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Cajal bodies (CBs) are subnuclear structures involved in RNA metabolism. Here we show that, following
infection of HeLa cells by adenovirus type 5 (Ad5), CBs fragment and form ordered structures, which we have
termed “rosettes”. Formation of CB rosettes was prevented by inhibition of viral DNA synthesis and preceded
expression of the L4-33K protein. CB rosettes localised to the periphery of E2A-72K-containing replication
centers and to the edges of ASF/SF2 and hnRNP A1 ring structures that demarcate sites of viral transcription
and splicing. At later times of infection, CB rosettes were undetectable. Furthermore, knock-down of p80-
coilin (the major structural protein of CBs) by RNA interference reduced the yield of infectious Ad5 and
expression of the late proteins IIIa (from L1), hexon (from L3) and fiber (from L5), whereas the E2A-72K
protein was unaffected. We conclude that CBs have an important role in the expression of adenovirus major
late gene products.
arabinoside; Cajal, (or coiled)
icity of infection; siRNA, small
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Adenovirus infection of human cells subverts the normal nuclear
processes of transcription and splicing to facilitate virus replication (Blair
and James, 2005; Bridge and Pettersson, 1996; Bridge et al., 1995, Gama-
Carvalho et al., 2003; Pombo et al., 1994; Reddy and Busch, 1998; Schul et
al., 1996). While early viral gene expression does not alter the nuclear
organisation of mRNA biogenesis, the onset of the late phase is
accompanied by a marked redistribution of splicing factors (Bridge and
Pettersson, 1996; Bridge et al., 1995). It has also been previously
demonstrated that adenovirus infection leads to the fragmentation of
Cajal bodies (CBs, also termed coiled bodies), although a functional
significance has not been established (Rebelo et al., 1996; Rodrigues et al.,
1996). CBs are highly conserved, intranuclear structures involved in RNA
metabolism (Cajal, 1903; Cioce and Lamond, 2005). CBs typically number
1–10 per cell and range from 0.2 to 2 μm in diameter (Cioce and Lamond,
2005). Their size and number is determined by cellular stress,
transcriptional activity and the level of splicing snRNPs (Carmo-Fonseca
et al., 1993; Fernandezet al., 2002; Sleemanet al., 2001). CBsare capable of
fusion and fission and can be either tethered to chromatin or are highly
mobile (Dundr et al., 2004; Platani et al., 2000; Sleeman et al., 2003),
associating with cleavage bodies, promyelocytic leukemic (PML) bodies
and nucleoli (Cajal, 1903; Grande et al., 1996). It has been proposed that
CBs are a heterogeneous group of related organelles with differing
functions, reflected by variable composition (Alliegro and Alliegro, 1998;
Sleeman and Lamond, 1999). Coilin is the major structural protein of CBs
and is conventionally used as a marker (Andrade et al., 1993). Coilin
knockout mice display reduced viability (Tucker et al., 2001). Coilin
directly interacts with the survival of motor neurone (SMN) protein I
component of splicing holoenzymes to recruit splicing snRNPs and is
implicated in the pathology of spinal muscular atrophy (Herbert et al.,
2001). CBs can be surrounded by transcription sites (Jordan et al., 1997),
however since they lacknascentmRNA(Cmarko et al., 1999; Raska, 1995)
and contain inactive RNA polymerase II (pol II) (Xie and Pombo, 2006),
they have been proposed to be involved in assembly and regeneration of
the transcription machinery rather than acting as sites of active
transcription (Gall, 2000). CBs are enriched in spliceosomal snRNAs
(Reddy and Busch, 1998) as well as components of the rRNA, mRNA and
histone RNA processing pathways (Gall, 2000) and regulate the
expression of U1 and U2 snRNAs (Smith et al., 1995).

Adenovirus-induced fragmentation of CBs has been reported to
occur only in cells expressing the viral E2A-72K DNA binding protein
(Rodrigues et al., 1996). The targeting of E2A-72K to discrete nuclear
structures, comprising single-stranded DNA replication intermediates,
coincideswith the onset of viral replication and conventionally defines
the transition to the late phase of infection (Puvion-Dutilleul and
Puvion 1990a, 1990b). This transition is accompanied by fundamental
changes in adenovirus gene expression. Early phase transcripts derived
from the major late promoter are neither alternatively spliced nor
elongated beyond the L3 polyadenylation sequence (Shaw and Ziff,
1980; Iwamoto et al., 1986). In contrast, in the late phase, the entire
major late transcription unit (MLTU) is transcribed and alternative
RNA splicing occurs to produce late viral transcripts. During the initial
part of the late phase (which has been termed the intermediate phase),
selective expression of L4-33K occurs facilitating the generation and
translation of alternate transcripts that encode the late phase proteins
involved in capsid structure and assembly (Farley et al., 2004; Larsson
et al., 1992; Tormanen et al., 2006).
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We sought to further characterise the fragmentation of CBs and
determine the timing of the fragmentation during the adenovirus life
cycle relative to the onset of DNA replication, the formation of hnRNP
A1 and ASF/SF2 ring structures and the selective expression of L4-
33K. In addition we investigated a possible role for CBs in the
progression of the viral late phase.

Results

CB rosettes form after the onset of viral DNA synthesis and prior to
L4-33K expression

The structure and distribution of nuclear Cajal bodies (CBs) in
uninfected HeLa cells was determined by immunofluorescent anti-
Fig. 1. Adenovirus-induced rearrangement of Cajal bodiesoccurs after theonsetofDNAsynthesi
with Ad5 (1000 FFU/cell) and fixed at 16 hpi. Coilin (red)was detected using rabbit anti-coilin f
revealedusingDAPI (blue). Cellswere imaged ina singleplaneof focusby immunofluorescencem
CBs in uninfected cells. (B) Arrowheads show the reorganisation of CBs into rings of smaller fo
25 μg/ml cytosine arabinoside, Ara C). (D) Ten random fields were scored for the number of l
infected and uninfected cells were compared (Students' t-test, pb0.005). (F) Ad5-infected He
rabbit anti-L4-33K (green). Arrowhead shows the appearance of CB rosettes prior to L4-33K
equivalent to 10 μm.
body staining of the major CB structural component, coilin (Fig. 1A).
HeLa cell nuclei typically contained between 2 and 4 CBs per nucleus
(Fig. 1A, arrows), with an average of 3.4±0.4 per cell (Fig. 1D). In
order to determine CB size, CB diameters were measured at their
maximum within optimal planes of focus. CBs in uninfected cells
ranged from 0.7 to 1.1 μm in diameter with an average of 0.9 μm
(Fig. 1E).

Ad5 infection caused a radical alteration of the distribution and
structure of CBs (Fig. 1B). More numerous foci were observed (Fig. 1D,
73.2±3.9) which were smaller in diameter (Fig. 1E, 0.4 μm±0.01)
than CB foci in uninfected cells and were organised into ring-type
structures, which we have termed “rosettes” (Fig. 1B, arrowheads).
The rings were not always aligned to the plane of focus and hence not
all the CB rosettes within one nucleus were evident in the images. In
s andprior to intermediate phase expressionof theL4-33Kprotein.HeLa cellswere infected
ollowed by anAlexaFluor594-conjugated goat anti-rabbit secondary antibody. Nucleiwere
icroscopy. Imagesare representativeof three independent experiments. (A)Arrowsshow

ci (“rosettes”) in infected cells. (C) CBs in Ad5-infected cells incubated in the presence of
arge and small coilin foci (note that not all SEMs are visible). (E) The diameters of CBs in
La cells were permeabilised and incubated with mouse monoclonal anti-coilin (red) and
expression. Cells positive for L4-33K showing CBs arranged as rosettes (arrow). Bar is
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addition, some CB foci were not part of a rosette structure. The
average number of rosettes per field was 3.8±0.9 and the average
number of foci per rosette was 8.5±1.2. In the presence of Ara C,
which inhibits viral DNA replication (Gaynor et al., 1982), formation
of CB rosette structures in Ad5-infected cells was prevented and the
CBs were intact (Figs. 1C and D) suggesting that the formation of CB
rosettes was dependent on viral DNA replication.

The onset of viral DNA replication marks the transition to the late
phase of the adenovirus life cycle. The intermediate phase comprises
the initial part of the late phase and is defined by the selective over-
expression of mRNA from the L4 (L4-33K and L4-100K) and L1 (IIIa)
regions of theMLTU (35). L4-33K expression enhances the selection of
weak 3 splice sites of L1 transcripts, resulting in increased production
of L1-IIIa at the expense of L1-52,55K (Farley et al., 2004; Larsson et
al., 1992; Tormanen et al., 2006; Chow et al., 1979; Akusjarvi and
Persson, 1981; Nevins and Wilson, 1981). L4-22K, whose sequence is
related to L4-33K, also plays a role in the shift from the early to late
phase (Morris and Leppard, 2009). In order to determine the temporal
sequence of the formation of CB rosettes with respect to the ordered
program of the expression of viral genes of the late phase, the
expression of L4-33K and coilin staining was analysed by dual
immunofluorescence microscopy (Fig. 1F). Fifty cells positive for L4-
33Kwere examined for CB rearrangement and fifty cells displaying CB
rearrangementwere scored for L4-33K expression. Fig. 1F shows three
typical cells within the same field. The two cells on the right show CB
rosette formation characteristic of late phase viral infection. Cells
staining positive for L4-33K (green) always contained CB rosettes
(red), (Fig. 1F, cell to the right, arrow). However, CB rosette formation
was seen in the absence of detectable L4-33K expression (Fig. 1F, cell
to the left, arrowhead) but not vice versa, indicating that CB
rearrangement occurs prior to L4-33K expression and thus prior to
the onset of the intermediate phase of the virus life cycle. Since we
have also shown that the rearrangement of CBs did not occur when
viral DNA synthesis was inhibited (Figs. 1C and D), taken together,
these results show that the formation of CB rosettes occurs at a precise
time within the ordered sequence of events in the late phase of the
viral life cycle, between the onset of DNA synthesis and the induction
of L4-33K expression.

CB rosettes localise to the periphery of E2A-72K domains after the onset
of viral DNA synthesis and are distinct from replication foci

Viral DNA replication is conventionally used to define the onset of
the viral late phase. The accumulation of E2A-72K into spot, ring and
crescent-like structures can be used as a marker for the onset of the
late phase since these structures demarcate areas of active viral DNA
replication (Pombo et al., 1994; Puvion-Dutilleul and Puvion, 1990a,
1990b, 1992). The latter two structures have previously been
described as representing hollow spheres and open ended-goblets
in three dimensions (Pombo et al., 1994). The domains labelled by
anti-E2A-72K antibodies (“replication centers”) contain single-
stranded DNAs (ssDNAs) that are displaced from replication foci
during the initial steps of viral DNA replication (Fig. 2A). Viral
transcription sites and replication foci localise to the periphery of the
E2A-72K-labelled ssDNA domains, although some replication foci may
also be dispersed in the nucleoplasm (Pombo et al., 1994). Areas of
active transcription are adjacent to replication foci but extend further
from the E2A-72K centers into the surrounding nucleoplasm.

The spatiotemporal changes in CB distribution relative to immuno-
reactive E2A-72Kwere determined in 100 cells at four-hourly intervals
up to 20 h post-infection (hpi). The variety of E2A-72K and CB staining
patterns observed were classified into different types (Figs. 2B–E). In
order to facilitate comparison between the experimental results shown
in Figs. 2, 3 and 4, type C acts as a temporal reference point and marks
the appearance of coiled body rosettes. The datawas used to determine
the relative order of the changes in E2A-72K and CB patterns. A
summary of the types of E2A-72K and coilin arrangements and the
percentage contribution of each type to the total population at each
time point is shown in Fig. 2F. In uninfected cells and in Ad5-infected
cells up to 8 hpi, viral E2A-72K expression was not detected, while the
CB pattern remained identical to that in uninfected cells. These cells
were designated as type A (Fig. 2B). Cells consistently remained of the
type A class until 8 hpi, when 20% of the cell population expressed E2A-
72K homogeneously throughout the nucleus, but not within nucleoli,
and the coilin distribution remained as in uninfected cells forming a
second category of type A, termed type A1 (Fig. 2C). Differences in the
intensity of E2A-72K expression were apparent between individual
type A1 cells, indicating that viral infection progressed asynchronously,
in agreementwith previous observations (Gama-Carvalho et al., 2003).
At 12 hpi, 57% of the population defined a new class, designated type B
(Fig. 2D), where E2A-72K was present as spots (arrows) and rings
(arrowheads) indicating the onset of viral DNA synthesis (Pombo et al.,
1994; Puvion-Dutilleul and Puvion, 1990a, 1990b) while coilin
remaineddistributed as in uninfected cells. TypesA andA1 represented
21% and 22%, respectively, of the total population at this time point
(Fig. 2F). We also noted that DAPI staining was more intense at the
boundaries of the E2A-72K spots and rings (not shown). This is
consistent with the accumulation of viral dsDNA at the boundaries of
the ssDNA centers (Pombo et al., 1994). After 16 h of infection a new
patternwas evident in 15% of the cell population,where coilin fociwere
observed to surround the periphery of spots and rings of E2A-72K (type
C, Fig. 2E, arrows). It was evident that CB foci did not surround larger
pools of E2A-72K (Fig. 2E, arrowheads), which correspond to increased
levels of viral RNA synthesis (Pombo et al., 1994). Since the
accumulation of DBP as spots and rings indicates active viral DNA
synthesis, these results further support the proposal that CB rosette
formation occurs after the onset of DNA synthesis, following from our
previous observation that rosette formation was inhibited in the
presence of Ara C.

Analysis of 50 cells showed that where CB rosette formation had
occurred, E2A-72K was always present as accumulations of spots and
rings. However, spots and rings of E2A-72K could be seen in cells
where the CB patternwas of the uninfected cell type, showing that the
fragmentation of CB into rosettes occurred after the accumulation of
E2A-72K as spots and rings. Furthermore, the homogeneous expres-
sion of E2A-72K throughout the nucleus as seen in type A1 (Fig. 2C)
was unaffected by inhibition of viral DNA synthesis with Ara C,
whereas the formation of E2A-72K spots and rings was prevented by
Ara C (data not shown). This is in agreement with the previous data
showing that discrete centers of E2A-72K comprise active viral DNA
replication sites (Pombo et al., 1994; Puvion-Dutilleul and Puvion,
1990a, 1990b, 1992).

It has been previously demonstrated that viral replication foci
localise to the periphery of E2A-72K-labelled ssDNA domains (Pombo
et al., 1994). We therefore determined whether the foci of CB rosettes
and replication foci were coincident or separate. Replication sites
were pulse-labelled with BrdU and detected using rat anti-BrdU
followed by a FITC-conjugated goat anti-rat antibody. CBs were
labelled with rabbit anti-coilin followed by an AlexaFluor594-
conjugated goat anti-rabbit antibody. Examination of cells by
fluorescence microscopy demonstrated that CB foci (red) were
distinct from viral replication foci (green) (Fig. 2G).

ASF/SF2 ring formation precedes the appearance of CB rosettes

An extensive body of evidence suggests that splicing and
transcription are spatially coupled (Aspegren and Bridge, 2002;
Bentley, 1999; Beyer and Osheim, 1988; Neugebauer and Roth,
1997; Zeng et al., 1997). In adenovirus infection, it has been
demonstrated that a proportion of pre-mRNA splicing occurs co-
transcriptionally, although some splicing may also occur post-
transcriptionally (Nevins and Darnell, 1978; Bauren and Wieslander,
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Fig. 2. Localisation of CB rosettes relative to sites of E2A-72K-containing structures and replication foci. (A) Schematic diagram of nuclear organisation of replication, transcription
and splicing zones in Ad5-infected HeLa cells. (B–F) HeLa cells were infected with Ad5 (1000 FFU/cell) and harvested at four-hourly intervals up to 20 h. Cells were fixed,
permeabilised and stained with rabbit anti-coilin followed by AlexaFluor594-conjugated goat anti-rabbit antibodies (red) then mouse anti-E2A-72K followed by AlexaFluor488-
conjugated goat anti-mouse antibodies (green) and 100 cells were examined by immunofluorescence microscopy. Images of the staining patterns observed at 4, 8, 12 and 16 hpi are
shown in panels B to E, respectively. Arrows designate E2A-72K-containing spots and arrowheads show E2A-72K-containing ring structures. (E) Arrows show the foci of CB rosettes
locailsing to the periphery of E2A-72K spots. Arrowheads show the absence of CB rosettes at the periphery of enlarged E2A-72K pools. (F) A time-frequency distribution of the
different staining types and a table of the characteristics of each coilin: DBP pattern type. “Uninfected,” refers to CBs with the same pattern as in uninfected cells. (G) HeLa cells were
infected with Ad5 (1000 FFU/cell). At 24 hpi, cells were pulse-labelled with 25 μM BrdU for 60 min. Labelled cells were fixed and permeabilised with 0.5% Triton X-100, prior to
incubation with DNase II for 30 min. Replication foci were detected using rat anti-BrdU and AlexaFluor488-labelled goat anti-rat (green) antibodies. Coilin was detected using rabbit
anti-coilin and AlexFluor594 conjugated goat anti-rabbit antibodies (red). Bar is equivalent to 10 μm.

303N.J. James et al. / Virology 399 (2010) 299–311
1994; Nevins, 1983), especially of 3′ proximal introns. Splicing
snRNPs locate to sites of transcription that surround sites of ssDNA
accumulation, appearing as a series of inter-connected rings. Cells in
this phase of viral infection have been designated as “ring cells” and
this distribution of snRNPs is indicative of active transcription and
splicing (Gama-Carvalho et al., 2003; Aspegren et al., 1998). We have
demonstrated that CB rosettes localise to the periphery of ssDNA sites.
The ssDNA domains are also surrounded by viral transcription and
splicing sites, which extend further into the nucleoplasm than
replication foci (Pombo et al., 1994; Puvion-Dutilleul and Puvion,
1990a, 1990b, 1992; Fig. 2A). We therefore investigated the localisa-
tion of CB rosettes relative to zones of active transcription and
splicing, indicated by the organisation of ASF/SF2 into ring structures.
Populations of 100 cells were examined at four-hourly intervals up to
20 hpi. The varieties of ASF/SF2 and coilin staining patterns observed
were classified. These data were used to determine the relative order
of changes in the patterns of CBs and ASF/SF2. Observation of the
spatiotemporal changes in ASF/SF2 relative to coilin revealed that
four different types of expression pattern were evident at different
times up to 20 hpi (Figs. 3A–E). In uninfected cells and Ad5-infected
cells up to 12 hpi, a single type of ASF/SF2 and coilin staining pattern
was evident, where ASF/SF2was apparent as speckled foci distributed
throughout the nucleus (type A, Fig. 3A). ASF/SF2 speckles could also
be seen within nucleoli (data not shown). At 16 hpi, around one fifth
of the cells (21%) showed formation of inter-connected rings of ASF/
SF2 (Fig. 3B, arrows)while the CB structure and distribution remained
as in uninfected cells. Approximately two fifths (41%) of the cell
population displayed rearrangement of CBs in conjunction with the
ASF/SF2 ring structures (type C, Fig. 3C). CB foci that were arranged in
rosette structures localised to the internal edges of the inter-
connecting ring structures (Fig. 3C, arrows). ASF/SF2 ring structures
contain nascent RNA as well as spliced exons derived from the
tripartite leader sequence and introns (Rebelo et al., 1996; Aspegren
and Bridge, 2002; Aspegren et al., 1998), thus the localisation of CB
rosettes to the internal edges of the ASF/SF2 ring structures coincides
with active transcription and splicing. After a further 4 h of infection, a
novel type of staining was evident in which the rings of ASF/SF2 had
disappeared, the levels of ASF/SF2 were reduced and spots of ASF/SF2
were evident. In addition, clusters of ASF/SF2, indicative of active viral
mRNA export (Aspegren et al., 1998), localised to the nuclear
periphery (Fig. 3D, arrows). At this stage of infection, some CB
rosettes appeared to be in the process of disassembling as shown in
Fig. 3D (type D, arrowheads). In addition, fifty cells displaying CB
rosette formationwere examined for the presence and pattern of ASF/
SF2. All cells containing CB rosette structures also contained ring
structures of ASF/SF2. In contrast, not every cell containing ASF/SF2
ring structures exhibited formation of CB rosettes, suggesting that the
fragmentation of CB occurs after the formation of ASF/SF2 ring
structures.

hnRNP A1 ring formation precedes the appearance of CB rosettes

Heterogeneous nuclear ribonucleoproteins (hnRNPs) bind nascent
RNA, and some hnRNPs are implicated in the splicing reaction (Smith
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and Valcarcel, 2000). hnRNP A1 antagonises the effect of splice site
selection by ASF/SF2 (Bai et al., 1999). Both SR splicing factors and
hnRNP A1 remain associated with the RNA after splicing is complete
and are involved in the export of processed mRNA to the cytoplasm
throughnuclear pore complexes (Visa et al., 1996a, 1996b; Alzhanova-
Ericsson et al., 1996). Anti-hnRNP A1 antibodies were used to
determine CB localisation relative to RNA export and transcription/
splicing zones. Populations of 100 Ad5-infected cells were analysed at



305N.J. James et al. / Virology 399 (2010) 299–311
four-hourly intervals up to 20 hpi. Different types of hnRNP A1: coilin
staining were classified into a total of four distinct classes (Fig. 4A–E).
Up to 8 hpi, a single hnRNP A1:coilin pattern type was observed (type
A, Fig. 4A), where the hnRNP A1 was distributed as speckles evenly
across the nucleus and CBs appeared as in uninfected cells. At 12 hpi,
two new types of expression pattern, B and C, were evident. Type B
(Fig. 4B) represented 29% of the total population, where the CBs
remained as in uninfected cells (Fig. 1B, arrow) while hnRNP A1 was
re-organised into a series of inter-connected rings (Fig. 4B, arrows),
similar to the ring structures formedbyASF/SF2 (Fig. 3C). Type C (11%)
was identical to type B in terms of the organisation of hnRNP A1,
however CBs had fragmented and rearranged into rosette structures
that aligned to internal edges of the hnRNP A1 ring structures (Fig. 4C,
arrows). The onset of CB rosette formation occurred earlier (11% at
12 hpi) in comparison to their appearance at 16 hpi for the data shown
in Fig. 2 (15% at 16 hpi) and Fig. 3 (41% at 16 hpi). These differences
may be due to the asynchrony of viral infection, which has been
observed previously (Gama-Carvalho et al., 2003), in combination
with variation arising from sampling. Examination of 50 individual
cells for the presence of hnRNP A1 rings and/or CB rosettes showed
that the rearrangement of hnRNP A1 preceded the formation of CB
rosette structures, since the formation of rosettes was not observed in
the absence of hnRNP A1 ring structures but hnRNP A1 ring structures
could be seen in the absence of CB rosette structures. At 16 hpi, a fourth
type of hnRNPA1:coilin patterning (typeD, Fig. 4D)was evident in 38%
of the cell population. In type D cells hnRNP A1 was diminished and
distributed as spots within the nucleus. Some of the hnRNP foci
localised to the nuclear periphery (Fig. 4D, arrowheads), indicative of
active export of viral mRNA (Visa et al., 1996a, 1996b; Alzhanova-
Ericsson et al., 1996). CB rosettes were less well-defined (Fig. 4D,
arrows), suggesting that some CB rosette structures had disassembled
during the phase of enhanced viral mRNA export.

Taken together, the data shown in Figs. 2–4 indicate that CB rosettes
form and localise to the periphery of the viral E2A-72K centers (an area
of active transcription and splicing), during a short time period that
occurs immediately after the onset of DNA synthesis, ASF/SF2 and
hnRNPA1 ring formation andactive transcriptionof late genes but prior
to the onset of selective over-expression of L4-33K that characterises
the onset of the intermediate phase (Larsson et al., 1992). Furthermore
CB rosette structures disappear upon activation of enhanced viral
mRNA export which is characterised by the formation of spots of ASF/
SF2 and hnRNP A1 that accumulate at the nuclear periphery.

CBs are required for efficient expression of adenovirus late phase proteins

The potential involvement of CBs in the expression of late phase
proteins was determined by depleting cells of coilin using siRNA.
Western blotting and densitometric analysis showed that coilin
protein levels were reduced by approximately 80% following knock-
downwith coilin-specific siRNA (Fig. 5A). The expression of three late
phase proteins (L1-IIIa, L3-hexon and L5-fiber) was assayed using a
flow cytometric method (Bottley et al., 2007). Expression of E2A-72K,
which is expressed in both the early and late phases, was quantified in
parallel as a control. Flow cytometry histogram analysis showed that
the distributions of fluorescence intensities were bimodal for all the
viral proteins assayed (Fig. 5B). The siRNA-mediated reduction of
coilin expression resulted in 25–30% inhibition of the expression of
the late phase proteins IIIa (L1), hexon (L3) and fiber (L5), which are
translated from alternatively-spliced transcripts (Fig. 5C). In contrast,
Fig. 3. Spatiotemporal changes in the distribution of coilin relative to ASF/SF2. HeLa cells we
were fixed, permeabilised and stained with rabbit anti-coilin and AlexaFluor594-conjugated
conjugated goat anti-mouse antibodies (green). 100 cells were examined by fluorescence
Arrows show ASF/SF2 distribution in ring-like structures. (C) Arrows indicate CB rosettes l
periphery (arrows) and CB rosettes disassembling (arrowheads), 20 hpi. (E) A time–frequenc
each coilin/ASF/SF2 pattern type. “Uninfected”, refers to CBs with the same pattern as in u
expression of E2A-72Kwas unaffected by coilin knock-down (Fig. 5C).
These results revealed that knock-down of coilin expression reduced
the production of late phase capsid proteins, without affecting
expression of the E2A-72K protein.

Since adenovirus proteins are produced in excess and a substantial
proportion are not assembled into infectious progeny (Green and
Daesch, 1961), the effect of reduced coilin expression on production of
infectious viruswas determinedusing a virus yield assay. Cells infected
with Ad5 following control or coilin siRNA treatment were harvested
and lysates used to infect HeLa cells. Virus yield was determined by
assaying the cells for hexon expression at 20 hpi. Reduction of coilin
expression decreased virus yield by 30±2% (amean reduction± SEM
of three independent biological repeat experiments).

Coilin knock-down has no significant effect on distribution of Sp100 or
fibrillarin in Ad5-infected HeLa cells

To determine the potential effect of coilin knock-down upon Ad5-
induced reorganisation of other nuclear bodies (Blair and James,
2005; Weitzman and Ornelles, 2005), we investigated whether
knock-down of coilin altered the pattern of changes in PML bodies,
assessed by immunofluorescent antibody staining for Sp100 (Müller
and Dejean, 1999) and nucleoli, assessed using fibrillarin localisation
(Puvion-Dutilleul and Christensen, 1993). Examination of mock-
infected HeLa cells showed that anti-Sp100 antibodies bound to
spherical promyelocytic (PML) bodies in the nucleus (Supplementary
Figure 2A). Ad5 infection of HeLa cells caused the PML bodies to
fragment into smaller, more numerous speckles distributed through-
out the nucleus (Supplementary Figure 2B). Knock-down using
control or coilin siRNA had no significant effect upon the redistribu-
tion of PML induced by Ad5 infection (Supplementary Figure 2C and D
respectively).

Examination of mock-infected HeLa cells showed that anti-
fibrillarin antibodies bound to granule-like structures (Supplementa-
ry Figure 2E). Co-staining of fibrillarin and DNA (using DAPI) showed
that fibrillarin was predominantly located within nucleoli in mock-
infected HeLa cells (results not shown). Infection of HeLa cells with
Ad5 caused the fibrillarin to form smaller foci, some of which co-
localised with CB rosettes (Supplementary Figure 2F, arrows). The co-
localisation of fibrillarin with CB rosettes seen in Ad5-infected cells
was unaffected by treatment with control or coilin siRNA (Supple-
mentary Figure G and H respectively). We conclude that knock-down
using control or coilin siRNA had no significant effect upon the
redistribution of fibrillarin induced by Ad5 infection.

Discussion

Ad5 infection of HeLa cells causes CBs to fragment into smaller foci
(Rebelo et al., 1996; Rodrigues et al., 1996). Here, we show that these
fragmented CB foci can form into organised structures and, when
viewed along certain planes, appear as foci arranged in rings that we
have termed “rosettes” (Fig. 1B). We have previously demonstrated
that Ad5 infection alters the actin content of CBs (Gedge et al., 2005).
Interestingly, the assembly of transcription complexes is dependent
upon actin (Bettinger et al., 2004). The mechanism of CB rosette
formation may thus be related to the actin content of CB, but requires
further investigation.

The foci of the CB rosettes localised to the periphery of E2A-72K-
containing spots and rings (Fig. 6A). The CB foci localised to the
re infected with Ad5 (1000 FFU/cell) and harvested at 4-h intervals up to 20 hpi. Cells
goat anti-rabbit antibodies (red) followed by mouse anti-ASF/SF2 and AlexaFluor488-
microscopy. Images of the staining patterns observed are shown in panels A to D. (B)
ocalised to the periphery of ASF/SF2 ring structures. (D) ASF/SF2 spots at the nuclear
y distribution graph of the different staining patterns and a table of the characteristics of
ninfected cells. Bar is equivalent to 10 μm.
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internal edges of ASF/SF2 ring structures (Fig. 3C, also shown
enlarged in Fig. 6B). The accumulation of E2A-72K as discrete spots
and rings, containing ssDNA displaced from viral DNA replication,
indicates the onset of the viral late phase and demarcates sites of
active replication (Pombo et al., 1994; Puvion-Dutilleul and Puvion,
1990a, 1990b, 1992). The CB rosettes form at the periphery of the
ssDNA pools and we have shown that they are distinct from the
replication foci that also localise to the periphery of the ssDNA
domains (Pombo et al., 1994; Aspegren et al., 1998). These data are
combined in a schematic representation shown in Fig. 6C. Moreover,



Fig. 5. Coilin knock-down inhibits the expression of alternatively spliced late phase proteins. HeLa cells were transfected with control siRNA or coilin siRNA for 24 h then infected
with Ad5 (1000 FFU/cell) prior to a second 24-h treatment with control or coilin siRNA. (A) Western blot of coilin and GAPDH of cells. Cells were analysed for reduction of coilin
expression by Western blotting, using mouse anti-coilin (1:500) and mouse anti-GAPDH (1:20,000) antibodies followed by incubation with goat anti-mouse HRP and
chemiluminescent detection (lanes 1 and 2, control siRNA- and coilin siRNA-treated, respectively). Densitometric analysis was perfomed to obtain values for the band intensities (in
pixel densities): 1: 2.77×106, 2: 0.60×106, 3: 1.99×105 and 4: 1.91×105. Band intensity of the sample treated with coilin siRNA was expressed as a percentage of the band intensity
of the control sample as follows; (intensity of band from coilin siRNA-treated sample/band intensity of control siRNA-treated sample)×100. Coilin knock-down reduced coilin
expresssion by 80% but had no effect on GAPDH levels. (B) Representative fluorescence histograms from flow cytometric analysis of levels of E2A-72K, IIIa, hexon and fiber
expression after coilin knock-down. Cells were trypsinised, washed in PBS, fixed in 10% formalin and permeabilised in 0.5% Triton-X100. Cells were incubated with saturating
concentrations of anti-IIIa, anti-hexon, anti-fiber or anti-E2A-72K followed by incubation with a secondary antibody conjugated to AlexaFluor488. Validation experiments showed
that although the position of the nadir on the FL1H axis varied between samples, it defined the threshold for distinguishing positive from negative cells (see Supplementary Fig. 1).
The percentage of positive cells was determined by setting a marker at the nadir between the two peaks of FL1H and performing the calculation (number of positive cells/total
number of cells)×100. (C) Results of flow cytometric analysis. Collated data from three independent experiments is shown as a histogram. Bars represent mean inhibition (±SEM).
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we have shown that rosette formation occurs after the onset of viral
DNA replication and the formation of ASF/SF2 and hnRNP A1 ring
structures but before the induction of L4-33K expression (Fig. 6D).
The L4-33K and L4-22K products have homologous N-terminal
regions. The possibility that the L4-33K antibody may cross-react
with L4-22K cannot be excluded (Gambke and Deppert, 1982; Morris
Fig. 4. Spatiotemporal changes in the distribution of coilin relative to hnRNP A1. HeLa cells
20 hpi. Cells were fixed, permeabilised and stained with rabbit anti-coilin and AlexaFluor594
A1 and AlexaFluor488-conjugated goat anti-mouse antibodies (green). Immunofluorescenc
panels A–D. (A) hnRNP A1 distributed as speckles. (B) hnRNP A1 distributed in ring-like stru
(arrows), 12 hpi. (D) Levels of hnRNP A1 were reduced and localised as discrete spots, (some
disassemble (arrows) 16 hpi. (E) Time–frequency distribution graph of the different stainin
refers to CBs with the same pattern as in uninfected cells. Bar is equivalent to 10 μm.
and Leppard, 2009). However, since L4-22K is also not expresssed
until the late phase and since transcription does not proceed beyond
the L3 polyadenylation site in the early phase (Iwamoto et al., 1986),
the use of the anti-L4-33K and anti-coilin antibodies seems to form a
valid rationale for the determination of the the timing of CB rosette
formation.
were infected with Ad5 (1000 FFU/cell) and harvested at four-hourly intervals up to
-conjugated goat anti-rabbit secondary antibodies (red) followed bymouse anti-hnRNP
e was visualised by microscopy. Images of the staining patterns observed are shown in
ctures (arrows), 12 hpi. (C) CB rosettes localised to the periphery of the hnRNP A1 rings
of which were seen at the nuclear periphery, arrowheads) and CB rosettes appeared to
g patterns and the characteristics of each coilin/hnRNP A1 pattern types. “Uninfected,”



Fig. 6. Organisation and timing of formation of CB rosette structures in the nuclei of adenovirus-infected cells. (A1) Enlarged image of a E2A-72K domain taken from Fig. 2E. CB
rosettes (red) localise to the periphery of, and overlap, E2A-72K spots (green). Bar is equivalent to 1 μm. (A2) Enlarged image taken from Fig. 3C. CB rosettes (red) localise to the
edges of, and overlap, ASF/SF2 ring structures (green). (B) Schematic representation of the organisation of CB rosettes, replication foci, ssDNA sites and transcription and replication
sites in the nucleus of an adenovirus-infected cell in the intermediate phase. (C) Scheme depicting the timing of CB rosette formation within the intermediate phase of the virus life
cycle. Early phase (filled black arrow), intermediate phase (graduated shading), late phase (unshaded part of arrow).
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ASF/SF2 ring structures form after the onset of DNA synthesis
(Aspegren et al., 1998). Since we have shown that the CB rosettes
assembled after the formation of ASF/SF2 and hnRNP A1 rings and
before the expression of L4-33K, it therefore appears that ASF/SF2 and
hnRNP A1 ring structuresmust also form prior to the expression of L4-
33K. The L4-33K product is both necessary and sufficient to enhance
alternative splicing of the L1 unit of the MLTU, favoring production of
L1-IIIa at the expense of L1-52,55K (Farley et al., 2004; Larsson et al.,
1992; Tormanen et al., 2006; Chow et al., 1979; Akusjarvi and Persson,
1981; Nevins and Wilson, 1981). The onset of DNA replication is
immediately followed by an intermediate phase characterised by
over-expression of L1-IIIa mRNA (Larsson et al., 1992). Our data
indicate that the transition to preferential production of L1-IIIa
transcripts (as opposed to L1-52,55K transcripts from the L1 region)
also occurs after the formation of CB rosettes, since L4-33K over-
expression is required to favor L1-IIIa production (Farley et al., 2004)
and we have shown that selective over-expression of L4-33K occurs
after CB rosette formation. The formation of CB rosettes thus occurs
within a defined period, occurring just after the onset of late phase
DNA synthesis and prior to the onset of the intermediate phase, more
specifically between the formation of ASF/SF2 ring structures and L4-
33K over-expression (Fig. 6D).

We determined the fate of the CB rosettes through subsequent
phases of the viral life cycle. At the onset of the late phase, inter-
connecting rings of ASF/SF2 surround E2A-72K sites and are
indicative of active MLTU transcription (Puvion-Dutilleul and Puvion,
1992; Aspegren et al., 1998). The ring structures contain spliced exons
derived from the tripartite leader sequence of adenovirus major late
mRNA transcripts, indicating that at least partial processing of late
mRNA precursors is occuring (Aspegren et al., 1998). We show here
that hnRNP A1 also forms ring structures analogous to ASF/SF2 ring
structures. At an advanced stage of the late phase of infection,
coincident with enhanced viral mRNA export, the ASF/SF2 and hnRNP
A1 ring structures disappear and are replaced by enlarged speckles
(interchromatin granules) that may attach to the nuclear periphery
(cluster cells; Aspegren et al., 1998). Our data indicate that CB rosette
structures disappear concomitant with the formation of cluster cells
(Figs. 3D and 4D). Taken together, our data indicate that CB rosette
formation and ASF/SF2 and hnRNP A1 ring formation are largely
concurrent, with CB rosettes forming just after ring formation and CB
rosette disassembly coinciding with the dissipation of ASF/SF2 and
hnRNP A1 rings.

The function of CB rosette formation may therefore be associated
with the transcription/splicing function of the ASF/SF2 and hnRNP A1
ring structures and/or L4-33K induction. Coilin knock-down reduced
both the formation of infectious virus and the production of late phase
proteins by around 30%. The reduction in coilin expression by RNA
interference (80%) was not proportionately reflected in the magni-
tude of the reduction in late phase protein expression. This apparent
discrepancy may be explained by a functional redundancy that has
been previously demonstrated, since cells in which coilin activity was
reduced (by microinjection of anti-coilin antibodies) remained
competent to splice adenovirus pre-mRNA (Almeida et al., 1998).
Nevertheless, our data clearly demonstrate that coilin knock-down
results in a reduction in the yield of infectious virus. We found that
coilin knock-down had no detectable impact upon the reorganisation
of PML bodies and nucleoli induced by Ad5 infection. This implies that
the reduction in late phase proteins resulting from knock-down of
coilin does not involve structural changes in PML bodies or nucleoli,
however this does not exclude the existence of functional interactions
between these nuclear bodies.

In Fig. 6C the localisation of the foci of CB rosettes in relation to
viral DNA replication and viral transcription and splicing zones in the
nuclei of adenovirus-infected cells during the short intermediate



309N.J. James et al. / Virology 399 (2010) 299–311
phase is schematically depicted. The replication foci surround pools of
ssDNA displaced from replication of the first strand of viral DNA. The
corresponding replicated dsDNAs are displaced outwards from the
replication foci and surround the periphery of the ssDNA pools, where
they serve as templates for transcription (Pombo et al., 1994).
Transcription sites overlap the replication foci but extend further
into the nucleoplasm away from E2A-72K domains, forming patterns
of inter-connecting rings (Pombo et al., 1994). The transcription zones
also contain nascent viral RNA (Pombo et al., 1994; Puvion-Dutilleul
and Puvion, 1992), splicing snRNPs (Aspegren and Bridge, 2002), viral
introns and exons (Rebelo et al., 1996; Aspegren et al., 1998; Bridge
et al., 1996). The transition from the early to the late phase requires
viral gene expression from replicated templates (Chalberg and Kelley,
1989). Hence CBs are ideally positioned relative to the replicated viral
DNAs (that are used as late phase transcription templates) to
influence the production of late phase transcripts. CBs are involved
in the assembly of transcriptosomes as well as the maturation,
assembly and recycling of snRNPs in spliceosomal holoenzymes. Re-
organisation of CBs into rosettes may be a viral adaptation to increase
the productivity of transcription and splicing, perhaps via increased
surface area and/or efficient delivery and regeneration of mature
transcriptosomes and spliceosomes. Future work will define the
mechanism underlying these processes and determine the potential
of CBs as targets for anti-viral strategies.

Materials and methods

Cell culture and virus infection

HeLa cell monolayer cultures were maintained in growth medium
consisting of Dulbecco's modifiedminimal essential medium (DMEM)
supplemented with 10% fetal calf serum (FCS), penicillin (100 U/ml)
and streptomycin (100 μg/ml). Ad5 virus was propagated in HeLa
cells and purified by CsCl gradient centrifugation as previously
described (Tollefson et al., 1999). Virus titers were determined by
the fluorescent focus assay amd expressed as fluorescent focus-
forming units (FFU), as previously described (Philipson, 1961).

Antibodies

Rabbit polyclonal anti-coilin and mouse monoclonal anti-coilin
antibodies were gifts from Angus Lamond, University of Dundee,
Scotland and were used at 1:500 dilution. Mouse monoclonal anti-
splicing factor 2 (ASF/SF2) clone 103 was obtained from Zymed
Laboratories (San Francisco, USA) and used at a dilution of 1:250.Mouse
monoclonal anti-hnRNPA1 clone4B10waspurchased from ImmuQuest
(Cleveland, UK) and used at a dilution of 1:1000. Rabbit polyclonal
antibodies against Sp100 and fibrillarin were obtained from Chemicon
International (Temecula, California, USA) and AbCam (Cambridge, UK)
andusedatdilutionsof 1:5000 and1:100 respectively. Rabbit polyclonal
anti-LI-IIIa and anti-L4-33K (Gambke and Deppert, 1982) were gifts
from Goran Akusjarvi (Uppsala University, Sweden) and Wolfgang
Deppert (Hamburg University, Germany) respectively andwere used at
1:100. Mouse monoclonal anti-hexon (clone 88.1) was a gift from Ian
Sharp (Health Protection Agency, Colindale, London) and was used at
1:100. Mouse monoclonal anti-E2A-72K (clone B6–8) was provided by
Keith Leppard (Warwick University, UK) and used at 1:20 (Reich et al.,
1983). Rabbit polyclonal anti-fiber serum was produced in our
laboratory according to previously described procedures (McDonald
et al., 1999) and was used at 1:500. AlexaFluor 488-labelled goat anti-
rabbit or goat anti-mouse antibodieswere used for detection of primary
antibody binding by flow cytometry and also for dual immunofluores-
cence microscopy, where it was used in conjunction with AlexaFluor
598-conjugated goat anti-mouse or goat anti-rabbit secondary anti-
bodies (both from Invitrogen, Paisley, Scotland); both were used at
1:1000. Horseradish peroxidase (HRP)-conjugated goat anti-mouse
immunoglobulinwas purchased from Sigma (Poole, Dorset, UK).Mouse
monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (anti-
GAPDH) antibody (clone 6C5) was purchased from Calbiochem
(Merck Chemicals Limited, Nottingham, UK) and used at 1 in 20,000
for Western blotting. Rat monoclonal anti-BrdU antibody (Immunolo-
gicals Direct, Clone BU 1/75) used at 1 in 100 and FITC-conjugated goat
anti-rat immunoglobulins (Invitrogen, Paisley, Scotland) used at 1:1000
were gifts from Dean Jackson (University of Manchester, UK).

Immunofluorescence microscopy

Sub-confluent HeLa cells grown on sterile glass coverslips were
inoculatedwith CsCl-purifiedwild type Ad5 at amultiplicity of infection
(moi) of 1000 focus forming units (FFU) per cell (where 100 FFU was
equivalent to 1 PFU) in serum-free medium for 1 h at 37 °C. The
inoculum was removed and replaced by fresh growth medium. When
required, cytosine arabinoside (Ara C) was added to the cultures to
25 μg/ml to inhibit viral DNA replication (Gaynor et al., 1982). All
immunofluorescenceprocedureswereperformed at room temperature.
Cells were washed twice with PBS, fixed in 10% formalin (SigmaFix,
Sigma, Poole, Dorset, UK) for 5 min and washed twice with PBS. After
fixation, cellswerepermeabilisedwith0.5% (v/v) TritonX-100 inPBS for
5 min, washed with PBS and incubated for 45 min at room temperature
with mouse monoclonal antibodies to E2A-72K, ASF/SF2 or hnRNP A1,
or rabbit polyclonal antibody to L4-33K, diluted in a solution of PBS
containing 2 mM sodium azide and 5% normal goat serum as described
above. The cells were subsequently washed twice with PBS and
incubated with either AlexaFluor488-conjugated goat anti-mouse or
goat anti-rabbit secondary antibody diluted in PBS containing 5%normal
goat serum and 2mMsodium azide. The cells were then incubatedwith
either rabbit polyclonal or mouse monoclonal anti-coilin antibody for
30 min, followed by washing and incubation with AlexaFluor594-
conjugated goat anti-rabbit or goat anti-mouse antibody for 30 min.
Nuclei were stained with 1 μg/ml 4′,6-diamidino-2-phenylindole
(DAPI) for 2min, prior tomounting in VectaShield (Vector Laboratories,
Peterborough, UK). Cells were viewed using a Zeiss AxioPlan 2
microscope. Zeiss filter sets 2, 10 and 15 were used for detection of
fluorescence emissions from DAPI, AlexaFluor 488 and AlexaFluor 594,
respectively. Images were captured and analysed using AxioVision
Software (Carl Zeiss MicroImaging GmbH, Göttingen, Germany).

Detection of viral replication foci

HeLa cells grown on sterile glass coverslips were infected with Ad5
as described above. After 24 h, BrdU was added directly to the medium
to a final concentration of 25 μM. After 60 min at 37 °C, cells were
harvested and washed twice with PBS. All subsequent steps were
performed at room temperature. Cells were fixed in 10% formalin for
10min,washedwith PBS and permeabilised for 5min in PBS containing
0.5% Triton X-100. After a further two washes in PBS, cells were
incubated in PBS containing 100 μg/ml DNase II (Roche Diagnostics
GmbH, Mannheim, Germany). After 30 min, cells were washed in PBS
and incubated with rat anti-BrdU in PBS containing 5% normal goat
serum and 2 mM sodium azide for 1 h. Cells were washed in PBS and
incubated with FITC-conjugated goat anti-rat antibody for 45min. Cells
were then incubated with rabbit anti-coilin (1:500) followed by goat
anti-rabbit AlexaFluor 594 (1:1000) for 45 min each, with an
intervening wash in PBS. Coverslips were mounted in VectaShield
(Vector Laboratories Ltd, Peterborough, UK) prior to examination by
fluorescence microscopy.

RNA interference

Twenty four hours prior to transfection with siRNA, HeLa cells
(0.2×106) were plated on sterile glass coverslips in wells of a six-well
plate in DMEM containing 10% FCS and 2 mM L-glutamine in the



310 N.J. James et al. / Virology 399 (2010) 299–311
absence of antibiotics. siRNAs were synthesised by Eurogentec Ltd.
(Southampton, UK) as PAGE-purified duplexes with double deox-
ythymidine overhangs at the 3′ ends. The upper strand sequences, in
the 5′ to 3′ direction, were ATTTCTCCGAACGTGTCACGT and GAGAG-
GAGUUGCUGAGAAU for the control and coilin siRNAs respectively.
For each sample well, two separate solutions were prepared: the first
comprised 3 μl of Lipofectamine 2000 (Invitrogen, Paisley, Scotland)
and 250 μl of DMEM and the second, 20 μl of a 20 μM stock of siRNA
and 250 μl of DMEM. The two solutions were incubated separately at
room temperature for 10 min prior to mixing. The complete
transfection mixture was incubated for a further 15 min prior to
addition to the cells, which had been previously washed in serum-free
DMEM and resuspended in 1.5 ml of serum-free DMEM. In order to
obtain maximum coilin knock-down and minimal cell toxicity, the
transfection was performed twice, the second siRNA transfection
carried out 24 h after the first. In both transfections, after 4 h the
transfection mediumwas removed and replaced with DMEM contain-
ing 10% FCS and 2 mM L-Glutamine. The second round of coilin knock-
down was immediately preceded by infection with wild type Ad5 as
described above. Twenty-four hours after the second transfection,
cells were harvested using trypsin for flow cytometric analysis and
quantitation of protein expression.

SDS-PAGE and Western blotting

HeLa cells grown in six-well plates were washed with PBS. Cell
lysates were prepared by scraping the cells into 100 μl of RIPA buffer
(150 mM NaCl, 1% (v/v) Nonidet P40 (BDH, Poole, UK), 0.5% (w/v)
sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulfate and 50 mM
Tris–HCl, pH 8.0) supplemented with one protease inhibitor cocktail
tablet (Roche, Mannheim, Germany) per 50 ml RIPA buffer. Aliquots
(5 μl) of 5× sample buffer (250 mM Tris-HCl, pH 6.8, 10% SDS, 5% β-
mercaptoethanol, 50% glycerol and 0.05% bromophenol blue) were
added to 25 μl samples of cell lysates and boiled at 100 °C for 5 min.
Samples were separated by electrophoresis in 12% SDS-PAGE gels
using amini-gel system(Atto, Tokyo, Japan). Proteinswere transferred
to PVDF membranes using a semi-dry blotting system (Biometra,
Goettingen, Germany) at 16 V for 1 h. The membrane was blocked for
1 h in PBS-T (PBS containing0.1% (v/v) Tween-20) supplementedwith
10% (w/v) non-fat drymilk. Themembranewas then incubated for 1 h
at room temperature in PBS-T containing mouse monoclonal anti-
bodies against coilin and GAPDH. The membrane was then washed
with PBS-T prior to incubation for 1 h at room temperature in PBS-T
containing HRP-conjugated goat anti-mouse immunoglobulin. Blots
were developed using ECL Advanced chemiluminescence detection kit
(Amersham, Little Chalfont, UK) and detected using a FujiFilm LAS
3000 luminescent image analyser (FujiFilm Life Science, Stamford, CT).
Band intensities were analysed using Aida image analysis software
(Raytest GmbH, Straubenhardt, Germany).

Flow cytometry

Cells were detached from coverslips using trypsin and dispensed
into microcentrifuge tubes. The cells were washed with PBS, fixed in
10% formalin for 10 min, washed and permeabilised with 0.5% (v/v)
Triton X-100 in PBS for 10 min prior to a final wash in PBS. Cells were
incubated for 30 min in the presence of an appropriate dilution of
primary antibody (see above) against: Ad5 IIIa, hexon, fiber or E2A-
72K. Bound primary antibodies were detected using AlexaFluor488-
conjugated goat secondary antibodies. Cells were analysed for peak
height fluorescence in the FL1 channel using a FACS Calibur flow
cytometer (Becton Dickinson UK Ltd., Oxford, UK), with a 530/30
bandpass dichroic mirror.

Fluorescence intensity histograms were analysed using CellQuest
Pro software (BectonDickinsonUK Ltd., Oxford, UK). Quantitation of L1-
IIIa, L3-hexon and L5-fiber expression in infected cells was determined
as previously described (Bottley et al., 2007). The procedure was
validated to ensure that the measurement of fluorescence emission by
flow cytometry was proportional to the level of viral antigen; E2A-72K,
hexon, IIIa and fiber. Antibody staining produced bimodal peaks, where
the nadir distinguished the negative from the positive cells. Fluores-
cence intensity was at least 10-fold greater for positive compared to
negative cells (Supplementary Figure 1). A marker was set at the nadir
and the number of cells that were positive for the antigen in question
was calculated as follows; (number of positive cells/total number of
cells)×100.

Assay of virus yield by second-round re-infection

Cells infected with Ad5 following treatment with coilin or control
siRNA were detached using trypsin and washed with PBS. For assay of
virus yield by second round infection (reinfection), the pellet was
resuspended in 100 μl of PBS and an equivalent volume of sterile water
was added. The cells were left on ice for 30 min prior to freezing at –
20 °C. The lysed cellswere thawed and sonicated in a bath-type sonicator
for two minutes. Sonicated cell extracts were resuspended in two ml of
DMEM and then added to cells which had been plated at 0.2×106 cells
per well of a 6-well plate one day prior to infection. Cells were incubated
in the presence of the virus-containing lysate for 20 h and hexon
expression was determined by flow cytometry as described above.
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