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The Tat protein of human immunodeficiency virus type 1 (HIV-1) plays a key role as inducer of viral gene
expression. We report that Tat function can be potently inhibited in human microglial cells by the recently
described nuclear receptor cofactor chicken ovalbumin upstream promoter transcription factor-interacting
protein 2 (CTIP2). Overexpression of CTIP2 leads to repression of HIV-1 replication, as a result of inhibition
of Tat-mediated transactivation. In contrast, the related CTIP1 was unable to affect Tat function and viral
replication. Using confocal microscopy to visualize Tat subcellular distribution in the presence of the CTIPs,
we found that overexpression of CTIP2, and not of CTIP1, leads to disruption of Tat nuclear localization and
recruitment of Tat within CTIP2-induced nuclear ball-like structures. In addition, our studies demonstrate
that CTIP2 colocalizes and associates with the heterochromatin-associated protein HP1a. The CTIP2 protein
harbors two Tat and HP1 interaction interfaces, the 145-434 and the 717-813 domains. CTIP2 and HPl«
associate with Tat to form a three-protein complex in which the 145-434 CTIP2 domain interacts with the
N-terminal region of Tat, while the 717-813 domain binds to HP1. The importance of this Tat binding interface
and of Tat subnuclear relocation was confirmed by analysis of CTIP2 deletion mutants. Our findings suggest
that inhibition of HIV-1 expression by CTIP2 correlates with recruitment of Tat within CTIP2-induced
structures and relocalization within inactive regions of the chromatin via formation of the Tat-CTIP2-HP1«
complex. These data highlight a new mechanism of Tat inactivation through subnuclear relocalization that may

ultimately lead to inhibition of viral pathogenesis.

Regulation of human immunodeficiency virus type 1 (HIV-1)
gene transcription is governed by a complex interplay between
chromatin-associated proviral DNA, host cell proteins, and the
virus-encoded transactivator protein, Tat. In the immediate-
early phase of HIV infection, cellular transcription factors
activate transcription from the viral long terminal repeat
(LTR) (for a review, see references 24 and 32). This leads to
the accumulation of the viral protein Tat that leads to a potent
increase in transcription and is required for viral replication
and a high viral load (for a review, see reference 37). The
ability of Tat to function as a transcriptional activator is me-
diated by multiple interactions with cellular proteins and re-
quires the concerted action of Tat and upstream nuclear fac-
tors that bind to the Spl and kB region of the LTR (for
reviews, see references 16 and 17). Tat forms a ternary com-
plex with the coactivators P/CAF and p300 which helps Tat
activate transcription of integrated viral DNA and derepress
the HIV-1 chromatin structure in response to histone acetyla-
tion (3). Mechanisms that inhibit HIV-1 LTR expression are
largely unexplored. Recent studies have shown that Tat acti-
vation can be inhibited by the overexpression of the host fac-
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tors YY1 and LSF, which recruit histone deacetylase 1 to the
LTR (20).

We have previously reported that Tat also interacts and
cooperates with an orphan member of the nuclear receptor
superfamily, the chicken ovalbumin upstream promoter tran-
scription factor (COUP-TF) that together with Spl activates
HIV-1 LTR-driven transcription (34, 35). Members of the
COUP-TF family were recently shown to bind to novel and
related zinc finger proteins and COUP TF-interacting protein
1 (CTIP1) and CTIP2. CTIP1 was found to induce transcrip-
tional silencing by relocating COUP-TF to distinct nuclear
structures, possibly associated with heterochromatic regions
(1). These studies revealed a novel mechanism for transcrip-
tional repression, by recruitment of a transcription factor to
distinct nuclear loci, instead of acting through recruitment of
trichostatin A-sensitive histone deacetylases. It was therefore
intriguing to examine whether the CTIP proteins possess the
ability to repress the action of transcription factors involved in
HIV-1 LTR-driven transcription.

We have investigated the functional effect of the nuclear
proteins CTIP1 and CTIP2 on HIV-1 gene expression in hu-
man microglial cells. These resident macrophages are the pri-
mary target of HIV-1 productive infection within the central
nervous system (33), which results in a wide range of neuro-
logical complications (18, 26). Our findings reveal the ability of
CTIP2 to specifically act as a potent inhibitor of Tat function,
leading to repression of viral replication. A combination of
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functional, in vitro and confocal microscopy data demonstrate
how interactions between Tat, CTIP2 and the heterochroma-
tin-associated protein HP1a contribute to the relocalization of
Tat within a nuclear transcriptionally nonpermissive environ-
ment.

MATERIALS AND METHODS

Plasmids. HIV-1 LTR-chloramphenicol acetyltransferase (LTR-CAT) and
pCMV-Tat vectors were described previously (35). Full-length hemagglutinin
(HA)-CTIP1 and Flag-CTIP2 were described previously (1). The Flag-CTIP2
deletion plasmids (domain containing residues 1 to 354 [1-354], 145-434, 350-716,
350-813, 610-813, and 717-813) were constructed by producing the cDNA frag-
ments by PCR and subcloning into pcDNA3 using the pcDNA3.1/V5-His TOPO
TA expression kit from Invitrogen. pTat-green fluorescent protein (GFP) was a
generous gift from G. Pavlakis (National Cancer Institute, National Institutes of
Health [NIH], Frederick, Md.) (36). Glutathione S-transferase (GST)-Tat ex-
pression vectors were obtained through the AIDS Research and Reference
Reagent Program, Division of AIDS, National Institute of Allergy and Infectious
Diseases (NIAID), NIH, from A. Rice (21). GST-HPla and Flag-HP1a vectors
were a generous gift from R. Losson (Institut de Génétique et de Biologie
Moléculaire et Cellulaire, Illkirch, France) (29).

Cell culture, transfections, and CAT assays. The human microglial cell line
(obtained from M. Tardieu, Faculté de Médecine Paris-Sud, Paris, France) (22)
was grown in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum in the presence of penicillin-streptomycin (100 U/ml) and was trans-
fected by the calcium phosphate coprecipitation method. Each transfection was
done in duplicate and repeated a minimum of three separate times with two
different plasmid preparations. CAT assays were done using standard tech-
niques. Input extracts were normalized by equal amounts of protein as measured
by Bradford assay (Bio-Rad). Radioactivity was detected and quantified using a
phosphorimager (Fuji).

Infectivity analysis. Microglial cells cultured in 12-well plates were transfected
in duplicate with HIV-1 pNL4-3 (1.5 ug) and the indicated CTIP1 and CTIP2
expression vectors. Two days after transfection, HIV-1 replication was monitored
by measuring p24 Gag levels in the culture supernatants using an enzyme-linked
immunosorbent assay (Innogenetics).

Western blot analysis. Nuclear proteins (20 pg) were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulose paper. Membranes were preincubated with 3% bovine serum
albumin in phosphate-buffered saline (PBS) overnight at 4°C and were probed
with monoclonal anti-Tat antibodies 8D1.8 (1:1,000 dilution; obtained through
the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID,
NIH, from J. Karn), or anti-Flag antibodies (1:10,000 dilution) for 1 h in PBS-
0.1% Tween 20. After three washes in PBS-0.1% Tween 20, membranes were
incubated with peroxidase-labeled anti-mouse antibodies (1:7,500 and 1:20,000
dilution, respectively; Santa Cruz Biotechnology) for 40 min and extensively
washed. The signal was visualized by enhanced chemiluminescence (ECL+ de-
tection system; Amersham).

GST pull down assays. Bacterially expressed GST fusion proteins were bound
on glutathione-Sepharose 8A beads (40 wl; Pharmacia) at 4°C overnight in
NETN buffer (20 mM Tris [pH 8], 100 mM NaCl, 1 mM EDTA, 0.5% NP-40, 1
mM phenylmethylsulfonyl fluoride, containing protease inhibitors). Proteins
were visualized by Coomassie blue staining, and protein content was normalized.
The coated beads were washed with NETN and further incubated in a final
volume of 300 wl of NETN for 2 h at 4°C with 15 ul of 3>S-labeled input proteins
prepared by in vitro translation using the TNT T7 coupled wheat germ extract
system (Promega). After extensive washing, the bound proteins were dissociated
by boiling for 3 min in Laemmli sample buffer and subjected to SDS-PAGE.

Coimmunoprecipitations. Cell lysates prepared as described (34) were resus-
pended in 400 pl of TNE (50 mM Tris [pH 8.0], 1% Nonidet, 2 mM EDTA, a
cocktail of protease inhibitors), and mixed with protein A-agarose beads (20 wl).
After gentle shaking for 1 h at 4°C, the suspension was briefly centrifuged and the
supernatant was mixed with monoclonal anti-HIV-1 Tat antibody (NT3 2D1.1;
obtained through the AIDS Research and Reference Reagent Program, Division
of AIDS, NIAID, NIH, from J. Karn [10], or anti-HP1a antibodies [gift from R.
Losson, Institut de Génétique et de Biologie Moléculaire et Cellulaire]). After
overnight incubation at 4°C, protein A-agarose (20 wl) was added for 2 h. After
extensive washing with TNE, the beads were processed for SDS-PAGE and
Western blotting analysis.

Indirect immunofluorescence and confocal microscopy. Microglial cells grow-
ing on coverslips were transfected with full-length HA-CTIP1 and Flag-CTIP2,
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various Flag-CTIP2 deletion mutants, pTat-GFP, and pCMV-Tat. At 24 or 48 h
following transfection, cells were fixed and permeabilized in 4% paraformal-
dehyde and 0.1% Triton X-100. To localize endogenous lamin B and HPla
proteins, cells were preincubated with, respectively, anti-lamin B polyclonal
antibodies and anti-HP1a polyclonal antibodies (both from Santa Cruz Biotech-
nology, Inc.) The corresponding immune complexes were detected by Alexa
Fluor 568-conjugated donkey anti-goat antibodies (Molecular Probes, Eugene,
Oreg.). After extensive washes, overexpressed HA-CTIP1, Flag-CTIP2, or Tat
proteins were detected by incubations with anti-HA mouse monoclonal antibody
(Covance Babco, Richmond, Calif.), anti-Flag M2 mouse monoclonal antibody
(Upstate Biotechnology), or monoclonal antibody to HIV-1 Tat (NT3 2D1.1
obtained through the AIDS Research and Reference Reagent Program, Division
of AIDS, NIAID, NIH, from J. Karn [10]). HA-CTIP1, Flag-CTIP2, and Tat
immune complexes were detected using cyanine 2-, cyanine 3-, or cyanine 5-con-
jugated goat anti-mouse antibodies (Jackson ImmunoResearch, West Grove,
Pa.). To acquire optical sections of labeled cells we have used a Zeiss laser
scanning microscope (model 510 invert) equipped with a Planapo oil (63X)
immersion lens (numerical aperture = 1.4). As the fluorescent molecules were
excited independently, no cross talk between the different fluorescent signals was
detected during the triple channels acquisitions. Images were processed using
Photoshop 5.0 (Adobe Systems, Inc.).

RESULTS

While both CTIP1 and CTIP2 cofactors inhibit HIV-1 LTR-
driven transcription, only CTIP2 inhibits viral replication.
The functional effect of the transcriptional cofactors CTIP1
and CTIP2 on HIV-1 LTR-driven transcriptional activity was
investigated by cotransfection of microglial cells with plasmids
expressing HIV-1 LTR-CAT in the presence of increasing
amounts of CTIP1 and CTIP2 (Fig. 1A). Both proteins were
able to inhibit CAT activities in a dose-dependent manner,
suggesting a repressive action through direct or indirect inter-
actions with the LTR region.

To test whether this inhibitory effect on transcription was
reflected at the level of viral replication, cells were cotrans-
fected with HIV-1 pNL4-3 and increasing amounts of CTIP1
and CTIP2 expression vectors. Viral replication was monitored
by measuring p24 Gag levels in the culture supernatants two
days after transfection. While CTIP1 was unable to signifi-
cantly affect replication, CTIP2 did inhibit viral production in
a dose-dependent manner (Fig. 1B).

Since viral replication depends on Tat-mediated transcrip-
tional stimulation, we examined whether CTIP1 and CTIP2
were able to affect the function of Tat. For this purpose, cells
were cotransfected with HIV-1 LTR-CAT and a Tat expres-
sion vector in the presence of CTIP1 or CTIP2 (Fig. 2A).
Results show that CTIP2, but not CTIP1, inhibits Tat-medi-
ated HIV-1 transcriptional activity. As a control, Western blot
analysis showed that the level of Tat expression is not affected
by CTIP2 (Fig. 2B). Thus, CTIP2-mediated inhibition of Tat
activity correlates with CTIP2 inhibition of viral replication.

CTIP2 and Tat interact in vitro and in cells. Since CTIP2,
and not CTIP1, was able to affect both transcription and viral
replication, we focused our studies on CTIP2. To decipher the
mechanism whereby CTIP2 inhibits Tat-induced transcrip-
tional stimulation, we first examined whether these two pro-
teins were able to interact in vitro. GST pull down assays were
performed with in vitro-translated **S-labeled CTIP2 and full-
length and truncated GST-Tat fusion proteins (Fig. 3B). A
stained Coomassie gel shows that equivalent amounts of GST
and GST fusion proteins were added to the reactions (Fig. 3C).
Results showed that CTIP2 bound specifically to GST-Tat and
not to the control GST protein. About 1 to 2% of CTIP2
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FIG. 1. Effect of CTIP1 and CTIP2 on HIV-1 LTR-driven transcription and on viral replication. (A) Microglial cells were cotransfected with
vectors expressing HIV-1 LTR-CAT (1 pg) in the presence of increasing amounts (0.1, 0.5, and 1 pg) of CTIP1 and CTIP2, as indicated. After
2 days, CAT activities were measured and are expressed relative to the value obtained with LTR-CAT alone. Values correspond to an average of
at least three independent experiments done in duplicate. Error bars, standard deviations. (B) Cells were cotransfected with HIV-1 pNL4-3 (1.5
wg) and with increasing amounts (0.1, 0.5, and 1 pg) of the indicated CTIP1 and CTIP2 expression vectors. Two days after transfection, samples
of the culture supernatant were analyzed for p24 Gag content. Data represent an average of four independent experiments performed in duplicate.
They are expressed relative to the value obtained with pNL4-3 alone taken as 1. Depending on the cell confluency, this value varied between 500

and 5,000 pg/ml.

bound to GST-Tat. Moreover the GST-Tat48 protein trun-
cated after amino acid 48 was still able to mediate association
with CTIP2, indicating that the N-terminal region of Tat is
sufficient for interaction with CTIP2 in vitro.

We next tested whether these two proteins were able to
associate within cells. Microglial cells were transfected with
CTIP2, in the absence or presence of Tat (Fig. 3D). Monoclo-
nal anti-Tat antibodies did specifically coimmunoprecipitate
CTIP2 in Tat-expressing extracts (lane 4) and not in nonex-
pressing Tat extracts (lane 3). These results confirm the exis-
tence of an association between Tat and CTIP2 in microglial
cells.

CTIP2 harbors two Tat interaction interfaces. To precisely
delineate the region of the CTIP2 protein which associates
with Tat, GST pull down assays were performed with GST-Tat
and a series of in vitro-translated **S-labeled full-length and
deletion mutants of CTIP2 (Fig. 4A). The full-length CTIP2
protein as well as the N-terminal deletion mutants starting at
position 350, 610, and 717 did mediate interaction with GST-
Tat and not with the control GST protein. This result shows
that the C-terminal zinc finger region located between amino
acids 717 and 813 is able to interact with Tat in vitro.

We have previously shown that the related CTIP1 protein
harbors two independent interaction domains with COUP-TF
(1). This prompted us to examine whether an additional inter-
action interface was located in the N-terminal or central region
of CTIP2. For this purpose we tested additional deletion con-
structs. The two CTIP2 deletion mutants 350-716 and 1-354 did
abolish interaction with GST-Tat, confirming that the C-ter-
minal region containing residues 717 to 813 mediates binding
to Tat. Interestingly, when the central region localized between
amino acids 145 and 434 was tested, it appeared able by itself
to restore the interaction with GST-Tat.

Taken together, these findings clearly demonstrate that in

vitro two interaction interfaces are implicated in CTIP2 bind-
ing to Tat, the central domain (residues 145 to 434) and the
C-terminal domain (residues 717 to 813). The large 813-ami-
no-acid CTIP2 may associate with one or two small 86-amino-
acid Tat proteins, each Tat molecule binding to one of the two
interfaces via its N-terminal region.

CTIP2 exhibits ball-like structures in the nucleus and re-
cruits Tat to these structures. To visualize the association of
CTIP2 and Tat within the nucleus, cotransfected microglial
cells were examined by immunofluorescence confocal micros-
copy (Fig. 5). The nuclear location was detected by staining of
the endogenous lamin B protein, concentrated at the inner
nuclear membrane (row 1) (19, 27). Tat linked to the GFP was
expressed in the nucleoplasm and in nucleoli (row 1), in agree-
ment with previous reports (7, 13, 36). Since it is believed that
the functionally relevant and transcriptionally active Tat pro-
teins are located in the nucleoplasm outside of the nucleoli (8),
we have used conditions of minimal expression of Tat-GFP (5
ng of DNA) to minimize nucleolar localization. To correlate
the results of confocal images with our transcription data, we
have confirmed that both Tat and Tat-GFP stimulate LTR-
driven transcription and that CTIP2 inhibits transactivation
mediated by Tat and Tat-GFP to the same extent (results not
shown).

Interestingly, Flag-CTIP2 exhibited an unusual staining pat-
tern of ball-like structures filling the perinuclear space in 80 to
90% of the nuclei, as shown in a representative nucleus (row
3). In about 10 to 20% of cells, the CTIP2 structures were more
peripheral to the inner nuclear membrane (row 4). CTIP2 was
detected not inside the structures but more in juxtaposition
with the outside face. The number of these typical structures
varied between 10 and 30, and their size ranged between 1 and
5 wm, with an average size of 2.5 pm.

Surprisingly, in the presence of CTIP2, nucleoplasmic and
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FIG. 2. CTIP2, but not CTIP1, inhibits Tat-mediated HIV-1 tran-
scriptional activity. (A) Microglial cells were transfected with HIV-1
LTR-CAT (1 pg) in the presence of vectors expressing Tat (2 ng) and
increasing amounts (0.1, 0.5, and 1 pg) of CTIP1 and CTIP2 as indi-
cated. Histograms show CAT activities measured 2 days posttransfec-
tion and expressed relative to the value obtained with the LTR-CAT
vector alone. Values correspond to an average of at least three inde-
pendent experiments done in duplicate. Error bars, standard devia-
tions. (B) Western blot analysis of nuclear proteins (20 pg) extracted
from cells transfected with the plasmids corresponding to lanes 1 to 8
indicated in panel A. To detect Tat, 1 pg of expression vector was
transfected. The blot was probed with monoclonal Tat antibodies.

nucleolar Tat-GFP were recruited inside the ball-like struc-
tures, clearly showing a dramatic nuclear relocation (rows 3
and 4). Overlaying of the red and green images revealed that
the two proteins colocalize at the periphery of the ball-like
structures (columns 3 and 4). When HA-CTIP1 was examined
as a control, it exhibited a more diffuse staining pattern, with
no alteration of the Tat-GFP distribution (row 2). These im-
ages confirm that CTIP2 and Tat-GFP are able to interact
within the nuclei of cotransfected cells, as evidenced by their
peripheral colocalization and the ability of the former protein
to dramatically disrupt the nuclear localization of Tat-GFP
We next investigated whether the localization of the Tat-
GFP fusion protein within the ball-like structures was similar
to that of the Tat protein. Thus, cells expressing Tat were
stained with monoclonal Tat antibodies revealed with Cy2 anti-
mouse antibodies. We used conditions in which Tat was not
detected in nucleoli (results not shown). Under these condi-
tions, in cells expressing low levels of Tat, Tat was redistributed
from the nucleoplasm within the ball-like structures (row 5),
similar to the images observed with Tat-GFP. It is important to
note that most of the Tat proteins present in the nucleoplasm
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(rows 1 and 2) are redistributed in the CTIP2-induced struc-
tures (rows 3, 4, and 5).

In some cells expressing higher levels of Tat, the green
fluorescence was not detected within the balls but was concen-
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FIG. 3. CTIP2 and HIV-1 Tat interact in vitro and in cells. (A)
Schematic representation of the domains present in the viral Tat pro-
tein. (B) The N-terminal region of Tat interacts with CTIP2. GST pull
down assays were performed with *°S-CTIP2 and the indicated GST-
Tat fusion proteins. >>S-CTIP2 was translated in vitro and incubated
with GST (lane 2) or the indicated full-length and truncated GST-Tat
proteins (lanes 3 to 5). After extensive washing, the bound proteins
were eluted and analyzed by SDS-polyacrylamide gel electrophoresis.
Lane 1, input *S-CTIP2 (0.2 pl); lanes 2 to 5, GST and GST-Tat
incubated with *>S-CTIP2 (10 pl). (C) SDS-PAGE of GST and GST-
Tat fusion proteins used in panel B visualized by Coomassie brilliant
blue staining. (D) Tat interacts with CTIP2 in vivo. Nuclear protein
extracts from microglial cells, previously transfected with CTIP2 in the
absence or presence of pCMV-Tat were immunoprecipitated with
monoclonal anti-Tat antibodies (lanes 3 and 4). The presence of
CTIP2 in the nuclear extracts (lanes 1 and 2) and in the immunopre-
cipitates (lanes 3 and 4) was detected with anti-Flag antibodies.
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FIG. 4. Definition of the in vitro interactions domains of CTIP2 with Tat (A) and HP1a (B). CTIP2 full-length and deletion mutants indicated
in the schematic diagram were in vitro translated and used in GST pull down assays to examine their interaction with GST-Tat (A) (lane 3),
GST-HPla (B) (lane 3), and GST as a control (A and B) (lanes 2). Lanes 1, >>S-CTIP2 deletion mutants (0.2 pl); lanes 2 and 3, GST and GST-Tat
incubated with the indicated **S-CTIP2 proteins (10 ul). ND, not determined. Arrows delineate binding interfaces of Tat and HP1a.

trated at the periphery of these structures. To understand this
observation, cells expressing Tat-GFP were stained with mono-
clonal Tat antibodies revealed with cyanine 3 anti-mouse an-
tibodies. Again, in cells expressing high levels of Tat-GFP, the
green fluorescence was detected inside the balls and the red
staining was visible only at the periphery (results not shown).
These observations suggest that monoclonal anti-Tat antibod-
ies are impaired in their ability to contact high concentrations
of Tat proteins packed within ball structures. This result con-
firmed that detection of the intrinsic Tat-GFP fluorescence
represents the best tool to precisely visualize the subnuclear
location of Tat.

CTIP2 colocalizes with HPla in nuclei. The observation
that in some cells CTIP2 displayed a peripheral nuclear mem-
brane location suggested a dynamic relocation next to the
inner nuclear membrane. Recent data have shown the exis-
tence of dynamic associations between elements of the nuclear
envelope and heterochromatin-associated proteins HP1, which
are regulators of heterochromatin-mediated silencing (25, 38,
39). There are three HP1 protein family members in mammals,
HP1la, HP1B, and HP1y. The HPla isoform is detected pre-
dominantly in transcriptionally repressed heterochromatic re-
gions (29).

We therefore examined whether CTIP2 was associated with
HP1a by visualizing their respective nuclear localization (Fig.

6). In the absence of CTIP2, endogenous HP1a (in red in Fig.
6) exhibited a random speckled distribution in all nuclei (row
1), in agreement with previous reports (25, 29). In the presence
of transfected CTIP2 (in blue in Fig. 6), the distribution of
HP1la was less random and in most spots was coincident with
that of CTIP2 (rows 2 to 4). Overlaying of the confocal images
(rows 4 and 5) revealed that these two proteins colocalize (in
pink in Fig. 6) within the nucleoplasm of the vast majority of
cells (rows 2 and 3) and next to the inner nuclear membrane of
a minority of cells (row 4), suggesting that CTIP2 and HP1la
are able to interact.

When CTIP2 and HPla were distributed in the nucleo-
plasm, Tat-GFP filled the ball-like structures (Fig. 6) located
randomly in the nucleoplasm (row 2) or next to the inner
nuclear membrane (row 3). In contrast, in rare cells where
CTIP2 and HPla were adjacent to the nuclear membrane,
Tat-GFP was also recruited to the inner membrane and
formed empty ball structures, suggesting a dynamic process
and changes in its interactions with CTIP2 (row 4). Of note,
HP1la staining was excluded from the spots of Tat-GFP con-
centrations. On close inspection, HPla appeared located at
the outside of the CTIP2-induced structures. These observa-
tions suggest formation of sandwich structures with CTIP2 in
the middle, HP1a on the outside, and Tat on the inside. This
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FIG. 5. Localization of Tat-GFP and Tat in the presence of CTIP1 and CTIP2 in microglial cell nuclei. Cells were transfected with vectors
expressing Tat-GFP (5 ng) in the absence (row 1) or the presence of HA-CTIP1 (row 2) and Flag-CTIP2 (rows 3 and 4). Cells were cotransfected
with pCMV-Tat (500 ng) and Flag-CTIP2 (row 5). Cells were fixed 24 h after transfection, incubated with anti-lamin B, and stained with Alexa
Fluor 568-conjugated secondary antibodies to detect endogenous lamin B and delineate the nucleus (row 1). To detect CTIP1 and CTIP2, cells
were incubated with anti-HA (row 2) and anti-Flag (rows 3, 4, and 5) antibodies and stained with cyanine 3-conjugated secondary antibodies. To
detect Tat, cells were incubated with monoclonal Tat antibodies and stained with cyanine 2-conjugated secondary antibodies (row 5). Masks were
obtained after selection of the double-labeled pixels in the two-dimensional scatter histograms of gray values constructed from red and green
images. Bars: 10 wm. HA-CTIP1 exhibited a diffuse staining pattern, with did not alter the Tat-GFP nucleolar and nuclear fluorescence (row 2).
Flag-CTIP2 exhibited a ball-like staining in most of the nuclei. Tat-GFP and Tat were located within these ball-like structures that were distributed
randomly in 80 to 90% of the nuclei (rows 3 and 5) or localized at the periphery of the inner nuclear membrane in 10 to 20% of nuclei (row 4).
Tat-GFP and Tat colocalize with CTIP2 at the periphery of CTIP2-induced structures (columns 3 and 4).
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FIG. 6. CTIP2 colocalizes with HP1a and redistributes Tat-GFP to distinct subnuclear structures within the nucleoplasm or next to the nuclear
membrane. Microglial cells were transfected with vectors expressing Tat-GFP (500 ng) in the absence (row 1) or presence of Flag-CTIP2 (rows
2 to 4). Cells were incubated with anti-Flag antibodies and stained with cyanine 5-conjugated secondary antibodies to detect overexpressed CTIP2
(column 1; blue) or incubated with anti-HPla and stained with Alexa Fluor 568-conjugated secondary antibodies to detect endogenous HP1a
(column 3; red). For double immunofluorescence detection, cells were first treated to detect HP1 and then treated to detect CTIP2 (column 4).
Masks representing the region of colocalization HP1a/CTIP2 were generated by selecting the double-labeled pixels. Bars: 10 wm. CTIP2 exhibited
a staining pattern of distinct structures filled with Tat-GFP (rows 2 and 3). In some nuclei, CTIP2 was peripheral to the nuclear membrane and
to ball-like structures of Tat-GFP (row 4). In these nuclei, Tat-GFP recruited at the inner nuclear membrane formed empty ball structures. An

arrow points to one of these structures. Note that in all nuclei, HP1a colocalizes with CTIP2 (columns 4 and 5).

result further suggests that in a nuclear context CTIP2 inter-
acts with an interface of HP1 different from that of Tat.
CTIP2 interacts with HP1« in vitro and harbors two HP1a
interaction interfaces. To precisely map the interaction do-
mains of CTIP2 with HP1a, pull down assays were performed
with GST-HPla and different in vitro translated *S-labeled
deletion mutants of CTIP2 (Fig. 4B). Both full-length CTIP2
and the peptide 717-813 did mediate interaction with GST-
HP1la and not with the control GST protein. This confirmed
that CTIP2 interacts with HP1a in vitro and indicated that the
717-813 domain is involved in binding to HP1a. The 350-716

and 1-354 CTIP2 peptides were unable to bind to GST-HP1«,
confirming that the C-terminal 717-813 domain mediates bind-
ing to HPla. Similar to the results obtained with Tat, the
central 145-434 region was also able to interact with GST-
HP1a. These results demonstrate that CTIP2 harbors two in-
dependent HPla interaction interfaces, regions 145-434 and
717-813. Interestingly, these same two domains are also in-
volved in the in vitro association with Tat (Fig. 4A).

Analysis of HP1 binding to the CTIP2 interaction interfaces.
HP1-type proteins consist of two homologous but distinct glob-
ular domains, corresponding to the chromodomain (CD) and



5422 ROHR ET AL.

Chromo Domain  Chromoshadow Domain
HP1o [

110 80 109 185 1M
1-191
1-119
1- 66
67 -119 ———
119 -191
GST-HP1o
N
Q 9O
& N 9 N N
S B2 RN PN
338.CcTIP2 & ©” N N NT @ N
1-813 | =~ _— c—
717-813 | = — —-— -

FIG. 7. Definition of the CTIP2 in vitro interaction domain of
HPla. The HPla deletion mutants (indicated in the schematic dia-
gram) were expressed as GST fusion proteins and bound to glutathi-
one-Sepharose beads to examine their interaction with different do-
mains of in vitro translated **S-labeled full-length CTIP2 and the two
indicated deletion mutants. GST and GST-HPla mutants were incu-
bated with the indicated **S-CTIP2 proteins (25 wl). Input lane, *°S-
CTIP2 (0.2 pl).

chromo shadow domain (CSD), separated by a hinge region
(Fig. 7) (39). We next assessed which HPla region was tar-
geted by CTIP2. Different HP1a deletion mutants expressed as
GST fusion proteins were used in pull down assays with full-
length CTIP2, the 145-434 and 717-813 CTIP2 peptides (Fig.
7). Results confirmed that all three CTIP2 proteins interact
with HPla. CTIP2 peptide 717-813 bound specifically to the
CD and hinge region. In contrast, full-length CTIP2 and
CTIP2 peptide 145-434 bound more or less to each of the
HP1la domains. Taken together, these results help understand
how HPla and CTIP2 associate in vitro.

Tat and HP1a form a complex with CTIP2, by, respectively,
binding to CTIP2 domains 145-434 and 717-813. Experiments
performed with either HP1a or Tat indicated that each protein
alone was able to bind to the two CTIP2 interaction interfaces.
The question arises to what happens in the simultaneous pres-
ence of Tat and HPlw, as found in a cellular context. We
therefore conducted competition pull down assays, using GST-
Tat with both**S-labeled CTIP2 145-434 and CTIP2 717-813 in
the presence of increasing amounts of *S-HPla (Fig. 8A).
Results clearly showed that CTIP2 145-434 remained bound to
GST-Tat, while CTIP2 717-813 was displaced by HP1a. This
result shows that HP1 competes for Tat binding to the CTIP2
C-terminal domain. These findings indicate that the 145-434
domain has a higher binding affinity for Tat, and that the
717-813 domain preferentially binds HP1a. These results sug-
gest that in the presence of Tat, HP1la is preferentially bound
to the 717-813 domain and gets displaced from the 145-434
domain.

J. VIROL.

Interestingly, HP1a did not directly bind to GST-Tat in vitro
(Fig. 8A). This result was confirmed by coimmunoprecipitation
assays with extracts of microglial cells transfected with HP1a
and Tat-GFP, in the absence or presence of CTIP2. Anti-
HP1a antibodies were able to coimmunoprecipitate Tat-GFP,
only in the presence of CTIP2 (Fig. 8B). This confirms the
confocal microscopy observations and the HP1-CTIP2-Tat
sandwich hypothesis, in which HP1 and Tat do not interact
directly. Taken together, our data suggest a model of a three-
protein complex in which (145-434) CTIP2 interacts with Tat,
while (717-813) CTIP2 binds to HP1 via its chromo domain
and hinge region.

Effect of CTIP2 deletion mutants on HIV-1 gene transcrip-
tion and on viral replication. To test the validity of our in vitro
model, we investigated the functional effect of different CTIP2
deletion constructs. Microglial cells were cotransfected with
HIV-1 LTR-CAT and Tat in the presence of CTIP2 deletion
mutants (Fig. 9A). As expected, the 1-354 peptide that harbors
no Tat interaction domain did not affect the level of Tat-
mediated transactivation, while 145-434 CTIP2 that contains a
Tat binding site was able to inhibit Tat-induced stimulation.
Interestingly, both 610-813 and 717-813 CTIP2 were unable to
alter Tat transactivation. Western blot analysis was performed
to control the expression levels of the CTIP2 peptides (Fig.

A Input GST-Tat

— e e [~ CTIP2 145-434
HP1a —> —

. — l4—CTIP2 717-813
33- CTIP2 145-434 0.5 - - 5 5 5 ()
®g-CTIP2717-813 - -05 5 5 5 ()
il
®S-HP1 - 05- 0 10 30 (u)
B TatGFP  +  +
CTIP2 - +

HPlo  +  +

[ =]« TatcFp

IP : Anti-HP1o
Western: Anti-GFP

FIG. 8. Analysis of the in vitro and in vivo interactions between
CTIP2, Tat and HPla. (A) Analysis of the preferential CTIP2 inter-
action domain of Tat by GST pull down competition assays. GST-Tat
was immobilized on glutathione-Sepharose beads to examine the in-
teraction with the two indicated **S-labeled CTIP2 deletion mutants,
in the absence and in the presence of increasing amounts of >*S-labeled
HPla. Note that HPla does not bind directly to GST-Tat and that
CTIP2 145-434 remains bound to GST-Tat and is not displaced by
HPla. (B) CTIP2 interacts with HP1 in cells only in the presence of
CTIP2. Nuclear protein extracts from microglial cells, previously co-
transfected with Tat-GFP and HP1 in the absence or presence of
CTIP2 were immunoprecipitated with anti-HP1 antibodies and ana-
lyzed for Tat-GFP by Western blotting.
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FIG. 9. Full-length and 145-434 CTIP2 inhibit HIV-1 LTR-driven transcription and viral replication. (A) Microglial cells were cotransfected
with vectors expressing HIV-1 LTR-CAT (1 pg) and Tat (2 ng) in the presence of the indicated CTIP2 deletion mutants (1 ug). CAT assays were
performed after 2 days. CAT activities are expressed relative to the value obtained with LTR-CAT alone. Values correspond to an average of at
least three independent experiments done in duplicate. (B) Western blot analysis of nuclear proteins extracted from cells transfected for 48 h with
the indicated expression vectors used in panel A. The blot was probed with anti-Flag antibodies. Positions of size standards are indicated in
kilodaltons. (C) Cells were cotransfected with vectors expressing HIV-1 pNL4-3 (1.5 pg) and the indicated CTIP2 deletion mutants (1 ng). Two
days after transfection, samples of the culture supernatant were analyzed for p24 Gag content. Data represent an average of at least three
independent experiments performed in duplicate. They are expressed relative to the value obtained with pNL4-3 alone taken as 1, which

corresponds to an average of 2000 pg/ml of p24 Gag.

9B). Results showed that except for a higher expression of the
1-354 peptide, all other CTIP2 proteins were expressed at
similar levels.

The CTIP2 mutants exhibited a similar behavior when tested
in replication experiments, following cotransfection of pNL4-3
and CTIP2 vectors (Fig. 9C). Both full-length CTIP2 and
CTIP2 145-434 appeared able to inhibit viral replication, in
contrast with the other two mutants. Of note, the inhibitory
effect of the mutant was less than that of full-length CTIP2.

These transcription and replication data support our in vitro
model in which Tat preferentially associates with 145-434
CTIP2 and appears unable to interact with the 717-813 domain
in the presence of HP1a. They confirm the importance of the
145-434 domain able to associate with both Tat and HP1a.

Localization of Tat-GFP in the presence of different CTIP2
mutants. We next visualized the subcellular localization of Tat-
GFP in the presence of the different CTIP2 mutants (Fig. 10).

Nuclei were demarcated by immunolabeling with anti-lamin B
antibodies (in red). The 145-434 CTIP2 mutant that was able to
inhibit Tat function presented a distinct distribution (Fig. 10, row
2) that prefigured the typical ball-like structures formed in the
presence of full-length CTIP2 (row 1). This mutant was expressed
in the nucleus in most of the cells, formed a gradient toward the
nuclear membrane and was structured in foci or small ball-like
structures. The Tat-GFP distribution was clearly altered, and ap-
peared concentrated in the vicinity of the foci-like structures.
Although this pattern was distinct from that found in the presence
of full-length CTIP2, it showed a clear recruitment of Tat next to
the CTIP2 mutant-induced subnuclear structures (row 2).

In contrast, the 1-354 and 610-813 CTIP2 truncated proteins
that were unable to affect Tat activity exhibited a diffuse blue
staining pattern in the cytoplasm and nucleus of all transfected
cells. These mutants appeared clearly unable to alter Tat-GFP
distribution (rows 3 and 4) similar to the pattern observed in
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FIG. 10. Tat-GFP distribution is altered in the presence of full-length and 145-434 CTIP2. Microglial cells were transfected with vectors
expressing Tat-GFP and the indicated full-length (residues 1 to 813) and deletion mutants of Flag-CTIP2. Nuclei are demarcated by immunola-
beling with anti-lamin B antibodies (column 3, red). Cells were incubated with anti-Flag antibodies followed by staining with cyanine 5-conjugated
antibodies to detect overexpressed CTIP2 proteins (columns 1 and 4, blue). Bars: 10 wm. Tat-GFP is redistributed within or next to subnuclear
structures in nuclei overexpressing full-length and 145-434 CTIP2. In contrast, the nucleoplasmic and nucleolar distribution of Tat-GFP is not
altered (compare with Fig. 5, row 1) in cells overexpressing 1-354 and 610-813 CTIP2 proteins in the cytoplasm and nucleus.

the absence of CTIP2 (Fig. 5, row 1). These observations show
a correlation between the ability of CTIP2 mutant proteins to
alter Tat-GFP subnuclear location and their ability to affect
Tat function. Interestingly, Tat relocation was less dramatic
with the 145-434 CTIP2 mutant than with full-length CTIP2,
correlating with a less potent effect of the mutant protein on
Tat transactivation and viral replication.

DISCUSSION

We have investigated the functional effects of the recently de-
scribed nuclear receptor cofactors CTIP1 and CTIP2 on HIV-1
gene expression and viral replication in human microglial cells.

While the two related zinc finger proteins inhibit basal transcrip-
tional activity, CTIP2 specifically acts as a potent inhibitor of
HIV-1 Tat transactivation, leading to a potent repression of viral
replication. This functional inhibition correlates with associations
between the nuclear cofactor CTIP2, the viral transactivator Tat
and the heterochromatin-associated protein HP1a, as discussed
below. Preliminary results indicate that inhibition by CTIPs of the
basal LTR-driven expression in the absence of Tat correlates
with associations between the CTIP proteins with the cellular
transcription factors COUP-TF and Spl (data not shown).
Association between CTIP2 and Tat. CTIP2 was recently
described as a cofactor of members of the COUP-TF subfamily
of nuclear receptors (1). Our findings reveal that CTIP2 also
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directly associates with the N-terminal region (amino acids 1 to
48) of Tat. The inhibition of Tat function via this region cor-
relates with the fact that it contains the short core domain
(amino acids 21 to 40) sufficient to transactivate and induce
HIV replication (4). The existence of a novel association be-
tween CTIP2 and Tat was also demonstrated by coimmuno-
precipitation and confocal microscopy data in human micro-
glial cells.

The CTIP2 protein harbors two independent Tat interaction
interfaces, the 145-434 central domain and the 717-813 C-
terminal domain. This bipartite interaction domain of CTIP2 is
reminiscent of CTIP1, previously reported to contain two
COUP-TF interaction domains (1). However, we found that in
the presence of HP1, full-length CTIP2 interacts preferentially
with Tat via its central 145-434 domain.

Within the nucleus, overexpressed CTIP2 exhibits a typical
pattern of ball-like structures, mostly distributed throughout
the nucleoplasm and in some cells concentrated at the periph-
ery of the inner nuclear membrane. This expression pattern
likely reflects a dynamic process during the cell cycle following
CTIP2 overexpression. In a few cells, we could even detect a
local disruption of the lamina leaking out CTIP2 within the
cytoplasm (data not shown), likely associated with a late
step of CTIP2 expression. Whether this process corresponds
to CTIP2-induced apoptosis will be examined in future studies.

The nucleus is a highly dynamic organelle that contains
distinct substructures. The best-studied nuclear compartments
are the nucleolus and various nuclear bodies such as the splic-
ing-factor compartments, the Cajal body, the promyelocytic
oncogenic domains or nuclear domains 10 and a family of small
dot-like nuclear speckles (12). With the exception of the nu-
cleolus, none of the described nuclear substructures exceed 1.5
pm in diameter. On the basis of to their number, large size,
and dynamic distribution, the CTIP2-induced ball-like struc-
tures likely represent a new class of nuclear substructures.

Overexpressed CTIP2 possesses the intriguing ability to dra-
matically disrupt the nuclear localization of viral Tat and to
recruit Tat to the new ball-like structures. Interestingly, the
related CTIP1 protein appears unable to form such distinct
structures, to alter the localization of Tat, and to affect Tat
function. These data show that sequestration of Tat by the
CTIP2-created structures correlates with the inhibition of its
transactivation ability. Besides a decrease of nucleolar Tat,
most importantly, transcriptionally relevant Tat proteins pres-
ent in the nucleoplasm are redistributed within the CTIP2-
induced balls. This phenomenon is reminiscent of the capacity
of CTIP1 to form punctate structures, to recruit COUP-TF to
these structures and to repress COUP-TF activity (1). Simi-
larly, the promyelocytic leukemia protein recruits the CREB-
binding protein to subnuclear promyelocytic oncogenic do-
mains and modulates CREB-binding protein function (11).
This recruitment of transcription factors to nuclear subcom-
partments represents a novel mechanism whereby the function
of nuclear factors is modulated.

How nuclear architecture affects gene expression remains
largely unknown. There is growing evidence that nuclear com-
partmentalization influences the transcriptional activity of
genes. Genes can be silenced through positioning into regions
of chromosomes that are not accessible to chromatin remod-
eling factors or transcriptional activators (12, 15). A clear cor-
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relation exists between the silencing of a gene and its proximity
to heterochromatin or to the nuclear periphery (6, 9). Our
findings therefore suggest that transcription of the HIV-1 ge-
nome is inhibited through recruitment of Tat to distinct sub-
nuclear structures associated with heterochromatin, as dis-
cussed below.

Association between CTIP2 and HP1a.. The HP1 family con-
sists of small nonhistone proteins, primarily associated with
heterochromatin, which contains mostly transcriptionally inac-
tive or silent coding sequences (40). HP1 proteins are involved
in gene silencing via the formation of heterochromatic struc-
tures and relocation of multiprotein complexes in heterochro-
matin (5, 14). Transcriptional repression requires the recogni-
tion of lysine 9-methylated histone H3 by the HP1 CD (2, 30).

Our findings reveal a novel direct association between HP1a
and CTIP2. Full-length CTIP2 harbors two independent HP1a
interaction interfaces, domains 145-434 and 717-813, that are
the same two domains involved in the binding to Tat. The HP1
protein may bind as a monomer, with its CD binding to 717-
813 CTIP2 and its CSD binding to 145-434 CTIP2. It is more
likely that HP1 binds as a dimer and interacts with each of the
two CTIP2 interfaces via its CD. Alternatively, the HP1 dimers
may associate with two distinct CTIP2 proteins to form multi-
protein complexes. Our confocal microscopy observations con-
firm that within the nucleus CTIP2 and HP1 are able to colo-
calize. These data support the idea that CTIP2, through its
association with HP1, is relocated in transcriptionally inactive
regions, as also shown by D. Avram and M. Leid (in prepara-
tion). Since HP1s self-associate via their CSD, bind to meth-
ylated histone H3 via their CD (residues 19 to 60) and interact
with CTIP2 via part of the CD and hinge region (residues 60 to
119), it is likely that HP1 proteins link CTIP2 to histone H3 in
repressed chromatin.

HP1-type proteins also serve as a linker, dynamically con-
necting transcriptionally silenced peripheral heterochromatin
to the inner nuclear membrane, via cell-cycle regulated inter-
actions with lamin B receptors (25, 38, 39). This ability of HP1
to associate with the nuclear membrane may account for the
relocation of CTIP2 to the periphery of the nucleoplasm. The
fact that HP1 appears located at the outside periphery of the
CTIP2-induced substructures supports the hypothesis that
HP1 is involved in relocating CTIP2 next to the inner nuclear
membrane.

Association between HP1la,, CTIP2 and Tat. In a cellular
context of HIV-1 infection that leads to viral Tat expression,
HP1la and CTIP2 form a three-protein complex with Tat. The
145-434 CTIP2 domain interacts with Tat, while the 717-813
domain binds to HP1. Our functional data confirm the impor-
tance of the association between Tat and 145-434 CTIP2 and in
contrast the inability of the 717-813 domain to affect the ac-
tivity of Tat. No direct association could be detected in vitro
and in cells between Tat and HP1. This perfectly correlates
with confocal microscopy data showing the formation of an
HP1-CTIP2-Tat sandwich, in which HP1 is located on the
outside, CTIP2 in the middle and Tat on the inside.

The HP1-CTIP2-Tat association is involved in the dramatic
recruitment of Tat within CTIP2-induced structures and
relocation in distinct nuclear regions associated with het-
erochromatin. These associations correlate with CTIP2-medi-
ated repression of Tat transactivation of the HIV-1 LTR. In-
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terestingly, only full-length CTIP2 and the truncated 145-434
CTIP2 protein that possess the ability to create distinct sub-
nuclear structures and to recruit Tat to these structures could
function as Tat inhibitors. In agreement with studies showing
that the availability of regulatory proteins influences regulation
of gene expression during development and differentiation (12,
15) our data show that CTIP2, by reorganizing the subnuclear
architecture, prevents Tat from playing its crucial role in viral
gene expression.

While the vast majority of Tat-associated proteins function
as positive factors (for review see (23) only a minority acts as
repressors (28, 31). A recent report described a novel mecha-
nism of Tat inactivation by overexpression of the host proteins
YY1 and LSF, which recruit histone deacetylase 1 to the LTR
and counteract the positive effect of histone acetyltransferases
(20). Preliminary results show that CTIP2 is also able to inter-
act with histone deacetylases (data not shown). Therefore,
further investigations will assess whether inhibition of LTR
transactivation by CTIP2 may also be linked to histone de-
acetylation and/or to Tat deacetylation. It will be interesting to
examine the possibility of CTIP2 presenting a dual inhibitory
action via recruitment of Tat to HP1 and to methylated histone
H3 within heterochromatin, and via recruitment of deacety-
lases to modified histones and/or the acetylated Tat protein.
Our findings present evidence of a correlation between Tat
sequestration by CTIP2-created subnuclear structures, reloca-
tion in HP1-associated regions, and inhibition of Tat transac-
tivating ability leading to repression of HIV-1 replication.
These studies performed in human microglial cells and cur-
rently limited to this cell type reveal a novel mechanism of Tat
inhibition through subnuclear relocalization in regions associ-
ated with heterochromatin. Further studies will be necessary to
precisely examine the molecular mechanisms that underlie our
observations. Moreover, future investigations need to be per-
formed in various HIV-1 target cells to analyze whether and
how the use of CTIP2-derived peptides could serve for a novel
anti-HIV strategy and help establish latent HIV infection.
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