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ABSTRACT Profound alterations in host cell nuclear architecture accompany the lytic
phase of Epstein-Barr virus (EBV) infection. Viral replication compartments assemble, host
chromatin marginalizes to the nuclear periphery, cytoplasmic poly(A)-binding protein
translocates to the nucleus, and polyadenylated mRNAs are sequestered within the nu-
cleus. Virus-induced changes to nuclear architecture that contribute to viral host shutoff
(VHS) must accommodate selective processing and export of viral mRNAs. Here we de-
scribe additional previously unrecognized nuclear alterations during EBV lytic infection in
which viral and cellular factors that function in pre-mRNA processing and mRNA export
are redistributed. Early during lytic infection, before formation of viral replication com-
partments, two cellular pre-mRNA splicing factors, SC35 and SON, were dispersed from
interchromatin granule clusters, and three mRNA export factors, Y14, ALY, and NXF1,
were depleted from the nucleus. During late lytic infection, virus-induced nodular struc-
tures (VINORCs) formed at the periphery of viral replication compartments. VINORCs
were composed of viral (BMLF1 and BGLF5) and cellular (SC35, SON, SRp20, and NXF1)
proteins that mediate pre-mRNA processing and mRNA export. BHLF1 long noncoding
RNA was invariably found in VINORCs. VINORCs did not contain other nodular nuclear
cellular proteins (PML or coilin), nor did they contain viral proteins (BRLF1 or BMRF1)
found exclusively within replication compartments. VINORCs are novel EBV-induced nu-
clear structures. We propose that EBV-induced dispersal and depletion of pre-mRNA pro-
cessing and mRNA export factors during early lytic infection contribute to VHS; subse-
quent relocalization of these pre-mRNA processing and mRNA export proteins to
VINORCs and viral replication compartments facilitates selective processing and export of

viral mRNAs.
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he eukaryotic nucleus is highly organized into subnuclear domains and nonmembra-

nous structures that fulfill specialized roles in gene expression. During the course of
herpesvirus infection, the host intranuclear environment is extensively modified and
adapted toward a milieu conducive to efficient survival and replication of the virus. Thus,
investigation of virally induced alterations to nuclear organization, specifically alterations in
the composition, localization, and architecture of nuclear substructures, is essential to
understanding mechanisms of viral gene expression and replication.

Initial studies of herpesvirus-induced alterations to nuclear architecture focused on
formation and structure of viral replication compartments (1-5). These globular struc-
tures form during the onset of viral DNA synthesis within the lytic programs of all three
herpesvirus subclasses. Coincident with the maturation of viral replication compart-
ments, host chromatin is marginalized to the nuclear periphery (6-9). Viral replication
compartments, sites of viral DNA synthesis and viral gene transcription, are enriched in
proteins needed for lytic viral DNA replication, newly synthesized viral DNA, and viral
early and late mRNAs (5, 10).

A number of changes in nuclear organization and architecture, in addition to the
formation of viral replication compartments, during herpesviral infection have been
described. PML bodies, which serve an antiviral function, are disrupted during lytic
replication of herpes simplex virus 1 (HSV-1), cytomegalovirus (CMV), and Epstein-Barr
virus (EBV) (11-14). During lytic replication of HSV-1, the nuclear lamina is partially
disassembled to allow nuclear egress of viral capsids (15-17). As part of a viral host
shutoff (VHS) mechanism, cytoplasmic poly(A)-binding protein (PABPC) is translocated
to the nucleus by ICP27 and UL47 during lytic HSV-1 infection (18, 19), by SOX during
lytic KSHV infection (20), and by BGLF5, a viral nuclease, and ZEBRA, a viral transcription
factor and replication protein, during lytic EBV infection (21). Translocated PABPC is
diffusely distributed throughout the nucleus yet is excluded from viral replication
compartments. In EBV infection, ZEBRA controls the intranuclear distribution of trans-
located PABPC (21). Nuclear translocation of PABPC during herpesvirus-mediated host
shutoff is accompanied by a block to nuclear export of poly(A) mRNAs (20).

Nuclear export of mRNA is a highly regulated process requiring successful cotran-
scriptional processing (capping, splicing, cleavage, and polyadenylation) of pre-mRNA
and incorporation of mRNA into export-competent messenger ribonucleoproteins
(mRNPs) containing export adapters and export receptors (22-24). RNA-binding export
adapter proteins (i.e., Y14, Magoh, ALY-REF, SRp20, and 9G8) monitor correctly pro-
cessed pre-mRNAs (25-28) and recruit export receptor proteins (NXF1:NXT1 and CRM1).
Nuclear export receptor proteins recruited to mRNPs bind the nuclear pore complex
(NPC) and enable transit of mature mRNPs through the NPC (29, 30).

Interchromatin granule clusters (IGCs), one of the most conspicuous and widely
studied nuclear subcompartments, serve as dynamic repositories of small nuclear
ribonucleoproteins (snRNPs), SR protein splicing factors, spliccosome subunits, RNA
polymerase Il (Pol Il) large subunit, and SR protein kinases and phosphatases; these
essential splicing and transcription factors are supplied by IGCs to sites of transcription.
IGCs are located near sites of highly active transcription; they respond morphologically
to perturbations in transcription and influence the nucleocytoplasmic export of mRNAs
(31-33). Despite their dynamic nature and important roles in processing and export of
cellular mRNAs, alterations in the architecture of IGCs during the course of EBV lytic
infection have not been described.

Like cellular mRNA, EBV mRNAs are transcribed by RNA Pol Il, capped, spliced,
cleaved, and polyadenylated. Yet unlike cellular mRNAs, which are sequestered in the
nucleus as result of a VHS-induced block to mRNA export, EBV mRNAs are efficiently
exported to the cytoplasm. EBV BMLF1 protein (EB2; Mta; SM) regulates the export of
most early and late viral mRNAs from the nucleus (34-36). Previous studies have
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characterized the cellular interacting partners of BMLF1 and the mechanisms by which
BMLF1 regulates nuclear export of mRNA. BMLF1 binds RNA via its arginine-rich region
(37), shuttles between the nucleus and cytoplasm (38), and interacts with RNA nuclear
export factors ALY and NXF1 (37, 39, 40). BMLF1 also regulates the abundance of
specific mRNAs (41), stimulates translation of target mRNAs (42), and interacts with
cellular splicing factor SRp20 to modulate splice site selection (43).

In this study, we investigated progressive changes to the nuclear architecture of viral
and cellular factors with roles in pre-mRNA processing and nuclear export of mRNA during
successive stages of lytic EBV infection. We report the following: during the early stage of
EBV lytic infection, two pre-mRNA splicing factors, SC35 and SON, were dispersed from IGCs,
and three key mRNA export factors, Y14, ALY, and NXF1, were depleted from the nucleus.
During late lytic infection, virally induced nodular structures selectively composed of viral
(BMLF1 and BGLF5) and cellular (SC35, SON, SRp20, and NXF1) proteins that mediate
pre-mRNA processing and mRNA export were assembled at the periphery of viral replica-
tion compartments. These nodules, termed VINORCs, are novel EBV-induced nuclear struc-
tures. A viral long noncoding RNA, BHLF1, was also a component of VINORCs. We hypoth-
esize that EBV-induced dispersal and depletion of pre-mRNA processing and mRNA export
factors early during lytic infection contribute to a VHS-associated block in nuclear export of
cellular mRNA. Recruitment of these pre-mRNA processing and mRNA export proteins to
VINORCs and viral replication compartments during late lytic infection may facilitate
selective processing and export of viral mMRNAs.

RESULTS

BGLF5 and BMLF1 colocalize within nodules located at the periphery of viral
replication compartments (Fig. 1). We previously reported that two EBV lytic proteins,
BMLF1, a protein involved in processing and export of viral mRNAs, and BGLF5, a
nuclease that functions in DNA replication and viral host shutoff, were similarly
localized in lytically induced 293HEK epithelial cells containing wild-type EBV bacmids
(2089 cells) (21). Both proteins localized to discrete nodular intranuclear structures; in
2089 cells containing globular viral replication compartments, foci of BMLF1 and BGLF5
localized to the external surface of viral replication compartments. Despite their similar
localization patterns, we had not provided evidence that nodules of BMLF1 were
distinct from or coincided with nodules of BGLF5. Nor had we demonstrated the
nodular localization pattern of BMLF1 or BGLF5 in more physiologically relevant cell
lines infected with EBV, rather than with bacmid DNA.

The distribution patterns of BMLF1 and BGLF5 were compared in 2089 cells and in
SNU-719 cells, a gastric carcinoma cell line derived from a human tumor biopsy
specimen naturally infected with EBV (Fig. 1) (44). The localizations of BMLF1 and BGLF5
were examined 45 h after lytic induction in cells lacking viral replication compartments,
indicative of the EBV early lytic stage, and in cells containing globular viral replication
compartments, characteristic of the EBV late lytic stage. In 2089 cells in the early lytic
stage, nodules of BMLF1 and BGLF5 were present in cells lacking viral replication
compartments, marked by the diffuse distribution of EBV polymerase processivity factor
EA-D (Fig. 1Ai to Aiii and Avii to Aix), and in cells in the late lytic stage containing viral
replication compartments in which the EA-D protein was globular (Fig. 1Aiv to Avi and
Ax to Axii). In 2089 cells containing viral replication compartments, nodules of BGLF5
(Fig. TAv and Avi, blue arrows) and nodules of BMLF1 (Fig. 1Axi and Axii, blue arrows)
were concentrated at the periphery of viral replication compartments.

During the EBV lytic cycle in nuclei of SNU-719 cells, BGLF5 (Fig. 1Bxiv, Bxv, Bxvii, and
Bxviii, blue arrows) and BMLF1 (Fig. 1Bxx, Bxxi, Bxxiii, and Bxxiv, blue arrows) were
concentrated in nodular structures that were similar in number, size, shape, and
distribution to nodules in lytic 2089 cells. As seen in 2089 cells, nodules of BGLF5 (Fig.
1Bxvi to Bxviii) and BMLF1 (Fig. 1Bxxii to Bxxiv) localized to the periphery of viral
replication compartments in SNU-719 cells.

To determine whether the nodules containing BMLF1 also contained BGLF5, 2089
cells (Fig. 1C) and SNU-719 cells (Fig. 1D) were cotransfected with ZEBRA to induce the
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FIG 1 EBV BGLF5 and BMLF1 proteins colocalize within nodular structures in the nucleus. 2089 cells (A and C) and
EBV-infected gastric carcinoma cells (SNU-719) (B and D) were induced into the lytic phase by transfection with ZEBRA (A
and B) or cotransfection with ZEBRA and FLAG-BGLF5 (C and D). Cells were fixed and stained with antibodies specific for
EA-D (A and B), BGLF5 (A and B), BMLF1 (A to D), and FLAG (C and D) as indicated and fluorophore-conjugated secondary
antibodies. Each row of three adjacent panels depicts the same field of view. Blue arrows indicate nodular structures
containing BGLF5 or BMLF1. The reference bar in each image represents 10 um.

lytic cycle and FLAG-BGLF5. In both cell types costained for BMLF1 using rabbit
polyclonal antisera, and for FLAG-BGLF5 with anti-FLAG antibody, nodules containing
BMLF1 precisely colocalized with nodules containing FLAG-BGLF5. We conclude that
both proteins were present within the same nodular structures.

Nuclear reorganization during lytic EBV infection is accompanied by dispersal
of SC35 from IGCs, colocalization of SC35 with BMLF1 and BGLF5 at virally
induced nodules on replication compartments (VINORCs), and redistribution of
SC35 to viral replication compartments (Fig. 2). EBV BMLF1 regulates alternative
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FIG 2 Nuclear reorganization during lytic EBV infection is accompanied by dispersal of SC35 from IGCs, colocalization of
SC35 with BMLF1 and BGLF5 at virus-induced nodules on replication compartments (VINORCs) and redistribution of SC35
to viral replication compartments. 2089 cells (A to D) and SNU-719 cells (E and F) were transfected with control vector (A)
or induced into the lytic phase by transfection with ZEBRA (B to E). SNU-719 cells were also induced into the lytic phase
by treatment with TPA (F). Cells were fixed and stained with antibodies specific for SC35 (A to F), RTA (B and E), BGLF5 (C
and F), BMLF1 (D and E), and lamin B (A and E) as indicated and fluorophore-conjugated secondary antibodies. Transmitted
light images are shown in panels Dxxiv and Dxxx. Blue arrows (B and C) indicate viral replication compartments, red arrows
(B, C, and E) indicate VINORCs containing SC35, orange arrows (C and E) indicate cells undergoing lytic EBV infection, and
purple arrows indicate cells not expressing BGLF1 (C) or BMLF1 (E). Each row of three adjacent panels depicts the same
field of view. The reference bar in each image represents 10 um.

splicing and export of viral early and late mRNAs from viral replication compartments
to the cytoplasm during lytic induction (38, 45, 46). The recruitment of BMLF1 to
discrete VINORCs prompted us to examine alterations in distribution of cellular pre-
mRNA splicing factors during lytic induction of EBV. The SR protein SC35 (serine/
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arginine-rich splicing factor 2 [SRSF2]) (47) is an essential constitutive splicing factor
during the early steps of spliccosome assembly (48-50); SC35 also functions as a
regulator of 5’ splice site selection during alternative splicing (51, 52) and as a
transcription elongation factor (53). SC35 localizes to, and is a well-characterized marker
for, interchromatin granule clusters (IGCs). IGCs are dynamic reservoirs and repositories
of cellular pre-mRNA splicing factors and transcription factors; often located in close
proximity to sites of active transcription, IGCs provide splicing and transcription factors
to nearby sites of transcription (54-57).

We examined EBV-induced changes in IGCs by observing changes in localization of
SC35 in lytically induced 2089 cells and SNU-719 cells (Fig. 2). During latent EBV
infection (Fig. 2A), SC35 was present exclusively within the nucleus, where it was
distributed in a coarse granular pattern interspersed with numerous (10 to >30)
nondiscrete foci and fibrils of heterogeneous shape that ranged in size from 0.2 um to
1 wm in diameter. This distribution resembled previously published images of SC35
within IGCs (47). Using EBV replication and transcription activator (RTA) as an indicator
of lytic induction and as a marker for viral replication compartments, we observed
changes in localization of SC35. Forty-five hours after lytic induction of EBV in 2089 cells
(Fig. 2B, C, and D) and SNU-719 cells (Fig. 2E and F), the localization of SC35 was
markedly altered from its typical distribution pattern seen in latency. 2089 and SNU-719
cells showed the same altered distribution patterns of SC35 during lytic induction,
whether the inducing stimulus was transfection of ZEBRA or treatment of SNU719 cells
with tetradecanoyl phorbol acetate (TPA).

In cells lacking viral replication compartments where diffuse RTA was indicative of
an early lytic stage, SC35 was dispersed from IGCs and distributed in an evenly diffuse
pattern that was faintly visible throughout the nucleus. In some cells containing diffuse
RTA, the finely diffuse pattern of SC35 also showed 1 to 8 discrete, round, intranuclear
nodules of SC35, measuring 0.2 um to 2 um in diameter (Fig. 2Biv to Bvi). In a majority
of cells containing viral replication compartments, SC35 colocalized with RTA in a
globular mass encompassing the viral replication compartment (Fig. 2Bvii to Bix, blue
arrows) and was also present as discrete nodules on the surface of viral replication
compartments (Fig. 2Bvii and Bix, red arrows). These nodules contained SC35 but did
not contain RTA. In a significant proportion of cells containing viral replication com-
partments, SC35 localized only within viral replication compartments as a globular,
speckled mass that colocalized with RTA (Fig. 2Bx to Bxii and Exxxi to Exxxiii).

Costaining of SC35 with BGLF5 or BMLF1 in lytically induced cells lacking viral
replication compartments showed dispersal of SC35 from IGCs. SC35 was present in a
faintly visible diffuse distribution that either lacked nodules of SC35 (Fig. 2Cxiii to Cxv,
orange arrows, and Exxxiv to Exxxvi, orange arrows) or contained 1 to 8 discrete round
nodules of SC35 that colocalized with nodules containing BGLF5 (Fig. 2Cxvi to Cxviii)
and BMLF1 (Fig. 2Dxxii to Dxxiv). Interestingly, nodules containing SC35 invariably
contained BGLF5 and/or BMLF1; however, nodules containing BGLF5 (Fig. 2Cxiii to Cxv)
and BMLF1 (Fig. 2Exxxiv to Exxxvi) could be seen in nuclei lacking nodules of SC35. This
observation suggests that the two viral proteins are recruited to nodular structures
independently of recruitment of SC35.

In cells in which SC35 was recruited both to viral replication compartments and to
VINORCs, SC35 colocalized with BGLF5 (Fig. 2Cxix to Cxxi) and BMLF1 (Fig. 2Dxxv to Dxxvii
and Exxxvii to Exxxix) within VINORCs. In cells where SC35 was restricted to globular viral
replication compartments, VINORCs containing BMLF1 (Fig. 2Dxxviii to Dxxx) or BGLF5 (Fig.
2FxL to FxLii) did not costain with SC35. In such cells, SC35 costained with RTA within viral
replication compartments (Fig. 2Bx to Bxii).

In summary, in cells undergoing lytic induction of EBV, SC35 assumed four distinct
patterns of redistribution. In the absence of viral replication compartments, SC35 was
(i) diffuse despite the presence of discrete nodules containing BMLF1 and BGLF5 or (ii)
diffuse and enriched in several round foci that colocalized with nodules of BMLF1 and
BGLFS5. (iii) In nuclei containing viral replication compartments SC35 localized both to
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VINORCs containing BMLF1 and BGLF5 and to viral replication compartments. (iv) SC35
localized only to viral replication compartments and was not present in VINORCs.

The cellular protein SON is dispersed from IGCs and relocalized to nodules at
the periphery of viral replication compartments during lytic EBV replication. SON
plays a structural role within IGCs by maintaining localization of pre-mRNA splicing
factors (58). To learn whether the redistribution of SC35 to VINORCs and viral replication
compartments is limited to SC35, or whether lytic induction of EBV alters other
components of the IGC, we studied changes in localization of SON during lytic EBV
replication. EBV-induced changes in SON localization were assessed in 2089 cells (Fig.
3A and B, 4A and B, and 5B), SNU-719 cells (Fig. 3C and 4C), and the Burkitt ymphoma
cell line HH514-16 (Fig. 3D and 4D). The distribution of SON in these 3 cell types was
compared to those of EA-D (Fig. 3) and SC35 (Fig. 4).

In cells latently infected with EBV (Fig. 3A and Dxxi to Dxxiv), SON was present
exclusively within the nucleus, where it was distributed as numerous (10 to >30)
nondiscrete foci and fibrils of heterogeneous shape that ranged in size from 0.2 um to
2 um. Costaining for SC35 and SON showed precise colocalization of these two proteins
in latently infected cells (Fig. 4Ai to Aiv, Cxiii to Cxvi, and 4Dxxi to Dxxiv). This
colocalization is consistent with SC35 and SON both being integral components of IGCs
(47, 58).

Lytic induction of EBV caused redistributions of SON that were similar in all 3 cell
types. In nuclei where EA-D was diffuse and viral replication compartments were not
present, SON was completely dispersed from IGCs (Fig. 3Bv to Buviii, blue arrows, and
3Cxiii to Cxvi, blue arrows) and, like SC35, was distributed diffusely at a low level
throughout the nucleus; this diffuse distribution of SON was sometimes accompanied
by 1 to 8 discrete intranuclear nodules, roughly spherical and 0.2 um to 2 um in
diameter. In cells containing viral replication compartments (Fig. 3Bix to Bxii, Cxvii to
Cxx, and 3Dxxv to Dxxvii), SON localized strongly to VINORCs at the periphery of viral
replication compartments, but unlike SC35, SON was not recruited to the interior of
viral replication compartments.

To confirm differences between SC35 and SON with respect to localization in
VINORCs and viral replication compartments, cells were costained for the two proteins
and their distributions within single cells were compared (Fig. 4). During EBV latency in
2089 cells, SNU-719 cells, and HH514-16 cells, SC35 and SON precisely colocalized
within IGCs (Fig. 4Ai to Aiv, 4Cxiii to Cxvi, and Dxxi to Dxxiv). During lytic induction of
all 3 cell types, SC35 was present either in both VINORCs and viral replication com-
partments (Fig. 4Bv and Bvii, Cxvii and Cxix, and Dxxv and Dxxvii) or exclusively in viral
replication compartments (Fig. 4Bix and Bxi). However, within cells containing SC35 in
viral replication compartments, SON was present exclusively in VINORCs and was not
recruited to the interior of viral replication compartments (Fig. 4Bvi, Bvii, Bx, and Bxi,
4Cxviii and Cxix, and Dxxvi and Dxxvii).

Super-resolution imaging of SON during lytic EBV replication. With conven-
tional confocal microscopy, SON appeared to be distributed evenly and diffusely
throughout VINORCs, with no discernible pattern of organization within VINORCs (Fig.
5i to iii and iii, outlined area [iii-zoom]). However, the limit of resolution attainable by
conventional light microscopy is diffraction limited to approximately 200 nm, which is
insufficient to resolve the ultrastructure of the interior of VINORCs. To observe the
ultrastructure of VINORCs, we used stimulated emission depletion (STED) super-
resolution microscopy combined with deconvolution by Huygens software. In contrast
to the even distribution of SON in VINORCs seen with conventional confocal micros-
copy, SON in VINORCs visualized by STED and deconvolution was present in clusters of
multiple subunits each measuring 40 nm to 80 nm in diameter (Fig. 5iv to vi and
vi-zoom). Using STED-enhanced resolution and a higher (100X) objective lens, a
relatively thin layer of SON was also often seen encompassing the outer periphery of
viral replication compartments.

Frequency of distinct distribution patterns of SC35 during latency and lytic
stages of EBV infection (Fig. 6 and 7). Distribution patterns of SC35 were analyzed by
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FIG 3 The cellular splicing factor SON is redistributed to nodular structures at the periphery of viral
replication compartments during lytic EBV replication. 2089 cells (A and B) and SNU-719 cells (C) were
transfected with empty vector (A) or induced into the lytic phase by transfection with ZEBRA (B and C).
Burkitt lymphoma cells (HH514-16) were left untreated (Dxxi to Dxxiv) or induced into the lytic phase by
treatment with sodium butyrate (Dxxv to Dxxviii). Cells were fixed and stained with antibodies specific
for SON (A to D), EA-D (B to D), and lamin B (A to C) as indicated and fluorophore-conjugated secondary
antibodies. Transmitted light images are shown in panels Aiv, Dxxiv, and Dxxviii. Blue arrows (B and C)
indicate cells that expressed EA-D; orange arrows (B and C) indicate cells that did not express EA-D. Each
row depicts the same field of view. The reference bar in each image represents 10 um.

measuring fluorescence intensities of each protein along cross sections of nuclei during
latency, early, and late stages of lytic induction; measurements made using Image)
software were portrayed graphically (Fig. 6). Frequencies of each distribution pattern of
SC35 and SON were scored for each viral stage within a population of 2089 cells at 45
h following transfection with ZEBRA (Fig. 7).

Plots of measurements of SC35 along cross sections of latently infected cells (Fig. 6Ai
to Aiii) showed multiple peaks and troughs of heterogeneous heights, depths, and
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FIG 4 SON colocalizes with SC35 in VINORCs. SC35, but not SON, is recruited to viral replication
compartments. 2089 cells (A and B) and SNU-719 cells (C) were transfected with empty vector (A) or
ZEBRA (Bv to Bxii and Cxvii to Cxx) or left untreated (Cxiii to Cxvi). HH514-16 cells were left untreated
(Dxxi to Dxxiv) or induced into the lytic phase of EBV infection by treatment with sodium butyrate (Dxxv
to Dxxviii). Cells were fixed and stained with primary antibodies specific for SC35 (A to D), SON (A to D),
and lamin B (A to C) as indicated, followed by fluorophore-conjugated secondary antibodies. Transmitted
light images are also shown. Each row depicts the same field of view. The reference bar in each image
represents 10 wm.

widths distributed unevenly across the nucleus (Fig. 6Aiii, blue arrow, and correspond-
ing graph). These peaks correspond to the IGCs. Cell counts showed SC35 was distrib-
uted within IGCs in the majority (79%) of latently infected cells (Fig. 7A, highlighted in
blue); a minority of cells (21%) showed SC35 dispersed diffusely through the nucleus.

Measurements along cross sections of early lytic stage cells marked by diffuse RTA
(Fig. 6Aiv to Avi) showed SC35 distributed in a uniform, low-level pattern across the
nucleus (Fig. 6Avi, blue arrow, and corresponding graph); measurements along cross
sections of early lytic cells that intersected a nodule of SC35 appeared graphically as a
spike. In contrast to latently infected cells, in which SC35 was predominantly found in
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FIG 5 Super-resolution microscopy of SON in VINORCs. 2089 cells transfected with ZEBRA were fixed and
stained with primary antibodies specific for EA-D and SON followed by fluorophore-conjugated second-
ary antibodies. A viral replication compartment and adjacent VINORCs were imaged by standard confocal
microscopy (i to iii) and STED microscopy (iv to vi). STED images were deconvoluted using Huygens
deconvolution software. Enlarged images of a representative VINORC by standard confocal (iii-zoom) and
STED (vi-zoom) microscopy are shown.

IGCs, in cells at the early stage of lytic infection SC35 was dispersed throughout the
nucleus in nearly all cells (98%) (Fig. 7A, highlighted in red).

When SC35 was present in VINORCs and in viral replication compartments (Fig. 6Avii
to Aix), Image) measurements showed spikes of SC35 corresponding to VINORCs at the
periphery of viral replication compartments and an elevated level of SC35 uniformly
distributed within viral replication compartments (Fig. 6Aix, blue arrow and corre-
sponding graph). In cells where SC35 was present only within viral replication com-
partments (Fig. 6Ax to Axii), SC35 precisely colocalized with RTA (Fig. 6Axii, blue arrow
and corresponding graph). SC35 within viral replication compartments often appeared
speckled. During the late stage of lytic infection, 56% of cells showed SC35 localized to
both VINORCs and viral replication compartments (Fig. 7A, highlighted in green), 40%
of cells showed SC35 localizing only to viral replication compartments (Fig. 7A, high-
lighted in purple), a small minority of cells (4%) showed SC35 localized to VINORCs but
not to replication compartments, and no cells showed SC35 distributed within I1GCs.

Frequency of distinct distribution patterns of SON during latency and lytic
stages of EBV infection. Measurements of SON taken along cross sections of latently
infected cells showed peaks and troughs of heterogeneous heights, depths, and widths
distributed unevenly across the nucleus (Fig. 6Bxiii to Bxv, blue arrow, and correspond-
ing graph); this pattern, indicative of IGCs, was similar to that in graphs of SC35 in
latently infected nuclei. Cell counts showed that 83% of latently infected cells con-
tained SON localized to IGCs (Fig. 7B, highlighted in blue); 17% showed SON dispersed
diffusely through the nucleus.

During the early stage of lytic infection, measurements of SON along nuclear cross
sections (Fig. 6Bxvi to Bxviii) showed SON distributed in a uniform, low-level pattern
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FIG 6 Distributions of components of VINORCs and of viral replication compartments during EBV latency and lytic
replication. 2089 cells transfected with ZEBRA were fixed and stained with primary antibodies specific for RTA and SC35
(A) or EA-D and SON (B) as indicated, followed by fluorophore-conjugated secondary antibodies. Each row depicts the
same field of view. Fluorescence intensities of each protein pair were measured along intranuclear cross sections indicated
by blue arrows in merged panels. Fluorescence intensity values are plotted on accompanying graphs.

across the nucleus (Fig. 6Bxviii, blue arrow, and corresponding graph); cross sections of
early lytic cells occasionally intersected a discrete focus of SON that appeared graph-
ically as a spike (data not shown). Counts of cells undergoing early lytic infection
showed that SON was dispersed from IGCs and distributed diffusely throughout the
nucleus in nearly all (97%) cells (Fig. 7B, highlighted in red).

In cells undergoing late lytic infection (Fig. 6Bxix to Bxxi), plotted measurements of
SON taken along nuclear cross sections showed spikes corresponding to VINORCs at the
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FIG 7 Frequency of different distributions of SC35 and SON during three phases of the EBV life cycle. 2089 cells transfected
with ZEBRA were fixed 45 h posttransfection and then stained with primary antibodies specific for RTA and SC35 (A) or
EA-D and SON (B) followed by fluorophore-conjugated secondary antibodies. Each row depicts the same field of view. Cells
were scored for different distributions of RTA (A) or EA-D (B) characteristic of latent, early lytic, or late lytic stages. Cells in
each of these viral stages were scored for distributions of SC35 and SON in interchromatin granule clusters (IGCs), through
the nucleus, in VINORCs, and in viral replication compartments.

periphery of viral replication compartments (Fig. 6Bxxi, blue arrow; and corresponding
graph). Quantitation of SON across viral replication compartments marked by EA-D
showed no enrichment of SON within viral replication compartments (Fig. 6Bxxi graph).

These studies indicate similar distribution patterns of SC35 and SON during latency
and early EBV lytic cycle. In the late lytic cycle, SC35, but not SON, was enriched in viral
replication compartments. SON was invariably present in VINORCs; SC35 was variably
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present in VINORCs. Nearly all (98%) of cells containing viral replication compartments
also possessed VINORCs marked by SON (Fig. 7B, highlighted in green).

Redistribution of SON and SC35 occurs during the early stage of lytic infection.
In lytically induced cells lacking viral replication compartments, SC35 and SON were
dispersed from IGCs and were diffusely distributed throughout the nucleus (Fig. 2Biv to
Bvi, 3Bv to Buviii, and Cxiii to xiv). These observations indicate that redistribution of both
proteins occurs during an early stage of lytic induction, prior to the formation of viral
replication compartments. We verified this hypothesis using three different approaches:
(i) lytically induced cells were arrested at the prereplication stage by treatment with
phosphonoacetic acid (PAA), an inhibitor of viral DNA replication (Fig. 8Ai to 9iv); (ii)
lytic cycle was inducted by a ZEBRA missense point mutant, Z(Y180E), that is defective
in driving progression of the EBV lytic cycle beyond the early stage (59) (Fig. 8Av to
Aviii); and (iii) changes in distribution of SC35 and SON were observed at an early time
point prior to lytic viral DNA replication (Fig. 8B to D).

Treatment with PAA arrested lytically induced 2089 cells at the early lytic stage, as
indicated by a diffuse distribution of EA-D and absence of viral replication compart-
ments in most cells. PAA-treated cells expressing EA-D invariably showed dispersal of
SON from IGCs (Fig. 8Ai to Aiv, blue arrows). In contrast, in surrounding latently infected
cells (Fig. 8Ai to Aiv, orange arrows), SON was present in IGCs. Use of ZEBRA mutant
Z(Y180E) excludes possible nonspecific effects of PAA on SON localization. The majority
of 2089 cells transfected with Z(Y180E) were positive for diffuse EA-D expression but
lacked viral replication compartments. In these cells, SON was dispersed from IGCs and,
similar to the case with PAA-treated cells, was distributed diffusely throughout the
nucleus (Fig. 8Av to Aviii, blue arrows). Latent cells negative for expression of EA-D
showed SON localized to IGCs (Fig. 8Av to Aviii, orange arrows).

Using quantitative PCR analysis with primers specific for OriLyt, 13 h following
transfection of 2089 cells with ZEBRA was determined to be a time point of the early
lytic stage prior to significant lytic viral DNA replication (Fig. 8B). At 13 h after
transfection with ZEBRA, 91% (329 of 361) of RTA-positive cells showed a diffuse
distribution of RTA, and 9% (32 of 361) showed RTA in viral replication compartments.
Of cells containing diffuse RTA, 85% (281 of 329) showed dispersal of SC35 from IGCs
(Fig. 8C, highlighted in red). In contrast, 84% (256 of 305) of latent cells contained SC35
distributed within IGCs (Fig. 8C, highlighted in blue). At 13 h after transfection with
ZEBRA, 90% (436 of 484) of cells showed a diffuse distribution of EA-D, and 10% (48 of
484) showed EA-D in viral replication compartments. Of those cells containing diffuse
EA-D, 87% (328 of 436) showed dispersal of SON from IGCs (Fig. 8D, highlighted in
purple), whereas 87% (293 of 338) of cells in latency showed SON distributed within
IGCs. The results of these experiments, using the three methods described above
indicate that dispersal of SC35 and SON from IGCs occurs during the EBV early lytic
stage, prior to formation of replication compartments or formation of VINORCs.

The cellular splicing factor and mRNA export factor SRp20 localizes to VINORCs
during lytic EBV replication. IGCs, found in close proximity to sites of active tran-
scription (31-33, 60-62), are believed to function as repositories and reservoirs of
transcription factors and splicing factors (63-66). The recruitment of BMLF1 and IGC
components SC35 and SON to VINORCs, as well as the localization of VINORCs at the
periphery of viral replication compartments, suggested a possible role for VINORCs in
facilitating viral mRNA processing and/or nuclear export. To investigate this hypothesis,
we assessed whether SRp20 (serine/arginine-rich splicing factor 3 [SRSF3]) was re-
cruited to VINORCs. SRp20 is a cellular pre-mRNA splicing factor (67-71) and mRNA
export factor (27, 28). Like SC35, SRp20 belongs to the SR family of splicing factors;
however, unlike SC35 and SON, SRp20 often does not colocalize with IGCs. Assaying for
recruitment of SRp20 to VINORCs is particularly relevant to VINORC function, as
interaction of SRp20 with BMLF1 mediates the ability of BMLF1 to direct alternative
splicing (43).

During latency (Fig. 9A), SRp20 was distributed throughout the nucleus in a finely
speckled pattern; SRp20 and SC35 did not colocalize well. In lytically induced SNU-719
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A

FIG 8 Dispersal of SC35 and SON occurs during the early lytic stage of EBV infection. (A) 2089 cells were induced into the
EBV lytic phase by transfection with wild-type ZEBRA and treated with the viral DNA replication inhibitor PAA (Ai to Aiv)
or transfected with a replication-defective point mutant of ZEBRA, Z(Y180E) (Av to Aviii). Cells were fixed and stained with
antibodies specific for EA-D and SON and fluorophore-conjugated secondary antibodies. Transmitted light images are
shown as indicated. Each row depicts the same field of view. The reference bar in each image represents 10 um. (B) Time
course of DNA amplification. 2089 cells were transfected with plasmids expressing ZEBRA (gZ) or the CMV immediate early
promoter (CMV). Samples harvested at the indicated times were assessed for EBV content by quantitative PCR. (C and D)
Cells harvested 13 h after transfection with ZEBRA were analyzed for frequency of distribution pattern of SC35 (C) or SON
(D). Cells during the early lytic phase were distinguished from those in latency by the presence of absence of a diffuse
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FIG 9 The cellular splicing factor and mRNA export factor SRp20 is recruited to VINORCs during lytic EBV
replication. SNU-719 cells were left untreated (A) or induced into the lytic phase of EBV infection by
treatment with TPA (B). 2089 cells were induced into the lytic phase by transfection with ZEBRA (C) or
cotransfection with ZEBRA and FLAG-BGLF5 (D). Cells were fixed and stained with primary antibodies
specific for SRp20 (A to D; red), SC35 (A to C; green), EA-D (B and C; green), and FLAG (D; green) as
indicated and fluorophore-conjugated secondary antibodies. Transmitted light images are shown as
indicated. Each row depicts the same field of view. The reference bar in each image represents 10 um.

cells (Fig. 9B) and 2089 cells (Fig. 9C) containing viral replication compartments, SRp20
localized to nodules at the surface of viral replication compartments. Costaining of
SRp20 with VINORC components SC35 (Fig. 9Cxvii to Cxix) and FLAG-BGLF5 (Fig. 9Dxxi
to Dxxiv) showed colocalization within VINORCs; this result indicates recruitment of
SRp20 to VINORCs. However, unlike SC35, SRp20 was not enriched within the interior
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of viral replication compartments (Fig. 9Bv to Bviii, Bix to Bxii, Cxiii to Cxvi, and Cxvii to
Cxix). In cells with SC35 localized exclusively to the interior of viral replication com-
partments, SRp20 was recruited to VINORCs that lacked SC35 (Fig. 9Bix to Bxii). In
summary, during lytic replication of EBV, SRp20 was recruited to VINORCs and colocal-
ized with BGLF5, an invariant marker of VINORCs.

EBV long noncoding RNA BHLF1 is a component of VINORCs. Since all VINORC
components identified thus far were RNA-binding proteins, we hypothesized that
VINORCs might also contain an RNA component. To identify possible viral RNA com-
ponents of VINORCs, using fluorescence in situ hybridization (FISH) we examined the
localization of four distinct types of EB viral RNAs: (i) a short noncoding RNA, EBER-1,
167 nucleotides in length, that is present during the latent (72) and lytic phases; (ii) an
early lytic mRNA, BMRF1; (iii) two late lytic mRNAs, BBRF1 and BcLF1; and (iv) a lytic long
noncoding RNA (IncRNA), BHLF1, 1,980 nucleotides in length. The appearance of EBER-1
and the three EBV mRNAs was distinctly different from that of the BHLF1 IncRNA.

In both latent (data not shown) and lytically induced 2089 cells probed for EBER-1
RNA and EA-D protein, EBER-1 was diffusely distributed within the nucleus and lacked
any discrete foci (Fig. 10A). In lytically induced 2089 cells probed for BMRF1 mRNA and
EA-D protein, BMRF1 mRNA localized primarily to the cytoplasm (Fig. 10B). During early
lytic infection, a low level of BMRF1T mRNA was visible diffusely throughout lytically
induced nuclei; however, intranuclear foci of BMRF1 mRNA were not seen. During late
lytic stage, a slight enrichment of BMRF1T mRNA was seen colocalized with viral
replication compartments, and faintly stained foci of BMRF1 were observed at the
periphery of viral replication compartments (Fig. 10Bxii to Bxvi). BBRF1 mRNA, which
does not require BMLF1 for nuclear export (35), was concentrated in subterritories of
the cytoplasm as distinct foci. A low level of BBRF1 mRNA was visible diffusely
throughout nucleus and in foci within viral replication compartments marked by EA-D
and the absence of 4',6-diamidino-2-phenylindole (DAPI) staining (Fig. 10C). Foci of
BBRF1 mRNA that could correspond to VINORCs were not seen at the periphery of viral
replication compartments. BcLF1T mRNA, which is dependent on BMLF1 for cytoplasmic
accumulation (35), was enriched in the cytoplasm as discrete foci and visible at a low
level diffusely throughout the nucleus. However, intranuclear foci of BcLF1T mRNA were
not seen (Fig. 10D).

2089 cells (Fig. 11Ai to Aiii and Av), BZKO cells (Fig. 11B), and SNU-719 cells (Fig. 11C)
were induced into the lytic phase by transfection with ZEBRA and probed for BHLF1
IncRNA by RNA FISH using antisense oligonucleotide probes. BHLF1 IncRNA was not
detected in latent cells (Fig. 11Aiv); no nonspecific signal was seen in lytic cells probed
with BHLF1 sense strand oligonucleotide control probes (Fig. 11Av). In lytically induced
2089, BZKO, and SNU-719 cells, BHLF1 IncRNA was distributed in the nucleus in 3
different patterns: diffusely (Fig. 11Ai), diffusely and enriched in 1 to 10 discrete foci 0.2
um to 2 um in diameter (Fig. 11Aii), or present exclusively within 3 to 10 discrete foci
0.2 um to 2 um in diameter (Fig. 11Aiii, Bvii and Bxi, and Cxv and Cxix). In cells
expressing diffuse EA-D but lacking viral replication compartments, characteristic of the
early lytic phase, BHLF1 IncRNA was found in all 3 distributions (Fig. 11Bvi to Bix and
Cxiv to Cxvii). However, in cells containing viral replication compartments (Fig. 11Bx to
Bxiii and Bxviii to Bxxi), BHLF1 IncRNA was localized to nodules situated at the surface
of viral replication compartments; BHLF1 IncRNA was not found within viral replication
compartments.

To test whether nodules of BHLF1 IncRNA colocalized with known protein compo-
nents of VINORCs, lytically induced BZKO (Fig. 12A), 2089 (Fig. 12B), and SNU-719 (Fig.
12C) cells were probed for BHLF1 IncRNA by FISH and costained for BMLF1 (Fig. 12A),
SON (Fig. 12B and (), and SC35 (Fig. 12B and Q). In all 3 cell types, nodules of BHLF1
IncRNA invariably and precisely colocalized with three VINORC components, BMLFT1,
SON, and SC35. These results indicate that BHLF1 IncRNA is a viral RNA component of
VINORGs.
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FIG 10 Distribution patterns of four EBV RNAs during lytic cycle of EBV infection: EBER-1 (a short noncoding RNA), BMRF1
(an early lytic mRNA), and BBRF1 and BcLF1 (two late lytic mRNAs). 2089 cells were induced into the lytic phase of EBV
infection by transfection with ZEBRA. EBER-1 RNA (A), BMRF1 mRNA (B), BBRF1 mRNA (C), and BcLF1 mRNA (D) were
detected by RNA FISH using antisense strand oligonucleotide probes. Cells were costained for viral proteins by indirect
immunofluorescence using primary antibodies specific for EA-D and lamin B (A and B) and fluorophore-conjugated
secondary antibodies. Cells were stained with DAPI (C and D) as indicated. Transmitted light images (B to D) are shown
as indicated. Each row depicts the same field of view. The reference bar in each image represents 10 um.
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FIG 11 EBV long noncoding RNA BHLF1 forms nodules at the periphery of viral replication compartments. 2089 (Ai to Aiii and
Av), BZKO (B), and SNU-719 (C) cells were induced into the lytic phase of EBV infection by transfection with ZEBRA or not
transfected (Aiv). BHLF1 IncRNA (Ai to Aiv, B, and C) was detected by RNA FISH using antisense strand oligonucleotide probes.
As a control for specificity of BHLF1 probes, lytically induced cells were probed with complementary sense strand oligonucle-
otides probes of BHLF1 (Av). Cells were costained for EA-D by indirect immunofluorescence. Transmitted light images are shown
as indicated. Each row depicts the same field of view. The reference bar in each image represents 10 um.

Three-dimensional appearance of VINORCs. Two-dimensional images are inade-
quate for addressing certain questions regarding the morphology and distribution of
VINORCs at the periphery of viral replication compartments. Are VINORCs spherical,
ovoid, or cylindrical? Where are VINORCs located in the nucleus with respect to the
apical-basal (Z) axis? What are the relative positions of VINORCs and viral replication
compartments with respect to the Z axis? To better visualize the distribution of
VINORCs within a cell nucleus undergoing lytic EBV replication, a 3-dimensional Z-stack
reconstruction of a series of X-Y planar images was generated by confocal microscopy
(Fig. 13). VINORCs and viral replication compartments in lytically induced BZKO cells
were marked by BHLF1 IncRNA and EA-D, respectively. VINORCs, globular and ovoid in
shape, were positioned on the exterior surface of viral replication compartments. Unlike
PML bodies, which are adjacent to but physically separate from viral replication
compartments, no intervening space was visible between VINORCs and viral replication
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FIG 12 BHLF1 colocalizes with other components of VINORCs. BZKO (A), 2089 (B), and SNU-719 (C) cells
were induced into the lytic phase of EBV infection by transfection with ZEBRA. BHLF1 IncRNA was
detected by RNA FISH (A to C; red) and costained by indirect immunofluorescence for BMLF1 (A; green),
SC35 (B and C; green), and SON (B and C; green) proteins, as indicated. Each row depicts the same field
of view. The reference bar in each image represents 10 um.

compartments at a resolution limit of 200 nm to 300 nm. Overlap between the green
fluorescence of EA-D and red fluorescence of BHLF1 IncRNA produced a sliver of yellow
fluorescence at the interface of VINORCs and viral replication compartments; this
overlap suggests synaptic contact between the two distinct structures. Most VINORCs
were situated at the basal side of viral replication compartments (90° and 270° [Fig. 13]).
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FIG 13 Z-stack reconstruction of VINORCs containing BHLF1 at the periphery of viral replication com-
partments. BZKO cells were induced into the lytic phase of EBV infection by transfection with ZEBRA.
BHLF1 IncRNA and EA-D protein were detected by simultaneous RNA FISH and indirect immunofluores-
cence analysis. A 3-dimensional representation was reconstructed from Z-stack micrographs obtained by
confocal microscopy. Images were taken of the Z-stack reconstruction rotated around the y axis at 45°
intervals.

Neither coilin nor PML is redistributed or recruited to VINORCs during lytic EBV
induction. VINORC components, including BMLF1, BGLF5, SC35, and SON, each possess
RNA processing or mRNA export activity, whereas viral and cellular proteins that are not
recruited to VINORCs, such as EA-D, RTA, ZEBRA, and lamin B, lack known RNA
processing or export activity. To further investigate the specificity of recruitment to
VINORGs, two cellular nuclear proteins with no known RNA processing or export
activity, namely, coilin, a major component of Cajal bodies, and PML, were observed
during lytic EBV replication.

In latently infected 2089 cells (Fig. 14Ai, Aii, Bix, and Bx) and SNU-719 cells (Fig. 14Aiii,
Aiv, Bxi, and Bxii), coilin localized to 1 to 10 discrete punctate intranuclear foci, ranging from
0.2 um to 0.5 wm in diameter. Costaining showed that during latency coilin did not
colocalize with SON in IGCs (Fig. 14Bix and Bxi). In cells undergoing lytic induction, there
was no change in the number, size, shape, or appearance of coilin foci (Fig. 14Av to Aviii
and Bxiii to Bxvi) compared to latently infected cells. Costaining with RTA showed that coilin
foci, unlike VINORCs, did not localize to the periphery of viral replication compartments (Fig.
14Av and Avii). Costaining of coilin and SON showed that during lytic EBV induction, coilin
did not colocalize with nodules of SON (Fig. 14Bxiii to Bxvi).

PML, a component of PML nuclear bodies, has been implicated in a wide range of
cellular functions, including p53-mediated apoptosis, cellular senescence, antiviral
mechanisms, and DNA damage responses (73-78). In latently infected 2089 cells (Fig.
14Cxvii, Cxviii, Dxxv, and Dxxvi) and SNU-719 cells (Fig. 14Cxix, Cxx, Dxxvii, and Dxxviii),
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FIG 14 Coilin and PML protein are not recruited to VINORCs. 2089 cells or SNU-719 cells were left
untreated (Ai to Aiv, Bix to Bxii, Cxvii to Cxx, and Dxxv to Dxxviii) or induced into the lytic phase of EBV
infection by transfection with ZEBRA (Av to Aviii, Bxiii to Bxvi, Cxxi to Cxxiv, and Dxxix to Dxxxii). Cells
were fixed then stained with primary antibodies specific for coilin (A and B; green), PML (C and D; green),
RTA (A and C; red) and SON (B and D; red), and fluorophore-conjugated secondary antibodies. Trans-
mitted light images are shown as indicated. Each row of two adjacent images depicts the same field of
view. The reference bar in each image represents 10 um.

PML localized to 1 to 10 discrete punctate foci per nucleus, ranging 0.2 to 1T um in
diameter. Costaining with antibody to SON showed that during latency PML did not
colocalize with SON in IGCs (Fig. 14Dxxv and Dxxvii). In cells undergoing lytic induction,
there was no change in the number, size, shape, or appearance of PML foci (Fig. 14Cxxi
to Cxxiv and Dxxix to Dxxxii) compared to latently infected cells. Costaining with RTA
showed that PML foci localized near the periphery of viral replication compartments
(Fig. 14Cxxi and Cxxiii). However, costaining with SON showed that during lytic EBV
induction, foci of PML did not colocalize with nodules of SON (Fig. 14Dxxix and Dxxxi).
In summary, neither coilin nor PML was recruited to VINORCs or viral replication
compartments.
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Cellular mRNA export adapters Y14 and ALY are depleted from the nucleus and
recruited to VINORCs. SC35 and SON are dispersed from IGCs during early lytic EBV
infection; during late stages of lytic infection, these proteins are recruited to VINORCs
and viral replication compartments. Dispersal of SC35 and SON from IGCs could be an
important event in VHS. Since EBV replication compartments are enriched in viral mMRNA
and coincide with subnuclear regions devoid of translocated PABPC, recruitment of
viral (BMLF1) and cellular (SC35, SON, and SRp20) proteins that mediate pre-mRNA
splicing and mRNA nuclear export strongly suggests that VINORCs and viral replication
compartments are involved in selective nuclear export of viral mRNA. To further
investigate this hypothesis, we examined alterations in the intranuclear distribution of
key cellular regulators of mRNA export.

Nuclear export of mRNA requires cotranscriptional processing (capping, splicing,
and 3’-end formation) of pre-mRNA and recruitment of export adapters, such as Y14
and ALY, to RNA to form large messenger ribonucleoprotein (mRNP) complexes. Export
adapters regulate nuclear export of mRNA by ensuring correct processing of mRNA
prior to export and by mediating recruitment of nuclear export receptors (NXFT:NXT
and CRM1) that dock the mature mRNP with the nuclear pore complex (NPC) and
facilitate transit through the NPC to the cytoplasm (26, 79-83). We examined EBV-
induced changes in nuclear organization of Y14 and ALY, particularly with respect to
VINORCs and viral replication compartments, during progression of the lytic cycle.

Y14, a core component of the exon junction complex, binds mRNA at a late stage
of splicing and remains bound to mRNA until translation in the cytoplasm (84, 85). In
2089 cells latently infected with EBV (Fig. 15Ai to Aiv, Bxvii to Bxx, and Bxix-zoom), Y14
was present primarily in the nucleus, where it was distributed throughout the nuclear
volume as numerous (>30) discrete round foci of various size <0.4 um in diameter; few
foci of Y14 were also present in the cytoplasm. Costaining of Y14 with SC35 showed a
general enrichment of Y14 at IGCs marked by SC35. Most foci of Y14 either colocalized
with SC35, partially overlapped with foci of SC35, or were immediately adjacent to foci
of SC35. Enrichment of Y14 at IGCs marked by SC35 supports previously published
analyses of Y14 localization (86).

Lytic induction of EBV caused a comprehensive loss of Y14 foci from nuclei. In most
early lytic cells marked by diffuse EA-D (Fig. 15Av to Aviii), few (<10) foci of Y14
remained in the nucleus. Even though the abundance of Y14 was decreased, the size
and round morphology of individual Y14 foci seen during latency were unchanged
following lytic induction. In late lytic cells (Fig. 15Axiii to Axvi and Bxxi to Bxxviii), foci
of Y14 were consistently enriched within viral replication compartments and at seg-
ments of the nuclear membrane.

Depletion of Y14 foci persisted into the late lytic stage. Despite recruitment of Y14
to viral replication compartments and the nuclear membrane, the subnuclear region
surrounding viral replication compartments was depleted of Y14 foci. Nonetheless,
some foci of Y14 were present at the periphery of viral replication compartments.
Costaining of Y14 with SC35 in cells at the late lytic stage showed recruitment of Y14
to VINORCs; however, foci of Y14 foci did not precisely colocalize with VINORCs marked
by SC35. Y14 foci often partially overlapped or were immediately adjacent to VINORCs
marked by SC35 (Fig. 15Bxxi to Bxxiv and Bxxiii-zoom, arrows 1 and 2 and graphs).

ALY, a well-characterized export adapter, is a core component of TREX, the key
regulator of NXF1-mediated nuclear export of mRNA (26). ALY, as part of TREX, recruits
the primary mRNA export receptor heterodimer, NXF1:NXT, to mRNPs (81). Binding of
TREX to the 5" end of mRNA is mediated by the cap binding complex and splicing
machinery, thereby linking processing of mRNA to nuclear export (25, 87, 88).

In latently infected 2089 cells (Fig. 16Ai to Aiv, Bxiii to xvi, and Bxv-zoom), ALY was
present throughout the nucleus and cytoplasm. Unlike for Y14, which was rarely seen
in the cytoplasm, the abundance of ALY was often elevated in the cytoplasm. ALY was
distributed throughout the cell as numerous (>100) discrete foci of various sizes <0.3
um in diameter. Similarly to Y14, lytic induction of EBV resulted in a dramatic loss of
ALY foci throughout the nucleus; the abundance of ALY foci was also reduced in the
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FIG 15 Y14 is depleted from the nucleus and recruited to viral replication compartments and the nuclear periphery during
lytic EBV replication. 2089 cells were induced into the lytic phase of EBV infection by transfection with ZEBRA. Cells were
fixed and stained with antibodies specific for EA-D (A), SC35 (B), and Y14 (A and B) and fluorophore-conjugated secondary
antibodies. Each row of adjacent images depicts the same field of view. The reference bar in each image represents 10 um.
Enlarged images of latent stage (xix-zoom; purple outline) and late lytic stage (xxiii-zoom; blue outline) cells stained for
SC35 and Y14 are shown. Fluorescence intensities of SC35 and Y14 were measured along VINORCs, indicated by white
arrows (xxxiii-zoom, arrows 1 and 2). Fluorescence intensity values are plotted on the accompanying graphs.

cytoplasm. The size and shape of individual ALY foci seen during latency appeared
unchanged during lytic induction. In both early lytic and late lytic cells (Fig. 16Av to Axii
and Bxvii to Bxxiv), few (<12) foci of ALY were present in each nucleus. Unlike for Y14,
enrichment of ALY within viral replication compartments or at the nuclear membrane
was not seen during lytic replication. Costaining of ALY with SC35 often showed
recruitment of foci of ALY to VINORCs; however, foci of ALY did not precisely colocalize
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FIG 16 ALY is depleted from the nucleus during lytic EBV replication. 2089 cells were induced into the lytic phase of EBV
infection by transfection with ZEBRA. Cells were fixed and stained with antibodies specific for EA-D (A), SC35 (B), and ALY
(A and B) and fluorophore-conjugated secondary antibodies. Each row of adjacent images depicts the same field of view.
The reference bar in each image represents 10 um. Enlarged images of latent stage (xv-zoom; purple outline) and late lytic
stage (xxiii-zoom; blue outline) cells stained for SC35 and ALY are shown. Fluorescence intensities of SC35 and ALY were
measured along a VINORC, indicated by a white arrow (xxxiii-zoom). Fluorescence intensity values are plotted on the

accompanying graph.

with VINORCs marked by SC35. ALY foci often partially overlapped or were immediately
adjacent to VINORCs marked by SC35 (Fig. 16Bxxiii-zoom, arrow, graph).

The major mRNA export receptor, NXF1, is recruited to VINORCs and viral
replication compartments. NXF1 is the principal export receptor of mRNA from
mammalian cell nuclei (79, 82, 83). Export adapters, particularly ALY and SR proteins,
such as SRp20, recruit NXF1 to mRNPs (28, 81, 83). Association of mature mRNP with
NXF1 enables docking with NPC basket nucleoporins (i.e., TPR and Nup153) and
subsequent transit through the NPC (82, 89). In latently infected 2089 cells (Fig. 17Ai to
Av and Bxvi to Bxx), NXF1 was present throughout the nucleus and cytoplasm. NXF1
was distributed as numerous (>50) discrete small foci, < 0.2 um to 1 um in diameter,
and as fewer (1 to 5) larger aggregations, 1 uM to 2 um in width. Costaining of NXF1
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FIG 17 NXF1 is redistributed and recruited to VINORCs and viral replication compartments during lytic EBV replication.
2089 cells were induced into the lytic phase of EBV infection by transfection with ZEBRA. Cells were fixed and stained with
antibodies specific for SON (A), RTA (B), and NXF1 (A and B), fluorophore-conjugated secondary antibodies, and DAPI. Each
row of adjacent images depicts the same field of view. The reference bar in each image represents 10 um.

with SON (Fig. 17Ai to Av) showed that although foci of NXF1 did not colocalize with
SON in IGCs, NXF1 foci were enriched at IGCs. Enrichment of NXF1 in the vicinity of IGCs
supports previously published analyses of NXF1 localization (86).

Lytic induction of EBV caused a decline in the abundance of foci of NXF1 (Fig. 17Avi
to Ax, Axi to Axv, and Bxxi to Bxxv). During early lytic stage, costaining of NXF1 and SON
(Fig. 17Avi to Ax) showed that nodules of NXF1 precisely colocalized with nodules of
SON. Most strikingly, during late lytic infection, NXF1 was strongly recruited to VINORCs
and precisely colocalized with SON in VINORCs (Fig. 17Axi to Axv). Within VINORCs,
NXF1 was distributed as a globular mass and as small foci. During the late lytic stage,
foci of NXF1 were also recruited to the interior of viral replication compartments
marked by RTA (Fig. 17Bxxi to Bxxv). Viral replication compartments characterized by an
absence of DAPI staining were enriched in foci of NXF1 (Fig. 17Axi to Axv and Bxxi to
Bxxv); DAPI-positive intranuclear regions outside viral replication compartments were
depleted of NXF1 foci. In summary, NXF1 is a component of VINORCs and is also
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recruited to the interior of viral replication compartments; concurrently, NXF1 is de-
pleted from intranuclear regions surrounding VINORCs and viral replication compart-
ments.

DISCUSSION

The host cell nucleus is profoundly reorganized and restructured to facilitate essen-
tial processes in the lytic phase of the viral life cycle of herpesviruses. These processes
include viral DNA synthesis, virus-induced host shutoff (VHS), nuclear egress of viral
capsids, and evasion of host antiviral responses. In this report we describe additional
previously unrecognized changes in nuclear architecture in which viral and cellular
factors involved in mRNA splicing and nuclear export are redistributed during EBV lytic
replication. These changes, including the formation of VINORCs, are likely to contribute
additional mechanisms responsible for VHS and selective processing and export of
herpesviral mRNAs.

Novel observations. We describe several novel observations about changes in
nuclear architecture during progression of EBV lytic infection. During the early lytic
stage, (i) nodular structures containing EBV proteins, BMLF1 and BGLF5, and EBV
IncRNA, BHLF1, were formed; (ii) cellular splicing factors, SC35 and SON, were dispersed
from 1GCs; and (iii) cellular mRNA export factors, Y14, ALY, and NXF1, were depleted
from the nucleus. During the late lytic stage following assembly of viral replication
compartments, (iv) viral (BMLF1 and BGLF5) and cellular (SC35, SON, SRp20, Y14, ALY,
and NXF1) proteins that mediate pre-mRNA processing and mRNA export and an EBV
IncRNA (BHLF1) were recruited to nodular structures (VINORCs) situated at the periph-
ery of viral replication compartments; cellular (PML and coilin) and viral (RTA and EA-D)
nuclear proteins with no known direct role in RNA processing or nuclear export were
not recruited to VINORCs. (v) Some viral (BMLF1 and BGLF5) and cellular (5C35, Y14, and
NXF1) proteins were recruited to the interior of viral replication compartments. (vi)
Nuclear regions outside VINORCs and viral replication compartments remained de-
pleted of SC35, SON, Y14, ALY, and NXF1.

Dispersal of SC35 and SON during the early lytic stage and recruitment to VINORCs
during the late lytic stage occurred in nearly every cell undergoing lytic EBV induction
(Fig. 7). Although previously unrecognized, both processes represent invariable, fun-
damental changes to host cell nuclear architecture during lytic EBV replication. VI-
NORCs are novel EBV-induced nuclear structures. VINORCs were consistently observed
during lytic replication of EBV in all cell types analyzed: epithelial cell lines containing
EBV-bacmids (2089, BZKO), an EBV-infected gastric carcinoma cell line (SNU-719), an
EBV-infected Burkitt lymphoma cell line (HH514-16), and an EBV-infected marmoset
B-lymphoblastoid cell line (B95-8 [data not shown]). Selective recruitment to VINORCs
of viral and cellular proteins that mediate pre-mRNA processing and mRNA export, as
well as the location of VINORCs at the surface of viral replication compartments
containing EBV mRNA, strongly suggest that VINORCs participate in the processing and
nuclear export of viral mMRNAs in the context of VHS.

Comparison and contrast of mechanisms of vhs and viral mRNA export by
different herpesviruses. Global degradation of host mRNA, nuclear translocation of
PABPC, and a block to nuclear export of host mRNA are events that are common to the
host shutoff programs of EBV, Kaposi's sarcoma-associated herpesvirus (KSHV), and
HSV-1 (20, 21, 90-92). Host shutoff during lytic infection of HSV-1 is mediated by two
viral proteins: vhs protein, a riboendonuclease belonging to the FEN-1 family of
nucleases (93), and ICP27, a multifunctional immediate early protein that is also the
principal regulator of nuclear export of HSV-1 mRNA (94, 95). Host shutoff during KSHV
infection is activated by a single protein, SOX, a conserved viral alkaline endonuclease
(96). Host shutoff during EBV infection is mediated by two viral proteins: BGLF5, a
homolog of SOX, and ZEBRA, an immediate early protein that also functions as a
transcription factor and viral replication protein (21, 91). Two unrelated proteins, the
vhs protein and BGLF5/SOX, stimulate turnover of host mRNA via activation of the
cellular endonuclease Xrn1 (97).
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As the principal virally encoded regulator of nuclear export of viral mRNA, EBV
BMLF1 is the functional homolog of HSV-1 ICP27 (98). Both proteins bind RNA, shuttle
between the nucleus and the cytoplasm, interact with SR proteins, and regulate splicing
of specific mRNAs (38, 45, 99-101). BMLF1 and ICP27 differ in localization and in their
roles in redistribution of SC35. BMLF1 is an invariable component of VINORCs, yet ICP27
does not localize to nodules of SC35 during lytic HSV-1 infection.

During lytic HSV-1 infection, ICP27 contributes to host shutoff by inhibiting pre-
mRNA splicing and reducing levels of cytoplasmic cellular spliced mRNAs (102). ICP27
mediates inhibition of splicing through interactions with SR proteins and by modulat-
ing phosphorylation of SR proteins via interaction with SR protein kinase 1 (SRPK1)
(103). ICP27 reorganizes SC35 and snRNPs within IGCs into discrete, nodular structures
outside viral replication compartments (104, 105). ICP27-mediated inhibition of splicing
and reorganization of cellular splicing factors during HSV-1 infection concurrently fulfill
dual functions, namely, inhibition of nuclear export of host mRNAs that are predomi-
nantly spliced and selective nuclear export of HSV-1 mRNAs that are mainly intronless
(101, 106).

Nuclear reorganization in EBV- and HSV-1-infected cells. In a manner similar to
ICP27-mediated inhibitory effects on splicing, EBV-induced changes may contribute to
host shutoff and selective nuclear export of EBV mRNAs. During early lytic EBV infection,
SC35 and SON were dispersed from IGCs. In approximately 55% of cells undergoing
early lytic infection, this dispersed distribution was accompanied by discrete nodules
containing SC35, SON, BMLF1, BGLF5, and BHLF1; these EBV-induced nodules resem-
bled ICP27-induced nodules of SC35 seen during lytic HSV-1 infection. However, in
approximately 45% of cells undergoing early EBV lytic infection, SC35 and SON were
completely dispersed and no nodules were present. At the subsequent late lytic stage
of EBV infection, nodules containing SC35 and SON, as well as SRp20, BMLF1, BGLF5,
BHLF1, and NXF1, were reconstituted as VINORCs at the periphery of viral replication
compartments. In contrast, complete dispersal of SC35 from IGCs has not been reported
during lytic HSV-1 infection. ICP27-induced nodules of SC35 may result from conden-
sation of SC35 within pre-existing IGCs rather than dispersal of SC35 from IGCs and
reconstitution as VINORCs as observed in EBV infection.

The most obvious differences between HSV-1 and EBV are the lack of enrichment of
SC35 in the interior of HSV-1 replication compartments and the strong recruitment of
SC35 to the interior of EBV replication compartments (96% of late lytic EBV-infected
cells [Fig. 7). Efficient recruitment of SC35 into EBV replication compartments is a
unique distribution not shared by other VINORC components, including the related SR
protein splicing factor SRp20. Unlike other SR proteins, SC35 promotes transcriptional
elongation by Pol Il (53). Recruitment of SC35 to EBV replication compartments may
therefore indicate an additional transcriptional regulatory role for SC35 within viral
replication compartments. By dispersal from IGCs followed by recruitment to VINORCs
and replication compartments, SC35 may selectively promote viral gene expression
through both splicing and transcriptional elongation.

Recruitment of NXF1 to cellular mRNPs requires that particular combinations of
export adapters associate with mRNA (83). During lytic induction of EBV, nuclear export
adapters ALY and Y14 and the major export receptor, NXF1, are cleared from intranu-
clear regions outside viral replication compartments. NXF1 is strongly recruited to
VINORCS, and foci of ALY and Y14 often overlap VINORCs. NXF1 and Y14 are recruited
to the interior of EBV-1 replication compartments, whereas ALY is not. In contrast, ALY
is strongly recruited to the interior of HSV-1 replication compartments by ICP27,
whereas NXF1 is neither recruited to HSV-1 replication compartments nor depleted
from nuclear regions outside viral replication compartments.

Assembly of VINORCs. SON and the EBV BHLF1 IncRNA may play important roles in
mediating assembly of EBV-induced nodules and VINORCs. SON maintains proper organi-
zation of pre-mRNA processing factors in IGCs (58). Analogous to its structural role in 1GCs,
SON may play a role in assembly and structural maintenance of VINORCs. A long stretch of
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TABLE 1 Summary of the selective recruitment of viral and cellular factors to VINORCs and viral replication compartments during lytic
EBV replication?

Subnuclear recruitment

Protein/RNA Replication

name Gene name Type of factor Nodule/VINORC compartment Function(s)

BMLF1 BMLF1 Viral + + Splicing factor; RNA export factor

BGLF5 BGLF5 Viral + + Nuclease; host shutoff

BHLF1 BHLF1 Viral + - Long noncoding RNA

SC35 SRSF2 Cellular +/— + Splicing factor; transcription elongation
SON SON Cellular + — Splicing factor

SRp20 SRSF3 Cellular + - Splicing factor; RNA export factor

Y14 Y14 Cellular + + RNA processing; RNA export

ALY ALY Cellular + - RNA processing; RNA export

NXF1 NXF1 Cellular + + RNA export

ZEBRA BZLF1 Viral - + Transcription factor; viral DNA replication
RTA BRLF1 Viral - + Transcription factor; viral DNA replication
EA-D BMLF1 Viral - + Viral DNA replication

EBER-1 Viral - - Noncoding RNA

Coilin COIL Cellular - - Cajal body structure

PML PML Cellular - = Stress response; DNA damage response; apoptosis
Lamin B LMNB1/2 Cellular — - Nucleus structure

aNuclear viral and cellular proteins and viral nontranslated RNAs are classified according to their recruitment to VINORCs and viral replication compartments during
lytic EBV infection. The known functions of each factor is indicated.

repetitive amino acids and an RS domain mediating protein-protein interactions with other
SR splicing factors may facilitate this role. In VINORCs SON may function to recruit and
organize cellular and viral proteins involved in viral mRNA processing and export.

The GC-rich EBV IncRNA BHLF1 may also assume a structural role in VINORCs. A
series of 12 125-bp tandem repeat sequences within BHLF1 suggests that the IncRNA
may play structural and scaffolding roles in recruitment of RNA-binding proteins to
VINORGs. A stable population of polyadenylated cellular noncoding RNAs was identi-
fied within IGCs by electron microscopy (107). The nuclear cellular IncRNA MALAT1
localizes to 1GCs, interacts with SR proteins, and controls the cellular levels of hyper-
phosphorylated active forms of SR proteins (108). MALAT1 affects the distribution of a
subset of splicing factors within IGCs and regulates alternative splicing (108). IncRNAs,
both viral and cellular, may function as structural platforms for the recruitment of
particular RNA-binding splicing factors and SR protein kinases. SON and BHLF1 may
have redundant structural functions in VINORC assembly; conversely, SON and BHLF1
may both be required to maintain VINORC structure: SON and BHLF1 may each recruit
different splicing factors to VINORCs.

Selectivity of recruitment to VINORCs. Certain viral and cellular proteins are re-
cruited to VINORCs, whereas others are not (Table 1). Selective recruitment of proteins of
known function to VINORCs provides clues to possible functional roles for VINORCs during
Iytic infection. All eight proteins recruited to VINORCs are known to bind RNA. Seven
proteins (BMLF1, SC35, SON, SRp20, Y14, ALY, and NXF1) have well-characterized roles in
pre-mRNA splicing and mRNA nuclear export. The fifth protein, BGLF5, is a nuclease that
induces cleavage of cellular mRNAs during VHS (91, 97, 109, 110). Recruitment of BMLF1 to
VINORGs is significant; BMLF1 is a nucleocytoplasmic shuttling protein (38, 98) that plays
well-characterized and essential roles in nuclear export of EBV mRNAs (34, 37, 38, 40, 46, 98)
and regulates alternative splicing (39, 43, 46, 111). Recruitment of SRp20 to VINORCs, where
it colocalizes with BMLF1, is also significant, since regulation of alternative splicing by
BMLF1 requires direct interaction with SRp20 (43). Recruitment of NXF1, the principal
cellular nuclear export receptor of mRNA, to VINORCs is strong evidence of a role for
VINORCs in nuclear export of mRNA.

Other viral and cellular proteins that were excluded from VINORCs, namely, ZEBRA
(viral transcription factor and replication protein), RTA (viral transcription factor and
replication protein), EA-D (polymerase processivity factor), PML (regulator of transcrip-
tion), coilin (Cajal body structural protein), and lamin B (nucleus structural protein),
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have no known roles in pre-mRNA splicing or mRNA nuclear export. Since these
proteins are not recruited to VINORCs, recruitment of certain nuclear proteins to
VINORG s is specific. Two other discrete subnuclear nodular structures, PML bodies and
Cajal bodies, that have no direct functions in pre-mRNA splicing or nucleocytoplasmic
mRNA export were distinct from VINORCs. The selective incorporation of RNA splicing
and nuclear export factors into VINORCs, the exclusion of other nuclear proteins and
nuclear RNAs from VINORCs with functions other than RNA splicing and nuclear export,
and the location of VINORCs at the periphery of viral replication compartments
containing viral mRNAs strongly suggest a possible role for VINORCs in the splicing and
nuclear export of viral mRNAs.

IGC reorganization, redistribution of mRNA export factors, and VINORC assem-
bly during EBV lytic induction may all contribute to host shutoff. IGCs serve as
dynamic repositories and recycling centers that supply essential pre-mRNA splicing
factors, such as SC35 and snRNPs, and transcription factors, such as RNA Pol Il large
subunit, to sites of active transcription (66). SON is required to maintain the structural
integrity of IGCs; SC35 is essential for constitutive splicing of pre-mRNAs. The dispersal
of SC35 and SON during the early lytic stage of EBV infection may thus impair splicing
and nuclear export of host pre-mRNA on a global level. EBY mRNAs are mostly
intronless and thus may be resistant to the reduced supply of splicing factors caused
by dispersal of SC35 and SON from IGCs.

The mRNA export adapters ALY and Y14 and the major mRNA export receptor, NXF1,
are essential for nuclear export of bulk cellular mRNA. Intranuclear depletion of these
factors may significantly contribute to VHS; recruitment of NXF1 to VINORCs and viral
replication compartments may enable selective nuclear export of EBV mRNAs. Dispersal
of IGCs and depletion of mMRNA export factors may be two additional mechanisms that
act in concert with translocation of PABPC and degradation of host mRNA by Xrn1 to
effect host shutoff.

Following dispersal of SC35 and SON during the early viral lytic stage, both proteins,
as well as SRp20, a cellular splicing factor and NXF1-binding export adapter (27, 28),
BMLF1, the principal EBV mRNA export factor, and NXF1 itself, were recruited to
VINORCs at the periphery of EBV replication compartments. EBY mRNAs localize to viral
replication compartments (112) that reside within subnuclear regions devoid of VHS-
induced translocated PABPC; viral mRNAs present in these nuclear subregions would
not be susceptible to nuclear retention mediated by binding of translocated PABPC.
VINORG s situated at the periphery of viral replication compartments may supply viral
and cellular splicing factors and mRNA export factors specifically to sites of active viral
transcription in a manner similar to the function of IGCs. Alternatively, VINORCs may be
specialized structures that function as channels or hubs of viral mMRNA processing and
nuclear export. VINORCs and viral replication compartments may function as privileged
nuclear subdomains that allow selective pre-mRNA processing and nuclear export of
EBV mRNAs in the context of VHS-mediated block to expression of host mRNAs.

MATERIALS AND METHODS

Cell lines. 293HEK is a human embryonic kidney cell line immortalized by the early region of
adenovirus (113). 2089 is a 293HEK cell line stably transfected with a bacmid containing the B95-8 EBV
genome and a hygromycin B resistance gene (114). BZKO is a 293HEK cell line containing an EBV bacmid
in which the BZLF1 gene has been inactivated by insertion of a kanamycin resistance cassette (115).
SNU-719 is a gastric carcinoma cell line infected with EBV (44). HH514-16 is a subclone of the P3J-HR1K
Burkitt lymphoma cell line (116). 293HEK cells were maintained in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). 2089 and BZKO cells were maintained in
DMEM supplemented with 10% FBS and 100 wg/ml hygromycin B. SNU-719 and HH514-16 cells were
maintained in RPMI medium supplemented with 10% FBS. All cell cultures contained 50 units/ml
penicillin-streptomycin and 1 ug/ml amphotericin B.

Expression vectors. Control empty vector, pHD1013, containing the CMV immediate early promoter,
and expression vectors containing wild-type BZLF1 or mutant Z(Y180E) BZLF1 genes in pHD1013 have
been described previously (59, 117, 118). pFLAG-BGLF5 was constructed as follows: the full-length BGLF5
gene was amplified by PCR using pEGFP-CPO-IP-EBV-DNase plasmid (kindly provided by Su-Fang Lin) as
a template and then ligated into pCMV-FLAG vector cleaved by Hindlll.
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Antibodies. In immunofluorescence experiments, RTA was detected using rabbit polyclonal antisera
raised to a purified 320-amino-acid N-terminal fragment of RTA that was generated using the pET
expression system (Novagen) (119). EA-D was detected using the mouse monoclonal antibody R3.1 (120).
BGLF5 was detected using rabbit polyclonal antisera raised against nearly full-length (amino acids 2 to
469) BGLF5 protein expressed in Escherichia coli using pET22 vector containing the corresponding
encoding gene sequences. BMLF1 was detected using rabbit polyclonal antisera raised against full-length
BMLF1 protein expressed in E. coli using pET22 vector containing the BMLF1 gene. SC35, PML, B-actin,
FLAG tag, and coilin were detected using commercially available mouse monoclonal antibodies (ab11826
[Abcam], sc-966 [Santa Cruz], A5316 [Sigma], F1804 [Sigma], and ab87913 [Abcam]). SON, SRp20, Y14,
ALY, and CBP20 were detected using commercially available rabbit polyclonal antibodies (ab121759
[Abcam], LS-C352832 [LifeSpan BioSciences], ab229573[Abcam], ab202894 [Abcam], and ab224569 [Ab-
cam]). Lamin B was detected using a goat polyclonal antibody purchased from Santa Cruz Biotechnology
(sc-6216). Secondary antibodies used in immunofluorescence experiments were purchased from Jackson
ImmunoResearch Labs: Alexa Fluor 488-donkey anti-mouse (number 715-545-150), Cy3-donkey anti-
rabbit (number 711-165-152), and Alexa Fluor 647-donkey anti-goat (number 805-605-180).

Indirect immunofluorescence. Cells grown on glass coverslips were transfected with plasmid DNA
using Lipofectamine 2000 reagent (Invitrogen) according to manufacturer's recommended protocol.
Forty-five hours after transfection, a time previously determined to be adequate for detection of lytic viral
DNA replication, cells were fixed in chilled methanol for 30 min at —20°C, washed with phosphate-
buffered saline (PBS), and incubated in blocking solution (10% human serum in PBS) for 1 h at room
temperature. Cells were stained with primary antibody diluted in blocking solution for 1 h at room
temperature in humidified chambers. Cells were washed with PBS and then incubated with secondary
antibody in blocking solution for 1 h at room temperature. Cells were washed with PBS, briefly rinsed in
distilled H,0, and then mounted on glass slides using Vectashield mounting medium (Vector Labora-
tories). Digital images of fluorescence and transmitted light were acquired on a Zeiss LSM510 confocal
laser scanning microscope using a 63X objective lens. Quantitative measurements of fluorescence
intensities of indirect immunofluorescently labeled SC35, SON, RTA, and EA-D were made using ImageJ
software. A 3-dimensional representation of nodules of BHLF1 IncRNA and a viral replication compart-
ment marked by EA-D within a lytically induced BZKO nucleus was reconstructed from a Z-stack of digital
micrographs using Volocity 3-D imaging software (version 6.3; PerkinElmer).

Super-resolution microscopy. Cells grown on coverslips were transfected, fixed, stained, and
mounted on coverslips as described above. Super-resolution images were obtained by stimulated
emission depletion (STED) confocal microscopy using a Leica SP8 gated STED 3X microscope equipped
with Leica LAS-X software. STED images were acquired via a 100X objective lens and enhanced by
Huygens STED deconvolution software.

DNA replication assay. A total of 2 X 10° cells were resuspended in 400 ul lysis buffer containing
50 mM Tris-HCl (pH 8.1), 1% SDS, and 10 mM EDTA. Cells were lysed by sonication. Cell lysate was
centrifuged. Lysate was diluted in 16.7 mM Tris-HCl (pH 8.1), 0.01% SDS, 1.1% Triton X-100, 167 mM NaCl,
and 1.2 mM EDTA.

RNA FISH analysis. Cells grown on glass coverslips were fixed in a solution of 3.7% paraformalde-
hyde in PBS, washed several times in PBS, and then permeabilized overnight in 70% ethanol at 4°C. Cells
were washed twice with SSCF wash buffer (2X SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate],
30% formamide), prehybridized for 1 h at 37°C in hybridization solution, and then hybridized overnight
at 37°C with biotinylated oligonucleotide probes diluted in hybridization solution. All probes used in RNA
FISH analyses were DNA oligonucleotides purchased from IDT. Probe sequences are listed in Table S1 in
the supplemental material. Oligonucleotide probes were biotinylated using a commercially available
oligonucleotide 3’-end labeling kit (Roche; number 03353575910) and biotin-16-ddUTP (Roche; number
11427598910). Cells were washed twice in SSCF buffer at 37°C, followed by 2 more washes in 2X SSC.
Cells were incubated in blocking solution (5% bovine serum albumin [BSA] in PBS) for 1 h, followed by
a 1-h incubation with Cy3-streptavidin (Jackson ImmunoResearch). When proteins were also analyzed by
immunofluorescence, cells were incubated for 1 h with primary antibody and 1 h with fluorophore-
conjugated secondary antibody following the blocking step. Cells were washed several times with PBS,
briefly rinsed in distilled H,0, and then mounted on glass slides using Vectashield mounting medium
(Vector Laboratories). A Zeiss LSM510 confocal laser scanning microscope was used to obtain digital
images of fluorescence and transmitted light.
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