesterol homeostasis, and this
study provides the framework to conduct comparative genom-
ics to analyze conserved lipid signaling pathways in other or-
ganisms.
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