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Regulation of transcription by the heterogeneous nuclear ribonucleoprotein
E1B-AP5 is mediated by complex formation with the novel

bromodomain-containing protein BRD7
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E1B-APS was initially identified as a target of the early adeno-
virus E1B-55 kDa protein during the course of lytic infection.
E1B-APS belongs to the heterogeneous nuclear ribonucleoprotein
family and was demonstrated to be involved in mRNA processing
and transport [Gabler, Schutt, Groitl, Wolf, Shenk and Dobner
(1998) J. Virol. 72, 7960-7971]. In the present paper, we
demonstrate that E1B-APS differentially regulates basic and
ligand-dependent transcription. We found that E1B-APS repres-
ses basic transcription driven by several virus and cellular
promoters, and mapped the repression activity to the N-terminal
part of the protein. In contrast with basic repression, E1B-AP5
activated the glucocorticoid-dependent promoter in the absence
of dexamethasone, but did not contribute to the dexamethasone-
induced activation. Mutant analysis indicated the presence of an
additional cellular factor that modulates E1B-APS5 transcrip-
tional activity. Using yeast two-hybrid screening, we identified a
novel chromatin-associated bromodomain-containing protein,

BRD7, as an E1B-APS interaction partner. We confirmed E1B-
AP5-BRD7 complex formation in vivo and in vitro. We found
that, although BRD7 binds to histones H2A, H2B, H3 and H4
through its bromodomain, this domain was not necessary for the
interaction with E1B-APS. Indeed, the triple complex formation
of E1B-AP5, BRD7 and histones was demonstrated. Disruption of
the E1B-AP5-BRD7 complex increased E1B-AP5 repression
activity for basic transcription and converted it from being
an activator of the hormone-dependent promoter into being a
strong repressor. We conclude that complex formation between
BRD7and E1B-APS5 links chromatin events with mRNA process-
ing at the level of transcriptional regulation.

Key words: bromodomain, glucocorticoid, heterogeneous nu-
clear ribonucleoprotein (hnRNP), histone, transcription pro-
moter, transcriptional regulation.

INTRODUCTION

E1B-APS was first identified as an interacting partner of an early
adenovirus 5 E1B-55 kDa protein [1]. On the basis of sequence
similarity, E1B-AP5 belongs to the heterogeneous nuclear
ribonucleoprotein (hnRNP) family and possesses single-strand-
nucleic-acid-binding activity. hnRNP family members function
at all stages of mRNA metabolism, ranging from transcriptional
regulation to cytoplasmic compartmentalization and translation
[2—4]. Several lines of evidence pointed to the involvement of
E1B-APS5 in mRNA processing and transport. Its adenovirus
partner E1B-55kDa is required for selective accumulation of
viral mRNA during the late phase of infection and, indeed, the
E1B-55 kDa regions that mediate the interaction with E1B-AP5
are crucial for the host cell protein synthesis shut-off [5].
Overexpression of E1B-APS stimulates the export of viral trans-
cripts and simultaneously alleviates the block of host cell nRNA
export [1]. EIB-APS5 can bind to the N-terminal domain of TAP,
an essential RNA export mediator, which bridges the interaction
between specific ribonucleoprotein export substrates and the
nuclear pore complexes [6].

Several findings indicate that the role of E1B-APS5 in the
regulation of gene expression is not restricted to mRNA proces-

sing or export and that E1B-AP5 might already be involved in
the regulation of gene expression at the level of transcriptional
regulation. Recently, we demonstrated that EIB-AP5 forms a
complex with the human arginine methyltransferase, HRMTI1LI1,
which belongs to a novel family of transcription co-activators [7].
Another strong argument is the similarity between E1B-APS and
hnRNP-U (or scaffold attachment factor A; SAF-A). hnRNP-U
is a multifunctional RNA-binding phosphoprotein implicated in
gene expression owing to its binding to chromatin through its
scaffold attachment region [8] and regulation of polymerase 11
(Pol II)-dependent transcription [9]. The latter function was
recently elucidated in detail: a subfraction of hnRNP-U was
shown to be associated with Pol II holoenzyme, inhibiting Pol II
elongation. The function was based on the ability of hnRNP-U
to form a complex with transcription factor ITH (TFIIH) kinase
and interfere with TFIIH-dependent phosphorylation of the
Pol II C-terminal domain (CTD). Since hnRNP-U down-regu-
lated several viral and cellular promoters, it was suggested that
hnRNP-U functions as an inhibitor of basic transcription.

In addition to being a negative regulator of the basic tran-
scription machinery, hnRNP-U is involved in hormone-respon-
sive transcription. hnRNP-U is associated with the glucocorticoid
receptor (GR) —a ligand-dependent transcription factor —and
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glucocorticoid receptor; GST, glutathione S-transferase; HA, haemagglutinin A; hnRNP, heterogeneous nuclear ribonucleoprotein; HSV-TK, herpes
simplex virus thymidine kinase; IP buffer, immunoprecipitation buffer; MMTV, mouse mammary tumour virus; Pol Il, polymerase II; RGG, Arg-Gly-Gly;
RZPD, Deutsches Ressourcenzentrum fur Genomforschung Primary Database; SV40, simian virus 40; TFIIH, transcription factor IIH.
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interferes with glucocorticoid-dependent transcriptional acti-
vation [10]. Repression of GR-driven transcription by hnRNP-U
requires its physical association with GR and can be squelched
by high amounts of GR. This finding prompted the authors to
propose a model where hnRNP-U acts as a storage site for
intranuclear GRs [11].

In the present study, we analysed the role of E1B-APS in the
regulation of transcription. Using several viral and cellular
promoters, we demonstrated that E1B-AP5 inhibits general
transcription in a manner similar to hnRNP-U and that the N-
terminal part of the protein is responsible for this function. In
contrast with hnRNP-U, E1B-AP5 did not interfere with GR-
driven transcription and could activate a GR-responsive pro-
moter in the absence of ligand-stimulation. We also identified an
additional protein component involved in this activity, the
bromodomain (BD)-containing protein BRD7, and were able to
precipitate the E1B-AP5-BRD7 complex in vivo, as well as to
show co-localization of both proteins in the nucleus. Deletion of
the E1B-APS5 region responsible for the interaction with BRD7
converted E1B-APS from an activator into a strong repressor of a
GR-responsive promoter and, remarkably, increased the basic
E1B-APS5 transcription repression activity. Our results point to
several mechanisms of transcription regulation by E1B-APS, one
of which is based on the interaction with a novel BD-containing
chromatin-binding protein.

EXPERIMENTAL
Cell culture, transfection and reporter assay

H1299 cells were cultured in monolayers in Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with penicillin, strep-
tomycin and 10 9, foetal calf serum (FCS; Gibco). Cells at 50 %,
confluence in six-well dishes were transfected using the calcium-
phosphate-precipitation technique using pUC19 as carrier DNA.
The total amount of transfected DNA was 7 ug per transfection;
the amounts of particular plasmids are indicated in the Figure
legends. In some cases, cells were grown in serum-free medium in
the presence of 0.1 uM dexamethasone (Sigma) 24 h before
harvesting. At 48 h after transfection, cells were washed twice
with PBS, harvested and used for the luciferase reporter assay
(Promega), according to the manufacturer’s protocol. The pro-
tein concentration in cell lysates was determined using the Bio-
Rad protein assay.

Plasmids

Plasmids pHA-E1B-AP5wt, pHA-E1B-N-AP5 and pHA-E1B-
AP5SARGG were described previously in [7]; pHA-E1B-AP5APP
was constructed by deleting amino acids (aa) 696 to 716 of E1B-
AP5 using PCR-splicing. pHA-E1B-AP5wt was used as a
template; fragments corresponding to haemagglutinin A (HA)
fused to aa 1 to 696 and aa 716 to 869 were amplified by PCR
with partially overlapping 3" and 5" primers for the N-terminal
and C-terminal fragments, then mixed and used as a template for
second-round PCR. The resulting product, representing HA-
tagged E1B-APS5 lacking the polyproline-rich domain (aa 696 to
716), was cloned in the EcoRI/Xhol sites of pcDNA3 (Invitro-
gen). The same cloning procedure was used to construct
pHA-E1B-AP5ABBS-1 (by the deletion of aa 456 to 497)
and pHA-E1B-AP5ABBS-2 (by the deletion of aa 456 to 594).
pHA-E1B-APS5BBS (BBS denotes BRD7 binding site) was con-
structed by subcloning the PCR-generated E1B-APS5 fragment
corresponding to aa 454 to 611 directly after first 23 aa of the
E1B-APS5 N-terminus. A short N-terminal fragment was left to
optimize the mutant protein’s stability. pHA-hnRNP-U was a
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gift from G. Dreyfuss. For the transcriptional regulation experi-
ments, the following reporter constructs with luciferase driven by
different promoters were used : pGL2control with simian virus 40
(SV40) promoter (Promega); pGL-2basic with minimal fos
promoter (kindly provided by P. Groitl); pXP2 with H2A pro-
moter [12]; pGL2basic with herpes simplex virus thymidine
kinase (HSV-TK) promoter [13]; pGLbasic with E1B-APS5
promoter (kindly provided by P. Groitl); pGL2 basic with AdS5-
EIB promoter [14]. The mouse mammary tumour virus
(MMTV)-luciferase reporter plasmid was a gift from Dr E.
Pfitzner [15]. Histone expression constructs in pGEX-2TI (Phar-
macia) and pET15b (Novagen) were generated by A. Hoffman
and were kindly provided by T. Stammiger.

Yeast two-hybrid screening and cloning of full-length human
BD-containing protein

Yeast two-hybrid analysis was performed according to standard
protocols [16]. The central part of E1B-APS5 corresponding to aa
212 to 732 was used as bait. The yeast strain Y190 containing
pASE1B-AP5-C was transformed with a HeLa cDNA library
in the pACT vector (a gift of S. Elledge). Identification of the
full-length cDNA was performed by using a multiple cell line
Northern blot (Clontech). pSPORT-BRD7 containing full-
length cDNA was obtained from RZPD (Deutsches Ressour-
cenzentrum fiir Genomforschung Primary Database) as clone
DKFZp415C0669Q2. For mammalian expression, pFLAG-
BRD7 was constructed by cloning FLAG-tagged full-length BRD7
between Kpnl and Xbal restriction sites of pcDNA3.
pFLAG-BRD7ABD-1 was cloned in pcDNA3 by PCR splicing
(deletion of BRD7 aa 129 to 237). For bacterial expression,
full-length BRD7 or PCR-generated BRD7ABD-2 (deletion of
BRD7 aa 1 to 375) was cloned between the Smal and Xhol sites
of pGEX-4T-1 (Pharmacia Biotech).

In vitro protein—protein interactions

Glutathione S-transferase (GST) fusion proteins were expressed
in Escherichia coli strain BL21-CodonPlus-RIL (Stratagene).
Protein expression and purification were performed under non-
denaturing conditions as described in [17]. Proteins were eluted
from GST-Sepharose in the presence of 15 mM glutathione,
dialysed overnight at 4 °C against PBS and stored in aliquots at
—80 °C. Amounts of GST-purified proteins and immunoprecipi-
tated proteins were analysed by comparison with BSA standards
using gel electrophoresis followed by protein staining with
Gelcode Blue stain reagent (Pierce).

In vitro translation of proteins was performed according to the
standard protocol (Promega) in the presence of [**S]methionine.
For the in vitro binding assay, 1 ug of GST-fused protein, or
GST alone, and 5 ul of in vitro translation mixture were used.
Binding was performed in 400 xl of DAS00 buffer [1] or ELB
buffer [18]. Protein competition assays were generally performed
as described in [18]. Increasing amounts of in vitro translation
mixture are indicated in the Figure legends. Binding reactions
were supplemented by additional amounts of rabbit reticulocyte
lysate to ensure equal concentrations corresponding to the
maximal amount of in vitro translation mixture used. All binding
reactions were performed at 4 °C for 1.5 h, washed five times in
1 ml of appropriate buffer and analysed by PAGE.

Immunoprecipitation and Western blotting

For analysis of protein—protein interactions, H1299 cells were
transiently transfected with the constructs by the calcium-
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Figure 1 E1B-AP5 represses the basal transcriptional activity of different

promoters

(R) and (C) Histograms of activation values obtained in co-transfection experiments. Luciferase
activities are expressed as a percentage of the corresponding luciferase construct activity in the
presence of empty vector (100%). Results are from at least ten independent experiments;
standard deviations are indicated by the error bars. In all transfections, 0.3 ug of the reporter
luciferase construct was co-transfected with 1.6 g of the expression construct or empty
vector. (A) Luciferase assay after co-transfection of pHA—E1B-AP5 or pHA-hnRNP-U with
different reporter constructs. (B) Diagram of the E1B-AP5 mutants cloned with an HA tag in

phosphate precipitation method, harvested 48 h after transfection
and lysed in immunoprecipitation (IP) buffer [S0 mM Tris/
HCIl, pH 8.0, 150 mM NaCl and 19, (v/v) Nonidet P40].
Cell lysates were pre-cleared with Protein G—Sepharose. Pre-cleared
lysates (200 ug) were incubated overnight with Protein G coupled
to the corresponding antibody in a total volume 1.5 ml, then
washed five times with IP buffer and analysed by Western
blotting. Primary antibodies used were anti-FLAG (Sigma) and
anti-E1B-AP5 4A11 [7]; corresponding secondary antibodies
were purchased from Amersham Biosciences.

Steady-state levels of E1B-APS5 mutants were analysed by
Western blotting using 12CAS (Roche) for the HA-tagged E1B-
APS expression constructs.

Indirect immunofluorescence

H1299 cells were grown on cover slips, transiently transfected
with FLAG-tagged BRD7 by calcium-phosphate precipitation,
and analysed by indirect immunofluorescence 24 h after trans-
fection. All procedures were performed as previously described
in [7]. Antibodies were used at the following dilutions: 1:800 for
anti-E1B-APS rabbit polyclonal serum [1]; 3.5 ug/ml for anti-
FLAG M2 (Sigma); 1:200 for Cy3-conjugated anti-rabbit
(Dianova); 1:3000 for FITC-labelled anti-mouse (Alexa).
Samples were viewed with a Leica Microscope DM at a magnifi-
cation of x2000. Pictures were acquired with a DC500 digital
camera (Leica).

RESULTS
E1B-AP5 is a negative regulator of basic transcription

Since the closest E1B-AP5 homologue, hnRNP-U, was shown to
inhibit basic transcription in transient reporter assays [9], we
analysed the ability of E1B-APS to influence transcription from
different cellular and viral promoters, and compared the E1B-
APS activity with that of hnRNP-U. Both HA-tagged E1B-APS
and hnRNP-U were transiently expressed in H1299 cells together
with a luciferase reporter construct containing promoters for
HSV-TK, fos, SV40, Ad5-E1B, H2A or EIB-AP5. EIB-AP5
repressed the activity of all the promoters tested to between 25 %,
and 659, of the initial level set for cells transfected with empty
vector (Figure 1A). The maximum repression was observed with
the HSV-TK promoter and the minimum with E1B-APS5’s own
promoter. E1B-AP5-dependent repression was generally less
efficient then hnRNP-U-dependent repression, although equal
expression levels of both proteins were confirmed by Western
blotting (Figure 1D), indicating that the effect measured is due to
transcriptional repression and not a toxic effect of protein
overexpression.

In order to analyse the domain of E1B-AP5 involved in
transcriptional repression, several deletion mutants were tested
in a transient reporter assay with HSV-TK, SV40, and Ad5-E1B
promoters. We deleted the Arg-Gly-Gly (RGG) domain, which
is responsible for E1B-APS5 interaction with ribonucleic acid
(results not shown), the polyproline region, which has been widely

the pcDNA3 vector and used in the reporter assays (see the text for details). (G) Luciferase
assay after co-transfection of pHA—E1B-AP5 mutants with different reporter constructs.
(D) Steady-state level of proteins expressed by constructs used in the luciferase assays. H1299
cells were transfected with the indicated pcDNA3-HA expression constructs. Transfection,
propagation and cell harvesting were performed under conditions identical with the reporter
assay. Total cell lysates were analysed by Western blotting with anti-HA monoclonal antibody.
Representative results of three independent experiments are shown. wt, wild-type; PP,
polyproline region; N-AP5, E1B-AP5 lacking the entire C-terminal region.
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Figure 2 E1B-AP5 activates the MMTV promoter in the absence of
dexamethasone

Histograms of activation values obtained in co-transfection experiments. Luciferase activities are
expressed as a percentage of the MMTV promoter activity in the absence of dexamethasone
and co-transfected with empty pcDNA3 vector (100%). Results are from at least 10 independent
experiments; standard deviations are indicated by the error bars. In all transfections, 0.3 zg
of the reporter luciferase construct was co-transfected with 1.6 g of the expression construct
or empty vector. (A) Luciferase assay of pHA—E1B-AP5 or pHA-hnRNP-U co-transfected with
the MMTV—luciferase construct in the presence (Dex + ) or absence (Dex — ) of dexamethasone.
(B) Luciferase assay of pHA—E1B-AP5 mutants co-transfected with MMTV—luciferase construct
in the presence or absence of dexamethasone. See the legend to Figure 1 for details of the
mutants.

demonstrated for many proteins to mediate protein—protein
interactions, and the complete C-terminal part of the protein
(Figure 1B). All constructs were expressed at equal levels (Figure
ID) and showed nuclear localization (results not shown).
Interestingly, deletion of the RGG domain or the polyproline
region modified the repression activity profile of the E1B-APS
derivatives in a promoter-dependent manner, with the N-terminal
part of E1B-APS5 retaining the most consistent E1B-APS5 re-
pression activity (Figure 1C). We concluded that the C-terminal
part of E1B-AP5 contains domains that may have a regulatory
effect on basic transcription repression activity, but that the
domain responsible for this repression is located within the N-
terminal part of E1B-APS.

© 2003 Biochemical Society
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Figure 3 Cloning of E1B-AP5-interacting protein BRD7

(A) Multiple tissue Northern blot analysis with ?P-labelled BRD7-specific probe. Lane 1,
promyeloblastic leukaemia HL-60; lane 2, cervical carcinoma; lane 3, lymphoblastic leukaemia
MULT-4; lane 5, Burkitt's lymphoma (Raji); lane 6, colorectal adenocarcinoma SW480; lane
7, lung carcinoma A549; lane 8, melanoma G361. The specific 2.6 kb fragment is indicated
by the arrow. The mRNA loading control was performed with #-actin probe (results not shown).
(B) Schematic representation of BRD7 protein with indicated boundaries of the BD.

E1B-AP5 transcriptional activity in a dexamethasone-dependent
system

As demonstrated previously, hnRNP-U is not only a repressor of
basic transcription, but its overexpression also interferes with
glucocorticoid-induced transcription [10,11]. Using the GR-
responsive MMTYV promoter we analysed the ability of E1B-APS
to interfere with dexamethasone-induced transcription. An
MMTV-luciferase reporter construct was co-transfected with
HA-tagged E1B-APS or hnRNP-U in H1299 cells. The cells were
grown in FCS-free medium to ensure the absence of glucocort-
icoids, with dexamethasone being added 24 h before cell harvest-
ing. In the absence of dexamethasone, EI1B-AP5 enhanced
MMTV-driven transcription more than 2-fold, while hnRNP-U
repressed the transcription to about 309, of control levels
(Figure 2A). Under dexamethasone stimulation, the activity of
the MMTYV promoter was about four times higher than basal
levels. E1B-APS5 did not work synergistically with dexametha-
sone, but rather exhibited weak repression activity, while hnRNP-
U retained its repression activity on the MMTYV promoter in the
presence of dexamethasone (Figure 2A). Therefore, E1B-APS
may play a dual role in the regulation of MMTV-driven
transcription. In the presence of dexamethasone, E1B-APS
overexpression had the typical effect reflecting basic transcrip-
tional repression. For HSV-TK, SV40, H2A and Ad5-E1B
promoters this effect was independent of the presence or absence
of dexamethasone or FCS in the culture medium (results not
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shown). Apparently, however, a specific mechanism must be
responsible for E1B-AP5 activation of the MMTYV promoter in
the absence of dexamethasone, and mutant analysis revealed
that the region responsible for this activation is located between
aa 453 and 611 of E1B-AP5 (Figure 2B). Based on these results,
we concluded that (i) an unknown E1B-APS5-binding protein
might be involved in specific activation of the MMTV promoter
by E1B-APS, and (ii) the central part of E1B-APS should
mediate such a protein—protein interaction.

Identification of a novel BD-containing protein as an E1B-AP5-
interacting protein

Yeast two-hybrid screening was performed to identify potential
E1B-AP5-interacting partners. A HeLa cDNA library was
screened with pASE1B-AP5 expressing the Gal4 DNA-binding
domain fused to a fragment of E1B-AP5 comprising aa 213 to
732. This fragment covered the region of interest involved in
regulation of transcription as well as providing the stability of
the bait protein in the yeast system. After double histidine//-
galactosidase selection, 16 independent clones were obtained.
The clones were sequenced and database analysis revealed that
eight of these clones contained cDNA with 86 9, similarity to the
cDNA for the mouse BD-containing protein BP75 (GenBank®
accession no. AF084259). Northern blot analysis revealed a full-
length transcript approx. 2.6 kb long that was expressed in all
cell lines tested (Figure 3A). Screening of a human foetal brain
cDNA library (RZPD, created by Bernhard Korn) resulted in
identification of full-length cDNA, which was sequenced and
submitted to the database (GenBank® accession no. AJ271881).
Sequence analysis revealed an open reading frame coding for a
protein with a predicted molecular mass of 74 kDa. A search for
consensus domains resulted in identification of a conserved BD
between aa 129 and 236 (Figure 3B), a typical domain for
mediating interaction with histones (reviewed in [19]). The protein
was named BRD7, corresponding to its official locus name.

Analysis of E1B-AP5—BRD?7 interaction in vitro and in vivo

To analyse the interaction of E1B-AP5 with the novel human BD-
containing protein BRD7, we purified the GST-fused full-length
BRD7 and performed in vitro binding assays. It was found that
invitro translated E1B-APS5 interacted strongly with GST-BRD7
but that the N-terminal part of E1B-APS did not (see Figure 4B,
lanes 1 and 2), while GST alone acted as the negative control.
Prediction of the domain responsible for E1B-AP5 binding to
BRD7 was originally based on which E1B-AP5 mutants were
capable of activating the MMTYV promoter in the absence of
dexamethasone (Figure 2B), leading to our guess that the binding
site was located between aa 453 and 611. To actually map the
E1B-APS region that mediates the interaction with BRD7,
two E1B-APS mutants with deletions of aa 456 to 497 (E1B-
APSABBS-1) and aa 456 to 594 (E1B-AP5SABBS-2) were generat-
ed and analysed by in vitro binding assays (Figure 4A). Both
mutants showed dramatically reduced binding activity (Figure

Figure 4 In vitro analysis of the E1B-AP5—-BRD7 complex

(R) Diagram of E1B-AP5 mutants used to analyse the interaction with BRD7. (B and C) Binding
of /n vitro translated wild-type E1B-AP5 (E1B-AP5wt) and various deletion mutants to bacterially
expressed GST-fused BRD7. Each /n vifro translation mixture (5 pl) was used as indicated.
GST-BRDY7 lanes: purified GST-fused BRD7 was used in the binding reaction; GST lanes:
purified GST was used as a negative control. (D) Binding of /n vifro translated BRD7wt or mutant
to bacterially expressed GST—E1B-APS. Aliquots of 5 xl of in vitro translated BRD7 or BRD7
lacking the BD (BRD7ABD-1) were used as indicated. Lanes 1 and 2, GST—E1B-AP5 was used
in the binding reaction; lanes 3 and 4, GST was used as a negative control.

© 2003 Biochemical Society
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Figure 5 In vivo interaction of E1B-AP5 with BRD7

(A) Immunofluorescence analysis of protein co-localization in H1299 cells. The red colour
corresponds to endogenous E1B-AP5, the green colour corresponds to the transiently
transfected FLAG-tagged BRD7. The yellow colour indicates protein co-localization. (B) Control
of expression level for the transiently transfected FLAG-tagged BRD7 or BRD7ABD-1. H1299
cells were transfected with empty vector (lanes 1 and 4), pFLAG—BRD7 (lanes 2 and 5) or
pFLAG—BRD7ABD-1 (lanes 3 and 6). The amount of the FLAG-tagged protein in the soluble
fraction (lanes 1-3) and pellet (lanes 4—6) after lysis in IP buffer is presented. (C) Co-
immunoprecipitation of BRD7 with E1B-AP5. Transfection was performed as described in
(B). Immunoprecipitation was performed with anti-E1B-AP5 4A11 monoclonal antibody
(lanes 1-3) and non-specific antibody (lanes 4—6). Co-precipitated proteins were detected by
Western blotting with anti-FLAG monoclonal antibody.

4B). To confirm this, we generated an E1B-AP5 mutant protein
containing a short N-terminal fragment fused to the BRD7-
binding site (E1B-AP5BBS, Figure 4A). The first 23 aa on the
N-terminus provided equal stability for the fragment and
full-length protein (results not shown). Both full-length E1B-APS5,
as well as its BBS fragment, interacted strongly with GST-BRD7
(Figure 4C). Conversely, using GST-purified E1B-AP5 and
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Figure 6 E1B-AP5 can bind to BRD7 simultaneously with histones

(R) Binding of histones to BRD7 requires its BD. /n vitro translated histones were incubated
as indicated with purified GST-BRD7 (lanes 1—4) or mutant GST-BRD7 ABD-2 lacking the BD
(lanes 5-8). (B) E1B-AP5 does not compete with histone for binding to GST-BRD7. Aliquots
of 5 ul of in vitro translated histone H3 were used in each reaction. Increasing volumes of in
vitro translated pHA—E1B-AP5wt supplemented with rabbit reticulocyte lysate to a final volume
of 40 gl were used as follows: lane 2, 2 ul; lane 3, 5 ul; lane 4, 10 xl; lane 5, 20 ul; lane
6, 40 l. Negative controls were designed as follows: lane 1, 40 ! of rabbit reticulocyte lysate;
lane 7, 40 pl of in vitro translated pHA—E1B-N-APS.

in vitro translated BRD7 and BRD7 lacking the BD
(BRD7ABD-1), we demonstrated that the BD of BRD7 is not
involved in complex formation with E1B-APS5 (Figure 4D).

To examine further the interaction of E1B-APS and BRD7 in
vivo, we analysed their co-localization in mammalian cells. H1299
cells growing on coverslips were transiently transfected with
FLAG-tagged BRD7 and subjected to an indirect immuno-
fluorescence assay. Fixed cells were incubated with a mixture of
rabbit polyclonal anti-E1B-AP5 and mouse monoclonal anti-
FLAG antibodies and then stained by a combination of
Cy3-conjugated anti-rabbit and FITC-conjugated anti-mouse
antibodies (Figure 5A). Endogenous E1B-APS is stained red
and overexpressed FLAG-BRD7 is stained green. Overlaying
identical red- and green-stained cells resulted in a yellow colour
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Figure 7 Deletion of the BRD7 binding site increases the transcriptional
repression activity of E1B-AP5

(A) and (B) Histograms of activation values obtained in co-transfection experiments. The
luciferase activity is expressed as a percentage of the respective luciferase construct activity
in the presence of empty vector. Results are from at least ten independent experiments;
standard deviations are indicated by the error bars. In all transfections, 0.3 ug of the reporter
luciferase construct was co-transfected with 1.6 «g of the expression construct or empty
vector. (A) Luciferase assay after co-transfection of pHA—E1B-AP5wt or mutant with the
indicated reporter constructs. (B) Luciferase assay after co-transfection of pHA—E1B-AP5wt or
mutant with the MMTV—Iluciferase reporter construct in the absence (Dex—) or presence
(Dex +) of dexamethasone. (C) Steady-state protein level expressed by constructs used in the
luciferase assay. H1299 cells were transfected with indicated pcDNA3-HA expression
constructs. Transfection, propagation and cell harvesting were performed under conditions
identical with the reporter assay. Total cell lysates were analysed by Western blotting with an
anti-HA monoclonal antibody. Representative results of three independent experiments are shown.

at the sites of protein co-localization. Significant amounts of
E1B-AP5 and BRD7 co-localize in the nucleus. The presence
of green and red structures indicates that some portion of each
protein does not form complexes with the other. We also observed
that deletion of the BD changed the localization of BRD7 to
being more granular, with no significant co-localization with
E1B-APS (results not shown).

Our attempts to immunoprecipitate transiently expressed
BRD7 demonstrated that more than 90 9%, of the protein remains
associated with the non-soluble fraction after lysis in the IP
buffer (Figure 5B). However, a small amount of FLAG-tagged
BRD7, as well as BRD7ABD-1, was co-precipitated with E1B-
APS from transiently transfected H1299 cells (Figure 5C). The
fact that the amount of in vivo co-immunoprecipitated BRD7 did
not change after the deletion of the BD was consistent with our
in vitro observation that the BD of BRD7 is not involved in
complex formation with E1B-AP5.

Interaction of BRD7 with histones

A BD is present in several proteins involved in transcriptional
regulation and chromatin remodelling (reviewed in [19,20]).
Structural studies have revealed the role of the BD in specific
recognition of histone tails [21,22]. We analysed the ability of
BRD7 to form a complex with histones in vitro using bacterially
purified GST-fused BRD7 and in vitro translated histones.
Histones H2A, H2B, H3 and H4 were found to bind to GST-
BRD?7 with similar affinity and the binding was dramatically
decreased after deletion of the BD (Figure 6A). An in vitro
competition experiment was designed to investigate whether or
not E1B-AP5 can compete with histones for binding to BRD7.
GST-fused BRD7 was incubated with constant amounts of
in vitro translated histone (H3) and increasing amounts of in vitro
translated E1B-AP5. A 10-fold excess of E1B-APS in the reaction
mix did not affect the BRD7-histone binding (Figure 6B),
suggesting that E1B-APS5 does not interfere with the binding of
histones to BRD7. The ability of E1B-APS, BRD7 and histones
to form a complex in vitro correlates with the conclusion derived
from our in vitro binding studies suggesting that E1B-APS5 and
histones use different domains of BRD7 for complex formation.

The transcriptional repression activity of E1B-AP5 is negatively
regulated by binding to BRD7

Since the observed dual role of E1B-APS5 in transcriptional
regulation had led to the discovery of BRD7, we wanted to
analyse the role of the BRD7-E1B-APS complex formation in
basic and dexamethasone-dependent transcription systems. E1B-
AP35, and mutants E1B-AP5ABBS-1 and E1B-AP5ABBS-2 with
dramatically decreased binding to BRD7, were co-transfected
with luciferase reporter constructs containing SV40, HSV-TK
and AdS-E1B promoters. Deletion of the BRD7 binding site
increased the ability of E1B-APS5 to repress basic transcription
2-5-fold (Figure 7A), whereas the steady-state level of E1B-APS
was not affected (Figure 7C).

The same E1B-APS mutants were analysed in the dexametha-
sone-dependent system using the MMTV-promoter-driven lu-
ciferase construct. Deletion of the E1B-AP5 region mediating the
complex formation with BRD7 converted E1B-AP5 from an
MMTV-promoter activator into a potent repressor. In the
absence of dexamethasone, E1B-AP5wt activated the MMTV
promoter about 2.5-fold, whereas both deleted-BRD7-binding-
site mutants repressed promoter activity about 10-fold (Fig-
ure 7B). The repression activity of EI1B-APSABBS-1 and
E1B-AP5ABBS-2 in the presence of dexamethasone was also
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increased about 10-fold in comparison with that of E1B-AP5Swt.
Summarizing the results of the different reporter systems, we
conclude that deletion of the region of E1B-APS5 mediating its
interaction with BRD7 increased the transcriptional repression
ability of EIB-APS5, and that the strength of this effect is
promoter-specific.

DISCUSSION

mRNA metabolism is a complex process starting with mRNA
transcription and processing in the nucleus, followed by speci-
fically regulated transport to the cytoplasm, and subsequent
translation and degradation. It had widely been assumed that the
molecular machinery responsible for each step of mRNA metab-
olism in the nucleus functions independently. However, an
increasing amount of evidence indicates that mRNA transcrip-
tion, capping, polyadenylation and splicing are not distinct
events, but rather are orchestrated by the CTD of Pol II (reviewed
in [23]). The discovery of multiple intimate links between Pol II
and other groups of nuclear proteins formed to co-ordinate such
nuclear events recently evoked great interest. In particular, several
hnRNPs were found to be associated with Pol II [9,24-26].
The hnRNP family comprises a wide group of proteins with RNA-
binding activity and is involved in all steps of mMRNA metabolism.
Functional relationships between hnRNP-U and Pol II were
described in detail, showing that hnRNP-U, well known as a
scaffold-attachment factor [8], may inhibit transcriptional elonga-
tion by interfering with Pol II CTD phosphorylation [9]. The
highly similar hnRNP protein, E1B-APS, was first identified as a
target of the early adenoviral E1B-55 kDa protein involved in
modulation of the host cell’'s mRNA balance. EIB-AP5 was
postulated to act at the step of nuclear—cytoplasmic mRNA
transport [1,27]. Since a transcriptional repression function for
the closely related E1B-AP5 analogue hnRNP-U was identified,
we decided to investigate the role of E1B-APS in the regulation
of transcription.

Using transient reporter assays, we demonstrated that E1B-
APS5 acts as a transcriptional repressor with promoter-dependent
strength, although E1B-AP5 was less efficient at repressing basal
transcription than hnRNP-U. In addition, hnRNP-U specifically
represses GR-driven transcription [10,11]. Interestingly, we could
demonstrate that, in the case of the glucocorticoid-dependent
MMTYV promoter, E1IB-AP5 acts as an hnRNP-U antagonist,
activating the MMTV promoter in the absence of dexametha-
sone. The activating effects of E1B-AP5 and dexamethasone
were not additive; rather, E1B-APS5 had a weak repressive effect
on the dexamethasone-activated MMTV promoter, suggesting
that dexamethasone and E1B-AP5 may compete for the same
limiting factor to activate the MMTV promoter. The slight
repressive effect of E1B-APS on GR-driven transcription differed
dramatically from the strong hnRNP-U-dependent repression,
whereas E1B-APS mutant analysis indicated that different E1B-
APS5 domains are responsible for the basic transcription re-
pression and MMTV-promoter activation.

To elucidate the mechanism of the latter process in more
detail, our search for an E1B-AP5-interacting protein identified a
novel BD-containing protein, BRD7, as an E1B-AP5-interacting
partner. The E1B-AP5-BRD7 protein—protein interaction, con-
firmed in vivo by co-immunoprecipitation and co-localization
experiments and in vitro by mutant analysis, was independent of
the BD. However, in vitro experiments showed that BRD7 binds
to histones through its BD. This agrees with the findings of other
groups, demonstrated for several proteins, that the conserved
BD is responsible for the interaction with transcriptionally active
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chromatin, and, in particular, for binding to acetylated lysine in
histone tails [21,28-31].

The location of the E1B-APS region mediating the interaction
with BRD?7 in the central part of the protein correlated well with
the initial observation that the E1B-APS5 central region is required
for the MMTV-promoter activation in the absence of dexametha-
sone. In fact, deletion of the BRD7-binding region in E1B-AP5
turned E1B-APS5 from an activator of the MMTYV promoter into
a strong repressor, as well as increasing the repression activity
of EI1B-APS in basal transcriptional processes. The ability of
hnRNP-U to bind BRD7 in vitro (results not shown) suggests
that the formation of an E1B-AP5-BRD7 complex is necessary,
but not sufficient, for the activation of the MMTYV promoter, and
further identification of other regulatory factors would be
required to explain the antagonistic action of E1B-AP5 and
hnRNP-U on the activity of glucocorticoid-dependent pro-
moters.

Binding of hnRNPs to BD-containing proteins indicates the
presence of a novel link involved in co-ordinating nuclear events.
In parallel with our study, BRD7 was identified by another
research group as an interacting partner of the transcription
factor interferon regulatory factor 2 [32]. BRD7 (Celtix-1) was
shown to be associated with active chromatin and a hyperphos-
phorylated form of Pol II. A model can be proposed where
BRD7 recognizes the active chromatin by interacting with
acetylated histones and subsequently forms a complex with
hnRNPs (E1B-APS5, hnRNP-U). This complex formation then
interferes with hnRNP-mediated inhibition of Pol II CTD
hyperphosphorylation, allowing efficient transcription. Since
E1B-APS and hnRNP-U are involved in further mRNA metab-
olism, the function of BRD7 as a factor coupling chromatin
activation and mRNA processing can be proposed. The positive
regulatory role of an E1B-AP5-BRD7 complex in glucocorticoid-
dependent transcription and the identification of BRD7 as an
interacting partner of interferon regulatory factor-2 suggest that
BRD7-hnRNP complex formation may be a specifically regu-
lated mechanism in ligand-stimulated transcription. The in-
triguing question would be to investigate the role of E1B-APS
and hnRNP-U in interferon-dependent transcription.

Our study reveals new facts that complement our understanding
of adenovirus—host cell interactions. The ability of adenoviruses
to target crucial host cell regulatory proteins is well documented
[33,34]. A number of functions for the adenovirus protein E1B-
55 kDa have already been described [27]. One of these functions
is transcriptional repression [35]. E1B-55kDa has no DNA-
binding domain and must therefore be targeted to the promoter
to exert its repression activity [36,37]. It was proposed that this
transcriptional repression requires an unknown cellular factor as
well as the existence of a co-repressor that does not belong to the
Pol IT holoenzyme, but is associated with the Pol II complex [38].
E1B-APS forms a stable complex with E1B-55 kDa during the
early and late phases of lytic adenovirus infection [1]. Our
discovery that E1B-APS5 represses transcription implies that E1B-
APS is one of the co-factors required for E1B-55 kDa-mediated
repression of basic transcription. This is supported by the
observation that E1B-AP5-mediated transcriptional repression is
specifically increased in the presence of E1B-55 kDa (results not
shown). Investigations into possible E1B-AP5 association with
the Pol II complex will be required to support this hypothesis.

In summary, we propose that the role of E1B-APS5 is to
contribute to the regulation of basic and ligand-induced tran-
scription. E1B-AP5 is a component of highly co-ordinated
nuclear processes and its complex formation with BRD7 may
link chromatin events with mRNA processing. The identification
of further protein complex components, as well as unravelling
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the mechanism of how adenovirus taps into the cellular tran-
scription machinery, will certainly lead to a better understanding
of transcription regulation in the cell in general.
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