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Abstract

The first dedicated step in de novo cholesterol biosynthesis begins with formation of squalene and 

ends with the reduction of 7-dehydrocholesterol by 7-dehydrocholesterol reductase (Dhcr7) into 

cholesterol, which is an essential structural and signaling molecule. Mutations in the Dhcr7 gene 

lead to Smith-Lemli-Opitz syndrome (SLOS), which is characterized by developmental 

deformities, incomplete myelination, and mental retardation. To understand better the molecular 

consequences of Dhcr7 deficiency in neuronal tissue, we analyzed the effect of cholesterol 

deficiency on the transcriptome in Neuro2a cells. Transient down-regulation of Dhcr7 by siRNA 

led to altered expression of multiple molecules that play critical roles in intracellular signaling or 

vesicular transport or are inserted into membrane rafts (e.g. Egr1, Snx, and Adam19). A similar 

down-regulation was also observed in stable Dhrc7-shRNA-transfected cell lines, and the findings 

were verified by qPCR. Furthermore, we investigated the Dhcr7-deficient and control cells for the 

expression of several critical genes involved in lipid biosynthesis. Among these, fatty acid 

synthase, sterol-regulatory element binding protein 2, SREBF chaperone, site-1 protease, and 

squalene synthase showed a significant down-regulation, suggesting that, in a neuronal cell line, 

Dhcr7 is a potent regulator of lipid biosynthesis. Importantly, the gene expression changes were 

present in both lipid-containing and cholesterol-deficient media, suggesting that intrinsic 

cholesterol biosynthesis is necessary for normal neuronal function and cannot be supplemented 

from extrinsic sources.
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Cholesterol is a critical building block of cellular membranes (Maxfield and Tabas, 2005). 

Cholesterol biosynthesis is a complex cascade of events that involves at least 20 dedicated 

enzymes (Lutton, 1991). The rate-limiting enzyme in cholesterol biosynthesis is 3-

hydroxy-3-methylglutaryl-coenzyme A reductase (Hmgcr; EC 2.3.3.10), which catalyzes 

conversion of Hmg-CoA to mevalonic acid (Luskey and Stevens, 1985). The cascade ends 

with reduction of 7-dehydrocholesterol that is catalyzed by 7-dehydrocholesterol reductase 

(Dhcr7; EC 1.3.1.21) enzyme (Bae et al., 1999). Liver and small intestine are the major sites 

of cholesterol biosynthesis for the whole body (Strandberg and Tilvis, 1988). However, all 

of the brain cholesterol is synthesized locally, with the highest rate of synthesis occurring 

during first postnatal weeks in humans and rodents (Jurevics and Morell, 1995; Jurevics et 

al., 1997). This peak of early postnatal biosynthesis coincides with myelination (Anitei and 

Pfeiffer, 2006). The expression pattern of transcripts involved in cholesterol biosynthesis 

and the role and regulation of cholesterol biosynthesis in the nervous system remain 

understudied and are mostly unknown to date (Korade and Kenworthy, 2008).

Recent studies showed that changes in cholesterol homeostasis lead to a wide variety of 

CNS disorders (Maxfield and Tabas, 2005). For example, deficient cholesterol biosynthesis 

in oligodendrocytes delays myelination (Saher et al., 2005), and defects in cholesterol 

trafficking lead to Niemann-Pick type C disease (Paul et al., 2004). Importantly, partial or 

complete lack of Dhcr7 enzymatic activity causes Smith-Lemli-Opitz syndrome (SLOS), 

characterized by severe developmental malformations and mental retardation (Smith et al., 

1964; Tierney et al., 2000). In SLOS, mutations in Dhcr7, the last enzyme in cholesterol 

biosynthesis pathway, lead to accumulation of 7-dehydrocholesterol and reduced cholesterol 

levels (Jira et al., 2003). 7-Dehydrocholesterol differs from cholesterol in a double bond at 

the seventh position in the sterol ring, and this structural difference translates into a 

functional difference: whereas 7-dehydrocholesterol can be incorporated into the membranes 

just like cholesterol, its presence perturbs the protein content of lipid rafts (Keller et al., 

2004).

Lipid rafts (microdomains) are cholesterol- and sphingolipid-enriched areas within cellular 

membranes that concentrate and segregate proteins within the membrane bilayer (Pike, 

2005). Membrane rafts are present in both neurons and glial cells, and they contain different 

receptors and neurotransmitter transporters, regulate intramembrane proteolysis of many 

transmembrane proteins, and serve as organizing sites for neurotrophin signaling (Korade 

and Kenworthy, 2008).

In addition to its structural role as a building block of membranes, cholesterol has important 

role in transcription of genes containing the SRE domain (Wang et al., 1994; Horton et al., 

2002). This regulation is well described in liver, where SCAP, through the sterol-sensing 

domain, regulates availability of SREBPs, transcription factors critical for regulation of lipid 

genes (Horton et al., 2002). This mechanism has not been studied in neuronal tissue. 

Therefore, we hypothesized that altering cholesterol biosynthesis in cells of neuronal origin 

will lead to changed transcription of genes belonging to multiple cellular pathways. As a 

result, the present study was aimed to 1) develop an in vitro model for assessment of the role 

and consequences of endogenous neuronal cholesterol biosynthesis, 2) uncover and validate 

the molecular consequences of the reduced intrinsic cholesterol biosynthesis, and 3) evaluate 
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the dependence of the uncovered molecular changes on extrinsic vs. intrinsic sources of 

cholesterol.

MATERIALS AND METHODS

Cell Culture and Reagents

Neuroblastoma cell line Neuro2a was purchased from the American Type Culture Collection 

(Rockville, MD). Neuro2a cells were maintained in alpha modification of minimal essential 

medium (Eagle) with Earle’s salt and supplemented with L-glutamine, sodium bicarbonate, 

nonessential amino acids, sodium pyruvate, 10% fetal bovine serum (FBS; Thermo 

Scientific HyClone, Logan, UT), and penicillin/streptomycin at 37°C and 5% CO2. 

According to the vendor, the FBS contained cholesterol at concentrations of 32 mg/100 ml. 

This translates into a final cholesterol concentration of 32 µg/ml in our culture medium. To 

evaluate the role of exogenous cholesterol on gene expression, cells were also cultured with 

medium containing 10% cholesterol-deficient serum (Thermo Scientific HyClone Lipid 

Reduced FBS). This FBS medium did not have detectable cholesterol levels. The Neuro2a 

cells were subcultured once per week, and the culture medium was changed every 2 days. 

SiRNA oligonucleotides were purchased from Qiagen (Valencia, CA): AllStars Negative 

Control siRNA, Mm_Dhcr7_1 HP siRNA, Mm_Dhcr7_2 HP siRNA, and Mm_Dhcr7_3 HP 

siRNA. For stable transfections, we obtained plasmids from Open Biosystems through the 

Vanderbilt Microarray Shared Resource. These include OligoID V2LMM_9686 and 

nonsilencing GIPZ shRNAmir control.

Transient and Stable siRNA Transfections

Neuro2a cells were cultured for 2 days before transfections. Cells were transfected with 

three different Dhcr7 siRNA oligonucleotides (Qiagen) using a Nucleofector instrument and 

Nucleofector Kit V (Amaxa GmbH, Cologne, Germany) optimized for use with Neuro2a 

cells. Briefly, 2 × 106 cells were resuspended in 100 µl transfection buffer, siRNA was 

added, and cells were electroporated using program T-24. The cells were grown for 24 hr 

following transfection, and the expression of Dhcr7 was monitored by quantitative RT-PCR. 

To establish stable down-regulation of Dhcr7, after transfection of cells with pGIPZ 

plasmids, cells were grown in the presence of puromycin.

RNA Preparation and Array Hybridization

Total RNA was isolated from the cells using Trizol (Life Technologies, Rockville, MD). 

Purification of total RNA was done using RNeasy Mini Kit (Qiagen), and oncolumn 

digestion of DNA was performed during the RNA purification step using RNase-Free 

DNase Set (Qiagen). The concentration of total RNA was measured on a Nanodrop 

instrument (Thermo Scientific, Wilmington, DE), and the integrity of the RNA was 

established by electrophoresis using the Agilent Bioanalyzer 2100 instrument (Agilent 

Technologies, Santa Clara, CA). Sample preparation, cRNA synthesis, IVT, hybridization, 

and array scanning were performed as per manufacturers’ instructions. The fragmented 

cRNA was hybridized to Affymetrix MG-430 mouse oligonucleotide microarrays.
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Data Analysis

All microarrays had exceptional quality based on present calls and 5′:3′ GAPDH integrity 

ratios calculated by GCOS. Segmented images were normalized and log2 transformed using 

robust multiarray analysis (RMA) in Expression Console (Affymetrix). Clustering and 

secondary data analysis was performed in GenePattern 2.0 (Reich et al., 2006).

In the microarray study, genes were considered differentially expressed between Dhcr7-

deficient and control samples if they reported an absolute ALR > 0.383 (>30% change) and 

a groupwise statistical significance of P < 0.05. All microarray data will be publicly 

available at the time of publication at http://mirnicslab.vanderbilt.edu/mirnicslab/

ordering.htm. Because this was an exploratory experiment to identify putative downstream 

effects, we did not correct for multiple testing, and the most critical data were verified by 

qPCR.

Northern Blotting

Northern hybridization was done using the Northern-Max system (Ambion, Austin, TX) as 

previously described (Korade et al., 2007). Briefly, 20 µg total RNA was loaded on a 

formamide gel, electrophoresed at 5 V/cm, transferred to a Bright Star nylon membrane, and 

cross-linked by UV light exposure. Hmgcr and Dhcr7 probes were amplified using SP6 and 

T7 primers from plasmid as previously described (Korade et al., 2007). Gapdh probe were 

generated using gene-specific primers and Neuro2a cDNA template in a standard PCR. The 

purified PCR product was radioactively labeled using α32P-dCTP and a Random Primed 

DNA labeling kit (Roche, Indianapolis, IN). The labeled probe was purified with Probe-

Quant G-50 MicroColumns (Amersham Biosciences, Piscataway, NJ). The denatured probe, 

106 cpm/ml, was added to the hybridization buffer (10 ml/100 cm2 membrane). The 

hybridization was done overnight at 42°C. The Northern membrane was washed for 3 hr at 

45°C and exposed to X-ray film.

Quantitative PCR

Total RNA (100 ng) from each sample was reverse transcribed to cDNA using a High 

Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA). Real-time PCR was 

performed with an ABI Prism 7300 System (Applied Biosystems) using 1 ng cDNA per 50 

µl reaction volume, 2×SYBR green master mix, and gene-specific primers. All samples were 

run in triplicate. Data from the PCRs was analyzed using the comparative cycle number 

determined as threshold (Ct) method (Kurrasch et al., 2004). Differential expression was 

calculated as ΔΔCt against expression of Pgk1 as a normalizer. We designed primers (~20 

bp) to yield 85–110-bp PCR amplicons in Primer3 software (http://frodo.wi.mit.edu/) for 

different genes. For each gene, we designed four sets of primers. Each set was tested using 

no template and three different concentrations of a specific template. This translates into 16 

wells for each primer set (four wells with no-template controls, four wells for each of three 

different template concentrations). From this PCR, we calculated the efficiency of PCR 

primers and R2 value (coefficient of correlation). All mouse gene-specific primers used 

showed a slope between −3.10 and −3.58, with R2 > 0.99 (Supp. Info. Fig. 2A). Lipid-

specific qPCR primers have been described by Wang et al. (2002). All qPCR amplicons 

were checked by gel electrophoresis, and all of the qPCR reactions gave rise to a single 
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product of predicted size. Furthermore, the qPCR dissociation curve of the amplicons, 

performed after each qPCR run (using Dissociation Curve 1.0 software; ABI), also 

confirmed specific amplification. The gel electrophoresis data are presented in Supporting 

Information Figure 2B.

Analysis of Total Cholesterol Level by Amplex Red

Total cholesterol levels were measured using an Amplex-Red Cholesterol Assay kit 

(Molecular Probes, Eugene, OR). Dhcr7-deficient and control cells were grown for 4 days in 

either regular or cholesterol-deficient culture medium and then lysed in 0.1 M phosphate 

lysis buffer. Cholesterol standard and samples were prepared for measurement according to 

the manufacturer’s instructions. Fluorescence was measured with a fluorescence microplate 

reader using excitation at 545 nm and fluorescence detection at 590 nm. The background 

fluorescence, determined for the no-cholesterol control reaction, was subtracted from each 

value. The total cholesterol level was determined by comparing experimental data with the 

data obtained for cholesterol standards. Total cholesterol values were normalized to protein 

values.

UV Spectrometric Analysis of 7DHC Levels

7DHC shows characteristic ultraviolet absorption maxima (λmax) at 271, 282, and 294 nm 

(Nes, 1985). Therefore, we used spectrophotometric measurement to detect 7DHC in stably 

transfected Neuro2a cells (Honda et al., 1997). Stably transfected Neuro2a cells were 

cultured for 3–5 days in cholesterol-deficient medium. After removal of cell culture 

medium, cells were washed twice in 1× PBS and scraped into PBS. Cell were spun down, 

PBS was removed, and 200 µl of 100% EtOH was added to the cell pellet, with incubation in 

an ultrasonic bath for 15 min. After addition of 200 µl water and vortexing for 10 sec, 1 ml 

n-hexane was added. The content was vortexed for 20 sec and spun down at 400g for 1 min. 

After centrifugation, the clear n-hexane layer was collected in a 1-ml quartz cuvet and used 

for UV measurement on a spectrophotometer. The samples were scanned using n-hexane 

blank in the reference beam, and the absorption maxima at 271, 282, and 294 nm were used 

for detection of 7DHC in lipid extracts from cells.

RESULTS

Dhcr7 siRNA Reduces Dhcr7 Transcript Expression

Both neurons and neuronal cell lines have the ability to synthesize cholesterol, yet the level 

of cholesterogenic enzyme expression varies across distinct cellular phenotypes (Korade et 

al., 2007). We therefore first examined the expression of the cholesterogenic enzymes in our 

model system, the Neuro2a neuroblastoma cell line. Northern hybridization revealed that 

Neuro2a cells strongly expressed the first and the last enzymes (Dhcr7 and Hmgcr, 

respectively) of the cholesterol biosynthesis pathway (Fig. 1). The expression of these 

transcripts suggested that Neuro2a cells are an appealing model to study the regulation and 

role of neuronal cholesterol biosynthesis. Thus, following the assessment of the expression 

of these two critical enzymes, we established an in vitro experimental system based on 

down-regulation of Dhcr7 in these cells. To achieve this, we tested the efficacy of three 

different siRNAs designed to down-regulate Dhcr7. Two of the three tested siRNAs 
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successfully down-regulated Dhcr7 transcript and cholesterol levels (achieving >70% 

transcript reduction), whereas one failed to achieve a specific Dhcr7 downregulation (Fig. 

2). Given these results, we decided to perform our DNA microarray experiments using 

Dhcr7-siRNA No. 3.

Down-regulation of Dhcr7 Transcript Leads to Transient Changes in Cellular 
Transcriptome

We hypothesized that reduced cholesterol biosynthesis will lead to transcriptome changes, 

so we used gene expression profiling by DNA microarrays to identify the Dhcr7-dependent 

transcript network. To down-regulate the expression of Dhcr7 in Neuro2a cells, we used the 

validated Dhcr7siRNA oligonucleotide or nonsilencing siRNA (control) for transient 

transfections. Twenty-four hours after transfections, four replicates of Dhcr7 siRNA treated 

and three replicates of controls were analyzed using Affymetrix Mouse 430v2 

oligonucleotide arrays, establishing expression levels of >40,000 unique transcript 

sequences. Statistical analysis of the RMA-normalized data set revealed differential 

expression of 68 transcripts (Supp. Info. Fig. 1), with down-regulations greatly 

outnumbering transcript inductions (56 vs. 12 probe sets). The expression levels of these 

transcripts, when subjected to a two-way hierarchical clustering, perfectly separated the 

experimental and control samples (Fig. 3). Importantly, as predicted, the Dhcr7 transcript 

itself was the most down-regulated mRNA. Finally, among the 68 altered genes, 50 showed 

a high correlation with Dhcr7 expression levels (r > 0.60, P < 0.01; Supp. Info. Fig. 1), 

confirming a direct causal relationship between Dhcr7 down-regulation and the observed 

transcript changes.

Among the genes with differential expression in the microarray experiment, based on their 

function in neural tissue, a subset of expression changes, including Egr1 (early growth 

response 1) and Adam19 (a disintegrin and metallopeptidase domain 19), was of particular 

interest to us. Egr-1 (Zif268, NGFI-A, TIS8, or Krox24) is a transcription factor with three 

zinc fingers induced by various stimuli, such as growth factors, hormones, and 

neurotransmitters (Milbrandt, 1987; Silverman and Collins, 1999). Egr-1 is associated with 

both cell growth and apoptosis, and some of its downstream targets are known (Silverman 

and Collins, 1999). One of the Egr-1 targets is SREBP transcription factor (Fernandez-

Alvarez et al., 2008). On the other hand, Adam19 (Meltrin β, FKSG34) belongs to a gene 

family of proteins with metalloproteinase domain that are involved in cell adhesion, cell 

fusion, migration, membrane protein shedding, and proteolysis (Mochizuki and Okada, 

2007). Furthermore, ADAMs play a role in cell adhesion through interaction with other 

proteins (syndecans and fibronectin) with their cysteine-rich domains (Iba et al., 2000). 

Although not much is known about Adam19, the functions of some other family members 

are better described (Rocks et al., 2008). For example, Adam17 cleaves several 

transmembrane proteins, and its activity can be regulated by membrane cholesterol levels 

(Tellier et al., 2006, 2008). Finally, in addition to Egr1 and Adam19, the three other genes 

that were also chosen for follow-up included Prr13 (proline-rich 13), Snag1 (sorting nexin 

associated golgi protein 1), and Snx6 (sorting nexin 6) along with an Est with unknown 

function (2010011I20Rik).
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To verify microarray findings, we developed qPCR primers and verified the differential 

expression of these six putatively changed genes (Supp. Info. Fig. 1, Fig. 4). For these 

genes, the Sybr green, ddCt-based qPCR findings were highly correlated with the 

microarray data (r = 0.89, P < 0.01).

Transcriptome Changes Persist in Neuro2a Cells With Stable Dhcr7shRNA Transfection

Although the transient transfection experiments identified and validated Dhcr7-dependent 

transcript network, two critical questions remained. First, we wanted to verify that a 

different Dhcr7siRNA can produce an effect similar to that observed in our initial 

experiment. Second, whereas the initial experiment suggested an acute response to the 

Dhcr7siRNA exposure, it did not provide insight into whether these changes persist over 

time. To address both of these two concerns simultaneously, we developed a stably 

transfected Neuro2a cell line that utilized a different Dhcr7shRNA inserted in pGIPZ 

plasmid. Again, we used as our control a Neuro2a cell line with a stable transfection of a 

nonsilencing pGIPZ plasmid. Both constructs contained a puromycin selection cassette, and 

the presence of green fluorescent protein (GFP) allowed monitoring the expression of the 

specific shRNA. Both Dhcr7-deficient and control cell lines had comparable growth rates 

and morphologies (Figs. 5, 6). However, using UV spectrophotometry (Honda et al., 1997), 

we detected a greater than tenfold rise in 7-dehydrocholesterol (7DHC) levels in Dhcr7-

deficient cells compared with the control cells (Supp. Info. Fig. 3), suggesting that silencing 

of the Dhcr7 enzyme strongly prevented 7DHC conversion into mature cholesterol, thus 

leading to 7DHC accumulation.

We tested the expression of the same genes (Dhcr7, Egr1, Adam19, Prr13, Snag1, Snx6, and 

clone 2010011I20Rik) in the stably transfected Dhcr7-deficient and control Neuro2a cells by 

qPCR. We found that these transcripts, initially identified in transiently transfected cells, had 

a similarly altered expression in stably transfected cells (Fig. 7A). Importantly, this result 

was achieved using two different Dhcr7siRNAs and cell culture models, suggesting that 

Dhcr7shRNA effects on specific gene transcriptions persist over time.

Exogenous Cholesterol Has No Effect on Dhcr7shRNA-Mediated Expression Changes

Cultured cells can obtain cholesterol from extrinsic sources in the absence of intrinsic 

cholesterol production. To test whether cholesterol can reverse the observed expression 

changes, we cultured cells in either regular medium (containing cholesterol in 10% FBS) or 

medium with cholesterol-deficient serum (cholesterol-deficient 10% FBS). Stably 

transfected control and Dhcr7-deficient cells did not differ in their growth in the presence of 

either regular or cholesterol-deficient serum (Figs. 5, 6). Furthermore, the gene expression 

changes of interest between the Dhcr7-deficient and the control cells were present and were 

highly correlated in both cholesterol-containing and cholesterol-deficient media (r = 0.98, P 

< 0.01; Fig. 7B), suggesting that addition of exogenous cholesterol cannot replace the 

homeostatic need for intrinsic cholesterol biosynthesis.
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Dhcr7 Down-Regulation Leads to Transcript Reduction of Genes Involved in Sterol and 
Fatty Acid Metabolism

DNA microarrays, although very good at providing leads, often suffer from type II errors 

(false-negative observations; Mirnics et al., 2006; Mirnics and Pevsner, 2004). Thus, once 

the initial data are obtained, a hypothesis-driven follow-up is usually beneficial. Sterol-

regulatory element binding proteins (SREBPs) are transcription factors that bind to DNA 

sterol-regulatory element (SRE) sequences that are found in the promoter regions of a 

number of genes involved in cholesterol and fatty acid biosynthesis (Yokoyama et al., 1993) 

and regulate their expression and cholesterol homeostasis (Eberle et al., 2004). We 

hypothesized that down-regulation of Dhcr7 will also lead to significant changes in the 

expression of multiple SREBP-related genes. Thus, by using qPCR, we compared the 

expression of fatty acid synthase (FASN), sterol-regulatory element binding protein 2 

(SREBP2), SREBF chaperone (SCAP; Korn et al., 1998), site-1 protease (S1P, MBTPS1), 

and squalene synthase (SQS1) between the cells transfected with Dhcr7shRNA and 

nonsilencing control shRNA (Supp. Info. Fig. 2). All of these genes showed a significant (P 

< 0.05) down-regulation (Fig. 8). Again, this was true both in the cholesterol-containing and 

in the cholesterol-deficient media. This suggests that Dhcr7 expression is a strong regulator 

of the SREBP system in cells of neuronal origin, and that the endogenous cholesterol 

production is an important part of neuronal homeostasis.

DISCUSSION

The results of our study can be summarized as follows: 1) reduction in Dhcr7 expression 

leads to strong transcriptome changes in neuroblastoma cells; 2) the critical transcript 

changes, which included reduction in Dhcr7, Egr1, Adam19, Prr13, Snag1, and clone 

2010011I20Rik, were present in Neuro2a cells with both transient and permanent reduction 

of Dhcr7; 3) the siRNA-induced Dhcr7 reduction in the expression of these genes was 

observed in both cholesterol-containing and cholesterol-free cell culture media; and 4) 

Dhcr7 expression is a strong regulator of the SREBP system in cells of neuronal origin, 

suggesting that the endogenous cholesterol production is an important part of neuronal 

homeostasis. These findings are also in concordance with the report by Waage-Baudet et al. 

(2005), whose data suggest a systemic cholesterol biosynthesis disturbance in an in vivo 

knockout model of Dhcr7. However, insofar as the ablation of the Dhcr7 gene leads to a 

lethal phenotype, our model system (in addition to mimicking the changes that occur in 

vivo) provided an easy to use, relevant, and rapid experimental assay allowing 

comprehensive assessment of the Dhcr7-dependent cellular events.

It has been previously reported that disturbances of Dhcr7 expression lead to altered ratio of 

7-DHC and cholesterol (Batta et al., 1995; Tint et al., 1995). In this context, our results raise 

several interesting questions. Namely, how do the observed expression changes and 

endogenous cholesterol production influence normal cellular function? We propose, based 

on our results and previous literature findings, that Dhcr7 depletion in cells of neuronal 

origin has a simultaneous effect on three cellular mechanisms. First, reduced cholesterol and 

increased 7-DHC levels may change the function of sterol-sensing domain (SSD)-containing 

proteins, which will change the expression of SREBP gene family, leading to further 
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downstream expression changes (Kuwabara and Labouesse, 2002). Second, inasmuch as 

cholesterol constitutes a substrate for synthesis of neurosteroids, oxysterols, and potentially 

other molecules, reduced levels of cholesterol may impair the biosynthesis of these 

molecules (Stoffel-Wagner, 2001; Tsutsui et al., 2004; Tsutsui, 2008). Finally, altered 

cholesterol levels may alter organization of cellular membranes and/or composition of lipid 

rafts (Keller et al., 2004).

Proteins can bind sterols through their SSD, and some SSD proteins are responsible for 

sterol-dependent proteolysis in the Golgi and transcriptional regulation of proteins 

containing an SRE domain (Kuwabara and Labouesse, 2002; Weber et al., 2004). For 

example, SCAP, through its SSD, regulates transcription of target genes through SREBPs, 

by either retaining them in the ER or escorting them to the Golgi (Brown and Goldstein, 

1999; Brown et al., 2002; Horton et al., 2002; Goldstein et al., 2006). Dhcr7-siRNA 

transfection introduces an imbalance between the amount of “mature” cholesterol 

(decreased) and 7-DHC (increased). It is known that different sterols have slightly different 

effects on specific proteins, putatively altering their structure and function (Song et al., 

2005). For example, the cholesterol intermediate lanosterol is more efficient in stimulating 

the ubiquitination and degradation of Hmgcr than cholesterol (Song et al., 2005), and 

previous studies led to the proposal that 7-DHC may perturb the function of other SSD-

containing proteins in SLOS (Wassif et al., 2002). Interestingly, 7-DHC leads to increased 

proteolysis of Hmgcr, thus further exacerbating the deficit in SLOS (Fitzky et al., 2001). 

Finally, fibroblast cultures of patients with CHILD syndrome (an inborn error of the 

cholesterol biosynthesis pathway) report an accumulation of sterol precursors leading to 

formation of lipid vacuoles with a lamellar appearance (Hashimoto et al., 1998). In 

agreement with these findings, the expression changes observed in our experiments also 

strongly support the notion that 7-DHC accumulation has a critical action on the function of 

proteins with SSD. We observed reduced transcripts of both SSD-containing proteins 

(SCAP) and SRE element-containing genes (FASN, SREBP2, S1P-MBTPS1, and SQS1). 

Therefore, we hypothesize that altered balance between 7-DHC and cholesterol will change 

the structure and function of SSD-containing protein SCAP, which will change the 

expression of multiple SREBP gene family members. More specifically, we believe that 

Srebp2 (one of the most down-regulated genes in our experiment) has a critical role in this 

process. Srebp2 is a transcription factor, and it controls the transcription of multiple lipid 

biosynthesis genes (Goldstein et al., 2006). Interestingly, Srebp2 contains three Egr1 binding 

sites in its promoter region (McMullen et al., 2005). Thus, we propose that Egr1 (another 

transcription factor with changed expression in the Dhcr7-siRNA treated cells) is likely to be 

an important upstream regulator of neuronal cholesterol biosynthesis.

Dhcr7 siRNA treatment reduces “mature” cholesterol levels. Because cholesterol is a 

substrate for biosynthesis of neurosteroids and oxysterols, reduction of cholesterol levels 

will cause use of 7-DHC for neurosteroid synthesis. Although literature data suggest that 7-

DHC can serve as a substrate for neurosteroid synthesis, it is not clear whether the efficacy 

of the 7-DHC-derived neurosteroid synthesis is comparable to that generated from 

cholesterol or whether the activities of the 7-DHC-generated neurosteroids are similar to 

those of “normal” neurosteroids (Marcos et al., 2004). Support for this hypothesis is 

provided by the observation that, in Niemann-Pick disease, reduced cholesterol levels lead 
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to reduced alopregnanole synthesis (Chen et al., 2007), suggesting that normal cholesterol 

level likely are required for maintenance of normal CNS neurosteroid levels.

Lipid rafts are a critical place for receptor insertion, neurotrophin signaling, neurotransmitter 

release, and regulated intramembrane proteolysis of transmembrane proteins (Pike, 2005). 

Reduced Dhcr7 levels will lead to accumulation of 7-dehydrocholesterol, which is inserted 

into the rafts instead of cholesterol (Keller et al., 2004). However, because the structures of 

7-dehydrocholesterol and cholesterol are different, the structure and composition of the lipid 

rafts will be altered. Thus, altered insertion of many receptors could change signaling from 

the cell surface (Suzuki et al., 2004; Freeman et al., 2007). Although our experimental data 

do not provide direct evidence for such a mechanism, this hypothesis is supported by several 

critical, literature-based lines of evidence: 1) cholesterol content of rafts affects membrane 

thickness, elasticity, and curvature (Allende et al., 2004; Bacia et al., 2005); 2) cholesterol 

content of rafts affects ion conductance and excitability of membranes, trafficking of 

ionotropic receptors to and from the cell membrane, size and number of some postsynaptic 

receptor clusters, and neurotransmitter signaling through G-protein coupled receptors 

(Korade and Kenworthy, 2008); 3) protein activity may be modulated by the composition of 

lipid rafts (Pike, 2003); and 4) presence of 7-dehydrocholesterol in hippocampal membranes 

impairs ligand-binding activity of the serotonin 1A receptor (Singh et al., 2007).

Finally, our findings suggest that the role of endogenous cholesterol biosynthesis in neuronal 

cells deserves equal consideration. The human brain contains as much as 25% of total 

cholesterol, and the CNS cholesterol pool is regulated independently of the peripheral 

cholesterol pool (Brown and Goldstein, 1999; Dietschy and Turley, 2001). Although the 

role, origin, metabolism, and regulation of the CNS cholesterol pool remain understudied 

and mostly unknown to date (Korade and Kenworthy, 2008), it has been historically 

assumed that cholesterol of nonneuronal origin is the only important source of cholesterol 

for the brain cells (Pfrieger, 2003). Recent evidence that 1) cholesterogenic enzymes are 

coexpressed at high level in neurons across various brain structures, 2) hippocampal and 

cholinergic neurons coexpress the highest levels of cholesterogenic enzymes, and 3) growth 

factors regulate cholesterol biosynthesis in a neuroblastoma cell line suggest that, in at least 

some of the neurons, endogenous neuronal cholesterol synthesis is likely to be an important 

homeostatic factor (Korade et al., 2007; Suzuki et al., 2007). Our current findings strongly 

underscore this notion. That the expression changes we observed were present in both 

cholesterol-containing and cholesterol-free cell culture media strongly argues that 

endogenous cholesterol biosynthesis is critical for neuronal homeostasis, and extrinsic 

supplementation of cholesterol cannot reverse the effects of reduced intrinsic neuronal 

cholesterol biosynthesis. This finding may also contribute to our understanding of the 

pathophysiological mechanism underlying some of the CNS-related disturbances in SLOS. 

SLOS, characterized by a range of developmental brain abnormalities, is due to inactivation 

of the Dchr7 enzyme and a consequent reduction in cholesterol biosynthesis (Jira et al., 

2003). Unfortunately, cholesterol supplementation has only a limited therapeutic effect in 

these patients, and we believe that this is due to the need of some neurons for an endogenous 

neuronal cholesterol biosynthesis that cannot be supplemented from sources outside the cell 

(Sikora et al., 2004). Similarly, our findings warrant further follow-up studies on the role of 
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statins (inhibitors of cholesterol biosynthesis) in neuronal cholesterol biosynthesis and their 

effects on neuronal homeostasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hmgcr and Dhcr7 are highly expressed in Neuro2a cells. Total RNA was isolated from 

Neuro2a cells and analyzed by Northern blotting for the expression of cholesterogenic 

enzymes. The same membrane was probed sequentially with Hmgcr-, Dhcr7-, and 

Gapdh-32P-dCTP-labelled cDNA probes. The experiment was performed in triplicate. Note 

that Hmgcr and Dhcr7, the first and the last enzymes in the cholesterol biosynthesis 

pathway, are highly expressed in Neuro2a neuroblastoma cells.
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Figure 2. 
Cholesterol levels in the Dhcr7 siRNA-treated cultures measured by amplex red assay. 

Compared with the control siRNA (scrambled oligonucleotide), down-regulation of Dhcr7 

by siRNAs resulted in a significant reduction of cholesterol production for two of the three 

specific oligonucleotides (asterisk). The most robust down-regulation was achieved by 

Dhcr7siRNA No. 3, so this siRNA was used in the subsequent DNA microarray 

experiments. *P < 0.05.
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Figure 3. 
Dhcr7 siRNA transfection leads to strong transcriptome changes. Two-way clustering of the 

normalized expression levels for 68 genes showing transcript level changes in the Dhcr7 

siRNA-transfected cultures. In the vertical dendrogram, each arm represents a single sample 

(red-Dhcr7 siRNA; black, scrambled siRNA), and rows denote gene probe sets with NCBI 

accession numbers and gene symbols. Each pixel corresponds to a log2-normalized 

expression level in a single sample. The intensity of red is proportional to transcript 

increase, whereas the blue intensity is proportional to transcript decrease. Based on the 

expression levels of these 68 probe sets, the vertical dendrogram perfectly separated out the 

experimental (red) and control samples (black). [Color figure can be viewed in the online 

issue, which is available at www.interscience.wiley.com.]
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Figure 4. 
Transient transfection with Dhcr7 siRNA leads to reproducible gene expression changes. 

Genes are plotted on the x-axis, and the y-axis denotes the average −ΔΔCt from three 

independent experiments, two independent reverse transcriptions for each experiment, and 

four replicates for each reverse transcription. qPCR assays confirmed the DNA microarray 

findings for all tested genes: Prr13 (proline-rich 13), Adam19 (a disintegrin and 

metallopeptidase domain 19), Egr1 (early growth response1), 20Rik (EST 2010011I20Rik), 

Snag1 (sorting nexin-associated Golgi protein 1), and Snx6 (sorting nexin 6). *P < 0.05.
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Figure 5. 
Cell number is unaffected by Dhcr7 siRNA transfection. The total number of cells was 

counted after 4 days in culture. Cells grown in regular medium proliferated more than cells 

grown in cholesterol-deficient serum. However, there was no significant difference in the 

growth between Dhcr7-deficient and control cells regardless of culture media (P = 0.235 in 

lipid-containing and P = 0.072 in cholesterol-deficient media).
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Figure 6. 
Stable transfection with Dhcr7 shRNA does not affect morphology of Neuro2a cells. A and 

B show representative phase-contrast micrographs of Neuro2a cells with stable expression 

of Dhcr7shRNA, whereas C and D depict two different cultures of Neuro2a cells with stable 

expression of nonsilencing shRNA. Note that the morphologies of the experimental and 

control cells are comparable. Scale bar = 50 µm.
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Figure 7. 
Stable transfection with Dhcr7 shRNA leads to expression changes similar to those observed 

in transiently transfected cells. Genes are plotted on the x-axis, whereas the y-axis denotes 

the average −ΔΔCt from three independent experiments, two independent reverse 

transcriptions for each experiment, and four replicates for each reverse transcription. qPCR 

assays confirmed that Dhcr7 deficiency leads to long- lasting transcriptome changes for cells 

grown in both regular medium (A) and cholesterol-deficient serum (B). For abbreviations 

see Figure 3 legend. *P < 0.05.
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Figure 8. 
Dhcr7 shRNA transfection results in decreased expression of critical lipid biosynthesis 

genes. The experiment was performed on three + three parallel experimental and control 

cultures, with eight reactions replicates/sample. ΔΔCt was calculated against Pgk1 as a 

normalizer and plotted on the y-axis; genes are denoted on the x-axis. Note that in response 

to Dhcr7 shRNA transfection lipid transcripts showed a significantly reduced expression. 

The results were concordant in lipid-containing and cholesterol-deficient media. FASN, 

fatty acid synthase; SREBP2, sterol regulatory element-binding protein 2; SCAP, SREBF 

chaperone; S1P, MBTPS1, site-1 protease; and SQS1, squalene synthase.
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