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Importin o4 is involved in the nuclear localization of Zac1 and the induction

of p21WAFI/CIP1 hy Zac1
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Zacl, anovel seven-zinc-finger transcription factor, preferentially
binds GC-rich DNA elements and has intrinsic transactivation
activity. To date, the NLS (nuclear localization signal) of Zacl
has not been empirically determined. We generated a series
of EGFP (enhanced green fluorescence protein)-tagged deletion
mutants of Zac1 and examined their subcellular localization, from
which we defined two NLSs within the DNA-binding (or zinc-
finger) domain. Fusion proteins consisting of the two EGFP-
tagged zinc-finger clusters (zinc finger motifs 1-3 and 4-7)
were located exclusively in the nucleus, demonstrating that each
of the zinc-finger clusters is sufficient for nuclear localization.

Physical interactions between these two zinc-finger clusters and
importin «; were demonstrated using an in vitro glutathione S-
transferase pull-down assay. Finally, our results indicate that the
association of Zac1 with importin ¢, is also involved in regulating
the transactivation activity of Zacl on the p21VAF//Cl gene and
protein expression.

Key words: gene regulation, importin «,, nuclear localization,
p21, zinc finger, zinc-finger protein which regulates apoptosis
and cell-cycle arrest 1 (Zacl).

INTRODUCTION

Zacl (zinc-finger protein which regulates apoptosis and cell
cycle arrest 1) and p53 have been identified as components of
a functional screening system that is mediated through their
common ability to induce the expression of the type I PACAP,-
R (type I pituitary-adenylate-cyclase-activating polypeptide
receptor) gene [1,2]. It has been proposed that Zac1 binds to GC-
rich DNA elements through its seven-zinc-finger motif and that
this interaction is required for the expression of PACAP,-R and
cytokeratin [1,3]. Activation of PLAG1 (pleomorphic adenoma
gene 1) is the most frequent gain-of-function mutation found in
pleomorphic adenomas of the salivary glands [4]. PLAG1 belongs
to the highly conserved PLAG superfamily of seven N-terminal
copies of a C,H, (Cys,His,)-type zinc-finger motif, which is also
present in two other members, PLAGL1 (PLAG-like 1; also called
Zacl) and PLAGL2 [5].

The initial cytoplasmic event in the NLS (nuclear localization
signal)-dependent transportation process of nuclear proteins is the
binding of the NLS-containing cargo protein to the importin o/
heterodimer [6—8]. Importin o has an NLS-binding site for the
cargo protein; this complex then interacts, via the IBB domain
(importin-B-binding domain) of importin «, with importin S,
which in turn interacts with the NPC (nuclear pore complex).
The nuclear transfer of the trimeric cargo—importin ¢/ complex
through the NPC is energy-dependent and appears to require GTP
hydrolysis by Ran. RanGTP then causes importin « to dissociate
from importin B in the nucleus. The binding relationship of
importin o/p to its NLS cargo is necessarily bipolar, because
they need to form a highly selective and tight complex in the
cytoplasm, and, after getting into the nucleus, the complex needs
to be switched to a lower-affinity state in the nucleus to release
the cargo protein. Structural analysis of importin « has revealed

three functional domains: an IBB domain at the N-terminus, a
hydrophobic central domain known as the ‘armadillo’ repeat
domain, and a short acidic domain at the C-terminus. The importin
« adaptor family consists of various isoforms, which have distinct
binding to their corresponding cargo proteins and exhibit diverse
expression patterns in a tissue-specific manner [9-11].

Zacl is a nuclear zinc-finger protein with both transactivation
and DNA-binding activity. More importantly, the dimeriz-
ation and DNA-binding ability of Zac1l are both required for its
transactivation activity [1-3]. However, the NLS(s) and transport
proteins responsible for the nuclear localization of Zacl still
remain elusive. In the present study, we have demonstrated that the
seven C,H, zinc fingers of Zac1 are not only involved in its DNA-
binding ability, dimerization and transactivation activity, but also
direct the nuclear localization of Zacl through interacting with
importin o, via two newly identified NLSs within the zinc-finger
motif of Zacl.

MATERIALS AND METHODS
Plasmids and recombinant proteins

Various Zacl-coding regions were synthesized by PCR and
subcloned into the EcoRI and Sall sites of the pEGFP-C2
vector (Clontech). PCR-amplified fragments encoding various
importin «, fragments were subcloned into the EcoRI/Xhol sites
of pSG5.HA, which has promoters for expression in vitro and in
mammalian cells and also provides an N-terminal HA (haemag-
glutinin) tag for the expressed protein [12]. pDsRed.flag.importin
a, was generated by cloning EcoRI/BamHI-digested PCR
fragments into the pDsRed.flag vector at the EcoRI/BamHI sites
derived from the pDsRed.Flag.SUMOI1 plasmid (a gift from
Dr Bon-Chu Chung, Academia Sinica, Taipei, Taiwan, Republic

Abbreviations used: ChlP, chromatin immunoprecipitation; CoH,, CysoHis,; DAPA, DNA-affinity precipitation assay; DAPI, 4’,6-diamidino-2-phenylindole;
EGFP, enhanced green fluorescent protein; GR, glucocorticoid receptor; GST, glutathione S-transferase; HA, haemagglutinin; IBB domain, importin-
B-binding domain; NLS, nuclear localization signal; NLSZF, NLS zinc-finger cluster; NPC, nuclear pore complex; NR, nuclear receptor; PACAP;-R,
type | pituitary-adenylate-cyclase-activating polypeptide receptor; PLAG, pleomorphic adenoma gene; PLAGL, PLAG-like; RLU, relative light units; Sp1,
specificity protein 1; Zac1, zinc-finger protein which regulates apoptosis and cell-cycle arrest 1.
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of China) [13]. p21-LUC reporter gene and pSG5.HA.Zac1 ex-
pression vector have been described previously [14,15].

Bacterial expression vectors for various GST (glutathione
S-transferase)—Zacl fusions were constructed by inserting the
appropriate PCR fragments into the EcoRI/Xhol sites of pGEX-
4T1 (GE Healthcare).

Cell culture, transient transfection assays and
immunofluorescence microscopy

HeLa cells were grown in DMEM (Dulbecco’s modified Eagle’s
medium) supplemented with 10 % charcoal/dextran-treated foetal
bovine serum. Transient transfections and luciferase assays were
performed in 24-well culture dishes as described previously
[16]. The expression of pEGFP fusion proteins in 24-well
culture dishes were observed by fluorescence microscopy (model
DMURE?2, Leica) and analysed with the Image-Pro® Plus (Media
Cybernetics) 15 h after transfection. Nuclei were stained with
DAPI (4',6-diamidino-2-phenylindole) (Roche). For luciferase
assays, total transfected DNAs for reporter analysis were adjusted
to 1 ug by adding an appropriate amount of empty vector DNA.
Luciferase activity of the transfected cell extracts is presented as
the mean + S.D. RLU (relative light units) for three transfected
independent experiments. The expression of many control vectors
for monitoring transfection efficiency have been shown to be
affected greatly by Zac1, therefore internal controls were not used.
Instead, the reproducibility of observed effects on the luciferase
activity was determined in multiple independent transfection
experiments.

Protein—protein interaction assays

For GST pull-down assays, *S-labelled proteins were produced
by the TNT T7-coupled reticulocyte lysate system (Promega),
and GST fusion proteins were produced in Escherichia coli BL21
cells. Radioactively labelled importin ¢, proteins were translated
in vitro, followed by incubating with various immobilized GST—
Zacl fusion proteins, eluted and analysed by SDS/PAGE as
described previously [17].

Immunoblot analysis

Amounts of 5 g of pSG5.HA.Zac1 and/or pSG5.HA.importin ¢,
were transfected into HeLa cells. At 48 h after transfection, cell
lysates were prepared in lysis buffer (100 mM Tris/HCI, pH 8.0,
150 mM NacCl, 0.1 % SDS and 1% Triton X-100) at 4°C. The
lysates were separated by SDS/PAGE, transferred on to a PVDF
membrane (Millipore) and detected by antibodies against p21,
p53, a-tubulin (C19, DO-1 and H-51 respectively; Santa Cruz
Biotechnology) or HA (3F10; Roche).

ChIP (chromatin immunoprecipitation) assay

ChIP assays were performed as described previously [18] in
HeLa cells with some modifications. Cells were cross-linked with
1% formaldehyde at 37°C for 15 min. The pellets were lysed
with lysis buffer (1 % SDS, 10 mM EDTA and 50 mM Tris/HCl,
pH 8.0) at 4°C for 30 min. The lysates were sonicated (Sonicator
3000; Misonix) to shear the size of DNA to ~200 to 1000 bp.
Sonicated extracts (200 mg) were diluted 1:10 with dilution
buffer (20 mM Tris/HCI, pH 8.0,2 mM EDTA, 1 % Triton X-100,
200 mM NaCl and proteinase inhibitor kit) followed by incubation
with 20 ul of salmon sperm DNA-saturated 50 % Protein
A/G-Sepharose at 4°C for 30 min for pre-cleaning. ChIP was
performed with 1 ug of anti-Sp1 (specificity protein 1) antibody
(Upstate), anti-Zacl antibody, anti-(importin «,) antibody, anti-
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p53 antibody or anti-(normal mouse IgG) (G-18, C-20 and DO-
1 respectively; Santa Cruz Biotechnology) with rotating at 4°C
overnight. The following day, chromatin—antibody complexes
were eluted from the solution by incubating with 40 ul of salmon
sperm DNA-saturated 50 % Protein A/G—Sepharose at 4°C for
2 h. The beads were harvested and washed as already described.
Cross-linking was reversed by heating at 65°C overnight,
followed by treating with 100 pg/ml proteinase K at 50°C for
1 h. The DNA was extracted with the gel/PCR DNA fragments
extraction kit (Geneaid) and dissolved in 60 ul water. All PCRs
were performed on a PerkinElmer thermocycler (GeneAmp PCR
system 2400) using Promega PCR Master Mix. The primer
pairs Spl A (—218/—87), 5-TCCGGGACCGGCTGGCCT-
3’ (forward) and 5'-GCTCGGCCCACCGCGCCG-3' (reverse),
and Spl B (—86/+142), 5-GCGGGTCCCGCCTCCTTG-3'
(forward) and 5'-TCTGGGCCGCCGGCCCGG-3' (reverse) were
used to amplify the p2/ promoter region.

Modified DAPA (DNA-affinity precipitation assay)

One oligonucleotide containing biotin-labelled sense strand
primer (5'-gtactaacaGGGGCCCCatttaatcat-3") for the Zac1-bind-
ing site (G,C, type) was used in the assays. HeLa nuclear extracts
were prepared as described previously [19] and were incubated
with DAPA binding buffer [10 mM Tris/HCI, pH 7.5, 50 mM KCl
and 1 mM DTT (dithiothreitol)]. Poly(dI-dC) - (dI-dC) competitor
was incubated with the nuclear extracts, followed by incubating
with Zac1 double-stranded oligonucleotide. After the incubation,
anti-HA antibody (F-7; Santa Cruz Biotechnology), anti-Sp1 anti-
body, anti-Zacl antibody and anti-(importin «,) antibody were
added to the reaction mixture and incubated. The specific protein—
DNA-agarose complex was washed and analysed by SDS/PAGE.
Detection was performed adding streptavidin—horseradish per-
oxidase (Panomics) and immunoblot analysis.

RESULTS

The N-terminal region of Zac1 allows nuclear accumulation of an
EGFP (enhanced green fluorescent protein) fusion protein

Previous studies have demonstrated that Zacl is a nuclear zinc-
finger protein with transactivation and DNA-binding activity [1—
3]. We analysed the sequence of Zacl and found that it contains
no typical NLS (Figure la and results not shown). First, we
examined the subcellular localization of EGFP-tagged full-length
Zacl in HeLa cells and found that the fusion protein localized
exclusively in the nucleus (Figure 1b). To determine the region of
Zac1 responsible for its nuclear localization we then constructed
EGFP-tagged fusion proteins with various functional motifs of
Zacl. The N-terminal region (amino acids 1-220) of Zac1 targeted
EGFP to the nucleus (Figure 1c), whereas constructs containing
any other regions of Zacl (amino acids 221-520 or 521-704)
had subcellular distributions similar to that of EGFP alone. To
further validate these observations, the subcellular localization of
the EGFP-fusion constructs was monitored across a variety of cell
lines, including C,C,,, CV-1, HEK-293 (human embryonic kidney
293) and C33A cells. In all of the cells analysed, the cellular
localization patterns of the EGFP-fusion proteins were identical
with that obtained in HeLa cells (results not shown), suggesting
that the seven-zinc-finger motif plays a role in determining the
nuclear localization of Zacl.

Two distinct zinc-finger clusters in the Zac1 N-terminal region
are sufficient for nuclear localization

A sequence alignment of Zacl and PLAGI1 shows the putative
NLS signal of PLAG1 (Figure 2, marked with an open box). A
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Figure 1 The NLS of Zac1 is identified in its N-terminal region
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(a) The functional domains of mouse Zac1. (b and ¢) Schematic representations of various EGFP-tagged constructs used to transfect HeLa cells. Representative HelLa cells were transiently transfected
with these constructs. Nuclei are identified by blue fluorescence after DAPI staining. The intracellular distribution of various EGFP-fusion proteins is shown underneath (¢). Approx. 100 transfected
cells were examined by fluorescence microscopy and classified by the presence of green fluorescence: exclusively in the nucleus (N), mainly in the nucleus (N > C) or evenly distributed throughout

the nucleus and cytoplasm (N/C). Scale bar, 10 zem.

1 20
Zacl MAPFRCQKCG KSFVTLEKFT
F CQ C K+F ++EK

Plagl MATVIPGDLS EVRDTQKAPS GKRKRGESKP RKNFPCQLCD KAFNSVEKLK

21 AR A AA A 70
Zacl IHNYSHSRER PFKCSKAECG KAFVSKYKLM RHMATHSPQK IHQCTHCEKT

+H++5H+ ER P+KC+ +C

KAFVSKYKL

RHMATHSP+K H+C +CEK

Plagl VHSFSHTGER PYKCTHQDCT KAFVSKYKLQ RHMATHSPEK THKCNYCEKM

7 90
Zacl FNRKDHLKNH LQTHDPNKIS

F+RKDHLKNH L THDPNK
Plagl FHRKDHLKNH LHTHDPNKET

Figure 2 Sequence alignment of Zac1 (amino acids 1-90; zinc finger motifs 1-3) and PLAG1 (amino acids 1-120)

Sequence alignment is illustrated for identical amino acids by capital letters and for similar amino acids by plus signs (+) in between the two sequences. The highly conserved cysteine (C) and
histidine (H) residues within the C,H,-zinc finger motif of Zac1 and PLAG1 are shown in bold capital letters. The KRKR sequence in the open box is the putative NLS of PLAG1. Two linkers (underlined)

were swapped with alanine residues (indicated as A) by site-directed mutagenesis.

study of PLAG1 demonstrated one putative NLS (K**RKR?>) for
interacting with importin ¢, and it attributed a functional role in
nuclear import to the zinc-finger motif at amino acids 84-244,
despite the fact that the study failed to demonstrate its association
with importin «; [20]. To characterize the role of the seven copies
of the C,H,-type zinc-finger motif of Zacl in detail in the pro-

cess of nuclear import (Figure 3a), we constructed a series of
EGFP-tagged fusion proteins with different zinc-finger com-
binations, including one, two, three or four zinc-finger motifs
(Figures 3b—3d). We found that the seven zinc fingers in the N-
terminal domain of Zacl function in concert to determine its
nuclear transportation. Two clusters, zinc-finger motifs 1-3 and
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Figure 3 Two zinc-finger clusters function as nuclear import signals for Zac1
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(a) The diagram shows seven C,H,-type zinc-finger motifs, within which the conserved cysteine (C) and histidine (H) residues are shown in upper case letters. ZF7* is a truncated ZF7 and its amino
acid sequence is illustrated. (b—d) Representative fluorescence images are shown for the HeLa cells transiently transfected with various combinations of zinc-finger motifs compiling the Zac1—-EGFP
fusion proteins. Approx. 100 transfected cells were examined by fluorescence microscopy, and each of the EGFP-fusion proteins is classified by N, N > C and N/C as in Figure 1.

4-7, were functionally identified to facilitate nuclear localization
(Figures 3c and 3d).

Any single zinc-finger motif failed to import the EGFP-fusion
protein into the nucleus (Figure 3b), whereas any two (zinc-finger
motifs 1-2, 2-3 or 3—4) or three (zinc-finger motifs 4—6 or 5-7)
adjacent zinc fingers in combination partially, but not completely,
facilitated nuclear import (Figures 3c and 3d). A defected zinc-
finger motif 7 partially impaired the nuclear import capacities
of zinc-finger motifs 4-7* and 5-7* (Figure 3d, marked with an
asterisk), suggesting that zinc-finger motif 7, to a certain extent,
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also contributes to the nuclear import of Zac1. The two zinc-finger
clusters, zinc-finger motifs 1-3 and 4-7, are designated NLSZF1
and NLSZF2 respectively in the context of their involvement in
nuclear import. Because multiple zinc-finger motifs are required
for nuclear translocation, we analysed the effects of the linkers
between zinc-finger motifs 1 and 2 or 2 and 3 on the nuclear
localization of Zacl in HeLa cells by introducing site-directed
mutations at amino acids E®RP*' or Q¥KI, or both (Figure 2;
underlined residues were mutated into alanine residues). We
found that the linkers between each zinc-finger motif of NLSZF1
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partially impaired the ability of the zinc fingers in nuclear import
(results not shown).

Zac1 interacts directly with importin o4 and this interaction is
associated with its two nuclear localization clusters, NLSZF1
and NLSZF2

Previous studies have shown that some zinc-finger proteins
interact directly with nuclear-import-related proteins and contri-
bute to protein nuclear localization [20,21]. Therefore, to identify
its nuclear import pathway, we tested whether Zacl interacts
physically with importin «,. We generated a series of GST-
fusion proteins with various Zacl fragments. These GST-fusion
constructs were used to pull down importin «; that was translated
in vitro. Amino acids 1-102 of Zac1 formed the shortest fragment
that interacted directly with importin o, in vitro (Figure 4a).
Therefore we analysed the interaction between importin ¢, and
a set of different zinc-finger combinations. The major importin-
a;-binding sites within Zac1 were the zinc-finger motifs 1-2, 1-3
and 47 (Figure 4b). However, weaker interactions were observed
with zinc-finger motifs 2-3, zinc-finger motif 1 and zinc-finger
motif 2, but no apparent interaction was found with zinc-
finger motif 3.

Importin o« acts as an adaptor molecule between the NLS-
containing cargo protein and importin . A recent study showed
that importin « transports CaMKIV to the nucleus without the
involvement of importin S [22]. Therefore we focused on the re-
lationship between importin o and Zacl, without taking into
account importin S, in the so-called importin pathway. We
identified further a potential Zacl-interacting site in importin o,
using GST pull-down assays. Our analysis revealed that Zacl
bound mainly to importin «, through its armadillo repeats and
acidic domains (Figure 4c).

The red fluorescent protein DsRed protein primarily distributes
in the cytoplasm, but various importin «, fragments (full-length,
N-terminal and N-truncated) fused to pDsRed vectors show equal
distribution in the cytoplasm and nucleus (Figure 5a). We showed
that importin «; and Zacl co-localized in the nucleus of HeLa
cells (Figure 5b) and importin ¢, fragments (amino acids 1-71
and 72-529) showed similar subcellular distribution patterns to
that of full-length importin «; (amino acids 1-529) in both the
cytoplasm and nucleus, regardless of whether Zacl was present
or not (Figure 5). On the basis of the co-localization of N-
terminally truncated importin «;, lacking the IBB domain, it is
suggested that importin «, transports Zac1 to the nucleus without
the involvement of importin 8 (Figure 5b).

Importin o1 co-operates with Zac1 in the induction of the
p21WAF1/CIPT gene and protein in Hela cells

We have shown previously that Zacl induces p21™F/<®! (p21)
promoter activity and protein expression through a p53-dependent
pathway in HeLa cells [23]. Transiently transfected importin o,
had little or no effect on the p2/ promoter or its protein induction
(Figure 6a, compare bars 1 and 3, and 6b, lanes 1 and 3), whereas
co-transfection of importin ¢, acted synergistically with Zacl in
the induction of the p21 gene and protein (Figures 6a and 6b,
lanes 2 and 4). Therefore we suspect from the nuclear co-
localization of importin «; and Zac1 that Zac1/importin «; might
function in a p53-dependent co-activator complex through a
protein—protein mechanism. The co-expression of importin o,
with Zacl might enhance the Zacl co-activator function by
increasing the amount of Zacl nuclear transportation (results not
shown). Importantly, our ChIP analysis revealed that the working
complex on the Spl-responsive elements of the p2/ promoter in
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Figure 4 Zac1 physically interacts with importin «; through its zinc-finger
motif in vitro

(@ and b) Full-length importin o4 was translated in vitro and incubated with bead-bound GST
or various GST—Zac1 fusion proteins as indicated. Bound proteins were eluted, separated by
SDS/PAGE and visualized by autoradiography. For comparison, the leftmost lane of each panel
shows 10 or 15 % of the input protein used in the binding assay reactions. M.W., molecular mass
(kDa) (¢) Location of the IBB domain and ten armadillo repeats. Various importin o1 fragments
were translated in vitro and incubated with bead-bound GST or GST—Zac1z_3 fusion protein.
Results are representative of two independent experiments.

HeLa cells contained Spl, Zacl and importin ¢, but not p53
(Figure 6¢).

Our newly defined NLSs in Zacl contains seven canon-
ical C,H,-type zinc fingers which have been reported in the recog-
nition of and specific binding to GC-rich DNA elements [3]. The
importin-«,-binding sites of Zacl were also identified within
the zinc-finger region. Hence we performed a modified DAPA
to demonstrate the composition of the Zacl-DNA complex in
HeLa cells (Figure 7a). HeLa nuclear extracts were incubated
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Figure 5 Importin o4 co-localizes with Zac1 in the nucleus

Hela cells were transfected with (a) 0.5 «g of DNA encoding DsRed conjugated to the indicated fragments of importin a4 fusion proteins with various regions of importin ey as indicated, or
(b) 0.5 g of DNA encoding EGFP-tagged full-length Zac1 and DsRed conjugated to the indicated fragments of importin o4 Approx. 100 transfected cells were examined by fluorescence microscopy.

with a GC-rich (G,C,) DNA element conjugated with biotin and
immunoprecipitated with the indicated antibodies, including HA
(as control), Spl, Zacl and importin «,. In Figure 7(b), it is
demonstrated that not only was Zac1 able to bind to this GC-rich
DNA element, but also Spl and importin «; were found in the
Zac1-DNA complex.

DISCUSSION

Zacl, a novel seven-zinc-finger transcription factor, specifically
binds to GC-rich DNA elements and, functionally, it promotes
cell-cycle arrest and apoptosis, and acts as a transcriptional
cofactor for a number of nuclear receptors, p5S3 and Apaf-
1 (apoptotic protease-activating factor 1) [14,23,24]. Previous
studies have revealed that the structure of the zinc-finger motif and
the basic residues within the zinc-finger motif also act as critical
nuclear localization determinants in erythroid Kruppel-like factor
[21,25]. These studies also demonstrated that complete removal
of the zinc-finger motifs or the basic residues within them is
necessary to disrupt its nuclear import ability. Both NLSZF1 and
NLSZF2 of Zacl contain at least ten basic residues. Because
multiple zinc-finger motifs (NLSZF1 or NLSZF2) are required
for nuclear translocation, we examined NLSZF1 to investigate
whether the linkers between each zinc-finger motif are possible
nuclear localization determinants. Our data indicate that these
mutated linkers between each zinc-finger motif (motif 1-2 or 2—
3) only partially impaired the ability of the zinc fingers in nuclear
import, suggesting that the linkers are not the crucial residues that
affect the subcellular localization of Zac1 (results not shown).

In the present study, we first demonstrated that two clusters,
zinc-finger motifs 1-3 and 4-7, were functionally identified to
facilitate nuclear localization (Figures 3c and 3d). Subsequently,
our GST pull-down analysis demonstrated that at least two
importin-«,-binding sites, zinc fingers 1-3 and 4-7, were
identified within the N-terminal region of Zacl. Zinc fingers 1-2
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also interact most robustly with importin «,, but this fragment
was not good enough for fully translocalizing the EGFP-fusion
protein into the nucleus, suggesting that the ability of Zacl to
bind importin «; might not be the only determinant for nuclear
translocalization. A similar observation of EGFP-zinc finger
2-3 fusion also supports this idea that 74 % of the fusions
show, predominately, translocalization in the nucleus (Figure 3c),
whereas its association with importin «; was not as good as those
of zinc fingers 1-3 and 4-7 (Figure 4b). Therefore, in conclusion,
the zinc-finger motif of Zac1 plays an important role in the nuclear
localization of Zac1, but, based on our results, there are some other
factors that fine-tune its tendency to be imported into the nucleus
by, presumably, interacting with some other nuclear transporting
proteins besides importin «;.

In the sequence analysis, there are many NR (nuclear re-
ceptor)-binding motifs in importin-related proteins, suggesting
the possibility that importin «, interacts with NRs and co-activ-
ators [26-29]. A previous study has demonstrated that importin 7,
importin 8 and importin o associate with the GR (glucocorticoid
receptor) even in the absence of hormone, suggesting that hor-
mone-controlled localization of GR might by exerted immediately
downstream of the import-receptor binding [30]. Moreover, we
found that androgen receptor transcriptional activation was af-
fected by importin «; and importin «;—Zacl complex in HeLa
cells (results not shown). Other studies have demonstrated that
Ran-binding proteins, such as RanBPM and Mogl, are bifunc-
tional proteins that play roles both in nucleocytoplasmic transport
and in transcription factor recruitment [31,32]. In the present
study, our ChIP and DAPA data support the idea that importin
o, plays important roles in p21 gene transcription regulation
mediated through assisting transcription factors and subsequently
promoting the anchorage of these transcription factors on the
p21 promoter.

Our work suggests that the nuclear import of Zacl might
be mediated through association with importin «,, but the
N-terminal IBB domain of importin «; which is involved in
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Figure 6 Importin «; acts synergistically with Zac1 on the p21 promoter
and protein induction in HeLa cells

(aand b) HeLa cells were transiently transfected with the p21-LUC reporter gene (0.4 g) and
pSG5HA Zac1 (0.3 wg) and/or pSG5HA.importin oy (0.3 140) reporter constructs. Luciferase
activity in the transfected cell extracts is indicated in RLU. Numbers above the columns indicate
the fold induction in RLU relative to that of the control cells in which only p21-LUC was
transfected. (b) HeLa cell extracts were subjected to Western blot analysis probing with anti-p21,
anti-p53, anti-HA and anti-ec-tubulin antibodies. (¢) HeLa cell extracts were used for ChIP assays
followed by PCR analysis with two sets of primer for both: Sp1 A (—218/—87) and Sp1 B
(—86/+-142). Results (b and c) are representative of two independent experiments.

importin § association and auto-inhibition [33] is not responsible
for Zacl binding. The interacting complex thus formed in the
nucleus might also participate in regulating gene expression.
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Figure 7
complex

Importin 4 associates with the Zac1-DNA-responsive element

(@) A modified DAPA carried out as described in the Materials and methods section is shown
schematically. (b) HeLa nuclear extracts were subjected to analysis by the modified DAPA using
the antibodies indicated and analysed by Western blot analysis. Results are representative of
two independent experiments.

In summary, the existence of the importin ;—Zacl complex in
the nucleus provides a new direction in studying the functions
of importin «, i.e. its involvement in Zacl nuclear importation
and its participation in p2/ gene regulation via Zacl and, more
importantly, in understanding the molecular mechanisms by
which the potential transcriptional activity of importin «; is
regulated.
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