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monocytic leukemia, MOZ fuses with CBP, p300 or TIF2, all of
which are involved in histone modification. MOZ fusion
proteins positively and negatively affect transcription of
MOZ target genes to induce lenkemia. Further investigation is
needed into the functions of MOZ and MOZ fusion genes in
hematopoiesis and leukemogenesis in order to develop improved
AML therapeutics.
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The localization of the adenovirus E1B-55K-Edorf6 protein complex is critical for its function. Prior studies
demonstrated that Edorf6 directs the nuclear localization of EIB-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 RUNXI-AN
variants allowed Edorf6-directed E1B-55K nuclear localization. The failure of RUNXIc to allow nuclear
colocalization was relieved by the deletion of amino-terminal residues of this protein. In the adenovirus-
infected mouse cell, RUNXI 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 Edorf6 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 Edorf6. In the presence of E4orf6,
EIB-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 Edorf6, E1B-55K, and RUNXI1 proteins, In cooperation with Edorf6, 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

Edorf6, E1B-55K, and RUNX1,

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 (Edorft) 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 Edor{6
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 1V (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
£E1B-55K or Edorf6 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

* Corresponding author, Mailing address: Medical Center Bivd,,
Department of Microbiology and Immunology, Wake Forest Univer-
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cells is dependent on the proteasomal degradation machinery,
the regulation of cellular and viral gene expression appears 1o
depend on the activity of the E1B-55K-E4orf6 protein com-
plex as a viral ubiquitin ligase (14, 83). The localization of the
EIB-55K and Edorf6 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 Edorf6 proteins shuitle between the nu-
cleus and cytoplasm (18, 41) and accumulate in the nucleus of
infected cells. The Edorf6 protein is evenly distributed
throughout the nucleoplasm and is excluded from nucleoli
(16). EIB-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 Edorfé mutant virus is similar to that of the EIB-35K
mutant virus. Cells infected with Edorfo mutant viruses export
late viral messages to Lhe cytoplasm poorly compared to that by
wild-type virus-infected cells (29, 32, 71) and fail to degrade
cellular proteins such as p53, MRE11, and DNA ligase IV (4,
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68, 77, 78). The ability of the Edorf6 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-Edorf6 protein complex (25, 60).

When expressed by transfection, E1B-55K is restricted to
the eytoplasm (26, 57). The Edorf6 protein is able to direct the
nuclear localization of EIB-55K in primate cells but not in
most rodent cells (13, 26). Because heterokaryons of human
cells and rodent cells enabled the Edorf6 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 Edor{6 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 RUNXI 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 RUNXI1 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
RUNXI proteins have been described: RUNXIa, RUNXIb,
RUNXIc, and RUNXI1AN. These proteins are translated from
alternatively spliced transcripts derived from two promoters
(22, 44, 54). RUNXI proteins are closely related 1o 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 scal-
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 CBFB or DNA (33). The RUNXI1 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 TLE] and mSin3A are corepres-
sors that contribute to RUNXIl-mediated repression (47).
RUNX1-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 RUNXI 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 RUNXI variants

J. ViroL.

a, b, and AN promote the Edorf6-directed nuclear localization
of E1B-55K in mouse cells, suggesting that it is the nuclear
scallold nawre and not the DNA-binding ability of the
RUNXI protein that affects the apparent interaction between
the EIB-55K and Edorf6 proteins. In addition, both endoge-
nous RUNXI protein and the RUNXTb variant protein local-
ize at the periphery of virus replication centers at late times in
adenovirus infection. RUNXT localization at the virus replica-
tion centers appears to disrupt the normal localization of
Edorl6 at these sites. In the absence of E4orf6, the RUNXI
proteins are able 1o retain E1B-55K at the periphery of virus
replication centers. Therefore, Edorf6 and RUNXI 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 RUNXIb protein appeared
o compensale for the absence of E1B-55K with respect to the
development of viral replication centers. Taken together, these
results suggest that the RUNXIb protein significantly affects
the architecture of the virus replication center by mislocalizing
the Edorf6 protein, ultimately leading to the inefficient traf-
ficking of EIB-55K to the cytoplasm. The disruption of
Edorf6-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
sern were ob d 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 serom
(FBS). $a08-2 cells were maintained in McCoy's Ss medium supplemented with
157 FBS. Mouse A9 cells were I in DMEM suppl d with 10%
FES. 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
Instivute, Camden, NJ) was maintnined in DMEM supplmmmd with 0.1 mM
socium hypoxanthine, 0.4 pM ami in, 16 M it and 107 FBS,
The GMI0063 cell line (Coriell lnslllule} was maintained in DM'EM supple-
mented with 0.1 mM sodium hyp ine, 014 pM plerin, 16 M thymi-
dine, and 15% FBS. The Chinese hamster ovary (CHO) ccll lines bearing
portions of human chromosome 21 (21q+, MRC-2G, 6918, R2-10W, Raj-5.
43C-13, 72532x6, and E7h) were genernted at the Eleanor Roosevelt Institute
(Denver, CO) and were previously described (27), CHO cell lines were main-
tuined in Ham's FI12 medium supplemented with 107 FBS.

The plasmids encoding E78-55K and Edorfo under the control of both the T7
I and & gnloviras (CMV) i carly enhancer and promoter
were described previously (26), The pl g human RUNAZ, human
RUNX3, mouse Runxl (previously described as PEBP2aC, PEBP2oA, and
PEBPaB,. respeciively), nnd humn RL’M\.\N under lhe control of Il|= l'lulnnn

EF-la p were d previously (89), The p g the
mﬂmm virus hemagglutinin (HA) epitope-tagged RUNAJ’a and RUN\H) un-
der the control of the simian virus 40 i dinte-carly were deseribed

previously (39). These plasmids n.\m mn[ﬂ Iu G418 by directing the
expression of the TnS aminogly ¥ b The p id en-
coding human RUNX/e under the mm:nl of Ihl.‘ oMV anl;.-mwt.*pmmutcr wis
kindly provided by Scott Hiebent (Vanderbill University, Nashville, TN) and was

described previously (53). The plasmid g an amino-te lly deleted
RUNXIc under the control of the CMV :nlmmtf}‘plm:l was created by S-.-cu
Hiebert and kindly provided by Gnry Stein (L y of M. I

School, Worcester). This RUNXI¢ plasmi 1l lesignated AMLIb (or

RUNXI1b) but now has been am:ly identified as RUNM:: Herring sperm
DNA was used ns the carrier DNA in transfection experiments.

The adenovirus type 5 strmin 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
1o be dispensible for growth in tissue culture (37). The ELB-55K mutant virus
dl1520 comains a large deletion of the E8-55K gene and s unable to express
small splice variants of the larger EIB-55K protein. This virus has been previ-
ously described (5). The E1B-55K mutant virus 4i338 contains n smaller deletion

8002 ‘02 4990190 uo Aiiqr] DON 1e Bio'wse'nf woy papeojumog



Vol 82, 2008

of ihe E1B-53K region and can direct the expression of E1B proteins that are not
cpressed by 1520 (63}, The EdorftVEdorf7 mutant virus 41356, which capreases
the Edorfo gene but not the EdorftiEdor(7 fusion product, was described previ-
ously (29). The Edorft mutant virus used for this study was di355°, which includes
the wild-type E3 pene, and was described previoualy (32). Vinuses were grown in
mwkmdmmluudvkmmdwmwdwwulumﬂmim

h Cs() as Iy ibed (26).

Antibodies. Ad r.,..;iﬂ: it the mouse monoclonal
antibody Rsa#3 (30) for the Edorft: protein used as undiluted hybridoma culture
supematant fluid, ummwxln{mnomm

RUNXI ASSOCIATES WITH ADENOVIRUS REPLICATION CENTERS 6397

paiate for DAPL, Alea Fluor 488, and Alexa Fluor 568 excitation. Images were
scquired using a Retiga EX 1330 dighol camern (Qlmaging Corp., Bumaby.
Britsh Columbia, Canada) with a :melmM apenure or
100 magnification/) 4 ical bjective. The relative
hﬁmﬂmmmdﬂwdﬁwwmmmmmm
the same extent hised on exposures obtained (rom control samples stained with
secondary antibody alone, Figures were asembled with the open-source image-
processing software Imagel (69) and Canvas 10 (ACD Systems. Miami, FL)
using either a Macintosh or Dell mi p Collor is used in some micro-
graphs in which the adenovirus protein is shown in green and the RUNX protein
in 50 that colocalization is seen s white.

Diego, CA) for the E1B-55K protein used at 1 g per ml, the mouse
antibody 2Af (72) for the E1B-55K protein used as undiluted hybridoma culture
supematant fluid, and the mouse manoclonal antibody B6-8 (70) for the E2A.
DNA-binding protein (E2A-DBP) used as a fivefold diluted hybridoma culture

fuid, Rabbit polyclonal antibodics against RUNXI (Sigma, St.
Louis, MO). RUNX2 {Active Motif, Curlshad, CA), and RUNX3 (Active Maotil)
were used at 1:500 ditutions. HA-tagged RUNXI proteins were visualized with

Wmam—mmmmm
For the i d in Fig. | and 4, cells were infected
tﬁhmﬂmuvlnduh“vmjtzllmmmnmm
and were transfocted with cDNA for E18-55K and E4orfo under the control of
the TT promoter. At 12 1o 135 h postinfection (hpi), cells were fixed with form-
ldehyd &MMWIwmmpdnmdwm

the high-affinity ra1 monoclonal antibody 3F10 (Roche Dingnostics, Indianapolis,
IN), which was used ut 200 ng per ml, The mouss monoclonal antibody RmeB
(CRL-2379; ATCC, Mannssas, VA) against the conmckie and adenovirus necep-
tor (CAR) was used for cell sorting as the undiluted hybridoma culture super-
natani fuid, Ubiquitin-specific antibody (clone P4D1; Cell Signaling Technology,

the Edorf6 and E1B-55K p Rsa#3 and
9C'10, respectively. Ceﬂslnvhwhlthnlmknofﬁm-ﬁkwmm
in the nucleus with the Edorf6 protein and in which Edorft was excluded from
the nucleoli were scored as nuclear. Approximately 6 10 10 randomly selected
ficlds that were disiributed uniformly across the culture surface were photo-
graphed in order 1o evalunte at least 200 1o 400 cells in each experiment. Results

Danvers, MA) was used at a 1:1,000 dilution, Fl ly labeled ¥
antibodies. qualified for multiple Inbeling experiments, were used at 1 1o 4 pg per
mMuMhmmmnwﬂcnnjnpledwwuwm
Jobulin G (IgG) (Molecul :‘ i gen ), Alexa Fluor 568 con-
}uplulwwmi-mlgﬁ(‘ ' hes/T! and rhodamine red
x-wnjmulp:mdnluoﬂm Immmkumdl.\ﬂmﬁml'ﬁ).
Stahle HA-RUNX1a and HA-RUNXIb mouse A9 cell lines. Mouse A9 cells
expressing HA-tagged human RUNX/a and RUNXIH cDNAs were gencrated by
transfection and clonal selection. Briefly, 10® mouse A9 cells were tmnsfected
with 3 pg of HA.RUNXIa or .FMRLWXMM“I]! Uplﬂmnmhwph
(Invitrogen Life Technologies) g to the manuf s
tion. Two days after ! grmﬂh dium was replaced with
wmmmuurmlspmwusmmdwmm
single-tmnsfected ullckmsmnbuiuultthldnmm Uniform HA-

RUNX] expression was d by i il ind the p
protein size was confirmed by i ‘Nulqnmecllmmemuh-
tained for each RUNXI protein by propagation in Gd18-containi

m“l”ﬁlnmmhm“hﬂmwmlh.ﬂh
Rm:.aommm-nummmﬂnsm:mmmm:ﬂm
bhased { variant of the human
CAR (lfﬁR) (39] The rh'm mmmﬂy provided by James DeGregori
(u of Colorado, Denver) thiough Linda Goodi I:Em')'l’ "’
Aﬂama.GA}kamumhdihs irus were
ducrﬂmd(&llkumihmRUNXlwlhmmmlnmm.unmny
duced cells were sel bylmmuﬂ-dmhﬁmhthnrulluudly
cell sorting. Briefly, d cells were b J in free cell dissoci-
u|innbn!ﬂtluvilmncn}ln¢nudwhh1hehCARamMRnuBh:lhnn
ice, fallowed by being stained with Alexa Fluor 488-conjugated goat anti-mouse
1g for 30 min on ice. Cells were sorted using 8 FACSAria cellsorling instrument
(BD Biosciences, San Jose, CA). Sorted cells were maintained in medium con-
taining 50 ug of G418 per ml 1o prevent microbial contamination. An sdditional
round of cell sorting based on extracellular hCAR was performed (o entich for
hCAR-positive cells.

Tndi i with intact cefls
was Jucted as previously described (13), Briefly, cells were fixed with 2%
freshly prepared f hyde and then p bilized with 0.2% Triton X-100

before indirect anfibody labeling. Infected Jurkat, Raji, 5005-2, and RUNXI-
expressing mouse A9 cells were extracted prior to fixation as described previously
(60). Extraction with Triton X-100 enh the visualization of viral replicati
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-buflered saline with 1.5 mM MgCl; and then extructed for
5 min on jce with CSK baffer [100 mM KCL 10 mM pipermzine-NN'-bis(2-
ethnnmdﬁnmadd)(pﬂh.&).‘ﬂmﬂmm!mﬂ M'G, 1 mM ethylene
ghrol tetrancetic acid, | mM ining 0.5%
Triton X-100. Cells then were hnd wlth Zﬁc foamaldehyde in CSI( buffer ladiiﬂ;
Tu:leMhr’ﬂmmurmmleuqum.hﬂmu!l,mmlmm

with the approp ples were ! with a
glycerol- or polyvinyl alcohol-based mounting medium containing the DNA dye
4 fedinmidine-2-phenylindole (DAPI) and were analyzed by epifluorescence
mieroscopy using a Nikon TE300 inverted microscope fitted with filters appro-

from two to six independent experiments were poaled, and the 95% confidence
intervals were estimated using the exact binomial 1est.
Edorft-medinted E1B-35K nuclear localization was measured after the tran-

sient expression of selected RUNAT shown in Table 1 by first 1rans-
fecting 5 x 10" cells with 0.1 jug of RUNX plasmid wing Lipofectamine plus

itrogen Life Technologies). Apy y 30 h after transfection, £18-35K
andEJaﬁplnnLdim 7 ming:llﬂ in virus vTF7.3,

wmmmﬁmwmmsmwmm&mm-m.m

ing of human 21. The EIB-55K ¢DNA alone or
lllt EJB‘ﬁKlvndDNAsmnpundeI cell lines containing
various [ragments of human chromosome 21 using the recombinam smccinia
virus vIF7.3, and the locali: of the p ins was d 1 by double-label
i fl a8 described above. Cell lines for which the frequency of
EIB-55K~-Edoilt nuclear colocalization was greater than that of the parental
(mouse or hamster) cell line were scored as positive.

Quantitative evaluation of the relative i of E1B-55K staining in the
nucleus. The macro facility of the open-source software Imagel (69) was used 1o
quantily 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 Edorft ¢DNAs were established with the mmubhmmvm:lrﬂn
virus vTF7.3 as desceibed above, The cells were g d for i
mmnubnmmummxmmmammgm
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
dElB-SSmenhuﬁmmammhcmplmedmud\wabu

tyzed, Additional pseud lines were generaled

ically. The fi ity ncross the lines was measused,
and the bordess of the cell and the nucleus were recorded on each line. The mean
fluorescent intensity outside of the cell was mensured to serve as the local
background. This value was subltracted from the mean fluorescent intensity for
the nucleus and the cyloy before d g the ratio of nuclenr to cyto-
plasmic ﬂmu:m Approximately 10 o 20 ulbil.m!ily selected cells were
andlyzed, with four transect lines for each cell in each experiment,

RESULTS

Expressed by transfection, the E1B-55K and Edorf6 pro-
teins colocalize in the nuclei of mouse cells containing the
RUNXI 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 Edorf6 proteins under the direction of a T7 promoter,
and the localization of the Edorf6 and E1B-55K proteins was
determined by indirect immunofluorescence. Representative
cells that received only the EIB-55K ¢DNA show predomi-
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E1B-55K nuclear localization

FIG. |. EIB-55K and Edorf6 proteins colocalize in the nuclei of rodent cells containing the RUNXT locus of human chromosome 21, (A) Mouse
A9 cells containing human chromosome 21 were infected with the recombinant vaccinia virus vIF7.3 1o express the T7 RNA polymerase, The cells
were transfected with ¢cDNA for EZ1B-55K and E4orf6 under the control of the T7 promoter. At 12 hpi, double-label immunofluorescence was used
to identify cells expressing both Edorf6 and E1B-55K. (A) Representative micrographs showing the localization of the EIB-35K protein, in which
the localization was identified as p inantly cytoplasmic (a to d) or predominantly nuclear (e to h). The bar represents 5 pm., (B) Hamster
(black) and mouse (gray) eells containing portions of | chromosome 21 were infected and translfecied 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 Edorf6 are indicated by a plus sign. (C) The portion of human chromosome 21 DNA in the 21g+ 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 RUNXT gene is represented by the arrow: open boxes identify the two RUNX! 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 ¢ 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-
lein.,

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

TABLE 1. Human RUNXI1 proteins permit Edorf6-directed
nuclear localization of E1B-55K in mouse cells

o Cells with nuclear  95% Confidence
T'ransfected construct

E1B-55K (%) interval

Controls

No Edorf6, no RUNX 1.3 0.36—4.8

No RUNX 6.2 3.0-13
Mouse Runx!l

Mouse Runxlb 35 0.5-25
Human RUNX related

RUNX2 (6p21) 10,0 3.7-29

RUNX3 (1p36) 73 2.2-24
Human RUNXI1

RUNXIa 62.0 51-75

RUNXIb 63.0 36-100

RUNXIAN 0.0 49-52

RUNXIc 9.6 3.3-28

N terminus-deleted RUNXIc 50.0 49-52

nuclear localization of EIB-55K in the presence of the Edorf6
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 Edorf6-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 21g+ cell line, which does not permit E1B-55K protein
nuclear localization, contains human chromosome 21 from the
P terminus to sequence-lagged site (STS) marker D2151969
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
SODI marker to STS marker D215393 (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 RUNXI, formerly known as AML-1. Be-
cause the RUNX]I proteins are nuclear proteins that mediate
protein-protein interactions, we chose 1o investigate further
the potential role of RUNXI in permitling Edorfé-directed
nuclear localization,

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

isoforms from two promoters. RUNXT encodes al 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 nbosome entry site (65). The
distal RUNX] 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 10 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-Edorf6
prolein 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-DEP-stained replication cen-
ters. For comparison, the localization of the RUNX2 protein
was determined in the osteosarcoma cell line Sa0S-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 {). The staining pauern for each RUNX
protein changed after infection, such that a portion of the
RUNX proteins relocalized to nuclear viral inclusions in the
cells, Becavse 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 adenavirus-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 | pm in diameter that formed a ring about the
periphery of the E2A-DBP-containing structures (Fig. 3g and

RUNX1 ASSOCIATES WITH ADENOVIRUS REPLICATION CENTERS 639

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 suggesied 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 I) 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
Edorfo-directed nuclear localization of E1B-55K in mouse
cells.

A subset of RUNX1 proteins permits Edorf6-directed nu-
clear localization of EIB-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 EIB-55K
and Edorf6 cDNAs was established, and the localization of
E1B-35K in the presence of the Edorf6 protein was scored as
cytoplasmic or nuclear as described for Fig. 1. Consistently
with previous findings, whether expressed alone or coexpressed
with E4orft 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
Edorf6 10 direct nuclear E1B-55K protein localization. By con-
trast, RUNX1a, RUNXI1b, and RUNXIAN proteins allowed
Edorft-directed nuclear E1B-55K protein localization in over
60% of the cells expressing the viral genes. Interestingly,
RUNXIc was unable to promote E1B-55K nuclear localiza-
tion. The RUNX1c protein contains a unique sequence in its
amino-terminal portion (Fig. 2B) with the potential to prevent
DNA binding and association with CBFB (33). It is possible
that this region, termed the negative regulatory region for
heterodimerization and DNA binding, also prevents RUNX1¢
from affecting Edorf6-mediated E1B-55K protein nuclear lo-
calization. Evidence in support of this notion was derived from
the property of an amino-terminally truncated RUNX Ic vari-
ant that permitted E1B-55K nuclear localization. This variant
coniains an HA epitope tag in place of the first 26 amino acids
of the RUNXI¢ 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
Edorfé-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 RUNX1¢ can prevent RUNXI
from promoting Edor6-directed EIB-55K nuclear localization
in mouse cells. These results also suggest that the ability 1o
direct E1B-55K nuclear localization is not uniformly shared by
RUNX1 variants. To overcome limitations associated with the
transient expression required for these experiments, we estab-
lished mouse A9 cell lines expressing RUNXTa and RUNXIb
for further studies.

Expressed by transfection, the E1B-55K and Edorf6 pro-
teins efficiently colocalize in the nuclei of mouse cells that
express human RUNX1a and RUNXIb. Mouse A9 cells were
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RUNX E2A-DBP

DNA

FI1G. 3. Human RUNX proteins accumulate at viral replication centers at late times during adenovirus infection. Jurkat cells, SaOS-2 cells, and
Raji cells were either mock infected (a to f) or infected with the wild-type virus d1309 (g to 1), After 24 h, the cells were extracted with Triton X-100
us 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 simultancously visualized with rabbit polyclonal antibodies specific for RUNX1 (a, b, g, and h),
RUNX2 (c. d. i, and j), or RUNX3 (e. L k. and ). DNA was visualized by being stnined with DAPL The bar in each differential interference contrast

(DIC) image represents 10 pm.

transfected with plasmids encoding epitope-tagged human
RUNX!Ia and RUNX1b cDNAs linked to a neomycin-select-
able marker. Independent single-cell clones expressing HA-
RUNXIa und HA-RUNXIb were isolated and designated
HA-RUNX1a-A9 (clones 1 and 2) and HA-RUNX1b-A9
(clones 1 and 5). Uniform RUNXT 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 RUNX! (dala 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, EIB-55K was restricted 1o

the cytoplasm and perinuclear aggregates in the absence of
the Edorf6 protein; this distribution was not affected by the
RUNXI protein. However, when coexpressed with Edorf6,
E1B-55K was found in the nucleus of over 90% of the HA-
RUNXIla-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 RUNXIa and RUNXIb proteins permit the
Edorfo-directed nuclear localization of E1B-35K.

Although both RUNXTa and RUNXIb enabled E{orfé to
the direct the nuclear localization of E1B-55K in mouse
cells, we observed differences in the staining intensity for the
nuclear EIB-55K protein between the HA-RUNXIla and
HA-RUNXIb cell lines. To determine if these differences
were significant, the ratio of nuclear to cytoplasmic staining
intensity for EIB-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 E/B-55K ¢cDNA
led to a substantial and statistically significant increase in
the nuclear staining-to-cytoplasmic staining ratio in both the
HA-RUNX1a and HA-RUNX1h 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 Edorf6 proteins efficiently colocalize in the
nuclei of mouse cells that express human RUNXTa and RUNX b, Two
independent stable mouse A9 cell lines expressing human RUNXa or
RUNX1b were established. and the ability of Edorf6 to direct the
nuclear localization of EIB-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 ic staining for E1B-55K was quantified as de-
scribed in Materials and Methods and is plotied as the means and
standard devimions.

transfected A9 cell line (Fig. 4B and data not shown), How-
ever, both HA-RUNXIb cell lines showed greater cell-to-
cell wvariability 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
translected with both Edorf6 and E1B-55K was 1.5-fold
greater than that of RUNX1a cells (P = 0.007). The HA-
RUNXI1b cells also appeared to contain relatively less nu-
clear EIB-55K protein than the HA-RUNX1a 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
1o suggest that although RUNXTa and RUNXIb are able to
permit the Edorf6-directed nuclear localization of E1B-55K,
the RUNXI isoforms are not identical in this regard.
RUNXIa and RUNXIb proteins differ in their association
with viral replication centers in mouse cells. To determine if
the RUNXla and RUNX1b 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
cenlers by removing the diffuse nuclear component of E2A-
DBP while sparing the replication center-associated protein
(81). The localization of the RUNX1 proteins was determined
simultaneously using a rat monoclonal antibody for the HA
epitope tag. Both RUNX1a and RUNXIb proteins exhibited a
uniform granular staining pattern throughout the nucleus of
mock-infected cells (data not shown), Both RUNXla and
RUNXIb proteins associated with the viral replication centers
at late times of infection. However, the extent of this associa-
tion differed, as scen 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. 5¢)
or more coincident with E2A-DBP staining (data not shown),
In the remaining infected cells, very little RUNX1a protein
was associaled with viral replication centers (Fig. 5d). In all
infected HA-RUNXIla cells, a significant portion of the
RUNXla protein remained diffusely distributed throughout
the nucleus. By contrast, over %% of the HA-RUNX1b cells
contain distinct viral replication centers surrounded by staining
for the RUNXIb protein. The RUNXIb protein was not co-
incident with E2A-DBP. Rather, the RUNXIb protein was
primarily at the periphery of the replication centers (Fig. 50).
These results demonstrate that the RUNX1a and RUNXIb
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.

RUNXI1 displaces Edorf6 from viral replication centers in
adenovirus-infected mouse cells. A portion of the Edorf6 pro-
tein localizes to the periphery of viral replication centers in
HeLa 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 Edorf6 and HA-
tagged RUNXI 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 Edorf6-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 Edorf6 protein was no
longer concentrated about the viral replication centers in A9
cells expressing RUNXTa or RUNX1b. Although viral replica-
tion centers were readily visualized by staining for the appro-
priate RUNXI protein, the Edorf6 protein was uniformly dis-
tributed through the nucleus and was excluded from nucleoli
(Fig. 6¢, ¢, and f). In a representative experiment, only 13 of 75
(17%) HA-RUNXIa cells with distinct viral replication centers
showed any indication of increased E4orf6 staining at these
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FIG. 5. RUNXIa and RUNXIb 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 RUNXTa (¢ and d) or HA-tagged human RUNXTb (e
and f) and were infected with the wild-type virus 41309, After 24 h, the
cells were extracted with Triton X-100 as described in Marterials and
Methods, and double-label immunofluorescence was performed to
visualize viral replication centers with the monoclonal antibody B6-8
agninst the E2A-DBP and a rat monoclonal antibody against the HA
epitope. In the merged image, E2A-DBP is shown in green and
RUNXI is shown in magenta. (f) The inset in the merge image shows
RUNXI! protein (magenta) surrounding the E2ZA-DBP (green). DNA
was visualized by being stained with DAPI and is shown in blue.
Representative micrographs are shown; the bar in cach dilferential
interference contrast (DIC) image represents 5 pm.

cenlers. Furthermore, the intensity of Edorf6 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-RUNXI1b cells with
distinet replication centers showed increased Edorf6 staining at
these centers (Fig. 6e and f). These results indicate that the
RUNXI1 proteins displace or preclude Edorf6 from concen-
trating at the viral replication centers in the infected mouse
cell, with the RUNX1b protein showing a stronger ability to
perturb Edorf6 localization at the viral replication centers
compared to that of the RUNX1a protein.

Edorf6 and RUNX1 exert different effects on the localization
of EIB-55K in adenovirus-infected cells. In contrast to
the ability of the RUNXI proteins to perturb Edorf6 protein
localization, the RUNXI1 proteins had no apparent impact on
the localization of EIB-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-RUNXla, and HA-RUNXIb A9 cells. Similar

J. VIroOL,

Me rie DNA DIC

RUNX1  Edonr

hCAR-AS

HA-RUNX1a-AS

HA-RUNX1b-A9

FIG. 6. RUNXI1b precludes Edorf6 localization at the periphery of
viral replication centers. The ACAR-transduced mouse A9 cells ana-
lyzed in Fig. 5 were infected with the E4orf6/E4orf7 mutant virus di356.
Afler 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 E4orf6-specific antibody Rsa#3 and the HA-spe-
cific rat antibody. The phenotypically wild-type virus di356 was used [or
this experiment, because the Rsa#3 antibody recognizes both Edorf6
protein and the 17-kDa Edorf6/Edorf7 fusion protein. kn the absence
of staining for the E2A-DBP, viral replication centers can be recog-
nized by differential interference contrast (DIC) illumination or by the
ahsence of DAPI staining in the DNA image. In the merged image, the
Edorft prolein is shown in green and RUNXI is shown in magenta.
DNA was visualized by being stained with DAPT and is shown in blue,
Representative micrographs are shown, except for that for the HA-
RUNXIa cell in panel d. This cell represents a rare cell displaying
%) Edorf6 protein concentrated about the viral replication cen-
ters defined by RUNXI 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 resulls
distinctly differ from findings from human cells in which a
portion of the EIB-55K and Edorf6 proteins colocalized at the
periphery of viral replication centers. Therefore, although the
RUNXI1 proteins promote the nuclear colocalization of the
Edorf6 and E1B-55K proteins after transfection, the RUNX1
proteins fail to exert a similar influence following infection.
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RUNX1

E1B-55K M(.I'(IL

hCAR-AS

HA-RUNX1a-AS

HA-RUNX1b-AS

FI1G. 7. E1B-55K accumulates at cytoplasmic structures resembling
the aggresome in wild-type virus-infected mouse A9 cells, The ACAR-
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
monaclonal antibody 2A6 and the HA-specific rat antibody, In the
merged image, E1B-55K is shown in green and RUNX] is shown in
magenta, DNA was visualized by being stained with DAPI and is
shown in blue. The bar represents 3 um. 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 Edorf6 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 Edorf6 protein (Fig.
8a and b). Furthermore, some cells displayed a limited associ-
ation between E1B-35K and viral replication centers (Fig. 8a).
The localization of E1B-55K at the periphery of virus replica-
tion centers increased in both HA-RUNXIa (Fig. 8¢ and d)
and HA-RUNXI1b (Fig. 8¢ and f) cells. In HA-RUNXIb cells
with prominent viral replication centers, most of the nuclear
EIB-55K protein was coincident with staining for the
RUNXIb protein. Taken together with the resulls shown in
Fig. 7, these findings indicate that E4orf6 acts in a dominant
manner (o exclude EIB-55K from the nucleus of infected
mouse cells. In the absence of Edorf6, the RUNXla and
RUNXIb proteins promote the retention of E1B-55K at viral
replication centers. Furthermore, the similarity of HA-
RUNXI1 staining in cells infected with the wild-type virus (Fig.
7) and Edorf6 mutant virus (Fig. 8) reveals that Edorf6 has
little impact on the localization of the RUNXI proteins.

RUNX1 ASSOCIATES WITH ADENOVIRUS REPLICATION CENTERS 6403

RUNX1 E1B-55K

Meri DNA DIC

HA-RUNX1a-A8 hCAR-AS

HA-RUNX1b-A8

FIG. 8. Edorfo and RUNXI differcntially affect the localization of
EIB-55K in adenovirus-infected mouse cells, The hCAR-transduced
mouse A9 cells analyzed in Fig. S were infected with the E4orfé 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
immunofiuorescence after 24 h using the EIB-55K-specific mouse
monoclonal antibody 2A6 and the HA-specific rat antibody. In the
merged image, EIB-55K Is shown in green and RUNXI is shown in
magenia, DNA was visualized by being stained with DAPI and is
shown in blue. The bar represents 5 um. DIC, differential interference
contrasi.

EIB-55K promotes the formation of viral replication cen-
ters, and RUNX1b can compensate for the loss of E1B-55K.
Cells were infected with the E/B-55K mutant virus df1520 in
order to determine if EIB-55K affected the localization of the
RUNXI 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 EZA-DBP staining was evident in the Triton
X-100-extracted HA-RUNX1a cells. However, nonextracted
cells were uniformly stained for E2ZA-DBP throughout the
nucleus. 1dentical results were oblaimed following infection
with the EIB mutant virus 4f338 (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 @/1520 (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 10 d). In HA-RUNXIla cells infected with the
EIB-55K mutant virus, the RUNXIa protein was diffusely dis-
tributed throughout the nucleus and excluded from the nucle-
oli (Fig. 9 and d). These results show that the absence of
E1B-55K affects the localization of RUNX1a, which fails to
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RUNX1 E2A-DBP

Mer‘e DNA DIC

hCAR-A9

HA-RUNX1a-A8

HA-RUNX1b-AS

FIG. 9. E1B-35K supports the formation of virus replication cen-
ters, and RUNXIb can compensate for the loss of E1B-55K in ade-
novirus-infected mouse cells. The hCAR-transduced mouse A9 cells
analyzed in Fig. 5 were infected with the E1B8-53K 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 RUNXI is shown in magenta. DNA was
visunlized by being stained with DAPI and is shown in blue, The bar
represents 5 wm, DIC, differential interference contrast

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

In sharp contrast to d/1520-infected HA-RUNXI1a cells,
viral replication centers were prominent and abundant in HA-
RUNXIb cells that were infected with the EIB-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. Se and [). Again, the
RUNXI1b 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
RUNXI1a and RUNX1b proteins, wherein only RUNX1b can
compensate for the absence of £1B-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 Edorf6 Lo direct the

1. Vinot,

nuclear localization ol E1B-55K following transfection in ro-
dent cells. This activity maps to the RUNXT gene at 21q22.3.
The human RUNXT1 protein variants a, b, and AN, but not
RUNXIc, permit the Edorfo-directed nuclear localization of
E1B-55K. Human RUNXIb and RUNXI¢ mRNAs were de-
tected by reverse transcription followed by PCR, and RUNXI1-
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, RUNXTb, and RUNXI1AN variants, but not the
RUNXIe variant, permit Edorfo-directed E1B-55K nuclear lo-
calization in mouse cells, we suggest that the relevant activity
detected in the A9-21 cells was that of RUNX1b.

RUNXI 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 RUNXI isoforms dif-
fer in their ability to bind DNA and transcriptional modulators
(34). We show here that three of the four major RUNXI1
variants (a, b, and AN) permitted the E4orfé-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 RUNX ¢, which also con-
lains 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 CBFP (33). The
results reported here indicate that the negative regulatory amino-
terminal domain also precludes RUNXIc from promoting the
Edorfo-mediated nuclear localization of E1B-55K. Further
support for this idea derives from a mutant form of RUNX1c¢
in which all but three amino acids of the unique N terminus
were replaced with an epitope tag. This variant permitted the
Edorfo-directed nuclear localization of E1B-55K as effectively
as the RUNXIa and RUNXIDb proteins. RUNXITAN 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 Edorf6-directed
E1B-55K nuclear localization, indicating that the ability to
bind DNA is dispensable for the RUNXI1 proteins to affect
E1B-55K-Edorf6 colocalization. These results lead us to sug-
gest that the scaffolding nature of the RUNX1 proteins is
important [or their ability to affect the Edorfo-directed nuclear
localization of E1B-55K.

In contrast to the relatively simple relationship between
E1B-55K, Edorf6, and the RUNXI 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 RUNX1a and RUNXIb 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 Edorf6. Also, because
viral DNA replication proceeded with similar kinetics among
RUNXI1-expressing cell lines (data not shown), it seems un-
likely that diflerent rates of viral DNA synthesis affected pro-
tein localization about viral replication centers. Rather, the
RUNXI proteins appear to expel most of the E4orl6 protein
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from these sites. Furthermore, instead of retaining E1B-55K in
the nucleus of adenovirus-infected mouse cells, E4orft expres-
sion excludes E1B-55K from the nucleus of infected mouse
cells. In the absence of Edorft 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 Edorf6 from these
sites, we predict that RUNXI disrupts functions of the E1B-
S5K-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 Edorf6 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 tmor 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 Edori6 proteins (17, 58, 60) as well as
cellular factors such as elongins B and C, Cullin3, and RING
Box protein-1 (30, 67). With some of these binding partners,
the EIB-55K and Edorf6 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 Edorf6 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 RUNXI proteins alter viral RNA biogenesis through the
EIB-55K~Edorf6 protein complex. In the infected mouse cells,
RUNXI1b is found at the viral replication centers at a much
higher frequency than RUNX1a. Staining for RUNX1b 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 RUNX1b at
these sites expels some of the Edorf6 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 g terminus of human chromosome 21 expressed lute
viral genes than cells without that fragment of human DNA
(13). However, a comparable eflect on virus yield was not
observed in these studies. Consequently, the results reported
here will guide additional studies 10 elucidate the impact of
specific RUNXI 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

RUNXI ASSOCIATES WITH ADENOVIRUS REPLICATION CENTERS 6405

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, RUNX 1a was most ofien
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 Sa08-2
and Raiji 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 RUNX1 proteins are important regulators of transcrip-
tion and replication for several viruses. As the DNA-binding
component of the core binding factor, the larger RUNX1 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
RUNXI proteins contribute to the E2-mediated repression of
bovine and human papillomavirus transcription (8, 74). Mouse
Runx] 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 Runxl protein (35).
Recently, Runxl was shown to be recruited to virus replication
factories during polyomavirus infection. At these sites, Runxl
wiis proposed to couple the viral DNA 1o 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 10
RNA processing, such as the ability to bind ALY/REF (12),
will be important to the outcome of an adenovirus infection.

In summary, the resulls presented here reveal a dynamic
relationship between the Eorf6, EIB-55K, and RUNXI pro-
teins. In cooperation with the Edorf6 protein, RUNX1 pro-
teins are able to affect the localization of E1B-55K. The local-
ization of RUNXIb 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-Edorf6 protein
complex is altered in human cells with high levels of the
RUNXI 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-Edorf6 protein complex, the RUNX1 proteins can sup-
press adenovirus gene expression as part of a program to
establish the quiescent state. We show here that RUNX1a and
RUNXIb exert significant differences on the development of
virus-specific structures in the infected cell. Recently, human
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RUNX1a and RUNXIb 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
Iymphocytic leukemia (28) makes it important to evaluate the
impact of RUNXI expression on the outcome of an adenovirus
infection in the developing hematopoietic compartment.
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PML is a potent tumor suppressor and proapoptotic factor
and is functionally regulated by post-translational modifica-
tions such as phosphorylation, sumoylation, and ubiquitina-
tion, Histone deacetylase (HDAC) inhibitors are a promising
class of targeted anticancer agents and induce apoptosis in
cancer cells by largely unknown mechanisms. We report here
a novel post-transcriptional modification, acetylation, of
PML. PML exists as an acetylated protein in HeLa cells, and
its acetylation is enhanced by coexpression of p300 or treat-
ment with a HDAC inhibitor, trichostatin A. Increased PML
acetylation is associated with increased sumoylation of PML
in vitroand in vive. PML isinvolved in trichostatin A-induced
apoptosis and PML with an acetylation-defective mutation
shows an inability to mediate apoptosis, suggesting the
importance of PML acetylation. Our work provides new
insights into PML regulation by post-translational modifica-
tion and new information about the therapeutic mechanism
of HDAC inhibitors.

The promyelocytic leukemia protein PML controls cell cycle
progression, senescence, and cell death (1, 2). Wild-type PML is
a potent growth suppressor that, when overexpressed, can
block cell cycle progression in a variety of tumor cell lines (1);
conversely PML™’~ mouse embryo fibroblasts (MEFs)* repli-
cate significantly faster than their PML*"* MEFs (3). PML also
plays an essential role in DNA damage or stress-induced apo-
ptosis, and PML ™'~ cells are resistant to a variety of apoptotic
signals (4). In normal cells, the PML protein is localized in, and
essential for the biogenesis of, discrete subnuclear compart-

* This work was supported by grants-in-aid from the Uehara Memorial
Foundation, the National Institute of Biomedical Innovation, and the
Ministry of Education, Culture, Sports, Science, and Technology of
Japan. The costs of publication of this article were defrayed in part by
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marked "advertisement” in accordance with 18 US.C. Section 1734
solely to indicate this fact.
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tor; SUMO, small ubiquitin-like modifier; HAT, histone acetyltransferase;
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ments designated as nuclear bodies (NBs) (5). In NBs, PML
coaccumulates with more than 70 kinds of proteins that are
involved in tumor suppression, apoptosis, regulation of gene
expression, anti-viral response, and DNA repair. PML is
thought to exert its function by regulating the function of bind-
ing partners as a core of NBs (6). Intriguingly, NBs are disrupted
in human acute promyelocytic leukemia cells by PML-RARaq, a
oncogenic fusion protein of PML, and RAR-o, which is thought
to be the mechanism of anti-apoptotic effect of PML-RARa
(7-9).

It has been reported that NB formation requires PML to be
conjugated to SUMO-1 (5, 10). SUMO-1 is an 11-kDa protein
that is structurally homologous to ubiquitin (11). Sumoylation
is thought to regulate the subcellular localization, stability,
DNA binding, and/or transcriptional ability of its target pro-
teins such as PML, Ran GTPase-activating protein (RanGAP)1,
IkBa, and heat shock transcription factor 2 (11). Virtually
As,0y a chemotherapeutic agent clinically used in the treat-
ment of acute promyelocytic leukemia cells, induces PML
sumoylation. Increased PML sumoylation induced by As,O,
treatment leads to the restoration of NBs disrupted by PML-
RARa and then is followed by apoptosis in acute promyelo-
cytic leukemia cells, which results in prolonged remission of
the disease (12-15). These findings underscore the impor-
tance of PML sumoylation and the integrity of NBs to tumor
suppression.

Histone deacetylase (HDAC) inhibitors, a promising class of
targeted anticancer agents, can block proliferation and induce
cell death in a wide variety of transformed cells (16). HDAC
inhibitors block the activity of class I and Il HDACs and induce
histone acetylation, which leads to the relaxation of chromatin
structure, enhanced accessibility of transcription machinery to
DNA, and increased gene transcription (17). HDAC inhibitors
also induce acetylation of transcription factors, which alters
their activities and the expression of their target genes (18).
Recent studies demonstrated that p53 acetylation induced by a
HDAC inhibitor leads to expression of proapoptotic proteins
such as Bax, PIG3, and NOXA (19, 20). However, the mecha-
nisms of p53-independent apoptosis by HDAC inhibitor
remain largely unknown.

Here, we report PML acetylation as its novel post-transcrip-
tional modification. PML acetylation is induced by trichostatin
A (TSA), a HDAC inhibitor. This enhanced acetylation leads to
increased PML sumoylation and may play a key role in TSA-
induced apoptosis. This work provides new insights into the
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functional regulation of PML and the therapeutic mechanisms
of treatment with HDAC inhibitors.

EXPERIMENTAL PROCEDURES

Antibodies, Plasmids, and Cell Culture—The sources of anti-
bodies and plasmids and the cell culture conditions are detailed
in the supplemental data.

Transient Transfection, Immunoprecipitation, Immuno-
blotting, Immunofluorescence, and in Vitro and in Vivo
Acetylation Assays—These were performed as described
previously (21, 28) except transient transfections into
PML™/~ MEFs were performed by nucleofection using the
Nucleofector system (Amaxa Biosystems) according to the
manufacturer’s instructions.

Antibody Array Assay and Detection and Quantification of
Apoptosis—These are also detailed in the supplemental data.

In Vitro Sumoylation Assay—The in vitro sumoylation assay
was performed essentially as described previously (21), except
recombinant SUMO EI1 ligase purchased from BIOMOL Inter-
national was used instead of HeLa cell lysate.

Cell Sorting—Cell sorting was performed using BD FACSAria
Cell Sorter (BD Biosciences) according to the manufacturer’s
instructions.

RESULTS

PML Exists as an Acetylated Protein in HelLa Cells Treated
with Trichostatin A—HDAC inhibitors including TSA induce
differentiation, growth arrest, and apoptosis of cancer cells. In
addition to their effects on histones, HDAC inhibitors increase
the acetylation level of several non-histone proteins, such as
transcription factors, cytoskeletal proteins, and molecular
chaperones, which are important for their effects on cancer
cells (18). These observations prompted us to screen new acety-
lation targets of TSA with an antibody array assay combined
with in vivo labeling of acetylated proteins with [**CJacetate.
Seven spots indicating possible targets of TSA-induced acety-
lation were detected (supplemental Fig. S1 and Fig. 14). We
focused on one of these targets, PML, a multifunctional pro-
tein that is involved in apoptosis, tumor suppression, and
cell cycle regulation (2). We set out to confirm whether PML
was acetylated in vivo. The same anti-PML antibody as used
in the antibody array assay immunoprecipitated an ~79-kDa
acetylated protein from lysates of TSA-treated HeLa cells
(Fig. 1B), suggesting that PML existed as an acetylated pro-
tein in them. Of note, the antibody we used detected only a
single band of PML, although PML has seven isoforms. The
antibody was confirmed to be able to detect all PML iso-
forms, suggesting that this PML was the main one expressed
in HeLa cells (supplemental Fig. S1).

PML Is Acetylated by p300 and GCNS in Vitro—To test
whether known histone acetyltransferases (HATs), p300 and
GSNBG, can acetylate PML, we performed an in vitro acetylation
assay using GST-PML as a substrate. Both HATs acetylated
PML in vitro (Fig. 24), and we focused on the acetylation by
p300 that occurred with higher efficiency. Use of a series of
PML subdomains in the in vitro p300 acetylation assay indi-
cated that PML would be acetylated on the C-terminal domain,
amino acids 448 —560 (supplemental Fig. 52). Inspection of the

SEPTEMBER 5, 2008+VOLUME 283 -NUMBER 36
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i ~ < Autoradiograph

“ _
79— |. L “«WB:o-PML ab

FIGURE 1. PML exists as an acetylated protein in HeLa cells treated with
TSA. A, screening for acetylation targets of TSA by antibody array. Lysate from
Hela cells pulse-labeled with ["*Clacetate and treated with TSA was incu-
bated with a nitrocellulose array comprising 113 antibodles. After extensive
washes, the array was subjected to aumradiography Similar results were

obtained from duplicated Ive spots are shown. The
antibodies used for -1 to f-6 are anti- MEKUZanﬁbudy anti-phospho-MEK1/2
antibody, anti-MKP-1 (V-15) antibody, anti-PML (PG-M) antibody, anti-PML
(H-238) antibody, and anti-acetylated lysine antibody, respectively. 8, PML
exists as an acetylated protein in TSA-treated Hela cells. Pulse-Jabeled Hela
cells with TSA treatment were lysed asin A, The lysates were immunoprecipi-
tated (/P) with PML antibody (ab) or control rabbit IgG. 90% of the immuno-
precipitates were subjected to SDS-PAGE, autoradiography, and detection
with phosphorimaging (upper panel). 10% of the immunoprecipitates were
subjected to SDS-PAGE and Immunoblotting with PML antibody (lower
panel). The positions of PML and nonspecific band are indicated by an arrow
and an asterisk, respectively. WB, Westem blotting.

PML sequence in this region revealed the presence of 7 lysine
residues (supplemental Fig. S2); therefore, we introduced a
series of arginine substitutions to map the acetylation sites.
Within the C-terminal domain of PML, only the substitution of
arginine for lysine 487 (K487R) measurably reduced acetylation
of PML by p300 among all the individual substitutions (Fig. 2B;
mutations are designated by the codon number between Lys
and Arg). When arginine substitutions for other lysines were
combined with K487R, a further reduction of acetylation was
observed with K515R (Fig. 2C). Acetylation of full-length PML
was impaired by substitutions of K487R and K487R/K515R
similarly to that of the C-terminal domain of PML (Fig. 2D).
Our results indicate that the principal sites of p300 acetylation
in PML will be lysines 487 and 515.

PML Acetylation Is Increased in Response to TSA Treatment—
We examined whether PML acetylation by p300 occurred in
vivo at the same sites as identified in vitro. Wild-type PML and
PML with the K487R/K515R mutations were designated as
PML W and PML M, respectively. Coexpression of p300
enhanced PML W acetylation, whereas acetylation PML M was
weak in the basal state and showed no significant response to
p300 coexpression (Fig. 34, top panel). The efficiency of immu-
noprecipitation was the same for all samples (Fig. 34, middle
panel), and the increase in acetylation of a 17-kDa protein by
coexpression of p300, which suggested the induction of histone
acetylation, was equal between transfectants with PML W and
PML M (Fig. 34, bottom panel). These results suggest that p300
acetylates PML in vivo at the same sites as identified in vitro.
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cise many of its functions, We set up
an in vive sumoylation system in
which conjugation of SUMO to
PML could be detected by Western
analysis, resulting in the appearance
of anovel 100-kDa protein expected
to be sumoylated PML (21). In this
system, coexpression of p300 and
exposure to TSA resulted in a signif-
icant increase in sumoylation of
PML W, whereas sumoylation of
PML M was weak and not obviously
affected by these treatments (Fig. 4,
A and B). These results suggest the
possibility that PML acetylation at
lysines 487 and 515 enhances its
sumoylation. Next, to verify that
acetylated PML is directly sumoy-
lated, we set up an in vitro sumoyla-
tion system in which recombinant
HA-tagged PML protein was incu-
bated with recombinant SUMO E1
and E2 ligase and SUMO with or
without a prior acetylation reaction
using [**Clacetyl-CoA. Autoradiog-
raphy visualizing only acetylated
PML demonstrated that acetylated
PML was efficiently sumoylated
(Fig. 4C, upper panel). Of note,
sumoylation efficiency observed in
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FIGURE 2. PML acetylation in vitro. A, PML Is acetylated by p300 and GCNS. GST-PML was Incubated with
["*Clacetyl-CoA and the Indicated HATSs. The reaction mixtures were subjected to SDS-PAGE, Coomassie Bril-
liant Blue (CB8) stalning, and autoradiography. The positions of acetyl PML and acetyl indicated by
an amaw and asterisks, respectively. B and C, identification of PML acetylation sites. Wild-type or mutant GST-
PML (amino acids 306 -560) were subjected to in vitro acetylation by p300-HAT as in A. "C incorporation Into
each GST-PML construct was quantified using phosphorimaging. A rep ive phosphorimaging scan (top
panel), the corresponding CBB-stained electroph gram (middle panel), and the quantitation of the C
incorporation for each mutant, relative to the wild-type PML construct (bottom panef), are presented, The
averages of three independent analyses and standard deviations are shown. D, mutation of lysines In full-
length PML reduced acetylation by p300, Wild-type or mutant GST-PML (full-length) were subjected to in vitro

the autoradiograph was much
higher than that in immunoblotting
with anti-HA antibody where acety-
lated and nonacetylated PML were
visualized (Fig. 4C, upper panel,
lane 2 versus lower panel, lane 2).
These results indicate that acety-
lated 'PML may be preferentially

acetylation assays as described in 8.

Next, we tested whether PML acetylation is induced by TSA.
Similarly to the case of p300 coexpression, TSA treatment
enhanced PML W acetylation, whereas acetylation of PML M
was significantly reduced and showed no significant response
to TSA treatment (Fig. 3B, top panel). Our results suggest that
PMLisan acetylation target of TSA and that PML acetylation in
response to TSA largely occurs at the sites of acetylation by
p300.

Acetylation of PML in Response to TSA Is Associated with
Enhanced PML Sumoylation—Because one of the PML acety-
lation sites, lysine 487, is located in the putative nuclear local-
ization signal (amino acids 476-490), we first examined
whether PML acetylation affected its nuclear localization to see
the effect of acetylation on PML function. However, TSA treat-
ment and the acetylation-defective mutation did not obviously
affect PML nuclear localization or accumulation to NBs in
immunofluorescent staining (supplemental Fig. $3). We next
investigated whether PML acetylation affected its sumoylation,
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sumovylated in vitro.

PML Acetylation May Play an Important Role in TSA-in-
duced Apoptosis—TSA treatment induces apoptosis in HeLa
cells by unknown mechanisms (16). In our previous study, PML
sumoylation plays an important role in As,O,-induced apopto-
sis (21). Given our findings that PML acetylation is associated
with increased PML sumoylation, this may represent one of the
mechanisms of TSA-induced apoptosis. We first examined
whether PML was involved in TSA-induced apoptosis. For this
purpose, we established HeLa cells stably transfected with an
expression vector for small hairpin RNA against PML and an
empty control vector and designated them as PML KD Hela
and control KD HeLa, respectively. Successful knocking down
of PML was confirmed by immunofluorescence analysis with
an anti-PML antibody (supplemental Fig. 54). TSA treatment
caused the appearance of a sub-G, peak in cell cycle analysis, a
marker of apoptosis, in both cells. However, the ratio of apo-
ptotic cells was reduced by ~60% in PML KD HeLa compared
with control KD HeLa, suggesting the involvement of PML in
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TSA-induced apoptosis (Fig. 54 and supplemental Fig. §5). We
examined further using PML ™'~ MEFs. Notably, overexpres-
sion of PML W in PML ™'~ MEFs substantially increased TSA-
induced apoptosis relative to cells transfected with an empty
vector, whereas, PML M displayed an impaired ability to medi-
ate apoptosis in response to TSA (Fig. 5B and supplemental Fig.
56). An equal expression level of PML between PML W and
PML M transfectants was confirmed (supplemental Fig. S6).
These results further support the involvement of PML in TSA-
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FIGURE 3. PML acetylation In vivo. A, PML acetylation is induced by p300
cotransfection in vivo. Hel.a cells were transfected with indicated expression
vectors. PML acetylation was analyzed as in Fig. 18 except for the use of
anti-HA antibody (ab) instead of anti-PML antibody for IP and IB. The lysates
were also subjected to SDS-PAGE followed by autoradiography to confirm
successful Induction of histone acetylation by p300-HAT cotransfection, A

i tative autoradiograph of PML {top panel), the corresponding image
of 1B with anti-HA antibody (second panel from the top), and the autoradio-
graph of histone (third panel from the top) are presented. '*C incorporation
into PML and the amount of Immunoprecipitated (IF) PML protein were quan-
tified using analyzer of each imaging sy . Relative '*C Incorporation
adjusted by the efficlency of immunoprecipitation was calculated. The aver-
age and standard deviations for two Independent analyses are presented
(bottom panel). B, PML acetylation Is increased in response to TSA treatment.
Hela cells were transfected with indicated expression vectors and treated
with or without 10 um TSA for 4 h. PML acetylation was analyzed and pre-
sented as in A. WB, Western blotting.
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induced apoptosis and suggest the importance of PML acetyla-
tion in conferring apoptosis by TSA.

Next, we investigated the effect of PML sumoylation on
PML-mediated apoptosis in response to TSA. Cotransfection
of expression vectors for SUMO and Ubc9 further sensitized
PML W transfectants to TSA-induced apoptosis (Fig. 5C, third
and fourth lanes), whereas the proapoptotic effects of SUMO
and Ubc9 were greatly reduced in control and PML M transfec-
tants (Fig. 5C, first and second lanes and fifth and sixth lanes).
Enhanced sumoylation of PML W induced by TSA and
impaired sumoylation of PML M were observed also in
PML™'"~ MEFs (Fig. 5D). These results suggest that sumoyla-
tion enhances PML-mediated apoptosis in response to TSA. To
test this hypothesis, we created an expression vector for the
PML-3K mutant, which had lysine-to-arginine mutations at all
three PML sumoylation sites and cannot be sumoylated (22).
Overexpression of PML-3K in either the presence or absence of
SUMO and Ubc? had little or no effect on TSA-induced apo-
ptosis (Fig. 5C, seventh and eighth lanes), indicative of a require-
ment for PML sumoylation in TSA-mediated apoptosis. These
results suggest the hypothesis that enhanced PML sumoylation
through PML acetylation is one of the mechanisms of TSA-
induced apoptosis.

Finally, to investigate the generality of the effects of TSA on
PML among HDAC inhibitors, we used depsipeptide, another
HDAC inhibitor that belongs to a different class. Depsipeptide
enhanced acetylation and sumoylation of PML, and its apopto-
tic effect was increased by PML expression similarly to TSA
(supplemental Fig. $8). These results further support the hypo-
thetical importance of PML acetylation in HDAC inhibitor-
induced apoptosis.

DISCUSSION

The data presented here demonstrate that acetylation of
PML may enhance its sumoylation
and play an important role in the

A *\,“\ &.‘* B 0 Q@:’ = W control of PML-dependent apopto-
#3 #9 & ¥ Acetylation ~ + + sis in response to TSA exposure.
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FIGURE 4. PML acetylation is associated with enhanced sumoylation. A, p300 coexpression enhances PML
sumoylation, Hela cells were transfected with the indicated expression vectors with cotransfection of those for
SUMO and Ubc®, The cell lysates were subjected to SDS-PAGE followed by i blotting (/8) with anti-HA
antibody (ab). The positions of sumoylated PML detected as an upper shifted band and nonsumoylated PML
are indicated by white and black arrowheads, respectively. The ratios of sumoylated PML to total (sumoylated
and unsumoylated PML) were calculated (SUMO ratio) and presented as bar charts. B, PML sumoylation
increases in response to TSA treat: PML ylation was examined as in A except that cells were treated
with 10 um TSA for 4 h instead of cotransfection of p300-HAT. C, acetylated PML is preferentially sumoylated in
vitro. HA-tagged PML protein synthesized In vitro was immunoprecipitated with anti-HA antibody and incu-
bated with p300-HAT and ["*Clacetyl-CoA as In Fig. 24. The protein was subjected to an in vitro sumoylation
assay and SDS-PAGE and transferred to a polyvinylidene diflucride membrane. Sumoylation of total (acety-
lated and nonacetylated) PML was visualized by IB with anti-HA antibody (lower panel). The same membrane
was also subjected to an autoradiography to visualize sumoylation of acetylated PML (upper panel), Sumoy-
lated and nonsumoylated PML are indicated as in A, SUMQ ratio in each panel were calculated and presented
at the bottom.
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apoptotic effects of PML may be
dependent on NB formation (see
Introduction). Given our findings
that PML acetylation is associated
with increased PML sumoylation,
this sumoylation-dependent NB
formation may represent one of the
mechanisms by which PML acetyla-
tion can enhance apoptosis. This
hypothesis is supported by our
findings that coexpression of
SUMO and Ubc9 enhances PML-
dependent apoptosis by TSA, that
acetylation-defective mutants of
PML exhibit defects in sumoylation
and apoptosis in response to TSA
treatment, and that a sumoylation-
impaired PML mutant (PML-3K) is
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