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JC virus promoter/enhancers contain TATA
box-associated Spi-B-binding sites that support
early viral gene expression in primary astrocytes
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JC virus (JCV) is the aetiological agent of the demyelinating disease progressive multifocal
leukoencephalopathy, an AIDS defining illness and serious complication of mAb therapies. Initial
infection probably occurs in childhood. In the working model of dissemination, virus persists in the
kidney and lymphoid tissues until inmune suppression/modulation causes reactivation and
trafficking to the brain where JCV replicates in oligodendrocytes. JCV infection is regulated
through binding of host factors such as Spi-B to, and sequence variation in the non-coding
control region (NCCR). Although NCCR sequences differ between sites of persistence and
pathogenesis, evidence suggests that the virus that initiates infection in the brain disseminates via
B-cells derived from latently infected haematopoietic precursors in the bone marrow. Spi-B binds
adjacent to TATA boxes in the promoter/enhancer of the PML-associated JCV Mad-1 and Mad-4
viruses but not the non-pathogenic, kidney-associated archetype. The Spi-B-binding site of
Mad-1/Mad-4 differs from that of archetype by a single nucleotide, AAAAGGGAAGGGA to
AAAAGGGAAGGTA. Point mutation of the Mad-1 Spi-B site reduced early viral protein large
T-antigen expression by up to fourfold. Strikingly, the reverse mutation in the archetype NCCR
increased large T-antigen expression by 10-fold. Interestingly, Spi-B protein binds the NCCR
sequence flanking the viral promoter/enhancer, but these sites are not essential for early viral gene
expression. The effect of mutating Spi-B-binding sites within the JCV promoter/enhancer on early
viral gene expression strongly suggests a role for Spi-B binding to the viral promoter/enhancer in
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the activation of early viral gene expression.

INTRODUCTION

JC virus (JCV) is the aetiological agent of the often fatal
demyelinating disease progressive multifocal leukoencepha-
lopathy (PML). PML is an AIDS defining illness in 1-3 % of
human immunodeficiency virus-positive patients and is a
complication for patients with autoimmune diseases treated
with immune modulatory therapies including natalizumab,
rituximab and CellCept (Berger, 2010; Major, 2010). PML
is caused by replication of JCV in and destruction of
oligodendrocytes, which leads to cognitive deficits and
motor dysfunction in patients. Although PML is a rare
disease that afflicts the immune suppressed, the majority of
the world population has been exposed to, and is
seropositive for, JCV (Boothpur & Brennan, 2010). JCV
can persist in a variety of compartments including the
kidney, CD34" precursor cells in bone marrow, and B-cells
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in lymphoid tissues and the brain (Brew et al, 2010). JCV
activity in sites of persistence, and ultimately development
of PML, is restricted by viral non-coding control region
(NCCR) variation and activation of gene expression from
the NCCR by essential host cell factors (Marshall & Major,
2010). Maintenance of JCV NCCR sequences in cells of the
lymphoid lineage similar to those present in PML tissue
prior to PML diagnosis suggests that these cells may act as
reservoirs of latent virus (Brew et al, 2010; Major, 2010;
Marshall & Major, 2010; Tan et al, 2009).

JCV gene expression and viral DNA replication are directed
from specific sequences within the NCCR, which physically
separates the early and late gene coding regions (Frisque,
1983; Frisque et al., 1984). The NCCR contains the highly
conserved origin of DNA replication (ORI) followed by a
highly variable segment that contains promoter/enhancer
elements. Promoter/enhancer sequences can differ between
sites of persistence and pathogenesis in a single patient and
in the ability to direct gene expression (Gosert et al., 2010;
Martin et al., 1985; Martin & Li, 1991; Marzocchetti et al.,

035832  Printed in Great Britain

651



L. J. Marshall and others

2008; Tan et al, 2009, 2010). The original isolates of JCV,
Mad-1 and Mad-4, were obtained from PML tissue and are
considered representative for use in laboratory studies.
Another JCV sequence used in the laboratory, archetype,
was isolated from the urine of a persistently infected
healthy individual and is replication incompetent in tissue
culture (Daniel et al., 1996; Hara et al., 1998). Importantly,
the promoter/enhancer sequences from JCV present in
PML tissues differ between patients (Ault & Stoner, 1993;
Gosert et al., 2010; Jensen & Major, 2001; Martin et al.,
1985; Marzocchetti et al., 2008; Tan et al., 2010; Vaz et al.,
2000) and are associated with increased viral activity over
the representative laboratory viruses described above
(Gosert et al., 2010; Martin & Li, 1991; Reid et al., 2011).
Promoter/enhancer sequences isolated from patient tissues
are composed of variations in the combination of five
blocks of sequence, designated a—e, that make up the
minimal archetype promoter/enhancer associated with
persistence in the kidney shown in Fig. 1(c). The PML-
associated Mad-1 virus shown in Fig. 1(a) encodes a
promoter/enhancer that contains direct tandem repeats of
the a—c—e blocks of sequence (Frisque, 1983; Frisque et al.,
1984). Additional promoter/enhancer sequences that
contain tandem repeats, including Mad-4 shown in Fig.
1(b) and Mad-8, are consistently associated with JCV
present in the lymphoid compartment and the brain, where
sequences similar to the kidney-associated archetype are
rarely detected (Gosert et al., 2010; Jensen & Major, 2001;
Tan et al., 2009).

Tandem repeat promoter/enhancers contain duplications
of elements that are essential to transcriptional activity,
such as TATA boxes and transcription factor-binding sites,
which contribute to their potency. For example, tandem
repeat promoter/enhancers contain multiple binding sites
for Oct-6/tst-1/SCIP (Krebs et al., 1995; Sock et al., 1999),
pura (Chen & Khalili, 1995) and YB-1 (Chen & Khalili,
1995; Kerr et al., 1994) that promote viral activity in glial
cells, as well as NF-1 (Kumar et al., 1996; Monaco et al.,
2001) and Spi-B (Marshall et al., 2010) that promote viral
activity in lymphoid cells and glial cells. Because JCV
persists in cells undergoing lymphoid maturation and may
traffic to the brain in B-cells, host factors specific to these
cells types, such as Spi-B, could be important for viral
dissemination and pathogenesis. In accordance with this
hypothesis, Spi-B has been shown to be upregulated in
peripheral blood mononuclear cells, a subset of which are
capable of harbouring latent JCV, in response to treatment
with natalizumab, a known risk factor for the development
of PML (Lindberg et al., 2008).

Spi-B is an ETS transcription factor that activates pro-
moters for genes involved in B-cell maturation (Bartel et al.,
2000; Gallant & Gilkeson, 2006) as well as some viral
promoters (Dekoninck et al., 2003; Erselius et al., 1990;
Laux et al., 1994; Petterson & Schaffner, 1987). Spi-B binds
to 5'-RGAA-3" core sequences (Rao et al., 1999) and can
cooperate with retinoblastoma protein and TATA-binding
protein (TBP) to affect expression of proteins involved in
B-cell maturation (Hagemeier et al., 1993; Mao et al., 1996;
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L2 ~ ACAAGGGAATTTC L4  CAAGGGGAAGGGA L8  CCAAGGGAACATG sequences are listed according to location in
E1 TACTCAGAAGTAG L5 AARAAGGGAAGGGA L18  GAAGTGGAAAGCA the pre-origin sequence, the promoter or the
E2 GCCAGGGAAATTC L14  TATAGTGAAACCC post-promoter sequence.
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Rao et al., 1999; Weintraub et al., 1995). Spi-B is expressed
at high levels in developing and mature B-cells (Ray et al,
1992; Su et al., 1996), and glial cells (Marshall et al., 2010).
Spi-B binding to sites present in the promoter/enhancer
of PML-associated JCV variants was recently described
(Marshall et al., 2010). Interruption of Spi-B-binding sites
by site-directed mutagenesis demonstrated that a unique
site present in the second repeat of Mad-4 was essential for
viral activity. In this study, we demonstrate that although
Spi-B sites outside the promoter/enhancer in the JCV
NCCR are not essential, TATA-box-associated Spi-B-
binding sites within the promoter/enhancer are essential
for efficient early viral gene expression in glial cells.
Strikingly, a single nucleotide change between the
sequences present in the binding sites located in the
Mad-1/Mad-4 and the archetype promoter/enhancers was
sufficient to abrogate Spi-B binding and had significant
effect on early viral gene expression.

RESULTS

Spi-B binds sites present outside the promoter/
enhancer within the JCV NCCR

Potential Spi-B-binding sites were identified in the
conserved NCCR sequence upstream of the origin (L1,
L2, E1 and E2) and downstream of the promoter/enhancers
(L6, L18 and L8) of the Mad-1, Mad-4 and archetype JCVs
[shown in Fig. 1(a), (b) and (c), respectively] using the
criteria of a RGAA core based on the Spi-B consensus site
that was described previously (Laux et al., 1994). Although
promoter/enhancer sequences are highly variable between
isolates of JCV from PML patients, the sequences flank-
ing either side of the promoter/enhancers are conserved
(Jensen & Major, 2001). Binding sites identified on the late
strand (named with an L) and sites identified on the early
strand (named with an E) are listed in Fig. 1(d).

The association of Spi-B protein with potential binding sites
was measured by electromobility shift assay (EMSA) using
whole-cell extracts from cells susceptible to JCV infection
including BJAB (B-cell line), KG-1a (CD34™ surrogate cell
line) and progenitor-derived-astrocytes (PDA). Cell extracts
were incubated with double-stranded oligonucleotide probes

containing the Spi-B-binding sites listed in Table 1, or
the SV40 Spi-B site as a positive control (Petterson &
Schaffner, 1987). Fig. 2(a) illustrates that a subset of potential
binding sites located upstream of the origin (L2) or
downstream of the promoter/enhancers (L6 and L8) did
not bind protein present in any cell type tested, suggesting
the inactivity of these sites in the cells tested. However, the
probe for the L1-binding site, located upstream of the origin,
bound protein expressed in BJAB as shown in Fig. 2(c).
Incubation of the L1 probe with cellular extract resulted in
the formation of a single protein—-DNA complex consistent
among cell types (Table 1). This complex was competed by
200 molar excess of unlabelled oligonucleotide probe.
Alteration of the L1 Spi-B site core from GGAA to CCAA
abrogated complex formation as demonstrated previously
for other Spi-B-binding sites (Dekoninck et al., 2003; Laux
et al., 1994; Marshall et al., 2010). Addition of Spi-B anti-
serum caused a supershift of the original complex, similar to
that observed with the SV40 Spi-B-binding site shown in Fig.
2(b), indicating that the protein bound to the L1 probe in the
shifted complex is Spi-B. A white band appears in the
supershift lanes requiring lengthy exposures (>3 h) and is
due to excessive serum proteins present in the Spi-B
antiserum.

Identical EMSAs were carried out for the potential binding
sites E1, E2 and L18; however, these probes only bound
protein expressed in PDAs as shown in Fig. 2(d-f).
Complex formation was competed by 200 molar excess
of unlabelled probe and mutation of the L18 and L1 Spi-B-
binding site cores to CCAA resulted in abrogation of
complex formation. Formation of the complex with the E2
probe was not significantly affected by the alteration of the
Spi-B-binding site core as shown in Fig. 2(f). However,
addition of Spi-B antiserum did cause a supershift of the
complexes for each binding site, indicating that Spi-B
protein was bound to probe even in the case of the E2 site.
These results suggest that binding of Spi-B protein to the
E2 probe is not completely dependent on the presence of
the RGAA core sequence. Several reports indicate that Spi-
B binding is also heavily dependent upon the sequence
flanking the RGAA core as well as interactions with other
protein complex cofactors on the target DNA (Carvalho &
Derse, 1993; Pongubala et al., 1992; Wasylyk et al., 1993).

Table 1. Spi-B-binding sites present outside the promoter/enhancer in the JCV NCCR

Binding site Sequence (5’-3") Location (DNA strand) EMSA binding
(BJAB/KG-1a/PDA)
L1 AAAAGGGAAAAAC Pre-origin (late strand) ++H+
L2 ACAAGGGAATTTC Pre-origin (late strand) e
L6 CAAGGGGAAGTGG e—f (late strand) —/—/—
L8 CCAAGGGAACATG f (late strand) —/—/—
L18 GAAGTGGAAAGCA f (late strand) -+
El TACTCAGAAGTAG Pre-origin (early strand) —/-H+
E2 GCCAGGGAAATTC Pre-origin (early strand) /-
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Fig. 2. Spi-B binds sites present outside the
promoter/enhancer within the JCV NCCR.
EMSAs were performed using BJAB, KG-1a
or PDA cell extract and biotin-labelled oligonu-
cleotide probes for the JCV L2, L6, L8 Spi-B-
binding sites (a) and the SV40 Spi-B-binding
site as a positive control for Spi-B protein—-DNA
complex formation. Representative EMSAs
using: BJAB cell extract and biotin labelled
oligonucleotide probes for the SV40 (b) and
JCV L1 (c) Spi-B-binding sites; or PDA cell
extract for the L18 (d), E1 (e) and E2 (f) Spi-
B-binding sites are shown. Biotinylated
authentic binding site probe was incubated
with cell extract alone or in combination with
200-fold excess unlabelled oligonucleotide
competitor or Spi-B antiserum (b—f). Biotiny-
lated mutant probe was incubated with cell
extract to demonstrate specificity for the
Spi-B-binding site core (b—f). The results pre-
sented are representative of three independ-
ent experiments.

For example, the single G to T change in nucleotide
sequence between the 3’ end of the JCV L5 and L3 Spi-B-
binding sites is sufficient to completely abrogate complex
formation (Marshall et al., 2010).

consistent measurement by fluorescent microscopy. Fig. 3
demonstrates that mutation of the L1, L18, E1 and E2 Spi-B
site cores had no significant affect on T-antigen mRNA or
protein expression. These results suggest that although Spi-B

can bind to sequences present outside the promoter/

Mutation of Spi-B sites outside the promoter/
enhancer region does not affect early viral gene

expression in PDAs or PDA).

To determine if the Spi-B sites outside the promoter/
enhancer that bind Spi-B protein in EMSAs are important
for viral activity, site-directed mutagenesis was used to
generate plasmids with a GG to CC mutation in the Spi-B
site core of the L1-, L18-, E1- and E2-binding sites in Mad-4
JCV. Plasmids containing wild-type Mad-4, L1 mutant
Mad-4, L18 mutant Mad-4, E1 mutant Mad-4 and E2
mutant Mad-4 were introduced into cells that permit

enhancer within the JCV NCCR, these sites do not affect
early viral gene expression in cells derived from the highly
susceptible human astrocytes (progenitor-derived-astrocytes

Point mutation of the L5-binding sites in the
Mad-1 promoter/enhancer significantly impairs
early viral activity in PDAs

Spi-B-binding sites were previously identified in each of
the 98 bp units of the tandem repeat promoter/enhancers

efficient JCV infection, PDAs, via nucleofection. It is

important to note that in this and all subsequent experi- § 407 MRNAEprotein 10 5%
ments, both the nucleofection and quantification was 2 gz
performed double-blinded in three or more independent ;%f,, I a3

. . o C i
experiments. Four days after nucleofection total RNA was <8 . I . £8
isolated and the JCV early gene T-antigen mRNA expression €5 1 & e B a
was measured by one-step quantitative reverse transcrip- 58 £s
tion-PCR (qRT-PCR). All qRT-PCRs performed in this g E I I —
study include samples tested without reverse transcriptase il 106 . . . ; i B e

to determine viral genomic DNA contamination. Eight

Wild-type

L1mutant  L18 mutant  E1 mutant  E2 mutant

days after nucleofection, T-antigen protein expression was
quantified by blindly counting T-antigen protein-positive
cells using immunofluorescence and is expressed as a
fold-change over wild-type Mad-4 in Fig. 3. Although
T-antigen protein can be detected as early as 5 days post-
nucleofection, quantification was performed at 8 days post-
nucleofection to allow for sufficient accumulation for

Fig. 3. Mutation of Spi-B sites outside the promoter/enhancer
region does not affect early viral activity in PDAs. JCV T-antigen
mRNA is represented as total copies per 50 ng of RNA along with
sb (light grey). The number of T-antigen protein-positive cells was
quantified on a per cell basis and is represented as a fold-change
over the wild-type Mad-4 plasmid along with sp (dark grey).
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of Mad-1 and Mad-4 JCV as shown in Fig. 1. Mutational
analysis of these sites revealed that the L4 Spi-B site core
present in the second repeat of Mad-4 was required for
viral activity in PDAs, while mutation of the L5 Spi-B-
binding site core present in the first repeat did not affect
viral activity (Marshall et al., 2010). Given the potency of
the L4-binding site on viral activity, the intact L4 site
in the second repeat of the L5 Spi-B-binding site mutant
may have been able to compensate for the loss of the L5-
binding site. Because mutation of the L4 site abrogates viral
infection it was important to determine the impact of
mutation of the L5-binding site in the absence of a second
repeat. Site-directed mutagenesis was used to generate a
plasmid with the GG to CC mutation of the L5-binding
site core in a single a—c—e promoter/enhancer. Plasmids
containing Mad-4, a—c—e, and L5 mutant a—c—e shown in
Fig. 4(a—c) were introduced into PDAs via nucleofection.
Four days post-nucleofection total RNA was isolated and
early T-antigen mRNA expression was measured by one-
step qRT-PCR. Eight days post-nucleofection, T-antigen
protein expression was quantified by blindly counting T
protein-positive immunostained cells. Fig. 4(d) demon-
strates that deletion of the second a—c—e significantly
reduced both T-antigen mRNA and protein expression.
Mutation of the remaining L5-binding site core in the
single a—c—e did not significantly affect T-antigen mRNA or
protein expression.

Spi-B protein binding to target sequences is also heavily
dependent upon the regions flanking the RGAA core

(Carvalho & Derse, 1993; Laux et al.,, 1994). In the case of
TATA box-associated JCV Spi-B-binding sites, a single G
to T nucleotide change between the 3’ end of the L5 (Mad-
1/Mad-4) and L3 sites (archetype) is sufficient to abrogate
complex formation (Marshall et al, 2010). Site-directed
mutagenesis was used to generate plasmids with G to T
point mutations in the L5 Spi-B-binding sites of the first or
second repeat of the Mad-1 promoter/enhancer, in effect
converting active L5-binding sites into inactive L3-binding
sites. Plasmids containing wild-type Mad-1, and L5 to L3
mutants in the first or second repeat of Mad-1 shown in
Fig. 5(a—c) were introduced into PDAs via nucleofection.
Four days post-nucleofection, total RNA was isolated and
early T-antigen mRNA expression was measured by one-
step qRT-PCR. Eight days post-nucleofection, T-antigen
protein expression was quantified by blindly counting T-
antigen protein-positive immunostained cells. Fig. 5(d)
demonstrates that converting an active L5 Spi-B-binding
site to an inactive L3-binding site via a single nucleotide
change was sufficient to significantly impair the ability of
the virus to express the early gene T-antigen. Mutation of
the first L5 site reduced T-antigen mRNA expression by
2.9-fold and T protein expression by fourfold. Mutation of
the second L5 site reduced T-antigen mRNA expression by
2.4-fold and T-antigen protein expression by 2.3-fold.
Because the sequence including the first L5-binding site lies
near the JCV origin of DNA replication and has been
implicated in the control of late transcription, mutation
of this site may also play a role in late events. Ten days
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Fig. 4. Deletion of the second repeat in the
Mad-4 promoter/enhancer reduces early viral
activity in PDAs. The NCCR sequences for
Mad-4 (a), single a—c—e Mad-4 (b) or L5
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Fig. 5. Point mutations converting an L5 Spi-B-binding site to an L3 Spi-B-binding site in the Mad-1 promoter/enhancer
reduces early viral activity in PDAs. The NCCR for wild-type Mad-1 (b) and L5-L83 point mutants for the first (a) or second (c)
repeats within the Mad-1 promoter/enhancer are represented in a diagram form. JCV T-antigen mRNA is represented as 2x10°
copies per 50 ng RNA along with sb (d, light grey). The number of T-antigen protein-positive cells was quantified on a per cell
basis and is represented as a fold-change over the wild-type Mad-1 plasmid along with sb (d, dark grey). JC virus DNA is
represented as 2x10° copies per 50 ng total DNA along with sb (). An asterisk denotes the following statistically significant
changes in value of MRNA: L5-L3 mutant first repeat, P=0.0006; L5—-L3 mutant second repeat, P=0.0009. Two asterisks denote
the following statistically significant change in value of protein: L6-L3 mutant first repeat, P=0.0076; L5-L3 mutant second
repeat, P=0.0059. An asterisk denotes a statistically significant change in JC virus DNA for the L5-L3 mutant first repeat,

P=0.01.

post-nucleofection, total DNA was isolated and JCV DNA
was detected using quantitative (q)PCR. Fourteen days
post-nucleofection, total RNA was isolated and late gene
VP-1 mRNA expression was measured by qRT-PCR. Fig.
5(e) shows that point mutation of the L5 site in the first
repeat, but not the second repeat, reduced viral DNA
replication by fivefold. A similar trend was observed for
VP-1 mRNA expression; however, the results were not
statistically significant (data not shown). Taken together
these results suggest that the L5 Spi-B-binding sites
adjacent to TATA boxes in JCV promoter/enhancers
contribute to early viral gene expression and that the 3’
sequence flanking the core binding site is important for this
function. In addition, the L5 Spi-B site in the first repeat is
important to viral DNA replication, and to a lesser extent
late gene expression, which is most probably due to the
proximity to the origin of DNA replication and late gene
start sites.

A point mutation converting the L3 Spi-B-binding
site to an L5 Spi-B-binding site is sufficient to
activate early viral gene expression from the
archetype promoter in PDAs

Archetype JCV is replication incompetent in tissue culture
(Daniel et al., 1996; Hara et al., 1998) and archetype-like
variants of JCV are rarely associated with PML (Gosert
et al, 2010; Jensen & Major, 2001). As described
previously, the active Spi-B-binding sites present in the
promoter/enhancer of Mad-1 and Mad-4 (L5) differ from
the inactive site present in archetype (L3) by a single
nucleotide on the 3" end of the binding site (Marshall et al.,
2010). Site-directed mutagenesis was used to generate a
plasmid with a G to T point mutation in the Spi-B-binding
site of the archetype promoter/enhancer, in effect convert-
ing the inactive L3-binding site into an active L5-binding
site. Plasmids containing Mad-4, wild-type archetype and
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Fig. 6. A point mutation converting the L3 Spi-B-binding site to an L5 Spi-B-binding site is sufficient to activate early viral gene
expression from the archetype promoter in PDAs. The NCCR sequences for wild-type archetype (a) and the L3-L5 point
mutant archetype (b) are represented in a diagram form. JCV T-antigen mRNA is represented as total copies per 50 ng RNA
along with sD (d, light grey). Eight days post-nucleofection, indirect immunofluorescence was performed to visualize T protein-
positive cells. In the merged images, DNA is shown in blue and T-antigen is shown in red (c). Mad-4, panel (i); archetype, panel
(i)); and L3-L5 mutant archetype, panel (iii). Bar, 500 um at x20 magnification. The number of T-antigen protein-positive cells
was quantified on a per cell basis and is represented as a fold-change over the archetype plasmid along with sb (d, dark grey).
An asterisk denotes the following statistically significant changes in value of mRNA. L3-L5 mutant, P=5.40x107°. Two
asterisks denote the following statistically significant change in value of protein, 2.08x107°, JCV DNA is represented as total

copies per 50 ng DNA along with sb.

the L3-L5 mutant archetype shown in Fig. 6(a-b) were
introduced into PDAs via nucleofection. Four days post-
nucleofection, total RNA was isolated and early gene T-
antigen mMRNA expression was measured by one-step
gqRT-PCR. Eight days post-nucleofection, T-antigen protein
expression was quantified by blindly counting T-antigen-
positive immunostained cells. T-antigen protein expression
is represented as a fold-change over archetype. T-antigen
protein expression was rarely observed from the wild-type
archetype plasmid as shown in Fig. 6(c) panel (ii). T-antigen
protein expression was observed from the L3-L5 mutant
archetype plasmid as shown in Fig. 6(c) panel (iii) similar to
levels observed from the Mad-4 plasmid as shown in Fig.
6(c) panel (i). Strikingly, Fig. 6(d) illustrates that T-antigen
protein expression from the mutant promoter was increased
9.3-fold over the wild-type archetype promoter, while T-
antigen mRNA expression was increased 6-fold over the
wild-type archetype promoter. Ten days post-nucleofection,
total DNA was isolated and JCV DNA was detected using
qPCR. Fourteen days post-nucleofection, total RNA was
isolated and late gene VP-1 mRNA expression was measured
by qRT-PCR. Fig. 6(e) shows that creation of an L5 site in
the archetype promoter slightly enhances viral DNA
replication, while VP-1 RNA and protein expression was

not observed up to 21 days post-nucleofection (data not
shown). Taken together these results clearly demonstrate
that creation of an active Spi-B site is sufficient to activate
gene expression from the archetype promoter in PDAs, but
is not enough to activate viral DNA replication and late gene
expression. This observation may predict changes that
occur, which increase a virus’ pathogenic potential in
that these viruses have a selective growth advantage in
susceptible cells.

DISCUSSION

NCCR sequences flanking the hypervariable promoter/
enhancer of JCV are conserved between viral isolates
(Jensen & Major, 2001) and contain Spi-B-binding sites. In
this study, sites that actively bound Spi-B protein expressed
in JCV susceptible cell types are present both in the early
and late sides of the origin of DNA replication (Figs 1 and
2). However, mutation of these sites resulted in no effect
on the ability of the virus to initiate early gene expression
in PDAs (Fig. 3). The NCCR sequence on the early side of
the origin contains a site that binds NF-xB, C/EBPf and
NFAT4, and has been implicated in modulation of JCV
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gene expression in response to cytokines (Manley et al.,
2006; Mayreddy et al., 1996; Ranganathan & Khalili, 1993;
Romagnoli et al., 2009; Safak et al, 1999). The binding of
NEF-1 protein to sites present in NCCR sequence on the late
side of the promoter/enhancer has been described pre-
viously (Amemiya et al., 1989, 1992); however, binding of
NF-1 to this region has been shown to be dispensable
for viral gene expression (Kumar et al, 1996). Natural
alterations in these flanking sequences are rarely observed
and in most cases these sequences are completely conserved
between pathogenic and non-pathogenic JCV isolates.
Because non-pathogenic JCV isolates, such as archetype,
are replication incompetent in tissue culture, it is probable
that while host cell factor binding in the flanking regions
contributes to viral activity, it is not essential. The
hypervariable promoter/enhancer of JCV contains the
majority of elements necessary for initiating viral gene
expression, including TATA boxes and transcription
factor-binding sites (Marshall & Major, 2010). In addition,
the promoter/enhancer region varies between each patient,
and isolates with changes in this sequence from the
archetype and or prototype viruses have been associated
with increased viral infection (Gosert et al., 2010; Martin
& Li, 1991). For this reason the promoter/enhancer is
considered to be the portion of the NCCR that confers
tissue tropism and supports pathogenesis.

Mutational analysis of the Spi-B-binding sites present in
the promoter/enhancer of Mad-4, Mad-1 and archetype
clearly demonstrates that these mutated Spi-B sites present
are important for early viral gene expression in PDAs. Spi-B-
binding sites in the promoter/enhancer of JCV variants are
located directly adjacent to TATA boxes, or in place of the
TATA box for the L4 site, that are essential for transcription
of early and late viral genes. Spi-B is an ETS transcription
factor that can cooperate with pRB and TATA-binding
protein (TBP) to alter expression of proteins involved in B-
cell maturation (Gallant & Gilkeson, 2006; Rao et al., 1999).
TBP binds TATA box elements in promoters and is a subunit
of the basal transcription complex TFIID, which increases
RNA polymerase 1I activity (Hochheimer & Tjian, 2003).
Recruitment of the TFIID complex to JC viral promoters by
Spi-B and TBP is an attractive model for activation of JCV
gene expression. Importantly, the binding of SV40 T-antigen
to TBP-TAFII (TBP-associated factors) complexes (Zhai
et al., 1997) and TFIID (Damania & Alwine, 1996) is critical
for transcriptional activation, and evidence suggests a similar
role for JCV T-antigen (Rekvig, 1997). The proximity of T-
antigen-binding sites, TATA boxes and Spi-B-binding sites
on the JCV promoter/enhancer suggests that T-antigen
and Spi-B may cooperate in recruitment of transcriptional
apparatus components in immune cells, similar to the
cooperation of T protein and Oct-6/tst-1/SCIP in glial cells
(Krebs et al., 1995; Sock et al., 1999).

As shown in Fig. 6, archetype JCV expresses early T-antigen
mRNA at reduced levels compared with Mad-4, and rarely
supports expression of observable T-antigen protein in
PDAs. Archetype JCV is replication incompetent in tissue

culture and is associated with asymptomatic persistence in
the kidney of normal healthy individuals (Daniel et al.,
1996; Hara et al, 1998). Although archetype-like JCV
sequences have been isolated from PML tissue, these viral
sequences consistently contain mutations and deletions
(Jensen & Major, 2001). The sequence encoding the inactive
archetype Spi-B site, AAAAGGGAAGGTA, is conserved
among viruses isolated from the urine of healthy individuals
(Agostini et al., 1998; Delbue et al., 2005; Elsner & Dorries,
1998; Gosert et al., 2010; O’Connor et al., 2005; Pagani et al.,
2003; Reid et al, 2011; Vaz et al., 2000). Fig. 6(c—d) shows
the novel observation of one such point mutation that
creates an active Spi-B-binding site directly adjacent to the
archetype TATA box (L3-L5 mutant archetype), which
converts archetype to a biologically active virus capable of
expressing both T-antigen mRNA and T-antigen protein at
significantly increased levels over wild-type. Importantly,
similar mutations that create active Spi-B-binding sites
adjacent to the TATA boxes of archetype-like viruses have
been described in the brain of a patient with cerebellar
atrophy (Roux et al, 2011) and Crohn’s disease patients
treated with infliximab (Bellizzi et al., 2011), suggesting that
this type of mutation is supported during dissemination in
the host. JCV DNA isolated from a patient’s tissue
containing similar archetype sequences with an active Spi-
B site downstream of the TATA box increases T-antigen
gene expression (data not shown, unpublished results).
Therefore, the changes observed in the sequences obtained
from PML patients may represent alterations that make the
virus more successful and ultimately contribute to patho-
genesis. Future analyses of alterations and acquisitions of
unique transcription factor-binding sites naturally occurring
in patients will probably offer more insight into the role of
these factors in viral pathogenesis.

In this study, we have identified Spi-B-binding sites that
bound Spi-B protein expressed in cells derived from
human fetal brain (PDAs), but not from the immune
system (KG-la and BJAB cells) (Fig. 2). These results
indicate a difference between Spi-B expressed in the brain
and B-cells. Spi-B protein expression appears identical
when proteins are examined by protein blotting with Spi-B
antibody (Marshall et al., 2010); therefore, the difference is
unlikely due to the presence of the second Spi-B isoform,
which results from alternative splicing and contains an
observable change in molecular mass (Ray-Gallet et al,
1996). In addition, the second Spi-B isoform is missing the
ETS domain that binds DNA and has been shown to be
incapable of binding Spi-B probes by EMSA. Spi-B can be
phosphorylated (Mao et al., 1996), which would not cause
a significant shift by protein blotting. Investigation into
Spi-B expression in the brain will be essential to any further
understanding of this difference. It will be important to
determine the physiological role of Spi-B in the brain.
Differential binding of Spi-B protein to a viral promoter/
enhancer in different cell types may be another way that the
NCCR confers tissue tropism and supports development
of PML. This work has demonstrated that Spi-B binding

658

Journal of General Virology 93



Spi-B binding to JCV promoter supports viral activity

to the viral promoter contributes to early viral gene
expression in astrocytes; however, Spi-B is naturally
expressed at high levels in developing B-cells. B-cells have
been shown to support the low levels of JCV infection, and
are likely carriers of infectious virus to the brain during
reactivation and dissemination leading to the development
of PML. Activation of Spi-B gene expression in transitional
B-cells that contain latent virus may be an important
step in viral reactivation. Further investigation into the
molecular interactions that occur between Spi-B, protein
co-factors and the JCV NCCR in cells that support latent
(haematopoietic progenitors and B-cells) and productive
(astrocytes and oligodendrocytes) infection will offer addi-
tional insight into molecular pathogenesis, reactivation
from latency in lymphocytes and the development of PML.

METHODS

Cells and plasmids. KG-1a cells were maintained in RPMI 1640
medium (Cellgro) supplemented with 20 % FBS (Atlanta Biologicals)
and 2 mM L-glutamine (Quality biologics). BJAB cells were main-
tained in RPMI 1640 medium supplemented with 10% FBS and
2 mM L-glutamine. Human central nervous system progenitor cells
were isolated and differentiated into astrocytes as described previously
(Messam et al., 2003). PDAs were maintained in minimal essential
medium (Cellgro) supplemented with 10 % FBS, 2 mM L-glutamine
and 50 pg gentamicin ml~ ",

Plasmids containing the full-length JCV Mad-4 genome [pMad4
(586)], Mad-1 genome (pMIlrc), and archetype genome (pCY) were
described previously (Frisque et al., 1984; Major et al., 1987; Yogo
et al., 1990). Promoter/enhancer repeat deletion mutants of pMad4
(586) were generated as by-products of site-directed mutagenesis
studies (unpublished results).

Antibodies. A mouse mAb for SV40 T-protein (EMD Calbiochem),
which cross-reacts with JCV T-protein, was used at 5 ug ml ™. The
rabbit pAb for GFAP (Covance) was used at a 1:1000 dilution.
Fluorescent-labelled antibodies qualified for multiple labelling
experiments were obtained from Invitrogen and used at 1-2 ug ml ™.
Spi-B antiserum was generously provided by Dr Moreau-Gachelin of
Institut Curie (Paris, France) (Laux et al., 1994).

Preparation of whole-cell extracts. Whole-cell extracts were
prepared by a modification of the method of Andrews and Faller
(Andrews & Faller, 1991) as described previously (Marshall et al., 2010).

Isolation of total RNA. Total RNA was isolated from PDAs
nucleofected with wild-type and mutant JCV DNA using the
RNeasy plus mini kit (Qiagen) according to the manufacturer’s
instructions. RNA was eluted from the column in nuclease-free water
and quantified on a Nanodrop 8000 (Thermo Scientific).

Isolation of total DNA. Total DNA was isolated from PDAs
nucleofected with wild-type and mutant JCV DNA using the DNeasy
blood and tissue kit (Qiagen) according to the manufacturer’s
instructions. DNA was eluted from the column in nuclease-free water
and quantified on a Nanodrop 8000.

Preparation of Spi-B-binding site mutants. Site-directed muta-
genesis was performed on the pMad4 (586) plasmid, the pMlyc
plasmid and the pCY plasmid to alter Spi-B-binding site sequences
using the QuikChange II XL site-directed mutagenesis kit (Stratagene)
according to the manufacturer’s instructions. Integrated DNA

Technologies (IDT) synthesized sense and antisense oligonucleotide
primers, listed in the Supplementary Table S1 (available in JGV
Online). DNA sequencing was performed to confirm the presence of
each desired mutation as well as the fidelity of the viral sequence by the
NINDS DNA sequencing facility.

Nucleofection. Archetype, Mad-1, Mad-4 and Spi-B-binding site
mutant plasmids were introduced into PDAs by nucleofection using
the Amaxa basic kit for primary neurons (Lonza) according to the
manufacturer’s instructions as described previously (Marshall et al,
2010).

Quantitative immunofluorescence. Immunofluorescence labelling
was conducted on Lipofectamine 2000-transfected and/or nucleofected
cell cultures. Cells were fixed with 4% paraformaldehyde and
permeabilized with 0.2% Triton X-100 before indirect antibody
labelling. Samples were mounted with a glycerol-based mounting
medium containing the DNA dye DAPI and analysed by fluorescence
microscopy by using a Zeiss Axiovert 200M microscope fitted with
filters appropriate for DAPI, Alexa-Fluor-488 and Alexa-Fluor-647
excitation. In three independent experiments, two biological repli-
cates were counted per condition. Four representative micrographs per
replicate were counted and each micrograph contained between 1000
and 3000 total cells.

gPCR. JCV DNA present in nucleofected cells was measured using the
Tagman gene expression master mix reagents (Applied Biosystems)
and the following forward primer (JCT1 5'-AGAGTGTTGGGATC-
CTGTGTTTT-3'), reverse primer (JCT2 5'-GAGAAGTGGGGAT-
GAAGACCTGTTT-3") and FAM/TAMRA-labelled probe (JCT1.1 5'-
6FAMTCATCACTGGCAAACATTTCTTCATGGCTAMRA-3'). Eight
1:10 serial dilutions of 1 ng Mad-1 plasmid (pMltc) ul ! were pre-
pared to generate a standard curve to determine JCV copy number.

gRT-PCR. JCV T-antigen mRNA present in nucleofected cells was
measured using the Tagman one-step RT-PCR master mix reagents
(Applied Biosystems) and the primer/probes described for the qPCR
method. Duplicate reactions were prepared without reverse tran-
scriptase to determine the contribution of signal from contaminating
viral genome and mRNA values were adjusted based on contaminat-
ing DNA values.

EMSA. Sense and antisense oligonucleotides containing the authentic
and mutant sequences of the SV40 Spi-B-binding site, or the JCV Spi-
B-binding sites L1, L2, L6, L8, L18, E1 and E2 listed in the
Supplementary Table S2 (available in JGV Online) were synthesized
with and without 5" biotinylation by IDT. The sense and antisense
oligonucleotide pairs were annealed to form double-stranded probes
at a concentration of 100 ng ml~'. The biotin labelled probes were
diluted 1:200 in water. Biotin-labelled authentic probe or mutant
probe was incubated with 25 pg whole-cell extract from KG-1a cells,
BJAB cells or PDA in the presence or absence of 200-fold excess of
unlabelled authentic probe (competitor). Supershifts were carried out
by incubation of the cellular extracts with 2 ul Spi-B antiserum for
30 min on ice before the addition of probe as described previously
(Laux et al., 1994). The reactions were incubated at room temperature
for 20 min and resolved by electrophoresis in a 6 % polyacrylamide-
TBE DNA retardation gel (Invitrogen). The complexes were transfer-
red to a positively charged nylon membrane and detected using the
LightShift chemiluminescent EMSA kit (Thermo Scientific/Pierce).
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