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Epstein-Barr virus nuclear antigen 2 (EBNA2) is essential for viral transformation of B cells and transac-
tivates cellular and viral target genes by binding RBPJ� tethered to cognate promoter elements. EBNA2
interacts with the DEAD-box protein DP103 (DDX20/Gemin3), which in turn is complexed to the survival
motor neuron (SMN) protein. SMN is implicated in RNA processing, but a role in transcriptional regulation
has also been suggested. Here, we show that DP103 and SMN are complexed in B cells and that SMN
coactivates the viral LMP promoter in the presence of EBNA2 in reporter gene assays and in vivo. Subcellular
localization studies revealed that nuclear gems and/or coiled bodies containing DP103 and SMN are targeted
by EBNA2. Protein-protein interaction experiments demonstrated that DP103 binds to SMN exon 6 and that
both EBNA2 and SMN interact with the C terminus of DP103. Furthermore, a DP103 binding-deficient SMN
mutant was released from nuclear gems and/or coiled bodies and further enhanced coactivation. In addition,
impaired transactivation of a DP103 binding-deficient EBNA2 mutant was rescued by overexpression of SMN.
Testing different promoter constructs in luciferase assays showed that RBPJ� is required but not sufficient for
coactivation by EBNA2 and SMN. Overall, our data suggest that EBNA2 might target spliceosomal complexes
by binding to DP103, thereby releasing SMN which subsequently exerts a coactivational function within the
RNA-polymerase II transcription complex on the LMP1 promoter.

The Epstein-Barr virus (EBV) causes infectious mononucle-
osis and is linked to the genesis of several human lymphopro-
liferative diseases (for a review, see reference 33). The EBV-
encoded nuclear antigen 2 (EBNA2) is a viral transactivator
essential for EBV-induced transformation of resting human B
lymphocytes, by promoting the expression of the transforming
latent membrane proteins LMP1 and 2, the nuclear EBV Cp
promoter-driven EBNA proteins, and the cellular genes CD23
and c-fgr (for review, see reference 15). EBNA2 does not bind
directly to DNA but exerts its function by interacting with the
cellular proteins RBPJ� (CBF1) and, on the more complex
LMP1 promoter, also Spi1 (PU.1), tethered to cognate re-
sponse elements (12, 17, 20, 45, 46). Transcriptional activation
is induced by binding of the C-terminal acidic domain (5) to
components of the basal RNA polymerase II transcription
machinery, such as RPA70, TAF40, TFIIB, and TFIIH (38,
39), and recruitment of the coactivators p300, CBP, and PCAF
histone deacetylase (14, 41). In addition, by attracting the
hSWI/SNF complex (42, 43) and targeting histone H1 (9, 34),
EBNA2 likely promotes relief of nucleosome-mediated gene
repression.

We have recently shown that EBNA2 binds to DP103, a
novel member of the DEAD-box family of putative RNA he-

licases (10). DP103 is a ubiquitously expressed 103-kDa phos-
phoprotein with an RNA-dependent ATPase activity; its other
functions, in particular with regard to its interaction with
EBNA2, remained unknown. While the work presented here
was in progress, an interaction of DP103 (alternatively called
Gemin3 [2]) and the survival motor neuron (SMN) protein,
and their respective murine homologues, were described in two
independent studies (1, 2).

SMN is part of a multiprotein complex containing SIP1,
DP103 (Gemin3), GIP1 (Gemin4), and several Sm proteins
that is involved in the assembly and nuclear regeneration of
snRNPs and spliceosomes (2, 7, 25, 31). Both SMN and DP103
are localized in the cytoplasm and distinct nuclear structures,
described as coiled bodies and gems (gemini of coiled bodies)
(2, 21, 31). Mutations in the SMN gene result in spinal mus-
cular atrophy (SMA), a recessive genetic disease with loss of
�-motor neurons in the spinal cord, leading to muscle weak-
ness and subsequent death. The SMN gene exists in two in-
verted copies within the same chromosomal region on chro-
mosome 5q13 (19). In most SMA patients, a mutated telomeric
form of the SMN gene results in a nonfunctional exon 7-de-
leted SMN, unable to self-associate (22), which cannot be
compensated by the low amounts of full-length SMN protein
expressed from the centromeric allele (24). In a few cases of
SMA, point mutations were described which exchange amino
acid (aa) 272 (Y272C) (19) or aa 134 (E134K) (4), affecting a
putative RNA binding tudor domain (26). Furthermore,
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knockout of the murine SMN gene or its yeast homologue
Yab8p resulted in a lethal phenotype (11, 28, 35).

Interestingly, a role for SMN in transcriptional regulation
has been implicated, since SMN was shown to interact with the
bovine papillomavirus E2 transactivator and to coactivate an
E2-responsive viral promoter (1, 36). Furthermore, Ou et al.
demonstrated that murine dp103 is also involved in transcrip-
tional regulation by negatively modulating the expression of
steroidogenic factor-1 (27). Finally, the SMN complex has re-
cently been shown to associate with the C-terminal domain
(CTD) of RNA polymerase II (30), although the functional
consequences of this interaction have not yet been elucidated.

Searching for DP103-associated cellular proteins by using
the yeast two-hybrid system, we also identified SMN as an
interaction partner of DP103. Here, we show that this inter-
action is also relevant in B cells and that SMN is able to
coactivate the viral LMP1 promoter in the presence of EBNA2
in vitro and in vivo. Data obtained from analyzing different
EBNA2, DP103, and SMN mutants regarding their binding
domains, subcellular distribution, and influence on EBNA2-
mediated transactivation suggest that SMN is a novel factor
involved in EBNA2-mediated transactivation of the viral
LMP1 promoter: by targeting of DP103 within spliceosomal
complexes, EBNA2 subsequently releases transcriptionally ac-
tive SMN, which functions as a coactivator, likely within the
RNA polymerase II transcription complex.

MATERIALS AND METHODS

Cell lines and antibodies. Raji cells, derived from an EBV-positive Burkitt’s
lymphoma, EBV-negative BJAB B-lymphoma cells, and EBV-positive P3HR1
cells, harboring an EBNA2-deleted virus strain, were maintained in RPMI 1640
supplemented with 10% fetal calf serum, antibiotics and 1 mM sodium pyruvate
as described previously (10). Human HeLa and 293GP cells were maintained in
Dulbecco modified Eagle medium supplemented as described above. Monoclo-
nal antibodies (MAbs) 9A3 and 8H4 directed against DP103, MAb R3 directed
against EBNA2, and MAb S12 directed against LMP1 have been described (10,
16, 23). A polyclonal goat antiserum directed against the N terminus of human
SMN protein was purchased from Santa Cruz Biochemicals; anti-�-actin MAb
was obtained from Sigma. Anti-SMN MAb 7B10 (25) was kindly provided by U.
Fischer (MPI für Biochemie, Martinsried, Germany). MAb 3F10 directed
against the hemagglutinin (HA)-epitope sequence YPYDVPDYA and MAb
9E10 against the c-myc-epitope sequence EQKLISEEDL were from Roche
Molecular Biochemicals.

Plasmids. DNA manipulations were carried out according to standard proce-
dures. pACT2 SMN wild type (WT) was derived from a positive scoring yeast
clone, subcloned into pGEM-T (pGEM-T SMN WT), and sequenced. A WT
SMN fragment was PCR amplified from from pACT2 SMN WT by using primers
EcoHASMN (5�-GCGGAATTCCACCATGTACCCTTACGATGTACCGGA
TTACGCAGCGATGAGCAGCGGCGGCAGTGGT-3�) and SMN3�XhoBam
(5�-CGCGGATCCTCGAGCTGCTCTATGCCAGCA-3�), EcoRI/BamHI di-
gested, and ligated into pSG5 (Stratagene) to generate pSG5-HA SMN WT.
Exon mutants of SMN (�Ex7, �Ex6/7, and �Ex5-7) were PCR amplified from
pACT2 SMN WT by using 5�-primer SMN5�Bam1 (5�-CGCGGATCCATGGC
GATGAGCAGCGG-3�) and the respective 3�-primers 3�SMNd7stop (5�-CGC
CTCGAGTTACATATAATAGCCAGT-3�), 3�SMNd6,7stop (5�-CGCCTCGA
GTTATGGTGGTCCAGAAGG-3�), and 3�SMNd5,6,7stop (5�-CGCCTCGAG
TTACTTTCCTGGTCCCAG-3�). PCR products were BamHI/XhoI digested
and ligated into PACT2 for yeast two-hybrid analysis. BglII fragments, including
the sequences encoding the HA tag from these pACT2 constructs, were ligated
into pSG5 to generate the corresponding pSG5-HA constructs. pSG5-myc SMN
and pSG5-HA SMN �N27 were synthesized by PCR using the 5�-primer
Myc5�EcoSMN (5�-GCGGAATTCCATATGGAGCAAAAGCTAATATCGG
AAGAAGATCTCGCGATGAGCAGCGGCGGCAGTGG-3�) or Eco-HA-
SMN27 (5�-GCGGAATTCCACCATGTACCCTTACGATGTACCGGATTAC
GCAGCGAGCGATGATTCTGACATTTGG-3�) and 3�-primer SMN3�XhoBam
(5�-CGCGGATCCTCGAGCTGCTCTATGCCAGCA-3�) and ligation of the

EcoRI/BamHI-digested fragments into pSG5. Ligation of an NcoI/SalI fragment
from pGEM-T DP103 (10) into pACT2 resulted in pACT2 DP103. pSG5-HA
DP103 WT, �456-547, and �341-461 were generated by ligation of a DP103 BglII
fragment from the respective pACT2 DP103 mutants into pSG5. Point mutations
(pSG5-HA SMN E134K and Y272C; pSG55-HA DP103 and K112N) were
introduced by site-directed mutagenesis of the WT pSG5-HA constructs by using
Pfu Turbo DNA-Polymerase (Stratagene) and primers introducing the respective
mutation and a new, unique restriction site. For expression as enhanced green
fluorescence fusion protein (EGFP), an EBNA2 EcoRI/BglII fragment was
cloned from pSG5 into pEGFP-C1 (Clontech). A WT SMN fragment was syn-
thesized by PCR from pGEM-T SMN WT by using primers C1EGFP-SMN5�
(5�-GCGAATTCCATGGCGATGAGCAGCGGC-3�) and SMN3�XhoBam
(see above), EcoR/BamHI digested, and ligated into pEGFP-C1 (Clontech) to
yield pEGFP-C1 SMN WT. pSG5-luc was generated by ligating a SalI/Bg II
fragment to a SalI/BglII-digested LL0 luciferase plasmid (18), thereby replacing
the LMP1 promoter by the simian virus 40 promoter and a �-globin intron. The
EBNA2 mutants pSG5 EBNA2 �121-216 and pSG5 EBNA2 322 were generated
by replacing an internal M-ABA strain BamHI fragment of pSG5-EBNA2 WT
by BamHI fragments which were PCR amplified from pSG5 EBNA2 WT or pAC
EBNA2-HaeII1 (34) with the primers BamHI213E25� (5�-GCGGATCCGCCA
CCAAGGCCTACCCGTC-3�) and E2wtBglII3� (5�-AGATCTTACTGGATGG
AGGGGCGA-3�) or the primers EcoXho5E2 (5�-GCCGAATTCTCGAGGCC
ATCATGCCTACATTCTATCTTGCGTTA-3�) and BglXho-3E2 (5�-CGAAG
ATCTCGAGTTACTGGATGGAGGGGCGAGGTCT-3�). All constructs were
sequenced by using the Biozym sequencing kit. pSG5 EBNA2 WT was a gener-
ous gift from M. Rowe (University of Wales, Cardiff, United Kingdom). Lucif-
erase constructs LL0 to LL9 (18) and pGa981-21 and pGa50-7 (37) were kindly
provided by G. Laux and U. Zimber-Strobl (GSF).

Yeast two-hybrid analysis. For a review of the yeast two-hybrid system, see
Phizicky and Fields (32). The complete open reading frame of DP103 was PCR
amplified by using the original isolate pGEM DP103 (10) and the primers
BglII5�DP103 (5�-GGAAGATCTGCCATGGCGGCGGCATTTGAAGC-3�)
and Sp6 (5�-TATTTAGGTGACACTATAG-3�) and then BglII/PstI digested
and inserted into the BamHI/PstI-digested vector pAS2-1 (Matchmaker Two-
Hybrid System 2; Clontech) to generate vector pAS DP103 expressing a Gal4
DNA-binding domain fused to DP103. The expression of a fusion protein with
the appropriate size in the yeast strain Y190 was verified by using the DP103-
specific MAb 8H4. This construct was used to screen a lymphocyte-derived
cDNA library (Clontech Matchmaker Library; Clontech). Resulting clones were
segregated by using cycloheximide and appropriate media and retested for spe-
cific binding by mating with yeast containing either DP103 or an unspecific bait.
Clones scoring positive were rescued in Escherichia coli and sequenced with the
Biozym sequencing kit. Quantification of �-galactosidase activity was carried out
by liquid culture assay by using ONPG (o-nitrophenyl-�-D-galactopyranoside)
according to the Clontech Matchmaker 2 protocol.

Immunoprecipitations. For immunoprecipitation of endogenous proteins,
Raji cells were washed in phosphate-buffered saline (PBS), extracted in lysis
buffer (100 mM Tris-HCl [pH 8.0], 100 mM NaCl, 5 mM KCl, 0.5 mM MgCl2, 1
mM CaCl2, 0.5% [vol/vol] Triton X-100, and protease inhibitors), and incubated
for 1 h at 4°C with anti-DP103 MAb 9A3 or an irrelevant control MAb (anti-trpE
3A6) absorbed to protein G-Sepharose (Pharmacia). Bound immune complexes
were washed 10 times (5 times with 1 M NaCl and five times without NaCl) with
radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-HCl [pH 7.5], 0.5%
[vol/vol] deoxycholate, 0.5% [vol/vol] NP-40, 0.1% sodium dodecyl sulfate [SDS],
0.1 mM EDTA, and protease inhibitors), released by boiling in gel loading buffer,
and then subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and
Western blotting. Proteins were detected by using MAb 8H4 or anti-SMN-N
serum (Santa Cruz Biotechnology). For mapping of the SMN and DP103 inter-
action domains, 293GP cells were grown in 10-cm dishes and transfected with
HA-tagged SMN mutants or cotransfected with myc-tagged WT SMN and HA-
tagged DP103 mutants by the calcium phosphate method. After growth for 36 to
48 h, cells were extracted in lysis buffer. Supernatants were incubated with
anti-HA MAb 3F10 or unspecific control MAbs (anti-trpE 3A6 and anti-BDV
p40 9C2) absorbed to protein G-Sepharose for 1 h at 4°C. Bound complexes of
endogenous DP103 and transfected HA-tagged SMN mutants were washed 10
times (5 times with 1 M NaCl and five times without NaCl) with RIPA buffer;
complexes of transfected myc-tagged WT SMN and HA-tagged DP103 mutants
were washed two times in RIPA buffer (1 M NaCl) and four times in lysis buffer.
Proteins were separated by boiling with gel loading buffer and then subjected to
SDS-PAGE and Western blot analysis.

Transfection of B lymphocytes and luciferase assays. BJAB and P3HR1 cells
were transfected by electroporation by using a Bio-Rad Gene Pulser at 250 V
and 950 �F, with slight modifications as described previously (45). Briefly, 107
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cells were washed once and resuspended in 0.25 ml of ice-cold RPMI 1640
without supplements and placed on ice. Then, 4 �g of reporter plasmid, 10 �g of
each respective effector plasmid, and 2 �g of pEGFP-C1 (Clontech) were added.
Parental pSG5 vector (Stratagene) was used to adjust DNA amounts. After
electroporation, cells were kept on ice for 10 min, suspended in 10 ml of RPMI
with 20% fetal calf serum, and grown for 48 h. To determine the transfection
efficiency, 100 �l of the cells was fixed and analyzed in a Becton Dickinson
FACScan analyzer for EGFP-positive cells, gated on the living population. The
remainder of cells were washed in PBS and lysed by three cycles of freeze-
thawing in 250 mM Tris-HCl (pH 7.8). The luciferase activity of the supernatants
was determined in a Lumat LB9501 (Berthold) by using the Promega luciferase
assay system (Promega) as recommended by the manufacturer.

Immunofluorescence. Immunofluorescence analysis with HeLa or BJAB cells
was performed with slight modifications as described previously (6). Briefly,
HeLa cells grown on cover slides in six-well plates were lipofected with 5 �g of
DNA by SuperFect (Qiagen) according to the manufacturer’s protocol. BJAB
cells were electroporated with 10 �g of DNA as described above. After 24 h, the
cells were washed with PBS, fixed with 4% paraformaldehyde–PBS at room
temperature for 15 min, permeabilized with 0.2%Triton X-100–PBS (2 min,
4°C), and blocked with 2% bovine serum albumin (BSA)–PBS (15 min, 37°C).
HA-tagged proteins were detected by using anti-HA MAb 3F10, and endogenous
SMN protein was detected by using MAb 7B10, diluted in 3 �g of BSA-PBS/ml
(45 min, 37°C), and TRITC (tetramethyl rhodamine isocyanate)-labeled anti-rat
(Dianova) or anti-mouse (Sigma) MAb in 3 �g of BSA-PBS/ml as secondary
antibodies (30 min, 37°C). Cover slides were mounted in Elvanol and subjected
to immunofluorescence microscopy by using a Zeiss Axiovert 100 TV microscope
and a Sony 3CCD camera (see Fig. 3D). Confocal images were taken by using a
Nikon Eclipse E600 micoscope equipped with a PCM 2000 confocal laser-
scanning system and analyzed by using Confocal Assistant 4.02 and use of Corel
Photo Paint and Draw version 8.0 software.

GenBank accession number. The nomenclature committee authorized by the
human genome project (HUGO) proposed to rename the DP103 gene to
DDX20 in keeping with the guidelines for nomenclature of DEAD/H-box pro-
teins of putative RNA and DNA helicases (GenBank accession no. NM_007204).

RESULTS

DP103 (DDX20/Gemin3) and the SMN protein interact in B
cells. Recently, we have shown that EBNA2 associates with the
cellular DEAD-box protein DP103 (10). Since the functional
consequences of this interaction remained unknown, we
sought to identify cellular proteins associating with DP103 in
the yeast two-hybrid system. The screening of a B-lymphocyte
cDNA library with full-length DP103 yielded nine individual
clones: four containing the complete SMN gene and the re-
maining five containing 5�-truncated SMN genes (data not
shown). This result was confirmed by an alternative experimen-
tal approach with data published while the present manuscript
was in preparation (1, 2). Since EBV is a lymphotrophic virus,
we sought to determine whether this interaction of DP103 and
SMN could also be detected in B lymphocytes. Therefore, both
endogenous proteins were coimmunoprecipitated from EBV-
positive Raji lymphocytes by using the DP103-specific MAb
9A3 (Fig. 1A). An irrelevant control MAb neither precipitated
DP103 nor coprecipitated SMN. Note that, due to the small
amount of total cell lysate used as input and the low affinity of
the goat anti SMN antibody, the amount of SMN in the input
lane was below the level of detection.

SMN coactivates the viral LMP1 promoter in the presence
of EBNA2. To elucidate the role of DP103 and SMN regarding
the function of EBNA2, the transactivation of its main target,
the viral LMP1 promoter, was examined in EBV-negative
BJAB lymphocytes. Coexpression of EBNA2 and SMN repro-
ducibly increased EBNA2-mediated transactivation of a co-
transfected full-length (�327/�40) LMP1 promoter luciferase
construct (LL0) (18) by almost 300% (Fig. 1B), relative to the

values obtained by EBNA2 alone (set to 100%). This effect
could further be titrated by coexpressing EBNA2 and increas-
ing amounts of SMN (Fig. 2A), indicating that SMN coacti-
vates the viral LMP1 promoter in the presence of EBNA2.

FIG. 1. (A) Interaction of DP103 and SMN in B lymphocytes.
Coimmunoprecipitations (IP) from Raji cell extracts were performed
with DP103-specific MAb 9A3 (IP: DP103 Ab) or an irrelevant control
antibody (anti-TrypE 3A6, IP: control Ab), followed by SDS–10%
PAGE and Western blotting. Precipitated proteins were detected with
anti-SMN-N serum (Santa Cruz Biochemicals) (left panel, WB: anti
SMN) or anti-DP103 MAb 8H4 (right panel, WB: anti DP103). The
positions of SMN and DP103 are indicated by arrows. Lanes desig-
nated Raji input represent ca. 1% of unprecipitated Raji cell extract.
The positions of the molecular mass marker proteins are indicated on
the left side (in kilodaltons). (B) SMN coactivates the viral LMP1
promoter in the presence of EBNA2. BJAB cells were transfected with
luciferase reporter constructs encoding positions �327/�40 (EBNA2
responsive) or �154/�40 (nonresponsive) of the LMP1 promoter (4
�g) and the indicated combinations of pSG5 constructs encoding
EBNA2 or HA-tagged SMN and DP103 (10 �g). After 48 h, the cells
were lysed by freeze-thawing, and the luciferase activity was measured.
The transfection efficiency was determined by scanning the expression
of cotransfected pEGFP-C1 vector (2 �g) by FACS analysis prior to
lysis of the cells. For each experiment, luciferase values standardized
for transfection efficiency were calculated relative to the values ob-
tained by EBNA2 and the respective full-length promoter construct
(set to 100%). Graphs represent the mean values of five independent
experiments (	 the standard error of the mean [SEM]).
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FIG. 2. (A) Dose-dependent coactivation of the �327/�40 LMP1 promoter by coexpression of EBNA2 and increasing amounts of HA-tagged
SMN (indicated in micrograms). Assays were performed as described for Fig. 1B. Graphs represent the mean values of three independent
experiments performed in duplicate (	SEM). (B) SMN increases EBNA2-mediated induction of endogenous LMP1 protein. EBV-positive
P3HR1 cells were transfected with pSG5 constructs (15 �g) encoding EBNA2 or HA-tagged SMN, as indicated. Cells were harvested and subjected
to SDS–10% PAGE and Western blotting by using MAbs S12 (anti-LMP1), R3 (anti-EBNA2), 3F10 (anti-HA), and anti-�-actin MAb (Sigma).
The positions of the respective proteins are indicated by arrows. The positions of the molecular mass markers (in kilodaltons) are indicated on the
left side. (C) Subcellular distribution of EBNA2, DP103, and SMN. HeLa cells transfected with pSG5-HA (red signals) or pEGFP-C1 (green
signals) constructs (5 �g) encoding the corresponding fusion proteins of EBNA2, DP103, or SMN were immunostained and analyzed by confocal
laser scanning microscopy. HA-tagged proteins were visualized by using anti-HA 3F10/anti-rat TRITC MAbs. The localizations of coexpressed
SMN and DP103 (upper panel), EBNA2 and SMN (middle panel), or EBNA2 and DP103 (lower panel) are shown. In the merged images,
colocalization results in a yellow signal. (D) Subcellular localization of endogenous SMN and EGFP-EBNA2 in BJAB cells. BJAB cells mock
transfected (a) or transfected with 10 �g of pEGFP-C1 EBNA2 (b, c, and d) were immunostained by using anti-SMN 7B10/anti-mouse TRITC
MAbs and subjected to confocal laser scanning microscopy. In the merged image (subpanel d), colocalization results in a yellow signal.
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However, coexpression of both SMN and DP103 in the pres-
ence of EBNA2 resulted only in an increase of 150%. Further-
more, coexpression of DP103 and EBNA2 slightly decreased
EBNA2-mediated transactivation to 75%. Note that in the
absence of EBNA2 neither SMN, DP103, nor both showed any
effect. A truncated, EBNA2 nonresponsive (�154/�40) re-
porter construct (LL4) (18) served as a negative control. Thus,
SMN is capable of coactivating the LMP1 promoter in the
presence of the viral transactivator EBNA2, resulting in in-
creased amounts of luciferase transcripts and protein.

To test whether these findings were also reflected in elevated
levels of endogenous viral LMP1 protein, Western blot analysis
of cotransfected P3HR1 cells was performed (Fig. 2B). In
P3HR1 cells transfected with empty vector no expression of
LMP1 could be detected, since these cells harbor an EBNA2-
deleted, nontransforming EBV genome. Expression of EBNA2
induced LMP1 expression; coexpression of EBNA2 and SMN
further increased the strength of the LMP1 signal, suggesting
that coactivation of the LMP1 promoter by EBNA2 and SMN
is also relevant in the context of latently EBV-infected B cells.
Since SMN has been implicated in RNA processing, it is in-
teresting to note that in this assay the level of EBNA2 expres-
sion was not elevated by coexpressed SMN. Furthermore, nei-
ther expression of EBNA2 nor coexpression of EBNA2 and
SMN increased the activity of a pSG5 luciferase construct
(pSG5-luc) tested in three independent experiments in BJAB
cells (data not shown). Since all expression vectors used were
pSG5 constructs containg the simian virus 40 promoter and a
�-globin intron to facilitate protein synthesis, these results
argue against a possible increase in luciferase activity or LMP1
expression due to a more efficient splicing by the overexpres-
sion of SMN. A second control experiment showed that the
coactivation demonstrated above was also not due to an in-
creased viability of cells overexpressing SMN, since a synergis-
tic antiapoptotic activity of SMN and Bcl-2 had been described
(13). Fluorescence-activated cell sorting (FACS) analysis of
transfected P3HR1 cells from three independent experiments
revealed that the relative quantity of gated, living cells did not
significantly differ, irrespective whether they overexpressed
EBNA2 and/or SMN (data not shown).

The direct interaction of EBNA2 and DP103 (10) and the
functional cooperation of EBNA2 and SMN described here
should be reflected in the subcellular distribution of these
proteins. Therefore, EBNA2, DP103, and SMN were tran-
siently coexpressed in HeLa cells as EGFP- or HA-tagged
fusion proteins, immunostained, and subjected to confocal la-
ser scanning microscopy (Fig. 2C). DP103 and SMN were
detected dispersed in cytoplasm and distinct punctate sub-
nuclear structures (gems or coiled bodies) (Fig. 2C, upper
panel), as previously reported (2). Interestingly, these struc-
tures were also included within the strictly nuclear distribution
pattern of EBNA2, when SMN (Fig. 2C, middle panel) or
DP103 (Fig. 2C, lower panel) were coexpressed with EBNA2.
In contrast, unlike its dispersed nuclear distribution in HeLa
cells, expression of EGFP-EBNA2 in BJAB cells resulted in a
speckled nuclear pattern. Endogenous SMN protein could be
detected by immunostaining in cytoplasm and nuclear gems
and/or coiled bodies (Fig. 2D, subpanel a) of mock-transfected
BJAB cells. A portion of the cells, however, lacked the nuclear
gems and/or coiled bodies or showed a diffusely dispersed

nuclear staining (data not shown). Furthermore, the number of
gems or coiled bodies detectable in BJAB cells (2 to 4 per cell)
was lower than in HeLa cells (6 to 16 per cell). Strikingly, a
relocation of endogenous SMN to a speckled nuclear pattern,
partially colocalizing with the EGFP-EBNA2 signals, could be
detected in cells transfected with EGFP-EBNA2 (Fig. 2D, b to
d). Thus, if we take into account the limits of resolution pro-
vided by the system used, EBNA2 colocalizes with SMN and
DP103 in HeLa cells within the same punctate subnuclear
structures, most likely nuclear gems and/or coiled bodies. Fur-
thermore, EGFP-EBNA2 expression in BJAB cells results in a
relocation of endogenous SMN to nuclear speckles, partially
colocalizing with EBNA2. These data suggest that EBNA2 can
target nuclear gems or coiled bodies and, depending on the cell
type, release SMN from these structures.

Enhanced coactivation of the LMP1 promoter by EBNA2
and a DP103 binding-deficient SMN mutant. The results out-
lined in Fig. 1 showed that coactivation by EBNA2 and SMN
was slightly decreased by the coexpression of DP103. This
raised the question of whether binding to DP103 influences the
ability of SMN to functionally cooperate with EBNA2. There-
fore, several SMN mutants (depicted in Fig. 3B) were ex-
pressed in 293GP cells and tested for their ability to coimmu-
noprecipitate endogenous DP103 (Fig. 3A). The deletion of
both exons 6 and 7 resulted in a loss of binding, whereas the
SMA-associated deletion of exon 7 alone (SMN �Ex7) or the
two patient-derived point mutations (E134K and Y272C) did
not abolish the interaction with DP103. Deletion of the first
exon (SMN �N27), shown to be negative in spliceosomal as-
sembly (7), also did not affect binding to DP103. This mapping
of the DP103 binding site to exon 6 of SMN was confirmed by
testing several deletion mutants, including those deleting exon
7 or exons 6 and 7 in the yeast two-hybrid system (data not
shown).

Indirect immunofluorescence of transfected HeLa cells fur-
ther revealed that, in contrast to WT SMN which was localized
in the cytoplasm and nuclear gems or coiled bodies (Fig. 3D, a
and b), the DP103 binding-deficient SMN �Ex6/7 mutant was
now also detectable within the whole nucleus. (Fig. 3D, c and
d). Furthermore, confocal laser scanning microscopy of co-
transfected HeLa cells showed colocalization of EBNA2 and
SMN �Ex6/7 within the same nuclear staining pattern (Fig.
3E), indicating that the loss of binding to DP103 releases
significant amounts of this SMN mutant from nuclear gems
or coiled bodies. Interestingly, compared to WT SMN, SMN
�Ex6/7 had an increased potential to coactivate the viral LMP1
promoter in the presence of EBNA2, as demonstrated by lu-
ciferase assays performed in BJAB cells (Fig. 3C). In contrast,
neither the SMN mutant negative in spliceosomal assembly
(SMN �N27) nor the SMA-associated SMN mutants (�Ex7,
E134K, and Y272C) were able to coactivate the LMP1 pro-
moter above the level of WT SMN in the presence of EBNA2
(data not shown), suggesting that the shown coactivation in-
volves properties of SMN distinct from its function in spliceo-
somal assembly.

EBNA2-mediated transactivation of the LMP1 promoter in-
volves binding of EBNA2 to DP103. Our previously published
data (10) demonstrated that EBNA2 interacts with the C ter-
minus (aa 665 to 824) of DP103. Since it was shown here that
coexpression of EBNA2 and a DP103 binding-deficient SMN
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mutant resulted in an enhanced coactivation of the LMP1
promoter, we asked where the binding site of SMN on DP103
is located. Therefore, several HA-tagged DP103 mutants (de-
picted in Fig. 4B) were expressed in 293GP cells and tested for
their ability to coimmunoprecipitate coexpressed myc-tagged
SMN (Fig. 4A). Deletion of aa 665 to 824 (�C159) abolished
binding to SMN, whereas mutants deleting more central parts
of DP103 (�341-461 and �456-547) still bound as efficiently as
WT DP103. Note that the two mutants affecting consensus
DEAD-Box motives, DP103 �341-461 deleting a putative ATP
binding site and DP103 K112N mutating a putative ATPase
motive (GK112T to GN112T), described as essential for eIF4A
activity (29), were still able to interact with SMN. Thus, the
binding sites for both SMN and EBNA2 are located within the

C terminus (aa 665 to 824) of DP103, leading to the hypothesis
that the binding of EBNA2 to the C terminus of DP103 re-
leases DP103-complexed SMN. To test this, luciferase assays
were performed in BJAB cells by using the �327/�40 and
�154/�40 LMP1 promoter constructs (Fig. 4C). Compared to
WT EBNA2, the DP103 binding-deficient mutant EBNA2
�121-216 was severely impaired in transactivating the LMP1
promoter, whereas coexpression of SMN rescued transactiva-
tion to WT levels. This result suggests that DP103 binding-
deficient EBNA2 �121-216 is not able to release sufficient
amounts of endogenous SMN from its DP103-bound state and,
further, that the mechanism of EBNA targeting DP103 to
release SMN is relevant for transactivation. Surprisingly, a
similar result could be obtained by testing EBNA2 322LE (Fig.

FIG. 3. Enhanced coactivation of the LMP1 promoter by DP103 binding-deficient SMN �Ex6/7. (A) Mapping of the DP103 binding site on
SMN. 293GP cells were transfected with pSG5 constructs encoding HA-tagged SMN mutants (10 �g) as indicated. After 36 h native cell extracts
were immunoprecipitated with anti-HA MAb 3F10 (IP: anti HA and control 2) or unspecific MAb 3A6 (controls 1 and 3) and analyzed by
SDS–10% PAGE and Western blotting. Precipitated transfected SMN mutants were detected by using anti-HA MAb 3F10 (WB: anti HA), and
coprecipitated endogenous DP103 was detected by using anti-DP103 MAb 8H4 (WB: anti DP103). The positions of the molecular mass markers
(in kilodaltons) are indicated on the left side of each panel. Deletion of SMN exon 6 abolished coprecipitation of endogenous DP103. (B)
Schematic representation of the SMN mutants tested. (C) Coexpression of EBNA2 and the HA-tagged DP103 binding-deficient SMN mutant
SMN �Ex6/7 further increased coactivation of the �327/�40 LMP1 promoter luciferase construct. Assays were performed as described for Fig.
1B. Graphs represent the mean values of three independent experiments performed in duplicate (	SEM). (D) Immunofluorescence of HA-tagged
WT SMN (a) and SMN �Ex6/7 (c) expressed in HeLa cells and stained with 3F10 anti-HA/anti-rat TRITC MAbs. (b and d) Nuclei were visualized
by using DAPI (4�,6�-diamidino-2-phenylindole). Loss of binding to DP103 released SMN �Ex6/7 from nuclear gems/coiled bodies. (E) Enhanced
colocalization of EBNA2 and DP103 binding-deficient SMN �Ex6/7. HeLa cells coexpressing EGFP-EBNA2 (a) and HA-tagged SMN �Ex6/7 (b)
were stained by using anti-HA 3F10/anti-rat TRITC MAbs and subjected to confocal laser scanning microscopy. In the merged image (subpanel
c), colocalization results in a yellow signal.
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4C), an insertion mutant shown to be unable to bind to RBPJ�
(34) and therefore to be impaired in both transactivation and
transformation (5, 12). Coexpression of SMN rescued transac-
tivation of EBNA2 322 LE above WT levels, indicating that
targeting DP103 and binding to RBPJ� are separate mecha-
nisms involving distinct properties of EBNA2. To further dis-
sect the role of RBPJ� in this context, a set of mutated LMP1
promoter luciferase constructs (LL0 to LL9) (18), schemati-
cally represented in Fig. 5A, were examined in BJAB cells (Fig.
5B). The full-length �327/�40 promoter construct, containing
two RBPJ� sites and, to a lesser extent, a truncated �232/�40
construct, containing only one RBPJ�-site, were EBNA2 re-
sponsive and coactivated by EBNA2 and SMN. All further
truncated constructs tested (�199/�40 to �34/�40) were not
responsive to either EBNA2 or EBNA2 and SMN, suggesting
that the presence of RBPJ� bound to its cognate promoter
sequences is essential for coactivation by EBNA2 and SMN.
To further investigate this, a luciferase reporter construct con-
taining a 12-fold multimerized RBPJ� binding-site (pGa-981-
21) (37) was tested in BJAB cells (Fig. 5C). EBNA2 transac-
tivation could be titrated in an almost linear fashion, but
coexpression of SMN did not result in an additional stimula-
tion. Furthermore, expression of the RBPJ� binding-deficient
EBNA2 322LE mutant resulted in a complete loss of transac-
tivation which, in contrast to the results obtained when testing
the LMP1 promoter, could not be rescued by coexpression of
SMN. These data suggest that the presence of RBPJ� bound to
the promoter is necessary but is not sufficient for coactivation
by EBNA2 and SMN.

DISCUSSION

This study demonstrates a functional cooperation of EBNA2
and SMN as a novel mechanism involved in EBNA2-mediated
transactivation of the viral LMP1 promoter. Initially identify-
ing SMN as a DP103-interacting protein in the yeast two-
hybrid system, we further established this interaction in B cells
(Fig. 1A) and showed that SMN can coactivate the LMP1
promoter in the presence of EBNA2, whereas DP103 exhibited
a slightly negative influence on EBNA2-mediated transactiva-
tion (Fig. 1B). Since this coactivation by EBNA2 and SMN was
detectable in different B-cell lines in both luciferase assays and
by an increased LMP1 protein level in vivo (Fig. 2B), we
assume that this effect is due to an enhanced transcriptional
activation, resulting in increased amounts of luciferase or

FIG. 4. EBNA2-mediated transactivation of the LMP1 promoter
involves binding of EBNA2 to DP103. (A) Mapping of the SMN
binding site on DP103. 293GP cells were transfected with pSG5 con-
structs encoding HA-tagged DP103 mutants and WT myc-tagged
SMN, as indicated. Cell extracts were immunoprecipitated with an-
ti-HA MAb 3F10 (IP: anti HA and control 2) or irrelevant MAb 9C2

(controls 1 and 3) and analyzed by SDS–10% PAGE and Western
blotting. Precipitated HA-tagged DP103 mutants were detected by
using anti-HA MAb 3F10 (WB: anti HA), coprecipitated myc-tagged
WT SMN by using anti-myc MAb 9E10 (WB: anti myc). Panels des-
ignated input represent ca. 10% of unprecipitated extracts. The posi-
tions of the molecular mass markers (in kilodaltons) are indicated on
the left side of each panel. Deletion of aa 665 to 824 of DP103 (�C159)
abolished coprecipitation of myc-tagged SMN. (B) Schematic repre-
sentation of the DP103 and EBNA2 mutants tested. (C) Coexpression
of SMN rescued impaired transactivation of the �327/�40 LMP1
promoter luciferase construct by the DP103 binding-deficient mutant
EBNA2 �121-216 and the RBPJ� binding-deficient mutant EBNA2
322LE. Assays were performed as described for Fig. 1B. Graphs rep-
resent the mean values of three independent experiments performed
in duplicate (	SEM).
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LMP1 transcripts, respectively. In particular, we could exclude
in control experiments possible side effects of overexpressed
SMN on splicing efficiency, levels of EBNA2 expression, and
the viability of the transfected cells. To dissect the mechanism
underlying the coactivation by EBNA2 and SMN, we mapped
the binding sites of both DP103 and SMN in coimmunopre-
cipitation experiments from transfected mammalian 293 GP
cells and in the yeast two-hybrid system. Thereby, we could
extend the results of Charroux et al. (2), who demonstrated
that deletion of the SMN exon 7 reduced binding to DP103
(there named Gemin3), since we showed that only deletion of
both SMN exons 6 and 7 completely abolished the interaction
with DP103 (Fig. 3A), suggesting that exon 6 is the main
binding site for DP103 on SMN. Furthermore, we mapped the
interacting domain of SMN on DP103 to the C terminus (aa
665 to 824) of DP103 (Fig. 4A) by testing several mutants
deleting different portions of DP103. In contrast, Charroux et
al. defined the binding site (aa 456 to 547) by showing that an
in vitro-translated myc-tagged 179-aa DP103 polypeptide (Ge-
min3 �N368�C277) bound to recombinant glutathione
S-transferase (GST)–SMN in GST pulldown experiments,
whereas two mutants with deletions of large parts of DP103
(�C328 and �N548) did not (2). The possible existence of
multiple interaction sites with different affinities and also the
different systems used or the varying design of the mutants
tested could account for the disparate results. Testing different
SMN mutants on EBNA2-mediated transactivation, we found
indeed that the loss of binding to DP103 released SMN �Ex6/7
from nuclear gems and/or coiled bodies (Fig. 3D and E) and
resulted in an enhanced coactivation (Fig. 3C). Consistent with
these findings, DP103 binding-deficient EBNA2 �121-216 was
impaired in transactivation and could be rescued to WT levels
by coexpression of SMN (Fig. 4C). This led us to the hypoth-
esis that EBNA2 targets DP103 to release transcriptionally
active SMN, since both EBNA2 and SMN bind to the C ter-
minus of DP103. Furthermore, immunofluorescence experi-
ments suggested that EBNA2 can target nuclear gems or coiled
bodies, thereby releasing SMN (Fig. 2C and D), since the
localization of endogenous SMN changed upon expression of
EGFP-EBNA2 into a speckled pattern. A similar distribution
of EBNA2 and corepressors of RBPJ� in experiments with
Vero cells has been described by Zhang et al. (44). Recently,
Strasswimmer et al. (36) reported that SMN interacts with the
bovine papillomavirus E2 transactivator, resulting in an en-
hanced transactivation of a viral E2-responsive promoter, al-
though the mechanisms leading to this effect have not been
further elucidated. Although similar mechanisms underlying
SMN-mediated coactivation within the RNA polymerase II
transcription complex could be assumed, it should be consid-
ered that EBNA2, in contrast to bovine papillomavirus E2,
neither directly binds to SMN nor directly binds to DNA.
Furthermore, the SMA-derived SMN mutants (Y272C,
E134K, and �Ex7) did not show a dominant-negative effect on
transactivation of the LMP1 promoter, whereas SMN �Ex7
severely impaired bovine papillomavirus E2-mediated transac-
tivation (36). Thus far, we cannot determine where within the
promoter-bound RNA polymerase II transcription complex
SMN exerts its coactivational function. Although it seems very
likely that a direct interaction of SMN with the CTD of RNA
polymerase II, as reported by Pellizzoni et al. (30), is involved,

FIG. 5. The presence of RBPJ� is essential but not sufficient for
coactivation by EBNA2 and SMN. (A) Schematic map of positions
�327 to �40 of the LMP1 promoter and the different luciferase
constructs tested. Shaded boxes represent the positions of cellular
transcription factor binding sites, and black boxes represent the posi-
tions RBPJ� binding sites relative to the transcription start site (ar-
row). (B) Deletion mutants of the LMP1 promoter were tested for
responsiveness to EBNA2 and coexpressed HA-tagged SMN in BJAB
cells, as indicated. Deletion of the RBPJ� binding sites abolished
EBNA2 transactivation and coactivation by SMN. (C) No coactivation
of a multimerized RBPJ� site by SMN and increasing amounts of WT
EBNA2 (1, 4, and 10 �g) or by SMN and RBPJ� binding-deficient
EBNA2 322LE. (B and C) Assays were performed as described for Fig.
1B. Graphs represent the mean values of three independent experi-
ments performed in duplicate (	SEM).
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a direct binding of SMN to the promoter or DNA-bound
transcription factors also seems possible. In particular, we
could show that the presence of RBPJ� bound to the promoter
was essential for coactivation (Fig. 5B), but a multimerized
RBPJ� binding site could not be coactivated (Fig. 5C), indi-
cating that SMN is somehow able to bridge the interaction of
EBNA2 and RBPJ�. At this point, we also cannot determine
whether EBNA2, by targeting DP103 to release SMN, other-
wise changes the composition or binding affinities of the sub-
nuclear spliceosomal complexes containing both proteins (3)
and whether these changes could also affect transcription. Fi-
nally, different SMN-containing nuclear complexes, as pro-
posed by Meister et al. (25), could be involved in the coacti-
vation reported here. These complexes could determine
alternative functions of SMN in either transcriptional activa-
tion or posttranscriptional processing, supporting the idea of a
transcriptosome (8) tightly coupling both functions. Regarding
EBV-induced transformation of resting human B lymphocytes,
which is closely linked to LMP1 expression, our data suggest
that the proposed displacement of endogenous SMN from
endogenous DP103 by EBNA2 is involved in, but not abso-
lutely required for, EBNA2-mediated transactivation and
transformation. It has been reported in a different context that
the deletion of aa 143 to 230 or of aa 112 to 142, encompassing
the DP103 binding site on EBNA2 (aa 121 to 216), severely
impaired but did not completely abolish LMP1 transactivation
and viral transformation (5, 40).

In summary, our results suggest that transcriptionally inac-
tive SMN is complexed to DP103 in a pool of spliceosomal
proteins, most likely within nuclear gems and/or coiled bodies.
In this scenario EBNA2, by targeting DP103, releases a tran-
scriptionally active form of SMN that might interact with parts
of the transcription machinery, e.g., the CTD of RNA poly-
merase II (30), thereby regulating transactivation of the viral
LMP1 promoter by EBNA2.
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