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Retroviral integrase (IN) proteins catalyze the permanent integration of proviral genomes into host DNA with the help of cellu-
lar cofactors. Lens epithelium-derived growth factor (LEDGF) is a cofactor for lentiviruses, including human immunodeficiency
virus type 1 (HIV-1), and targets lentiviral integration toward active transcription units in the host genome. In contrast to lenti-
viruses, murine leukemia virus (MLV), a gammaretrovirus, tends to integrate near transcription start sites. Here, we show that
the bromodomain and extraterminal domain (BET) proteins BRD2, BRD3, and BRD4 interact with gammaretroviral INs and
stimulate the catalytic activity of MLV IN in vitro. We mapped the interaction site to a characteristic structural feature within
the BET protein extraterminal (ET) domain and to three amino acids in MLV IN. The ET domains of different BET proteins
stimulate MLV integration in vitro and, in the case of BRD2, also in vivo. Furthermore, two small-molecule BET inhibitors, JQ1
and I-BET, decrease MLV integration and shift it away from transcription start sites. Our data suggest that BET proteins might
act as chromatin-bound acceptors for the MLV preintegration complex. These results could pave a way to redirecting MLV DNA
integration as a basis for creating safer retroviral vectors.

Retroviruses depend on the virally encoded IN proteins to fa-
cilitate stable insertion of their reverse-transcribed genomes

into host cell chromosomes. INs recognize the attachment (att)
sites at the ends of long terminal repeats (LTRs) in viral DNA to
carry out two sequential enzymatic reactions. In the first reaction,
referred to as 3= processing, IN removes dinucleotides from the 3=
ends of viral DNA to expose the 3= OH groups attached to the
invariant CA dinucleotides. In the second reaction, DNA strand
transfer, IN inserts the processed 3= termini into opposing strands
of the host chromosomal DNA via a transesterification mecha-
nism (1, 2). Host cell enzymes complete the process by repairing
the single-stranded gaps on both sides of integrated viral DNA.
Consequently, the resulting provirus is flanked by short duplica-
tions of the target DNA sequences. The duplication size appears to
be retroviral genus specific, being 5 bp for human immunodefi-
ciency virus type 1 (HIV-1) and 4 bp for murine leukemia virus
(MLV) (3–5). The terminal cleavage and strand transfer steps can
be observed in vitro with purified recombinant retroviral IN and
DNA substrates, demonstrating that IN alone is sufficient to carry
out these reactions (3, 6).

Retroviral IN consists of three structural domains (reviewed in
reference 7). The N-terminal domain (NTD) contains the zinc
binding HHCC motif, and a highly conserved catalytic core do-
main (CCD) contains the essential active site Asp, Asp, and Glu
(D, D-35-E motif) residues, which are directly involved in the
catalytic activities of IN. The C-terminal domain (CTD) is least
conserved (8–11). Mounting evidence suggests that IN functions
as a tetramer (12–15). Recent crystal structures of the prototype
foamy virus (PFV) IN bound to its viral and host DNA substrates
revealed that all three IN domains participate in tetramerization
and interactions with viral DNA (16, 17).

Retroviral integration into cellular DNA does not occur in a
random manner with respect to various genomic features (re-
viewed in reference 18). HIV-1 and other lentiviruses show a re-

markable preference for integration within active transcription
units (19). In contrast, MLV, a gammaretrovirus, preferentially
integrates near transcription start sites and CpG islands, features
that are largely avoided by HIV-1 (20, 21). The remaining retro-
viral genera show other, albeit far less contrasting, integration pat-
terns (22). Integration site selection of HIV-1 and other lentivi-
ruses was shown to depend on the cellular protein lens
epithelium-derived growth factor (LEDGF) (reviewed in refer-
ence 23). The IN binding domain (IBD) located within the C-ter-
minal region of LEDGF mediates its interactions with HIV-1 and
other lentiviral INs (24–26). LEDGF associates with chromatin via
its N-terminal PWWP domain, which selectively binds to nucleo-
somes containing H3 trimethylated on Lys36 (27, 28), an epige-
netic mark associated with bodies of transcription units (29). In
cells depleted of LEDGF/p75, HIV-1 integration and replication
were significantly affected, while the residual HIV-1 integration
sites were less enriched in transcriptional units (30–32). Further-
more, it was possible to retarget HIV-1 integration by chimeric
proteins containing the IN binding domain (IBD) of LEDGF/p75
and alternative chromatin binding domains (33–35).

Several cellular proteins, including transcription factors and
chromatin and RNA binding proteins, were recently identified as
potential interaction partners for MLV IN (36). This diverse
group of proteins included BRD2, a member of the bromodomain
and extraterminal domain (BET) family of chromatin binding
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proteins (37). Five mammalian BET family members are known:
BRD2/RING3, BRD3/ORFX, BRD4 (includes two splice variants,
a short variant termed BRD4/HUNK-1 and a long variant, BRD4/
MCAP), and BRD6/BRDT (specifically expressed in testes). BRD2
serves as a transcriptional activator and is ubiquitously expressed
in all tissues (38, 39). BRD2 localizes throughout the cell in resting
cells, whereas mitogen treatment induces its nuclear localization
(40). BRD2, and likely other BET proteins, acts as a scaffold on
chromatin to recruit E2F proteins, histone deacetylases (HDACs),
histone H4-specific acetyltransferase (HAT), and proteins in-
volved in chromatin remodeling (41–43). BET proteins bind to
acetylated histone tails via their bromodomains (44, 45). The
structures of BRD2 bromodomains BD1 and BD2 have been
solved in association with H4 acetylated on Lys-5 and -12 (46, 47).
Recently, small-molecule inhibitors of BET proteins (I-BET and
JQ1) have been developed that disrupt the binding interface be-
tween the bromodomain and the acetylated lysine groups on
chromatin (48–51). In addition to two N-terminal bromodo-
mains, BET proteins also contain a highly conserved C-terminal
ET domain. The structure of the ET domain, known to be a pro-
tein-protein interaction motif, has been determined (52–54).

Some viruses exploit cellular BET proteins for different aspects
of their life cycle (reviewed in reference 55). Thus, human papil-
lomaviruses (HPVs) use BET proteins as cellular adaptors to an-
chor their genomes to mitotic chromosomes (56). In addition, the
HPV E2 protein, required for virus episome maintenance and
transcription, interacts with BRD4 to enable both transcriptional
activation of E2 target genes (57–59) and repression of oncogenic
E6 and E7 genes (60, 61). We and others showed that BRD2,
BRD3, and BRD4 interact with Kaposi’s sarcoma-associated
herpesvirus (KSHV)-encoded latent nuclear antigen 1 (LANA-1)
and may contribute to LANA-1-regulated transcription and
KSHV episomal maintenance (54, 62–64). Similarly, mutations
introduced into the BRD2 and BRD4 binding site on the murine
gammaherpesvirus 68 (MHV-68) Orf73 protein, the functional
homologue of KSHV LANA-1, compromise promoter transacti-
vation of several cyclin genes such as cyclins D1, D2, and E (65). It
has been proposed that Epstein-Barr virus (EBV)-encoded EBV
nuclear antigen 1 (EBNA-1), a functional homologue of KSHV
LANA-1 that is required for EBV episomal maintenance, transfor-
mation, and latency, may also interact with BRD4 (66).

In this study, we show that the ET domains of BRD2/RING3,
BRD3/ORFX, and BRD4/HUNK-1 physically and functionally in-
teract with gammaretroviral INs. We mapped the interactions us-
ing mutagenesis approaches and found that BRD ET domains
stimulate MLV integration in vitro. We also show that BET inhi-
bition by the bromodomain inhibitors I-BET and JQ1 reduces
MLV integration in vivo and shifts the MLV integration site pref-
erence away from cellular transcription start sites. While the man-
uscript was being prepared, another group reported similar find-
ings (67). Taken together, these two studies indicate that cellular
BET proteins act as cofactors for gammaretroviral integration.

MATERIALS AND METHODS
DNA constructs for expression in human cells. Plasmids for the expres-
sion of pEGFP-BRD2 and pEGFP-BRD4 were described previously (64).
Primer sequences used in this work are listed in Table 1. The following
site-directed mutations were introduced into pEGFP-BRD2 using the
QuikChange procedure (Stratagene): E682A/E683A/E685A, D687A/
E689A, R648A/N655A/L662E, L676A/S679A, R648A/N655A/L676A/

S679A, R648A, N655A, L662E, D687A, E689A, F688Y, S651E, S651N, and
S651K. Synthetic genes encoding various retroviral INs, codon optimized
for mammalian expression, were synthetized by GeneArt, Regensburg,
Germany. To generate murine leukemia virus (MLV), feline leukemia
virus (FeLV), Mason-Pfizer monkey virus (MPMV), and prototype foamy
virus (PFV) IN expression constructs, the corresponding open reading
frames (ORFs) including C-terminal FLAG tags were PCR amplified using
the following primer sets (Table 1): pQMLV-INS-FLAG, PC594 and
PC595; pQFeLV-INS-FLAG, PC596 and PC595; pQMPMV-INS-FLAG,
PC654 and PC655; pQPFV-INS-FLAG, PC656 and PC655. The PCR
products were digested with NotI and EcoRI (pQMLV-INS and pQFeLV-
INS) or NotI and BamHI (pQMPMV-INS and pQPFV-INS) and then
ligated into a similarly digested retroviral vector, pQCXIP (Clontech). To
construct pQHTLV-1-INS-FLAG, a PCR fragment was obtained using
primers PC632 and PC633 and reamplified using primers PC632 and
PC595, digested with NotI and EcoRI, and ligated into the NotI and EcoRI
sites of pQCXIP. To construct pQBLV-INS-FLAG, the same procedure
was carried out using primers PC630 and PC631 followed by a second
PCR using primers PC630 and PC595. The construct pCEP-INSalaFLAG
was used to express FLAG-tagged HIV-1 IN (68).

To clone FLAG-tagged deletion constructs for MLV IN, IN fragments
were PCR amplified from pQMLV-INS-FLAG plasmid using the follow-
ing primer pairs: IN(110-409) (�NTD), SG1 and PC595; IN(160-409)
(�CCD), SG2 and PC595; IN(1-278) (�CTD), PC594 and SG3; IN(160-
359) (�CCD � �CTD), SG2 and SG4. The resulting PCR products were
then digested with NotI and EcoRI and ligated into NotI- and EcoRI-
digested pQCXIP. To construct pcDNA-MLV-INS-FLAG, the insert was
removed from pQMLV-INS-FLAG by digestion with NotI and EcoRI and
ligated into NotI and EcoRI sites of pcDNA3.1 vector (Invitrogen). The
following alanine mutations were generated in pcDNA-MLV-INS-FLAG
using the QuikChange mutagenesis procedure: S239A/R240A/D241A,
G261A/L262A/T263A, P264A/Y265A/E266A, I267A/L268A/Y269A, S239A,
R240A, D241A, G261A, L262A, T263A, P264A, Y265A, E266A, I267A,
L268A, and Y269. To construct p189-MLV-IN for the expression of MLV
IN with an mCherry tag at the C terminus, a PCR fragment obtained using
primers SG5 and SG6 was digested with AgeI and KpnI and cloned into
the similarly digested lentiviral vector p189 (a kind gift from Benno
Woelk, MHH). The retroviral vector pQFLAG-puro was described previ-
ously (69). For cloning of the MLVg/p-IN-HA construct, an NcoI-HA-
4�His-Stop-NotI-PCR product was generated with primers TM1 and
TM2, digested with NcoI/NotI, and ligated into the pcDNA3.MLVg/
p-INGFP SfiI/NotI- and SfiI/NcoI-digested backbone via a three-frag-
ment ligation, thereby replacing the green fluorescent protein (GFP)-
encoding sequence at the end of the integrase with the hemagglutinin
(HA) tag. The sequence of the HA tag was verified by sequencing. The
construct pcDNA3.MLVg/p-INGFP has been described before (70).

DNA constructs for bacterial protein expression. To produce MLV
IN with a removable N-terminal hexahistidine (His6) tag, MLV IN, am-
plified using primers PC524 and PC525, was digested with BamHI and
ligated into pCPH6P-BIV-IN (24) digested with SmaI and BamHI, replac-
ing the original insert. The plasmid pKB-IN6H used for the bacterial
expression of HIV-1 IN with a C-terminal His6 tag and the plasmids for
the production of C-terminally His6-tagged INs (HIV-2, bovine immu-
nodeficiency virus [BIV], equine infectious anemia virus [EIAV], FeLV,
MPMV, human T-lymphotropic virus type 1 [HTLV-1], human spuma-
retrovirus type 2 [HSRV-2], feline immunodeficiency virus [FIV], visna
virus, and simian immunodeficiency virus [SIV]) have been described
previously (24, 26). To generate pGST-BRD2(641–710), the fragment was
PCR amplified from the pEGFP-BRD2 plasmid using primers GM36 and
GM37. The resulting PCR product was digested with BamHI and XhoI
and ligated into BamHI/XhoI-digested pGEX-6P3. The following
point mutations were generated in pGST-BRD2(641–710) using the
QuikChange mutagenesis protocol: D687A/E689A, L662E, F688Y, and
S651E. The construct GST-BRD4(607–722) (64), as well as the pGST-
LEDGF/p75(347– 471) fusion construct, have been described previously
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(25). Unmodified pGEX-6P3 was used to produce glutathione S-trans-
ferase (GST) as a control for pulldown experiments.

Cell transfection and coimmunoprecipitation. HEK293T cells were
cultured in Dulbecco’s modified Eagle’s medium (Gibco) supplemented
with 10% fetal calf serum (FCS) (Gibco), 50 IU/ml penicillin, and 50
�g/ml streptomycin (Cytogen) at 37°C in 5% CO2 and a humidified at-
mosphere. Cells grown to 80% confluence in six-well plates were trans-
fected with 1 �g of plasmid expressing FLAG-tagged avian sarcoma leu-
kosis virus (ASLV) IN, MPMV IN, MLV IN, FeLV IN, BIV IN, HTLV IN,
HIV-1 IN, and MLV IN deletion or point mutants as described above,
along with pEGFP-BRD2, pEGFP-BRD4, or pEGFP-BRD2 point mutants
using FuGENE 6 according to the instructions of the manufacturer
(Promega). Cells were lysed 48 h after transfection in 300 �l of 150 mM
NaCl, 25 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 10 mM dithiothreitol
(DTT), 0.5% (vol/vol) NP-40 in the presence of protease inhibitors. For
immunoprecipitation, lysates (250 �l) precleared with 15 �l of protein A

Sepharose beads (GE Healthcare) were incubated with 20 �l rabbit poly-
clonal anti-GFP antibody (Clontech) bound to protein A Sepharose
beads. After 24 h of rocking at 4°C, the beads were washed eight times in
extraction buffer and bound proteins were eluted in 20 �l of SDS-PAGE
sample buffer. Cell extracts and immunoprecipitates were analyzed by
Western blotting using monoclonal anti-GFP J1 (Clontech) or anti-FLAG
M2 (Sigma-Aldrich).

Generation of stable cell lines expressing BRD2 C-terminal domain.
To express a FLAG-tagged BRD2 fragment, BRD2(640–801) was PCR am-
plified from pEGFP-BRD2 using primers SG7 and SG8, digested with BamHI
and EcoRI, and ligated with similarly digested pQFLAG-puro. Stably express-
ing cell lines were made by transient transfection of HEK293T cells using
FuGENE 6 (Promega) with retroviral vectors pQ-BRD2(640-801)-FLAG-
puro and pQFLAG-puro. The cells were selected with 2.5 �g/ml puromycin,
and individual clones were selected on the basis of expression by Western
blotting using anti-FLAG M2 antibody (Sigma-Aldrich).

TABLE 1 Primer sequences used to construct plasmids described in Materials and Methodsa

Primer
name Sequence (5= OH-) Description

PC524 GGGATAGAAAAATTCATCACCCTACACC Sense (S) MLV IN to recreate SmaI site
PC525 GCGTGGATCCTTAGGGGGCCTCGCGGGTTAACCTTATTTTTAAGG Antisense (AS) MLV IN-BamHI
PC594 GCCAGCGGCCGCAGACACCATGGCGATCGAGAACAGCAGCCCCTACAC (S) NotI-Kozak-MetAlaMLVsynthIN
PC595 GCCAGAATTCATCACTTGTCGTCGTCGTCCTTGTAGTC (AS) Stop-Stop-EcoRI-FLAG-synth
PC596 GCCAGCGGCCGCAGACACCATGGCGCCACAGAGCTGATCGAGGG (S) NotI-Kozak-MetAlaFeLVsynthIN
PC654 GCCAGCGGCCGCAGACACCATGGCGAGCAACATCAACACCAACCTGGAAAGC (S) NotI-Kozak-MetAlaMPMVsynthIN
PC655 GCGTGGATCCTCACTTGTCGTCGTCGTCCTTGTAGTC (AS) Stop-BamHI-FLAG-synth
PC656 GCCAGCGGCCGCAGACACCATGGCGTGCAACACCAAGAAGCCCAACCTGGAC (S) NotI-Kozak-MetAlaPFVsynthIN
PC632 GCCAGCGGCCGCAGACACCATGGCGCAGCTGAGCCCTGCCGACCTGC (S) NotI-Kozak- MetAlaHTLV-1synthIN
PC633 GTCGTCGTCGTCCTTGTAGTCGCCGTGGTGCTGGTGGTCC (AS) HTLV-1 IN with part of FLAG tag
PC630 GCCAGCGGCCGCAGACACCATGGCGCTGGAAACCCCGAGCAGTGG (S) NotI-Kozak-MetAlaBLVsynthIN
PC631 GTCGTCGTCCTTGTAGTCGCCGTCGCTGCTTCTGTTGTGG (AS) BLV IN with part of FLAG tag
SG1 GCCAGCGGCCGCAGACACCATGGCGCAGGGCACAAGAGTGCGGGGCC (S) NotI-Kozak-MetAlaMLVIN dNTD
SG2 GCCAGCGGCCGCAGACACCATGGCGACCGCCAAGGTGGTGACCAAG (S) NotI-Kozak-MetAlaMLVIN dCCD
SG3 GCCAGAATTCTCACTTGTCGTCGTCGTCCTTGTAGTCGCCTCTGTCCAGCTGTTCCTG

GTAGGC
(AS) Stop-EcoRI FLAG-MLV IN dCTD

SG4 GCCAGAATTCTCACTTGTCGTCGTCGTCCTTGTAGTCGCCAGGGGTGGTCAGCAGCAC
GGTGTAAGGTCC

(AS) Stop-EcoRI FLAG-MLV IN dCCD�CTD

SG5 ACAACCGGTAGACACCATGGCGATCGAGAACAGCAGCCCCTACACC (S) AgeI-Kozak-MetAlaMLVIN
SG6 ACAGGTACCGCCAGGGGCCTCTCTGGTCAG (AS) KpnI-MLV IN
SG7 GCATGGATCCAGGCCCATGAGTTACGATGAGAAGCGGCAG (S) BamHI-BRD2(640–801)
SG8 GCCAGAATTCGCCTGAGTCTGAATCACTGGTGTCTGAAGACGA (AS) EcoRI-BRD2(640–801)
SG9 GATTGACTACCCGTCAGCGGGGGTCTTTCA
SG10 AATGAAAGACCCCCGCTGACGGGTAGTCAATC
GM36 GAGGGATCCCCCATGAGTTACGATG (S) BamHI-BRD2(641–710)
GM37 GGCCCTCGAGTCATTTCTTACGTAGGCAGG (AS) XhoI-BRD2(641–710)
TM1 GCCCATGGTGTACCCATACGACGTACCAGATTACGCTCACC (S) NcoI-HA
TM2 ATGCGGCCGCTCAGTGGTGGTGGTGAGCGTAATCTGGTACGT (AS) NotI-Stop-HA
TM3 GAGGAGTTGTGGCCCGTTGT (S) PRE
TM4 TGACAGGGTGGTGGCAATGCC (AS) PRE
TM5 GTCTCCATTCCCTATGTTCATGC (S) PTBP2
TM6 GTTCCCGCAGAATGGTGAGGT (AS) PTBP2
MG1 CCTCGATTGACTGAGTCGC (S) MLV-SF11
MG2 GAGACCCTCCCAAGGATCAG (AS) MLV-SF11
MG3 CAAATCTCGGTGGAACCTCCA (AS) MLV-PBS
TM7 GAACCCACTGCTTAAGCCTCA LV-SIN-LTR-I
TM8 CGCTAGCGATATCGAATTCAC GV-SIN-LTR-I
TM9 AGCTTGCCTTGAGTGCTTCA LV-SIN-LTR-II
TM10 AGCGATATCGAATTCACAACC GV-SIN-LTR-II
TM11 GACCCGGGAGATCTGAATTC OC1
TM12 CCATCTCATCCCTGCGTGTCTCCGACTCAGXXXXXXXXAGTAGTGTGTGCCCGTCTGT LV-SIN-BC-LTR-III
TM13 CCATCTCATCCCTGCGTGTCTCCGACTCAGATCGCGTACCCAATAAAGCCTCTTGCTGT GV-SIN-BC-LTR-III
TM14 CCTATCCCCTGTGTGCCTTGGCAGTCTCAGAGTGGCACAGCAGTTAGG OC2-TitaniumB
a Nucleotides in boldface type represent barcode sequences.
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Purification of GST-tagged proteins. Production of GST-tagged
LEDGF/p75 has been described previously (25). To isolate GST-tagged
BET proteins, Escherichia coli PC2 cells (24) containing the expression
plasmid pGST-BRD2(641–710), pGST-BRD4(607–722), or pGST-BRD2
point mutants (L662E, D687A E689A, S651E, and F688Y) were grown to
an A600 of �1.0 in the presence of 120 �g/ml ampicillin and induced with
0.15 mM isopropyl-�-D-thiogalactopyranoside (IPTG) at 25°C for 5 h.
Cells were lysed by sonication in core buffer (25 mM Tris-HCl, pH 7.4, 0.5
M NaCl) supplemented with 1 mM phenylmethylsulfonyl fluoride
(PMSF). The fusion protein was captured on glutathione Sepharose (GE
Healthcare Biosciences, Sweden) and, following extensive washing, was
eluted in 25 mM Tris-HCl, pH 7.4, 0.5 M NaCl, 20 mM glutathione (Sig-
ma-Aldrich), 10 mM 1,4-dithiothreitol (DTT). The protein was then di-
alyzed against excess 0.5 M NaCl, 25 mM Tris-HCl, pH 7.4, 5 mM DTT;
supplemented with 10% glycerol; and flash-frozen in liquid nitrogen.

GST tag pulldown assay. GST-tagged proteins [GST, GST-
BRD2(641–710), or GST-tagged LEDGF/p75(347– 471)] were bound to
glutathione Sepharose slurry (GE Healthcare Biosciences) at a concentra-
tion of 1 �g/�l settled bead volume. Five microliters of settled beads was
used per pulldown experiment, to which the following were added: 600 �l
of binding buffer (150 mM NaCl, 2 mM MgCl2, 0.1% NP-40, 50 mM Tris,
pH 7.4, 1 mM DTT), 10 �g of bovine serum albumin (BSA), and 5 �g of
IN. Binding was allowed to occur for 2 h by incubation at 4°C with gentle
rocking. The beads were then washed four times with 1 ml of binding
buffer. The entire remaining buffer was removed from the beads, and 50
�l of 3� Laemmli buffer was added to each tube and boiled for 5 min. The
samples (10 �l) were separated by SDS-PAGE and detected by staining in
Coomassie R-250 (Serva). A similar protocol was followed for other GST
pulldowns. Briefly, 60 �l glutathione Sepharose beads was incubated for 3
h at 4°C with 50 �g GST-BRD2, GST-BRD4, GST-BRD2 mutants (L662E,
D687A E689A, S651E, and F688Y), or GST in 100 �l of 0.25 M NaCl, 25
mM Tris-HCl, pH 7.4, 10 mM DTT. Beads collected by gentle centrifuga-
tion were washed with several changes of ice-cold pulldown buffer (PDB;
0.5 M NaCl, 0.1% NP-40, 25 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 10
mM DTT) supplemented with complete EDTA-free protease inhibitor
cocktail (Roche). Forty microliters of glutathione Sepharose preloaded
with GST-BRD2, GST-BRD4, GST-BRD2 mutants, or GST was then in-
cubated with 10 �g MLV IN and 10 �g BSA in 650 �l PDB. Reaction
mixtures were rocked at 4°C for 4 to 5 h. After gentle centrifugation, the
beads were washed with several changes of ice-cold PDB. Bound proteins
were eluted in 15 �l of 2� Laemmli sample buffer supplemented with 25
mM DTT, separated in 12% SDS-PAGE gels, and detected by staining
with Coomassie R-250.

Colocalization studies. HeLa cells were plated onto 20- by 20-mm
glass coverslips in a six-well plate prior to transfection with plasmids
pEGFP-BRD2 and p189-MLV-IN (as described above). Forty-eight hours
after transfection, cells were fixed by incubation with 4% paraformalde-
hyde in PBS for 10 min, washed three times with PBS, quenched with 50
mM NH4Cl in PBS for 10 min, and permeabilized with 0.1% Triton X-100
in PBS for 10 min at room temperature and the nuclear DNA was stained
with 1 �M TO-PRO-3 (Invitrogen) in PBS for 20 min. Finally, the cells
were washed three times with PBS and once with distilled water and the
coverslips were mounted in 30 �l Mowiol containing 25 mg/ml DABCO
[1,4-diazabicyclo(2,2,2)octane]. Images were acquired with an Axio Ob-
server microscope (Carl Zeiss).

Production of recombinant retroviral IN proteins. Isolation of His6-
tagged retroviral IN (HIV-1, HIV-2, BIV, EIAV, FeLV, MPMV, HTLV-1,
HSRV-2, FIV, visna virus, and SIV) proteins was carried out as described
before (24, 26). To prepare MLV IN, Escherichia coli PC2 cells trans-
formed with pCPH6P-MLVIN were grown in Lennox LB broth in shaker
flasks at 30°C to an A600 of �1.0 in the presence of 120 �g/ml ampicillin
prior to the addition of 0.25 mM IPTG. Following induction for 5 h at
25°C, bacteria were harvested and stored at 	80°C. For purification,
thawed bacterial paste was lysed by sonication in buffer 1 (0.5 M NaCl,
50 mM Tris-HCl, pH 7.4, 7.5 mM 3-[(3-cholamidopropyl)dimethyl-

ammonio]-1-propanesulfonate [CHAPS]) in the presence of 0.5 mM
PMSF. The lysate, precleared by centrifugation at 20,000 � g for 30 min
and supplemented with 20 mM imidazole, pH 7.5, was incubated with
nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) at 4°C for 1 h. The
resin was washed in buffer 1 containing 20 mM imidazole, and bound
proteins were eluted with 200 mM imidazole in buffer 1 supplemented
with 10 mM DTT. Following removal of the His6 tag by overnight diges-
tion with human rhinovirus 14 protease 3C at 4°C, the protein was diluted
with 5 volumes of ice-cold buffer 1 (50 mM Tris-HCl, pH 7.4, 7.5 mM
CHAPS) and loaded onto a 5-ml HiTrap heparin column (GE Health-
care). The IN proteins were eluted with a linear gradient of 0.2 to 1.0 M NaCl
in buffer 1, and peak fractions were pooled, supplemented with 10 mM DTT,
concentrated to 4 to 13 mg/ml, supplemented with 10% (vol/vol) glycerol,
flash-frozen in liquid nitrogen, and stored at 	80°C. Protein concentration
was determined using the Bradford assay with a BSA standard.

In vitro integration assay and sequence analysis of integration prod-
ucts. Donor DNA substrates were obtained by annealing pairs of high-
pressure liquid chromatography (HPLC)-purified synthetic oligonucleo-
tides. Preprocessed 32-bp U5 donor was prepared using SG9 and SG10
(Thermo Scientific). The donor oligonucleotides correspond to the end of
the U5 region of the MLV LTR. The final strand transfer reaction mixture
contained 20 mM Tris-HCl, pH 7.4, 5 mM DTT, 5 mM MgCl2, 125 mM
NaCl, 5 �M ZnCl2, 300 ng supercoiled pGEM3Zf(�) target DNA, 3 �M
donor DNA substrate, 8 �M IN, and 24 �M BET proteins (final volume of
20 �l). Reactions were initiated by addition of IN and allowed to proceed
for 90 min at 37°C. To stop the reaction, 0.5% (wt/vol) SDS and 25 mM
EDTA were added. Reaction products, deproteinized by digestion with
20 �g proteinase K for 1 h at 37°C and precipitated with ethanol, were
separated on 1.5% agarose gels and visualized by staining with Gel Red
(Biotium). Sequencing of concerted integration products was done ac-
cording to the method of Valkov et al. (71).

Production of MLV and HIV-1 retroviral stocks. The details of gam-
maretroviral constructs can be found in a previous publication (72). To
prepare MLV vector particles, 293T cells were cotransfected using the
calcium phosphate transfection method with three plasmids: the vesicular
stomatitis virus G-producing plasmid (pMD.G), the MLV backbone
(SRS11.eGFP.pre), and a packaging construct (pcDNA3.MLVgag-pol or
pcDNA3.MLVgag-pol-HA). Lentiviral supernatants were produced as
previously described (73). Briefly, 293T cells were cotransfected using the
calcium phosphate transfection method using the following plasmids:
HIV-1 vector backbone (pRRL.PPT.SF.GFP.pre), HIV-1 packaging con-
struct (pcDNA3.LVgag-pol.4XCTE), pRSV-Rev, and pMD.G. Culture
supernatants were harvested 36 h and 48 h posttransfection. All vector
stocks were treated with 1 �g/ml of DNase I (Roche Applied Science) for
1 h at room temperature to remove contaminating plasmid DNA. Subse-
quently, cell debris from the supernatant was cleared by filtration through
0.45-�m filters and then concentrated by ultracentrifugation at 10,000 �
g at 4°C for 16 to 18 h using an SW-28 rotor in a Beckman ultracentrifuge,
resuspended in fresh medium, aliquoted, and stored at 	80°C.

Retroviral transduction. HEK293T cells (200,000) were transduced
with MLV-based vector supernatants (see above) in a 12-well plate, at a
multiplicity of infection (MOI) of 1, in the presence of protamine sulfate.
To increase transduction efficiency, the virus-cell mixtures were subjected
to centrifugation for 1 h at 450 � g at room temperature. Viral vector
supernatant-containing medium was replaced after 12 h with fresh
medium.

For inhibitor studies, HEK293T cells seeded in 12-well plates were
transduced with wild-type (WT) MLV or HIV-1 vector supernatants at
an MOI of 0.1, in the presence of a bromodomain inhibitor, I-BET 151
(ChemieTek), JQ1 (BioVision), or dimethyl sulfoxide (DMSO) (Roth).
After 12 h, the virus-containing medium was replaced with fresh medium
containing inhibitors or DMSO, and then after 24 h, inhibitors were re-
moved and replaced with fresh medium. Transduced cells were harvested
at 3 h and 8 h for the quantification of minus-strand strong-stop (MSSS)
intermediates and late reverse transcripts (RTs), respectively.
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After 3 days, 90% of the cells were harvested for fluorescence-activated
cell sorting (FACS) analysis, while the remaining 10%, to be used to quan-
tify integrated vector copy numbers, were subcultured for at least 20 days
before processing to eliminate nonintegrated viral DNA, and genomic
DNA was purified with the DNeasy blood and tissue kit (Qiagen). The
percentage of GFP-positive cells was determined by FACS on a Beckman
Coulter instrument. Data were analyzed using Kaluza 1.2 (Beckman
Coulter). All experiments were performed independently at least three
times.

qPCR. Quantitative real-time PCRs (qPCRs) were performed by using
the Step One Plus real-time PCR system (Applied Biosystems) and the
QuantiFast SYBR green PCR kit (Qiagen, Hilden, Germany) according to
the manufacturers’ instructions. Primers for quantification of minus-
strand strong-stop extension intermediate (MSSE) products were MG1
and MG2, while primers MG1 and MG3 were used for the quantification
of late reverse transcript (RT) products. Primers specific for genomic
PTBP2 (polypyrimidine tract binding protein 2) genes (TM5 and TM6)
were used for an internal control to normalize for input DNA. Vector
integrations were detected by posttranscriptional regulatory element
(PRE)-specific primers (TM3 and TM4), and results were normalized to a
genomic PTBP2 gene fragment. PCR efficiencies were determined on a
dilution series of a standard plasmid containing PRE and PTBP2 frag-
ments, and subsequent vector copy number calculations were performed
according to the method of Pfaffl (74).

LM-PCR and 454 pyrosequencing. Infections in the presence of 0.2
�M JQ1 or 0.01% DMSO were performed as described above. Linker-
mediated PCRs (LM-PCRs) were performed as previously described with
minor modifications (73, 75). Two hundred nanograms of genomic DNA
was digested with Tsp509I/MluCI (HIV-1 samples; New England
BioLabs) or MseI (MLV samples; Thermo Scientific) prior to primer ex-
tension with biotinylated LV-SIN-LTR-I (TM7) or GV-SIN-LTR-I
(TM8) primer. After ligation of the polylinker, subsequent PCRs were
performed with primer LV-SIN-LTR-II (TM9) or GV-SIN-LTR-II
(TM10) in combination with OC-1 (TM11). The resulting PCR products
were digested with SacI (lentiviral; New England BioLabs) or BglII (gam-
maretroviral; Thermo Scientific) for 2 h at 37°C to prevent amplification
of an internal control band during subsequent nested PCR with barcoded
primers (LV-SIN-BC-LTR-III [TM12] or GV-SIN-BC-LTR-III [TM13]
and OC2-TitaniumB [TM14]), each of which was equipped with adaptor
sequences for 454 high-throughput sequencing. Sequencing was per-
formed in the Institute for Medical Microbiology and Hospital Epidemi-
ology at Hannover Medical School, Germany, using Lib-L chemistry.

RESULTS
BET proteins specifically bind to gammaretroviral IN proteins.
Following up on an earlier report (36) on the isolation of BRD2 in
a yeast two-hybrid screen using MLV IN as bait, we investigated
the interaction of different retroviral INs with members of the
BET family. A panel of divergent INs from several retroviral gen-
era were tested for the interaction with human BET proteins,
BRD2 and BRD4, in transfected cells. FLAG-tagged MLV and FeLV
gammaretroviral INs were efficiently recovered through coimmuno-
precipitation with GFP-tagged BRD2 (Fig. 1A) and BRD4 (Fig. 1B).
In contrast, IN proteins from other retroviral genera, including
alpharetroviral (ASLV), betaretroviral (MPMV), deltaretroviral
(HTLV-1), spumaretroviral (PFV), and lentiviral (HIV-1) INs
failed to coimmunoprecipitate with BRD2 (Fig. 1A) or BRD4 (Fig.
1B). The interaction of BRD2 with gammaretroviral but not other
retroviral integrases could also be shown using purified recombi-
nant proteins. In these experiments, a C-terminal portion of
BRD2, spanning its ET domain (residues 641 to 710), was suffi-
cient for a specific interaction with MLV and FeLV INs in GST
pulldown assays (Fig. 1C, lanes 8 and 9). In accord with the results
of the coimmunoprecipitation experiments, the interaction was

specific to gammaretroviral INs, and GST-BRD2(641–710) failed
to pull down lentiviral, betaretroviral, deltaretroviral, or spuma-
viral INs (Fig. 1C, lanes 1 to 7 and 10 to 12). BRD4 also robustly
interacted with MLV IN (Fig. 1D). In contrast, a GST-
LEDGF(347– 471) fusion, containing the lentivirus-specific IBD
(24), specifically and exclusively interacted with the lentiviral INs
(Fig. 1C, lanes 1 to 7). These results suggested that gammaretro-
viral INs evolved to engage the ET domains of BET proteins. Since
ET domains are highly conserved between different BET family
members, we focused most of our subsequent studies on BRD2.

The IN binding site in the BRD2 ET domain. To confirm the
involvement of the BRD2 ET domain in the binding to MLV IN
and to identify residues participating in this process, we employed
point mutants, which we had previously used when studying the
interaction of BRD2 with KSHV LANA (76). We targeted, in total,
14 amino acids, located on an acidic ridge or in a neighboring
pocket of the ET domain, structural elements previously identified
by nuclear magnetic resonance (NMR) (53). The GFP-tagged
BRD2 mutants were tested for binding to FLAG-tagged MLV IN
by coimmunoprecipitation from transfected HEK293T cells. Al-
teration of BRD2 residue Asp687 in combination with Glu689
(D687A/E689A; Fig. 2A, lane 4) and Leu662 alone (L662E; Fig. 2B,
lane 3) abrogated binding to MLV IN, whereas alteration of BRD2
residue Phe688 substantially reduced binding to IN (F688Y; Fig.
2C, lane 3). Furthermore, mutations of Ser651 to a glutamate
(S651E) or an asparagine (S651N) also reduced binding to IN,
whereas a mutation to a lysine (S651K) showed binding similar to
that of WT BRD2 (Fig. 2C, lanes 4 to 6). The results obtained with
all other BRD2 mutants are summarized in Table 2. The same set
of mutants, in the context of GST-BRD2(641-710), was ex-
pressed in bacteria, purified, and tested for binding to MLV IN
in a GST pulldown assay. In agreement with the results of the
coimmunoprecipitation assays, GST-BRD2(641-710) mutants
L662E, D687A/E689A, and S651E failed to pull down MLV IN,
while F688Y was greatly reduced in its capacity to do so (Fig. 2D).
These results narrow down the location of the IN binding surface
in the ET domain to two main contact points: residues Glu689 and
Asp687 located at the edge of the negative ridge and Leu662 posi-
tioned in a neighboring pocket (Fig. 3C). Moreover, the point
mutations L662E and D687A in the BRD2 ET domain also ablated
the interaction with FeLV IN, another gammaretroviral IN (Fig.
3A, lanes 3 and 4, and B, lanes 3 and 6), strongly suggesting that
different gammaretroviral INs share the same binding site in the
ET domain.

To explore a possible colocalization of BRD2 and MLV IN in
cells, we transfected HeLa cells with enhanced GFP (EGFP)-BRD2
and/or MLV IN-mCherry expression constructs. Expressed sepa-
rately, MLV IN-mCherry and EGFP-BRD2 (WT or L662E)
showed a diffuse cytoplasmic (Fig. 4D and F) and nuclear (Fig. 4B,
C, N, and O) localization, respectively. Strikingly, when coex-
pressed with EGFP-BRD2, MLV IN-mCherry changed localiza-
tion pattern from diffuse cytoplasmic to punctate nuclear (Fig. 4G
to I). In contrast, EGFP-BRD2 carrying the L662E mutation,
which disrupts the interaction with MLV IN (Fig. 2), failed to
redirect the viral protein to the nucleus (Fig. 4J to L). In the pres-
ence of MLV IN, we could also detect a weak BRD2 signal in the
cytoplasm (Fig. 4H). Although this subcellular redistribution of
MLV IN in the presence of BRD2 was obtained with overexpressed
proteins, these results strongly corroborate a specific interaction
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between BRD2 and MLV IN as well as the importance of Leu662 in
the BRD2 ET domain for this interaction.

BRD2 interacts with MLV IN in infected cells. We next asked
whether IN interacts with BRD2 during MLV infection. HEK293T
cells were transfected with a plasmid encoding the N-terminally
EGFP-tagged BRD2, BRD4, or LEDGF protein. Twenty-four
hours posttransfection, cells were infected with an MLV vector
produced using a packaging construct expressing C-terminally
HA-tagged POL (pcDNA3.MLVgag-pol-HA) at an MOI of 1. Ex-
tracts from infected cells were incubated with anti-GFP antibody
bound to protein A Sepharose beads, and immunoprecipitated
proteins were detected by Western blotting (Fig. 5). BRD2 and
BRD4 pulled down detectable amounts of HA-tagged MLV IN
(Fig. 5, lanes 1 and 7). In contrast, BRD2 mutants L662E and
D687A/E689A were defective for this interaction (Fig. 5, lanes 2

and 3). As expected, LEDGF failed to interact with the gammaret-
roviral IN (Fig. 5, lane 4). These results suggest that the BET pro-
teins BRD2 and BRD4 can interact with MLV IN during infection.

The ET domain of BET proteins augments the integration
activity of MLV IN in vitro. To investigate if binding of the ET
domain to MLV IN could have an impact on its ability to mediate
the integration of retroviral DNA into host DNA, we employed an
in vitro integration assay. This assay uses short mimics of viral
DNA ends (referred to as donor DNA substrates) in the presence
of supercoiled target DNA and results in the formation of half-site
and concerted integration products (71, 77, 78). The circular half-
site results from the integration of a single LTR into one strand of
the target plasmid, whereas linear concerted products reflect the
integration of pairs of LTRs into opposing strands of the target
DNA (Fig. 6A). Incubation of the preprocessed 32-bp donor DNA

IN-FLAG

BRD2-GFP

50-

150-

50-

150-

kDa MPMV
ASLV

MLVFeL
V

BLV HTLV
-1

PFV
HIV-1

IP: α-GFP
WB: α-FLAG

IP: α-GFP 
WB: α-GFP

 Inp

  α-    β-      γ-         δ-       Spu
ma-

Le
nti

-

BRD4-GFP

IN-FLAG

IP: α-GFP 
WB: α-FLAG 
IP: α-GFP 
WB: α-GFP

50-

150-

50-

150-

ASLV
MPMV

BLV HTLV
-1

PFV
HIV-1

MLVFeL
V

  α-    β-      γ-         δ-       Spu
ma-

Le
nti

-

55-
70-

25-

25-

55-
70-

25-

55-
70-

35-

55-
70-

kDa

LEDGF

BRD2

GST

Input (pur.INs)

FI
V

S
IV

B
IV

E
IA

V
Vi

sn
a

H
IV

-1
H

IV
-2

Fe
LV

M
LV

H
TL

V-
1

H
S

R
V-

2
M

P
M

V

Le
nti

-
 δ-        γ-     Spu

ma-

 β-       

A B

C

(i)

(ii)

(iii)

(iv)

IN

IN

Retroviral genus Retroviral genus

 Inp

D

1   2  3   4  5  6  7   8  9 10 11 12

PD: pur. GST

PD: pur. GST-BRD2
              (641-710)

PD: pur. GST-LEDGF
              (347-471)

50-

37-

25-

kDa pu
r. 

M
LV

 IN

pu
r, 

G
S

T

pu
r. 

G
S

T-
B

R
D

2 
   

   
  (

64
1-

71
0)

pu
r. 

G
S

T-
B

R
D

4 
   

   
  (

60
7-

72
2)

MLV IN

Input GST pull down

BRD2, BRD4

Coomassie stain

pur. MLV IN +

FIG 1 Interaction with BET proteins, BRD2 and BRD4, is limited to and conserved among gammaretroviral INs. (A and B) Extracts of HEK293T cells expressing
IN-FLAG along with GFP-tagged BRD2 (A) or BRD4 (B) were immunoprecipitated (IP) with a GFP affinity matrix, and immunoprecipitates were analyzed by
Western blotting (WB) using mouse anti-FLAG or mouse anti-GFP antibody as indicated. Migration positions of molecular mass standards (kDa) are shown
alongside the gel. (C) GST pulldown experiments using GST alone (ii), GST-tagged BRD2(641–710) (iii), or LEDGF(347– 471) (control) (iv). Proteins recovered
on glutathione Sepharose beads were separated by SDS-PAGE and detected with Coomassie R-250. (i) Input samples of retroviral IN proteins; lanes 1 to 7, FIV,
SIV, BIV, EIAV, visna virus, HIV-1, and HIV-2 (lentiviral IN proteins), respectively; lanes 8 and 9, FeLV and MLV (gammaretroviral IN), respectively; lane 10,
HTLV-1 IN (�-retroviral IN); lane 11, HSRV-2 (spumaretroviral IN); lane 12, MPMV (�-retroviral IN). (ii) GST pulldown using GST as negative control. (iii)
GST pulldown with GST-BRD2(641–710); only IN proteins belonging to the gammaretroviral genus are specifically coprecipitated with the GST-tagged BRD2
fragment. (iv) GST pulldown using the C-terminal domain of LEDGF as bait; lentiviral IN specifically binds to LEDGF. Positions of the migration of GST-tagged
proteins and the molecular mass markers are indicated on the right or left side of the gel. (D) GST pulldown assay. Purified GST-tagged BRD2(641–710) and
BRD4(607–722) were incubated with purified MLV IN and glutathione Sepharose beads. Proteins bound to beads were separated by 12% denaturing PAGE and
detected by staining with Coomassie blue. Inp, input; PD, pulldown; pur., purified.

Gupta et al.

12726 jvi.asm.org Journal of Virology

http://jvi.asm.org


with 8 �M MLV IN in the presence of supercoiled plasmid DNA
(pGEM) resulted in the accumulation of a product migrating at
�3,900 bp, which corresponds to linear concerted integration re-

action products, whereas the half-site reaction product comi-
grates with the open circular (o.c.) form of pGEM at �5,000 bp
(Fig. 6B, lane1). Importantly, no linear products were formed
when donor DNA was omitted from the reaction mixture (lanes 2,
4, 6, and 8), ruling out contamination of recombinant protein
preparations with an endonuclease activity. Addition of purified
ET domains of BRD2, BRD3, and BRD4 stimulated both half-site
and concerted integration activity of MLV IN (Fig. 6B, lanes 3, 5,
and 7). To confirm the structure of the concerted integration
product, we treated gel-purified material with phi29 DNA poly-
merase and ligated it to a blunt-ended cassette encoding kanamy-
cin resistance (71). Sequencing of a subset of kanamycin-resistant
clones (52 and 91 for the condition without and with 24 �M
BRD2, respectively) confirmed that the majority of them (
85%)
contained pairs of donor DNA molecules, of which most were
integrated with the expected 4-bp duplication (76% and 60%, for
the conditions without and with BRD2, respectively).

As all of the tested ET domains showed similar effects on MLV
integration, we continued our further studies only with the BRD2
ET domain. We next investigated if BRD2 ET domain residues
that we had shown to be involved in the interaction with IN (Fig. 2
and 4) are essential for the stimulation of MLV integration activ-
ity. Compared with the WT BRD2 ET domain, the IN-binding-
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TABLE 2 Summary of interaction studies with MLV IN and the BRD2
ET domain

No. BRD2 protein
Interaction with
MLV INa

1 Wild type �
2 E682A/E683A/E685A �
3 D687A/E689A 	
4 R648A/N655A/L662E 	
5 L676A/S679A �
6 R648A/N655A/L676A/S679A �
7 L662E 	
8 N655A �
9 R648A �
10 D687A �
11 E689A �
12 F688Y �/	
13 S651E �/	
14 S651N �/	
15 S651K �
a �, strong; �/	, weak; 	, none.
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defective mutants L662E and D687A/E689A did not stimulate
concerted integration activity (Fig. 6C, compare lanes 3, 5, and 7),
whereas F688Y and S651E, which had a reduced ability to bind to
MLV IN (Fig. 2C), showed a reduced stimulation of concerted
integration (Fig. 6C, lanes 9 and 11). Quantification of these re-
sults by densitometry indicated that the WT BRD2 ET domain
stimulated concerted integration activity of IN �4.5-fold,
whereas L662E and D687A/E689A did not enhance integration
activity (Fig. 6D). In contrast, an �2.3-fold stimulation of MLV
IN activity was observed in the presence of the F688Y and S651E
mutants (Fig. 6D). The stimulation of concerted integration with
the WT BRD2 ET domain increased with higher protein concen-
trations, whereas the BRD2 ET L662E mutant failed to enhance
integration even at the highest tested concentration (Fig. 6E, com-
pare lanes 2 to 6 and 7 to 10, and F). Taken together, these results
demonstrate that an interaction of the ET domain with IN stim-
ulates MLV IN activity in vitro.

Overexpression of a C-terminal fragment of BRD2 contain-
ing ET domain increases MLV integration in HEK293T cells. As
described above, the BRD2 ET domain stimulates strand transfer
activity of recombinant MLV IN in vitro. We next tested the effects
of the BRD2 ET domain on MLV integration in HEK293T cells.
To this end, we selected stable HEK293T cell lines overexpressing
the C-terminal fragment of BRD2 containing the ET domain
[BRD2(640 – 801)] together with a control cell line transfected

with empty vector (Fig. 7E). Stable cell lines were then transduced
with GFP-expressing MLV and HIV-1 vectors. We observed in-
creased GFP expression in MLV-infected cells overexpressing the
BRD2(640 – 801) fragment compared to cells transfected with an
empty vector (Fig. 7A). In contrast, HIV-1-directed GFP expres-
sion was reduced in cells expressing the BRD2(640 – 801) frag-
ment in comparison to the control cell line (Fig. 7B). In addition,
when we quantified the number of integrated proviral copies by
qPCR at 14 days postinfection, we observed a significant increase
in the number of integrated proviral genomes in the case of
BRD2(640 – 801)-expressing cells following infection with MLV
(Fig. 7C), while the number of integrated proviral genomes was
reduced in HIV-1-infected cells expressing BRD2(640 – 801)
compared to the control cell line (Fig. 7D). The striking negative
effect on HIV-1 replication is likely explained by the involvement
of BET proteins in P-TEFb functions (79).

BRD2 binding site on IN. In order to identify the region(s) of
MLV IN involved in the interaction with BRD2, we first prepared
a series of IN deletion mutants (Fig. 8A). The mutants were FLAG
tagged and tested for their ability to coimmunoprecipitate EGFP-
tagged BRD2. As can be seen in Fig. 8B, both the full-length IN
(residues 1 to 409) and the mutant lacking the N-terminal domain
(residues 110 to 409, �NTD) readily bound BRD2. In contrast, a
more severe deletion extending into the catalytic core domain
disrupted the interaction with BRD2 (residues 160 to 409, �CCD
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construct, Fig. 8B). A complete deletion of the C-terminal domain
of MLV IN (residues 1 to 278, �CTD) also resulted in a failure to
bind BRD2 (Fig. 8B). Similarly, a deletion of the very C-terminal
50 residues, expected to disrupt the �-barrel fold of the CTD, was
sufficient to abrogate the interaction with MLV IN (compare
�NTD and �CTD constructs, Fig. 8B). These observations sug-
gested that the CCD and the CTD of MLV IN are involved in the
interaction with BRD2.

To narrow down the regions of MLV IN involved in the inter-
action with the ET domain, we carried out an extensive scanning
mutagenesis, in which we tested the contribution of 103 CCD
residues (Fig. 8C). The residues targeted for mutagenesis were
selected to be surface exposed, based on a structural model of
MLV IN constructed using the homologous PFV structure (16).
The IN mutants were screened for their ability to interact with
BRD2 in a coimmunoprecipitation assay. Four triple alanine mu-
tants, S239A/R240A/D241A (designated SRD and located be-
tween the predicted �4 and �6 helices of MLV IN), G261A/
L262A/T263A (GLT), P264A/Y265A/E266A (PYE), and I267A/
L268A/Y269A (ILY) (all predicted to be located near the �6 helix
in MLV IN CCD), failed to interact with BRD2 (Fig. 8D). By
mutating individual amino acids in these four triplets, we could

identify three residues of MLV IN that were required for the in-
teraction with BRD2. While the P264A and Y265A mutants effi-
ciently bound BRD2, the E266A mutant failed to interact with
BRD2 (Fig. 8E). Similarly, L268A and Y269A failed to coimmu-
noprecipitate BRD2 (Fig. 8F). However, although the triple mu-
tants GLT (Fig. 8F) and SRD (Fig. 8G) failed to interact with
BRD2, individual mutation of the 6 amino acids was compatible
with binding to BRD2 at normal levels (Fig. 8F and G). Collec-
tively, our results indicate that the �6 helix of the CCD along with
the CTD of MLV IN is involved in the interaction with the ET
domain.

BET bromodomain inhibitors reduce and redirect MLV in-
tegration. I-BET and JQ1 are small molecules that selectively dis-
rupt the binding of the BET bromodomains to acetylated histones
(48, 80). When we infected HEK293T cells with a GFP-expressing
MLV in the presence of increasing JQ1 concentrations, we ob-
served a dose-dependent reduction in MLV-driven GFP expres-
sion 3 days after infection (Fig. 9A). In contrast, no decrease in
GFP expression was observed in HIV-1 vector-transduced cells
(Fig. 9B), indicating that JQ1 does not affect the persistence of
HIV-1. We also quantified the number of integrated proviral ge-
nomes after 3 weeks in this experiment and found them to be
reduced in JQ1-treated, MLV-transduced cells but not in HIV-1-
transduced cells (Fig. 9E). Reduction of MLV integration by JQ1
was observed to be dose dependent, with strong inhibition at sub-
micromolar concentrations. Similar results were obtained with a
second BET inhibitor, I-BET (Fig. 9C, D, and F). To exclude the
possibility that these inhibitors affected early stages of viral entry,
including reverse transcription, we quantified minus-strand
strong-stop extension products (MSSEs) and late reverse tran-
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scripts (RTs). Inhibitor treatment did not alter MSSEs (Fig. 9G) or
late RT products (Fig. 9H), indicating that MLV reverse transcrip-
tion was not affected. Together, these data support the conclusion
that BET inhibition specifically affects MLV integration in
HEK293T cells. Finally, we isolated and sequenced a small number
of integration sites from cells infected with an MLV vector in the

absence (96 unique integration sites) or presence (52 unique sites)
of 0.2 �M JQ1. As expected, under the control condition, the virus
displayed a pronounced preference to integrate in the vicinity of
transcription start sites, and approximately 46% of proviruses
were found within 1.5 kbp of a RefSeq gene start site. Strikingly,
this frequency dropped to 5% in the presence of the compound.
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Although the sample size was very modest, the observed effect was
highly statistically significant (P � 0.00001, Fisher’s exact test).

DISCUSSION

Mammalian BET proteins are defined by the presence of two bro-
modomains followed by the highly conserved extraterminal (ET)
domain. Previous studies have shown that the ET domain is in-
volved in interactions with a number of viral proteins. A recent
study from Studamire and Goff (36) that identified BRD2 as a
potential interactor with MLV IN prompted us to investigate a
potential role of BET proteins in retroviral integration. While the
manuscript was in progress, Sharma et al. (67) reported a confir-
mation that BET proteins do indeed interact with MLV IN but not
with HIV-1 IN. They further demonstrated that BRD4 stimulates
MLV IN activity in vitro and that BET proteins contribute to the
efficiency of MLV integration and the propensity of the virus to
target transcription start sites during viral infection (67). By and
large, our findings are in excellent agreement with and signifi-
cantly extend their observations. Here, we show that the INs of
gammaretroviruses (MLV and FeLV), but not those of other ret-
roviral genera (alpha-, beta-, delta-, spuma-, and lentiviruses),
interact with the ET domain of the cellular BET proteins. The ET

domains are �90% identical among mammalian BET family
members (37, 81), and we therefore focused our studies on BRD2.
Using coimmunoprecipitation and GST pulldown assays, we
moreover narrowed down the interaction interface between MLV
IN and the BRD2 ET domain and showed that BRD2 Leu662 and
a pair of acidic residues, Asp687/Glu689, are critical for binding to
MLV IN (Fig. 2 and 3C). We showed that MLV IN relocalizes from
cytoplasm to the nuclei of live cells when co-overexpressed with
BRD2. In contrast to MLV IN, HIV-1 IN displays a nuclear local-
ization when expressed ectopically (82, 83). This property, con-
served among lentiviral INs, fully depends on endogenous LEDGF
(26, 83), a protein with a strong classical nuclear localization sig-
nal (84). Predictably, an HIV-1 IN mutant with a reduced affinity
for LEDGF required overexpression of the host factor to display
nuclear accumulation, while inactivation of the nuclear localiza-
tion signal in LEDGF redirected IN to the cytoplasm (26, 84).
Thus, the variations in cellular distributions of ectopically ex-
pressed retroviral INs may well be due to different affinities for
their respective nuclear host factors. Intracellular levels of the spe-
cific host factors and competition with their endogenous binding
partners will likely affect intracellular distribution of INs. Indeed,
the affinity of the MLV IN-BRD2 interaction appears to be lower
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FIG 7 Overexpression of IN binding domain of BRD2 (residues 640 to 801) increases MLV integration. (A and B) HEK293T-based cell lines stably expressing
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t tests. (E) Expression of the BRD2(640 – 801) fragment and control cell lines used in this experiment was analyzed by Western blotting using anti-FLAG antibody.
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than that of HIV-1 IN-LEDGF (P. Cherepanov, unpublished ob-
servations). Furthermore, the combined intracellular level of
BRD2 and BRD4 proteins is approximately 20-fold lower than
that of LEDGF (85). By extension, the property of a retroviral IN
to localize in the nucleus may have little to do with nuclear import
of the preintegration complex.

Further extending the observations of Sharma et al. (67), who
reported that MLV IN CTD is essential for interaction with BRD3,
we showed that CCD of MLV IN greatly contributes to the inter-
action with BET proteins. Our mutagenesis data suggest that MLV
IN Glu266, Leu268, and Tyr269, predicted to reside on the �6
helix of the MLV IN catalytic core domain, are crucial for the
interaction with BRD2 in vitro. Interestingly, MLV IN residues

Glu266, Leu268, and Tyr269 are well conserved among gamma-
retroviruses but not across other retroviral genera, which supports
the notion that the binding of integrase to BET proteins is a feature
conserved among and specific to gammaretroviruses.

Sharma et al. observed a stimulatory effect of full-length BRD4
on half-site and concerted MLV integration in vitro (67). Here, we
demonstrated that isolated ET domains of various BET proteins,
BRD2/RING3, BRD3/ORFX, and BRD4/HUNK-1, are sufficient
for this function. These in vitro results are further supported by
our observation that a cell line overexpressing the BRD2 ET do-
main shows increased MLV integration (Fig. 7). This is in contrast
to the effects of isolated LEDGF IBD on HIV-1 integration: not
only does IBD lacks a stimulatory effect on HIV-1 IN in vitro (25),
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but it also inhibits HIV-1 replication when overexpressed in target
cells (86, 87).

Similar to the report by Sharma et al. (67), we found that bro-
modomain inhibitor JQ1, which disrupts the binding of BET/
BRD bromodomains to acetylated histones and thereby displaces
BET proteins from chromatin (44, 48), inhibits MLV integration
(Fig. 9A). We also used a second bromodomain inhibitor, I-BET,
with similar results (Fig. 9C). Thus, BET proteins may exert a dual
effect on gammaretroviral replication: allosteric activation of IN
enzymatic activity via the ET domains and chromatin tethering
via their bromodomain modules.

Integration site selection has gained increased interest in hu-
man gene therapy. Retroviral vectors are important tools and have
been widely used to deliver cDNAs for therapeutic purposes.
However, retroviral integration can be associated with insertional
activation of oncogenes (88), and several cases of leukemia caused
by the integration of gammaretroviral vectors near proto-onco-
genes were reported in two gene therapy trials (89–92). The safety
of gene therapy could be improved if these retroviral vectors could
be targeted to specific sites in the genome. The strong bias toward
integration into transcription start sites, CpG islands, and pro-
moter regions of genes appears to be a unique feature of gamma-
retroviruses such as MLV (93). In view of the results presented
here and by Sharma et al. (67), the interaction of BET proteins
with MLV IN could be exploited to control the integration pattern
of gammaretroviral gene therapy vectors.
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