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Tripartite motif-containing 28 (TRIM28) is a transcription regulator, which forms a repressor complex
containing heterochromatin protein 1 (HP1). Here, we report identification of a nuclear localization
signal (NLS) within the 462-494 amino acid region of TRIM28 that overlaps with its HP1 binding site, HP1
box. GST-pulldown experiments revealed the interaction of the arginine-rich TRIM28 NLS with various
importin o subtypes (a1, a2 and a4). In vitro transport assay demonstrated that nuclear localization of
GFP-TRIM28 NLS is mediated by importin as, in conjunction with importin 61 and Ran. Further, we
demonstrated that HP1 and importin as compete for binding to TRIM28. Together, our findings suggest
that importin o has an essential role in the nuclear delivery and preferential HP1 interaction of TRIM28.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Tripartite motif-containing 28 (TRIM28), also known as
Kruppel-box associated protein 1 (KAP1) and transcriptional
intermediary factor-1p (TIF1B), was identified through its interac-
tion with Kruppel-associated box (KRAB) domain found in many
transcriptional factors [1—3]. All TIF1 family members, to which
TRIM28 belongs, have a similar overall design characterized by an
N-terminal tripartite motif (TRIM), which functions as a pro-
tein—protein and oligomerization interface. Specifically, the mem-
bers of this family contain an RBCC (Ring finger, two B-box zinc
fingers, and a coiled coil) domain, a TSS (central TIF1 signature
sequence) domain consisting of tryptophan- and phenylalanine-

Abbreviations: NLS, nuclear localization signal; HP1, heterochromatin protein 1;
TRIM28, tripartite motif-containing 28; GFP, green fluorescent protein; GSH,
glutathione-Sepharose.
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rich sequence, and a C-terminal combination plant homeodomain
(PHD) and bromodomain [4].

TRIM28 acts as a scaffold protein for recruiting chromatin-
modifying enzymes (like SETDB1 [5] and Mi2e. [6]) and a compo-
nent of chromatin, heterochromatin protein 1 (HP1) [7—9]. HP1
interacts with various nuclear proteins through the pentapeptide
PxVxL motif (HP1-box) [7—9], a structure observed in the diverse
nuclear proteins including TRIM28 [10]. HP1 directly recognizes
methylation of lysine 9 in histone H3 [11—13], and its interaction
with TRIM28 is required for repression of reporter genes [8]. This
methylation of histone H3 associated with TRIM28 repressor
complex is lost when HP1 and TRIM28 interaction is disrupted,
thus, suggesting the importance of both proteins and their inter-
action for gene silencing [ 14]. However, it is unknown how TRIM28
is imported into the nucleus and preferentially interacts with HP1
proteins after its nuclear translocation.

Importin o is a dynamic transport protein, which is known to
transport cargo proteins from cytoplasm into the nucleus. Several
subtypes of importin as have been identified in mammals, and are
classified into three subfamilies [15]. It forms a heterodimeric
importin complex by binding with importin f1 and simultaneously
recognizes the nuclear localization signal (NLS) of a cargo protein,
thereby, forming a ternary complex. Translocation of this ternary
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complex from the cytoplasm to the nucleus is mediated by the
weak hydrophobic interaction of importin 61 with the nucleopor-
ins of the nuclear pore complex (NPC). This importin a-importin (-
cargo interaction is regulated by the small GTPase, Ran, through the
creation of a RanGTP/GDP gradient across the nuclear envelope
[16,17].

This paper exhibits the importin a’s essential participatory role
in TRIM28 nuclear transport and its potential function in assisting
the interaction between TRIM28 and HP1, which promotes tran-
scriptional repression.

2. Materials and methods
2.1. Cell culture

HelLa cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) (GIBCO, NY, USA) supplemented with 10% heat-inactivated
fetal bovine serum (GIBCO, NY, USA) and maintained at 37 °C with
10% CO,.

2.2. Plasmid constructs and transfection

TRIM28 and HP1P were generated by PCR amplification from
Hela cells cDNA, and subcloned into in the pENTR/D-TOPO cloning
vector (Life Technologies, CA, USA). The Gateway® LR Clonase® II
Enzyme mix (Life Technologies) was adapted for the generation of
either HA or GFP tagged TRIM28 PCR-based mutagenesis. A series of
deletion mutants of TRIM28 were made through site-specific
recombination using an entry vector, pENTR plasmid containing
the TRIM28 mutant oligonucleotide and prepared destination
vector, pcDNA3.1-EGFP-DEST, pcDNA3.1-EGFPx2-DEST or p3xHA-
CMV-DEST containing single or double GFP tags, or triple HA tags,
respectively.

To generate pcDNA3.1-EGFP-DEST and pcDNA3.1-EGFPx2-DEST
expression vector, a EGFP or EGFP—EGFP DNA fragment cleaved
by the Nhel and HindlIll was generated from pEGFP-C1 (Clontech,
Cambridge, UK) or pEGFP-GFP expression vector previously
described [13], and inserted into the Nhel and HindlIIl sites of the
pcDNA3.1/Zeo(+). The Reading Frame Cassette from the Gateway
Conversion System (Life Technologies) was constructed into the
EcoRV site of pcDNA3.1-EGFP and pcDNA3.1-EGFPx2.

To construct p3xHA-CMV-DEST expression vector, three tandem
repeats of HA oligo (5'-ACCATGGCCTACCCATACGATGTTCCA-
GATTACGCTTACCCATACGATGTTCCAGATTACGCTTACCCA-
TACGATGTTCCAGATTACGC-3’) was inserted into the Nhel and
BamHI sites of the pcDNA3.1/Zeo(+). The Reading Frame Cassette
from the gateway Conversion System (Life Technologies) was
inserted into the EcoRV site of p3xHA-CMV.

Sequences for oligonucleotides used in this study are listed in
Supplementary Table S1. Purified plasmids were transfected to
Hela cells using Lipofectamine 2000 (Life Technologies, CA, USA),
as according to the manufacturer's recommendations.

2.3. GST-pulldown assay and immunoblotting

Hela cells were cultured on 100 mm dish and then at 60—80%
confluence, and were transfected with the expression plasmid of
TRIM28 or TRIM28 mutant subcloned in either pcDNA3.1-EGFP-
DEST, pcDNA3.1-EGFPx2-DEST or p3xHA-CMV-DEST. At 48 h after
transfection, the cells were washed with PBS and collected by
scraping with 1 ml of lysis buffer (20 mM HEPES/NaOH [pH 7.3],
110 mM potassium acetate, 2 mM magnesium acetate, 5 mM so-
dium acetate, 1 mM EGTA/NaOH [pH 7.3], 2 mM dithiothreitol
[DTT], 1 pg/ml aprotinin, pepstatin, leupeptin, 0.1% TritonX-100).

The cell lysates were sonicated and centrifuged at 20,400 x g for
30 min at 4 °C.

Glutathione Sepharose beads (GSH beads, GE Healthcare Bio-
sciences AB, Tokyo, JAPAN) were incubated with either recombi-
nant protein GST, GST-mouse importin a1 (NPI1/KPNA1), GST-
mouse importin a2 (Rch1/KPNA2), GST-mouse importin a4 (Qip1/
KPNA4), GST-GFP, GST-SV40T NLS-GFP or GST-TRIM28 NLS-GFP for
1 h at4 °C. The beads with GST proteins were washed several times
with lysis buffer, and subsequently, GST-pulldown was carried out
by incubating the prepared cell lysate or recombinant protein
importin a1, importin a2, importin a4 or HP1p with the prepared
beads for 4 h at 4 °C. After washing, the beads were resuspended in
Laemmli sample buffer, and subjected to SDS-PAGE gel and each
binding was detected by immunoblotting using antibodies specific
for HA (3F10; Roche Diagnostics, Mannheim, Germany), GST (sc-
138; Santa Cruz Biotechnology, CA, USA), HP1f (8676; Cell
Signaling, Beverly, MA, USA), importin o1 (H00003836-MO01;
Abnova, Taipe, TAIWAN), importin o2 [18] or importin ¢4 (ab6039;
Abcam, Tokyo, JAPAN) with peroxidase-conjugated secondary an-
tibodies, followed by chemiluminescence imaging using AE 9300
EZ-capture MG (ATTO Corp.,Tokyo, JAPAN).

2.4. In Vitro Transport Assay

In Vitro Transport Assay was performed essentially as described
[19]. HeLa cells grown on 8-well multitest slides (ICN Biomedicals,
Inc., CA, USA) were washed twice with Transport Buffer (TB: 20 mM
HEPES/NaOH [pH 7.3], 110 mM potassium acetate, 2 mM magne-
sium acetate, 5 mM sodium acetate, 1 mM EGTA/NaOH [pH 7.3],
2 mM DTT, 1 ug/ml each of aprotinin, pepstatin and leupeptin) and
permeabilized with 40 ug/ml digitonin (Wako Pure Chemical In-
dustries, Osaka, Japan) in TB for 5 min on ice. Import mixes were
prepared in TB either with GST-TRIM28 NLS-GFP or GST-SV40T
NLS-GFP, which was used as positive control. Each of these was
further mixed with importin o, importin 1, RanGDP, p10/NTF2, ATP
regeneration system (1 mM ATP, 5 mM phosphocreatine, and 20 U
of creatine kinase), 0.5 mM GTP and 0.2% BSA in TB. The cells were
incubated with the prepared import mixes for 30 min at 30 °C.
The cell nuclei were stained with DAPI. GFP-fusion proteins were
detected by Confocal Laser Scanning Microscope Leica TCS SP8
(Leica Microsystems, Mannheim, Germany).

2.5. Immunofluorescence

Hela cells grown on glass cover slides in a 12-well culture plates
were fixed with 3.7% (v/v) formaldehyde in PBS, permeabilized
with PBS containing 0.2% TritonX-100 and washed with PBS. After
blocking in 3% skim milk in PBS, the cells were incubated with
primary antibodies for overnight at 4 °C. After washing, the cells
were subsequently incubated with secondary antibodies for
30 min at room temperature. Images were captured using a
Confocal Laser Scanning Microscope Leica TCS SP8 (Leica Micro-
systems, Mannheim, Germany).

3. Results
3.1. Identification of TRIM28 NLS

TRIM28 has been known as a transcription regulator localized in
the nucleus [9]. However, it remains unclear how TRIM28 is im-
ported into the nucleus, and whether TRIM28 possesses a func-
tional nuclear localization signal (NLS). To identify an NLS region of
the TRIM28 protein, plasmids encoding various HA- or GFP-tagged
full-length or truncated mutants were transfected into HeLa cells to
assess their subcellular localization. At 24 h after transfection, the
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HA-tagged full-length TRIM28 (1-836 amino acid [a.a.]) protein
clearly appeared in the nucleus of transfected HeLa cells (Fig. 1A,
full length). Among of the HA-tagged truncated mutants; 1-295
a.a., 296—836 a.a. and 561-836 a.a., the 296—836 a.a. were local-
ized predominantly in the nucleus similar to the full-length protein
(Fig. 1A). In contrast, the other two mutants exhibited diffusely in
the cytoplasm as well as in the nucleus. This indicates the presence
of NLS in the region between 296 a.a. and 560 a.a. of TRIM28.

We next tested the GFP-fused TRIM28 mutants which were
truncated along 296—585 a.a. regions. As shown in Fig. 1B, the GFP-
TRIM28 mutants 296—494 a.a., 395—494 a.a., and 395-585 a.a.
clearly showed nuclear localization, as compared to GFP-TRIM28
296—394 a.a., 495—585 a.a.,, which were found equally both in
the nucleus and cytoplasm. The nuclear localization was further
observed in the truncated mutant containing tandem (2x) GFPs
fused at the N-terminus, GFP-GFP-TRIM28 428—494 a.a. and GFP-
GFP-TRIM28 462—494 a.a., indicating that NLS is specifically con-
tained within the region 462—494 a.a.. However, further narrowing
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of this 33 a.a. residues abrogated clear nuclear translocation of the
expressed GFP—GFP fusion protein (Fig. 1C). To further test whether
this 33 a.a. (Fig. 1E) itself acts as an NLS, we examined the subcel-
lular localization of a deletion mutant TRIM28 A462—494 a.a N-
terminally tagged with HA. As shown in Fig 1D, the mutant
diffusely appeared in the cells, in contrast to the clear nuclear
localization of full-length TRIM28. Together, our results indicate
that the region 462—494 a.a. of TRIM28 (Fig. 1E) functions as an
NLS.

3.2. TRIM28 NLS interacts with various importin « subtypes

The TRIM28 NLS contains lysine and arginine residues which are
potentially recognized by importin « as a classical NLS (cNLS). To
assess whether TRIM28 is recognized by importin o through the
NLS region, a GST-pulldown assay was conducted (Fig. 2A).
Importin o family can be classified into three subfamilies [15],
which show differential substrate specificity [20]. Thus, we tested if
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Fig. 1. Identification of an NLS in TRIM28. Immunofluorescence or fluorescence images of transfected HeLa cells expressing (A) 3xHA-tagged full-length or truncated TRIM28
mutants, (B) EGFP-fused truncated TRIM28 mutants within the 296-585 a.a. region, (C) EGFP-EGFP-fused truncated TRIM28 mutants within the 462—494 a.a. region (33 a.a. residue
length), and (D) 3xHA-tagged full-length TRIM28 and 3xHA-tagged TRIM28 ANLS (462—494 a.a. deletion) mutant. (E) An amino acid sequence of the identified NLS region

indicating the abundance of positively-charged amino acids (Bold).
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Fig. 2. Importin o/B1 mediates nuclear import of TRIM28. (A) A full-length TRIM28 but not ANLS mutant interacts with importin as. GST-importin as were immobilized on the GSH
beads, and tested for interaction with 3xHA-tagged full-length TRIM28 or 3xHA-tagged NLS TRIM28 from transfected HeLa cell lysate. The input and the bound fractions were
analyzed by SDS-PAGE followed by CBB staining or immunoblotting with HA antibody. (B) Direct interaction of the TRIM28 NLS with importin as. GST-pulldown using immobilized
GST-TRIM28 NLS-GFP, GST-SV40T NLS-GFP (as positive control) or GST-GFP (as negative control) with recombinant importin as. The input and the bound fractions were analyzed by
SDS-PAGE followed by CBB staining or immunoblotting with importin a1, importin «2 or importin ¢4 antibody. (C) TRIM28 nuclear transport by importin «/31. An in vitro transport
assay showing the nuclear localization of GST-TRIM28 NLS-GFP is dependent on importin 1, importin ¢2 or importin o4. GST-SV40T NLS-GFP was used as a positive control.

TRIM28 interacts with a representative member of each subfamily,
namely, a1, a2, or a4. Either the full-length or the NLS deletion
mutant of TRIM28 fused 3xHA was transiently overexpressed in
Hela cells and then the cell lysate was incubated either with GST-
importin a1, o2, or o4 immobilized on glutathione-Sepharose
(GSH) beads. As expected, the 3xHA-full-length protein interacted
with all tested importin as, while the NLS deletion mutant (3xHA
ANLS) showed only weak signals (Fig. 2A).

Next, to further assess whether the binding between the NLS of
TRIM28 and importin as occurs directly, GST and GFP fused TRIM28
NLS sequences (GST-TRIM28 NLS-GFP) was immobilized on GSH
beads and then mixed either with recombinant importin o1, 2, or
a4. GST-SV40T NLS-GFP or GST-GFP proteins were used as positive
or negative controls, respectively. As shown in Fig. 2B, the TRIM28
NLS protein was recognized with all importin as examined like GST-
SV40T NLS-GFP.
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3.3. Importin o/8 mediates the nuclear import of TRIM28 NLS

To demonstrate the functional ability of the TRIM28 NLS, we
performed an in vitro nuclear transport assay using digitonin-per-
meabilized semi-intact HelLa cells. GST-TRIM28 NLS-GFP clearly
accumulated in the nucleus of Hela cells in the presence of
importin a1, a2 or a4, together with importin §1 and Ran (Fig. 2C).
These results were comparable to the nuclear localization of GST-
SV40T NLS-GFP (positive control) with the respective importin o
subtypes used in assay. No nuclear localization was conferred by
the TRIM28 NLS in the absence of importin a (Fig. 2C control). Taken
together, we conclude that the TRIM28 NLS has an ability to be
transported by importin /31, where all the subtypes of importin as
tested (a1, @2, or @4) are potentially functional.

3.4. HP1 box of TRIM28 overlaps with the identified NLS

TRIM28 contains a protein motif called HP1 box [7,9], which
serves as a binding site for the HP1, a highly conserved protein
found in chromatin [21]. Indeed, the binding of HP1 to HP1 box of
TRIM28 causes the transcriptional repression [9]. After careful
scrutiny, the reported HP1 box contained in 476—513a.a. region of
TRIM28 was seen to overlap with the NLS region (462—494 a.a.)
identified in this study (Fig. 3A). Therefore, we examined the
intracellular distribution of HA-tagged TRIM28 HP1 box mutant
(R487E, V488E), which is defective for HP1 binding [9], in HeLa cells
(Fig. 3B). The results showed the failure in the nuclear delivery of
the HA-tagged TRIM28 HP1 box mutant. In a separated GST-
pulldown assay, no interaction was observed between the HA-
tagged TRIM28 HP1 box mutant and GST-importin as (Fig. 3C).
Together, these findings clearly indicated that the identified NLS
could functionally pertain to a part of HP1 box within TRIM28.
Finally, we examined if HP1 and importin o could compete with
binding to TRIM28 through the HP1 box/NLS region. For this pur-
pose, GST-TRIM28 NLS-GFP bound to GSH beads were first incu-
bated with importin ¢2, and then recombinant HP1f were added to
the reactions. As shown in Fig. 3D, importin «2 was dissociated
from the TRIM28 NLS by the addition of HP1. Collectively, our

findings revealed the unexpected overlapping between the NLS and
HP1 box in TRIM28.

4. Discussion

TRIM28 does not bind directly to DNA but exerts transcriptional
regulation as part of a protein complex [4]. This TRIM28 complex
has been implicated in many cellular events and processes such as
self-renewal and maintenance of pluripotency of stem cells [22,23],
cell differentiation [24], DNA repair [25—27], and gene silencing
[8,9,28]. Before TRIM28 forms the functional complex, it has to be
delivered to the nucleus. This study is the first report to charac-
terize the nucleocytoplasmic transport mechanism of TRIM28. First
of all, we identified an NLS of TRIM28 that consists of a unique 33
a.a. arginine-rich residue located between 462 and 494 a.a.. We also
demonstrated that TRIM28 nuclear import is mainly dependent on
importin «/B1 through our identified NLS. Interestingly, we also
noticed that this NLS overlaps with the reported HP1 box domain in
TRIM28, and the mutation in the HP1 box domain drastically dis-
rupts the nuclear transport of TRIM28. Furthermore, we demon-
strated that HP1 and importin o competitively binds to TRIM28.

Our data suggest that importin o binding to TRIM28 may affect
TRIM28-HP1 interaction, which is important for the targeting of
TRIM28 to its sites of action, including heterochromatin region [29].
We speculate that importin «, aside from its well-known role as a
nuclear transport factor, masks the HP1 box for TRIM28 to interact
with the HP1 protein preferentially, possibly by preventing the
access of other low-affinity HP1 box-binding proteins [10], during
its nuclear transport and/or chromatin targeting within the nu-
cleus. Thus, we propose a scenario as follows (Fig. 4); in the cyto-
plasm, importin as recognize the TRIM28 NLS and simultaneously
binds with importin 1 to form a ternary complex that migrates
into the nucleus through the NPC. Although the binding of RanGTP
to importin B1 triggers the dissociation of the complex importin o
may not readily release TRIM28 NLS due to high affinity binding
between importin ¢ and TRIM28 NLS. Within the nucleus, importin
o may associate with TRIM28 to mask the HP1-box of TRIM28 until
they find the target binding site, where is (or will become) enriched
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Fig. 3. Functional overlap between HP1 box and NLS in TRIM28. (A) Schematic representation of HP1 box and the newly identified NLS of TRIM28. Note that both domains overlap.
(B) Immunofluorescence images showing the subcellular localization of 3xHA-tagged TRIM28 (full-length) or 3xHA-tagged TRIM28 HP1 box mutant (R487E, V488E) expressed in
Hela cells. (C) The TRIM28 HP1 box mutant fails to interact with importin as. Either GST-importin a1, GST-importin o2 or GST-importin o4 immobilized on the GSH beads was
incubated with HA-tagged TRIM28 and 3xHA-tagged TRIM28 HP1 box mutants from lysates of transfected HeLa cells, and analyzed by immunoblotting with HA antibody. (D)
Competitive binding of importin «2 and HP1p to the TRIM28 NLS. GST-TRIM28 NLS-GFP immobilized on the GSH beads was incubated with importin «2. After washing, the beads
were further incubated with various amounts of HP1f for 4 h at 4 °C. The bound fraction was analyzed by immunoblotting with anti-GST, HP1f and importin «2 antibodies.
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Fig. 4. A model for TRIM28 nuclear transport and chromatin targeting within the nucleus.

with HP1 that competitively interacts with TRIM28 NLS (HP1 box)
to release importin o from TRIM28, resulting in the efficient
TRIM28-HP1 complex formation on the target sites. That is, the
dynamic interaction between the TRIM28 NLS and importin a is
required not only for efficient nuclear transport of TRIM28 but also
for appropriate interaction between HP1 and TRIM28 and/or tar-
geting of TRIM28 onto HP1-rich heterochromatin region, causing
the efficient and proper transcriptional regulation and/or chro-
matin remodeling in the nucleus.

Previously, it has been suggested that Kap114p, the yeast ho-
mologue of mammalian importin 9, may play roles in the intra-
nuclear targeting of TATA-binding protein (TBP) after its nuclear
translocation, based on the observation that the TATA-containing
DNA stimulates the RanGTP-dependent dissociation of TBP from
Kap114p [30]. In addition, it was also shown that GAL4-NLS binds
to both DNA and importin 1 in a mutually exclusive manner [31].
Indeed, NLSs often overlap with a DNA-binding site [32,33].
Furthermore, several importin B family members were shown to
function not only as import factors but also as chaperones to pre-
vent the aggregation of highly basic proteins, such as ribosomal
proteins [34]. These observations, together with our findings in this
study, suggest the significance of an NLS-importin binding beyond
nuclear transport processes.
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