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DNA Damage and Cellular Stress Responses

TheStressOncoprotein LEDGF/p75 Interactswith theMethyl
CpG Binding Protein MeCP2 and Influences Its
Transcriptional Activity

Lai Sum Leoh1, Bart van Heertum3, Jan De Rijck3, Maria Filippova1, Leslimar Rios-Colon1, Anamika Basu1,
Shannalee R. Martinez1, Sandy S. Tungteakkhun1, Valeri Filippov1, Frauke Christ3, Marino De Leon1,
Zeger Debyser3, and Carlos A. Casiano1,2

Abstract
The lens epithelium–derived growth factor p75 (LEDGF/p75) is a transcription coactivator that promotes

resistance to oxidative stress- and chemotherapy-induced cell death. LEDGF/p75 is also known as the dense fine
speckles autoantigen of 70 kDa (DFS70) and has been implicated in cancer, HIV-AIDS, autoimmunity, and
inflammation. To gain insights into mechanisms by which LEDGF/p75 protects cancer cells against stress, we
initiated an analysis of its interactions with other transcription factors and the influence of these interactions on
stress gene activation.We report here that both LEDGF/p75 and its short splice variant LEDGF/p52 interact with
MeCP2, a methylation-associated transcriptional modulator, in vitro and in various human cancer cells. These
interactions were established by several complementary approaches: transcription factor protein arrays, pull-down
and AlphaScreen assays, coimmunoprecipitation, and nuclear colocalization by confocal microscopy. MeCP2 was
found to interact with the N-terminal region shared by LEDGF/p75 and p52, particularly with the PWWP-CR1
domain. Like LEDGF/p75, MeCP2 bound to and transactivated the Hsp27 promoter (Hsp27pr). LEDGF/p75
modestly enhancedMeCP2-induced Hsp27pr transactivation in U2OS osteosarcoma cells, whereas this effect was
more pronounced in PC3 prostate cancer cells. LEDGF/p52 repressed Hsp27pr activity in U2OS cells.
Interestingly, siRNA-induced silencing of LEDGF/p75 in U2OS cells dramatically elevated MeCP2-mediated
Hsp27pr transactivation, whereas this effect was less pronounced in PC3 cells depleted of LEDGF/p75. These
results suggest that the LEDGF/p75–MeCP2 interaction differentially influences Hsp27pr activation depending
on the cellular and molecular context. These findings are of significance in understanding the contribution of this
interaction to the activation of stress survival genes. Mol Cancer Res; 1–14. �2012 AACR.

Introduction
LEDGF/p75 is a stress response protein with increasing

relevance to cancer, HIV-AIDS, autoimmunity, inflamma-
tion, and eye disease. LEDGF/p75 and its short splice
variant p52 are derived from the same PSIP1 gene and were
originally identified as transcription coactivators that inter-
act with the RNA polymerase II transcription complex (1).
LEDGF/p75 is also known as the dense fine speckled
autoantigen of 70 kDa (DFS70), which is targeted by
autoantibodies in various human inflammatory conditions

(2). Although initially proposed to be a growth factor for lens
epithelial cells (3), subsequent studies revealed that LEDGF/
p75 is a stress survival protein that protects against oxidative
stress–induced cellular damage and death (4, 5). As a key
cellular cofactor for HIV-1 replication, LEDGF/p75 binds
the HIV-1 integrase (IN) through its C-terminal integrase-
binding domain (IBD) and tethers it to the chromatin,
facilitating lentiviral integration to transcriptionally active
regions of the host genome (6–8).
LEDGF/p75 is emerging as an oncoprotein in various

human cancers. It is targeted by autoantibodies in patients
with prostate cancer and is overexpressed in prostate
tumors and other human malignancies, including chemo-
therapy-resistant human acute myelogenic leukemia (9–
12). In addition, it can be found as a fusion protein with
NUP98 in patients with leukemia (13). Its overexpression
in tumor cells attenuates lysosomal cell death induced
by stressors that trigger oxidative stress (e.g., certain
chemotherapeutic drugs, TNF, and serum starvation;
refs. 5, 10, 12, 14). LEDGF/p75 also enhanced the
tumorigenic potential of HeLa cells in xenograft models
(10).
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LEDGF/p75 is thought to promote cell survival under
stress by transcriptionally activating genes encoding protec-
tive proteins such as Hsp27, aB-crystallin, peroxiredoxin 6
(PRDX6), and VEGF-c (15–17). Presumably, LEDGF/p75
transactivates these stress genes by binding to heat shock
elements (HSE) and stress elements (STRE) in their pro-
moter regions (15–17). In leukemia cells, LEDGF/p75
interacts with the menin/MLL-HMT (mixed lineage leu-
kemia-histone methyltransferase) transcription complex to
transactivate cancer-associated genes and facilitate leukemic
transformation (18).
The transcriptional and prosurvival activities of LEDGF/

p75 are attenuated by TGF-b1 (19), Bcl-2 (20), SUMOyla-
tion (21), and caspase-mediated cleavage (5, 22). The
prosurvival function of LEDGF/p75 is also negatively reg-
ulated by alternative splicing as its short splice variant p52
antagonizes its transcriptional activity and induces apoptosis
in cancer cells (22). Although it is not clear how LEDGF/
p75 is upregulated in the presence of stress, recent studies
implicated transcription factors SP1 and STAT3 in this
process (23, 24).
LEDGF/p75 and p52 share amino (N)-terminal amino

acids (1–325 aa); however, p52 has an intron-derived
carboxyl (C)-terminal tail (CTT, 326–333 aa) implicated
in its proapoptotic activity (1, 22). The N-terminal region
shared by both proteins contains a PWWP domain (1–93
aa), a structural entity implicated in chromatin binding,HIV
integration, protein–protein interactions in the chromatin,
transcriptional repression, and DNA methylation (25–30).
The N-terminal region also has a positively charged domain
(CR1) immediately after the PWWPdomain that is followed
by a nuclear localization signal (NLS) and two AT-hook
sequences that cooperate with the PWWP domain for
chromatin binding (31, 32). A second charged region (CR2),
also designated the supercoiled DNA recognition domain
(SRD; 200–336 aa), facilitates LEDGF/p75 binding to
active transcription sites (33). The C-terminus of
LEDGF/p75 (347–429 aa) encompasses both the IBD and
the autoepitope recognized by human anti-LEDGF/p75
autoantibodies (8, 34). This region is involved in pro-
tein–protein interactions and binding to HSE in promoter
regions (35–38). Both the N- and C-terminal regions of
LEDGF/p75 contribute to its transcription and stress sur-
vival functions (5, 38).
Understanding the mechanisms by which LEDGF/p75

promotes tumor cell resistance to cell death and chemother-
apy requires detailed knowledge of its cellular functions,
particularly its interactions with other cancer-associated
proteins and its target genes. To date, only a few cellular
interacting partners of LEDGF/p75 have been identified.
These are the PC4 transcription factor, menin/MLL, the
Cdc7 activator of S-phase kinase (ASK), the pogZ transpo-
sase, and the myc-interacting protein JPO2 (18, 35–37).
Using transcription factor protein arrays, we identified
several candidate interacting partners of LEDGF/p75.
Among these, methyl CpG–binding protein 2 (MeCP2)
was of particular interest because, like LEDGF/p75, it has
been linked to prostate cancer (39). MeCP2 belongs to the

family of methyl CpG–binding proteins and is mutated in
Rett syndrome, a childhood neurodevelopmental disease
(40). MeCP2 is a transcription factor that is generally
considered to bind methylated CpG islands to repress
transcription. However, recent evidence indicates that
MeCP2 binds DNA regardless of methylation status and
acts as a transcriptional modulator that remodels chromatin
to activate or repress genes depending on the cellular and
molecular context (40–42). In this study, we characterized
the interaction between LEDGF/p75 and MeCP2 in vitro
and in cancer cells.We provide evidence that theN-terminal
PWWP-CR1 region of LEDGF/p75 binds to MeCP2 and
influences its transcriptional function.

Materials and Methods
Cell culture, antibodies, and plasmids
U2OS, PC3, 293T, and HeLa cells were obtained from

the American Type Culture Collection and cultured in
McCoy's 5A medium or RPMI-1640 (Gibco), supplemen-
tedwith 2mmol/L L-glutamine and penicillin/streptomycin,
and 10% FBS. PC3 cells stably expressing LEDGF/p75
(14), were grown in RPMI-1640 with 10% (v/v) FBS, 20
mg/mL of gentamicin, and 0.5 mg/mL of Geneticin. Cells
were grown with 5% CO2 at 37�C.
The following antibodies were used: mouse monoclonals

anti-LEDGF/p75-p52 (BD Biosciences), anti-b-actin (Sig-
ma); rabbit polyclonals anti-LEDGF/p75 (Bethyl Labora-
tories), anti-MeCP2 (ProteinTech Group), anti-HA (Santa
Cruz Biotechnology), anti-eGFP and goat polyclonals anti-
eGFP (produced in the laboratory of Z. Debyser), anti-GFP
(Santa Cruz Biotechnology), anti-GST (Pharmacia Bio-
tech), anti-Flag-HRP (Sigma) and rat monoclonal horserad-
ish peroxidase (HRP)-conjugated anti-HA (Roche Diagnos-
tics).Human antibodies to LEDGF/p75were a gift fromDr.
Eng M. Tan (Scripps Research Institute, La Jolla, CA).
Plasmid pET28a-dfs70 encoding His-LEDGF/p75 was a

kind gift from Dr. Edward Chan (University of Florida,
Gainesville, FL). Plasmids pDEST-GST-MeCP2 and
pcDNA-Flag-MeCP2 were a kind gift fromDr. Adrian Bird
(University of Edinburgh, Edinburgh, UK). Plasmids
pKB6H-p52, pMal-p2x-BRD4-Ct, and p-eGFP-BRD4-Ct
were generated in the laboratory of Z. Debyser. Plasmids
pCruzHA-LEDGF/p75, pCruzHA-p52, and pGL3-
Hsp27pr-Luc were generated as described (22). Plasmid
eGFP-p52 was cloned by replacing the LEDGF/p75 cDNA
in p-eGFP-LEDGF/p75 vector with the LEDGF/p52
cDNA at XhoI and BamHI restriction sites.

Purification of recombinant LEDGF/p75, p52, and
MeCP2
Glutathione S-transferase (GST)-tagged MeCP2 was

produced from pDEST-MeCP2 in Escherichia coli BL21
grown in the presence of sorbitol and betaine. Expression
was induced in lysogeny broth (LB) medium at 37�C by
addition of 0.5 mmol/L isopropyl b-D-1-thiogalactopyrano-
side (IPTG). Cells harvested 3 hours after induction were
lysed by sonication in core buffer (50mmol/L Tris-HCl, 0.5
mol/L NaCl, pH 7.5, 10 mmol/L EDTA, 10 mmol/L
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EGTA, 1% Triton X-100, and 20 mg/mL lysozyme). The
fusion protein, captured on glutathione agarose (Sigma) or
glutathione sepharose beads (GE Healthcare Life Sciences),
was eluted with 20 mmol/L glutathione in core buffer.
Histidine (His)-tagged LEDGF/p75 and p52were expressed
from pET28a-dfs70 and pKB6H52 in E. coli BL21, respec-
tively. Expression was induced with 1 and 3 mmol/L IPTG,
respectively, at 37�C for 3 hours. Bacteria were lysed by
sonication in B-PER bacterial protein extraction reagent
(Thermo Scientific). The recombinant proteins were cap-
tured on nickel columns (Novagen) or TALON His-Tag
Purification Resins (Clontech) and washed with 20 mmol/L
HEPES, 0.5mol/LNaCl, 2mmol/L KCl, 1%NP-40, and 5
mmol/L imidazole. Proteins were eluted with 20 mmol/L
HEPES, 137 mmol/L NaCl, 2 mmol/L KCl, 300 mmol/L
imidazole, and dialyzed using D-tube dialyzer (Novagen).

Transcription factor arrays
Two transcription factor protein arrays that were com-

mercially available at the time we initiated these studies,
Active Protein Array (Active Motif) and TranSignal Protein
Arrays I-III (Panomics), were used for identifying interacting
partners of LEDGF/p75 following the manufacturer's
instructions. These arrays contained 170 transcription fac-
tors and coactivators, as well as RNA polymerase II, spotted
on membranes in duplicates or triplicates. Briefly, mem-
branes were blocked with 5% milk in Tris-buffered saline
with Tween-20 (TBS-T) buffer for 1 hour. Recombinant
His-LEDGF/p75 was incubated overnight with the mem-
branes, and after washes with TBS-T, the membranes were
probed with human anti-LEDGF/p75 autoantibody for 2
hours. Following washes with TBS-T, the membranes were
incubated with HRP-conjugated secondary antibodies, and
protein interaction signals were detected by chemilumines-
cence (Amersham).

Pull-down assays
GST or GST-MeCP2 proteins bound to glutathione

beads were blocked in HEPES buffer (20 mmol/L HEPES,
pH 7.4, 2 mmol/L DTT, 137 mmol/L NaCl, 2 mmol/L
KCl, 5% glycerol) with 0.1% bovine serum albumin (BSA)
at 4�C for 1 hour. His-LEDGF/p75 or His-p52 were then
incubated with the beads at 4�C for 1 hour inHEPES buffer.
The beads were then collected by centrifugation at 5,000
rpm for 30 seconds at 4�C, the supernatant was discharged,
and the beads were washed 2 times with 1 mL of HEPES
buffer þ 0.1% NP-40 followed by HEPES buffer þ 0.5%
NP-40 þ 0.5 mol/L NaCl. Bound proteins were eluted in
SDS-PAGE sample buffer, separated by SDS-PAGE (10%
Bis–Tris gel), and detected by immunoblotting.

Analysis of protein–protein interactions by AlphaScreen
assay
The AlphaScreen assay was conducted according to the

manufacturer's protocol (Perkin Elmer). Briefly, reactions
were conducted in 25 mL final volume in 384-well Optiwell
microtiter plates. The reaction buffer contained 25 mmol/L
Tris-HCl pH 7.4, 150 mmol/L NaCl, 1 mmol/L MgCl2,

0.1% Tween-20, 0.1% BSA. Varying concentrations of
GST-MeCP2 in bacterial lysate and purified Flag-
LEDGF/p75 were incubated in 15 mL reaction volume at
4�C for 1 hour. The concentration of GST-MeCP2 in the
lysates was estimated using BSA standards on SDS-PAGE
gels stained with Coomassie Blue. Equal volume of bacterial
lysate not expressing GST-MeCP2 was used as negative
control. Subsequently, 5 mL of the diluted donor (glutathi-
one) and acceptor (Flag) beads were added. After incubation
for 1 hour in the dark, light emission was measured in the
EnVision reader (Perkin Elmer) and analyzed using the
EnVision manager software.

Transient and stable transfection
293T cells were transfected in 10-cm3 plates by poly-

ethyleneimine (PEI) transfection. Ten micrograms of plas-
midDNAwas used to transiently transfect cells at more than
50% confluency. U2OS and PC3 cells were transfected
using TransIt 2020 (Mirus) transfection reagent. Trans-
fected cells were grown for 24 to 48 hours before analysis.
Stable PC3 clones overexpressing LEDGF/p75 were gener-
ated by transfecting cells with pcDNA-LEDGF/p75, or
empty pcDNA vector for controls, and growing them in
selection media containing Geneticin (Calbiochem) as
described (14).

Coimmunoprecipitation
Cells were collected 48 hours posttransfection and lysed in

radioimmunoprecipitation assay (RIPA) buffer (Santa Cruz
Biotechnology). Antibodies were incubated with cell lysates
for 1 hour before protein A/Gþ agarose beads (Santa Cruz
Biotechnology) were added. The beads were collected by
centrifugation and washed 3 times with core buffer [50
mmol/L Tris, pH 7.5, 300 mmol/L NaCl, 1 mmol/L
MgCl2, 5% glycerol, complete protease inhibitor EDTA
free (Roche), and 0.1%NP-40]. 293T cells were transiently
transfected with p-eGFP-LEDGF/p75 and pcDNA-Flag-
MeCP2. Whole-cell lysates were collected 24 hours post-
transfection and lysed in core buffer with 1% Triton X-100.
Antibody against GFP was incubated with cell lysate over-
night before protein G sepharose beads (GE Healthcare)
were added. Precipitation of Flag-MeCP2 was done using
Flag-agarose beads. Immunoprecipitated proteins were
detected by immunoblotting using appropriate antibodies.

Confocal microscopy
Cells were cotransfected with different combinations of

plasmids encoding eGFP-tagged LEDGF/p75, HcRed-
tagged p75 or p52, or Flag-tagged MeCP2. Cells were then
fixed with 4% formaldehyde and permeabilized with 0.5%
Triton X-100. Ectopically expressed Flag-MeCP2 was visu-
alized by incubation with anti-Flag antibodies, followed by
incubation with corresponding secondary antibodies labeled
with either fluorescein isothiocyanate (FITC) or rhodamine.
For visualization of endogenous LEDGF/p75 and MeCP2
proteins, fixed/permeabilized cells were coincubated with
human anti-LEDGF/p75 and rabbit anti-MeCP2 antibo-
dies, both used at 1:200 dilution. After incubation with
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respective secondary antibodies labeled with FITC or rho-
damine, cells were mounted with medium containing 40,6-
diamidino-2-phenylindole (DAPI; Vectashield). Confocal
microscopy was conducted in a Zeiss LSM 710 NLO
microscope with 63� oil immersion objective and appro-
priate filters. Images were analyzed using ImageJ software.

Luciferase-based transcription reporter assays
Hsp27pr luciferase transcription reporter assays were

conducted as described previously (22). Briefly, cells were
cotransfected with plasmids encoding the proteins of interest
or empty vector, and pGL3-Hsp27pr. At 48 hours post-
transfection, cells were lysed and luciferase assays were
conducted using the Luciferase Assay System (Promega).
Relative light units were obtained in a MicroLumatPlus Lb
96V luminometer (Berthold Tech), and luciferase values
were normalized to protein concentration of lysates from
cells cotransfected with the empty vectors and pGL3-
Hsp27pr. Student t-test analysis was conducted using
Microsoft Excel. Experiments were repeated at least 3 times.

LEDGF/p75 knockdown by RNA interference
Transient knockdown of LEDGF/p75 was carried out

using synthetic siRNA oligos as described previously (43).
The siLEDGF/p75 sequence corresponded to nucleotides
1,340 to 1,360 (50-AGACAGCAUGAGGAAGC-
GAdTdT-30) with respect to the first nucleotide of the start
codon of the LEDGF/p75 open reading frame. Ambion
Silencer Negative Control siRNA #1 was used as scrambled
control. siRNAs were transfected into cells using siQuest
(Mirus). LEDGF/p75 knockdown was verified by
immunoblotting.

Chromatin immunoprecipitation assays
U2OS cells were fixed in 1% formaldehyde for 10minutes

and subjected to chromatin immunoprecipitation (ChIP)
assay using ChIP-IT Express Enzymatic kit (Active Motif).
Anti-LEDGF/p75 antibodies (A300-848A, Bethyl), anti-
MeCP2 antibodies (07–013, Millipore), and rabbit IgG
(Santa Cruz Biotechnology) were used to immunoprecipi-
tate protein–chromatin complexes. PCR was carried out
using primers to amplify Hsp27 promoter: set A, forward
50-CGC TTA AGC ACC AGG GCC GG-30 and reverse
50-CCGGCCCTGGTGCTTAAGCG-30; set B, forward
50-CTGGGCTCAAGCACCAGACTC-30 and reverse
50-CAAATGAATTCGAGAGCGCGACGC-30; set C, for-
ward 50-CAGGGTTTTGCTCTGTAG CC-30 and reverse
50-CCACACGCGTGTGAGATAGAATGTG-30; and set
D, forward 50-CTCTGCCTTCTGGGTTCAAG-30 and
reverse 50-TTGAACCCCGGTGAGTAGAG-30.

Results
Identification of MeCP2 as a candidate interacting
partner of LEDGF/p75
We hypothesized that LEDGF/p75 cooperates with tran-

scription factors to facilitate the activation of stress genes. To
identify novel cellular interacting partners of LEDGF/p75,
we screened 170 different transcription factors for LEDGF/

p75 binding using transcription factor protein arrays that
were commercially available at the time we initiated these
studies (Panomics and Active Motif). Purified recombinant
His-tagged LEDGF/p75 (Fig. 1A) was incubated with
recombinant transcription factors spotted on membranes,
and protein–protein interactions were identified using a
specific human autoimmune serum against LEDGF/p75
(Fig. 1B), followed by signal detection with chemilumines-
cence (Fig. 1C). We detected moderate to strong protein–
protein interaction signals with 17 different transcription
factors, with the strongest reactivity corresponding to the
LEDGF/p75–MeCP2 interaction (Fig. 1C). One array
(Active Motif) yielded strong signals with transcription
factor PC4 and RNA polymerase II subunits (data not
shown), consistent with the early report that LEDGF/p75
copurifies with these proteins (1).

LEDGF/p75 interacts with MeCP2 in vitro
To confirm the interaction between LEDGF/p75 and

MeCP2 in vitro, pull-down experiments were carried out
using recombinant proteins. Beads with bound GST-
MeCP2 or GST were incubated with His-LEDGF/p75,
and interactions were detected by immunoblotting
using anti-GST antibody. His-LEDGF/p75 was pulled
down with GST-MeCP2 but not with GST (Fig. 2A). A

MeCP2

Positive        
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Chemiluminescence
detection

His-LEDGF/p75

Human anti-LEDGF/p75 

Goat anti human-HRP

Transcription factors 
arrayed in duplicates

WB: human anti-LEDGF/p75
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15

kDa

BA

His-LEDGF/p75

His-LEDGF/p75 purification
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50
37

25
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kDa

C

Figure 1. Identification of candidate interacting partners of LEDGF/p75
using transcription factor protein arrays. A, Coomassie blue–stained
SDS-PAGE gel showing purified His-LEDGF/p75. E. coli BL21 strain was
transformed with pET28a-dfs70 encoding His-LEDGF/p75 and induced
with IPTG. Lysate was passed through a nickel column to purify His-
LEDGF/p75. B, immunoblot showing the specificity of the human
autoantibody against LEDGF/p75 used as detection reagent in the
transcription factor protein arrays. The autoantibody reacts specifically
with LEDGF/p75 in a PC3 prostate cancer cell lysate. WB, Western
blotting. C, transcription factor arrays were used to identify candidate
interacting transcription factors of LEDGF/p75. Purified His-LEDGF/p75
was incubated with transcription factors spotted on membranes. Protein
interactions were detected with human anti-LEDGF/p75 autoantibody
and chemiluminescence. A section of the transcription factor array
membrane containing MeCP2 is shown.
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protein–protein interaction assay using the AlphaScreen
Technology (Perkin-Elmer) was used for additional confir-
mation of the LEDGF/p75–MeCP2 interaction in vitro. To
prevent false-positive signals due to rapid degradation of
purified recombinant GST-MeCP2, we used GST-MeCP2
induced in the E. coli BL21 bacterial lysate. Enhanced
bacterial expression of GST-MeCP2 was attained in the
presence of sorbitol and betaine. Cross-titration of increasing
concentrations of recombinant Flag-LEDGF/p75 andGST-
MeCP2 showed binding between both proteins over a wide
range of concentrations (Fig. 2B). Optimum binding was
observed between 11 nmol/L Flag-LEDGF/p75 and esti-
mated 1 nmol/L GST-MeCP2 (Fig. 2C).

LEDGF/p75 interacts with MeCP2 in cellular models
The LEDGF/p75–MeCP2 interaction was confirmed in a

cellular system by coimmunoprecipitation (co-IP) assays.

Plasmids encoding Flag-MeCP2 and different eGFP-tagged
proteins were cotransfected in 293T cells (for high trans-
fection efficiency). Expressed proteins were then immuno-
precipitated with anti-GFP antibody and pulled down by
proteinG-agarose beads. Immunoprecipitated proteins were
analyzed by immunoblotting with antibodies against eGFP
and Flag tags. Immunoblotting analysis showed MeCP2
interaction with eGFP-LEDGF/p75 but not with eGFP-
HIV-IN or the irrelevant protein eGFP-BRD4-Ct (carboxyl
terminal fragment of the bromodomain containing protein
4; Fig. 3A). To verify that LEDGF/p75 andMeCP2 interact
endogenously in cancer cells, co-IP experiments were carried
out using U2OS osteosarcoma cells, which express high
endogenous levels of LEDGF/p75 (22). U2OS cell lysates
were incubated with antibody against LEDGF/p75, and the
immunoprecipitated proteins were detected by immuno-
blotting. Endogenous LEDGF/p75 and MeCP2 were

Figure 2. LEDGF/p75 interacts with MeCP2
in vitro. A, pull-down assays with His-LEDGF/
p75 and GST-MeCP2. Recombinant
His-LEDGF/p75 was incubated with GST or
GST-MeCP2 bound to glutathione beads and
pulled down proteins were analyzed by
immunoblotting using antibodies specific
for GST or LEDGF/p75. His-FADD
(Fas-associated protein with death domain) was
used as negative control. Protein input was
determined by immunoblotting of whole-cell
extracts. �, degraded GST-MeCP2. WB,
Western blotting. B, cross-titration for Flag-
LEDGF/p75 and GST-MeCP2 interaction as
measured by AlphaScreen assay. Interaction
was measured at different concentrations of
Flag-LEDGF/p75 as indicated on the vertical
axis andGST-MeCP2as indicated on the x-axis.
C, an estimated 1 nmol/L MeCP2 was sufficient
to interact with 11 nmol/L LEDGF/p75. E. coli
BL21 lysate not expressing GST-MeCP2 was
used as a negative control. Results in (B) and (C)
are representative of 3 independent
measurements.
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detected in immunoprecipitates of endogenous LEDGF/
p75 but not in immunoprecipitates of an IgG control
antibody (Fig. 3B).
The LEDGF/p75–MeCP2 interactionwas also confirmed

by reciprocal co-IP and immunoblotting in PC3 prostate
cancer cells (Fig. 3C). Whole-cell lysates from PC3 cells
stably overexpressing LEDGF/p75 (PC3p75) or from
untransfected PC3 cells (PC3) were incubated with antibody
against MeCP2, and the immunoprecipitated endogenous
proteins were detected by immunoblotting with antibodies
to MeCP2 or LEDGF/p75 (Fig. 3C, middle). In the recip-
rocal experiment, the PC3p75 and PC3 cells were incubated
with antibody against LEDGF/p75, and the immunopreci-
pitated endogenous proteins were detected by immunoblot-
ting with antibodies to MeCP2 or LEDGF/p75 (Fig. 3C,
right). Endogenous LEDGF/p75 andMeCP2 were detected
in immunoprecipitates of endogenous MeCP2 but not in

immunoprecipitates of an IgGcontrol antibody (Fig. 3D).As
an additional control, we sought to confirm that the anti-
LEDGF/p75 and MeCP2 antibodies were recognizing dif-
ferent endogenous proteins in PC3 cells. For these experi-
ments, LEDGF/p75 was knocked down in PC3 cells by
transient transfection of siRNA oligos (sip75). Immunoblots
revealed that endogenous LEDGF/p75 was dramatically
reduced by sip75 but not by the control scrambled duplex
oligos (siSD;Fig. 3E).The endogenous levels ofMeCP2were
not affected, indicating that the anti-LEDGF/p75 and anti-
MeCP2 antibodies were recognizing different proteins.
Confocal microscopy analysis was conducted to examine

the intracellular colocalization of LEDGF/p75 andMeCP2.
U2OS and HeLa cells were transiently transfected with
different combinations of tagged LEDGF/p75 and MeCP2
constructs. Figure 4A shows that coexpression of eGFP-p75
and Flag-MeCP2 in U2OS cells gave an identical nuclear
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localization pattern. White arrows pointing to nuclei expres-
sing only eGFP-p75 or only Flag-MeCP2 indicated that the
observed colocalization was not due to bleeding of fluores-
cence from one channel into the other (Fig. 4A). The nuclear
colocalization of LEDGF/p75 and MeCP2 could be better
appreciated in nuclei of U2OS coexpressingHcRed-p75 and
Flag-MeCP2, or in mitotic HeLa cells coexpressing eGFP-
p75 and Flag-MeCP2 (Fig. 4B and C, respectively). The
nuclear colocalization of endogenous LEDGF/p75 and
MeCP2 was also established in U2OS and PC3 cells by
coincubating each cell line with both human antibody to
LEDGF/p75 (green) and rabbit antibody to MeCP2
(red; Fig. 4D and E). Both proteins displayed a distinctive
nuclear speckled pattern that colocalized with DAPI-stained
chromatin.

LEDGF/p52 also interacts with MeCP2
Asmentioned above, LEDGF/p75 and p52 share their N-

terminal region, which contains the PWWP domain, CR1
and CR2, NLS, and AT-hooks that collectively facilitate
DNA binding (Fig. 5A). To determine whetherMeCP2 also
binds to p52, we conducted pull-down assays in which
recombinant His-p52 was incubated with GST or GST-
MeCP2 beads. Immunoblotting showed that His-p52 was
pulled down by GST-MeCP2 but not by GST (Fig. 5B).
Confocal microscopy showed partial colocalization of
HcRed-p52 with Flag-MeCP2 inU2OSnuclei coexpressing
these tagged proteins (Fig. 5C). White arrows pointing to
nuclei expressing only Flag-MeCP2 indicated that the
observed colocalization was not due to the bleeding of
fluorescence from one channel into the other (Fig. 5C).

Figure 4. Nuclear colocalization of
LEDGF/p75 and MeCP2 by confocal
microscopy. U2OS cells were
transiently cotransfected with
plasmids encoding Flag-MeCP2 and
eGFP-LEDGF/p75 (A), or the
combination of HcRed-LEDGF/p75
andFlag-MeCP2 (B). HeLa cellswere
transiently cotransfected with
plasmids encoding Flag-MeCP2 and
eGFP-LEDGF/p75 (C). White arrows
in (A) point to cells that were stained
with eGFP-LEDGF/p75 but not with
Flag-MeCP2, or vice versa, ruling out
the possibility of bleeding from one
channel into the other. Ectopically
expressed MeCP2 was detected 48
hours posttransfection using anti-
Flag antibodies and visualized with
FITC-labeled secondary antibody.
Endogenous colocalization of
LEDGF/p75 and MeCP2 was
observed in U2OS (D) and PC3 (E)
cells after coincubation with human
anti-LEDGF/p75 and rabbit anti-
MeCP2 antibodies, followed by
detection with corresponding
secondary antibodies. Nuclei were
stained with DAPI, and fluorescent
signals were analyzed by confocal
microscopy.
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Taken together, these results indicated that p52 also interacts
with MeCP2 and pointed to interaction of this protein with
the N-terminal region of LEDGF/p75.

The N-terminal region of LEDGF/p75 mediates the
interaction with MeCP2
In light of the fact that LEDGF/p75 and p52 share the

same N-terminal region (1–325 aa), we sought to map the
minimal interacting region of these proteins with MeCP2.
To accomplish this, deletion constructs comprising different
regions of LEDGF/p75 were used. co-IP was conducted in
cells transiently cotransfected with plasmids encoding Flag-
MeCP2 and one of the following eGFP-tagged constructs:
LEDGF/p75 (1–530 aa), LEDGF/p52 (1–333 aa), PWWP
domain (1–93 aa), DPWWP (94–530 aa), D1–325 (325–
530 aa), or IBD (347–429 aa; Fig. 6A). co-IP with anti-Flag
antibody followed by detection with anti-GFP antibody
showed that Flag-MeCP2 coprecipitated with both full-
length LEDGF/p75 and p52 but not with any of the
truncated LEDGF/p75 constructs (Fig. 6B and C).
Because both LEDGF/p75 and p52 interacted with

MeCP2, and the PWWP domain alone or DPWWP did
not interact with MeCP2, we concluded that additional
regions in the N-terminal portion of these proteins may be
needed for MeCP2 binding. To identify these regions,
deletion constructs consisting of the PWWP domain alone
(1–93 aa), or in combination with its downstream CR1
region (1–141 aa), were used to examine MeCP2 binding.
U2OS cell lysates containing endogenous MeCP2 were

incubated with the following Flag-tagged recombinant pro-
teins: LEDGF/p75, PWWP-CR1 (1–141 aa), or PWWP
(1–108 aa; Fig. 6A). Pull-down was done using anti-Flag
agarose beads. Immunoblotting analysis with anti-Flag anti-
body or anti-MeCP2 antibody showed that endogenous
MeCP2 was pulled down with Flag-LEDGF/p75 and
Flag-PWWP-CR1 but not with Flag-PWWP (Fig. 6D).
This suggested that the extreme N-terminal region (1–141
aa) of LEDGF/p75 mediates its interaction with MeCP2.

MeCP2 transactivates the Hsp27 promoter
The interaction of LEDGF/p75 and p52 with MeCP2

suggested that these proteins are part of a transcription
complex that activates and regulates stress genes such as
Hsp27. To examine this, we first determined whether
MeCP2 transactivates the Hsp27 promoter (Hsp27pr) in
luciferase reporter assays. U2OS cells were transiently
cotransfected with pGL3-Hsp27pr-Luc and pcDNA empty
vector, pcDNA-Flag-MeCP2, pCruz empty vector, pCruz-
HA-LEDGF/p75, or pCruz-HA-p52. Transient expression
of Flag-MeCP2 transactivated Hsp27pr at higher levels
(14-fold; Fig. 7A) than those induced by LEDGF/p75 and
p52 (2- to 3-fold; Fig. 7B).
To establish whether transactivation of Hsp27pr by

LEDGF/p75 and MeCP2 was mediated by their binding
to this promoter, ChIP assay was conducted. On the basis
of previous reports, LEDGF/p75 was predicted to
bind HSEs and STREs located in the proximal region
(�185 to �111) of Hsp27pr (15), whereas MeCP2 was
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predicted to bind AT-rich repeats in the distal region (Fig.
6C; ref. 44). ChIP assays using a specific MeCP2 antibody
revealed binding of this protein toHsp27pr regions C andD
(bp �1,071 to �382), located upstream of the HSE and
STRE consensus sequences (Fig. 7D, region A). On the
other hand, LEDGF/p75 bound to the entire Hsp27pr
tested (bp �1,071 to þ18). ChIP with control rabbit
anti-IgGdid not produce any bands, whereasb-actin primers
showed optimal enzymatic digestion of the chromatin.
These results indicated that both LEDGF/p75 and MeCp2
bind to the Hsp27pr, with overlapping binding sites at the
distal regions of the promoter.

LEDGF/p75 and p52 modulate the transcriptional
activity of MeCP2
We sought to determine whether LEDGF/p75 and p52

modulate the ability of MeCP2 to transactivate Hsp27pr.

Luciferase reporter assays were conducted with coexpression
of Flag-MeCP2 and HA-LEDGF/p75 or Flag-MeCP2 and
HA-p52. Coexpression of HA-LEDGF/p75 and Flag-
MeCP2 in U2OS cells enhanced Hsp27pr transactivation
levels above those induced by Flag-MeCP2 alone, although
this effect wasmarginal (8- vs. 7-fold increase, respectively; P
� 0.05) and only at the low LEDGFp75/MeCP2 plasmid
ratio (1:6; Fig. 7A).On the other hand, coexpression of Flag-
MeCP2 with HA-p52 significantly reduced Hsp27pr activ-
ity (�40%; Fig. 8B), suggesting that p52 represses MeCP2
transcriptional activity.
LEDGF/p75 is a transcription coactivator of RNA poly-

merase II transcription (1), whereas MeCP2 participates in
chromatin remodeling events leading to recruitment of RNA
polymerase II to activate gene transcription (reviewed in
refs. 41, 42). In light of this, we had expected that ectopic
coexpression of HA-LEDGF/p75 and Flag-MeCP2 would
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result in a robust enhancement ofHsp27pr activity inU2OS
cells. However, because neither synergistic nor additive
effects were observed, we decided to transiently silence
endogenous LEDGF/p75 using siRNAwhile overexpressing
Flag-MeCP2. Surprisingly, U2OS cells overexpressing Flag-
MeCP2 but depleted of endogenous LEDGF/p75 displayed
robust and significant increase (3-fold) in Hsp27pr activa-
tion compared with cells transfected with control siRNAs,
suggesting that LEDGF/p75 may repress MeCP2-driven
Hsp27pr activity in these cells (Fig. 8C).
In view of the fact that both LEDGF/p75 and MeCP2

have been implicated in prostate cancer cell growth and
survival (9, 11, 14, 39), we also examined the effects of their
coexpression on Hsp27pr activation in PC3 cells. First, we
evaluated Hsp27pr activation in PC3 cells stably overex-
pressing LEDGF/p75 and observed activation levels that
were 3- to 5-fold above cells stably transfected with empty
pcDNA vector (Fig. 8D and E). In contrast to what we
observed in U2OS cells, transient Flag-MeCP2 overexpres-
sion in PC3 cells stably transfected with empty pcDNA

vector did not significantly enhance Hsp27pr activation
compared with cells without Flag-MeCP2 transfection (Fig.
8E, pcDNA). However, PC3 cells overexpressing both
LEDGF/p75 (stably) and Flag-MeCP2 (transiently) signif-
icantly enhanced Hsp27pr activation compared with cells
without Flag-MeCP2 transfection (Fig. 8E, pcDNA-p75).
This enhancement was more robust (10-fold) than that
observed in U2OS (see Fig. 7B). Interestingly, PC3 cells
with transient Flag-MeCP2 overexpression but depleted of
LEDGF/p75 also showed a significant increase in Hsp27pr
activation, compared with cells transfected with control
siRNAs (2-fold) or cells with without Flag-MeCP2 over-
expression (1.75-fold; Fig. 8F). However, this LEDGF/p75-
mediated transcriptional repression effect was modest com-
pared with that observed in U2OS cells.

Discussion
This study establishedMeCP2 as an interacting partner of

LEDGF/p75 and p52 in vitro and in cellular systems using
several complementary approaches. There was consistent
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agreement in the results obtained from all the different
approaches, suggesting specific interaction between these
proteins. The 11 to 1 nmol/L ratio needed for Flag-LEDGF/
p75 to bind GST-MeCP2 in the AlphaScreen assay sug-
gested weak binding between the 2 proteins under the in
vitro conditions of this assay. It should be noted that the
concentration of GST-MeCP2 was approximate as this
protein degraded rapidly when purified, which obliged us
to use it in the bacterial lysates for the assays. Alternatively,
LEDGF/p75 and MeCP2 may need other nuclear proteins
or native chromatin for stronger interaction.
We examined whether the LEDGF/p75–MeCP2 inter-

action influences Hsp27pr activation in luciferase reporter

assays. Hsp27 is a target gene of LEDGF/p75 implicated in
prostate cancer resistance to cell death and chemotherapy
(15, 22, 45, 46). Overexpression of LEDGF/p75 upregu-
lates Hsp27 transcript in cancer cells, correlating with its
promoter transactivation (22). Our data indicated that
binding of LEDGF/p75 to Hsp27pr was not limited to the
region where HSE and STRE are located (bp�271 toþ18),
as binding was observed throughout the entire Hsp27pr
region examined (bp �1,071 to �220). This observation
sheds some light into the question of whether LEDGF/p75
binding to promoter regions is mainly restricted to STRE
and HSE, as observed by some investigators but not by
others (15, 32). Recently, studies using the DamID
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www.aacrjournals.org Mol Cancer Res; 2012 OF11

LEDGF/p75 and MeCP2 Interact in Cancer Cells

 American Association for Cancer Research Copyright © 2012 
 on February 23, 2012mcr.aacrjournals.orgDownloaded from 

Published OnlineFirst on January 24, 2012; DOI:10.1158/1541-7786.MCR-11-0314

http://mcr.aacrjournals.org/
http://www.aacr.org/


technology, focusing on the highly annotated ENCODE
(encyclopedia of DNA Elements) region, revealed that
LEDGF/p75 binding to DNA occurs primarily downstream
of active transcription unit start sites, is not restricted to
STREs, and correlates with active chromatin markers and
RNA polymerase II binding (47). Nevertheless, STREs
appear to be important for LEDGF/p75-mediated
VEGF-c promoter transactivation (17). It is plausible that
LEDGF/p75 binding to particular motifs in promoter
regions could be influenced by interactions with specific
transcription factors as well as the cellular type and
microenvironment.
Our results revealed that ectopic MeCP2 overexpression

robustly transactivated Hsp27pr in U2OS cells, surpassing
the transactivation levels induced by LEDGF/p75 or p52.
This suggested that Hsp27 is a transcriptional target gene of
MeCP2, with LEDGF/p75 and p52 possibly playing a
regulatory role. Alternatively, LEDGF/p75 and MeCP2
may play redundant roles in activating Hsp27pr, with the
cellular and molecular context determining which of these
proteins play a major role in the promoter activation. While
our ChIP data suggested binding of MeCP2 to upstream
regions of the Hsp27pr, further studies are needed to
determine the exact binding sites, whether or not they
require DNA methylation, and whether MeCP2 could be
activating or repressing different transcription factors to
activate this promoter.
To our knowledge, this is the first report documenting

MeCP2-induced activation of Hsp27, a key prosurvival
gene in prostate cancer (44, 45). MeCP2 was shown to
be critical for prostate cancer cell growth and tumorige-
nicity, presumably by repressing tumor-suppressing genes
(39). However, it cannot be ruled out that MeCP2 also
contributes to prostate tumorigenesis by transactivating
stress survival genes such as Hsp27. In agreement with our
results, MeCP2 has been shown to directly bind promoter
sites of proteins and enhance their activation, as shown by
its association with transcription activator Creb1 on pro-
moters of transcribed genes (42). It is possible that MeCP2
interacts with other transcription factors on Hsp27pr in a
manner similar to its association with Creb1 at promoter
sites, contributing to upregulation of Hsp27pr activity in
human cancer cells.
The coexpression of LEDGF/p52 with MeCP2 in U2OS

cells resulted in markedly reduced transactivation of
Hsp27pr, suggesting that p52 represses the transcriptional
activity of MeCP2. Bueno and colleagues (21) recently
reported that mutations impairing SUMOylation of
LEDGF/p75 increase its transcriptional activity but not
that of p52, suggesting that these splice variants activate
Hsp27pr via different molecular mechanisms. Considering
the observed antagonistic functions of LEDGF/p75 (pro-
survival) and p52 (proapoptotic; ref. 22), it is possible that
the latter may directly antagonize LEDGF/p75 andMeCP2
by disrupting their binding to Hsp27pr or their interaction
with other transcription components. Binding of p52 to
MeCP2 could also form a growth suppressor unit, down-
regulating the activation of Hsp27pr, similar to that of the

growth suppressor unit formed by interaction of JunD with
menin (48). Alternatively, reduced Hsp27pr activity may be
due to p52-induced apoptosis, which generates a dominant-
negative fragment p38 that interferes with the transcription
function of LEDGF/p75 (22).
Contrary to our expectations, we did not detect a robust

cooperation between ectopically expressed MeCP2 and
LEDGF/p75 on Hsp27pr activation in U2OS cells.
Instead, we observed that transient silencing of
LEDGF/p75 in this cell line induced a dramatic increase
in MeCP2-driven Hsp27pr activity. However, in PC3
cells, the cooperation between LEDGF/p75 and MeCP2
on Hsp27pr activation appeared to be stronger than in
U2OS cells, whereas the enhancement of promoter activ-
ity by the LEDGF/p75 knockdown was weaker. These
apparently contradictory results suggest the interesting
possibility that LEDGF/p75 could be a modulator of
MeCP2 transcriptional activity, enhancing or repressing
this activity depending on the cellular and molecular
context, or the microenvironment. LEDGF/p75 might
be part of a feedback loop by competing with MeCP2 or
blocking other transcription cofactors from promoter
regulatory sites, as in the feedback loop observed between
HSF1 and Hsp27 (49). This would be important to
reduce spurious or excessive transcriptional activation of
Hsp27 and other stress genes.
While the mechanism by which LEDGF/p75 modulates

MeCP2 transcriptional activity is unknown, it should be
emphasized that the PWWP-CR1 region of LEDGF/p75
appears to be responsible for binding to MeCP2. The
PWWP domain of LEDGF/p75 has been shown to coop-
erate with the NLS and AT-hooks downstream the CR1
region to facilitate interaction with DNA/chromatin (31–
33). Recently, this domain was shown to lock into the
chromatin cargo proteins such as HIV-IN that are bound
to the IBD domain of LEDGF/p75 (30). PWWP domains
belong to the Royal family of protein domains that regulate
chromatin remodeling and function (29). In DNA methyl-
transferases, the PWWP domain is essential for heterochro-
matin targeting, possibly by facilitating interaction with
methylated histones (25, 26). The PWWP domain of
hepatoma-derived growth factor, a cancer-related protein
that shares sequence homology with LEDGF/p75, is
required for binding to chromatin and the transcriptional
corepressor C-terminal–binding protein (CtBP), which
results in transcriptional repression of specific genes (27,
28). Thus, PWWP domains are emerging as structural
entities that bind toDNA, histones, and transcription factors
to regulate gene expression.
It is possible that LEDGF/p75 could tether MeCP2 to

transcriptionally active sites in the chromatin via the
PWWP-CR1 region. However, given the documented role
of PWWPdomains in transcriptional repression, it would be
tempting to speculate that this region may negatively reg-
ulate the activity of MeCP2 and other interacting transcrip-
tion factors. Singh and colleagues (38) provided evidence
that the N-terminal region of LEDGF/p75 has negative
transcriptional regulatory elements and proposed that
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LEDGF/p75, like other transcription proteins, bear repres-
sive as well as activation domains, with the repressive domain
being the PWWP domain (38). Interestingly, chromosomal
translocations in acute leukemia produce a NUP98-
LEDGF/p75 fusion protein lacking the N-terminal region
of LEDGF/p75 (13, 18), suggesting the possibility that this
PWWP-CR1–deficient protein induces deregulated onco-
gene transcription.
To our knowledge, this is the first report implicating the

N-terminal region of LEDGF/p75 in protein–protein inter-
actions. To date, all the interacting partners of LEDGF/p75,
namely, HIV-IN, JPO2,menin/MLL, ASK, and pogZ, have
been shown to interact with the C-terminal region of the
protein, particularly, with the IBD domain. Through this
interaction, some of these proteins are recruited to tran-
scriptionally active sites in the chromatin (18, 30). In the case
of menin/MLL, the interaction with LEDGF/p75 actually
leads to the activation of cancer-related genes involved in
leukemogenesis (18).
In conclusion, we validated MeCP2 as a cellular interact-

ing partner of both LEDGF/p75 and p52 and a transacti-
vator of Hsp27pr. Follow-up studies should determine if
rational mutation of specific sites in the PWWP-CR1
domain of LEDGF/p75 (e.g., Pro-Trp-Trp-Pro motif,
SUMOylation sites, etc.) results in loss of MeCP2 binding
to LEDGF/p75 or Hsp27pr or in deregulated stress pro-
moter activity that is mediated byMeCP2 or other LEDGF/
p75-interacting transcription factors. It should also be deter-
mined if the LEDGF/p75 PWWP domain is required for
MeCP2 binding to chromatin and if the complex between
these proteins bind tomethylated or demethylated promoter
regions. Additional studies will be needed to define if
LEDGF/p75, p52, and MeCP2 are part of a larger dynamic
transcriptional complex that regulates the expression of stress
survival genes depending on the cellular context and the
microenvironment. Our results have implications for under-

standing the contribution of LEDGF/MeCP2 containing
transcription complexes in the regulation of gene expression
in cancer, HIV-AIDS, Rett syndrome, and other diseases in
which these proteins have been implicated.
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