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A small group of ecotropic murine retroviruses cause a spongiform neurodegenerative disease manifested by
tremor, paralysis, and wasting. The neurovirulence of these viruses has long been known to be determined by
the sequence of the viral envelope protein, although the nature of the neurotoxicity remains to be clarified.
Studies on the neurovirulent viruses FrCasNC and Moloney murine leukemia virus ts1 indicate that the nascent
envelope protein misfolds, is retained in the endoplasmic reticulum (ER), and induces an unfolded protein
response. In the present study we constructed a series of viruses with chimeric envelope genes containing
segments from virulent and avirulent retroviruses. Each of the viruses studied was highly neuroinvasive but
differed in the severity of the neurological disease they induced. Only viruses that contained the receptor-
binding domain (RBD) of the neurovirulent virus induced neurological disease. Likewise, only viruses con-
taining the RBD of the neurovirulent virus exhibited increased binding of the ER chaperone BiP to the envelope
precursor protein and induced the unfolded protein response. Thus, the RBD determined both neurovirulence
and folding instability. Among viruses carrying the neurovirulent RBD, the severity of the disease was
increased when envelope sequences from the neurovirulent virus outside the RBD were also present. Inter-
estingly, these sequences appeared to further increase the degree of folding instability (BiP binding) of the viral
envelope protein. These results provide strong support for the hypothesis that this spongiform neurodegen-
erative disease represents a virus-induced protein folding disorder.

The accumulation of misfolded proteins in the endoplasmic
reticulum (ER) causes ER stress and activates a series of
responses known collectively as the unfolded protein response
(UPR) (33, 43). The UPR consists of three parallel signal
transduction pathways activated by transmembrane proteins
projecting into the ER lumen which act as sensors of misfolded
proteins. The three sensors—Ire1�, ATF6, and PERK—are
maintained in an inactive state by the binding of the major ER
chaperone BiP to their luminal domains. The accumulation of
misfolded proteins in the ER lumen causes BiP to be displaced
from the sensor molecules and bind to exposed hydrophobic
patches on protein-folding intermediates. This leads to activa-
tion of the sensors and initiation of the downstream signaling
pathways. Ire1� an endoribonuclease, triggers the upregula-
tion of the protein degradative machinery leading to the re-
moval of terminally misfolded proteins. ATF6 is an ER resi-
dent transcription factor that upregulates the expression of
genes encoding ER chaperones, including BiP, which improve
the folding efficiency of the ER. PERK, an ER resident kinase,
phosphorylates the translation initiation factor eukaryotic
translation initiation factor 2�, leading to global downregula-
tion of protein translation and consequently a decrease in the
load of client proteins entering the ER. These are adaptive
responses that contribute to the reestablishment of a state of

protein folding homeostasis. If homeostasis is not achieved,
ER linked cell death pathways are activated (29, 44).

Over the last few years, it has become clear that ER stress is
associated with a variety of human degenerative diseases.
These include disorders as diverse as diabetes, retinitis pig-
mentosa, brittle bone disease (osteogenesis imperfecta), and a
variety of hereditary leukodystrophies (45), as well as Parkin-
son’s and Alzheimer’s disease (37). In some of these diseases,
ER stress is activated by the accumulation of a mutant protein.
In other cases, the ER stress is caused by dysfunction of one of
the elements of the UPR, limiting its capacity to respond to
demands on the folding machinery. The UPR is also activated
by some viruses, including hantavirus, flaviviruses, paramyxo-
viruses, and Borna virus (17, 29), as well as prion agents (20),
although a role for ER stress in disease pathogenesis remains
speculative. A possible role for ER stress in the pathogenesis
of Borna virus-induced neurodegeneration has been reported
(53). However, it is not known whether the insult to the ER is
due to misfolding of a viral protein.

The evidence is stronger for a role of ER stress in the
pathogenesis of a neurodegenerative disease caused by a small
group of murine retroviruses. Derivatives of CasBrE (13), a
virus originally isolated from feral mice, and Moloney murine
leukemia virus ts1 (MoMLVts1) (54), a temperature-sensitive
strain of MoMLV, cause a noninflammatory spongiform en-
cephalopathy resembling histopathologically the prion dis-
eases. The neurovirulence of these viruses is determined by the
sequence of the envelope protein (7, 39, 49, 55), although the
nature of the toxicity has remained elusive. We have studied
the role of the envelope protein in disease pathogenesis using
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two coisogenic viruses, FrCasNC (9) and F43 (2). FrCasNC

contains the envelope gene and 3�pol sequences from the neu-
rovirulent virus CasBrE and causes a rapidly progressive and
fatal neurological disease characterized by tremor, paralysis,
and wasting. F43 carries the envelope gene and 3� pol se-
quences of a nonneurovirulent virus, FMLV57 (38), and is
apathogenic. Both viruses are highly neuroinvasive and infect
the same spectrum of cells in the brain (2). Transcriptional
analysis of brain tissue from infected mice revealed that only
the neurovirulent virus induced the UPR (8). Activation of the
UPR was found to be a consequence of the folding instability
of the FrCasNC envelope protein, which was retained in the ER
and degraded by the ubiquitin-proteasome system (9). In ad-
dition, histopathologic studies revealed that one of the down-
stream target genes of the UPR, CHOP, is highly expressed in
cells in the brain exhibiting signs of cytopathology (4). In the
present study, we further explored the association between
protein misfolding and neuropathology. A domain swapping
strategy was used to construct a series of highly neuroinvasive
viruses carrying F43/FrCasNC sequences. These viruses dif-
fered in the severity of the neurological disease they induced.
Neuropathogenicity was precipitated only by those viruses car-
rying the receptor-binding domain (RBD) of the envelope
protein from FrCasNC. Of particular interest was the observa-
tion that the severity of the neurological disease was directly
related to the degree of folding instability of the envelope
protein in the ER.

MATERIALS AND METHODS

Construction of chimeric viral genomes. The cloning strategy used in the
present study was similar to that reported previously (2, 9). The genomes of the
avirulent viruses FB29 (accession no. NC_001362), FMuLV57 (accession no.
X02794) and the neurovirulent virus CasBrE (accession no. X57540) share a
common NdeI site in 3� pol and a ClaI site in 3� env (see Fig. 1). The parental
viruses in the present study, F43 (avirulent) and FrCasNC (neurovirulent), were
constructed previously by introduction of the NdeI-ClaI fragments of FMuLV57
and CasBrE, respectively, into the genome of FB29.

For the viruses FC424, FC70, and CF70 (see Fig. 2), a one-step ligation was
carried out using the restriction sites BstEII near the 3� end of the coding
sequence for the surface glycoprotein (SU) and the ApaI site near the 5� end of
SU coding sequence, both of which are shared by FMuLV57 and CasBrE se-
quences. For construction of the virus FrCasAC, we used an AvrII site within the
sequence encoding the SU signal peptide of CasBrE (nucleotide position 5818).
This site is not present in FMuLV57, but was introduced by using PCR-based
mutagenesis (QuikChange; Stratagene) with the forward primer 5�- TAAGGG
GCCAGGAGGTCCCGCG-3�, the reverse primer 5�- AGCAGAGCGCAGAT
ACCAAATAC-3�, and the FMuLV57 sequence as a template.

For viruses CF223, FC223, and CFC a BamHI site at position 6548 of the
FMuLV57 genome, near the 3� end of the coding sequence for the receptor
binding domain was introduced into the sequence of CasBrE by using PCR-
based mutagenesis (QuikChange). The forward primer was 5�- CCTTTTAGCC
GGATCCCAAAAGTG 3�, the reverse primer was 5�- CACTTTTGGGATCC
GGCTAAAAG-3�, and the CasBrE sequence was used as a template.

Virus stocks were prepared by transfection of Mus dunni cells with linearized
plasmids as described previously (41), and titers of the stocks were determined by
a focal immunoassay (5) on NIH 3T3 cells. Titers are expressed as focus-forming
units/ml and were as follows: F43 2 � 107, FrCasNC 6 � 106, FrCasAC 4 � 106,
FC424 3 � 106, FC223 1 � 107, FC70 4 � 105, CF70 2 � 107, CF223 8 � 106,
and CFC 6 � 105. The nomenclature of these viruses is based on the number of
the amino acid of the FMuLV57 envelope protein, starting with the first amino
acid of the mature protein (i.e., after the signal sequence), as used by Fass et al.
(11). Thus, FC223 contains FMuLV57 sequences up to amino acid residue 223,
the rest of the envelope protein up to the ClaI site is from CasBrE. Likewise,
CF223 contains CasBrE sequences up to amino acid 223, the rest of the envelope
protein up to the ClaI site is from FMuLV57. For simplicity, we chose not to use

this numbering system for the virus CFC (see Fig. 2) since the name would have
been too long.

Mice and virus inoculations. Inbred Rocky Mountain White mice were bred
and raised at the Rocky Mountain Laboratories (RML) and were handled
according to policies of the RML Animal Care and Use Committee. Mice were
inoculated with virus stocks as described previously (41). Mice were inoculated
intraperitoneally on postnatal day 1 with 30 �l of virus stock containing 1.2 � 104

to 6 � 105 focus-forming units.
Evaluation of neurological disease. Mice were followed for typical clinical

signs of neurological disease as described previously (6). The earliest signs
include an abnormal abduction reflex of the hind limbs when the mouse is
elevated by the tail and a fine intention tremor involving all four limbs. As the
disease progresses, mice develop muscle wasting and ruffled fur, followed by
paralysis of hind limbs and finally forelimbs. Mice were euthanized at the first
signs of paralysis. Spongiform neurodegeneration (also called spongiosis) was
evaluated by histopathology as described previously (6). Brains were removed
and fixed in phosphate-buffered 3.7% formaldehyde and embedded in paraffin,
and the sections were stained with hematoxylin-eosin.

Quantification of RNA. RNA was extracted and purified from NIH 3T3 cells
as described previously (8). Extraction of RNA from brainstem was as described
previously (8) except that the homogenization of the tissue was performed with
the aid of a FastPrep FP120 instrument (MP Biomedical, Inc.). RNA prepara-
tions were treated with DNase (Ambion) to remove traces of DNA contamina-
tion. Quantification of mRNA was carried out by using TaqMan technology on
an HT7900 PCR System (Applied Biosystems, Inc.) with the primer-probe sets
for BiP, CHOP, and viral RNA described previously (8). In vitro studies were
carried out in triplicate on individual RNA samples and, for each experiment,
independent infections were repeated in triplicate. Analyses of brainstem RNA
was carried out in triplicate on at least five mice per group except for CF223 in
which three mice were examined.

Immunoprecipitation and Western blot analysis. Viral envelope and BiP pro-
teins were detected with goat anti-gp70 (SU protein) and mouse monoclonal
anti-KDEL (SPA-827; Stressgen), respectively (9). NIH 3T3 were infected with
viruses as described previously (9). At 48 to 96 h postinfection, cells were lysed
on ice for 10 min with 0.5% NP-40, 50 mM Tris (pH 7.5), 150 mM NaCl, 0.5%
deoxycholate, a 1/100 dilution of protease inhibitor cocktail (Sigma P8340), and
10 U of apyrase (Sigma catalog no. A86132)/ml. Nuclei were cleared by centrif-
ugation at 10,000 rpm for 1 min on a Tomy MTX150 microcentrifuge. Immu-
noprecipitation was carried out with 2 �l of neat antibody overnight at 4°C.
Immunoprecipitates were captured with protein A-agarose (Pierce catalog no.
20333) at 4°C for 1.5 h. After the agarose was washed, Laemmli sample buffer
(with 2-mercaptoethanol) was added, and the samples boiled 5 min. Samples
were separated on preformed NuPAGE Novex 12% Bis-Tris polyacrylamide gels
(Invitrogen). Proteins were transferred to Immobilon-FL polyvinylidene difluo-
ride membranes (Millipore catalog no. IPFL20200), incubated in blocking buffer
(Licor Biosciences catalog no. 927-40000) at least 1 h at 4°C, and then incubated
with primary antibodies for 1 h at room temperature. Blots were washed with
phosphate-buffered saline (PBS) containing 0.1% Tween 20 (PBST), four times
for 5 min each, and incubated with donkey anti-goat immunoglobulin (IRDye
800CW; Licor Biosciences catalog no. 926-32214) or goat anti-mouse immuno-
globulin (IRDye 680; Licor Biosciences catalog no. 926-32220) for 1 h at room
temperature. After being washed in PBST, the blots were rinsed in PBS without
Tween 20 and scanned on a Odyssey infrared imager model 9120 (Licor Bio-
sciences). Scans were analyzed using Odyssey application software v2.1. Images
were exported as jpg files into Photoshop v7.0 and converted to gray scale.

Statistical analysis. Both RNA and protein quantification data were expressed
as mean � the standard error of the mean. The data were analyzed by using one
way analysis of variance (ANOVA) with a Tukey’s multiple-comparison post-
test. In the case of protein quantification (see Fig. 6C), we used repeat measures
ANOVA.

RESULTS

The neurovirulence of FrCasNC is determined by the enve-
lope gene. The neurovirulence of the virus CasBrE has been
mapped to the envelope gene (39). Since FrCasNC and F43
differ not only in the sequence of their envelope genes but also
in the 3� end of the pol gene (Fig. 1A), it was important to rule
out a contribution of the polymerase gene sequences in deter-
mining neurovirulence. The coding sequence of the pol gene is
in a different reading frame and overlaps that of the 5� env
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gene. We therefore constructed the chimeric virus FrCasAC,
which carries CasBrE sequences beginning 3� of the pol termi-
nation codon, within the signal sequence of the envelope pro-
tein (Fig. 1A). Like FrCasNC, FrCasAC was highly neuroviru-
lent, causing the first signs of clinical disease (abnormal hind
limb abduction reflex and tremor) beginning at 14 days post-

inoculation (dpi), followed by signs of advanced disease (hind
limb paralysis and wasting) beginning at 16 to 17 dpi (Fig. 1B).
Furthermore, FrCasAC, like FrCasNC, also induced the upregu-
lation of mRNA of the ER chaperone BiP and the bZIP
transcription factor CHOP (Fig. 1C) after infection of NIH
3T3 cells in vitro, indicating that both viruses activated the
UPR. Thus, both the neurovirulence and the ER stress in-
duced by FrCasNC were determined specifically by its envelope
protein.

Neurovirulence of the chimeric viruses. Retroviral envelope
proteins are synthesized in the ER as a precursor polyprotein
which is cleaved in the Golgi by a furin-like protease, gener-
ating the surface glycoprotein (SU), which interacts with the
viral receptor during viral entry, and the transmembrane pro-
tein (TM), which mediates membrane fusion (47). The SU
protein is divided into two domains (Fig. 2), the receptor-
binding domain (RBD) and the C-terminal domain joined by a
proline-rich hinge region (PRR). A series of viruses was con-
structed carrying chimeric envelope genes in which these SU
domains and the TM sequences were derived from either F43
or FrCasNC. The genetic background of all of these viruses was
the same as that of FrCasNC and F43, being derived from the
Friend MLV strain FB29 (46). Each of the chimeric viruses
chosen for further study was highly neuroinvasive, as indicated
by the high levels of viral RNA in the brainstems 17 to 20 days
after intraperitoneal inoculation (Fig. 2, viral RNA). However,
the occurrence of spongiform lesions differed. The histopathol-
ogy caused by FrCasNC and related viruses has been described
in detail in previous reports (6). Lesions are seen in the brain-
stem, deep cerebellar nuclei, anterior and posterior colliculi,
thalamus, and deep layers of the cerebral neocortex (Fig. 2).
Only viruses carrying the RBD from CasBrE induced spongi-
form histopathology (Fig. 2). The extent and distribution of
these lesions, however, also appeared to be dependent on the
presence of CasBrE sequences in other parts of the envelope
gene (Fig. 2). Thus, CF223 (carrying the RBD from CasBrE)
exhibited spongiform lesions exclusively localized to the brain-
stem, whereas mice inoculated with FC70 and CFC exhibited
lesions in a wide distribution similar to FrCasNC. The extent of
spongiosis in each of these locations was not quantified be-
cause morphometric analysis was beyond the scope of the
present study.

Differences among these neurovirulent viruses were further
revealed when these mice were monitored for signs of clinical
disease (Fig. 3). All viruses containing the RBD from CasBrE
caused an abnormal hind-limb abduction reflex and tremor
(i.e., signs of mild disease) (Fig. 3A). Only viruses also con-
taining CasBrE sequences outside the RBD (FrCasNC, FC70,
and CFC) progressed to develop paralysis and wasting (Fig.
3B). However, the development of paralysis/wasting for FC70
and CFC was slower than that of FrCasNC. Indeed, only 25%
of the mice inoculated with CFC progressed to paralytic dis-
ease within the 100 days of observation. Thus, while RBD
sequences from CasBrE appeared to be necessary for induc-
tion of spongiform lesions per se, they were not sufficient for
expression of the highly neurovirulent phenotype exhibited by
FrCasNC. Inclusion of F43 sequences in any of the domains of
the CasBrE envelope protein blunted the neurovirulence of
the virus.

FIG. 1. The neurovirulence of FrCasNC is determined by the se-
quence of the viral envelope gene, with no contribution by the se-
quence of 3� end of the polymerase gene. (A) Schematic diagram of
the complete viral genomes bounded by viral long-terminal repeats
(LTR) at each end. The names of the viral genes are shown above the
diagram of F43. Restriction endonuclease sites used to introduce seg-
ments of the CasBrE genome (f) into that of F43 (�) are shown
above the diagram of FrCasNC. A magnified view of the region of
FrCasAC around the AvrII site is shown below the diagram of FrCasAC.
The AvrII site used to construct FrCasAC is located within the signal
sequence of the envelope protein just 3� of the 3� end of the polymer-
ase coding sequence. Thus, the virus FrCasAC contains sequences from
CasBrE only within the viral envelope coding sequence. (B) Tempo of
clinical neurological disease caused by intraperitoneal inoculation of
the respective viruses as depicted in two graphs. The upper graph
represents early signs of neurological disease (tremor and abnormal
abduction reflex of the hind limbs), and the lower graph advanced
disease (paralysis and wasting). Whereas F43 was nonpathogenic (n �
60 mice), mice inoculated with FrCasNC (n � 30 mice) or FrCasAC

(n � 34 mice) developed neurological disease with indistinguishable
kinetics. (C) Results showing that both FrCasNC and FrCasAC induced
the UPR marked by the upregulation of BiP and CHOP mRNA. NIH
3T3 cells were infected for 48 h with each virus. Quantitative real-time
reverse transcription-PCR was carried out on triplicate cultures as
described previously (8). The data were normalized first with 	-actin
mRNA and are expressed as a fold increase relative to the level of
mRNA in mock-infected cells. The graphs represent the cumulative
results of three experiments (i.e., nine infections per group). The data
were analyzed by one-way ANOVA, and each group was compared to
mock-infected cells (�, P 
 0.001; NS, P � 0.05).
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Activation of the UPR is determined by the sequence of the
RBD. In previous studies comparing the viruses F43 and
FrCasNC, it was found that the neurovirulence of FrCasNC was
associated with the activation of the UPR (4, 8, 9). It was
therefore of interest to determine whether the induction of
UPR correlated with the induction of disease. NIH 3T3 cells
were infected with a subset of the chimeric viruses described
above, and the levels of mRNA for two UPR target genes
(gpr78/BiP and GADD153/CHOP) were measured by quanti-
tative reverse transcription-PCR. BiP, a downstream target
gene of the UPR sensor ATF6, is a major ER chaperone, the
upregulation of which is considered to be one of the more
specific markers of UPR signaling. CHOP, a downstream tar-
get gene of the UPR sensor PERK, is a bZiP transcription
factor and is associated with both adaptive and proapoptotic
signaling (34). Upregulation of CHOP, however, can be in-
duced by cellular stresses other than ER stress (52) and there-
fore is not as specific for UPR signaling as is BiP. The results
(Fig. 4) clearly indicated that both BiP and CHOP were ro-
bustly upregulated by viruses carrying CasBrE sequences in
the RBD.

Envelope sequences that determine protein folding instabil-
ity. Since the induction of UPR by FrCasNC was found to be a
consequence of the misfolding and ER retention of its enve-
lope protein (9), it was of interest to determine which regions
of the envelope protein were involved in destabilizing this
protein. We first carried out coprecipitation studies on
FrCasNC and F43-infected cells using antisera specific for viral
SU and the ER chaperone BiP (Fig. 5). BiP binds in an ATP-

dependent fashion to exposed hydrophobic patches, prevent-
ing aggregation during the process of protein folding (14). The
level of BiP binding at steady state can thus be used as a
measure of the level of protein misfolding (19). Although cell
lysates of F43 and FrCasNC contained comparable amounts of
pr85env (Fig. 5, IP-SU, IB-SU), there was a striking difference
in the levels of SU protein (Fig. 5) being barely detectable in
the FrCasNC lysate. This is consistent with the ER retention
observed previously, since cleavage of the pr85env polyprotein
into SU and TM components occurs in the Golgi. Similar levels
of the envelope precursor protein in these cell lysates is a
consequence of the increased rate of degradation of the
FrCasNC pr85env relative to that of F43 (9). The increased
association of BiP with the envelope precursor of FrCasNC was
revealed by the coprecipitation of BiP with anti-SU (Fig. 5,
IP-SU, IB-BiP), as well as by the coprecipitation of pr85env

with anti-BiP (Fig. 5, IP-BiP, IB-SU). Finally, the level of BiP
protein in the lysate of FrCasNC-infected cells was elevated
compared to F43 and mock-infected cells (Fig. 5, IP-BiP, IB-
BiP), a finding consistent with the upregulation of BiP mRNA
(Fig. 4).

Analysis of lysates of cells infected with the chimeric viruses
indicated that the increased BiP binding to the envelope pre-
cursor protein was also determined by the sequence of the
RBD. Only viruses containing the CasBrE RBD exhibited no-
ticeable coprecipitation of BiP with the anti-SU antiserum
(Fig. 6A and B). Furthermore, it was apparent that the relative
level of BiP binding increased when sequences outside the
RBD were also derived from CasBrE (compare CF223, CFC,

FIG. 2. Neurovirulence is determined by the RBD of CasBrE. Schematic diagrams are shown of the envelope precursor polyproteins (pr85env)
of chimeric viruses that exhibited neuroinvasiveness comparable to that of FrCasNC. The boundaries of the surface glycoprotein (SU) and the
transmembrane protein (TM) are shown at the top. The brackets denote the boundaries of the domains of the SU protein. The RBD and
C-terminal domain (C) are linked by a PRR hinge. Subdomains are shown as gray bars and include the variable regions of SU (VRA, VRC, and
VRB) and the fusion peptide (FP) and membrane-spanning domain (MSD) of the TM protein. The numbers just above the diagram of FrCasNC

represent the percent difference in the amino acid sequence between FrCasNC and F43 for each restriction enzyme fragment. The dotted lines show
the restriction sites used to construct these chimeric envelope genes. Viral RNA was determined at 17 to 20 dpi by quantitative reverse
transcription-PCR on RNA extracted from brainstems of mice inoculated intraperitoneally with each virus. Each dot represents a mouse. The
distribution of spongiform lesions is shown as dark gray areas in diagrams of parasaggital sections of brains (under the column heading
“Spongiosis”). The names of each affected region is shown for the brain of FrCasNC and include brainstem (BS), deep cerebellar nuclei (Cblm),
anterior and posterior colliculi (Col), thalamus (Thal), and deep neocortex (NCtx). Histopathology was assessed on no fewer than three mice per
group at 17 to 20 dpi.
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and FrCasNC in Fig. 6B). For viruses that exhibited increased
BiP binding, the relative levels of BiP coprecipitated with anti-
SU, when normalized to the relative levels of pr85env (Fig. 6C),
appeared to correlate with the level of neurovirulence (i.e.,

FrCasNC � CFC � CF223) (Fig. 2 and 3). These results sug-
gested a direct relationship between the degree of protein mis-
folding in the ER and the severity of the neurological disease.

DISCUSSION

From the histopathologic (Fig. 2) and clinical studies (Fig. 3)
it was apparent that retroviral neurovirulence was dependent
on the presence of RBD sequences from CasBrE. This obser-

FIG. 3. Tempo of the neurological disease induced by FrCasNC,
FC70, CFC, and CF223. Mice were inoculated intraperitoneally on post-
natal day 1 and observed for signs of neurological disease. As was done in
Fig. 1B, clinical disease here was divided into the mild neurological signs
(A) and severe late signs (B). Mice inoculated with FrCasNC (n � 38),
FC70 (n � 32), and CFC (n � 34) all exhibited rapid onset of mild
neurological signs, whereas these signs were delayed in mice inoculated
with CF223 (n � 18). The tempo of paralysis and wasting, however,
brought out in more striking terms the differences in neurovirulence of
these viruses. Only FrCasNC induced rapidly progressive paralysis. Paral-
ysis was seen in all of the FC70-inoculated mice but was delayed com-
pared to FrCasNC. Only 25% of the mice inoculated with CFC exhibited
paralysis and wasting. None of the mice inoculated with CF223 developed
paralysis over the 100-day observation period.

FIG. 4. Viruses containing the CasBrE RBD induced ER stress in NIH 3T3 cells. The occurrence of ER stress was detected by the upregulation
of two UPR target genes, BiP and CHOP. RNA was extracted 48 h after infection and BiP and CHOP mRNA quantified by real-time reverse
transcription-PCR. The data were normalized as in Fig. 1C.

FIG. 5. Folding stability of the envelope proteins of FrCasNC and
F43 were assessed by the extent of binding of the ER chaperone BiP.
NIH 3T3 cells were infected with F43 or FrCasNC, and the cells were
lysed 48 h later. Lysates were immunoprecipitated (IP) with anti-SU or
anti-BiP (anti-KDEL). Immunoprecipitates were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted
(IB) with either anti-SU or anti-BiP antibodies. The envelope protein
is synthesized in the ER as a polyprotein pr85env (asterisks), which
after transit to the Golgi compartment is cleaved by a cellular protease
into SU (dot) and TM (not shown) components (see top Fig. 2). The
smaller molecular sizes of the pr85env and SU proteins of FrCasNC

compared to those of F43 are due to two deletions of 4 and 7 amino
acid residues in the PRR (see Fig. 2) of CasBrE. The envelope protein
of FrCasNC but not F43 is retained in the ER, which accounts for the
difference in the ratio of pr85env and SU proteins observed in F43 and
FrCasNC-infected cells (IP-SU/IB-SU). The increased binding of BiP
(arrowheads) to the pr85env protein of FrCasNC relative to that of F43
(IP-SU/IB-BiP and IP-BiP/IB-SU) is consistent with the folding insta-
bility of the FrCasNC envelope protein reported previously (9).
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vation is consistent with mapping studies that have been car-
ried out on other neurovirulent murine retroviruses (35, 36, 39,
48). However, the presence of the RBD from CasBrE was not
sufficient to generate a virus with neurovirulence comparable
to that of FrCasNC. Thus, the virus CF223, which contained the
RBD from CasBrE but the rest of the envelope gene from F43,
induced spongiform lesions more restricted in their distribu-
tion, and clinical disease less severe, than that caused by

FrCasNC. Addition of CasBrE sequences outside the RBD
(i.e., FC70 and CFC) resulted in viruses that induced spongi-
form lesions not only in the brainstem but also in the subcortex
and deep cerebral cortex, a lesion distribution quite compara-
ble to that caused by FrCasNC. However, neither of these
viruses induced clinical neurological disease of comparable
severity and tempo to that of FrCasNC (Fig. 3). Thus, while the
presence of the CasBrE RBD was necessary for the induction
of spongiform lesions and clinical disease, the addition of F43
sequences in any of the domains of the envelope protein at-
tenuated the intensity of the disease. It should be noted, how-
ever, that the addition of sequences from F43 did not blunt the
neuroinvasiveness of the respective viruses. Indeed, for all of
the viruses shown in Fig. 2, irrespective of the their relative
neurovirulence, the levels of viral RNA in the brainstem were
comparable. This observation is consistent with previous stud-
ies, suggesting that neurovirulence and neuroinvasiveness are
separable phenotypes (1, 2).

The main goal of the present study was to ascertain whether
the envelope sequences that determined neurovirulence also
determined the induction of ER stress and protein misfolding.
We found that only viruses that contained the CasBrE RBD
induced ER stress in NIH 3T3 cells. In addition, like neuro-
virulence and ER stress, the CasBrE RBD appeared to render
the envelope precursor protein (pr85env) unstable, as mea-
sured by the coprecipitation of BiP. Finally, the relative levels
of BiP binding (i.e., FrCasNC � CFC � CF223) appeared to
correlate with the relative neurovirulence of the respective
viruses (Fig. 2 and 3). Thus, although the CasBrE RBD was
primarily responsible for the instability of the envelope pro-
tein, CasBrE sequences in other parts of the envelope protein
further contributed to protein misfolding. Cumulatively, these
results provide strong evidence in support of the notion that
protein folding instability is causally linked to neurovirulence.

The role of the RBD in the folding instability of pr85env is
currently unclear. One obvious explanation is that the CasBrE
RBD is inherently unstable. This could be a consequence of
the amino acid sequence or perhaps to the presence of a
unique N-linked glycosylation site in the CasBrE RBD (32).
On the other hand, it is also possible that it is the binding of the
viral receptor, CAT1, to the RBD that triggers folding insta-
bility in other parts of the envelope precursor protein. Inter-
action between the envelope protein and CAT1 appears to
occur in the ER (12, 18, 27), although the relevance of this
interaction in the virus life cycle is not known. A great deal
more is known about the interaction between the RBD and
CAT1 at the cell surface during viral entry into cells. Receptor
binding appears to trigger an interaction between the RBD
and the C-terminal domain (3), leading to disulfide bond re-
arrangements in the C-terminal domain of SU (51) and expo-
sure of the fusion peptide in the TM protein. Thus, it is con-
ceivable that the viral receptor could also influence folding of
the nascent viral envelope protein in the ER.

While the correlation between protein folding instability and
neurovirulence is strong, the precise role of protein misfolding
in the pathogenesis of the neurological disease induced by
these viruses remains unresolved by these studies. Activation
of the three parallel signal transduction pathways of the UPR
(driven by Ire1�, ATF6, and PERK) decrease the load of client
proteins on the ER folding machinery and increase the folding

FIG. 6. Both folding instability and ER retention were determined
by the RBD of FrCasNC. NIH 3T3 cells were infected with F43,
FrCasNC, and the chimeric viruses shown in Fig. 4. (A) Western blots
of lysates from cells infected with viruses containing the RBD of F43
(FrCasNC served as a positive control). (B) Western blots of lysates
from cells infected with viruses containing the RBD of FrCasNC (F43
served as a negative control). Lysates were immunoprecipitated with
anti-SU antiserum and immunoblotted with either anti-SU or anti-BiP,
as described in the legend to Fig. 5. The two deletions in PRR of the
CasBrE envelope protein accounts for the differences in size of the
envelope proteins of these viruses. Thus, viruses containing the PRR of
F43 (FC424, CF223, and CFC) have envelope proteins of comparable
molecular size to F43. The virus FC223 contains the PRR of CasBrE,
and its envelope proteins are comparable in size to those of FrCasNC.
The relative ratios of pr85env (asterisks) and SU protein (dots) suggest
that, like the envelope protein of FrCasNC, the envelope proteins of
CFC and CF223 were retained in the ER. In addition, like FrCasNC,
BiP (arrowheads) was coprecipitated with the envelope proteins of
CFC and CF223, both of which contain the RBD of FrCasNC (see Fig.
4). For viruses that exhibited detectable BiP binding, the relative levels
of BiP coprecipitated with anti-SU is shown in panel C. Pixel density
was normalized to total pr85env in each lysate and expressed as a
percentage of BiP coprecipitated in lysates of FrCasNC-infected cells.
The results are cumulative data from three independent experiments.
The numbers above each bracket represents the P values calculated by
using one-way ANOVA (repeat measures test).
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capacity of the ER, all of which represents prosurvival re-
sponses. Concomitantly, however, the UPR also activates pro-
apoptotic signaling (29, 43, 44). The activation of cell death
pathways by neurovirulent murine retroviruses has been stud-
ied primarily using another neurovirulent murine retrovirus,
MoMLVts1. Like FrCasNC, the envelope protein of
MoMLVts1 misfolds in the ER and activates the UPR (26). In
addition, MoMLVts1-infected cells exhibit activation of ER-
associated caspase 12 (26), JNK (24), and BAX (25), in addi-
tion to the proapoptotic transcription factor CHOP (26). What
is not clear, however, is whether these potentially cytotoxic
responses are actually involved in the demise of the target cells
of these viruses in the brain. For instance, although CHOP
protein is upregulated specifically in the cells in the brain
exhibiting signs of cytopathology (4, 26), the neurovirulence of
MoMLVts1 (4) and FrCasNC (unpublished data) is undimin-
ished in CHOP�/� mice. Nevertheless, the upregulation of
CHOP may represent a surrogate marker for some other ef-
fector molecules that may be activated by the same upstream
pathway that also upregulates CHOP. The upregulation of
CHOP occurs downstream of the activation of the ER kinase
PERK, and it has been suggested that persistent activation of
this arm of the UPR in chronic ER stress is associated with cell
death (28), although the precise mechanisms are not yet un-
derstood.

On the other hand, both MoMLVts1 (42) and FrCasNC

(unpublished data)-infected cells exhibit signs of oxidative
stress associated with the accumulation of reactive oxygen spe-
cies (ROS), and treatment of mice with the antioxidant
monosodium �-luminol renders them partially resistant to the
neurovirulence of MoMLVts1 (21). Although the source of the
ROS has not been identified, it has been estimated that up to
25% of the total ROS generated by the cell is a consequence of
oxidative protein folding in the ER (50). The formation of
disulfide bonds results in the transport of electrons from client
proteins through protein disulfide isomerase to ERO1 and
ultimately to molecular oxygen. It would be expected, there-
fore, that misfolding of retroviral envelope proteins, which
contain multiple disulfide bonds (11 disulfides in the case of
FrCasNC), would place a high demand on the redox balance of
the cell. Thus, it is conceivable that while the cytotoxicity
of these viruses is driven by the accumulation of misfolded
envelope protein, it is oxidative stress rather than the UPR that
ultimately activates the cell death pathways (42).

One of the more puzzling aspects of this disease is the
cellular specificity of the toxicity. These viruses infect many
different cell types in the brain, including microvascular endo-
thelial cells, a variety of glial cells, and even certain popula-
tions of neurons (16, 31). Nevertheless, virus-induced cytopa-
thology is observed predominantly in a subpopulation of
infected oligodendrocytes, which appear to represent cells in
an early stage of differentiation, and it is only these cells that
exhibit signs of ER stress (4). The cell type specificity of the
ER stress is supported by a recent microarray study that failed
to detect signs of ER stress in infected microglial cells (10), a
cell type in the brain that is heavily infected by FrCasNC (31).
This implies that in infected microglial cells and by extension in
endothelial cells and neurons, ER homeostasis is either not
upset by FrCasNC or the cells are able to rapidly adapt to the
influx of misfolded proteins. Oligodendrocytes, on the other

hand, appear to be particularly vulnerable to the loss of ho-
meostasis in the secretory pathway (15, 30, 40). This is thought
to be a consequence of the large burden on the ER imposed by
the myelin-forming function of these cells.

It is unclear whether the clinical disease induced by the
neurovirulent retroviruses is a consequence of the death of
oligodendrocytes or due to a bystander effect on neurons.
Certainly, there is little evidence of demyelination in this dis-
ease. Furthermore, the observation that transgenic mice over-
expressing BCL2 specifically in neurons are partially resistant
to neurovirulence of CasBrE (22) suggests that the clinical
manifestations of this disease are due to the loss of trophic
support and secondary dysfunction or death of neurons, which
have been shown not to be infected by these viruses (23).

Although the neurovirulent murine retroviruses FrCasNC

and MoMLVts1 induce ER stress and activate the UPR, the
role of the protein misfolding in the pathogenesis of the neu-
rodegenerative disease caused by these viruses has remained
tenuous. The results of the present study suggest that there
exists a direct relationship between the severity of the neuro-
logical disease and the degree of protein misfolding, strength-
ening the notion that this disease represents a protein folding
disorder caused by a virus.
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