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Measles virus remains a substantial cause of morbidity and mortality, producing acute infection with
a potential for development of viral persistence. To study the events underlying acute and persistent
measles virus infection, we performed a global transcriptional analysis on murine neuroblastoma cells
that were acutely or persistently infected with measles virus. In general, we found that acute infection
induced significantly more gene expression changes than did persistent infection. A functional enrichment
analysis to identify which host pathways were perturbed during each of these infections identified several
pathways related to cholesterol biosynthesis, including cholesterol metabolic processes, hydroxymethyl-
glutaryl-coenzyme A (CoA) reductase activity, and acetyl-CoA C-acetyltransferase activity. We also found
that measles virus colocalized to lipid rafts in both acute and persistent infection models and that the
majority of genes associated with cholesterol synthesis were downregulated in persistent infection relative
to acute infection, suggesting a possible link with the defective viral budding in persistent infection.
Further, we found that pharmacological inhibition of cholesterol synthesis resulted in the inhibition of
viral budding during acute infection. In summary, persistent measles viral infection was associated with
decreased cholesterol synthesis, a lower abundance of cholesterol and lipid rafts in the cell membrane, and
inhibition of giant-cell formation and release of viral progeny.

Measles virus (MV) remains a significant health burden,
claiming 450,000 lives worldwide every year, and most of the
deaths occur in children (35). MV is the etiological agent of
both acute measles infection and subacute sclerosing panen-
cephalitis (SSPE), a rare and devastating persistent infection
of the central nervous system (7, 8, 12). MV is typically highly
cytolytic, resulting in an acute infection that confers lifelong
immunity. The reasons and underlying mechanisms of trans-
formation into a persistent infection in some individuals re-
main unknown, and the pathological implications of such an
infection are controversial.

Although no mechanism for the transformation from
acute to persistent infection has been established, partial
explanations have been proposed. Defective measles matrix
(M) protein has been recovered in some SSPE cases and was
suggested as a possible underlying mechanism for persis-
tence (11, 15, 20). Our previous research also demonstrated
that there is significantly less viral budding in persistent
versus acute MV infection of murine neuroblastoma cell
lines and that this is not due to decreased viral protein
synthesis, which is unimpaired (22, 25). Viral budding in MV

infection involves the incorporation of envelope proteins
into the host cell membrane (5). This has been recently
shown to occur in lipid rafts—cholesterol-rich domains in
the cellular membrane (17, 19, 21, 33).

In this study, we used microarray analysis to compare
gene expression during acute and persistent infection with
MV and to identify pathological mechanisms unique to per-
sistent infection that could be targeted for further analyses.
We then used a gene set enrichment analysis (GSEA) (29)
to identify Kyoto Encyclopedia of Genes and Genomes
(KEGG) metabolic pathways (13) and Gene Ontology (GO)
(2) functions that were more perturbed during persistent
infection than acute infection. Since several of the most
perturbed pathways involved cholesterol biosynthesis, we
chose to focus on the cholesterol biosynthesis pathway in
general. We then verified the proposed mechanisms using
various experimental protocols. Our results suggest an un-
expected role for cholesterol biosynthesis in the regulation
of MV infection persistence. These data represent not only
the first study utilizing microarrays to examine gene expres-
sion in cells that are persistently infected with MV but also
the first global transcriptional comparison of persistent and
acute viral infection.

MATERIALS AND METHODS

Cell lines, viruses, and plaque assays. In this study, we used mouse neuro-
blastoma C1300 cells, clone NS20Y, of the A/J mouse strain. We propagated
the cells as loosely adherent monolayers and then passaged them when
confluent by trypsinization or by shaking the culture vigorously. A detailed
description of the persistently infected NS20Y cell clone (NS20Y/MS) is
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given in Rager-Zisman et al. (22). Mouse neuroblastoma cells that were mock
infected (NS20Y), persistently infected (NS20Y/MS), and acutely infected
(NS20Y�MV) with MV were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Beit Haemek, Israel) supplemented with 10% heat-inactivated fetal
calf serum (FCS), 1% glutamine, and 1% antibiotics. We incubated all cul-
tures in a humidified atmosphere of 5% CO2 in air at 37°C. For the acute
infection, we infected 24-h-old NS20Y cultures with the Edmonston strain of
MV at a multiplicity of infection (MOI) of 0.01. We harvested cells at 48 h
postinfection for cholesterol quantification studies and microarray analysis.
At this time point the expression level of MV nucleoprotein (NP) was similar
to that in NS20Y/MS cells. Again, we followed the same procedure described
by Rager-Zisman (22) in performing and expressing virus plaque assays as
PFU per ml (PFU/ml).

Antibodies and reagents. We were kindly provided with anti-MV hemagglu-
tinin (HA) monoclonal antibodies (anti MV HA MAbs) by S. Schneider-
Schaulies and V. ter Meulen (Institute for Virology and Immunology, Wurzburg,
Germany). We purchased Cy3-conjugated goat anti-mouse secondary antibodies
from Jackson ImmunoResearch Laboratories (West Grove, PA). We used anti-
mouse Alexa 647-conjugated cholera toxin B subunit (CTXB) (Molecular
Probes, Eugene, OR) for fluorescent visualization of the lipid rafts. We pur-
chased filipin for the staining of cellular cholesterol and simvastatin for the
cholesterol depletion analysis from Sigma (S6196; Rehovot, Israel).

Total RNA isolation and mRNA amplification. We disrupted cultured cells
using Trizol reagent (Invitrogen, Carlsbad, CA) and isolated total RNA accord-
ing to the Trizol protocol. We double-amplified all total RNA samples using a
RiboAmp RNA Amplification kit (Arcturus, Mountain View, CA). We evalu-
ated the quality of amplified RNA by capillary electrophoresis using an Agilent
2100 Bioanalyzer.

Expression microarray format and data analysis. We used mouse oligonu-
cleotide microarrays, carrying approximately 22,000 oligonucleotides repre-
senting approximately 21,000 genes, from Agilent Technologies, Santa Clara,
CA. For each infection type, we competitively hybridized four replicate arrays
using the dye label reverse technique and scanned as previously described by
Geiss et al. (9), using two samples, one from an infected cell plate and one
from a plate containing an uninfected NS20Y control. We uploaded the
resulting data into Rosetta Resolver System, version 6.0 (Rosetta Biosoft-
ware, Seattle, WA). We used this system to compute mean ratios between the
expression levels of each gene in the analyzed sample pair, standard devia-
tions, and P values (10, 27) and for subsequent analyses. Resolver generates
P values and error measurements, and the Agilent system performs error
modeling before data are loaded into the Resolver system. Resolver performs
a squeeze operation that creates ratio profiles by combining replicates while
applying error weighting. The error weighting consists of adjusting for addi-
tive and multiplicative noise. A P value is generated that represents the
probability that a gene is differentially expressed. Resolver allows users to set
thresholds below which genes of a P value are considered to be significantly
differentially expressed. Resolver then combines ratio profiles to create ratio
experiments using an error-weighted average, as described in R. Stoughton
and H. Dai (28).Gene expression data from this study are available at http:
//viromics.washington.edu.

Identifying perturbed metabolic pathways. We used a GSEA (29) to identify
KEGG metabolic pathways (13) and GO (2) functions that were perturbed
differentially during acute and persistent infection. In preparation for this anal-
ysis, we used the Rosetta Resolver System to compute a new ratio for each gene
that was a measure of the gene’s expression during a persistent infection com-
pared to acute infection. In short, given a list of genes ranked in decreasing order
by their recomputed ratios, GSEA allowed us to identify which pathways and
functions contain genes concentrated at the top of the list (signifying a greater
perturbation in a persistent infection) and those at the bottom (signifying a
greater perturbation in an acute infection). We used a dynamic program method
to determine the exact P value for each pathway (23). We retained only pathways
with P values of �0.05. We tested the significance only of GO functions with a
depth of at least four in the GO hierarchy to avoid nonspecific terms. Given the
hierarchical structure of GO, it is possible that several related functions can
appear as enriched. In these cases, we removed any function if a child function
was more enriched (i.e., lowest P value).

qRT-PCR. We used quantitative real-time reverse transcription-PCR (qRT-
PCR) to verify expression levels of selected genes and to determine the intra-
cellular viral load. We treated total RNA samples with DNase, using a DNA-free
DNase kit (Ambion, Inc., Austin, TX). We generated cDNA using reverse
transcription reagents and random hexamers (Applied Biosystems, Foster City,
CA). We performed qRT-PCR on an ABI 7500 real-time PCR system using
TaqMan chemistry (Applied Biosystems, Foster City, CA). We performed two

independent biological replicates on each target gene, each in quadruplicate in
20-�l reaction volumes with TaqMan 2� PCR Universal Master Mix (Applied
Biosystems, Foster City, CA). We chose 18S rRNA as an endogenous control to
normalize quantification of the target. We calculated the quantification of each
gene relative to the calibrator on the instrument by using the 2���CT (16)
equation (where CT is threshold cycle) within the Applied Biosystems Sequence
Detections software, version 1.3.

Immunofluorescence staining and confocal microscopy. We fixed NS20Y/MS
and NS20Y cells (1 � 105) grown on poly-L-lysine-treated glass coverslips
with 2% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) for 30
min at 40°C and then washed the cells three times with PBS. We then
permeabilized cells using 0.01% Triton X-100 in PBS containing 3% bovine
serum albumin (BSA) and 4% FCS and incubated them for 1 h at 40°C.
Following permeabilization, we stained the cells at 40°C for 1 h with anti MV
HA antibodies (1:1,000) in PBS containing 3% BSA and 4% FCS. After three
washes with PBS, we diluted Cy3-conjugated secondary antibodies 1:200 in
PBS–3% BSA–4% FCS and added CTXB (1 �g/ml) at 40°C for 1 h in the
dark. Finally, we washed the samples three times with PBS and analyzed the
samples by fluorescent confocal microscopy (LSM510, Carl Zeiss, Jena, Ger-
many).

Flow cytometry. For quantitative evaluation of lipid rafts, cells were suspended in
20 �l of PBS containing CTXB (1 �g/ml), incubated at 40°C for 1 h, washed three
times with PBS, and analyzed with a FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA). For cholesterol measurements, we fixed 0.3 � 106 cells in 4%
paraformaldehyde in 0.1 M PBS at 40°C for 10 min and then at room temperature
for 30 min. After four washes with PBS, cells were suspended in 100 �l of PBS
containing filipin (20 �g/ml), incubated at 40°C for 1 h in the dark, and analyzed
using a FACSCanto II flow cytometer. We recorded fluorescent signal emitted by
filipin with a 450/30 band-pass filter and excitation using a 405-nm laser.

Simvastatin treatment of acute MV infection. For immunofluorescence stud-
ies, we grew 105 NS20Y cells on poly-L-lysine-treated glass coverslips. For
giant-cell evaluation, we seeded 105 NS20Y cells in six-well plates and re-
moved the growth medium 24 h later. Then, we washed the monolayers and
infected them with MV at an MOI of 0.01 (this MOI was selected since in our
experience using higher virus titers resulted in extremely rapid development
of cytopathic effect [CPE] and loss of the cell culture, prohibiting analysis) for
1 h at room temperature. We then washed the infected monolayers and added
various amounts (5 and 20 �M) of simvastatin in DMEM without FCS and
incubated the cells for 3 h at 37°C. After the incubation, we washed the cells
and incubated them for an additional 24 or 48 h with DMEM containing 2%
FCS. We evaluated cell viability to be no less then 90% using the trypan blue
exclusion test. We counted multinucleated cells (containing at least six nu-
clei) 48 h later under light microscopy (average of three fields per sample)
and collected culture supernatants for viral titration on Vero cells as previ-
ously described (22).

RESULTS

Global gene expression patterns distinguish acute and per-
sistent infection. Acute infection of neuroblastoma cells
(NS20Y) with MV is characterized by a CPE, formation of
giant multinucleated cells (Fig. 1A), viral budding, and the
production of infectious viral progeny, whereas the persis-
tently infected cell line (NS20Y/MS) is morphologically in-
distinguishable from the uninfected NS20Y cell line. The
NS20Y/MS cell line contains a large number of MV NP
matrices, with very few budding virus particles (22). To
screen for host cell pathways that could mediate differences
between acute and persistent infection, we used acutely
infected cells (NS20Y�MV) 48 h postinfection and
NS20Y/MS cells after 48 h in culture. At this time point, the
expression of MV NP protein was similar in acutely and
persistently infected cells (Fig. 1B). We performed two mi-
croarray experiments, one for the acute infection and one
for the persistent infection. Data were collected from four
technical replicates for each infection type and combined
using the Rosetta Resolver System software (see Materials
and Methods). Every individual experiment independently
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compared gene expression of NS20Y�MV cells or
NS20Y/MS cells to uninfected NS20Y cells.

Of the approximately 21,000 transcripts measured, 1,008
genes (approximately 5%) were differentially expressed
(�2.0-fold change; P � 0.01) in either persistent or acute
infection, or both. The distinct global gene expression pro-
files of cells acutely and persistently infected with MV en-
abled infection types to be easily distinguished by the two-
dimensional clustering algorithm (Fig. 2A). More gene
expression changes (650 genes) were associated with acute
infection than with persistent infection (453 genes) (Fig.
2B). Genes induced during acute infection outnumbered
genes induced during persistent infection by more than a 2:1
ratio. Differential gene expression during persistent infec-
tion was characterized predominantly by gene downregula-
tion, and only 95 genes were coregulated in both infection
types. Coregulation during acute and persistent infection
was almost solely associated with gene induction as there
were very few genes downregulated in both infection modes
(Fig. 2B). These results indicate that acute and persistent

infections result in a different cascade of transcriptional
events.

Functional enrichment of KEGG metabolic pathways and
GO functions in acute and persistent MV infections. We used
a GSEA (29) to determine which KEGG metabolic pathways
(13) and GO (2) functions were differentially perturbed during
acute and persistent infection. This analysis identified 35
KEGG pathways and 85 GO functions that were statistically
enriched (P � 0.05). The full list of the enriched pathways and
functions can be found in File S1 in the supplemental material.
Interestingly, several of these pathways were linked through

FIG. 1. Acute and persistent infection with MV of NS20Y cells.
NS20Y cells were acutely infected with MV as described in Materials
and Methods. (A) Photomicrographs (magnification, �20), of parental
cell line NS20Y, acutely infected NS20Y�MV cells at 24 and 48 h
postinfection with MV, and persistently infected NS20Y/MS cells. CPE
in the acutely infected cells is noticeable at 24 h postinfection. At 48 h
postinfection, abundant giant cells and a significant CPE are observed.
Persistently infected NS20Y/MS cells are morphologically indistin-
guishable from the NS20Y cells. (B) MV NP expression in
NS20Y�MV cells (48 h postinfection) and in NS20Y/MS cells. PI,
postinfection.

FIG. 2. Global gene expression profile of NS20Y�MV cells (48 h
postinfection) and NS20Y/MS cells. (A) Shown are 1,076 differentially
expressed genes (�2.0-fold change; P � 0.01). Genes were sorted
using hierarchical clustering, performed by the Rosetta Resolver Sys-
tem software with a divisive algorithm, average link heuristic criteria,
and cosine correlation metric. Green and red bands represent de-
creased or increased levels of mRNA expression relative to uninfected
neuroblastoma cells, respectively. (B) A Venn diagram depicting the
differentially expressed genes (�2.0-fold change; P � 0.01) common or
unique to acute and persistent MV infection.
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common pathway metabolites to the cholesterol biosynthesis
pathway, and we identified several enriched functions related
to cholesterol biosynthesis, including hexosaminidase activity
(P � 0.002; ranked 11 of 85 total), cholesterol metabolic pro-
cesses (P � 0.004; rank, 15/85), steroid hormone receptor
binding (P � 0.004; rank, 18/85), alkaline phosphatase activity
(P � 0.013; rank, 31/85), hydroxymethylglutaryl-coenzyme A
(CoA) reductase (HMGCR) activity (P � 0.035; rank, 65/85),
acetyl-CoA C-acetyltransferase activity (P � 0.045; rank, 77/
85), and several others. Alkaline phosphatase is selectively
targeted and incorporated into lipid rafts, and HMGCR is the
rate-limiting step in cholesterol synthesis. Thus, it is possible
that the transcriptional events in these functional gene groups
all stem from one regulatory cascade.

Cholesterol biosynthesis is downregulated in persistent MV
infection. Of the 15 genes associated with cholesterol bio-
synthesis that were measured in our microarray experi-
ments, 10 were differentially expressed in either persistent
or acute infection compared with the uninfected NS20Y
parental cell line (Table 1). Expression levels of nearly all
the differentially expressed genes in the cholesterol biosyn-
thesis pathway were significantly lower during persistent
infection than during acute infection. On the basis of this
observation, we proceeded to validate the microarray find-
ings and determine whether a link exists between such dif-
ferential gene regulation and differences in MV infection
modes in this murine neuroblastoma model.

qRT-PCR verification of HMGCR and SQLE. We next used
TaqMan qRT-PCR to verify expression levels of the HMGCR
and SQLE genes, which encode the rate-limiting steps of cho-
lesterol biosynthesis. Measurements were obtained using two

independent probe sets, each in quadruplicate. Using the
2���CT method, HMGCR expression in NS20Y/MS cells was
shown to be 38.5% of HMGCR expression levels in
NS20Y�MV cells (��CT, 1.376 � 0.406). For SQLE, the
expression levels in NS20Y/MS cells were 25.5% of those
found in NS20Y�MV cells (��CT, 1.94 � 0.849). The signif-
icance of the difference between the means was determined
using a homoscedastic t test with a one-tailed distribution. The
associated probabilities were 7.736E-8 for HMGCR and
1.399E-4 for SQLE.

Cholesterol downregulation in NS20Y/MS cells. To examine
whether transcriptional downregulation of cholesterol biosyn-
thesis in NS20Y/MS cells was being manifested as lower cel-
lular cholesterol levels, we used filipin staining to measure
nonesterified cholesterol, the end product of the cholesterol
biosynthesis pathway. For each infection mode, we calculated
the mean and standard deviation of filipin binding to 3 � 105

cells and compared the values using a Student’s t test. We
observed that cellular cholesterol levels were lower in persis-
tently infected cells than in uninfected NS20Y cells to a modest
but reproducible degree, which was statistically significant (P �
0.05) (Fig. 3).

Downregulation of lipid rafts in NS20Y/MS cells. It has been
previously shown that MV assembly and budding take place at
cholesterol-rich domains on the cellular membrane known as
lipid rafts (17). Thus, we investigated whether there was a link
between transcriptional downregulation of cholesterol biosyn-
thesis and the inhibition of viral budding observed in cells
persistently infected with MV (22). For this purpose, we
treated cells with CTXB, a fluorochrome-conjugated probe
that interacts with GM1, a glycolipid marker associated with

TABLE 1. Genes in the cholesterol biosynthesis pathway that are differentially regulated in acute or persistent infection with MV

Gene
symbol Gene description Protein action

Differential expression ina:

NS20Y�MV cells NS20Y/MS cells

Fold
change P value Fold

change P value

CYP51A1 Cytochrome P450 51A1 Catalyzes the demethylation of lanosterol to 4,4	-dimethyl
cholesta-8,14,24-triene-3-beta-ol

0.5 0.003

FDPS Farnesyl pyrophosphate synthetase Catalyzes condensation of isopentenyl pyrophosphate with
allylic pyrophosphates, dimethylallyl pyrophosphate, and
the reaction’s product geranylpyrophosphate, to form
farnesyl pyrophosphate

0.5 0.00249

HMGCR Hydroxy-methylglutaryl-CoA
reductase

Involved in the control of cholesterol biosynthesis; it is the
rate-limiting enzyme of sterol biosynthesis

1.3 0.00032 0.4 2.22E-08

HMGCS1 Hydroxymethylglutaryl-CoA
synthase, cytoplasmic

This enzyme condenses acetyl-CoA with acetoacetyl-CoA to
form HMG-CoA, which is the substrate for HMGCR

2.2 3.46E-20 0.5 2.04E-21

IDI1 Isopentenyl-diphosphate delta-
isomerase 1

Catalyzes allelic rearrangement of IPP to its allylic isomer
DMAPP

2.4 1.26E-19 0.6 0.00002

MVD Diphosphomevalonate
decarboxylase

Performs the first committed step in the biosynthesis of
isoprenes

0.4 1.37E-10

NSDHL Sterol-4-alpha-carboxylate 3-
dehydrogenase, decarboxylating

Steroid dehydrogenase, NAD(P) dependent 0.5 0.00011

ERG25 C-4 methylsterol oxidase Catalyzes the first of three steps required to remove two
methyl groups from an intermediate in sterol biosynthesis

2 2.68E-12 0.3 0

SQLE Squalene monooxygenase Catalyzes the first oxygenation step in sterol biosynthesis
and is suggested to be one of the rate-limiting enzymes in
this pathway

2.4 1.19E-10 0.4 1.04E-25

ERG24 Delta(14)-sterol reductase Involved in the conversion of lanosterol to cholesterol 2.3 1.11E-15 0.4 0.00355

a Changes in expression are relative to the uninfected control cell line, as measured by the expression arrays, and P values were derived using the Rosetta Resolver
error model, as described in Materials and Methods. We discarded expression data for genes not meeting our P value cutoff of 0.01.
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lipid rafts (3). Using confocal microscopy, we found that in
persistently infected NS20Y/MS cells, GM1 was markedly un-
derexpressed at the plasma membrane relative to control
NS20Y cells or to acutely infected (NS20Y�MV) cells (Fig.
4A). Mean standard deviation and P values were calculated as
described earlier for the filipin-binding assay. We also found a
small but reproducible and statistically significant (P � 0.05)
decrease in the CTXB mean fluorescence intensity of
NS20Y/MS cells compared to that of control or acutely in-
fected cells using a quantitative analysis by flow cytometry (Fig.
4B and C). These observations indicate that in comparison to
acute MV infection of NS20Y cells, persistently infected
NS20Y/MS cells expressed significantly lower amounts of lipid
rafts at their plasma membranes.

MV colocalizes to a depleted pool of lipid rafts in NS20Y/MS
cells. To verify the tropism of MV proteins to lipid rafts, we
double-labeled NS20Y/MS cells and NS20Y�MV cells with
anti MV HA antibodies and CTXB. Confocal microscopy re-
vealed that in acutely infected cells, MV HA protein colocal-
ized with the lipid raft marker GM1. Although NS20Y/MS
cells displayed a significant depletion in membrane lipid raft
content, the distribution of MV HA was exclusive to the
plasma membrane (Fig. 5). These observations establish the
tropism of MV HA to lipid rafts during both persistent and
acute MV infection. The absence of a significant effect on MV
HA presence in the lipid raft-depleted membrane indicated that
the amounts of viral protein produced during persistent and acute
MV infections were comparable; thus, the lack of infective parti-
cles in NS20Y/MS supernatant must stem from a defect in viral
budding or in the assembly stage. To verify this, we used qRT-
PCR to quantify the amount of intracellular RNA coding the
highly conserved MV L protein. Using two biological replicates
and four technical replicates each, we were not able to detect any
significant difference in RNA levels between persistently and
acutely infected cells (data not shown). These findings strengthen
our premise that the very limited amount of infectious viral par-
ticles found in the medium of persistently infected cells is the
result of a defect in viral assembly or budding rather than of a
decrease in viral replication.

Simvastatin treatment impairs lipid raft integrity and re-
duces giant-cell formation and virus yields during acute infec-
tion. We speculated that cholesterol downregulation, which
impairs lipid raft integrity, may result in the inhibition of
viral budding and infectivity in NS20Y/MS cells. If so, then
pharmacological inhibition of cholesterol biosynthesis
should have a similar effect on the productivity of acute MV
infection. To test this hypothesis, we acutely infected NS20Y
cell cultures with MV at an MOI of 0.01 and then treated
the cultures for 3 h at 37°C with various concentrations of
simvastatin (0 to 20 �M), an HMGCR inhibitor routinely
used for inhibition of cholesterol synthesis. We examined
the effect of this treatment on lipid rafts 24 and 48 h later by
looking for the formation of giant cells, which are charac-
teristic of acute MV infection. Using immunofluorescence
staining, the effect on CTXB binding to uninfected or
NS20Y�MV cells was already apparent with 5 �M simva-
statin, and a more profound effect was obtained after treat-
ment with 20 �M simvastatin (Fig. 6A, top two rows). This
treatment did not have any significant effect on cell viability
or morphology at any of the treatment concentrations. Fig-
ure 6A (rows 3 and 4) demonstrates that simvastatin treat-
ment impairs raft integrity but does not effect the expression
of MV HA protein at the cell membrane; thus, intracellular
viral protein synthesis is apparently unaffected by simvasta-
tin. We performed a fluorescence-activated cell sorting anal-
ysis to quantify the effect of simvastatin on the amount of
lipid rafts in NS20Y and NS20Y�MV cells (Fig. 6B), which
demonstrated a significant (P � 0.05) decrease in CTXB
binding in response to simvastatin treatment.

We assessed the effects of simvastatin treatment on the
formation of giant cells and viral production 48 h after infec-
tion. The reduction in the number of giant cells and virus
plaques was dose dependent, suggesting that cholesterol syn-

FIG. 3. Decreased cellular content of cholesterol in NS20Y/MS
cells. NS20Y and NS20Y/MS cells were probed for cellular cholesterol
using filipin staining and analyzed by flow cytometry as described in
Materials and Methods. (A) A histogram overlay representing a typical
experiment. Overlapping thin curves located in the first logarithmic
decade represent unstained NS20Y and NS20Y/MS cells. Bold and
tinted curves represent filipin staining of NS20Y and NS20Y/MS cells,
respectively. (B) Average � standard deviation of mean fluorescence
intensities of filipin-stained NS20Y and NS20Y/MS cells (six replicates
of two independent experiments).
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thesis and raft integrity are important factors for successful
budding and production of infectious MV progeny (Table 2).

qRT-PCR quantification of human HMGCR and SQLE in
MV infection. In order to determine whether the downregula-

tion of rate-limiting enzymes in the pathway for cholesterol
biosynthesis also occurred in human cells, we performed qRT-
PCR measurements on human neuroblastoma cells persis-
tently and acutely infected with MV. The results, summarized

FIG. 4. Persistent infection with MV decreases the expression of GM1. NS20Y, NS20Y/MS, and NS20Y�MV cells were stained with Alexa 647-conjugated
CTXB and analyzed by confocal microscopy and flow cytometry. (A) Fluorescent images of CTXB-stained cells (magnification, �100). Scale bar corresponds
to 20 �m. (B) Flow cytometry showing CTXB binding to the cells (bold). Thin curves in the first logarithmic decade of the x axis show nonstained control cells.
The x axis depicts fluorescence intensity while the y axis depicts cell numbers. (C) Quantitative analysis of CTXB binding performed by flow cytometry. Average �
standard deviation of mean fluorescence intensities of CTXB-stained cells (nine replicates of three independent experiments).
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in Fig. 7, indicate that downregulation of the cholesterol bio-
synthesis pathway takes place during persistent MV infection
of human as well as mouse neuroblastoma cells.

DISCUSSION

Persistent MV infection is characteristically distinct from
acute infection. Although a persistent infection is virtually in-
distinguishable histologically from uninfected cells, persistently
infected cells display very low or absent viral budding while
indefinitely maintaining viral RNA expression and the capa-
bility of again developing into an acute infection.

Previous global transcriptional profiling studies involving
MV have primarily focused on acute MV infection (4, 37, 38).
These studies measured the expression of 3,000 to 13,000
genes and described the upregulation of genes associated with
apoptosis, antigen presentation, interferon-mediated antiviral
response, and the downregulation of genes associated with
oxidative phosphorylation and protein synthesis. The only pre-
vious microarray study of persistent MV infection was done
using peripheral blood mononuclear cells (which do not be-
come persistently infected) from patients with SSPE (31).

The susceptibility of murine neuroblastoma cells and
other types of murine cells to infection with MV has previ-
ously been reported by us (22) and by other groups (6, 24).
In this study, we used a well-established murine neuroblas-
toma model of persistent and acute infection, together with
microarray analysis, to construct a global profile of tran-
scriptional events associated with acute and persistent in-
fection. These analyses revealed that acute MV infection
was associated with the upregulation of over twice as many
genes as persistent infection. We then used GSEA to iden-
tify KEGG metabolic pathways and GO functions perturbed
by MV infection. GSEA revealed several pathways and func-
tions that were more perturbed in persistent infection than
acute infection and identified a link to cholesterol biosyn-
thesis, leading to our exploration of the cholesterol biosyn-
thesis pathway.

Disruption of lipid metabolism during MV infection has
been previously reported (1, 14, 30, 34) and is thought to play
a role in pathology. However, the activity of the cholesterol
synthesis pathway has not been previously compared between
acute and persistent infections. In our experiments, most genes

FIG. 5. MV HA protein colocalizes with the lipid raft marker GM1. Confocal microscopy of NS20Y, NS20Y/MS, and NS20Y�MV cells stained
with CTXB (green) or anti-HA MAb (anti-H) and Cy3-conjugated secondary antibodies (red; second row). Merged images are shown in the third
row, and yellow regions denote overlaps between red- and green-stained membrane areas.
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associated with the cholesterol biosynthesis pathway were
downregulated in persistent versus acute infections. This in-
cluded HMGCR and SQLE, the genes associated with the
rate-limiting steps of cholesterol synthesis. Furthermore, we
found that lower cholesterol synthesis in persistent infection
was directly correlated with lower membrane cholesterol levels
and also a decrease in the abundance of GM1, a marker for
lipid rafts, the cholesterol-rich microdomains in the cell mem-
brane where MV assembly and budding are thought to take
place. This integration process into the membrane is believed
to be regulated as only a fraction of virus proteins are ulti-
mately incorporated into the rafts, and even minute differences
in membrane cholesterol content have been shown to be bio-
logically meaningful (18).

Pharmacological depletion of cellular cholesterol by simva-
statin inhibition of HMGCR results in significantly impaired
lipid raft formation (26, 36). However, the quantitative contri-
bution of lipid raft abundance to virus production has not been
previously assessed due to impaired cell viability following
treatment with cholesterol-lowering drugs. Here, we were able
to downregulate cholesterol synthesis successfully without af-
fecting cell survival. By treating acutely infected cells with
simvastatin, we were able to reduce viral titers to undetectable
levels. Taken together, these findings serve to recapitulate the
proposed association between cholesterol synthesis and the
state of MV infection.

Establishing an association between cholesterol down-
regulation and inhibition of viral budding does not imply a
causative relationship. Viral budding could indirectly drive
cholesterol synthesis by depleting the cell membrane, and if
budding was impaired for any reason, less cholesterol syn-
thesis would be required. Alternatively, the amount of cho-
lesterol synthesized could determine the rate of viral bud-
ding, and inhibition of cholesterol synthesis is the initiating
event. To distinguish between these alternatives, we com-
pared the levels of lipid rafts present in persistent and un-
infected cells. If viral budding is driving cholesterol synthe-
sis by depleting the cell membrane of lipids, then persistent
MV infection (which is associated with little or no viral

budding) would not be expected to affect lipid raft content.
The reduced abundance of lipid rafts observed in persis-
tently infected cells would therefore be unaccounted for.
Our findings therefore suggest that it is the downregulation
of cholesterol synthesis that drives the inhibition of viral
budding.

To summarize, our findings suggest that regulation of cellu-
lar cholesterol synthesis is a primary step in the establishment
of persistent MV infection. A possible explanation for the
existence of a cellular mechanism for downregulation of cho-
lesterol during viral infection is to serve as an innate antiviral
mechanism aimed at limiting viral budding. While this may
result in the containment and elimination of infection in cells
with a life span of several days or weeks, it can result in
long-term or lifelong infection if the infected cells are immor-
tal. This cholesterol-based antiviral mechanism could also pos-
sibly interfere with the life cycle of other enveloped viruses that
depend on lipid rafts for assembly. Interestingly, cholesterol

FIG. 6. The effect of simvastatin on the expression of lipid rafts in NS20Y and NS20Y�MV cells. NS20Y cells were acutely infected with MV
and treated with 5 �M or 20 �M simvastatin as described in Materials and Methods. Cells were probed with Alexa 647-conjugated CTXB. MV
HA protein was stained with anti-H MAb and Cy3-conjugated secondary antibodies. (A) Confocal microscopy of NS20Y cells treated with
simvastatin and probed with CTXB are shown in the first row. NS20Y�MV cells treated with simvastatin and probed with CTXB are shown in
the second row. The third row shows NS20Y�MV cells treated with simvastatin and stained with anti-HA MAb (anti-H) and Cy3-conjugated
secondary antibodies. The fourth row represents merged images of NS20Y�MV cells treated with simvastatin. Scale bar, 20 �m. (B) Fluorescence-
activated cell sorting analysis of CTXB binding to simvastatin-treated cells. Data are mean fluorescence intensities � standard deviations of
CTXB-stained NS20Y and NS20�MV cells (nine replicates of three independent experiments).

FIG. 7. TaqMan qRT-PCR quantification of HMGCR and
SQLE, the rate-limiting steps of cholesterol synthesis, in human
neuroblastoma cells infected with MV. Data are presented as per-
cent downregulation of the cholesterol synthesis gene transcripts in
persistent infection, relative to their expression levels during acute
MV infection. Means and standard errors from four technical rep-
licates are shown.

TABLE 2. A dose-dependent reduction of MV virus production in
acute infection of NS20Y cells following simvastatin treatmenta

Simvastatin treatment
(�M)

No. of giant
cells PFU/ml

0 66 3,300
5 49 650
20 20 0

a In comparison, in NS20Y/MS cells in our previous study (22), the number of
giant cells was zero, and virus was detected in supernatant at 1 to 10 PFU/ml.
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synthesis was one of the few affected pathways common to both
human immunodeficiency virus type 1 and influenza virus
when these were compared (32). Additional studies are there-
fore warranted to determine whether this phenomenon can be
exploited therapeutically through the utilization of widely
available cholesterol-inhibiting drugs as a primary or comple-
mentary therapeutic approach to viral infection.
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