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The localization of the adenovirus E1B-55K-E4orf6 protein complex is critical for its function. Prior studies
demonstrated that E4orf6 directs the nuclear localization of E1B-55K in human cells and in rodent cells that
contain part of human chromosome 21. We show here that the relevant activity on chromosome 21 maps to
RUNXI. RUNXI proteins are transcription factors that serve as scaffolds for the assembly of proteins that
regulate transcription and RNA processing. After transfection, the RUNX1a, RUNX1b, and RUNX1-AN
variants allowed Ed4orf6-directed E1B-55K nuclear localization. The failure of RUNX1c to allow nuclear
colocalization was relieved by the deletion of amino-terminal residues of this protein. In the adenovirus-
infected mouse cell, RUNX1 proteins were localized to discrete structures about the periphery of viral
replication centers. These sites are enriched in viral RNA and RNA-processing factors. RUNX1b and RUNX1a
proteins displaced E4orf6 from these sites. The association of E1B-55K at viral replication centers was
enhanced by the RUNX1a and RUNX1b proteins, but only in the absence of E4orf6. In the presence of E4orf6,
E1B-55K occurred in a perinuclear cytoplasmic body resembling the aggresome and was excluded from the
nucleus of the infected mouse cell. We interpret these findings to mean that a dynamic relationship exists
between the E4orf6, E1B-55K, and RUNXI1 proteins. In cooperation with E4orf6, RUNX1 proteins are able to
modulate the localization of E1B-55K and even remodel virus-specific structures that form at late times of
infection. Subsequent studies will need to determine a functional consequence of the interaction between

E4orf6, E1B-55K, and RUNXI.

Human adenoviruses express genes early in a productive
infection to create an environment suited for viral DNA rep-
lication, late gene expression, and virus assembly. The early
region 1B 55-kDa (E1B-55K) and early region 4 open reading
frame 6 (E4orf6) proteins are two such viral products that
neutralize cellular antiviral responses (82) and promote late
viral gene expression (7, 20, 24, 83). The E1B-55K and E4orf6
proteins form a physical complex in the nucleus of infected
cells at late times of infection. This complex has been impli-
cated in regulating mRNA transport by promoting the export
of late viral messages while preventing the export of cellular
messages (reviewed in reference 20). In addition, the complex
directs the proteasome-dependent degradation of p53 (77),
MREI11 (78), and DNA ligase IV (4) by reconfiguring a cellu-
lar ubiquitin ligase composed of Cul5, Rbx1, and elongins B
and C (30, 67). Notably, mutant viruses that fail to express the
EI1B-55K or E4orf6 genes are restricted for replication. This is
due in part to the inability to promote the efficient transport of
late viral RNA, which leads to reduced late viral gene expres-
sion (24). Because mRNA transport in adenovirus-infected
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cells is dependent on the proteasomal degradation machinery,
the regulation of cellular and viral gene expression appears to
depend on the activity of the E1B-55K-E4orf6 protein com-
plex as a viral ubiquitin ligase (14, 83). The localization of the
E1B-55K and E4orf6 proteins at late times of infection sug-
gests that this activity is found in the nucleus of the infected
cell (25, 60).

The E1B-55K and E4orf6 proteins shuttle between the nu-
cleus and cytoplasm (18, 41) and accumulate in the nucleus of
infected cells. The Ed4orf6 protein is evenly distributed
throughout the nucleoplasm and is excluded from nucleoli
(16). E1B-55K exhibits a complex distribution throughout the
nucleus and cytoplasm. Within the nucleus at late times of
infection, E1B-55K is distributed throughout the nucleus, is
found in small filamentous spicules, and is concentrated about
the periphery of the viral replication centers (25, 40, 60). These
centers, sometimes called viral factories, have long been rec-
ognized as sites of viral DNA replication (49) and late viral
RNA synthesis (48). Interestingly, E1B-55K fails to associate
with the viral replication centers in cells infected with mutant
viruses unable to express the E4orf6 gene (60). The phenotype
of the E4orf6 mutant virus is similar to that of the E1B-55K
mutant virus. Cells infected with E4orf6 mutant viruses export
late viral messages to the cytoplasm poorly compared to that by
wild-type virus-infected cells (29, 32, 71) and fail to degrade
cellular proteins such as p5S3, MRE11, and DNA ligase IV (4,
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68, 77, 78). The ability of the E4orf6 protein to direct the
association of E1B-55K to viral replication centers in the nu-
cleus may be a critical element in the function of the E1B-
55K-E4orf6 protein complex (25, 60).

When expressed by transfection, E1B-55K is restricted to
the cytoplasm (26, 57). The E4orf6 protein is able to direct the
nuclear localization of E1B-55K in primate cells but not in
most rodent cells (13, 26). Because heterokaryons of human
cells and rodent cells enabled the E4orf6 protein to retain
E1B-55K in the rodent cell nucleus, we proposed that a pri-
mate-specific activity or factor promotes an interaction be-
tween the E1B-55K and E4orf6 proteins (26). Further studies
mapped this activity to the distal region of human chromosome
21 (13). We report here that this activity mapped to human
chromosome 21 is RUNXI, a gene previously identified as
AML-1.

The RUNXI1 proteins are so named because of their simi-
larity to the Runt protein of Drosophila melanogaster, which
was the first member of this family of proteins to be described
(34). The RUNX1 proteins bind DNA and also serve as mo-
lecular scaffolds to promote protein-protein interaction at ap-
propriate sites within the nucleus (31, 34, 87). At least four
RUNXI1 proteins have been described: RUNX1a, RUNXIb,
RUNXIc, and RUNX1AN. These proteins are translated from
alternatively spliced transcripts derived from two promoters
(22, 44, 54). RUNXI1 proteins are closely related to RUNX2
and RUNX3 proteins by their shared genomic architecture and
through highly similar sequences in the amino terminus, called
the Runt domain. The Runt domain is responsible for DNA
binding (34, 56). RUNXI1 proteins form the heterodimeric
transcription factor identified as core binding factor (CBF),
also known as the polyoma enhancer binding protein 2
(PEBP2), when associated with core binding factor beta
(CBFB) (56). RUNX1 members are involved in both transcrip-
tional activation and repression during hematopoietic differ-
entiation (34, 75). Consistently with their dual nature as scaf-
fold proteins and DNA-binding transcription factors, RUNX1
proteins have a complex and dynamic physical structure com-
posed of activation, inhibition, and negative regulatory do-
mains (34). Negative regulatory regions for DNA binding and
heterodimerization are present at both the amino and carboxyl
termini. Signals within the cell of an unidentified nature cause
these regions to mask the Runt domain and prevent it from
associating with CBFp or DNA (33). The RUNXI proteins
interact with many proteins within the nucleus, some of which
act as corepressors of transcription while others act as coacti-
vators (62). Proteins such as TLE1 and mSin3A are corepres-
sors that contribute to RUNXI-mediated repression (47).
RUNXI1-associated coactivators include Myb and ALY/REF,
which activate the T-cell receptor alpha enhancer; C/EBP,
which promotes the coactivation of the macrophage colony-
stimulating factor receptor promoter; and p300/CBP, which
promotes the transcription of many genes required for myeloid
cell differentiation (12, 36, 45). Interestingly, ALY/REF is de-
posited on newly synthesized mRNA in a sequence-indepen-
dent manner and promotes efficient mRNA transport from the
nucleus (61, 90). Therefore, the RUNXI1 proteins may indi-
rectly regulate mRNA transport by recruiting proteins such as
ALY/REF to appropriate sites in the nucleus.

In this study, we demonstrate that human RUNX1 variants
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a, b, and AN promote the E4orf6-directed nuclear localization
of E1B-55K in mouse cells, suggesting that it is the nuclear
scaffold nature and not the DNA-binding ability of the
RUNX1 protein that affects the apparent interaction between
the E1B-55K and E4orf6 proteins. In addition, both endoge-
nous RUNX1 protein and the RUNX1b variant protein local-
ize at the periphery of virus replication centers at late times in
adenovirus infection. RUNX1 localization at the virus replica-
tion centers appears to disrupt the normal localization of
Edorf6 at these sites. In the absence of E4orf6, the RUNX1
proteins are able to retain E1B-55K at the periphery of virus
replication centers. Therefore, E4orf6 and RUNX1 differen-
tially affect the localization of E1B-55K during infection. Strik-
ingly, viral replication centers were less developed in the ab-
sence of E1B-55K. However, the RUNX1b protein appeared
to compensate for the absence of E1B-55K with respect to the
development of viral replication centers. Taken together, these
results suggest that the RUNXI1b protein significantly affects
the architecture of the virus replication center by mislocalizing
the E4orf6 protein, ultimately leading to the inefficient traf-
ficking of E1B-55K to the cytoplasm. The disruption of
E4orf6-E1B-55K interactions at sites of virus replication
within the nucleus could lead to defects in the virus replication
cycle.

MATERIALS AND METHODS

Cells, plasmids, and viruses. Cell culture media, cell culture supplements, and
sera were obtained from Invitrogen Life Technologies (Gaithersburg, MD) or
HyClone (Logan, UT). Jurkat cells and Raji cells were maintained in HYQ
RPMI-1640 (HyClone) medium supplemented with 10% fetal bovine serum
(FBS). Sa0S-2 cells were maintained in McCoy’s 5a medium supplemented with
15% FBS. Mouse A9 cells were maintained in DMEM supplemented with 10%
FBS. Mouse A9-21 cells were maintained in DMEM supplemented with 10%
FBS and 400 U of hygromycin B per ml (15). The GM11130 cell line (Coriell
Institute, Camden, NJ) was maintained in DMEM supplemented with 0.1 mM
sodium hypoxanthine, 0.4 wM aminopterin, 16 pM thymidine, and 10% FBS.
The GM10063 cell line (Coriell Institute) was maintained in DMEM supple-
mented with 0.1 mM sodium hypoxanthine, 0.4 uM aminopterin, 16 uM thymi-
dine, and 15% FBS. The Chinese hamster ovary (CHO) cell lines bearing
portions of human chromosome 21 (21q+, MRC-2G, 6918, R2-10W, Raj-5,
643C-13, 72532x6, and E7b) were generated at the Eleanor Roosevelt Institute
(Denver, CO) and were previously described (27). CHO cell lines were main-
tained in Ham’s F12 medium supplemented with 10% FBS.

The plasmids encoding E1B-55K and E4orf6 under the control of both the T7
promoter and cytomegalovirus (CMV) immediate-early enhancer and promoter
were described previously (26). The plasmids encoding human RUNX2, human
RUNX3, mouse Runx1 (previously described as PEBP2oC, PEBP2aA, and
PEBP2aB,, respectively), and human RUNXAN under the control of the human
EF-1a promoter were described previously (89). The plasmids encoding the
influenza virus hemagglutinin (HA) epitope-tagged RUNXIa and RUNX1b un-
der the control of the simian virus 40 immediate-early promoter were described
previously (39). These plasmids also confer resistance to G418 by directing the
expression of the Tn5 aminoglycoside 3’-phosphotransferase. The plasmid en-
coding human RUNXIc under the control of the CMV enhancer/promoter was
kindly provided by Scott Hiebert (Vanderbilt University, Nashville, TN) and was
described previously (53). The plasmid encoding an amino-terminally deleted
RUNXIc under the control of the CMV enhancer/promoter was created by Scott
Hiebert and kindly provided by Gary Stein (University of Massachusetts Medical
School, Worcester). This RUNXIc plasmid originally was designated AMLI1b (or
RUNX1b) but now has been correctly identified as RUNXIc. Herring sperm
DNA was used as the carrier DNA in transfection experiments.

The adenovirus type 5 strain d/309 served as the wild-type adenovirus used in
these studies. This virus is deleted of part of the E3 region that has been shown
to be dispensable for growth in tissue culture (37). The E1B-55K mutant virus
dl1520 contains a large deletion of the E/B-55K gene and is unable to express
small splice variants of the larger E1B-55K protein. This virus has been previ-
ously described (5). The E1B-55K mutant virus d/338 contains a smaller deletion
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of the E1B-55K region and can direct the expression of E1B proteins that are not
expressed by dl1520 (63). The E4orf6/E4orf7 mutant virus d/356, which expresses
the E4orf6 gene but not the E4orf6/E4orf7 fusion product, was described previ-
ously (29). The E4orf6 mutant virus used for this study was d[355*, which includes
the wild-type E3 gene, and was described previously (32). Viruses were grown in
293 cells, and concentrated virus stock was prepared by sequential centrifugation
through CsCl gradients as previously described (26).

Antibodies. Adenovirus-specific antibodies included the mouse monoclonal
antibody Rsa#3 (50) for the E4orf6 protein used as undiluted hybridoma culture
supernatant fluid, the rat monoclonal antibody 9C10 (EMD Calbiochem, San
Diego, CA) for the E1B-55K protein used at 1 pg per ml, the mouse monoclonal
antibody 2A6 (72) for the E1B-55K protein used as undiluted hybridoma culture
supernatant fluid, and the mouse monoclonal antibody B6-8 (70) for the E2A-
DNA-binding protein (E2A-DBP) used as a fivefold diluted hybridoma culture
supernatant fluid. Rabbit polyclonal antibodies against RUNX1 (Sigma, St.
Louis, MO), RUNX2 (Active Motif, Carlsbad, CA), and RUNX3 (Active Motif)
were used at 1:500 dilutions. HA-tagged RUNXI1 proteins were visualized with
the high-affinity rat monoclonal antibody 3F10 (Roche Diagnostics, Indianapolis,
IN), which was used at 200 ng per ml. The mouse monoclonal antibody RmcB
(CRL-2379; ATCC, Manassas, VA) against the coxsackie and adenovirus recep-
tor (CAR) was used for cell sorting as the undiluted hybridoma culture super-
natant fluid. Ubiquitin-specific antibody (clone P4D1; Cell Signaling Technology,
Danvers, MA) was used at a 1:1,000 dilution. Fluorescently labeled secondary
antibodies, qualified for multiple labeling experiments, were used at 1 to 4 pg per
ml. These antibodies included Alexa Fluor 488 conjugated to goat anti-mouse
immunoglobulin G (IgG) (Molecular Probes/Invitrogen), Alexa Fluor 568 con-
jugated to goat anti-rat IgG (Molecular Probes/Invitrogen), and rhodamine red
X-conjugated goat anti-rat IgG (Jackson ImmunoResearch, West Grove, PA).

Stable HA-RUNX1a and HA-RUNX1b mouse A9 cell lines. Mouse A9 cells
expressing HA-tagged human RUNXIa and RUNXIb cDNAs were generated by
transfection and clonal selection. Briefly, 10° mouse A9 cells were transfected
with 3 pg of HA-RUNXIa or HA-RUNXIb plasmid with Lipofectamine plus
(Invitrogen Life Technologies) according to the manufacturer’s recommenda-
tion. Two days after transfection, growth medium was replaced with medium
supplemented with 600 pg of G418 per ml. Once all nontransfected cells died,
single-transfected cell clones were obtained by serial dilution. Uniform HA-
RUNXI expression was confirmed by immunofluorescence, and the appropriate
protein size was confirmed by immunoblotting. Two separate clones were main-
tained for each RUNXI1 protein by propagation in G418-containing medium.

Stable mouse A9 cell lines expressing the hCAR gene. Mouse A9 cells, HA-
RUNX1a A9 cells, and HA-RUNX1b A9 cells were transduced with the pLXSN-
based retrovirus expressing a carboxyl-terminally truncated variant of the human
CAR (hCAR) (59). The virus was generously provided by James DeGregori
(University of Colorado, Denver) through Linda Gooding (Emory University,
Atlanta, GA). Working stocks of the retrovirus were produced as previously
described (51). Because the HA-RUNXI1 cells were resistant to G418, the virally
transduced cells were selected by two rounds of staining for hCAR followed by
cell sorting. Briefly, transduced cells were harvested in enzyme-free cell dissoci-
ation buffer (Invitrogen) and stained with the hCAR antibody RmcB for 1 h on
ice, followed by being stained with Alexa Fluor 488-conjugated goat anti-mouse
Ig for 30 min on ice. Cells were sorted using a FACSAria cell-sorting instrument
(BD Biosciences, San Jose, CA). Sorted cells were maintained in medium con-
taining 50 pg of G418 per ml to prevent microbial contamination. An additional
round of cell sorting based on extracellular hCAR was performed to enrich for
hCAR-positive cells.

Indirect immunofluorescence. Indirect immunofluorescence with intact cells
was conducted as previously described (13). Briefly, cells were fixed with 2%
freshly prepared formaldehyde and then permeabilized with 0.2% Triton X-100
before indirect antibody labeling. Infected Jurkat, Raji, SaOS-2, and RUNXI-
expressing mouse A9 cells were extracted prior to fixation as described previously
(60). Extraction with Triton X-100 enhances the visualization of viral replication
centers by removing the diffuse nuclear component of E2A-DBP while sparing
the replication center-associated protein (60, 81). Briefly, cells were washed twice
in ice-cold phosphate-buffered saline with 1.5 mM MgCl, and then extracted for
5 min on ice with CSK buffer [100 mM KCI, 10 mM piperazine-N,N’-bis(2-
ethanesulfonic acid) (pH 6.8), 300 mM sucrose, 3 mM MgCl,, 1 mM ecthylene
glycol tetraacetic acid, 1 mM phenylmethylsulfonyl fluoride] containing 0.5%
Triton X-100. Cells then were fixed with 2% formaldehyde in CSK buffer lacking
Triton X-100 for 20 min at room temperature, followed by indirect immunofiuo-
rescence with the appropriate antibodies. Samples were mounted with a
glycerol- or polyvinyl alcohol-based mounting medium containing the DNA dye
4’ 6-diamidino-2-phenylindole (DAPI) and were analyzed by epifluorescence
microscopy using a Nikon TE300 inverted microscope fitted with filters appro-

RUNX1 ASSOCIATES WITH ADENOVIRUS REPLICATION CENTERS 6397

priate for DAPI, Alexa Fluor 488, and Alexa Fluor 568 excitation. Images were
acquired using a Retiga EX 1350 digital camera (QImaging Corp., Burnaby,
British Columbia, Canada) with a X60 magnification/1.4-numerical aperture or
X100 magnification/1.4-numerical aperture oil immersion objective. The relative
brightness and contrast of the digital images within each figure were adjusted to
the same extent based on exposures obtained from control samples stained with
secondary antibody alone. Figures were assembled with the open-source image-
processing software ImageJ (69) and Canvas 10 (ACD Systems, Miami, FL)
using either a Macintosh or Dell microcomputer. Color is used in some micro-
graphs in which the adenovirus protein is shown in green and the RUNX protein
in magenta so that colocalization is seen as white.

Quantitative evaluation of E4orf6-mediated nuclear E1B-55K localization.
For the quantitative measurements reported in Fig. 1 and 4, cells were infected
with recombinant vaccinia virus vIF7.3 (21) to express the T7 RNA polymerase
and were transfected with cDNA for E1B-55K and E4orf6 under the control of
the T7 promoter. At 12 to 15 h postinfection (hpi), cells were fixed with form-
aldehyde before double-label immunofluorescence was performed to visualize
the E4orf6 and E1B-55K proteins using the monoclonal antibodies Rsa#3 and
9C10, respectively. Cells in which at least a portion of E1B-55K was coincident
in the nucleus with the E4orf6 protein and in which E4orf6 was excluded from
the nucleoli were scored as nuclear. Approximately 6 to 10 randomly selected
fields that were distributed uniformly across the culture surface were photo-
graphed in order to evaluate at least 200 to 400 cells in each experiment. Results
from two to six independent experiments were pooled, and the 95% confidence
intervals were estimated using the exact binomial test.

E4orf6-mediated E1B-55K nuclear localization was measured after the tran-
sient expression of selected RUNXI constructs shown in Table 1 by first trans-
fecting 5 X 10* cells with 0.1 pg of RUNX plasmid using Lipofectamine plus
(Invitrogen Life Technologies). Approximately 30 h after transfection, E1B-55K
and E4orf6 plasmids were expressed using the recombinant vaccinia virus vIF7.3,
and the localization of the E1B-55K protein was determined as described above.

Functional mapping of | chr 21. The E1B-55K cDNA alone or
the E1B-55K and E4orf6 cDNAs were expressed in rodent cell lines containing
various fragments of human chromosome 21 using the recombinant vaccinia
virus vI'F7.3, and the localization of the proteins was determined by double-label
immunofluorescence as described above. Cell lines for which the frequency of
E1B-55K-E4orf6 nuclear colocalization was greater than that of the parental
(mouse or hamster) cell line were scored as positive.

Quantitative evaluation of the relative intensity of E1B-55K staining in the
nucleus. The macro facility of the open-source software ImageJ (69) was used to
quantify the ratio of nuclear to cytoplasmic staining for E1B-55K. Code and
additional details will be provided upon request. Briefly, the expression of the
E1B-55K and E4orf6é cDNAs were established with the recombinant vaccinia
virus vTF7.3 as described above. The cells were processed for immunofluores-
cence, and the localization of E1B-55K was recorded. A corresponding high-
contrast image of the DAPI-stained nucleus was recorded and used to generate
a binary image of the nuclear border that then was superimposed on the image
of E1B-55K protein localization. A transect line was placed across each cell to be
analyzed. Additional pseudorandomly distributed transect lines were generated
automatically. The fluorescent intensity across the transect lines was measured,
and the borders of the cell and the nucleus were recorded on each line. The mean
fluorescent intensity outside of the cell was measured to serve as the local
background. This value was subtracted from the mean fluorescent intensity for
the nucleus and the cytoplasm before determining the ratio of nuclear to cyto-
plasmic fluorescence. Approximately 10 to 20 arbitrarily selected cells were
analyzed, with four transect lines for each cell in each experiment.

RESULTS

Expressed by transfection, the E1B-55K and E4orf6 pro-
teins colocalize in the nuclei of mouse cells containing the
RUNXI1 locus of human chromosome 21. Mouse A9 fibroblast
cells containing a copy of human chromosome 21 (15) were
infected with a recombinant vaccinia virus to express the bac-
teriophage T7 polymerase. The infected cells were transfected
with cDNA for the adenovirus E1B-55K protein or both E1B-
55K and E4orf6 proteins under the direction of a T7 promoter,
and the localization of the E4orf6 and E1B-55K proteins was
determined by indirect immunofluorescence. Representative
cells that received only the EIB-55K cDNA show predomi-
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E1B-55K nuclear localization

FIG. 1. E1B-55K and E4orf6 proteins colocalize in the nuclei of rodent cells containing the RUNX1 locus of human chromosome 21. (A) Mouse
A9 cells containing human chromosome 21 were infected with the recombinant vaccinia virus vIF7.3 to express the T7 RNA polymerase. The cells
were transfected with cDNA for E/B-55K and E4orf6 under the control of the T7 promoter. At 12 hpi, double-label immunofluorescence was used
to identify cells expressing both E4orf6 and E1B-55K. (A) Representative micrographs showing the localization of the E1B-55K protein, in which
the localization was identified as predominantly cytoplasmic (a to d) or predominantly nuclear (e to h). The bar represents 5 wm. (B) Hamster
(black) and mouse (gray) cells containing portions of human chromosome 21 were infected and transfected as described for panel A. At least three
independent experiments were scored for the nuclear localization of E1B-55K. Cell lines that demonstrated the nuclear localization of E1B-55K
in the presence of E4orf6 are indicated by a plus sign. (C) The portion of human chromosome 21 DNA in the 21q+ and MRC-2G hamster cells
at the distal breakpoint is represented by black bars. Chromosome 21 is represented by the gray bar; the scale is indicate in megabase pairs. The
approximate locations of STS markers are indicated. The RUNX1 gene is represented by the arrow; open boxes identify the two RUNXI promoters.

nantly cytoplasmic staining for E1B-55K (Fig. 1A, images a to
d). Cells transfected with cDNAs for both viral genes typically
showed predominantly nuclear staining for E1B-55K (Fig. 1A,
images e to h), although the relative intensity of nuclear stain-
ing varied among cells and not all cells contained predomi-
nantly nuclear E1B-55K protein. These results confirm previ-
ously reported findings (13) and illustrate the method used to
score cells as containing predominantly nuclear E1B-55K pro-
tein.

Additional mouse and hamster cell lines containing portions
of human chromosome 21 were evaluated as described above.
At least three independent experiments were scored for the
nuclear localization of E1B-55K. Cell lines that contained the

TABLE 1. Human RUNXI1 proteins permit E4orf6-directed
nuclear localization of E1B-55K in mouse cells

Cells with nuclear  95% Confidence

Transfected construct

E1B-55K (%) interval

Controls

No E4dorf6, no RUNX 1.3 0.36-4.8

No RUNX 6.2 3.0-1.3
Mouse Runxl

Mouse Runxlb 3.5 0.5-25
Human RUNX related

RUNX2 (6p21) 10.0 3.7-29

RUNX3 (1p36) 7.3 2.2-24
Human RUNX1

RUNXIla 62.0 51-75

RUNXI1b 63.0 36-100

RUNXIAN 50.0 49-52

RUNXIc 9.6 3.3-28

N terminus-deleted RUNXI1c 50.0 49-52

nuclear localization of E1B-55K in the presence of the E4orf6
protein are indicated in Fig. 1B. E1B-55K remained cytoplas-
mic in all cell lines in the absence of the E4orf6 protein (data
not shown). Both mouse (A9-21) and hamster (E7b, 72532x6,
643C-13, and Raj-5) cell lines with an intact copy of chromo-
some 21 as well as three hamster cell lines containing frag-
ments of the chromosome (MRC-2G, 6918, and R2-10W) al-
lowed the E4orf6-directed nuclear localization of E1B-55K
(Fig. 1B).

The difference in the localization of E1B-55K between the
21q+ and MRC-2G cell lines was especially informative. By
cytological criteria, the distal breakpoints of chromosome 21 in
the MRC-2G and 21q+ cell lines appear identical. However,
the 21q+ cell line, which does not permit E1B-55K protein
nuclear localization, contains human chromosome 21 from the
p terminus to sequence-tagged site (STS) marker D21S1969
and lacks STS marker D21S1950. By contrast, the distal frag-
ment of chromosome 21 in the MRC-2G cell line, which per-
mits E1B-55K protein nuclear localization, extends from the
SOD1 marker to STS marker D21S393 (27). Therefore, this
localizes the activity previously mapped to the q terminus of
chromosome 21 that allows the E4orf6-directed nuclear local-
ization of E1B-55K to a region of approximately 100 kb on
chromosome 21. The only features identified in this region of
chromosome 21 include CLIC6, a gene for an intracellular
channel protein, and RUNX]I, formerly known as AML-1. Be-
cause the RUNXI proteins are nuclear proteins that mediate
protein-protein interactions, we chose to investigate further
the potential role of RUNXI in permitting E4orf6-directed
nuclear localization.

A representation of the 260-kb RUNXI gene is shown in Fig.
2. The gene contains nine identified exons that are transcribed
from telomere to centromere. RUNX genes express multiple
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FIG. 2. Schematic representation of the human RUNXI, RUNX2,
and RUNX3 genes. (A) Boxes in the RUNX genes represent exons,
open boxes represent noncoding exons, and shaded boxes indicate
coding exons. The dual promoters, Runt domain, and transcriptional
transactivation domains are highlighted. (B) The four major splice
variants of RUNXI are indicated.

isoforms from two promoters. RUNXI encodes at least four
isoforms in humans that arise from two promoters and alter-
native splicing (Fig. 2B). RUNXI transcripts originating from
the proximal promoter are translated in a cap-independent
manner under the direction of the large 5'-untranslated se-
quence that serves as an internal ribosome entry site (65). The
distal RUNXI promoter directs the synthesis of mRNA trans-
lated by canonical cap-dependent means (65).

Human RUNX proteins accumulate at viral replication cen-
ters at late times during adenovirus infection. In human cells,
the Edorf6 protein directs a portion of E1B-55K to the periph-
ery of viral replication centers at late times of infection (60).
These sites are thought to be a key site of E1B-55K-E4orf6
protein interaction within the nucleus (25, 40, 60). To deter-
mine if RUNXI proteins also accumulate at viral replication
centers, T-cell lymphoma-derived Jurkat cells, which contain
abundant levels of RUNXI1 proteins, were infected, and the
localization of the endogenous RUNXI protein was deter-
mined with respect to the E2A-DBP-stained replication cen-
ters. For comparison, the localization of the RUNX2 protein
was determined in the osteosarcoma cell line SaOS-2, and the
localization of the RUNX3 protein was determined in the
Burkitt’s B-cell lymphoma cell line Raji. In mock-infected
cells, each RUNX protein exhibited a uniform granular stain-
ing pattern throughout the nucleus with exclusion from the
nucleoli (Fig. 3a to f). The staining pattern for each RUNX
protein changed after infection, such that a portion of the
RUNX proteins relocalized to nuclear viral inclusions in the
cells. Because these inclusions contained the E2A-DBP, we
believe that these are sites of viral DNA replication and are the
same as the viral replication centers that have been described
previously for adenovirus-infected epithelial cells.

The localization of the RUNX protein with respect to the
E2A-DBP differed among the different cell lines. The RUNX1
protein in the infected Jurkat cells was concentrated in discrete
granules under 1 pm in diameter that formed a ring about the
periphery of the E2A-DBP-containing structures (Fig. 3g and
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h). This localization resembled that of E1B-55K (see Fig. 2 of
reference 60). A similar staining pattern was described by
Bridge and associates for the snRNP proteins identified by the
Y12 antibody in adenovirus-infected HeLa cells (11). These
investigators suggested that this pattern was characteristic of
cells at the onset of late transcription. By contrast, staining for
both RUNX2 and RUNX3 was coincident with staining for the
E2A-DBP, suggesting that the RUNX2 (Fig. 3i and j) and
RUNX3 (Fig. 3k and 1) proteins were found throughout the
viral replication centers and perhaps were more closely asso-
ciated with the viral DNA than with nascent viral RNA. None-
theless, the superficially similar distribution of RUNXI,
RUNX2, and RUNX3 in late-infected cells led us to test the
possibility that the RUNX2 and RUNX3 proteins enhance the
E4orf6-directed nuclear localization of E1B-55K in mouse
cells.

A subset of RUNXI1 proteins permits E4orf6-directed nu-
clear localization of E1B-55K in transfected mouse cells.
Mouse A9 cells were transfected with cDNAs for each human
RUNX1 isoform or the predominant forms of human RUNX2,
RUNX3, and mouse Runxl. The expression of the E1B-55K
and E4orf6 cDNAs was established, and the localization of
E1B-55K in the presence of the E4orf6 protein was scored as
cytoplasmic or nuclear as described for Fig. 1. Consistently
with previous findings, whether expressed alone or coexpressed
with E4orf6 in mouse A9 cells, E1B-55K was restricted to the
cytoplasm and perinuclear aggregates in over 90% of these
cells (Table 1). The mouse Runxlb or human RUNX2 and
RUNX3 proteins had no significant effect on the ability of
E4orf6 to direct nuclear E1B-55K protein localization. By con-
trast, RUNX1a, RUNX1b, and RUNXI1AN proteins allowed
E4orf6-directed nuclear E1B-55K protein localization in over
60% of the cells expressing the viral genes. Interestingly,
RUNXI1c was unable to promote E1B-55K nuclear localiza-
tion. The RUNXIc protein contains a unique sequence in its
amino-terminal portion (Fig. 2B) with the potential to prevent
DNA binding and association with CBFR (33). It is possible
that this region, termed the negative regulatory region for
heterodimerization and DNA binding, also prevents RUNXIc
from affecting E4orf6-mediated E1B-55K protein nuclear lo-
calization. Evidence in support of this notion was derived from
the property of an amino-terminally truncated RUNXIc vari-
ant that permitted E1B-55K nuclear localization. This variant
contains an HA epitope tag in place of the first 26 amino acids
of the RUNX1c amino terminus and therefore contains only 3
amino acids of the original RUNXIc negative regulatory re-
gion. This N-terminally deleted RUNXIc variant allowed the
E4orfo-directed nuclear localization of E1B-55K in 50% of the
mouse A9 cells (Table 1). This result suggests that sequences in
the amino-terminal portion of RUNXIc can prevent RUNX1
from promoting E4or6-directed E1B-55K nuclear localization
in mouse cells. These results also suggest that the ability to
direct E1B-55K nuclear localization is not uniformly shared by
RUNXI1 variants. To overcome limitations associated with the
transient expression required for these experiments, we estab-
lished mouse A9 cell lines expressing RUNXIa and RUNXI1b
for further studies.

Expressed by transfection, the E1B-55K and E4orf6 pro-
teins efficiently colocalize in the nuclei of mouse cells that
express human RUNXIa and RUNX1b. Mouse A9 cells were



6400 MARSHALL ET AL.

Mock-infected

J. VIROL.

Adenovirus-infected

T
T
(82]
X
Z
S
x

RUNX

E2A-DBP DNA

FIG. 3. Human RUNX proteins accumulate at viral replication centers at late times during adenovirus infection. Jurkat cells, SaOS-2 cells, and
Rayji cells were either mock infected (a to f) or infected with the wild-type virus dI309 (g to 1). After 24 h, the cells were extracted with Triton X-100
as described in Materials and Methods. Viral replication centers were visualized with the mouse monoclonal antibody B6-8 against the E2A-
DNA-binding protein, and the RUNX protein was simultaneously visualized with rabbit polyclonal antibodies specific for RUNXI1 (a, b, g, and h),
RUNX2 (¢, d, i, and j), or RUNX3 (e, f, k, and I). DNA was visualized by being stained with DAPI. The bar in each differential interference contrast

(DIC) image represents 10 pm.

transfected with plasmids encoding epitope-tagged human
RUNXIa and RUNXI1b cDNAs linked to a neomycin-select-
able marker. Independent single-cell clones expressing HA-
RUNXIa and HA-RUNXIb were isolated and designated
HA-RUNX1a-A9 (clones 1 and 2) and HA-RUNXI1b-A9
(clones 1 and 5). Uniform RUNX1 expression was confirmed
by immunofluorescence, and the predicted size of the pro-
tein was confirmed by immunoblotting (data not shown). It
should be noted that repeated attempts to establish mouse
cells expressing either epitope-tagged or native forms of
RUNXIc and RUNXIAN using a variety of different expres-
sion constructs failed. The consistent failure to establish the
expression of these two constructs leads us to suggest that
mouse A9 cells cannot tolerate the stable expression of
these particular forms of human RUNXI (data not shown).
Curiously, the long-term expression of the RUNX1b con-
struct also changed the growth properties of the A9 cells.
The HA-RUNXI1b cells grew more slowly and became dif-
ficult to detach from the culture vessel. The basis for these
changes and their significance are not understood.

The nuclear localization assay for E1B-55K was performed
as described for Fig. 1. As before, E1B-55K was restricted to

the cytoplasm and perinuclear aggregates in the absence of
the E4orf6 protein; this distribution was not affected by the
RUNXI1 protein. However, when coexpressed with E4orfo,
E1B-55K was found in the nucleus of over 90% of the HA-
RUNX1a-A9 and HA-RUNX1b-A9 cells (Fig. 4A). This re-
sult, which represents a substantial increase above the size of
the fraction measured after transient transfection, confirms
that both the RUNX1la and RUNXI1b proteins permit the
E4orf6-directed nuclear localization of E1B-55K.

Although both RUNXIa and RUNX1b enabled E4orf6 to
the direct the nuclear localization of E1B-55K in mouse
cells, we observed differences in the staining intensity for the
nuclear E1B-55K protein between the HA-RUNXla and
HA-RUNXIb cell lines. To determine if these differences
were significant, the ratio of nuclear to cytoplasmic staining
intensity for E1B-55K was quantified. This ratio was be-
tween 1 and 2 in the absence of Edorf6 (Fig. 4B). The
coexpression of the E4orf6 cDNA with the E1B-55K cDNA
led to a substantial and statistically significant increase in
the nuclear staining-to-cytoplasmic staining ratio in both the
HA-RUNXI1a and HA-RUNXI1b A9 cell lines (Fig. 4B). No
significant change in this ratio was measured for the vector-
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FIG. 4. E1B-55K and E4orf6 proteins efficiently colocalize in the
nuclei of mouse cells that express human RUNX1a and RUNX1b. Two
independent stable mouse A9 cell lines expressing human RUNXIa or
RUNXIb were established, and the ability of E4orf6 to direct the
nuclear localization of E1B-55K was evaluated as described for Fig. 1.
(A) Cells were scored as negative or positive for nuclear E1B-55K
staining, and the percentages of cells with nuclear E1B-55K protein are
indicated along with the standard errors of the means. (B) The ratio of
nuclear to cytoplasmic staining for E1B-55K was quantified as de-
scribed in Materials and Methods and is plotted as the means and
standard deviations.

transfected A9 cell line (Fig. 4B and data not shown). How-
ever, both HA-RUNX1b cell lines showed greater cell-to-
cell variability in the nuclear staining-to-cytoplasmic
staining ratio. This difference was confirmed by an analysis
of variance in which the variance for the HA-RUNXI1b cells
transfected with both E4orf6 and E1B-55K was 1.5-fold
greater than that of RUNXIla cells (P = 0.007). The HA-
RUNXI1b cells also appeared to contain relatively less nu-
clear E1B-55K protein than the HA-RUNXla cells. How-
ever, this decrease was statistically significant for only one of
the two HA-RUNX1b-A9 cell lines (Fig. 4B) (P < 0.002 by
Tukey’s test for multiple comparisons). These results lead us
to suggest that although RUNXIa and RUNXIb are able to
permit the E4orf6-directed nuclear localization of E1B-55K,
the RUNXI isoforms are not identical in this regard.
RUNX1a and RUNX1b proteins differ in their association
with viral replication centers in mouse cells. To determine if
the RUNX1la and RUNXI1b proteins associated with virus-
specific structures in the infected mouse cell, the parental and
HA-RUNX1 A9 mouse cell lines were transduced with a ret-
rovirus to express the hCAR. After two rounds of enrichment
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for CAR expression, the cells were infected with adenovirus at
an multiplicity of infection of ~1, corresponding to 300 to
1,000 viral particles. As noted by others, human adenovirus
replicates more slowly in mouse cells than in human epithelial
cells. Maximal early gene expression was observed at approx-
imately 24 hpi, with peak virus production measured at 72 hpi
(data not shown). Therefore, the infected cells were extracted
with Triton X-100 at 24 hpi as described previously (60), and
viral replication centers were visualized by staining for the
E2A-DBP with a mouse monoclonal antibody. Extraction with
Triton X-100 enhances the visualization of viral replication
centers by removing the diffuse nuclear component of E2A-
DBP while sparing the replication center-associated protein
(81). The localization of the RUNXI1 proteins was determined
simultaneously using a rat monoclonal antibody for the HA
epitope tag. Both RUNX1a and RUNX1Db proteins exhibited a
uniform granular staining pattern throughout the nucleus of
mock-infected cells (data not shown). Both RUNXla and
RUNXI1b proteins associated with the viral replication centers
at late times of infection. However, the extent of this associa-
tion differed, as seen in the representative cells shown in Fig. 5.
In the majority of the cells, RUNX1a protein was observed at
the periphery of the nuclear viral replication centers (Fig. 5c)
or more coincident with E2A-DBP staining (data not shown).
In the remaining infected cells, very little RUNX1a protein
was associated with viral replication centers (Fig. 5d). In all
infected HA-RUNXIla cells, a significant portion of the
RUNX1a protein remained diffusely distributed throughout
the nucleus. By contrast, over 90% of the HA-RUNXI1b cells
contain distinct viral replication centers surrounded by staining
for the RUNXI1b protein. The RUNXI1b protein was not co-
incident with E2A-DBP. Rather, the RUNXI1b protein was
primarily at the periphery of the replication centers (Fig. 5f).
These results demonstrate that the RUNX1a and RUNXI1b
proteins associate with centers of viral DNA replication in the
infected mouse cell but that the nature of this association
differs between the two proteins.

RUNX1 displaces E4orf6 from viral replication centers in
adenovirus-infected mouse cells. A portion of the E4orf6 pro-
tein localizes to the periphery of viral replication centers in
HelLa cells (60). To determine if the E4orf6 protein showed a
similar localization in mouse cells, A9-hCAR and HA-RUNX1
A9 cells were infected and stained for the E4orf6 and HA-
tagged RUNXI1 proteins. For these experiments, the RUNX1
protein was used as a marker for viral replication centers,
because both E2A-DBP and E4orf6 antibodies are mouse an-
tibodies, precluding their use for double labeling. At 24 hpi,
approximately 25% of the infected parental A9-hCAR cells
displayed a strong E4orf6-specific staining pattern resembling
that of viral replication centers (Fig. 6a and b). This distribu-
tion and its frequency were similar to those observed in in-
fected human cells. Remarkably, the E4orf6 protein was no
longer concentrated about the viral replication centers in A9
cells expressing RUNXI1a or RUNXIb. Although viral replica-
tion centers were readily visualized by staining for the appro-
priate RUNXI1 protein, the E4orf6 protein was uniformly dis-
tributed through the nucleus and was excluded from nucleoli
(Fig. 6¢, e, and f). In a representative experiment, only 13 of 75
(17%) HA-RUNX1a cells with distinct viral replication centers
showed any indication of increased E4orf6 staining at these



6402 MARSHALL ET AL.

E2A-DBP  Merge DNA
~.

RUNX1

hCAR-A9

HA-RUNX1a-A9

HA-RUNX1b-A9
»
‘e
B

FIG. 5. RUNXla and RUNXI1b proteins vary in the extent of as-
sociation with viral replication centers. Mouse A9 cells that express
hCAR were transduced with vector DNA (a and b) or cDNA of HA-
tagged human RUNXIa (c and d) or HA-tagged human RUNXIb (e
and f) and were infected with the wild-type virus d/309. After 24 h, the
cells were extracted with Triton X-100 as described in Materials and
Methods, and double-label immunofluorescence was performed to
visualize viral replication centers with the monoclonal antibody B6-8
against the E2A-DBP and a rat monoclonal antibody against the HA
epitope. In the merged image, E2A-DBP is shown in green and
RUNX1 is shown in magenta. (f) The inset in the merge image shows
RUNX1 protein (magenta) surrounding the E2A-DBP (green). DNA
was visualized by being stained with DAPI and is shown in blue.
Representative micrographs are shown; the bar in each differential
interference contrast (DIC) image represents 5 pum.

centers. Furthermore, the intensity of E4orf6 staining at the
replication centers in these few cells was substantially less than
that observed in A9-hCAR cells (compare Fig. 6b to Fig. 6d).
In the same experiment, none of 85 HA-RUNXIb cells with
distinct replication centers showed increased E4orf6 staining at
these centers (Fig. 6e and f). These results indicate that the
RUNXI1 proteins displace or preclude E4orf6 from concen-
trating at the viral replication centers in the infected mouse
cell, with the RUNXI1b protein showing a stronger ability to
perturb Edorf6 localization at the viral replication centers
compared to that of the RUNXIla protein.

E4orf6 and RUNXI1 exert different effects on the localization
of E1B-55K in adenovirus-infected mouse cells. In contrast to
the ability of the RUNXI proteins to perturb E4orf6 protein
localization, the RUNXI1 proteins had no apparent impact on
the localization of E1B-55K in mouse cells infected with the
wild-type virus. In these cells, E1B-55K occurred primarily in a
perinuclear cytoplasmic inclusion body (Fig. 7). Virtually iden-
tical staining patterns for E1B-55K were observed for A9-
hCAR, HA-RUNX1a, and HA-RUNX1b A9 cells. Similar
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FIG. 6. RUNXI1b precludes E4orf6 localization at the periphery of
viral replication centers. The #CAR-transduced mouse A9 cells ana-
lyzed in Fig. 5 were infected with the E4orf6/E4orf7 mutant virus d/356.
After 24 h, the cells were extracted with Triton X-100 as described in
Materials and Methods and processed for double-label immunofluo-
rescence using the E4orfo-specific antibody Rsa#3 and the HA-spe-
cific rat antibody. The phenotypically wild-type virus d/356 was used for
this experiment, because the Rsa#3 antibody recognizes both E4orf6
protein and the 17-kDa E4orf6/E4orf7 fusion protein. In the absence
of staining for the E2A-DBP, viral replication centers can be recog-
nized by differential interference contrast (DIC) illumination or by the
absence of DAPI staining in the DNA image. In the merged image, the
E4orf6 protein is shown in green and RUNX1 is shown in magenta.
DNA was visualized by being stained with DAPI and is shown in blue.
Representative micrographs are shown, except for that for the HA-
RUNXI1a cell in panel d. This cell represents a rare cell displaying
(<5%) Edorf6 protein concentrated about the viral replication cen-
ters defined by RUNXI1 staining. The bar in each DIC image rep-
resents 5 pm.

perinuclear inclusions of E1B-55K were observed in adenovi-
rus-transformed rodent cells (86). Recently, inclusion bodies
similar in appearance to these were identified as aggresomes
and are associated with the terminal stages of E1B-55K-
Edorf6-mediated protein degradation (1, 46). An antibody to
ubiquitin revealed pronounced staining of cytoplasmic bodies
of the same frequency and relative position to the nucleus as
the perinuclear E1B-55K bodies in the infected mouse cells.
This observation is consistent with the possibility that this
structure is an aggresome (data not shown). These results
distinctly differ from findings from human cells in which a
portion of the E1B-55K and E4orf6 proteins colocalized at the
periphery of viral replication centers. Therefore, although the
RUNX1 proteins promote the nuclear colocalization of the
E4orf6 and E1B-55K proteins after transfection, the RUNX1
proteins fail to exert a similar influence following infection.
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FIG. 7. E1B-55K accumulates at cytoplasmic structures resembling
the aggresome in wild-type virus-infected mouse A9 cells. The #CAR-
transduced mouse A9 cells analyzed in Fig. 5 were infected with the
wild-type virus d/309. After 24 h, the cells were extracted with Triton
X-100 as described in Materials and Methods and processed for dou-
ble-label immunofluorescence using the E1B-55K-specific mouse
monoclonal antibody 2A6 and the HA-specific rat antibody. In the
merged image, E1B-55K is shown in green and RUNXI1 is shown in
magenta. DNA was visualized by being stained with DAPI and is
shown in blue. The bar represents 5 pwm. DIC, differential interference
contrast.

To determine if the E4orf6 protein had any impact on E1B-
55K localization in the infected mouse cell, cells were infected
with the E4orf6 mutant virus d/355* and E1B-55K was visual-
ized. As in wild-type virus-infected cells, some of the E1B-55K
protein accumulated in the aggresome. Surprisingly, a signifi-
cant portion of E1B-55K remained in the infected hCAR-A9
mouse cell nucleus in the absence of the E4orf6 protein (Fig.
8a and b). Furthermore, some cells displayed a limited associ-
ation between E1B-55K and viral replication centers (Fig. 8a).
The localization of E1B-55K at the periphery of virus replica-
tion centers increased in both HA-RUNXIla (Fig. 8c and d)
and HA-RUNXI1b (Fig. 8¢ and f) cells. In HA-RUNX1b cells
with prominent viral replication centers, most of the nuclear
E1B-55K protein was coincident with staining for the
RUNX1b protein. Taken together with the results shown in
Fig. 7, these findings indicate that E4orf6 acts in a dominant
manner to exclude E1B-55K from the nucleus of infected
mouse cells. In the absence of E4orf6, the RUNXla and
RUNXI1b proteins promote the retention of E1B-55K at viral
replication centers. Furthermore, the similarity of HA-
RUNXI staining in cells infected with the wild-type virus (Fig.
7) and E4orf6 mutant virus (Fig. 8) reveals that E4orf6 has
little impact on the localization of the RUNXI1 proteins.
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FIG. 8. Edorf6 and RUNXI differentially affect the localization of
E1B-55K in adenovirus-infected mouse cells. The hCAR-transduced
mouse A9 cells analyzed in Fig. 5 were infected with the E4orf6 mutant
virus dI355*. After 24 h, the cells were extracted with Triton X-100 as
described in Materials and Methods and processed for double-label
immunofluorescence after 24 h using the E1B-55K-specific mouse
monoclonal antibody 2A6 and the HA-specific rat antibody. In the
merged image, E1B-55K is shown in green and RUNXI1 is shown in
magenta. DNA was visualized by being stained with DAPI and is
shown in blue. The bar represents 5 wm. DIC, differential interference
contrast.

E1B-55K promotes the formation of viral replication cen-
ters, and RUNX1b can compensate for the loss of E1B-55K.
Cells were infected with the E1B-55K mutant virus d/1520 in
order to determine if E1B-55K affected the localization of the
RUNXI1 proteins. The infected cells were extracted with Tri-
ton X-100 after 24 h, and the RUNXI1 protein and E2A-DBP
were visualized by double-label immunofluorescence as before.
Surprisingly, no E2A-DBP staining was evident in the Triton
X-100-extracted HA-RUNX1a cells. However, nonextracted
cells were uniformly stained for E2A-DBP throughout the
nucleus. Identical results were obtained following infection
with the E1B mutant virus d/338 (63), which also bears a
deletion in the E1B-55K coding region but is able to direct the
expression of minor E1B-55K-related proteins that are not
expressed by dl1520 (data not shown). Thus, the failure to see
staining in the extracted cells was due to the unexpected dis-
covery that E1B-55K is required for well-developed viral rep-
lication centers to form in hCAR-A9 and HA-RUNXla A9
cells (Fig. 9a to d). In HA-RUNXIla cells infected with the
E1B-55K mutant virus, the RUNX1a protein was diffusely dis-
tributed throughout the nucleus and excluded from the nucle-
oli (Fig. 9c and d). These results show that the absence of
E1B-55K affects the localization of RUNX1a, which fails to
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FIG. 9. E1B-55K supports the formation of virus replication cen-
ters, and RUNXI1b can compensate for the loss of E1B-55K in ade-
novirus-infected mouse cells. The ACAR-transduced mouse A9 cells
analyzed in Fig. 5 were infected with the E/B-55K mutant virus d/1520
and processed for double-label immunofluorescence as intact cells
after 24 h using the E2A-DBP-specific mouse monoclonal antibody
B6-8 and the HA-specific rat antibody. In the merged image, E2A-
DBP is shown in green and RUNX1 is shown in magenta. DNA was
visualized by being stained with DAPI and is shown in blue. The bar
represents 5 pm. DIC, differential interference contrast.

accumulate at viral replication centers. However, it seems
likely that this is a secondary effect due to the failure to form
viral replication centers in the mutant virus-infected RUNX1a-
expressing cells.

In sharp contrast to dl1520-infected HA-RUNXIla cells,
viral replication centers were prominent and abundant in HA-
RUNXI1b cells that were infected with the E/B-55K mutant
virus. The staining pattern for E2A-DBP in the mutant virus-
infected HA-RUNX1b cells (Fig. 9¢ and f) was similar to that
of wild-type virus-infected cells (Fig. 5e and f). Again, the
RUNX1b protein was found at the periphery of the viral rep-
lication centers, often forming concentric rings about the E2A-
DBP-containing structures (Fig. 9f). These results indicate that
in mouse A9 cells, E1B-55K is necessary for the efficient de-
velopment of viral replication centers. Furthermore, these re-
sults reveal a striking functional difference between the
RUNX1a and RUNX1b proteins, wherein only RUNX1b can
compensate for the absence of E1B-55K expression by promot-
ing the development of viral replication centers.

DISCUSSION

In this study, we identify the previously described activity on
human chromosome 21 (13) that allows E4orf6 to direct the
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nuclear localization of E1B-55K following transfection in ro-
dent cells. This activity maps to the RUNXI gene at 21q22.3.
The human RUNXI1 protein variants a, b, and AN, but not
RUNXIc, permit the E4orf6-directed nuclear localization of
E1B-55K. Human RUNXIb and RUNXIc mRNAs were de-
tected by reverse transcription followed by PCR, and RUNX1-
related proteins of the appropriate size were detected by im-
munoblotting the A9-21 mouse cell line that carries human
chromosome 21 (data not shown). Because we show here that
the RUNX1a, RUNX1b, and RUNX1AN variants, but not the
RUNXIc variant, permit E4orf6-directed E1B-55K nuclear lo-
calization in mouse cells, we suggest that the relevant activity
detected in the A9-21 cells was that of RUNXI1b.

RUNXI1 proteins are canonical DNA-binding transcription
factors that serve as a scaffold for the assembly of a multipro-
tein complex. This complex can include both transcriptional
coactivators and corepressors (62). The RUNXI1 isoforms dif-
fer in their ability to bind DNA and transcriptional modulators
(34). We show here that three of the four major RUNX1
variants (a, b, and AN) permitted the E4orf6-directed nuclear
localization of E1B-55K in mouse cells. It seems reasonable
that this property resides in the sequence common to these
three proteins, which is limited to part of the Runt domain
encoded by exons 4, 5, and 6. However, this sequence is not
sufficient for this activity, because RUNXIc¢, which also con-
tains this sequence, does not permit E1B-55K nuclear local-
ization. RUNXIc contains 31 more amino-terminal residues
than RUNX1b. This domain can interfere with binding to both
DNA and the heterodimerization partner CBFB (33). The
results reported here indicate that the negative regulatory amino-
terminal domain also precludes RUNXIc from promoting the
E4orf6-mediated nuclear localization of E1B-55K. Further
support for this idea derives from a mutant form of RUNXIc
in which all but three amino acids of the unique N terminus
were replaced with an epitope tag. This variant permitted the
E4orfo-directed nuclear localization of E1B-55K as effectively
as the RUNX1a and RUNXI1b proteins. RUNXIAN is missing
12 of the 31 amino acids in the amino terminus and half of the
DNA-binding Runt domain. This variant is unable to bind
DNA (88). However, RUNXIAN allowed E4orf6-directed
E1B-55K nuclear localization, indicating that the ability to
bind DNA is dispensable for the RUNXI proteins to affect
E1B-55K-E4orf6 colocalization. These results lead us to sug-
gest that the scaffolding nature of the RUNXI proteins is
important for their ability to affect the E4orf6-directed nuclear
localization of E1B-55K.

In contrast to the relatively simple relationship between
E1B-55K, Edorf6, and the RUNX1 proteins observed in trans-
fected cells, the behavior of these proteins in adenovirus-in-
fected cells is complex. Endogenous RUNXI1 protein present
in Jurkat cells and human RUNXIla and RUNXI1b proteins
expressed in mouse cells accumulate about the periphery of
viral replication centers at late times of infection. This local-
ization, which is close to sites of late viral RNA biogenesis,
does not depend on either E1B-55K or E4orf6. Also, because
viral DNA replication proceeded with similar kinetics among
RUNXI1-expressing cell lines (data not shown), it seems un-
likely that different rates of viral DNA synthesis affected pro-
tein localization about viral replication centers. Rather, the
RUNXI proteins appear to expel most of the E4orf6 protein
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from these sites. Furthermore, instead of retaining E1B-55K in
the nucleus of adenovirus-infected mouse cells, E4orf6 expres-
sion excludes E1B-55K from the nucleus of infected mouse
cells. In the absence of E4orf6 expression, E1B-55K accumu-
lates in the nucleus and at viral replication centers; this local-
ization is enhanced by the RUNXIb protein. Although
RUNXI1 may increase the retention of E1B-55K at viral rep-
lication centers by expelling a portion of E4orf6 from these
sites, we predict that RUNX1 disrupts functions of the E1B-
55K-E4orf6 protein complex. Because E1B-55K rapidly shut-
tles between the nucleus and cytoplasm of transfected (41) and
infected cells (18), we interpret these findings to suggest that
the E4orf6 protein accelerates the trafficking of E1B-55K
through the nucleus, which ultimately results in its accumula-
tion in structures resembling the aggresome in the infected
mouse cell. Recently, the trafficking of the E1B-55K protein
from the nucleus to the aggresome has been linked to the
sequestration of the candidate tumor suppressor protein, se-
quence-specific single-stranded DNA-binding protein 2 (19).

The E1B-55K protein is a multifunctional protein with a
complex distribution throughout the nucleus and cytoplasm of
the adenovirus-infected cell. The intracellular trafficking of
E1B-55K is affected by interactions with viral factors such as
the Edorf3 (42, 43) and E4orf6 proteins (17, 58, 60) as well as
cellular factors such as elongins B and C, CullinS, and RING
Box protein-1 (30, 67). With some of these binding partners,
the E1B-55K and E4orf6 proteins form a virus-specific E3
ubiquitin ligase that, among other activities, regulates mRNA
transport (see especially references 7, 20, and 83). A portion of
the E1B-55K protein localizes to nodules or crenulations about
the periphery of viral replication centers; this localization is
reduced during infection with E4orf6 mutant viruses (60).
These nodules and crenulations are enriched in splicing factors
and viral RNA (9, 11, 64) and are the initial sites of late viral
transcription and RNA processing (2, 3, 64). The localization
of RUNXI to these sites is consistent with the possibility that
the RUNXI1 proteins alter viral RNA biogenesis through the
E1B-55K-E4orf6 protein complex. In the infected mouse cells,
RUNXI1b is found at the viral replication centers at a much
higher frequency than RUNX1a. Staining for RUNXI1b at the
periphery of these structures resembles staining for small nu-
clear ribonucleoproteins in ring cells described by Aspegren
and Bridge (2, 3). Because the localization of RUNXI1b at
these sites expels some of the E4orf6 protein, RUNX1b may
disrupt the function of the E1B-55K-E4orf6 protein complex.
We previously reported that a greater fraction of rodent cells
with the q terminus of human chromosome 21 expressed late
viral genes than cells without that fragment of human DNA
(13). However, a comparable effect on virus yield was not
observed in these studies. Consequently, the results reported
here will guide additional studies to elucidate the impact of
specific RUNXI1 variants on adenovirus replication.

Centers of viral DNA replication and late viral transcription,
termed viral factories, viral inclusion bodies, viral centers, or
viral replication centers, are complex structures that evolve
during the course of a virus infection (see, for example, refer-
ences 3, 6, 10, and 66). Specific localizations within this struc-
ture during the late phase of an infection can indicate function.
The RUNXIb protein is found in the peripheral replicative
zone (66), which has been shown to be the site of late viral
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RNA processing. Staining for the RUNX1 protein in the T-cell
lymphoma Jurkat cell line most closely resembled staining for
the RUNXI1b protein. By contrast, RUNX1a was most often
coincident with the E2A-DBP, which is linked to accumula-
tions of single-stranded viral DNA in the virus replication
centers. These E2A-DBP-rich sites are devoid of factors in-
volved in RNA processing (64). This localization was most
similar to that of the RUNX2 and RUNX3 proteins in SaOS-2
and Raji cells, respectively. It is possible that common prop-
erties of the RUNX proteins, such as the Runt DNA-binding
domain, enable the RUNX proteins to associate with the viral
replication centers while specific protein-protein interactions
target this protein to substructures at these sites. The molec-
ular basis for the association between the RUNX1 proteins
and the adenovirus proteins as well as virus-specific structures
in the infected cell remains to be elucidated.

The RUNXI1 proteins are important regulators of transcrip-
tion and replication for several viruses. As the DNA-binding
component of the core binding factor, the larger RUNXI1 pro-
teins regulate transcription from viral enhancers in murine
leukemia viruses (73, 84, 85), maedi visna virus (79), and poly-
omavirus (reviewed in reference 76). It has been suggested that
RUNXI1 proteins contribute to the E2-mediated repression of
bovine and human papillomavirus transcription (8, 74). Mouse
Runx1 was identified as a protein that binds polyomavirus
DNA and activates viral DNA replication (38). The inability of
polyomavirus to replicate in mouse embryonal carcinoma cells
has been attributed to the absence of the Runx1 protein (35).
Recently, Runx1 was shown to be recruited to virus replication
factories during polyomavirus infection. At these sites, Runxl
was proposed to couple the viral DNA to the nuclear matrix
while recruiting T antigen to the origin of replication (55).
Although the contribution of RUNXI to the outcome of an
adenovirus infection has yet to be determined, the findings we
report here suggest that the DNA-binding ability of RUNX1 is
not important for adenovirus. Rather, because of the similar
distribution for RUNX1b and viral RNA and RNA processing
factors, we suggest that properties of RUNXI that link it to
RNA processing, such as the ability to bind ALY/REF (12),
will be important to the outcome of an adenovirus infection.

In summary, the results presented here reveal a dynamic
relationship between the E4orf6, E1B-55K, and RUNXI1 pro-
teins. In cooperation with the E4orf6 protein, RUNX1 pro-
teins are able to affect the localization of E1B-55K. The local-
ization of RUNXID in the infected cell is consistent with a
possible role for this cellular protein in modulating viral RNA
metabolism. Additional studies are required to determine the
molecular mechanism by which these proteins interact or in-
fluence the localization of each other. It also will be important
to determine if the activity of the E1B-55K-E4orf6 protein
complex is altered in human cells with high levels of the
RUNX1 proteins. Lymphocytic cells express high levels of
RUNXI at various stages in development. Interestingly, some
of these cells are able to harbor adenovirus in a quiescent or
possibly latent state (23, 52). Perhaps by targeting the E1B-
55K-E4orf6 protein complex, the RUNXI proteins can sup-
press adenovirus gene expression as part of a program to
establish the quiescent state. We show here that RUNX1a and
RUNXI1b exert significant differences on the development of
virus-specific structures in the infected cell. Recently, human
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RUNXIa and RUNXI1b were shown to differ in their ability to
promote hematopoietic stem cell expansion and differentiation
(80). In human cord blood lymphocytes, RUNXIa expression
was restricted to the CD34™ progenitor cells and was highest in
the most primitive CD34" compartment (80). The recently
identified association between adenovirus and childhood acute
lymphocytic leukemia (28) makes it important to evaluate the
impact of RUNX1 expression on the outcome of an adenovirus
infection in the developing hematopoietic compartment.
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