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Subcellular Localization of Ankyrin Repeats Cofactor-1
Regulates Its Corepressor Activity
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Abstract The ankyrin repeats cofactor-1 (ANCO-1) was recently identified as a novel nuclear receptor corepressor
that regulates receptor-mediated transcription through interactions with p160 coactivators and histone deacetylases.
Interestingly, exogenously expressedANCO-1 is localizedatdistinct subnucleardomains.The relevanceof these subnuclear
domains and themechanismsofnucleocytoplasmic translocationofANCO-1havenot beendetermined.We report here the
identification of an N-terminal signaling motif that is essential for both nuclear/subnuclear localization and transcription
corepressor function of ANCO-1. This N-terminal motif at residues 80–86 of ANCO-1 constitutes a classical nuclear
localization signal (NLS1). Disruption of NLS1 causes complete cytoplasmic accumulation of the full-length ANCO-1, and
abolishes its corepressor function on receptor-mediated transcription. A second NLS (NLS2) is found at the C-terminal
residues 2384–2390; however, its disruption abolishes only nuclear localization of isolated C-terminal fragments.We also
identify a leucine-rich nuclear export signal (NES) at residues 2415–2424ofANCO-1, and show that both theNLSs andNES
sequences are capable ofmediatingnuclear import and export of heterologous protein, respectively. In addition, attachment
of the NES sequence to a transcription factor impairs its activation function. These results suggest that ANCO-1 subnuclear
localization is regulated by both nuclear import and export signals, and that proper subcellular localization of ANCO-1 is
essential for its corepressor function. J. Cell. Biochem. 101: 1301–1315, 2007. � 2007Wiley-Liss, Inc.
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Nuclear receptors (NRs) are DNA-binding
transcription factors that regulate hormone-
dependent gene expression in many important
biological processes, including development and
reproduction [Nawaz et al., 1994; Mangelsdorf
et al., 1995]. NR coactivators and corepressors

are known to mediate the transcriptional
activation and repression functions of NRs,
respectively. Among the known corepressors,
SMRT and N-CoR are highly related and bind
primarily to unliganded NRs [Chen and Evans,
1995; Horlein et al., 1995; Ordentlich et al.,
1999; Park et al., 1999]. SMRT and N-CoR
mediate transcriptional repression through
recruitment of histone deacetylases (HDACs)
[Nagy et al., 1997; Guenther et al., 2000; Li
et al., 2000]. Conversely, the p160 family of NR
coactivators bind to liganded NRs to mediate
transcriptional activation through recruitment
of histone acetyltransferases (HAT) [Leo and
Chen, 2000]. The p160 family members include
SRC-1 [Oñate et al., 1995], TIF2/GRIP1
[Hong et al., 1996, 1997; Voegel et al., 1996],
and RAC3/ACTR/AIB1/pCIP/TRAM-1 [Anzick
et al., 1997; Chen et al., 1997; Li et al., 1997;
Takeshita et al., 1997; Torchia et al., 1997]. The
SMRT/N-CoR corepressors and the p160 coacti-
vators bind to a common hydrophobic groove on
the receptor through distinct LXXLL motifs
[Heery et al., 1997; Shiau et al., 1998; Ghosh
et al., 2002; Xu et al., 2002]. Genetic studies
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further confirm p160 coactivators as being
critically involved in regulating hormonal
responses in mice [Xu et al., 1998, 2000; Wang
et al., 2000]. Among members of the p160
coactivators, RAC3/AIB1 is most important as it
is amplified in breast cancers and forms a stable
complex with estrogen receptor in breast cancer
cells [Anzick et al., 1997; Tikkanen et al., 2000].

The p160 coactivators share a common
domain structure, including a highly conserved
N-terminal basic-helix-loop-helix (bHLH) and
Per-Arnt-Sim (PAS) domains [Leo and Chen,
2000]. The PAS domain is separated into A and
B regions, both are conserved across many PAS
family proteins [Huang et al., 1993]. This
bHLH-PAS domain is implicated in mediating
protein–protein interaction. To investigate
the mechanisms that regulate RAC3 activity,
we have isolated several RAC3-interacting
proteins through yeast two-hybrid screening.
Recently, a novel family of ankyrin repeat-
containing cofactors (ANCO-1 and ANCO-2)
were also identified and shown to interact
with p160 coactivators and HDACs, but not
directly with NRs [Zhang et al., 2004]. Ectopic
overexpression of ANCO-1 represses ligand-
dependent transactivation by NRs, suggesting
that ANCO-1 may inhibit ligand-dependent
transcription by recruiting HDACs to the
p160-NR complex. Furthermore, ANCO-1 was
predominantly nuclear with apparent accumu-
lation at specific nuclear domains [Zhang et al.,
2004], suggesting that subcellular localization
may be involved in regulating the corepressor
activity of ANCO-1.

The transportation of large proteins (e.g.,
ANCO-1, 298 kDa) from the cytoplasm into
nucleus requires an energy-dependent import
mechanism (for reviews, see [Weis, 2003; Gold-
farb et al., 2004]). One classic pathway for
nuclear import is mediated by the importin a/b
heterodimer. The most common NLSs are either
mono-partite or bipartite. The mono-partite
NLSs can be as long as 4 residues (pat 4) or
7 residues (pat 7), and are characterized by a
cluster of positively charged lysine or arginine
residues preceded by a helix-breaking residue
such as proline. The bipartite NLS motifs consist
of two clusters of basic residues separated by
9–12 residues. Recently, a ligand-activated NLS
in the cellular retinoic acid binding protein-II
(CRABP-II) was identified [Sessler and Noy,
2005]. While CRABP-II does not contain any
predicted NLS in its primary sequence, such a

motif was recognized in the protein’s tertiary
structure upon retinoic acid binding.

Proper localization to specific cellular com-
partments is vital for protein function. Nuclear
proteins are transported into the nucleus in a
highly regulated fashion, and delocalization can
be associated with pathological conditions such
as in leukemia [Dyck et al., 1994; Weis et al.,
1994; Smith and Koopman, 2004]. In this study,
we have investigated the regulatory signals
that determine nucleocytoplasmic transporta-
tion of ANCO-1. Indirect immunofluorescence
microscopy analyses revealed that four ANCO-1
fragments localizes exclusively in the nucleus.
Multiple nuclear localization signals (NLSs) are
predicted within these fragments. Site-directed
mutational analyses reveal multiple functional
NLSs. Intriguingly, disruption of a N-terminal
NLS is sufficient to block nuclear import of
the full-length ANCO-1. Furthermore, we have
established an essential role of nuclear localiza-
tion for the transcriptional corepressor activity
of ANCO-1 upon PR-mediated transcriptional
activation.

MATERIALS AND METHODS

Plasmids

All plasmids used in our laboratory are care-
fully documented in a database and identified
with unique ID numbers, and confirmed by
both enzyme restriction digestion and DNA
sequencing. The pCMXHA-ANCO-1 expresses
full-length wild-type ANCO-1 linked with an
HA tag and a linker sequence (MDYPYDVP-
DYARA) to its N-terminus as previously
described [Zhang et al., 2004]. The ANCO-1
DRD2 mutant was created by digesting
pCMXHA-ANCO-1 with BamHI and NheI,
followed by klenow ‘‘fill-in’’ reaction and self-
ligation. This resulted in a C-terminal trunca-
tion at residue D2234 followed by two amino
acid residues PS before a stop codon. Plasmid
pCMXHA-RS13N (3–455) was obtained by
PCR amplification directly from an EST
clone (tf70e12, IMAGE# 2104654, GenBank
#AI422295). Plasmid pCMXHA-RS13C (2369–
2663) was derived from the original yeast two-
hybrid clone pACT2-RS13C (2369–2663). Other
pCMXHA-ANCO-1 constructs were generated
by PCR reactions using pfu polymerase and
their details are available upon request. The
pEGFP-ANCO-1 NLS (74–90) and pEGFP-
ANCO-1 NES (2410–2427) were generated by
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direct subcloning of double-stranded oligonu-
cleotides into the pEGFP-C1 vector (Clontech)
at the XhoI and BamHI sites. The pCMXGalVP-
ANCO-1 NES and pCMXGalVP-ANCO-1
NESm were made by subcloning a PCR-ampli-
fied VP16 AD (aa 413–490) fragment and
respective double-stranded NES or NES
mutant oligonucleotides into the pCMXGal-N
vector at EcoRI and BamHI sites. The oligonu-
cleotides for NLS are 50-t cga gac aca gag aag cag
ggc cct gag cgg aag agg att aag aag gag cct gtc tga
g (sense) and 50-ga tcc tca gac agg ctc ctt ctt aat
cct ctt ccg ctc agg gcc ctg ctt ctc tgt gtc
(antisense). The oligonucleotides for NES are
50-t cga gtg atc cag cag acg ctg gcc gcc atc gtg gac
gcc atc aag ctg gat gcc atc tga g (sense) and 50-ga
tcc tca gat ggc atc cag ctt gat ggc gtc cac gat ggc
ggc cag cgt ctg ctg gat cac (antisense). The
oligonucleotides for NESm are 50-t cga gtg atc
cag cag acg ccg gcc gcc acc gcg gac gcc acc aag ccg
gat gcc atc tga g (sense) and 50-ga tcc tca gat ggc
atc cgg ctt ggt ggc gtc cgc ggt ggc ggc cgg cgt ctg
ctg gat cac (antisense).

Site-Directed Mutagenesis and Primer Sequences

Site-directed mutagenesis was conducted
using the QuikChange1 site-directed mutagen-
esis kit (Stratagene). The sequences (50 to 30) of
the sense primers used to generate indicated
mutations are listed here: 82A, g cag ggc cct gag
gcg gcg gcg att gcg gcg gag cct gtc acc cg; 456A, g
gaa aaa aat aaa gtg aaa gcg gcg gca gcg gca gaa
aca aaa gg; 593A, cg ctg aag cca gtg gcg gcg gcg
cag gag cac agg; 630A, ggg aaa gtt gtc gca gca cat
gca aca aaa cac; 765A, ctg tac aaa gag gag gca gcg
gcg gca tca aaa gac cgg; 906A, gag ccc ttc ttc gca
gcg gcg gac gcg gac tat ttg gat aaa aac; 919A, g
gat aaa aac tct gag gcg gcg gca gag cag act gaa
aag c; 939A, cg gaa aag gac gcg gcg gcg gca gag
tcc gca gag; 2385A, g gcc cag cat ccg gcc gca gcc
gcc ttt cag cgc tcc acc; 2415P, cag acg ccg gcc gcc
acc gcg gac gcc acc aag ccg tag gct agc. The
sequences of the antisense primers are anti-
parallel to the sense primers. All mutations
were confirmed by DNA sequencing.

Cell Culture, Stable Cell Lines, and
Transient Transfection

COS-7 and HEK293 cells were grown in
Dulbecco’s modified Eagle’s medium, supple-
mented with 10% fetal bovine serum (FBS) and
5 mg/ml gentamycin (Gibco BRL, Carlsbad, CA).
To generate ANCO-1 stable cell lines, HEK293
cells were transfected with pCMXHA-ANCO-1

together with a neomycin-resistant selection
plasmid. Transfected cells were allowed to
recover for 36 h before selecting with neomycin
(G418, 1.5 mg/ml, Gibco). Neomycin-resistant
colonies derived from single cells were selected
and grown in neomycin-containing media.

For transient transfection, COS-7 cells were
seeded in 12-well plates and transfected 24 h
later with 2.5 mg of plasmid DNA per well by
standard calcium phosphate precipitation
method. Cells were incubated with DNA pre-
cipitates for approximately 12 h, and precipi-
tates were subsequently removed by washing
with phosphate buffered saline (PBS) contain-
ing calcium and magnesium. Cells were
cultured for additional 48 h, after which cells
were harvested and analyzed for luciferase and
b-galactosidase activity.

Immunofluorescence Microscopy

COS-7 cells were grown on cover glass in
24-well plates and transfections were conducted
as described above. After transfection, cells
were incubated for another 24–36 h before
fixation with cold methanol/acetone (1:1)
mixture for 2 min. The fixed cells were then
processed for immunofluorescence staining
as previously described [Dyck et al., 1994].
Briefly, the fixed cells were incubated with
primary antibodies followed by rhodamine- or
fluorescein-conjugated secondary antibodies.
Cell nuclei were counterstained with DAPI
(40,6-diamidino-2 phenylindole) and cover
glasses were mounted with Pro-Long anti-fade
reagents (Molecular Probe). The images were
visualized with a Zeiss Axiovert 200 microscope
equipped with an Axiocam and Axiovision
software (Zeiss). The mouse anti-HA monoclo-
nal (Santa Cruz Biotechnology, Inc.), rabbit
anti-HA polyclonal (Medical Biological Lab,
Inc.), and mouse anti-Gal4 DBD monoclonal
(Calbiochem, Inc.) antibodies were obtained
from indicated commercial sources. The anti-
ANCO-1 monoclonal antibody was generated
against a mixture of GST-ANCO-1 fragments
(GeneTex, Inc.).

RESULTS

ANCO-1 Localizes at Discrete Nuclear Domains

We have shown that transiently transfected
ANCO-1 localizes in nuclear dot-like structures
[Zhang et al., 2004]. To further investigate
the mechanisms that determine subnuclear
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localization of ANCO-1, we generated a mouse
anti-ANCO-1 monoclonal antibody and ana-
lyzed localization of endogenous and stably
transfected ANCO-1. The ANCO-1 antibody
specifically recognized the transfected HA-

ANCO-1, whereas preimmune serum did not
(Fig. 1A). In non-transfected cells, the ANCO-1
antibody also detected endogenous nuclear dot
structures, whereas preimmune serum did not
(Fig. 1B), suggesting that endogenous ANCO-1

Fig. 1. Localization of ANCO-1 at discrete nuclear domains.
A: Mouse anti-ANCO-1 antibody detects HA-ANCO-1. COS-7
cells were transiently transfected with HA-ANCO-1 expression
vector, following by immunofluorescence staining using rabbit
anti-HA polyclonal antibody and mouse anti-ANCO-1 mono-
clonal antibody. The rabbit primary antibody was detected with
FITC (green)-conjugated goat anti-rabbit IgG secondary anti-
body; while the mouse primary antibody was detected with
Rhodamine (red)-conjugated goat anti-mouse IgG secondary
antibody. A transfected cell shows precise overlap of the FITG-
and rhodamine-stained dots in the nucleus. The preimmune

serumdid not showany staining of theHA-ANCO-1.B: ANCO-1
monoclonal antibody detects endogenous nuclear dots. Non-
transfected COS-7 cells were immunostained with mouse anti-
ANCO-1 antibodies. Specific nuclear dots were detected at
endogenous levels. The preimmune serum shows no staining of
nuclear dots. C: Formation of ANCO-1 nuclear dots in HA-
ANCO-1 stably transfectedHEK293cells.More than50%of cells
in this stable clone are positive for ANCO-1 staining, and all
positive cells exhibit nuclear dots staining. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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is also localized at discrete nuclear bodies. We
refer to these nuclear structures as ‘‘ANCO-1
bodies.’’ In support of this idea, we generated
stable HEK293 cell lines containing a HA-
ANCO-1 expression vector and observed similar
structures with both anti-HA (Fig. 1C) and
ANCO-1 antibody (not shown). These results
indicate that ANCO-1 indeed localizes at dis-
crete nuclear domains under steady-state con-
ditions.

Localization of ANCO-1 Fragments

To understand the mechanisms by which
ANCO-1 is localized in the nucleus at ANCO-1
bodies, we analyzed the distribution of a series
of ANCO-1 fragments trying to locate regions
that may contain targeting sequences (Fig. 2A).
These ANCO-1 fragments contain HA epitopes
at N-termini, were transiently transfected into
culture cells, and analyzed by immunofluores-
cence microscopy using anti-HA antibodies
(Fig. 2B). In this assay, the following fragments
were found localized in the nucleus: a (1–127), b
(3–455),d (318–611), e (611–948), andk (2369–
2663), suggesting that these regions may con-
tain NLS sequences. The other fragments were
localized all over the cells or in the cytoplasm,
suggesting that they lack nuclear import or
contain nuclear export signals (NESs). Among
these nuclear fragments, fragments e and k also
formed dot-like structures, while fragments a,
b, and d were distributed homogenously in the
nucleus. These results suggest that subcellular
localization of ANCO-1 may be regulated by
multiple signals at different regions.

Identification of Nuclear Localization
Signals in ANCO-1

ANCO-1 is predicted as a nuclear protein with
94% reliability using Reinhardt’s method for
cytoplasmic/nuclear discrimination. Indeed,
multiple putative NLSs could be predicted
throughout the entire ANCO-1 sequence using
computer algorithms. Visual inspections of
these NLSs excluded several overlapping
sequences, reducing putative NLSs to 17 sites
(Fig. S1A, Supplementary Material). Among
these 17 sites, only 8 were actually located
within ANCO-1 nuclear fragments (Fig. S1B,
Supplementary Material). To determine which
of these eight candidate NLSs are actually
responsible for nuclear import of ANCO-1, we
mutated all eight sites individually or combina-
torially in the context of the four ANCO-1

nuclear fragments, a, d, e, and k, hopefully
avoiding redundant NLSs. In the N-terminus a
(1–127) fragment, only one NLS was predicted
at residues 80–87. Interestingly, replacing
residues 80–87 from PERKRIKK to PEAAAIAA
(82A mutation) completely abolished nuclear
localization of the a fragment (Fig. 3), suggest-
ing that residues 80–87 constitute a functional
NLS (designated as NLS1). Similarly, the C-
terminus k (2369–2663) fragment also contains
only one candidate NLS at residues 2384–2390.
We replaced this sequence from PRKRRFQ to
PAAAAFQ (2385A mutation) and found it also
completely abolished nuclear localization of this
C-terminal fragment (Fig. 3), suggesting that
residual 2384–2390 also constitute a functional
NLS (designated as NLS2). We noticed that the
82A mutation caused diffuse cytoplasmic loca-
lization, while the 2385A mutation caused
accumulation outside of nuclear envelope, sug-
gesting distinct mechanisms of nuclear trans-
portation mediated by these two NLSs.

Attempts to test the predicted NLSs within d
and e fragments were also performed. There are
two predicted NLSs within the d fragment (Fig.
S1B, Supplementary Material). Replacing the
first sequence at residues 455–475 from
KKKRKKETKGREVRFGKRSDK to KAAAA-
AETKGREVRFGKRSDK (456A mutation) had
little or no effect on nuclear localization of this
fragment. Similarly, replacing the second
sequence at residues 591–597 from PVRKRQE
to PVAAAQE (593A mutation) also had little or
no effect. Surprisingly, introduction of both
456A and 593A mutations completely abolished
nuclear translocation of this fragment, suggest-
ing that these two sites may be redundant in
mediating nuclear import of the d fragment.

Extensive mutational analyses were also
performed to test candidate NLSs responsible
for nuclear localization of the e (611–948)
fragment. Within this region, four putative
NLSs were predicted, including three pat4
NLSs at residues 630–633, 765–768, and
939–942, and a bipartite NLS at residues
903–923 (Fig. S1, Supplementary Material).
Replacing the bipartite sequence at residues
903–923 from PFFRKKDRDYLDKNSE-
KRKEQ to PFFAAADADYLDKNSEKRKEQ
(906A mutation), PFFRKKDRDYLDKNSEAA-
AEQ (919A mutation), or in combination to
PFFAAADADYLDKNSEAAAEQ (906A/919A
mutation) had no effect on nuclear localization
of this fragment (data not shown), suggesting
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that residues 903–923 is not involved in nuclear
localization. Other combinatorial mutations
replaced residues 630–633 from KKHK to
AAHA (630A mutation), residues 765–768 from

RKKK to AAAA (765A mutation), or residues
939–942 from KKRR to AAAA (939A mutation),
in combination with 906A or 919A mutation,
creating 906A/630A, 906A/765A, 906A/939A,

Fig. 2. Subcellular localization of ANCO-1 fragments.
A: Schematic diagram of HA-ANCO-1 fragments. Structural
domains are marked on top: ANK, ankyrin repeats; RD1,
repression domain 1; AD, activation domain; RD2, repression
domain 2. The starting and ending amino acid residues of each
fragment are next the fragment. The localization patterns of these
fragments are summarized at the right. N, nuclear; ND, nuclear
dots; C, cytoplasmic, CD, cytoplasmic dots. B: Representative
images showing localization of each ANCO-1 fragment. COS-7

cells were transiently transfected with indicated fragments (FL,
full-length ANCO-1 or fragments a–k), followed by indirect
immunofluorescence analyses using an anti-HA monoclonal
antibody and rhodamine-conjugated secondary antibody (red).
Cell nuclei were stained with DAPI (4,6-diamidino-2-phenylin-
dole). The merged images of rhodamine and DAPI signals are
shown. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

1306 Zhang et al.



and 919A/630A double mutants. None of these
mutations had any apparent effects on nuclear
localization of this fragment (Fig. 3 and data not
shown). Therefore, the mechanisms mediating
nuclear localization of this 611–948 fragment
may be distinct from the traditional pathways.

NLS1 Determines Nuclear Localization
of Full-Length ANCO-1

To determine the relative contributions of
different functional NLSs in ANCO-1 on

nuclear localization of the full-length protein,
we created NLS mutations in the context of full-
length ANCO-1 (Fig. 4A). When the 82A/NLS1
mutation was introduced, we surprisingly
found that it alone was able to completely
disrupt nuclear import of full-length ANCO-1
(Fig. 4B). In contrast, the 2385A/NLS2 muta-
tion alone had no effect on nuclear localization
of the full-length protein. As expected, the
double mutant 82A/2385A showed complete
cytoplasmic distribution as the 82A mutant.
These data suggest that the N-terminal NLS1
at residues 80–86 is most crucial for nuclear
import of full-length ANCO-1, while the
C-terminal NLS2 at residues 2384–2390 may
be dispensable in the presence of NLS1 in

Fig. 3. Mutational analyses of putative ANCO-1 NLSs. Loca-
lization of ANCO-1 NLS mutants. COS-7 cells were transiently
transfected with indicated plasmids encoding various NLS
mutations in ANCO-1 fragments a, d, e, or k. Transfected cells
were analyzed by indirect immunofluorescence using an anti-
HA monoclonal antibody (red) and DAPI to delineate nuclei.
[Color figure canbeviewed in theonline issue,which is available
at www.interscience.wiley.com.]

Fig. 4. A: Schematic representation of the full-length ANCO-1
and positions of the 82A and 2385A NLS mutations. B:
Localization of full-length ANCO-1 NLS mutants. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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full-length protein. Since mutation of NLS1 is
sufficient to disrupt nuclear localization of full-
length ANCO-1, it suggests that other potential
NLSs at central region of the protein, such as
the NLSs at residues 455–475 and 591–597,
may not be functional in the context of full-
length protein. Therefore, we have not further
analyzed their effects on nuclear localization of
the full-length ANCO-1.

ANCO-1 Contains a Putative Nuclear
Export Signal

In addition to nuclear import, protein
localization is also regulated by nuclear export
mostly through a CRM1-dependent, leptomycin
B (LMB)-sensitive mechanism [Fukuda et al.,
1997]. To determine if nuclear export also
plays a role in regulating ANCO-1 localization,
we searched for potential NES consensus
sequences within ANCO-1 fragments localized
in the cytoplasm. Interestingly, we found that
fragment j (aa 2136–2424) contains a leucine-
rich NES consensus sequence at residues 2415–
2424 (Fig. 5A). This putative NES sequence,
LAAIVDAIKL, is highly conserved among
known NESs in other proteins (Fig. 5B). To test
whether this motif is indeed a functional NES,
we treated cells with LMB to block CRM1
activity and determined the effects on localiza-
tion of fragment j. Consistently, fragment j was
localized almost exclusively in the cytoplasm in
the absence of LMB treatment (Fig. 5C), while
LMB caused accumulation of this fragment in
the nucleus. We also tested the effects of LMB on
distributions of other ANCO-1 cytoplasmic
fragments and found little or not effect (data
not shown). To directly test whether the
putative NES sequence indeed mediates
ANCO-1 nuclear export, we mutated residues
2415–2424 from LAAIVDAIKL to PAATA-
DATKP (Fig. 5B, 2415P mutation). This muta-
tion is expected to disrupt the conserved
hydrophobic residues that are essential for
NES activity of other proteins [Fukuda et al.,
1997]. Remarkably, the 2415P mutation caused
significant accumulation of fragment j in the
nucleus. Therefore, we have identified a func-
tional NES that mediates nuclear export of
ANCO-1 through a CRM1-dependent pathway.

NLS1 and NES of ANCO-1 Act Autonomously
to Mediate Protein Localization

To corroborate the findings of NLS and NES of
ANCO-1, we determine if the NLS and NES

sequences could act autonomously to mediate
localization of heterologous proteins. We fused
the NLS1 sequence of residues 74–90 and the
NES sequence of residues 2410–2427 to the
C-terminus of EGFP (Fig. 6A). The NLS1
and NES sequence were linked to EGFP aa
1–239 through a spacer SGLRSR sequence, and
a random sequence encoded by the polylinker
sequence of the pEGFP-C1 vector served as a
negative control. We found that the EGFP
protein distributed uniformly throughout the
cell, while the EGFP-NLS1 localized primarily
in the nucleus (Fig. 6B). In contrast, the EGFP-
NES fusion showed exclusive cytoplasmic stain-
ing. These results suggest that both NLS1 and
NES motifs of ANCO-1 are sufficient to mediate
nuclear import and export of heterologous
protein, respectively.

ANCO-1 NES Inhibits Transcriptional
Activity of GalVP

To determine if the NES sequence of ANCO-1
could also alter activity of heterologous pro-
teins, we tested its ability to regulate the
transcriptional activity of the chimeric Gal4
DBD-VP16 AD fusion protein (GalVP). The
wild-type NES sequence at residues 2410–
2427 and the mutant sequence (NESm) with
2415P mutation were linked to the C-terminus
of GalVP (Fig. 7A). The effects of NES and
NESm on GalVP-mediated transactivation of a
Gal4-dependent luciferase reporter were deter-
mined by transient transfection in COS-7 cells
(Fig. 7B). We found that the wild-type GalVP
activated the reporter strongly (over 100-fold).
In contrast, GalVP-NES showed reduced trans-
criptional activity (P< 0.05), while GalVP-
NESm had no effect on GalVP activity. These
results suggest that the NES sequence can
inhibit transcriptional activity of a transcrip-
tion factor.

To determine if the NES-mediated inhibition
of GalVP transcriptional activity indeed corre-
lates with nuclear export, subcellular distribu-
tions of GalVP, GalVP-NES and GalVP-NESm
were analyzed by immunofluorescence micro-
scopy (Fig. 7C). The wild-type GalVP was
localized exclusively in the nucleus, due to an
NLS in the Gal4 DBD. In contrast, the GalVP-
NES localized mainly in the cytoplasm, con-
sistent with its nuclear export activity. As
expected, the GalVP-NESm remained in the
nucleus, indicating that the 2415P mutation
disrupts the NES function. The ability of
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GalVP-NES to partially activate transcription
(Fig. 7B) may be due to transient nuclear
localization before exportation to the cytoplasm.
These results correlate precisely with the

reporter assay, demonstrating that the ANCO-
1 NES is capable of mediating nuclear export
of GalVP, resulting in inhibition of its trans-
criptional activity in the nucleus.

Fig. 5. Identification of a nuclear export signal of ANCO-1.
A: Schematic representation of the position of the ANCO-1 NES
and the NES-containing fragment (aa 2136–2424). B: Alignment
of the predicted leucine-rich nuclear export signal (NES) of
ANCO-1 (aa 2415–2424) with known NES sequences. The
ANCO-1 NES mutant (NESm, 2415P) sequence is shown at
the bottom, with mutated residues in red. The shaded residues
are conserved hydrophobic residues essential forNES function in
the other proteins. C: Leptomycin B (LMB) and 2415P mutation
(NESm)blockcytoplasmic export of theANCO-1 fragment.COS-

7 cells were transiently transfectedwith indicated constructs and
the transfected cells were treated with LMB (1 mM) or solvent for
12 h. Cells were fixed and stained with anti-HA antibody and
rhodamine-conjugated secondary antibody (red). The wild-type
ANCO-1 fragment is located in the cytoplasm, and LMB
treatment causes its accumulation in the nucleus. The NESm
(2415P) mutant is localized mainly in the nucleus. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Nuclear Localization Is Required for
Corepressor Activity of ANCO-1

We have previously shown that overexpres-
sion of ANCO-1 inhibits NR-mediated trans-
criptional activation [Zhang et al., 2004], which
occurs presumably in the nucleus. Since the
82A/NLS1 mutation disrupts nuclear localiza-
tion of full-length ANCO-1 (Fig. 4), it provides a
tool to test whether nuclear localization is

required for the corepressor activity of ANCO-
1. We analyzed the activities of full-length
ANCO-1 and mutants on progesterone receptor
(PR)-mediated transcriptional activation by
reporter gene assay (Fig. 8). In the absence of
ligand, ANCO-1 and mutants had no effect on
basal promoter activity. Progesterone stimu-
lated PR transactivation of the MMTV reporter
strongly. Consistently, coexpression of wild-
type ANCO-1 led to a significant about 50%

Fig. 6. NLS and NES sequences of ANCO-1 act autonomously
to mediate localization of heterologous protein. A: Schematic
diagramof wild-type EGFP, EGFP-NLS1 (74–90), and EGFP-NES
(2410–2427) fusion constructs. The sequences after residue 239
of EGFP are shown. Underlined residues are the NLS (aa 74–90)
andNES (aa2410–2427) sequencesofANCO-1.Boldfaced italic
residues are the canonical NLS and NES consensus sequences,

respectively. B: Localization of the EGFP, EGFP-NLS1, and
EGFP-NES fusions. COS-7 cells were transiently transfected with
respective constructs and were allowed to recover for 24 h after
transfection. Transfected cells were fixed in 4% paraformalde-
hyde and counter stained with DAPI for nuclei (blue). [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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reduction on PR activity. Interestingly, this
inhibitory effect was abolished in the 82A/NLS1
mutant, suggesting that nuclear localization is
important for the transcriptional corepressor
activity of ANCO-1. In contrast, the NES 2415P
mutant of full-length ANCO-1, which had no
effect on nuclear localization of the full-length
protein (data not shown), was still capable of
inhibiting PR-mediated transcriptional activa-
tion. Similarly, the silent 2385A/NLS2 muta-
tion also had no effect on the corepressor
activity of ANCO-1. These results suggest that
the NLS1 motif and nuclear localization are

important for the nuclear corepressor function
of ANCO-1.

DISCUSSION

We previously identified ANCO-1 as a novel
ankyrin repeats nuclear protein implicated in
regulating NR transcriptional activity through
physical association with coactivators and
corepressors [Zhang et al., 2004]. ANCO-1 is
also implicated in nasopharyngeal carcinoma
and childhood medulloblastoma [Behrends
et al., 2003], and the gene is located at a region
(16q24.3) frequently deleted in cancer [Powell
et al., 2002; Behrends et al., 2003]. One inter-
esting feature of ANCO-1 is its localization at
discrete subnuclear domains, termed ANCO-1
bodies. ANCO-1 bodies may represent novel
nuclear structures because so far they do not
overlap with known structures such as PML
bodies, SC35 splicing speckles, or interphase
centromeres [Zhang et al., 2004]. Here, we
report the observation of ANCO-1 bodies at
endogenous levels and stably transfected cells
(Fig. 1), confirming that ANCO-1 is indeed a
nuclear protein concentrated at discrete sub-
nuclear compartments. We further identify
both nuclear localization (NLS) and nuclear
export (NES) signals within ANCO-1, and
establish that nuclear localization is essential
for the corepressor activity of ANCO-1.
We reveal an N-terminal NLS at residues
80–86 (NLS1), and show that its mutation
alone is sufficient to block nuclear import of
full-length ANCO-1. A second NLS (NLS2)

Fig. 7. The NES sequence of ANCO-1 inhibits nuclear
localization and transcriptional activity of Gal4-VP16 fusion.
A: Schematic representation of the Gal4 DBD (aa 1–147)-VP16
AD (aa 413–490) fusion, GalVP-NES, and GalVP-NESm. The
NES and NESm sequences, corresponding to aa 2410–2427 of
ANCO-1, are linked to the C-terminus of GalVP. Boldfaced italic
residues indicate the canonical NES motif. Mutated residues of
theNESmare shown in red.B: Transcriptional activitiesofGalVP-
NES and mutant. COS-7 cells were transfected with indicated
constructs together with a Gal4-dependent luciferase reporter
MH100-tk-Luc and a b-Galactosidase internal control. Relative
luciferase activities were determined from three independent
transfections after normalization to b-galactosidase activities.
The transcriptional activity of GalVP-NES is significantly lower
(*P< 0.01) than GalVP and GalVP-NESm. C: Immunofluores-
cence analysis shows localizations of GalVP, GalVP-NES, and
GalVP-NESm. COS-7 cells were transiently transfected with
indicated constructs and the transfected cells were stained with
an anti-Gal4 DBD monoclonal antibody and DAPI for nuclei.
[Color figure can be viewed in the online issue,which is available
at www.interscience.wiley.com.]
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is found at residues 2384–2390, but it is
only required to mediate nuclear import of a
C-terminal fragment and not the full-length
protein. In addition, we also identify a NES at
residues 2415–2424 and show that it can inhibit
transcriptional activity of a chimeric transcrip-
tion factor. Furthermore, we show that both
NLS1 and NES of ANCO-1 can act autono-
mously to mediate nuclear import and export of
heterologous proteins, respectively. Finally, a
correlation between nuclear localization of full-
length ANCO-1 and its corepressor activity is
established.

In an attempt to decipher the regulatory
mechanisms controlling ANCO-1 nuclear dis-
tribution pattern and its corepressor function,
we used Reinhardt’s NLS prediction program to
locate potential NLS sequences within ANCO-1.
Many putative NLSs were identified. These are
either short stretches of 4 (pat 4) or 7 (pat 7)
basic residues of the mono-partite category that
are usually preceded by a helix-breaking resi-
due such as proline, or the more complex
bipartite signals consisted of two clusters of
basic residues separated by 9–12 residues.
Experimentally, we have compared the localiza-
tion of a series of ANCO-1 fragments, spanning
the entire protein, and identified four ANCO-1
fragments that are localized in the nucleus.

These four nuclear fragments contain a total of
eight predicted NLS sequences. The N-terminal
nuclear fragment (aa 1–127) and the C-term-
inal nuclear fragment (aa 2369–2663) each
contains only a single predicted pat7 NLS
between residues 80–86 (PERKRIK, NLS1)
and 2384–2390 (PRKRRFQ, NLS2), respec-
tively. Mutations of basic residues within these
two motifs into alanines completely abolished
nuclear localizations of respective fragments
(Fig. 3), suggesting that these are two func-
tional NLSs of ANCO-1.

Our attempts to locate NLS sequences in the
central 318–611 and 611–948 fragments were
less successful, partly due to the multiplicity of
the potential NLS sequences located within
these two fragments. In the 318–611 fragment,
there are two clusters of basic residues at aa
455–475 (KKKRKKETKGREVRFGKRSDK,
underlined residues are mutated to alanines
in the 456A mutation) and aa 591–601
(PVRKRQEHRKR, underlined residues are
mutated to alanine in the 593A mutation). The
sequence of the first cluster contains two
potential configurations for a bipartite NLS
and three potential configurations for a pat 4
NLS. Mutation of the 5 consecutive basic
residues starting at residue 456 into alanines
(456A) had no effect on nuclear localization

Fig. 8. Nuclear localization is essential for corepressor activity
of ANCO-1. COS-7 cells were transiently transfectedwith hPR-B
expression vector, MMTV-Luc reporter, b-galactosidase control,
together with indicated ANCO-1 constructs. Transfected cells
were treated with or without progesterone at 0.1 nM to activate
reporter gene expression. Relative luciferase activities were
determined from three independent transfections after normal-

ization with b-galactosidase control. Wild-type ANCO-1
diminishes PR-mediated transactivation as well as the ANCO-1
NESm and 2385A mutants (*P<0.01). The 82A NLS mutant of
ANCO-1 lost the transcriptional inhibitory activity. Statistical
analyses were performed using one-way ANOVA followed by
Tukey HSD test.
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of this fragment. We expected that the
456A mutation would have disrupted all three
potential pat4 NLS configurations, as well as
the N-terminal basic residues of the two
potential configurations of a bipartite NLS.
Nevertheless, the 456A mutation does not affect
the C-terminal basic residues for the predicted
bipartite NLSs. Therefore, whether this cluster
of basic residues contains any functional NLS
remains to be determined. Similarly, the 591–
601 cluster of basic residues contains one
potential pat 7 NLS starting at residue
591 and one potential pat 4 NLS starting at
residue 598. The 593A mutation affects only the
pat 7 NLS, but not the pat 4 NLS. Therefore,
again we are not certain whether the 593A
mutation had eliminated all NLS activity at this
region. However, a double 456A/593A mutation
appears to disrupt nuclear localization. There-
fore, it is possible that nuclear localization of
this fragment might be determined by a non-
classical NLS sequence(s) or that a NLS may be
formed from different regions of the protein.

Multiple NLSs are also predicted within the
611–948 nuclear fragment of ANCO-1, includ-
ing three potential pat 4 NLSs at residues 630
(KKHK), 765 (RKKK), and 939 (KKRR), one
putative pat 7 NLS at residue 903, which
happens to overlap with two possible configura-
tions of a bipartite NLS starting at either
residue 906 or 907 (aa 903–923, PFF-
RKKDRDYLDKNSEKRKEQ, the first two
underlined stretches of basic residues are
mutated in 906A, the last underlined stretch
of three basic residues are mutated in 919A). We
have mutated each of these putative NLSs
either singularly or in various combinations,
but none of these mutations affected nuclear
localization of this ANCO-1 fragment. For
instance the 906A/919A double mutation should
have completely disrupted the bipartite NLS,
but the fragment remains in the nucleus.
Similarly, mutation of the each of the pat 4
NLSs had no detectable effects on nuclear
localization. Therefore, it appears that either
all these predicted NLSs were functional and
individually sufficient to mediate nuclear loca-
lization, or that there might be a certain
unrecognized mechanism for nuclear import of
this nuclear fragment. In additional to the
existence of potential non-classical NLS or a
NLS recognizable only by a three-dimensional
structure; it is also possible that this domain
might interact with other nuclear proteins to

form a complex that could be translocated into
nucleus via NLS sequences present on interact-
ing proteins. Indeed, our preliminary data
suggests that this 611–948 fragment could
colocalize with the full-length ANCO-1 (data
not shown), supporting the idea that this
fragment may enter into nucleus by forming a
complex with the full-length ANCO-1.

All in all, we were able to confirm two
functional NLSs in this study, despite the
prediction of over a dozen of NLSs within
ANCO-1. One interesting phenomenon of the
two identified NLSs is that they are not
functionally equivalent in mediating nuclear
import of the full-length ANCO-1. The 82A
mutation of full-length ANCO-1 completely
abolished nuclear localization, while the
2385A mutation had little or no effect (Fig. 4).
The functionality of the N-terminal NLS1 was
further demonstrated by the nuclear transport
of the EGFP fused with this NLS motif.
Furthermore, preliminary data revealed bind-
ing of an importin alpha molecule to the N-
terminal domain of ANCO-1 (data not shown),
suggesting an involvement of importin alpha in
the nuclear transport of ANCO-1. It is likely
that the C-terminal NLS is functional only in
the context of an isolated fragment, whereas
this NLS may be masked intramolecularly
within the full-length ANCO-1 and becomes
inaccessible to nuclear import machinery. One
interesting example of intramolecular masking
of the NLS is found in the NF-kB p105 precursor
where the ankyrin repeat-containing C-termi-
nus masks its NLS at the N-terminus [Henkel
et al., 1992]. Whether the ankyrin repeat-
containing N-terminus of ANCO-1 plays a role
in masking the C-terminal NLS remains to be
tested.

In addition to the elucidated functional NLSs,
we have also identified a functional NES
sequence within ANCO-1. Unlike stably trans-
fected cells, transient transfection of ANCO-1
causes cytoplasmic distribution of the protein in
a significant portion of the transfected cells.
Upon examination of the sequences in the
ANCO-1 cytoplasmic fragments, we identified
a leucine-rich, short amino-acid sequence
(LAAIVDAIKL) at amino acids 2415–2424,
which is reminiscent of a classical NES [Fukuda
et al., 1997; Kutay and Guttinger, 2005].
Indeed, the ANCO-1 fragment containing this
putative NES is readily retained in the cyto-
plasm. Several lines of evidence support that
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this NES of ANCO-1 is functional. First, LMB
treatment causes nuclear accumulation of the
ANCO-1 (2136–2424) fragment that contains
the NES (Fig. 5). LMB is known to covalently
modify and inactivate CRM1/exportin 1, which
is responsible for nuclear export mediated by the
classical NES [Fukuda et al., 1997; Kudo et al.,
1999]. Secondly, mutation of the NES consensus
residues also causes nuclear accumulation of
this ANCO-1 fragment (Fig. 5). Furthermore,
this NES sequence is sufficient to mediate
cytoplasmic accumulation of heterologous pro-
teins including EGFP and GalVP (Figs. 6, 7).
Finally, the NES-mediated nuclear export of
GalVP leads to inhibition of GalVP’s transcrip-
tional activity in the nucleus. Together, these
results strongly suggest that ANCO-1 contains
at least one functional NES.

Finally, we have also demonstrated the
relevance of the above-identified ANCO-1 NLS
and NES sequences in regulating transcrip-
tional corepressor activity of ANCO-1. We have
previously shown that wild-type ANCO-1 inhi-
bits PR transcriptional activity [Zhang et al.,
2004], whereas the NLS mutant failed to do so
(Fig. 8). This finding suggests that nuclear
localization is essential for ANCO-1 to regulate
transcription. Since ANCO-1 exerts its trans-
criptional inhibitory activity through direct
interaction with p160 coactivators and direct
recruitment of HDACs to coactivator-NR com-
plexes [Zhang et al., 2004], it is conceivable that
such activity requires the presence of ANCO-1
in the nucleus. In contrast to the NLS mutant,
the NES and 2385A mutants do not have any
effect on the transcriptional inhibitory function
of ANCO-1. Taken together, our data strongly
suggest that nuclear import of ANCO-1 is
essential for its transcriptional inhibitory acti-
vity. The insights found regarding nuclear
import and export signals that control subcel-
lular localization and transcriptional activity of
ANCO-1 provide new insights toward a better
understanding of the regulation of ANCO-1
activity.
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