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Retroviral integrases associate during the early viral life cycle with preintegration complexes that catalyze
the integration of reverse-transcribed viral cDNA into the host chromosomes. Several cellular and viral
proteins have been reported to be incorporated in the preintegration complex. This study demonstrates that
transcription factor Yin Yang 1 binds to Moloney murine leukemia virus, human immunodeficiency virus type
1, and avian sarcoma virus integrases. The results of coimmunoprecipitation and in vifro pulldown assays
revealed that Yin Yang 1 interacted with the catalytic core and C-terminal domains of Moloney murine
leukemia virus and human immunodeficiency virus type 1 integrases, while the transcriptional repression and
DNA-binding domains of the Yin Yang 1 molecule interacted with Moloney murine leukemia virus integrase.
Immunoprecipitation of the cytoplasmic fraction of virus-infected cells followed by Southern blotting and
chromatin immunoprecipitation demonstrated that Yin Yang 1 associated with Moloney murine leukemia virus
c¢DNA in virus-infected cells. Yin Yang 1 enhanced the ir vitro integrase activity of Moloney murine leukemia
virus, human immunodeficiency virus type 1, and avian sarcoma virus integrases. Furthermore, knockdown of
Yin Yang 1 in host cells by small interfering RNA reduced Moloney murine leukemia virus cDNA integration
in vivo, although viral cDNA synthesis was increased, suggesting that Yin Yang 1 facilitates integration events
in vivo. Taking these results together, Yin Yang 1 appears to be involved in integration events during the early
viral life cycle, possibly as an enhancer of integration.

Following retroviral infection, reverse-transcribed viral
cDNA is incorporated into preintegration complexes (PICs)
with viral proteins. Some examples include the human immu-
nodeficiency virus type 1 (HIV-1) PIC, with reverse transcrip-
tase, integrase (IN), matrix, nucleocapsid, and Vpr proteins,
and the Moloney murine leukemia virus (MoMLV) PIC, with
reverse transcriptase, IN, and capsid proteins. PICs are high-
molecular-mass nucleoprotein complexes (approximately 5,000
kDa) that are required for viral cDNA integration into the host
genome (reviewed in reference 51). Depending on the virus
type and cellular context, PICs or INs associate with several
cellular proteins, such as barrier-to-autointegration factor (35;
reviewed in reference 44), lamina-associated polypeptide 2«
(52), lens epithelium-derived growth factor/transcription coac-
tivator p75 (LEDGF/p75) (3, 5, 34), the SET complex (64),
Ku80 (32), the human Polycomb group protein EED (embry-
onic ectoderm development gene product) (56), and Daxx
(18). In addition, the HIV-1 virion contains integrase inter-
actor 1 (INI1) (24, 69). Among these factors, a physical
interaction has been reported between HIV-1 IN and INI1
(24, 69), EED (56), and LEDGF/p75 (3, 5, 34), as well as
between avian sarcoma virus (ASV) IN and Daxx (18). It has
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recently been reported that numerous cellular proteins, in-
cluding transcription factors, in addition to chromatin and
RNA-binding proteins, potentially interact with MoMLV
and HIV-1 INs (50).

Yin Yang 1 (YY1) is a sequence-specific DNA-binding
transcription factor that is an ortholog of Drosophila melano-
gaster Pleiohomeotic (Pho) and Pho like (reviewed in refer-
ence 53). YY1 is ubiquitously expressed in all tissues and
highly conserved between Xenopus laevis and humans (re-
viewed in reference 17). It is able to activate and repress
gene expression under different cellular contexts (reviewed
in reference 46) and interact with a wide variety of regulator
proteins, including retinoblastoma protein (40), histone
acetyltransferase (p300/CBP) (28), histone deacetylase
(HDACT to -3) (66-68), Sp1 (29), TATA box binding pro-
tein (TBP), transcription factor IIB (TFIIB) (1), YY1AP
(57), and RYBP (16). In particular, YY1 can directly and
indirectly bind to HIV-1 and MoMLYV long terminal repeat
(LTR) sequences, thereby repressing viral expression (7, 15,
19; reviewed in reference 22); for derepression of HIV-1
expression, HIV-1 Tat protein counteracts HDACI recruit-
ment by YY1 and LSF to its LTR (19).

In this study, we demonstrate that YY1 is able to physically
interact with MoMLV, HIV-1, and ASV INs and that it may
associate with the MoMLV PIC. In vitro assays of IN activity
and in vivo assessment of viral cDNA integration efficiency in
YY1-knockdown cells revealed that YY1 facilitates the events
required for viral cDNA integration into the host chromo-
somes.
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MATERIALS AND METHODS

Vectors. Based on the NCBI database (GenBank accession number
AF033811), the coding sequence of MOMLV IN (amino acids 2 to 408) was
amplified from the gag-pol gene sequence in the pGP plasmid of a retrovirus
packaging kit (Takara) by PCR with primers 5'-AATGGATCCGGAAAATTC
ATCACCCTACACC-3" and 5'-AATCTCGAGGGGGGCCTCGC-3' and then
subcloned into pETBlue-2 (Novagen). ASV and HIV-1 INs were amplified by
PCR from the pSRA2 (9) and pLP1 (Invitrogen) plasmids, respectively, as
templates, with primers 5'-AAACCATGGCGCCCTTGAGAGAGGCTAAAG
A-3" and 5'-AAACTCGAGTGCAAAAAGAGGGCTCG-3' for ASV and prim-
ers 5'-AAACCATGGCGTTTTTAGATGGAATAGATAAGGC-3" and 5'-AA
ACTCGAGATCCTCATCCTGTCTACTTGC-3" for HIV-1; the underlined
sequences show the restriction enzyme recognition sites used for subcloning. The
PCR fragments were subcloned into pETBlue-2.

For construction of the mammalian expression plasmid for MOMLV IN fused
with the Flag epitope, MOMLV IN DNA from pETBlue2-MoMLV IN was
amplified by PCR and ligated into the pFlag-CMV-2 plasmid (Sigma) at the
EcoRI/BamHI site. Deletion mutants of Flag-tagged MoMLV IN were also
constructed by PCR, and the amplified DNA fragments were inserted into the
pFlag-CMV-2 plasmid. For construction of expression plasmids for glutathione
S-transferase (GST) fusion proteins of MoMLV, HIV-1, and ASV INs, PCR-
amplified IN DNA fragments were inserted into pGEX-6P-2 or -5X-2 (GE
Healthcare). The C209A MoMLYV IN mutant (55) was generated by PCR-based
site mutagenesis using pETBlue-2-MoMLV IN as the template with primers
5'-TGGAAATTACATGCTGCATACAGACCC-3' and 5'-GGGTCTGTATGC
AGCATGTAATTTCCA-3'; the underlined sequences show the mutated nucle-
otides.

Human YY1 was amplified from cDNA of C33A cells, and its coding sequence
was inserted into pGEX-6P-2 for expression as a GST fusion protein and into
pcDNA4 (Invitrogen). His-tagged deletion mutants were generated from full-
length human YY1 DNA by inserting the PCR-amplified fragments into
pcDNA4/His C. The mutant DNA fragments were also subcloned into pGEX-
6P-2.

Purification of GST-INs and preparation of antibodies. Escherichia coli
BL21(DE3) containing the GST-MoMLYV or GST-HIV-1 (amino acids 213 to
288) IN expression plasmid was grown in LB medium to an optical density at 600
nm (ODgq) of 0.5 for MOMLV IN and an ODg, of 0.6 for HIV-1 IN. Then, 1
mM isopropyl-p-p-thiogalactoside was added, and E. coli was cultured at 25°C
for 6 h for MoMLYV and at 30°C for 6 h for HIV-1 INs. For the purification of
MoMLYV IN, the cells were suspended in phosphate-buffered saline containing 1
pg/ml each of aprotinin, pepstatin, and leupeptin and 100 pg/ml phenylmethyl-
sulfonyl fluoride before being sonicated. For HIV-1 IN, the cells were harvested
and suspended in phosphate-buffered saline containing 1 mg/ml lysozyme. The
cells were disrupted by sonication, and Triton X-100 was added at a final con-
centration of 1%. IN samples of MOoMLV and HIV-1 were applied to a gluta-
thione-Sepharose 4B (GE Healthcare) column equilibrated with phosphate-
buffered saline. After extensive washing with phosphate-buffered saline, the GST
fusion proteins were eluted with 50 mM Tris-HCI (pH 8.0) containing 10 mM
glutathione. The anti-MoMLYV and anti-HIV-1 IN antisera were raised against
purified GST-IN preparations.

Immunoprecipitation. To determine the YY1-interacting regions of MoMLV
IN, expression plasmids for Flag-MoMLV IN and deletion mutants were co-
transfected with His-YY1 expression plasmid into 293FT cells using Lipo-
fectamine 2000 (Invitrogen). Cells were then harvested between 36 and 48 h
posttransfection and lysed in buffer A (10 mM Tris-HCI [pH 7.4], 5 mM EDTA,
150 mM NaCl, 10% glycerol, 1% sodium deoxycholate, and 1% Triton X-100) or
buffer B (10 mM Tris-HCI [pH 7.4], 5 mM EDTA, 300 mM NaCl, 10% glycerol,
1% sodium deoxycholate, 1% Triton X-100, and 0.1% sodium dodecyl sulfate
[SDS]). After the cell lysate had been incubated with Anti-FLAG M2 affinity gel
(Sigma) for 4 h, the gel was washed twice with buffer A or B and then an
additional two times with Benzonase (a broad-spectrum endonuclease from
Serratia marcescens; Takara) buffer containing 20 mM Tris-HCI (pH 7.3), 50 mM
KCl, and 10 mM MgCl,. The gel was treated twice with 200 U/ml Benzonase, 100
U/ml DNase I, and 5 pg/ml RNase A in Benzonase buffer at 37°C for 10 min and
washed twice with buffer A or B. The samples were analyzed by Western blotting
using anti-His or anti-YY1 antibody. For identification of the IN-interacting
regions in YY1, Flag-MoMLV IN and His-tagged derivatives of YY1 were
expressed in 293FT cells, followed by immunoprecipitation and Western blotting.
The anti-Flag and anti-His antibodies were purchased from Sigma and Bethyl
Laboratories, respectively. Anti-YY1 antibody (C-20) was obtained from Santa
Cruz.
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Preparation and analyses of PICs. To analyze whether YY1 associates with
viral cDNA of MoMLV, NIH 3T3 cells and MoMLV-producer clone no. 4 (a
kind gift from Y. Suzuki, Kyoto University) (47) were cocultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal calf serum for 16 h.
NIH 3T3 and producer cells were inoculated at a 4:1 ratio. PICs were prepared
essentially as previously described (14). Briefly, infected cells were lysed with 20
mM HEPES-KOH (pH 7.5), 5 mM MgCl,, 150 mM KCl, and 1 mM dithiothre-
itol (DTT) containing 20 wg/ml aprotinin and 0.025% digitonin (Sigma), and the
nuclei were removed by centrifugation. The cytoplasmic fraction was treated with
20 pg/ml of RNase A for 30 min at room temperature and subjected to gel
filtration through a spin column of Sephacryl S-1000 (GE Healthcare). The
partially purified PICs were incubated with anti-MoMLYV IN antiserum, anti-
YY1 antibody, or control rabbit preimmune serum for 4 h, followed by
absorption of the immunocomplex onto salmon sperm DNA-protein A aga-
rose (Millipore) for 1 h. The beads were washed with buffer containing 20 mM
HEPES-NaOH (pH 7.5), 5 mM MgCl,, 150 mM KClI, 6% sucrose, 5 mM DTT,
6 mM EDTA, and 0.1% NP-40. The resin was suspended in 10 mM Tris-HCI (pH
7.4) containing 1 mM EDTA, 1% SDS, and 200 pg/ml proteinase K and then
incubated at 55°C for 1 h. Viral DNA was purified by phenol-chloroform extrac-
tion and isopropanol precipitation and detected by Southern blotting using the
LTR fragment of wild-type MoMLV (Clal-Ndel fragment of the pNCA plasmid
kindly provided by Y. Suzuki) as a probe.

The cytoplasmic fraction was also prepared from NIH 3T3 cells infected with
the pQEGFP plasmid and its mutant at 4 h postinfection. After inmunoprecipi-
tation with anti-YY1 antibody, the enhanced green fluorescent protein (eGFP)
sequence of the viral vector was detected by PCR with primers 5'-CGGCAAC
TACAAGACCCGC-3" and 5'-GAAGTTCACCTTGATGCCGTTC-3'.

In vitro binding assay. Various fragments of YY1 and of the MoMLV, HIV-1,
and ASV INs were produced in E. coli BL21 or DHS5« as GST fusions. A 1- to
2-pg aliquot of GST-MoMLYV, GST-HIV-1, or GST-ASV IN or their fragments
was incubated with glutathione-Sepharose 4B in binding buffer (20 mM Tris-HCl
[pH 7.5], 1 mM EDTA, 100 mM NaCl, 6% glycerol, and 0.2% NP-40). The
samples were treated with a mixture of Benzonase, DNase, and RNase. His-
tagged full-length YY1 treated with these nucleases was then mixed with each
GST-IN fusion protein immobilized on the glutathione-Sepharose beads in bind-
ing buffer and allowed to stand for 2 h at 4°C. The beads were washed three times
with binding buffer and mixed with SDS sample buffer (62.5 mM Tris-HCI [pH
6.8], 5% 2-mercaptoethanol, 2% SDS, 5% sucrose and 0.002% bromophenol
blue). The bound proteins underwent SDS-polyacrylamide gel electrophoresis
(PAGE) followed by Western blotting using anti-YY1 antibody. To determine
the IN-interacting regions in YY1, similar pulldown experiments were performed
with GST-YY1 fragments immobilized on the glutathione-Sepharose 4B beads.
Bound MoMLV IN was detected by Western blotting using anti-MoMLV IN
antiserum. His-tagged human YY1 was purchased from Santa Cruz and used for
the in vitro integration and in vitro pulldown assays.

In vitro integration assay. His-tagged INs of MOMLV and its C209A mutant,
ASV, and HIV-1 were produced in E. coli BL21(DE3) and purified using a
Ni?*-nitrilotriacetic acid agarose column as reported by Villanueva et al. (55).
Stocks of INs were diluted for the assay in 20 mM HEPES-KOH (pH 7.4)
containing 100 mM KClI, 1.5 mM DTT, and 10% glycerol. The following donor
oligonucleotides were purchased from Hokkaido System Science: 5'-TTGACT
ACCCGTCAGCGGGGGTCTTTCA-3’ (28 mer) and its complementary strand
5'-AATGAAAGACCCCCGCTGACGGGTAGTCAA-3" (30 mer), corre-
sponding to the end of the US region of the MOoMLV LTR; 5'-GTGTGGAAA
ATCTCTAGCA-3' (19 mer) and 5'-ACTGCTAGAGATTTTCCACAC-3' (21
mer), corresponding to the end of the U5 region of the HIV-1 LTR; and
5'-CTACAAGAGTATTGCATAAGACTACA-3' (26 mer) and 5'-AATGTAG
TCTTATGCAATACTCTTGTAG-3’ (28 mer), corresponding to the end of the
U3 region of the ASV LTR. The shorter DNA fragments (100 pmol) were
labeled with [y-*P]ATP using T4 polynucleotide kinase (Takara), purified on a
column (Probe Quant G-50 microcolumn; GE Healthcare), and annealed with
an equivalent amount of the complementary strand. For the MoMLV IN assay,
YY1, GST, and IN (10 or 20 pmol) were preincubated in 20 pl of IN dilution
buffer at 4°C for 2 h before adding 2 pmol (1 pl) labeled substrate. It is possible
that the addition of proteins can nonspecifically stimulate in vitro integration
reactions. Thus, to eliminate the nonspecific effects, GST was added to ensure
that the molar concentration of protein remained constant. After standing at 4°C
for 30 min, 1.2 pg of target DNA plasmid (1 to 2 pl, pBluescript IT KS™;
Stratagene) was added, and the reaction was started by the addition of concen-
trated buffer solution at a final concentration of 20 mM 2-(N-morpholino)eth-
anesulfonic acid (MES) (pH 6.2), 165 mM KCl, 10 mM MnCl,, 10 mM DTT, and
10% dimethyl sulfoxide (DMSO) (total volume, 35 pl). The molar ratios of
preincubated IN/YY1 varied between 1:0.5 and 1:4. The same reaction buffer but
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with a lower KCI concentration (120 mM) was used for the ASV IN assay, and
a reaction buffer containing 20 mM HEPES-KOH (pH 7.2), 70 mM KCI, 10 mM
MnCl,, 5 mM DTT, 10% DMSO, and 10% polyethylene glycol (PEG) 6000 was
used for the HIV-1 IN assay. For the enzymatic reaction of ASV and HIV-1 INs,
various amounts of YY1, GST, and IN (10 pmol) were preincubated in the
reaction buffer at 4°C for 2 h. The 3?P-labeled substrates were then added, and
the mixtures were allowed to stand for 30 min before the target DNA addition
and enzymatic reaction. Reactions were performed at 37°C for 30 min. Reaction
products were digested by protease (10 mM EDTA [pH 8.0], 0.5% SDS, and 100
wg/ml proteinase K). After electrophoresis on a 1% agarose gel, integration
products were detected by autoradiography.

The reaction product of MOMLV IN that showed mobility corresponding to
the linear form of the target plasmid DNA was eluted from the gel, and the DNA
was isolated. The DNA was amplified by PCR using KOD-Plus-Neo (Toyobo)
and phosphorylated 28-mer donor DNA for the IN reaction as a primer. The
enzyme in PCR buffer containing deoxynucleoside triphosphates was activated at
94°C for 2 min, and then the DNA sample was added. The mixture was stood at
68°C for 10 min in order to repair the gap resulting from the integration reaction.
After the primer was added, PCR was performed using the following protocol:
94°C for 15 s, 55°C for 30 s, and 68°C for 90 s for a total of 35 cycles. The resultant
PCR product was ethanol precipitated, ligated using T4 DNA ligase, and then
transformed into E. coli DH5a. The donor DNA for the IN reaction was de-
signed so that it would form a Munl site when the DNA fragments were inserted
by two-end integration, and the target plasmid did not contain the restriction
enzyme site. Thus, to confirm which clones had been produced by two-end
integration, DNA prepared from each colony was cut with the enzyme. After
rough estimation of the integration site by cutting the plasmid with Sspl or
Pvull/EcoRI, the DNA sequence around the junction was determined. For
analyses of the linear DNA product of the HIV-1 IN reaction, the following
sequence was used for PCR: 5'-AAACCATGGTGTGGAAAATCTCTAGCA-
3’; the underlined sequence shows the Ncol site. The target plasmid DNA did
not contain an Ncol site.

Viral vectors. For the construction of the mouse stem cell virus (MSCV) vector
pQEGFP, the eGFP DNA fragment was ligated into the EcoRI/Clal site of
pMSCVneo (Clontech), and the Kpnl fragment of the recombinant plasmid
containing the viral sequence was isolated and ligated to pQCXIX (Clontech).
For the construction of MoMLV-based viral vector pPLNAAG, the chicken actin
promoter of the pMiwZ plasmid was ligated into the pLNRB plasmid (25). The
plasmid was then cut with Notl and ligated with the GFP fragment of the
pGREEN LANTERN-1 plasmid (Invitrogen). From this plasmid, the intron
sequence in the actin promoter was deleted by PCR (25).

The YY1-binding-site mutant of MSCV-derived viral vector pQEGFP was
constructed by PCR with primers 5'-AGCTTAAGTAACGCACGTTTGCAAG
GCATG-3' and 5'-CATGCCTTGCAAACGTGCGTTACTTAAGCT-3'; the
underlined sequences show the mutated nucleotides.

The packaging cell line of viral vector pPLNAAG was established by transfect-
ing the pLNAAG plasmid to GP293 cells, followed by cloning. Viruses were
produced by transfection of pVSV-G to packaging cells or cotransfection of
pQEGEFP and pVSV-G to GP293 cells (21). Both the packaging and GP293 cells
express the MOMLYV gag-pol gene. Supernatants were collected 48 h posttrans-
fection, and viruses were concentrated by centrifugation as previously described
(21, 25, 38). GP293 and its derivative packaging cells were cultured in DMEM
(Gibco) containing 10% fetal calf serum, 1 mM sodium pyruvate, and nonessen-
tial amino acids (Gibco). All virus preparations were passed through a 0.45-pm
filter, and Polybrene (8 wg/ml) was added for infection. The virus titer was
measured using NIH 3T3 cells as described previously (21, 25, 38).

ChIP analysis. NIH 3T3 cells infected with viral vector pPLNAAG were fixed
with 1% formaldehyde at 4 h postinfection. Chromatin immunoprecipitation
(ChIP) assays using anti-YY1 antibody or anti-MoMLV antiserum were per-
formed using a standard procedure with salmon sperm DNA-protein A agarose
beads. DNA was fragmented by sonication to a mean size of 1 kb. The GFP
sequence of pLNAAG was detected by PCR with primers 5'-TTTTTCAAAGA
TGACGGGAACTACA-3" and 5'-ATGCCATTCTTTTGCTTGTCGG-3'".

In vivo integration assay. NTH 3T3 cells (4.0 X 10* cells) were seeded on
35-mm dishes and cultured for 24 h in DMEM containing 10% fetal calf serum.
Mouse YY1 small interfering RNA (siRNA) (no. 1006, 5'-GGCUGCACAAA
GAUGUUCAGGGAUA-3', and no. 1099, 5'-GCGUUCGUUGAGAGCUCA
AAGCUAA-3'; 100 pmol each) or universal negative-control siRNA (B-bridge)
was introduced into the cells using Lipofectamine 2000. Cells were transfected
again with siRNA 24 h after the first transfection. At 24 h after the second siRNA
transfection, the medium was changed to remove siRNA, and cells were infected
with viral vector pQEGFP (multiplicity of infection [MOI] of 0.1) or pLNAAG
(MOI of 1.0). At 0, 4, 10, 24, and 48 h, cells were harvested for DNA extraction
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using a QIAamp DNA mini kit (Qiagen). The amount of total viral cDNA and
two-LTR junction molecule (two-LTR circle) was measured by quantitative PCR
(qPCR) with the following primers for two-LTR circle DNA: 5'-GCGCGCCA
GTCCTCCGATAGAC-3" and 5'-TACTTAAGCTAGCTTGCCAAACCTACA
GG-3' for pQEGFP and 5'-GGAGGGTCTCCTCTGAGTGAT-3' and 5'-CTC
AGTTATGTATTTTTCCATGCCTT-3" for pLNAAG. For the detection of
total viral cDNA for pLNAAG and pQEGFP, the primers were those used for
the ChIP assay and immunoprecipitation of PICs, respectively. Genomic DNA
was also purified 14 days postinfection using a MagExtractor Genome kit
(Toyobo). The inserted viral DNA was quantified by qPCR using the same
primers as those used for total viral cDNA amplification.

The integrated viral DNA was also assessed by B1 nested PCR. For a first
round of the qPCR, the primer for the B1 sequence (5'-CTTTAATCCCAGCA
CTTGGGAGGC-3’; the underlined C was biotinylated) and that for eGFP
(5'-GAAGTTCACCTTGATGCCGTTC-3') or GFP (5'-ATGCCATTCTTTTG
CTTGTCGG-3") were used. The PCR was performed under the following con-
dition: 35 cycles of denaturation at 96°C for 15 s, annealing at 55°C for 30 s, and
extension at 68°C for 3 min. The amplified DNA samples were absorbed onto
streptavidin-coated magnetic beads (Roche) and washed two times with 10 mM
Tris-HCI (pH 7.5), 1 mM EDTA, and 1 M NaCl and two times with Tris-HCI
(pH 7.5), 1 mM EDTA. After elution of the DNA from the beads with 0.1 M
NaOH, sodium acetate was added for neutralization and the DNA was collected
by ethanol precipitation. The recovered DNA was subjected to a second round
of qPCR with primers for detection of the eGFP or GFP sequences.

RESULTS

Physical interaction of INs with YY1. We searched for IN-
interacting proteins, especially those involved in gene silenc-
ing, in order to elucidate the mechanism of retroviral silencing
in undifferentiated cells. By preliminary screening involving
immunoprecipitation of the extracts of cells coexpressing IN
and silencing proteins, we found that MoMLV IN physically
interacted with YY1. Thus, we expressed full-length MoMLV
IN and its fragments as GST fusion proteins in E. coli (Fig. 1A)
and then subjected them to a pulldown assay with His-YY1 to
confirm their physical association. Analysis with anti-YY1 an-
tibody demonstrated that full-length YY1 bound to the C-
terminal and catalytic core domains of MOMLV IN (Fig. 1B);
GST protein alone was used as a negative control. Comparison
of band densities to that of the input band showed that full-
length IN bound tightly to YY1, while the C-terminal and
catalytic core domains of MoMLYV IN showed weaker interac-
tion with YY1. Especially, the catalytic core domain bound
weakly to YY1. In these experiments, degradation was evident
in all GST-IN preparations; however, the expression levels of
intact fragments were similar for all IN derivatives.

To determine whether ASV and HIV-1 INs also physically
interact with YY1, we next analyzed their GST-IN fusion pro-
teins by pulldown assays. ASV IN could interact with YY1
(Fig. 1C), and based on the band density, the interaction ap-
peared to be strong. For HIV-1 IN, its catalytic core and
C-terminal domains bound weakly to YY1, but its N-terminal
domain showed no interaction, as found for MoMLV IN. Ob-
vious interaction could not be detected between full-length IN
and YY1 under this experimental condition. Although the
reason is not fully clear, a form of steric hindrance may cause
this weakened interaction between full-length IN and YY1.
Immunoprecipitation of purified His-tagged full-length HIV-1
IN and His-YY1 demonstrated a weak interaction (Fig. 1D).
These results for HIV-1 IN appeared to be in contrast to the
results for the MoMLYV and ASV INs that showed tight bind-
ing between full-length INs and YY1. Taken together, the
binding assay results demonstrated that YY1 is able to physi-
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FIG. 1. YY1 directly interacts with INs of MoMLV, ASV, and HIV-1. (A) Schematic drawing of the GST-IN of MoMLYV and its deletion
mutants. HHCC, zinc finger; DDE, catalytic center; a.a., amino acid. (B) Results of in vitro binding assay of GST-MoMLYV IN derivatives and
His-YY1. His-YY1 was detected with the anti-YY1 antibody (upper panel). The GST fusion proteins used for the pulldown assay were subjected
to SDS-PAGE and detected by Coomassie brilliant blue staining (lower panel). Arrowheads indicate the intact fragments of the GST-IN
derivatives. A result representative of several experiments is presented. Band intensity was measured using a densitometer, and the faint bands of
lanes 4 and 5 were analyzed by paired ¢ test. The asterisk indicates significance for GST-IN-core (lane 5) values versus GST (lane 2) values (*, P =
0.018). WB, Western blotting. (C) Results of in vitro binding assays of GST-ASV IN and GST-HIV-1 IN with His-YY1. The amino acid number
of HIV IN is taken from the NCBI database (GenBank accession number NC_001802). (D) Results of immunoprecipitation (IP) of purified
His-HIV-1 IN and His-YY1. Five hundred nanograms each of His-HIV-1 IN and His-YY1 were mixed in 300 wl of the binding buffer used for
the pulldown assay, and the immunocomplex was precipitated with anti-HIV-1 IN antiserum and analyzed with the anti-YY1 antibody. For a
negative control, mouse preimmune serum was used. (E) Schematic drawing of the Flag-tagged MoMLYV IN and its deletion mutants. Full-length
MoMLYV IN and the mutants were tagged with Flag at the N terminus. The results of the immunoprecipitation experiment whose results are shown
in panel F are summarized on the right side of the panel. (F) Human YY1 interacts with the catalytic core and C-terminal domain of MoMLV
IN. Cells were lysed with buffer B. YY1 precipitated with Anti-FLAG M2 affinity beads was detected with anti-YY1 antibody after extensive
washing with buffer B. Two percent of each sample was used to confirm the expression of YY1 or Flag-INs (input, lower panels). The intact bands
of the Flag-IN fragments are indicated by the arrowheads. A result representative of several experiments is presented.
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cally interact with the three different INs, and thus, the inter-
actions might have a physiological significance. In these exper-
iments, GST-INs, His-IN, and His-YY1 were extensively
treated with Benzonase, and it was confirmed by agarose gel
electrophoresis that a detectable level of nucleic acids were not
contaminated (data not shown). This may rule out the possi-
bility that contaminating DNA or RNA bridged the two pro-
teins and mediated the physical interaction (50).

To provide further evidence that the catalytic core and C-
terminal domains of MoMLV IN interact with YY1, we also
performed a detailed study on its YY1-binding regions by
overexpressing YY1 and Flag-tagged MoMLV IN fragments
(Fig. 1E) in 293FT cells, followed by immunoprecipitation
using anti-Flag antibody and Western blotting. As shown by
the results presented in Fig. 1F, YY1 bound to the C-terminal
(amino acids 290 to 408 [290-408]) but not to the N-terminal
(2-116 and 2-135) fragments. Similar expression levels were
found for these truncated IN constructs. IN fragments contain-
ing the whole or a part of the catalytic core domain (fragments
112-289, 2-267, and 2-154) also bound to YY1, but the band
density was dependent on the fragment. The expression levels
of these truncated INs also varied. Although fragment 155-267
contained a part of the catalytic core domain, the band density
was almost background level (Fig. 1F). These results are sum-
marized in Fig. 1E. The immunocomplexes were treated with
nucleases in all of these experiments. Although the interaction
between the catalytic core domain of IN and YY1 seemed
weak by pulldown assay, the results of immunoprecipitation
demonstrated that a part of the catalytic core domain, as well
as the C-terminal domain, of MoMLYV IN interacted with YY1.

We next investigated which region of YY1 interacts with IN
using in vitro pulldown assays. For these assays, we constructed
several GST fusion proteins that were based on the domain
structure of YY1 (Fig. 2A). YY1 comprises three domains,
including an N-terminal activation domain with a histidine-rich
region, a central repressive domain with a glycine-rich region,
and a C-terminal zinc finger DNA-binding domain (reviewed
in reference 53). As shown in Fig. 2B, YY1 fragments 1-224,
163-414, and 293-414 but not 1-142 bound to MoMLV IN,
suggesting that it bound to the central repression and C-ter-
minal domains of YY1. We also confirmed the location of the
IN-binding regions with 293FT cells overexpressing Flag-
MoMLYV IN and truncated YY1 fragments. The results in Fig.
2C show that YY1 fragments 1-224, 163-414, and 225-414
were coimmunoprecipitated with IN but fragment 1-142 was
not precipitated. Since bands of fragments 163-414 and 225-
414 were weak in intensity (Fig. 2C, center panel), immuno-
precipitation was carried out under different conditions (high
stringency) with controls without IN (Fig. 2C, right panel).
Fragments 163-414 and 225-414 bound to IN. The results of
the pulldown and immunoprecipitation experiments consis-
tently showed that the central repressive domain of YY1, pos-
sibly including the GA and GK regions, bound to IN, while the
results for the C-terminal DNA-binding domain were slightly
different. That is, the interaction appeared weak by immuno-
precipitation compared to the results for pulldown assays. The
reason for this slight discrepancy remains unclear. However,
binding of the other protein factors or posttranslational mod-
ifications may have hampered the physical interaction between
the DNA-binding domain and IN in the immunoprecipitation
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experiments, as protein factors such as p300/CBP (28) and
HDAC (66-68) bind to this domain, and amino acid residues
261 to 333, in addition to amino acids 170 to 200, contain
acetylation sites (68). Another possible cause of the discrep-
ancy is differences in the stringency of the binding assays.

In vivo association of YY1 with MoMLYV c¢DNA. As YY1 can
potentially form physical interactions with three different INs,
we next examined whether YY1 associates with viral DNA in
the cytoplasm of infected cells. The cytoplasmic fraction of
NIH 3T3 cells infected with wild-type MoMLV was subjected
to gel filtration and immunoprecipitation, and the viral se-
quence was detected by Southern blotting using a viral cDNA
fragment as a probe. As presented in Fig. 3A, a viral sequence
of the expected size was detected in the precipitates of both
anti-YY1 antibody and anti-MoMLV IN antiserum, demon-
strating that YY1, as well as IN, associated with viral cDNA in
the cytoplasm of the infected cells. As judged by qPCR, 0.35%
(YY1) and 1% (IN) of the input DNA was recovered by im-
munoprecipitation.

We then also examined the association of YY1 with viral
DNA in NIH 3T3 cells that had been infected with a replica-
tion-defective viral vector. At 4 h postinfection, the cells were
collected and the association between YY1 and viral DNA was
studied by ChIP; anti-MoMLV IN antiserum was used as a
positive control. As shown in Fig. 3B, viral DNA could be
detected with both anti-YY1 antibody and anti-MoMLV IN
antiserum.

It has been reported previously that both MoMLYV (15) and
HIV-1 (7) contain YY1-binding motifs in their LTR se-
quences, suggesting that YY1 may be recruited specifically to
this sequence and associated with the PIC. To verify that the
association of YY1 with viral DNA is independent of the LTR,
a mutated viral vector based on MSCV (pQEGFP) that con-
tains a mutation in the YY1-binding site of the LTR sequence
was constructed as reported previously (Fig. 3C) (reviewed in
reference 22). The LTR sequence of nonmutated pQEGFP
differed from that of MoMLV by two nucleotides; however,
these changes were found outside the YY1-binding site. NIH
3T3 cells were infected with the vesicular stomatitis virus G
glycoprotein (VSV-G)-pseudotyped viral vector with or with-
out this mutation. At 4 h postinfection, the cytoplasmic frac-
tions were immunoprecipitated with anti-YY1 antibody, and
the viral DNA in the precipitate was amplified by PCR. As
indicated by the results in Fig. 3D, similar levels of viral DNA
could be detected for both wild-type and mutated viruses by
PCR. This finding demonstrated that the association of YY1
with viral DNA was mainly mediated by physical interaction
with MoMLYV IN and not through binding to the YY1-binding
sequence in the LTR. As the cellular distribution of YY1 is cell
cycle dependent and YY1 localizes to the cytoplasm during the
G, and early S phase (39), it seems reasonable that cytoplasmic
YY1 associates with viral DNA.

YY1 activates in vitro integration. We next investigated
whether the physical interaction between YY1 and INs mod-
ulates retroviral integration. We first analyzed the in vitro IN
activity in both the presence and absence of YY1 using His-
tagged MoMLYV, HIV-1, and ASV INs produced in E. coli. The
MoMLYV IN activity (strand transfer activity) was measured
using a short LTR sequence that was labeled with *?P at the 5’
end as the donor and plasmid pBluescript II KS™ as the target.
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FIG. 2. Identification of the IN-binding region in YY1 in vitro and in vivo. (A) Schematic drawing of full-length YY1 and its fragments used
for pulldown and coimmunoprecipitation experiments. His, histidine-rich domain; GA, glycine-alanine-rich domain; GK, glycine-lysine-rich
domain. The results of in vitro pulldown and immunoprecipitation experiments are summarized on the right side of the panel. (B) Results of
pulldown assay of MoMLYV IN with GST fusion proteins formed with various portions of human YY1. His-MoMLYV IN was detected by Western
blotting using anti-MoMLYV IN antiserum. GST and GST-YY1 fragments were subjected to SDS-PAGE, and the gel was stained with Coomassie
brilliant blue. Arrowheads show the intact fragments of GST-YY1 derivatives (lower panel). A result representative of several experiments is
presented. (C) Results of coimmunoprecipitation of human YY1 and MoMLV IN expressed in 293FT cells (upper panels). Normal mouse IgG
was used in the control, and nonspecific bands are indicated by asterisks. Cells were lysed with buffer A. IN complex was precipitated and washed
with buffer A (left and central panels) or buffer B (right panel). In the right panel, controls without IN were included to estimate a nonspecific
interaction between YY1 and anti-Flag antibody observed in lane 8, since interaction between IN and some YY1 derivatives seemed to be weak.
His-tagged fragments of human YY1 were detected with anti-YY1 or anti-His antibody. These antibodies were also used for detection of input
YY1 derivatives (2.5%). Flag-IN was detected with anti-Flag antibody. A result representative of several experiments is presented.
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FIG. 3. YY1 associates with MoMLV cDNA in infected cells.
(A) The cytoplasmic fraction containing PICs was prepared from co-
cultures of NIH 3T3 and clone 4 cells, and PICs were partially purified
by gel filtration and immunoprecipitated with anti-MoMLV IN anti-
serum or anti-YY1 antibody. Preimmune rabbit serum was used as a
control antibody, and the viral sequence was detected by Southern
blotting using a probe for the LTR of MoMLV. The right panel shows
the percentage of immunoprecipitated viral DNA; error bars show
standard deviations. Immunoprecipitated viral DNA was quantitated
by qPCR using primers 5'-CGCTCACAACCAGTCGGTAGAT-3’
and 5'-AGGTCACGATGTAGGGGACCT-3’ for the packaging sig-
nal sequence. Asterisks indicate that values of anti-IN and anti-YY1
compared to those of preimmune serum were significantly different (*,
P = 0.009; **, P = 0.046). (B) Results of ChIP assay of NIH 3T3 cells
infected with the VSV-G-pseudotyped MoMLV vector pLNAAG
(MOI of 0.8). Infected cells were harvested 4 h postinfection. Whole-
cell lysates were subjected to the assay. (C) Schematic representation
of the YY1-binding site mutation in the LTR. Primers used in the
experiment whose results are shown in Fig. 3D are shown by the
arrowheads. (D) The YY1-binding sequences in the LTRs do not
affect the association of YY1 to viral DNA. GP293 cells were cotrans-
fected with pVSV-G and the YY1-binding site mutant pQEGFP to
obtain the viral vector. NIH 3T3 cells were infected with the wild-type
or mutant viral vector at the same MOI (1.6), and the cells were
collected 4 h postinfection. PICs were immunoprecipitated from the
cytoplasmic fraction with anti-MoMLV IN serum or anti-YY1 anti-
body. Preimmune rabbit serum was used as a control antibody. PCR
was performed to detect the eGFP sequence of the viral vector.

IN and YY1 were premixed at 4°C for 2 h, followed by incu-
bation with donor DNA at 4°C for 30 min, and the reaction was
initiated upon the addition of target DNA and concentrated
reaction buffer (protocol 1 in Fig. 4A). Under the assay con-
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ditions, two forms of integration products were observed. Band
1 in Fig. 4A, the mobility of which on agarose gel electrophore-
sis was similar to that of the open circular target plasmid, was
supposed to be donor-tagged open circular target DNA, e.g., a
one-end integration product. The mobility of band 2 corre-
sponded to that of the linear form of the target DNA. From
this band, the DNA was isolated, PCR amplified, self-ligated,
and introduced into E. coli. After confirming that the cloned
DNA had resulted from the two-end integration by Munl di-
gestion, the sequences of the DNA were determined. Sequence
analysis of the donor-target junctions of the DNA revealed
that around 70 to 75% of the products contained the correct
4-bp duplication, irrespective of the presence of YY1, as shown
in Table 1. From a comparison of the amounts of integration
products, we found that YY1 activated integration (Fig. 4A).
Four-times excess amounts of YY1 did not result in any further
activation and partially impaired the enzyme activity (data not
shown). To confirm this activation, IN activity was also as-
sessed using a different preincubation protocol (protocol 2),
which resulted in similar activation (Fig. 4B). This finding
suggested that YY1 may not exhibit significant effects on IN-
donor DNA interaction. Furthermore, activation of IN mutant
C209A that shows a higher oligomerization state (equilibrium
between the dimer and tetramer) and has an increased solu-
bility (55) was also observed (data not shown). Taken together,
these results indicated that MoMLV IN can be activated by a
relatively low concentration of YY1.

With HIV-1 IN, a band with mobility that corresponded to
the linear form of the target DNA (band 2 in Fig. 4C) ap-
peared in the presence of YY1. The mobility of band 1
matched that of the donor-tagged open circular target plasmid
DNA. From band 2, DNA was isolated, PCR amplified, and
introduced into E. coli. The cloned DNA from almost all col-
onies did not contain a two-end concerted integration product.
This result agrees with the previous observation that two-end
concerted integration occurred at very low frequencies when
short donor fragments were used (33). Activation was also
observed for HIV-1 IN, in which YY1 activated the IN reac-
tion by more than 10-fold at an IN/YY1 ratio of 1:2 compared
to the density of lane 2 (Fig. 4C). GST protein slightly acti-
vated the IN reaction (<1.5-fold) (Fig. 4C, lane 6). This result
suggests that relatively weak interaction between HIV-1 IN
and YY1 had a substantial effect on IN activity (Fig. 1C and
D). In contrast to the results for MoMLYV, excess amounts of
YY1 versus IN (approximately 8 times) activated HIV-1 IN in
a dose-dependent manner, possibly due to the weak interaction
between the two molecules (data not shown). In addition to
HIV-1 IN, ASV IN showed 4- to 5-fold activation in the pres-
ence of YY1, judging from the density of the band correspond-
ing to the donor-tagged open circular target DNA (data not
shown). The purity of the IN preparations in these experiments
was high, although a small amount of degradation was ob-
served (Fig. 4A and C). These results demonstrated that the
three INs are activated by YY1, most likely through their
physical interactions.

In vivo integration assay. To investigate the physiological
importance of the IN-YY1 interaction, we assessed whether
YY1 affects in vivo integration events by using siRNA-medi-
ated knockdown of YY1. VSV-G-pseudotyped MoMLV and
MSCYV viral vectors were prepared using cell lines that express
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TABLE 1. Sequencing results of LTR-target junctions

No. (%) of products obtained with:

Duplication
IN IN + YY1
4 bp 13 (77) 10 (71)
Sbp 2(12) 2(14)
3bp 1(6) 0(0)
Others 1(6) 2(14)
Total 17 14

wild-type MoMLV gag-pol. YY1-knockdown or control
siRNA-transfected NIH 3T3 cells were infected with these
viral vectors for analysis of total viral cDNA, two-LTR circles,
and the integrated form of viral DNA. Following knockdown
of YY1, the amount of YY1 in NIH 3T3 cells was reduced to
less than 20% of the amount in control cells (Fig. 5A). The
amount of viral cDNA peaked at approximately 10 h postin-
fection for both viral vectors, irrespective of the presence of
siRNA, and then gradually decreased (Fig. 5B). The total
amount of synthesized viral cDNA in knockdown cells with
both viral vectors was increased by 1.8- to 2-fold the amount in
control cells at 10 h, suggesting that reverse transcription was
partly abrogated by YY1. Previously, it was shown that the
C-terminal region of HIV-1 IN binds to reverse transcriptase,
and mutations in the C-terminal region of HIV-1 and MoMLV
INs hamper the reverse transcriptase activity (8, 27, 58, 62).
Since YY1 binds to the C-terminal region of the MoMLV IN,
it is possible that YY1 may affect reverse transcriptase activity.
Alternatively, we cannot rule out the possibility that YY1 di-
rectly affects the enzymatic activity. In this regard, it is note-
worthy that YY1 binds to single- and double-stranded RNA
with a certain sequence preference for the oligo(U) stretch of
single-stranded and the A - U stretch of double-stranded
RNA, based on the analysis of messenger ribonucleoprotein
particle synthesis (2). Thus, it is possible that YY1 may be able
to bind to viral RNA and hamper reverse transcription. So far,
we have not obtained any clear result that elucidates the mech-
anism of the reduction of cDNA synthesis by YY1. Further
extensive studies are necessary to clarify the mechanism and
physiological meaning of this effect of YY1.

We next examined the effects of YY1 on the two-LTR circle,

FIG. 4. YY1 enhances the integration activity of MoMLV and
HIV-1 INs. The purity of the IN used is presented in the photographs
on the right side. (A) Following protocol 1, His-YY1 was mixed with
MoMLYV IN first at a molar ratio as shown above the panel. The upper
panel shows the products from the *?P-labeled LTR donor and the
target plasmid DNA by integration. The lower bar graph indicates the
normalized band intensities of the integration products compared to
that of the IN plus GST (lane 2) as 1. The band density was measured
using an image analyzer (BAS-5000; Fujifilm). Error bars show the
standard deviations of the results of three independent assays.
(B) Comparison of the activation of MoMLV IN by YY1 following
protocols 1 and 2 at a ratio of IN and YY1 of 1:2. The lower bar graph
indicates the normalized band intensities of the integration products
compared to that of the IN plus GST (lanes 1 and 2) as 1. (C) YY1 also
activated HIV-1 IN. In lane 6, GST (20 pmol) was included to quantify
nonspecific activation. The bar graph shows the normalized band in-
tensities of the products (band 1).
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FIG. 5. YY1 knockdown reduces viral integration into the host genome. (A) Knockdown of YY1 by siRNA was confirmed by Western blotting.
(B and C) The amount of total viral cDNA (B) and two-LTR circle (C) of pPQEGFP (siRNA no. 1006) and pLNAAG (siRNA no. 1099) viral vectors
is shown. NIH 3T3 cells were transfected twice with YY1 siRNA no. 1006 or no. 1099 and then infected with pPQEGFP (MOI of 0.1) or pPLNAAG
(MOI of 1). Cellular DNA was extracted at 0, 4, 10, 24, and 48 h and subjected to qPCR analysis. Copy number per cell was calculated by
normalizing the value of the viral sequence with that of GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Error bars represent the standard
deviations of the results of at least three experiments. Primers used for PCR for GAPDH were 5'-TGTGATGGGTGTGAACCACGAGAA-3' and
5'-GAGCCCTTCCACAATGCCAAAGTT-3'". Asterisks indicate that values of YY1 siRNA compared to those of scrambled RNA were signif-
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which is thought to be the result of direct end-to-end joining of
the viral DNA and is a dead-end product (45). For PCR,
primers annealing to the U5 and U3 regions of the LTR of
pLNAAG or the R and U3 regions of pPQEGFP were used. The
levels of two-LTR circle increased by 24 h, after which they
either gradually increased or decreased depending on the viral
vector used (Fig. 5C). The mean copy number of the two-LTR
circle was less than 1% of total viral cDNA at 24 h postinfec-
tion in both knockdown and control cells. siRNA facilitated
the two-LTR-circle formation by 1.3- to 2.9-fold compared to
the level in control cells at 24 h. Two-LTR-circle formation has
been reported to prevent apoptosis that is induced in infected
cells by nonintegrated linear viral DNA, and this formation can
be used as an index for nuclear transport of PICs (31, 42).
However, whether two-LTR-circle formation serves as a true
reflection of nuclear entry of PICs remains controversial, as
two-LTR circle was detected in the cytoplasm of MLV-in-
fected aphidicolin-arrested NIH 3T3 cells (45). Although the
physiological mechanisms for this reduction in two-LTR-circle
formation by YY1 remain to be elucidated, the effects of YY1
may be secondary to the reduction in viral cDNA synthesis.
As shown by the results presented in Fig. 5D, the amount of
viral sequence measured by qPCR 14 days after infection,
which probably corresponded to the amount of the integrated
form of viral DNA, decreased 3- to 6-fold by knockdown of
YY1 with both the MoMLV- and MSCV-based vectors, sug-
gesting that YY1 facilitates in vivo integration events. Similar
results were obtained by nested PCR 24 h postinfection (Fig.
5E). This result is in contrast to the viral cDNA synthesis,
which increased following siRNA treatment (Fig. 5B). As the
nuclear entry of the MOMLYV PIC is dependent on the disap-
pearance of the nuclear envelope during cell growth (31, 42)
and is required for successive integration events, growth retar-
dation following siRNA treatment was evaluated. We found
that cell growth was not significantly affected by siRNA, as
assessed by direct counting of cell numbers in parallel runs. We
observed that the increase in cell number in the siRNA-treated
dishes was 60 to 80% of that observed in the control culture
during the first 24 h after virus infection. Afterward, obvious
retardation of cell growth was not observed (data not shown).
We hypothesized that this level of growth retardation did not
profoundly influence nuclear entry of PIC and its subsequent
integration, although we could not rule out a limited effect on
integration. We also studied the expression of virally encoded
GFP. As demonstrated by the results in Fig. 5F, the mean
intensity of GFP fluorescence in the knockdown cells was in-
creased 1.4-fold at 48 h postinfection, although no increase was
observed at 24 h. This suggests that the expression of GFP was
partly repressed by YY1. Taking these results together, siRNA
appears to facilitate viral cDNA synthesis while abrogating
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integration. Thus, we speculated that YY1 activates integra-
tion events in vivo, even though the reverse transcriptase re-
action was partly inhibited.

DISCUSSION

The present study demonstrated that YY1 is able to bind to
MoMLV, HIV-1, and ASV INs. This interaction was found to
occur at the catalytic core and C-terminal domains of the
MoMLYV and HIV-1 INs. IN proteins can be divided into three
functional domains. The N-terminal domain contains a con-
served His-His/Cys-Cys (HHCC) that is involved in protein
multimerization (65, 70), the catalytic core domain contains a
conserved DDE motif that is essential for catalytic activity (11,
12, 26), and the less conserved C-terminal domain is involved
in nonspecific DNA-binding activity (13, 59). The amino acid
sequence of MOMLYV IN has extra sequences at both the C and
N termini and an additional 36-amino-acid sequence in the
C-terminal region that is close to the boundary of the catalytic
core domain. In addition, various amino acids differ in the
common region from those of HIV-1 and ASV INs (23, 41).
Despite the diversity in their amino acid sequences, MoMLV
and HIV-1 INs share a similar array of helix and B-strand
structures (41), suggesting that interaction with YY1 may rely
on their secondary rather than primary structure.

YY1 could not be detected in MoOMLYV virions, although IN
was detected (A. Mizutani, unpublished data). The immuno-
precipitation experiments whose results are shown in Fig. 3
demonstrated that YY1 associates with viral cDNA in the
cytoplasm of infected cells. These results suggest that YY1 may
associate with PIC in the cytoplasm. Since viral cDNA synthe-
sis was partly hampered by YY1, it is possible that YY1 may
interact with IN before PIC formation. Extensive analysis is
necessary to clarify this.

We also found that YY1 stimulated in vitro integration re-
actions of MoMLYV, HIV-1, and ASV INs. Maximum activa-
tion was observed for the IN/YY1 molar ratio of 1:2 with
MoMLYV and a higher ratio with HIV-1 IN. Thus, an intriguing
question is how YY1 facilitates the integration reaction in vitro.
As YY1 showed an apparently positive effect on the in vitro
activity of three different INs, we assumed that YY1 might
have a common and fundamental function for basic IN cata-
lytic mechanisms. In the present study, it was demonstrated
that the distribution of host target duplication of two-end con-
certed integration was not affected by YY1. And the MoMLV
IN C209A mutant, which shows a higher oligomerization state,
was also activated by YY1, suggesting that the activation may
not result from the changes in the oligomerization state of IN.
However, we have not yet obtained any direct evidence to
demonstrate the molecular basis of this activation. In this re-

icantly different (%, P = 0.038, and **, P = 0.031 in panel B; %, P = 0.022, **, P = 0.041, and **%, P = 0.047 in panel C). (D) The integrated
form of viral DNA was quantified 14 days postinfection by qPCR and normalized as described for the results presented in panel C. Asterisks
indicate significance of values of YY1 siRNA versus those of scrambled RNA (%, P = 0.014, *%, P = 0.016, and *%*, P < 0.0001). (E) The
integrated viral DNA was quantified by nested PCR 24 h postinfection (pQEGFP, n = 2; pLNAAG, n = 3). The asterisk indicates that values of
YY1 siRNA compared to those of scrambled RNA were significantly different (¥, P = 0.027). (F) Triplicate cultures of NIH 3T3 cells (YY1 siRNA
and scrambled RNA treated) infected with pLNAAG (MOI of 1) were analyzed by fluorescence-activated cell sorting in order to quantify the mean
GFP intensity. The asterisk indicates that values of YY1 siRNA compared to those of scrambled RNA were significantly different (*, P = 0.008).
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lationship, it is interesting that YY1, together with the INO80
chromatin-remodeling complex, is essential for mammalian
homologous recombination and was shown to bind to a recom-
bination intermediate termed the holiday junction in vitro (60).
Based on the results of this study, an attractive hypothesis
would be that YY1 might facilitate catalytic reactions by sta-
bilizing specific reaction intermediates. Further analyses on
this point will provide us with a better understanding of the
mechanisms underlying the enzymatic reaction of IN. We also
demonstrated that YY1 facilitated the IN-mediated integra-
tion events in vivo, even though viral cDNA synthesis was
impaired. This positive effect on in vivo integration may in part
mirror the activation of in vitro IN activity by YY1.

Retroviruses display preferences for target DNA sequences
in the immediate vicinity of the integration site which appear
to be virus specific, and IN may select specific sequences (10,
20). In addition to this nucleotide-scale selection of target sites,
previous studies have demonstrated that viruses have favored
and disfavored chromosomal regions for integration. For in-
stance, chromosomal regions rich in expressed genes are fa-
vored for HIV-1 integration (10, 30, 37, 48). MoMLYV prefers
integration near the start sites of transcription and CpG islands
that are genomic regions enriched in the rare CpG dinucle-
otide and commonly associated with the TATA box-less tran-
scription start site (10, 37, 54, 61). IN is supposed to be the
principal viral determinant of the integration specificity, prob-
ably through tethering to cellular proteins bound near pre-
ferred genomic regions (30). LEDGF/p75 is considered to act
as a tethering factor for HIV-1 PIC (6, 36, 48). YY1-binding
sites have been shown to reside in promoter and translation
start sites with a certain frequency (more than 3% of human
promoters contain the binding site) (63). Moreover, YY1 in-
teracts with basal transcription machinery, such as TBP and
TFIIB (1), and forms physical complexes, suggesting that YY1
may modulate the access of MoMLV PIC to chromosomes.
This might cause a bias in integration site selection to a certain
extent. However, as of now there is no clear evidence that
MoMLYV integration sites are enriched in the close vicinity of
YY1-binding sites.

In Drosophila, the gene known as Pho, an ortholog of YY1,
binds to the Polycomb-responsive elements of the Hox and
Engrailed genes and recruits the Polycomb-repressive complex
to the genes. A similar function in mammals has not been
reported for YY1 (reviewed in reference 49). Instead, YY1
was found to interact with the Polycomb protein Ezh2 that
shows histone lysine methyltransferase activity (4) and is a
member of Polycomb-repressive complex 2 with EED. In
Xenopus, YY1 interacts with EED (43), and EED physically
interacts with HIV-1 IN (56). Thus, it is possible that these
repressive proteins may interact with PIC, as is the case for
HDAC (19), and may be eventually delivered to integration
sites and repress the integrated proviral DNA under some
physiological conditions. In the present case, YY1 seemed to
partially repress GFP expression, but the molecular basis of its
action and its relationship to other repressive proteins remains
unclear.

Although no direct evidence for the physiological functions
of the IN-YY1 interaction has been found except for stimula-
tion of the integration reaction in vitro and in vivo, we hypoth-
esized that YY1 plays an important role in integration and

J. VIROL.

related events that occur after integration. Detailed analyses
are required to clarify the precise biological function of the
IN-YY1 interaction.
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