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Abstract

localized due to constitutive E1B55K expression.

Transient expression of adenoviral oncoprotein E1B55K in normal cells induces aggresome formation and
sequestration of critical host proteins in aggresomes. Our previous studies reported that Sequence Specific Binding
Protein 2 (SSBP2), a candidate tumor suppressor is recruited to aggresomes in adenovirally transformed human
embryonal kidney 293 (HEK293) cells. To understand the extent and significance of the E1B55K-SSBP2 interactions in
these cells, we have examined SSBP2 localization under conditions of stress in HEK293 cells. SSBP2 localizes to PML-
Nuclear Bodies (PML-NBs) in response to inhibition of nuclear export, treatment with etoposide, hydroxyurea or
gamma irradiation only in HEK293 cells. Furthermore, the PML-NBs grow in size and number in response to radiation
over a 24 hour period in HEK293 cells analogous to previous findings for other cell types. Nonetheless, we conclude
that E1B55K subverts SSBP2 function in HEK293 cells. These findings demonstrate the limitations in using HEK293 cells
to study DNA damage response and other cellular processes since SSBP2 and similar regulatory proteins are aberrantly

Introduction
Sequence-specific single-stranded DNA binding protein 2
(SSBP2) was originally isolated as a candidate leukemia
suppressor gene from chromosome 5q13.3 that is dis-
rupted in the human acute myelogenous leukemia (AML)
cell line ML3 [1]. Inducible expression of SSBP2 in AML
cells causes growth arrest and partial differentiation [2].
Its effects on differentiation are mediated in part by an
evolutionarily conserved direct interaction with the
adaptor molecule lim-domain-binding-protein 1(LDB1/
CLIM2) in a multi-protein transcriptional complex [3-5].
Localization of the Drosophila ortholog ssdp, to the
nucleus appeared to be LDB1 dependent under condi-
tions of transient transfection [3-5]. YFP tagged porcine
SSBP2, when expressed in Chinese hamster ovary cells
localized to mitochondria and translocated to the nucleus
when the porcine ortholog of LDB1 was co-expressed[6].
Endogenous human SSBP2 however, localized to punc-
tate structures in the nucleus, nucleolus and cytoplasm in
normal cells [7]. Furthermore, nuclear localization of a
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closely related member SSBP3, is also mediated by phos-
phorylation of a conserved amino terminal Tyr residue,
independent of the LDB1 interaction [7].

HEK293, a cell line routinely used for transient gene
expression because of its high transfection efficiency, was
originally isolated by transforming human embryonic
kidney cells with sheared adenovirus 5 DNA[8]. These
cells express adenoviral oncoproteins E1A and E1B55K
due to stable integration of the transforming region of the
viral genome [8]. In these cells, endogenous SSBP2 is
sequestered in aggresomes due to its interaction with
E1B55K. This interaction is independent of E1A or other
adenovirally encoded proteins as transient expression of
E1B55K in human fibroblasts or HeLa cells induced
recruitment of endogenous SSBP2 to E1B55K containing
aggresomes. Moreover, yeast two hybrid interactions
defined E1B55K association to be mediated through the
central glycine-proline rich domain of SSBP2[9].

E1B55K, a nuclear cytoplasmic shuttling protein targets
tumor suppressor TRP53 and DNA repair pathway pro-
teins of the MRE11l complex for degradation in
aggresomes during adenoviral transformation[10-13].
E1B55K mutants lacking nuclear export activity, when
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expressed in rat kidney cells localize to nuclear aggre-
gates. Furthermore, lack of nuclear export appears to cor-
relate with an augmented oncogenic potential of E1B55K.
In addition to TRP53 and E1B55K, the promyelocytic
leukemia protein (PML) also localizes within these
nuclear aggregates that are similar to PML oncogenic
domain (PML-NB or ND10)[14]. Furthermore, inhibition
of nuclear export of wild type E1B55K resulted in distri-
bution of PML and TRP53 into PML-NBs [14].

PML recruits a multitude of proteins including DAXX,
BLM, SUMO, MRE11 complex into the nuclear struc-
tures of PML-NBs with varying composition. Often, mul-
tiple proteins are sequestered or released from these
structures [15,16]. PML-NBs show a dynamic response to
cellular stresses by increased size and number, and
altered localization. Based on the SSBP2-E1B55K interac-
tions, we hypothesized that SSBP2 would localize to the
PML-NBs in HEK293 cells under conditions of stress. As
anticipated, treatment with DNA-damaging agents
resulted in the localization of SSBP2 in PML-NBs, dem-
onstrating a tight association between the two proteins.

Results and Discussion

SSBP2 colocalizes with PML in HEK 293 cells when nuclear
export is blocked

A leucine-rich nuclear export domain (NES) at the N-ter-
minus of E1B55K mediates nucleocytoplasmic shuttling
through the CRM1l-export pathway [14,17,18]. NES
mutants of E1B55K localize to PML-NBs in rat embry-
onic kidney cells [14]. Previous double-label immunoflu-
orescence  experiments from  our laboratory
demonstrated that inhibition of nuclear export by lepto-
mycin B (LMB) in HEK293 cells resulted in localization of
SSBP2 to nuclear inclusions that were distinct from the
normal SSBP2 containing punctuate structures [9].
Therefore, we sought to determine whether these nuclear
structures are indeed PML-NBs; we examined the local-
ization of both PML and SSBP2 in HEK293 cells treated
with CRM1-mediated export inhibitor LMB. Under nor-
mal growth conditions SSBP2 was detected predomi-
nantly in the E1B55K-containing aggresome with
additional weak signals from punctate foci in the nucleus
and cytoplasm in HEK293 cells whereas PML localized to
distinct PML-NBs (Fig. 1 upper panel). However, when
nuclear export of EIB55K was inhibited, the PML nuclear
bodies became more prominent and SSBP2 was redistrib-
uted into nuclear structures. More importantly, the
SSBP2-containing nuclear foci are juxtaposed to PML-
NBs with significant overlap (Fig.1 lower panel).

SSBP2 colocalizes with PML protein in PML-NBs following
DNA damage

Several DNA repair genes localize to PML-NBs in
response to damage signal; PML-NBs are thought to act
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Figure 1 SSBP2 is localized in the nucleus of HEK293 cells in re-
sponse to CRM1-export pathway inhibition. Exponentially growing
HEK293 cells were treated with vehicle (upper panel) or 10nM LMB
(lower panel) for 3 hrs. prior to fixation and staining with antibodies to
SSBP2 [7] or PML (red). Cells were co-stained with DAPIand the images
obtained by deconvolution algorithms are shown. In control cells
SSBP2 localizes to the large aggresome, while PML s in distinct nuclear
bodies (upper panel). When nuclear export is blocked by LMB treat-
ment, SSBP2 and PML localize to nuclear structures (lower panel).

as DNA damage sensors that undergo dynamic changes
including increase in number in response to DNA dam-
age (15).Therefore, we examined whether SSBP2 would
colocalize and interact with the PML protein in nuclear
foci in response to DNA damage in HEK293 cells. Etopo-
side induces double stranded breaks by inhibiting topoi-
somerase II, whereas hydroxyl urea inhibits DNA
replication by inhibiting ribonucleotide reductase. As
shown in Fig. 2, deconvolution microscopy of cells
treated with etoposide or hydroxyl urea for 24 h revealed
that SSBP2 colocalized with PML. We also detected
residual SSBP2 in aggresomes under both treatment con-
ditions. However, the aggresomes stained only for SSBP2
and not PML as the PML is a nuclear protein that has not
been found in E1B55K induced aggresomes.

Kinetics of PML-NB formation in HEK293 in response to
radiation induced DNA damage

Since radiation induced DNA damage provided a unique
system to monitor the kinetics of PML-NB formation, we
examined the formation of SSBP2- PML containing
nuclear bodies as a function of time in irradiated HEK293
cells (Fig. 3). Thirty minutes after irradiation, the large
aggresomes seen at zero time in HEK 293 cells were not
readily detectable. More importantly, the beginnings of
distinct SSBP2-containing nuclear structures could be
recognized. Microbodies containing PML were also read-
ily identified. However, there was no colocalization of the
two proteins. By 4 hours, the two proteins were colocal-
ized in some cells. The bodies continued to grow in size
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Figure 2 SSBP2 and PML colocalize in PML-NBs in response to
DNA damage in HEK293 cells. Cells were treated with TuM etoposide
(A) or 0.2 uM hydroxy urea (B) for 24 hours and stained with antibodies
to SSBP2 [7] and PML (red). Merged images are shown on the far right.
Note the colocalization of SSBP2 and PML only in the PML-NBs in re-
sponse to DNA damage.

to become much larger than the original PML foci, simi-
lar to that reported with normal human fibroblasts by

Figure 3 Kinetics of PML-NB formation in HEK293 cells in re-
sponse to radiation. Cultures were exposed to 10gy irradiation and
allowed to recover in media at 37°C for 0.5-24 hrs as indicated. Images
from SSBP2[7], PML(red) stains and overlay of both (yellow) are depict-
ed. Bars denote 10uM.
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Dellaire et al [15]. As early as 16 hours, there was a clear
convergence of PML and SSBP2. Once again, there was
no detectable PML in the residual aggresome suggesting
that these two proteins are juxtaposed only in the nucleus
in response to radiation. Fig. 4 shows colocalization of
E1B55K and SSBP2 in nuclear bodies of HEK293 cells 24
hours post irradiation. Together, E1B55K SSBP2 and
PML appear to be redirected to specific PML-NBs 24
hours after irradiation.

To determine whether recruitment of SSBP2 into PML-
NBs occurs in response to radiation, in cells lacking
E1B55K, we examined the breast cancer cells MCEF7.
These cells express wild type TRP53 and have a normal
checkpoint response to DNA damaging agent. SSBP2 was
not recruited to PML-NBs in response to radiation at
multiple time points in MCF7 cells. A representative
image at 7 hours after irradiation is shown in fig 5. Similar
localization of PML and SSBP2 was also observed in dip-
loid fibroblast cells IMR90 and osteosarcoma cells U20S
after irradiation (data not shown). Thus, the localization
of SSBP2 to PML-NBs under conditions of stress is
unique to E1B55K expressing HEK293 cells.

PML-containing nuclear bodies are implicated in stress
response and DNA repair, although their precise regula-
tory role is unclear [19-21]. A number of models, that
account for multiple functions have been proposed: (i)
storage sites for excessive nucleoplasmic proteins, (ii)
sites of post translational modification for regulatory pro-
teins (iii) nuclear landmarks for viral replication and early
gene transcription and (iv) organizing sites for transcrip-
tional activities [15]. Live cell imaging of GFP tagged
PML suggests that stress induced fission results in micro-
structures which may be involved in reorganizing local
chromatin domains[22]. Nonetheless, the mechanisms
behind PML-NB generation or potential heterogeneity
within the bodies are unknown. The findings reported

Control 24 hr post IR

E1B 55K+

Figure 4 E1B 55K and SSBP2 are redirected to nuclear bodies af-
ter irradiation. Merged image of E1B55K (red) and SSBP2 7] shows lo-
calization to aggresome in the control HEK293 in contrast to the
nuclear bodies 24 hrs after irradiation.
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Figure 5 SSBP2 does not localize to PML-NBs in response to radi-
ation in MCF7 cells. Cells were exposed to 10gy ionizing radiation and
allowed to recover for 7 h. SSBP2 localizes to distinct nuclear structures
and cytoplasmic structures. No colocalization with PML is detected.

here reveal for the first time, a partial localization of
SSBP2 to PML containing nuclear bodies to be unique to
adenovirally transformed HEK293 cells (Figs 1,2,3 and 4).
The studies also provide clues as to how smaller PML
bodies and E1B55K complexes that are initially juxta-
posed assemble subsequently to form larger aggregates
(Fig. 3).

SSBP2 and its paralogs SSBP3 and 4 were so designated
because CSDP, the founding member of this family, was
isolated as a gene encoding an activity that bound single
stranded, pyrimidine rich mirror repeat elements[23]. A
potential role for the proline rich central domain of these
proteins is to assemble large transcriptional or RNA
binding complexes [24]. It would be interesting to deter-
mine which of these functions in addition to the LDB1
interaction are disrupted during adenoviral transforma-
tion as E1B55K appears to bind the central proline rich
domain of SSBP2 [7].

The human SSBP2 was originally isolated as a candi-
date AML suppressor from chromosome 5q, a target of
recurrent deletions. Important hallmarks of this leukemia
are complex chromosomal translocations and instability.
The present results suggest that this novel pathway may
be exploited by the adenoviral oncoprotein E1B55K dur-
ing viral infection and transformation.

HEK293 cells are widely used to study PML function,
DNA damage response, due to their robust growth prop-
erties and high transfection efficiency. The data pre-
sented here underscore the caveats in studying PML-
NBs, damage response pathways in this cell line. More-
over, the full repertoire of E1B55K interacting host pro-
teins is presently unknown. Hence, extreme caution is
necessary in using these cells as aberrant E1B55K medi-
ated interactions and co-localizations are likely to be mis-
interpreted as direct interactions.

Methods
Cell culture
Two human cell lines were used in the present studies.
HEK?293, originally isolated in 1977 is an embryonic kid-
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ney cell line transformed by adenovirus E1A and E1B
genes [9]. This cell line was purchased from Microbix
Biosystems Inc., Ontario, Canada. MCF7 cells (breast
cancer) were purchased from ATCC (Manassas, Va).
Both cell lines were grown in minimum essential medium
supplemented with 10% fetal bovine serum at 37°C in
5%CO, 95% humidified air.

For the radiation experiments, HEK 293 or MCF7 cells
were plated at a density of 2 x 10°/well in 6-well plates.
This was followed by 10gy of irradiation from a 137Cs
source (3.7Gy/min) and incubation for 0, 30 minutes, 4,
16 and 24 hours under normal growth conditions.

Immunoflourescence and deconvolution microscopy
Mouse monoclonal antibody to PML (PG- M3) was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA).
The rabbit polyclonal antibody against SSBP2 has been
characterized previously [2]. The anti-adenovirus 5
E1B55K raised in rat was purchased from Calbiochem.
Cells were plated subconfluently on glass coverslips and
cultured overnight under exponential growth conditions.
To inhibit nuclear export, cells were incubated for 3 h in
medium containing 10nM leptomycin B (LMB). Immun-
ofluorescence and deconvolution microscopy was per-
formed as described previously (7). The cells were fixed
in 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 20 min., followed by permeabilization with 0.2%
triton X-100 in PBS. The cells were then washed and
incubated in blocking buffer (PBS, 5% NGS, 2% BSA,
0.1%Tween20) for 1 h at room temperature. Primary anti-
bodies were added to the blocking solution for 1 h at
room temperature followed by either donkey anti-mouse
or donkey anti-rabbit antibodies conjugated to Texas Red
or FITC fluorophores (Molecular Probes, In Vitrogen,
Carlsbad, CA) for 1 h at room temperature. Cells were
post-fixed with 4% PFA, followed by staining with 0.5 pg/
ml DAPIL. Finally, coverslips were mounted on slides with
Prolong antifade mounting medium (Molecular Probes,
In Vitrogen, Carlsbad, CA). Metamorph software (Molec-
ular Devices, Dowingtown, Pa.) was used to obtain z-
series sections (0.2um) of cells with a 60X/1.45 objective
on an inverted microscope (Nikon E2000 U) equipped
with a motorized stage, filter wheels and a Photometrics
CoolSnap HQ camera (Roper Scientific (Tucson, AZ).
Autoquant's AutoDeBlur software (AutoQuant Imaging,
Watervliet, NY) was used for deconvolution and visual-
ization of the image stacks.
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