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Figure 5. Overview of gains (green), physical losses (red), and copy number neutral LOH (blue) in adenoma and carcinoma
fractions of 16 rectal tumour samples. On the x-axis are all the different samples, successively the frozen sample and the
FFPE-adenoma and -carcinoma fractions. On the y-axis are the chromosomes. The five ‘malignant aberrations’ are indicated by an
asterisk (*). Top of figure: F (frozen), P (paraffin-embedded). Bottom of figure: L (adenoma with low-grade dysplasia), H (adenoma
with high-grade dysplasia), AC (mixture of adenoma and carcinoma), C (carcinoma). The carcinoma fraction in the FFPE tissue

from sample Al38 was too mall to analyse (**)

study are highly similar to those found in other stud-
ies; although part of the events identified would have
been missed by CGH, owing to copy number neutral
LOH [28,29]. Subsequently, logistic regression analy-
sis was performed, and these five events together were
shown to build a quantitative progression model of
rectal tumourigenesis.

We found that rectal adenomas showed relatively
few aberrations, while carcinomas showed many.
However, exceptions were identified: adenomas with
many aberrations and carcinomas with few aberra-
tions. In adenoma fractions from cases with a carci-
noma, twice the amount of such ‘malignant aberra-
tions’ was observed, compared with pure adenomas.
Furthermore, comparison of adenoma and carcinoma
tissue from the same lesion, showed in the major-
ity of cases (11/16) an increase of one to three of
the ‘malignant aberrations’ in the carcinoma fraction.
By comparing carcinomas with and without lymph
node metastases, we discovered that lymph node pos-
itive cases demonstrated an amount of chromosomal

aberrations that was similar to that in the lymph node
negative cases. This indicates that genomic instability
is an early event in the progression of rectal cancer,
as has also been shown by others (reviewed in [49]).
However, one remarkable difference was found: cases
with lymph node metastasis more frequently showed
a gain on 1q. In other studies a 1q gain has been
related to metastases to the liver, but not to the lymph
nodes [18,50]. Another study found a strong correla-
tion between 8q23-24 gain and lymph node metas-
tases [32]. However, we detected equal percentages
of 8q gain in the carcinoma with and without lymph
node metastases. The gain on lq and a possible rela-
tion to lymph node metastasis needs further validation
in a larger series. Currently, expression array analy-
sis is performed on the same samples, and both data
types are integrated. These combined data might reveal
novel markers for lymph node metastasis.

A strength of this study concerns the homogeneity
of the sample collection. All samples were obtained
from rectal tumours, while previous studies usually
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described a heterogeneous group of colon, rectum, and
sigmoid tumours. Several recent papers have indicated
differences between colonic and rectal cancer and have

. advocated that when prognostic markers are investi-
gated, differences between tumour location shouid be
considered [34,35].

This study did not take tumour heterogeneity into
account. As is known from the literature, colorec-
tal cancers are heterogeneous [51-54]. We currently
study chromosomal instability in different biopsies to
determine tumour heterogeneity. Initial results indicate
that three biopsies reliably represent the genomic aber-
rations. Five out of 18 tumours showed heterogeneity,
displayed by extra chromosomal aberrations in one or
two biopsies.

In conclusion, a compilation of five carcinoma-
specific events can accurately distinguish adenomas
from carcinomas. In contrast to pure adenomas, ade-
noma fractions of carcinoma cases already carry
‘malignant aberrations’. Such results might comple-
ment clinical data to guide treatment selection more
precisely, although thorough prospective validation in
independent series is still required. :
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Abstract

CD30 is a member of the TNF receptor family. Our interest lies in understanding the control
of CD30 expression, particularly as its over-expression provides a diagnostic marker for a
subset of non-Hodgkin’s lymphomas, particularly anaplastic large cell lymphoma (ALCL),
and because anti-CD30 treatment has been shown to be efficacious. We have identified a
number of regulatory regions, including an Spl element in the minimal promoter, and a
downstream promoter element that is required for start site selection. The discovery of both
an activating AP1 site and an upstream microsatellite that represses transcriptional activity
of CD30 suggests that this region is involved in dysregulation of CD30 expression. We have
now identified the major microsatellite binding activity as transcription factor Yin Yang 1 by
both one-hybrid ¢DNA library screening and peptide mass fingerprinting. Due to the strong
repressive effect of the microsatellite, we also investigated whether microsatellite instability
may induce changes in CD30 expression and hence explain the over-expression of CD30
in ALCL. Laser capture microdissection of ALCL biopsies and CD30 microsatellite typing
indicated that the neoplastic cells show a high degree of variation, but this does not correlate
with high CD30 expression seen in ALCL.
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introduction

CD30 was first identified as a surface marker on
Hodgkin and Reed-Sternberg cells of Hodgkin’s lym-
phoma (HL) [1,2]. CD30 also is expressed in a variety
of non-Hodgkin lymphomas (NHL) and reaches the
highest frequency of expression in anaplastic large
cell lymphoma (ALCL) [3]. The mechanism(s) under-
lying deregulated expression of CD30 in lymphoma
is unknown, but the effects of over-expression may
be explained in part by divergent CD30 signal trans-
duction through the TNFR-associated factors (TRAFs)
{4,5]. Signals emanating from CD30 diverge down-
stream of TRAF-2, leading to activation of NF-«B and
c-Jun. Constitutive activation of NF-«B-RelA prevents
Hodgkin/Reed—Sternberg (H/RS) cells in HL from
undergoing apoptosis, whilst HL cell lines depleted
of constitutive NF-kB are no longer able to produce
tumours in immunodeficient mice [6]. In contrast, NF-
kB activation is blocked in ALCL cells harbouring
the ALK/NPM translocation, despite the high levels

of CD30 expression [7]). The NPM-ALK oncoprotein
impedes NF-«B activation following CD30 activation,
by TRAF2’s association with NPM-ALK [8].

The antiproliferative effect of CD30 activation on
ALCL lines has been investigated for its potential
therapeutic application. It has been shown that acti-
vation of CD30 by an unconjugated agonist antibody
causes lymphoma regression and prolongs survival of
immunodeficient mice xenografted with human sys-
temic CD30% ALCL [9]. Clinically, increased levels
of the CD30 ligand are associated with spontaneous
regression of skin lesions in primary CD30% cutaneous
lymphomas [10]. These and other studies indicate that
expression of CD30 antigen is not only an important
diagnostic and prognostic marker in ALCL but could
also be useful as a target of novel therapies [11,12].

Although the downstream events that result from
CD30 stimulation are becoming clearer, almost noth-
ing is known about the processes that give rise to the
high levels of CD30 seen in these lymphomas. Qur
hypothesis is that the mechanism of over-expression

Copyright © 2007 Pathological Society of Great Britain and ireland. Published by John Wiley & Sons, Ltd.
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of CD30 in ALCL involves the increased transcrip-
tional activity of the CD30 gene. As a step towards
understanding what these upstream events are at the
transcriptional level, we sought to identify the tran-
scription factors that regulate the CD30 gene in neo-
plastic cells. We have previously characterized the
CD30 promoter [13] and a comparison of human and
mouse CD30 genes revealed significant identity, with
both genes lacking consensus TATA box sequences
but sharing conserved Spl and downstream initiator
(DPE) elements {14). We and others have identified
other important transcriptional elements upstream of
the transcriptional start-site, including Spl and ETS
transcription factor binding sites [14,15]. We also iden-
tified a microsatellite CCAT repeat (CD30-MS) that
was able to repress transcription from the CD30 pro-
moter [14]. Given the importance of the CD30-MS as
a transcriptional repressor, in this study we have deter-
mined the identity of the transcription factor(s) that are
- able to bind to this sequence and mediate repression
of CD30 transcription.

Further studies indicate a marked degree of poly-
morphism in the CD30-MS [16-18]. The results
prompted us to propose that deletion of the CD30-MS,
due to mitotic instability, may promote a neoplastic
phenotype in CD30% T cell lymphoma by reliev-
ing transcriptional repression, resulting in increased
CD30 expression [14]. We also have tested the notion
that microsatellite deletion was correlated with CD30
expression level, using a panel of CD30-expressing
cell lines derived from HL and NHL [19]. How-
ever, there did not appear to be any direct relation-
ship between microsatellite length and CD30 expres-
sion level. Because of the inherent accumulation
of genomic aberations in cell lines, in the current
study we assessed CD30 microsatellite instability in
lymph node biopsies. Laser capture microdissections
of CD30* and CD30~ cells from ALCL lymph nodes
were used in PCR to assess correlations between
CD30-MS lengths and CD30 expression levels in indi-
vidual cells.

Materials and methods

Cell line culture and transfection

Cell lines were obtained from the German Collec-
tion of Microorganisms and Cell Cultures (Braun-
schweig, Germany) and propagated in RPMI 1640
medium with L-glutamine, supplemented with 10%
v/v heat-inactivated fetal bovine serum (FBS), 100
IU/ml penicillin and 100 pg/ml streptomycin (Invit-
rogen Australia Pty Ltd, Australia), at 37°C in 5%
COa,.

Transfections were carried out using Lipofectamine
2000™ (Invitrogen) according to the manufacturer’s
instructions for Jurkat cells. Cells were subcultured
24 h prior to transfection without antibiotics and har-
vested at 8 x 10° cells/ml. After transfection, the cells
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were incubated at 37°C for 24 h. Luciferase activ-
ity was measured using the Dual Luciferase Assay kit
(Promega Corporation, Madison, WI). When required,
qualified siRNA duplexes were obtained commercially
{Smartpool siRNAs, Dharmacon Inc., Lafayette, CO,
USA), fluorescently labelled with Cyanin3 dye and 1|
nmol/ml used in transfection.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared as described previ-
ously [14]). For some experiments, S300-fractionated
Jurkat extracts were used (see [20]). For EMSA,
nuclear extracts (5 pug crude extract or 1 pg fraction-
ated extract) were preincubated on ice for 10 min,
together with 1 pg poly dI-dC. When required, 500 ng
YY1 or Spl antibodies (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) was incubated with the
nuclear extract for 30 min on ice, then incubated
with 80 fmol 3?P-labelled oligonucleotide for 30 min
on ice before analysis on a 6% polyacrylamide gel.
Double-stranded EMSA probes were: CD30-MS1, 5'-
CCATCCATCCATCACCTTATGCATCCATCCAT-3%;
CCAT);, 5'-ATTCCCATCCATCCATCCATCCATCC-
ATCCATCCATCCATCCATCCATCCATCG-3'; Spl-
1, 5-GTTCCTCAAATCCGGGGCGGGCCATTCAA-
ACAG-3; Myc, 5-GGAAGCAGACCACGTGGTC-
TGCTTCC-3'.

Two-dimensional EMSA complex identification

The proteins binding to the double-stranded (CCAT);,
probe were analysed previously to determine the
molecular mass and the pl of the major CD30-
MS EMSA activity d, and identified by analysis
on a two-dimensional (2D) IEF/SDS—PAGE gel and
silver staining [20]. A second gel, run under identical
conditions was stained using 0.1% Coomassie brilliant
blue G-250. Spots corresponding to those seen on the
silver stained gel in quadrants shown to have EMSA
activity, were excised, renatured, recovered from the
gel and subjected to MALDI-TOF mass spectrometry,
as described previously {20].

One-hybrid cloning and screening

A yeast one-hybrid library was screened essentially as
described by the manufacturer (Clontech Inc.). Twelve
copies of the CCAT sequence was synthesized with
EcoRI-compatible ends and inserted in the EcoRI
cloning site of the pHISi reporter vector (Clontech).
The reporter was integrated into the genome of yeast
strain, YM4271 (Clontech), grown on solid SD media
without histidine, and tested for 3-aminotriazole (3-
AT) sensitivity. A concentration of 60 mm 3-AT sup-
pressed growth and was used for subsequent selec-
tion. A pACT2-based activation domain fusion library
(Human Leukaemia MATCHMAKER cDNA library,
Clontech) was transformed into the reporter strain and
grown for 4 days at 30°C on SD medium without

Copyright ® 2007 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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leucine and histidine but containing 60 mm 3-AT. A
total of 1.7 x 10° clones were screened. Colonies were
assessed for growth by measuring the diameter after
4 days of growth, picked, and the cDNA clone iso-
lated. Isolated plasmids were sequenced. cDNAs from
which each clone was derived was identified by com-
parison with the NCBI human genome database.

Chromatin immunoprecipitation (ChiP)

ChIP was performed using the Chromatin Immuno-
precipitation Assay Kit (EZ-Chip™, Upstate Biotech-
nology, Lake Placid, NY, USA). Karpas-299 cells
(1 x 10%) were treated with 1% formaldehyde and the
remainder of the protocol performed according to the
manufacturer’s directions, with a minor alteration, ie
the addition of 800 ul ChIP dilution buffer to the sam-
ple prior to sonication. Lysates were sheared to lengths
of 500- 1000 base pairs (bp) before diluting with ChIP
dilution buffer to 2 ml. The extract was pre-cleared
with salmon sperm DNA/protein A agarose, then incu-
bated with 10-ug YY1 antibody (Santa Cruz) at 4°C
- overnight. DNA—protein complexes with protein A
beads were sequentially washed, eluted, crosslinks
reversed and ethanol-precipitated. Input DNA and
immunoprecipitated DNA were assayed by PCR (see
below) for CD30-MS. '

Quantitative RT—PCR of CD30 mRNA

Total RNA (5.0 pg) was used for reverse tran-
scription with Superscript II (Invitrogen). gPCR of
CD30, C-MYC and f-actin cDNA was performed
using the QuantiTect SYBR Green kit (Qiagen Pty
Ltd, Doncaster, Australia) and the following primers:
CD30Ex3F, 5-CGACCGCTGTACAGCCTGCGTG-
ACTTG-3'; CD30Ex5R, 5-GGAAGCCGGCTCACA-
GACCGTGTTCTTC-3'; B-actinF, 5-GCCAACACA-
GTGCTGTCTGG-3'; B-actinR, 5-TACTCCTGCTT-
GCTGATCCA-3. Reaction mixtures contained
10 pl 2x QuantiTect SYBR Green PCR Master Mix,
0.3 um each of the forward and reverse primers and
an aliquot representing 400 ng input RNA in 20 pl.
Quantitative PCR was performed on a Rotor-Gene
3000 (Corbett Research, Sydney, Australia). For the
generation of the standard curve, RT-PCR products
for CD30 and B-actin were prepared using the Pfx
DNA polymerase kit (Invitrogen) and serially diluted
(1072 to 10~'2). The relative amount of cDNA in each
sample was measured by interpolation in the standard
curve, and CD30:8-actin expression ratios were cal-
culated.

Laser-capture microdissection and genotyping

Lymph node biopsies were obtained from archived
material (PathWest Laboratory Medicine, Perth, Aus-
tralia) from biopsies characterized as ALK-positive
ALCL according to the WHO classification scheme
[21] and were used under Australian National Health

and Medical Research Council Human Ethics guide-
lines. Frozen sections were stained using a mouse
antihuman CD30 antibody (Ki-1, DAKO, Carpinte-
ria, CA, USA) and rabbit anti-mouse HRP-conjugated
immunoglobulin (DAKO). Cells were isolated by
laser-assisted microdissection, using a PALM Robot-
CombiSystem (PALM Microlaser Technologies
GmbH, Bernried, Germany). Samples were digested
with 200 ug/ml Proteinase K (Roche Diagnostics Pty.
Ltd., Castle Hill, Australia) at 55°C for 2 h and used
directly for PCR typing. The genotyping of the CD30
microsatellite region was performed as described [18].

Results

Activity of CD30 promoter transcriptional
reporters in CD30" lymphoma lines

Previous results indicated that the microsatellite region
upstream of the CD30 gene repressed transcription
in reporter gene assays in the CD30% Jurkat T cell
line [14]). To determine whether this region acted
similarly in cell lines derived from ALCL biopsies,
reporter constructs, either with or without the CD30-
MS, were tranfected into Karpas-299, SR-786 or L-
428 cells. The results showed that complete deletion of
the microsatellite region from the full-length —3.5 kb
reporter caused a four-fold increase in activity in all
cell lines (Figure 1). The presence of only a (CCAT),
sequence (construct AMS) had a significant negative
effect (two-fold) on activity compared to shorter con-
structs. As previously described, the region between
—90 and —40 contained critical transcriptional control
elements in the ALCL lines.

One-hybrid analysis of transcription factors
interacting with the CD30 microsatellite

The CD30 microsatellite is of the general form
(CCAT);s CACCTTATGCAT(CCAT),. Previous
EMSA analysis indicated that the CCAT sequences
in CD30-MS are responsible for binding nuclear fac-
tors, rather than the core CACCTTATGCAT sequence
of the repeat unit [14]). A one-hybrid bait consisting of
12 CCAT repeat units was cloned into the pHISi one-
hydrid vector (Figure 2A). The suitability of the bait
sequence was confirmed by EMSA, showing that the
complexes which formed on the (CCAT);, sequence
were quantitatively the same as those forming on the
CD30 repeat unit sequence (Figure 2B). In particular,
the major complex, d, appéared identical. Competition
reactions confirmed that the complexes had similar
affinities for the two probe sequences.

The pHISi-CCAT bait vector was integrated into the
host strain YM4721 and transformed with a GAL4
activation domain cDNA library derived from Jurkat
T cells. Due to the leaky HIS3 expression, only
colonies attaining a diameter of 2.5 mm or more after
4 days of growth were isolated and retested on the
selective medium (Figure 2C). Five colonies showing
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Figure 1. Activity of CD30 promoter transcriptional reporters
in ALCL cell lines. Relative CD30 promoter activity was
measured in L-428 Hodgkin's and Karpas-299 or SR-786
ALCL cell lines. Cells were transiently transfected with either
the fuli-length CD30 promoter—luciferase reporter construct
containing 3.5 kb of upstream sequence (—3.5 kb) or constructs
carrying 5 deletions. AMS refers to a construct that carries a
deletion of almost all of the CD30-MS, except for four copies
of CCAT. The remaining deletion constructs are denoted as a
number (in bp) that represents the position of the 5’ deletion
end points in relation to the major transcription initiation site
(+1). Constructs are described in detail in [14]. For comparison,
activity from the parent reporter vector pGL3-basic (pGL3) is
shown. Transfected cells were incubated for 24 h and harvested
for use in luciferase assays. Relative CD30 promoter activity

is expressed as firefly luciferase activity normalized to the-

respective Renilla luciferase activity. The data obtained from
at least three independent experiments were analysed for
statistical significance using log-transformed data in one-way
analysis of variance (ANOVA). Data are presented as mean
values + SEM. Activities found to be significantly different to
that of the next longest construct in the same cell line are
indicated by asterisks: *p < 0.01; **p < 0.001

the most vigorous growth were analysed. Sequencing
of the cDNA inserts isolated from these colonies (see
Table 1) showed that in three cases they encoded
metabolic enzymes, one containing a sequence of
unknown function and one encoding the carboxy-
terminal region of the transcription factor Yin Yang 1
(YY1) [22,23]. The cDNA encoded almost the entire
DNA binding domain of YY1, consisting of C,H,-
type zinc fingers 2, 3 and 4 and half of zinc finger
1 (Figure 2D). The results indicated that YY1 was
able to bind to the (CCAT),;, sequence. Comparison
of this sequence with the consensus YY1 binding
site, (Cg/a)C/t/a)CATN(Tgc), where CCAT and ACAT
were the most common core sequences [24], suggests
that YY1 is able to recognize and bind to the CCAT
repeat sequence.

Identification of CD30-MS binding activities by
peptide mass fingerprinting

As a complement to the one-hybrid analysis, the
identity of the major EMSA activity d (see Figure 2B),
interacting with the CD30 promoter microsatellite,
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Figure 2. One-hybrid analysis of transcription factors
interacting with the CD30 microsatellite. (A) Sequence of the
bait region oligonucleotide CCAT,; (shown in bold) inserted
into the pHISi one-hybrid vector via the EcoRI cloning site.
(B) EMSA of the CD30-MS using S300 fractionated Jurkat
nuclear extract that showed peak activity for complex d and the
CCAT); sequence as the labelled probe. In lane |, previously
identified complexes are labelled a, b and d. In addition, lane
2 contains a 50-fold excess, lane 3 a 10-fold excess and lane
4 a five-fold excess of unlabelled CD30-MS!| oligonucleotide
as competitor. (C) Selection of positive one-hybrid clones on
selective media containing 60 mM 3-AT for 3 days. Sector |
shows growth of positive clone 17 (YY}). Sector 2 shows
background growth of yeast stran YM427|, carrying the

.integrated CD30-MS/pHISi reporter. Sector 3 shows growth

of the parental YM427| yeast strain. (D) Nucleotide sequence
obtained from positive clone 7. Above the sequence is shown
the amino acid sequence (414 residues) of human YY| (NCBI
Accession No. NP_003394). The numbers above the sequence
mark each of the cysteine (C) or histidine (H) residues that
define one of the four C;H, zinc finger motifs found in YY1

was determined using an approach we developed
recently that utilizes a 2D gel-separation approach
[20]. We established that the protein in complex d was
approximately 58 kDa, with a pI of 5.8 [20]. Nuclear
extract fractions containing complex d activity were
subjected to 2D gel electrophoresis, silver-stained, and
the region of the second-dimension gel that contains
proteins of 58 kDa with a pl of 5.8 were identified
(Figure 3A). Four protein spots were observed in
this region of the gel. A second gel was run under
identical conditions. The three protein spots nearest
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Table |. ldentities of one-hybrid cDNA clones

Colony
number cDNA sequence identified Accession No.
17 Homo sapiens Yin Yang | (YY) NM 003403
transcription factor
1S Homo sapiens homologue of yeast AF231981
long chain polyunsaturated fatty acid
elongation enzyme 2 (HELO)
23 Homo sapiens chromosome |7, AC003688
clone hRPC4_G_17
28 Homo sapiens NADH NM 021075
dehydrogenase flavoprotein 3
13 Homo sapiens nemo-like kinase BC064663
A
El E2 E3 E4
Y
o : A or )
SRS B 2
e gt B &R
- o - W
: “ Ny
=
- A u
£ 1

L

"

Figure 3. Identification of CD30 microsatellite EMSA-binding
activities. (A) 2D IEF/SDS—PAGE gel of $300 fractionated jurkat
nuclear extract was silver-stained and used to identify spots in
the region of the gel that conformed to a molecular size
of 58 kDa and a pl of 5.8 and showed EMSA activity upon
renaturation (see [20]). A second gel was run under identical
conditions and stained with Coomassie brilliant blue G-250.
Major spot E4 (arrow) and spots E2 and E3 were excised
from the gel, digested with trypsin and subjected to peptide
mass fingerprinting. (B) Supershift EMSA analysis of the major
CD30-MS binding activity, complex d. All EMSA reactions
contained | pg S300 fractionated Jurkat nuclear extract and
labelled CD30-CCAT oligonucleotide probe. The reaction
in the last lane contained antibody against YYI; negative

control reactions contained either no antibody, non-specific’

immunoglobulin IgG or antibody against transcription factor Sp1,
as indicated. The positions of the YY|-supershifted complexes
are indicated by the arrowheads. The DNA—-protein EMSA
complexes labelled a, b and d are those originally shown to
form on the CD30-MS promoter element [14]

to the 58 kDa-pl5.8 intersection (Figure 3A) were
excised from the gel and subjected to MALDI-TOF
mass spectrometry. Only spots E2 and E4 yielded
useful spectral data, which, when used to interrogate
the SWISS-PROT and TrEMBL databases via MS-
FIT [25], indicated that spot E4 was YY1 (see
[20]). Some spot E2 peptide masses also matched

YY1, although the sample was heavily contaminated
with keratin. To confirm that complex d binding to
the CCAT microsatellite sequence contained YY1,
EMSA supershift analysis was carried out. The results
indicated that YY1-specific antibody was able to
supershift complex d, confirming that complex d was
composed of YY1 (Figure 3B).

Regdlation of CD30 gene transcription by YYI

To establish that YY! interacted with the CD30-
MS in vivo, ChIP was done using Karpas-299 cells.
A YYl-specific antibody was able to precipitate the
CD30-MS (Figure 4A), indicating that YY1 bound
to the MS sequence invivo. To further investi-
gate the role of YY1 in repressing CD30 expres-
sion via interaction with the CD30-MS sequences,
reporter gene constructs, either with or without CCAT
sequences present, were used o test the effect of
decreasing. YY1 concentration via siRNA-mediated
knockdown in CD30 promoter reporier gene assays
(Figure 4B). The results indicated that Y'Y 1-specific
siRNA duplexes served to increase expression of
CD30 promoter constructs that contained 3.5 kb of
CD30 promoter sequences, including the CD30-MS
(—=3.5 kb)l; thus, YY1 was acting as a transcrip-
tional repressor. Likewise, the reporter containing a
single (CCAT), repeat showed a two-fold increase
in reporter activity following YY1 siRNA treat-
ment, compared to the GFP siRNA control. The
CD-90 reporter containing minimal CD30 promoter
sequences but, lacking the CD30-MS entirely, did
not show any significant effect of YY1 siRNA treat-
ment over that of the control (Figure 4B), indicat-
ing that YY1 was specifically acting through the
CD30-MS sequence. Also, the results confirm that
(CCAT), alone was necessary and sufficient to max-
imally repress CD30 transcription [14]. The role of
YY1 in the regulation of the endogenous CD30 gene
was established following siRNA-mediated ‘knock-
down’ of YY1 in Karpas-299 cells; surface CD30
expression was. increased (Figure 4C), indicating that
YY1 was acting as a repressor of CD30 gene tran-
scription.

Comparison of CD30 mRNA levels and EMSA
binding activities in ALCL and HL cell lines

To determine whether there was a correlation between
expression levels of CD30 and transcription factor
binding activity, particularly activity associating with
the MS sequence, we quantitated CD30 mRNA lev-
els in ALCL (Karpas-299, SR-786, SU-DHL-1) and
HL (HDLM2, KMH2, L-540) cell lines and compared
this with MS binding activity in EMSA. Real-time
PCR analysis of CD30 mRNA levels in the lines
(Figure 5A) indicated that the HL-derived line L.-540
expressed at the highest level compared to the lowest-
expressing cell line, Karpas-299, which expressed at
a 10-fold lower level. The other lines expressed at
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Figure 4. Functional interactions of YY| with the CD30-MS. (A) ChIP analysis of the CD30-MS was carried out in Karpas-299
cells and the presence of precipitated CD30-MS sequences detected by PCR and agarose gel analysis, as shown. The input
reaction contained total genomic DNA from Karpas-299, the ChIP reaction (a-YY|) contained 10 pg supershift YY| antibody,
and the no-antibody (No Ab) control contained 10 ug pre-immune rabbit immunoglobulin. (B) The effects of YY1-specific siRNA
on expression of CD30 promoter reporter constructs were measured following tranfection into Karpas-299 or SR-786 celis.
Cells were co-transfected with both reporter DNA and fluorescently labelled siRNA specific for YY1 or negative control GFP.
Transfection efficiency was assessed by counting fluorescent cells and luciferase activity normalized and plotted as ‘relative activity'.
The data presented are mean values (+ SEM) of three independent transfections. Significant differences between the siGFP control
and siYY | for each reporter construct are indicated (*p < 0.05; **p < 0.005; Student’s t-test). (C) The effect of siRNA-mediated
‘knock-down’ of YY| on surface expression of CD30 in Karpas-299 was determined by flow cytometry, following transfection with
either control siRNA against GFP (siGFP), siRNA against YY1 (siYY ) or untransfected (no siRNA). Cells that had taken up the
siRNA were selected by gating on Cy3 fluorescence and levels of CD30 expression determined after staining with PE-conjugated,
mouse anti-CD30 monoclonal antibody (BD Biosciences. Inc). Flow cytometry was done on a FACScan (Becton-Dickinson,

CA, USA)

an intermediate level. All NHL lines expressed CD30
mRNA at a significantly higher level than the lym-
phocytic leukaemia line Jurkat. Assessment of the
transcription factor binding activities in each cell
line was carried out using double-stranded oligonu-
cleotides, whose sequence corresponded to the cis-
elements found to be important in controlling CD30
expression in the Jurkat cell line [14], the upstream
CCAT MS sequence and the Spl site at position
—43 to —38 (Figure 5B). The results showed that the
activities interacting with the Sp1 site did not signifi-
cantly vary between the cell lines. For the MS repeat
sequence, although the levels of binding activity varied
substantially between the different lines (Figure 5B),
there was no obvious relationship between levels of
YY1 binding activity and CD30 mRNA expression
(Figure 5A). These results suggest that differences in
expression of CD30 were not due to differences in
YY1 or Spl transcription factor DNA-binding activity
in the cell lines.

J Pathol 2008; 214: 65-74 DO!: 10.1002/path

Instability of the CD30-MS sequence in ALCL

Previous results in HL cell lines indicated that,
although the CD30-MS was unstable, the differences
in sequence .length were small [19]. To assess the
degree of instability in ALCL lines, DNA from
Karpas-299 and SU-DHL-1 was subjected to CD30-
MS Genescan analysis, as described
previously [17,18]. The results indicated that the
degree of heterogeneity in both cell lines was greater
than that previously found in HL [Figure 6A, panels
(a), (b)]. Although major, presumably germ-line MS
lengths were present, numerous smaller products were
also seen, indicating a shortening of the CD30-MS in
a significant proportion of the total cell population.
To exclude the possibility that the heterogeneity
in the cell lines was an artefact due to prolonged
growth in cell culture, we also determined whether the
CD30-MS sequence showed instability in the atypical
CD30% cells of ALCL in vivo. Individual CD30% cells

Copyright © 2007 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Figure 5. Comparison of CD30 mRNA levels and EMSA-binding
activities in ALCL and HL cell lines. (A) CD30 mRNA levels in
different lymphoma cell lines are expressed as a ratio of CD30
mRNA expression relative to S-actin expression. Mean levels of
expression (£ SEM) were derived from quadruplicate real-time
PCR measurements. The means for all cell lines were signficantly
different (one-way ANOVA, p < 0.05). (B) The lymphoma cell
line panel was assessed for YYI- and Spi-binding activity by
EMSA, as indicated, using crude nuclear extracts and the probe
CD30-MS| containing the total repeat unit, and the Spi-I
probe. Also shown is the myc-binding activity (E-box probe) in
each cell line compared to peripheral blood T cells (PBT). The
unidentified DNA—-protein EMSA complexes labelled a, b and ¢
are those originally shown to form on the CD30-MS promoter
element [14]

from lymph node biopsies of three patients were iso-
lated by laser capture microdissection and subjected
to PCR and Genescan analysis (Table 2). Compari-
son of the CD30-MS genotype from single cells with
the patients’ genotypes derived from normal tissue
or blood indicated that, for both CD30" and CD30~
lymphocytes, CD30-MS lengths were heterogeneous
and in most cases different from the patients’ consti-
tutive genotypes. Most of the differences were small
and were consistent with the deletion or insertion of a
small number of nucleotides. However, in one case a
large deletion of approximately 180 nucleotides was
observed in one cell (Table 2, patient H) and con-
firmed by sequencing to be a deletion in the CD30
microsatellite. However, for this cell there was no

71

A Basepairs
320 330 340 350 360 370 380 390

(a) SU-DHL-1 { F

(h) Karpas

L

{c) Normal pool

* Fluoresence Intensity

bl

(d) ALCL poal

Figure 6. Analysis of CD30-MS sequence length in ALCL cell
lines and laser-captured cells in ALCL biopsies. (A) CD30-MS
lengths in SU-DHL-1 and Karpas-299 cell lines and in pools of 20
laser-captured, CD30* ALCL cells or surrounding normal cells
from lymph nodes, were determined by Genescan analysis (AB).
PCR primers were HEX-labelled and the PCR products were
analysed on a ABI 3100 Genetic Analyser. GeneScan-500 ROX
Size Standard was used to size the products. The data were
analysed using the program GeneScan Analysis 3.1.2. (B) CD30
immunocytochemical staining of an ALCL lymph node biopsy.
Dark areas represent CD30 positivity. Original magnification,
% 50. The area marked A represents a captured cell that carried
a large deletion of approximately 180 nucleotides (Table 2,
patient H, genotype |95/—). For this cell, there was no obvious
increase in the intensity of CD30 antibody staining compared
to the captured CD30% cell delineated in area B, showing a
369/377 CD30-MS genotype
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Table 2. CD30 genotyping in lymph node biopsies

Patient ID Genotype

D 373/373 (Genomic DNA)
373/-(CD30%)
365/-(CD30%)

373/377 (CD30%)
373/377 (CD30%)

S 358/362 (Genomic DNA)
377/-(CD30%)
369/-(CD307)

H 369/373 (Genomic DNA)
195/—(CD30%)
369/377 (CD30%)
316/365/369 (CD30T)
365/369 (CD30%)
373/377 (CD307)
373/377 (CD307)
369/—(CD30")
373/377 (CD307)
369/373 (CD307)
369/377 (CD307)
369/377 (CD307)

obvious increase in CD30 antibody staining compared
to other captured CD30% cells in the surrounding
ALCL tissue (Figure 6B).

We also compared a pool of 20 laser-captured
CD30" anaplastic large cells obtained from one biopsy
with an equivalent number of normal cells from the
surrounding solid tissue [Figure 6A, panels (c), (d)].
The normal cell pool showed two major peaks, of 359
and 371 bp, with characteristic PCR ‘stutter’ peaks,
one and two tetranucleotide repeat units shorter, indi-
cating a genotype of 359/371. In contrast, the ALCL
cell pool displayed the 359 allele and associated ‘stut-
ter’ peaks, but the 371 allele was not predominant and
an additional peak of 376 bp was present, indicating a
lengthening of the CD30-MS in a significant propor-
tion of cells. Also, the sizes of the presumptive stutter
peaks were not consistent with them being by-products
of amplication of the 371 bp allele, and indicated the
presence also of shortened versions of the CD30-MS
in some cells.

Discussion

.This study sought to elucidate the nature of the
upstream events that lead to very high CD30 expres-
sion in ALCL. Previously we described a tetranu-
cleotide repeat element in the CD30 promoter that
represses transcription. In the current study, we have
identified the transcriptional repressor YY1 as the
mediator of this repression. YY1 is a ubiquitous pro-
tein that appears to have many roles in regulating gene
expresssion and can act as either a repressor or an
activator, depending on the cellular context [26,27].
YY1 associates with many transcriptional activators
and co-regulators, including TBP, TFIIB [28,29], Spl
(30], AP2 [31], retinoblastoma (Rb) [32] and p300
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[33]. Of relevance to CD30 expression in lymphoma,
YY1 associates with the proto-oncogene C-MYC [34].
Although our data indicate that YY1 DNA binding
activity is not elevated in ALCL, we have confirmed
(Figure 5B) that myc levels are elevated in ALCL cells
[35-37]). The C-MYC interaction domain of YY1 has
been mapped and shown to be the same as that which
interacts with TBP and TFIIB [28,29]; thus, the inter-
action of YY1 with c-myc may serve to block the tran-
scriptional repression (or activation) activity but not
the DNA-binding activity of YY 1. These data suggest
a model in which YY1, bound to the upstream CD30
microsatellite sequence, normally exerts its effect by
interacting with TBP and/or TFIIB to modulate tran-
scription. However, in the presence of c-myc binding,
the normal interactions with the preinitiation complex
are blocked, thus inhibiting YY1 activity. The high
levels of c-Myc in ALCL cells may have the effect
of lessening the repressive activity of YY1, leading
to elevated CD30 expression. We also have shown
recently that fos/JunB is able to relieve the YYI-
mediated repression of the CD30 gene [19]. Presum-
ably this occurs through an interaction with YY'1. Both
of these mechanisms may operate in parellel, resulting
in the very high levels of CD30 expression seen on

"ALCL cells.

Our data indicate that the CD30-MS exhibits insta-
bility, usually of small insertions or deletions of the
repeat unit. However, these differences do not corre-
late with the level of CD30 expression or with CD30
expression at all. Our previous results suggest that
deletion of almost the entire repeat sequence is neces-
sary to elicit a significant increase in CD30 transcrip-
tional activity [14]. However, in the present study,
in only one case was a significant shortening of the
CD30 microsatellite seen, suggesting that deletion is a
possible, but rare, mechanism for upregulating CD30
expression, We conclude that CD30-MS length per se
is not a major driver of increased CD30 expression in
ALCL.

The role of YY1 in regulating CD30 expression
has significant implications, due to its function as a
chromatin interactor and modifier {38,39]. This point
of control provides a potential avenue for therapeutic
intervention, through the use of histone deacetylase
inhibitors and other agents that interfere with the nor-
mal interactions of transcription factors and co-factors.
There is some evidence that the cell surface levels
of CD30 may be important in dictating the cellular
response after binding of the ligand CD153. Some
studies have indicated that apoptosis or cell cycle
arrest ensues, whereas others have documented acti-
vation or proliferation signals [9,10]. These ostensibly
conflicting data can be explained if the nature of the
response in ALCL celis is dependent on CD30 receptor
density on the cell surface {40]. Low receptor den-
sity could allow anti-proliferative or apoptotic signals
to predominate, resulting in tumour regression. High
receptor density might allow proliferative signals to
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predominate, leading to tumour growth. Thus, thera-
peutic intervention at the level of CD30 expression is
a strategy that may prove useful in the treatment of
ALCL.
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HTLV-1 is the etiologic agent of the adult T cell leukemia-
lymphoma (ATLL). The viral regulatory protein Tax plays a cen-
tral role in leukemogenesis as a transcriptional transactivator of
both viral and cellular gene expression, and this requires Tax
activity in both the cytoplasm and the nucleus. In the present
study, we have investigated the mechanisms involved in the
nuclear localization of Tax. Employing a GFP fusion expression
system and a range of Tax mutants, we could confirm that the
N-terminal 60 amino acids, and specifically residues within the
zinc finger motif in this region, are important for nuclear local-
ization. Using an in vitro nuclear import assay, it could be dem-
onstrated that the transportation of Tax to the nucleus required
neither energy nor carrier proteins, Specific and direct binding
between Tax and p62, a nucleoporin with which the importin
beta family of proteins have been known to interact was also
observed. The nuclear import activity of wild type Tax and its
mutants and their binding affinity for p62 were also clearly cor-
related, suggesting that the entry of Tax into the nucleus
involves a direct interaction with nucleoporins within the
nuclear pore complex (NPC). The nuclear export of Tax was also
shown to be carrier independent. It could be also demonstrated
that Tax it self may have a carrier function and that the NF-«xB
subunit p65 could be imported into the nucleus by Tax. These
studies suggest that Tax could alter the nucleocytoplasmic
distribution of cellular proteins, and this could contribute to
the deregulation of cellular processes observed in HTLV-1
infection. :

Human T cell lymphotropic virus type-1 (HTLV-1)? is the
etiologic agent of the malignant disorder adult T cell leukemia-
lymphoma (ATLL) (1, 2). Whereas the pathogenesis of ATLL is
unclear, the HTLV-1 regulatory protein Tax is thought to play a
central role in leukemogenesis. Tax has been shown to immor-
talize human T cells (3) and transform fibroblast cells (4) in
vitro, and transgenic animals expressing Tax have developed a
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range of malignancies (5- 8). The mechanisms of the transfor-
mation are not fully understood, but have been shown to be
related to the ability of Tax to dysregulate the transcription of
genes involved in cellular proliferation, cell-cycle control, and
apoptosis (9-11). Tax is a potent transcriptional transactivator
not only of viral but also of cellular gene expression. The protein
physically interacts with a number of cellular transcription fac-
tors, which including components of the NF-«B-Rel signaling
complex, and persistent and constitutive activation of NF-«B is
central to the development and maintenance of the malignant
phenotype in ATLL (10-12).

Activation of NF-«B involves Tax activity in both the cyto-
plasm and nucleus. In the cytoplasm, Tax activates the kinase
activity of IKK complex by directly interacting with IKK+y/
NEMO subunit. I«kBa, which sequesters NF-«B in the cyto-
plasm, is phosphorylated by the Tax-1KK complex and subse-
quently degraded allowing the nuclear translocation of NF-«B
(13). In the nucleus, Tax has also been shown to co-localize with
NF-«B as well as basic transcriptional factors such as p300/CBP
in nuclear speckle structures, the so-called Tax speckle struc-
ture (TSS), where active transcription of a range of cellular
genes occurs (14, 15).

Consistent with both its cytoplasmic and nuclear activities,
Tax has been shown to be distributed in both compartments in
HTLV-1-infected and Tax-transfected cells. In initial studies,
Tax was reported to be found predominantly in the nucleus and
specifically accumulated in the nuclear speckled structures (16,
17). However, depending on the cell type, significant amounts
of Tax have also been found in the cytoplasm (18 —20). Specif-
ically, cytoplasmic Tax was shown to co-localize in the endo-
plasmic reticulum, Golgi apparatus, and mitotic organizing
center (MTOC), and appeared to affect both protein secretion
and microtubule organization (21, 22). Recent studies employ-
ing a heterokaryon fusion system have also clearly demon-
strated that Tax can effectively shuttle between the cytoplasm
and the nucleus (18).

Nuclear transport of proteins occur through the nuclear pore
complex (NPC), and in most cases involves an interaction
between transport carriers and a nuclear localization signal
(NLS) on the cargo protein (23, 24). Most transport carriers
belongs to the importin (karyopherin) family and mediate
transport either as monomers and heterodimers. Importin a/f
heterodimers import cargo proteins containing a “classical”
NLS which is generally rich in lysine residues (23). Importin 8
monomer imports a range of cargo proteins including the par-
athyroid hormone-related protein (25), the sterol regulatory
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element-binding protein 2 (SREBP-2) (26), the zinc finger pro-
tein Snail (27), as well as the viral proteins HIV-1 Rev (28, 29)
and HTLV-1 Rex (30). Transportin monomer, which also
belongs to the importin 8 family, imports cargo proteins such
as hnRNP Al protein (31), several kinds of histones (32) and
ribosomal proteins (33). The import process requires metabolic
energy and is propelled by a concentration gradient across the
nuclear envelope of the GTP-bound form of small GTPase Ran,
which is found at high concentrations in the nucleus (23). In
contrast, the transport of a number of other proteins is carrier
independent; these include B-catenin (34), MAPK (35, 36),
SMAD (37), STAT (38), HIV-1 Vpr (39), RCC1 (40), and PU.1
(41) all of which have been shown to translocate through the
nuclear pore complex (NPC) in the apparent absence of a car-
rier protein.

While the N-terminal ~60 amino acids of Tax has been
shown to be important for the nuclear localization of Tax (42—
44y}, there is no similarity between the amino acid sequences in
this region and those of the ather NLSs so far reported, and the
mechanism by which Tax is transported into the nucleus has
remained unclear. In the present study, we have analyzed the
nuclear import of Tax using an in vitro nuclear import assay
system which allows manipulation of the soluble components
and selective reconstitution of the nuclear import process in
vitro using exogeneous substrates. Our results demonstrate
that Tax is imported into the nucleus through the NPC by
directly interacting with components of the NPC and this is
both energy independent and does not require a carrier protein.
Notably our studies also show that Tax itself may function as a
carrier protein permitting the nuclear translocation of a number of
cellular proteins and this may in turn contribute to the dysregula-
tion of cell function which occurs in HTLV-1 infection.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—HeLa and COS7 cells were
maintained in Dulbecco’s minimal essential medium supple-
mented with 10% fetal bovine serum and penicillin/streptomy-
cin. HeLa cells were plated on 18-well printed slides (Roboz
Surgical Instrument Co., Inc., Gaithersburg, MD) for the in
vitro nuclear import assays 24 h before the experiments. COS7
cells were plated on two-well chamber slides (Nalge Nunc
International, Naperville, IL) 24 h before transfection. Cells
were transfected with 1 pg of plasmids using FuGENE6 (Roche
Diagnostics, Mannheim, Germany).

DNA Construction and Plasmids—To create mammalian
expression vectors for GFP-Tax/-Tax340/-Tax220/-Tax116/-
Tax60/-Tax55/-Tax50, cDNA sequences encoding full-length

. Tax and the series of C-terminal deletion mutants were ampli-

fied by PCR and cloned into the HindIII/Pstl sites of the
pEGFP-C1 vector (Clontech).

The bacterial expression vectors for the SV40 T antigen NLS,
GST-SV40TNLS-GFP (pGEX-SV40TNLS-GFP), GST-HA-
importin B (pGEX-HA-importin 8), GST-importin 8 (pGEX-
importin B), and His,-RanQ69L (pQE80-RanQ69L) were gifts
from Dr. S. Kose and Dr. N. Imamoto (RIKEN, Saitama, Japan).
To create the bacterial expression vectors for GST-Tax-GFP
and GST-Tax340-GFP, the SV40-T-antigen NLS coding
sequences of pGEX-SV40TNLS-GFP were swapped for the Tax

13876 JOURNAL OF BIOLOGICAL CHEMISTRY

and Tax1-340 coding sequences by utilizing BamHI/Smal sites
of the vector. To create bacterial expression vectors for GST-
Tax340-CFP and GST-YFP-Rev, Tax1-340, and CFP encoding
sequences from pECFP-C1 (Clontech) were cloned into the
BamHI and Smal sites of pGEX-2T vector (Amersham Bio-
sciences), and YFP encoding sequences from pEYFP-C1 (Clon-
tech) and HIV-1 Rev encoding sequences were cloned into the
Smal and EcoRI sites of pGEX-2T vector. To construct bacte-
rial expression vector for GST-Tax, Tax encoding sequences
were cloned into the BamHI site of pGEX-2T vector. The bac-
terial expression vectors for GST-p62FL [1-522], GST-p62N
[1-265] and GST-p62C {178 -522] were generated by cloning
relevant sequences (41) from pcDNA3.1/His-p62 vector (a gift
from Dr. N. Yaseen, Northwestern University, Chicago, IL) into
pGEX-2T vector. To construct the bacterial expression vector
expressing Hisg-p65-YFP, p65 encoding sequencing amplified
from pcDNA-p65 vector (a gift from Dr. D. Walls, Dublin City
University, Dublin, Ireland) and YFP encoding sequences
amplified from pEYFP-C1 (Clontech) vector were cloned into
the BamHI and Pst] sites of pQE80 (Qiagen) vector.
QuikChange™ site-directed mutagenesis kit (Stratagene) was
used for the creation of single amino acid mutations in Tax-
encoding sequences. .

Expression and Purification of Recombinant Proteins—All
GST and His fusion proteins were purified from Escherichia
coli strain BL21(DE) induced with 0.5 mm isopropyl-B-p-thio-
galactopyranoside for 14 h at 18 °C. Purifications were per-
formed on glutathione-Sepharose 4B beads (Amersham Bio-
sciences) for the GST fusions and on Ni-NTA agarose beads
(Qiagen) for the His fusions, according to the manufacturer’s
protocols. Tax-/TaxC23A-/TaxC29A-/TaxC36A-/TaxH41A-
GFP, Tax340-GFP/-CFP, and HA-importin 8 were cleaved
from GST by using thrombin. To obtain RanQ69L-GTP, 2 mm
EDTA, 2 mm GTP, and 5 mm MgCl, were added to His,-
RanQ69L, which had been eluted from resin and incubated for
30 min on ice. All resultant proteins were dialyzed against
transport buffer (TB; 20 mm HEPES, pH7.3, 110 mM potassium
acetate, 2 mM magnesium acetate, 5 mM sodium acetate, 0.5 mm
EGTA, 2 mwm dithiothreitol, 1 ug/m! aprotinin, leupeptin, and

- pepstatin A), and concentrated by ultrafiltration on Microcon

(Amicon), and stored at —80 °C after snap freezing.

In Vitro Nuclear Transport Assay—In vitro nuclear import
assays were performed essentially as described previously (34,
45). HelLa cells plated on glass slides were washed twice with
ice-cold TB and permeabilized with digitonin (40 ug/ml,
Sigma) in TB for 5 min on ice. Cells were then washed twice
with ice-cold TB and soaked in TB for 10 min on ice. The stand-
ard reaction mixtures contained import substrates (~1 um), an
ATP regeneration system (1 mm ATP, 5 mm phosphocreatine,
20 units of creatine kinase) as a source of energy, and rabbit
reticulocyte lysate (RRL, Promega) as a source of soluble import
factors. The import reaction was performed for 20 min at 30 °C
or onice. For the export reactions, the cells initially subjected to
the import reaction were immediately washed twice with TB
and then were incubated with testing solutions for 20 min at
30 °C to examine export. The composition of each of the reac-
tion mixtures are described in each figure legend. After the
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FIGURE 1. The N-terminal 60 amino acids of Tax are necessary for the nuclear localization of Tax. COS7
cells were transiently transfected with GFP-Tax and GFP-Tax-C-terminal deletion mutants (A) or GFP-Tax with
single amino acid mutants (8). Twenty-four hours later, cells were fixed and counterstained with DAPI. Repre-

sentative images of transfected cells were demonstrated. Scale bars, 20 um.

transport reactions, the cells were washed twice with TB fol-
lowed by fixation with 4% paraformaldehyde for 8 min at room
temperature. The cells were washed twice with TB and
mounted with 50% glycerol in TB, and examined by fluores-
cence microscopy. Fluorescent intensities in nuclei and in ran-
domly chosen areas outside the nuclei were quantified by using
Image] software (NIH).

Protein Binding Assay—Recombinant GST or GST fusion pro-
teins were incubated with HA-importin 8 or GFP fusion pro-
teins in a total volume of 100 ul in TB with 3% bovine serum
albumin. After incubation for 20 min at room temperature, 10
ul of glutathione-Sepharose 4B beads were added to the reac-
tion mixtures and incubated for 30 min at room temperature.
The bead complexes were then washed four times with 500 ul
each of TB. Bound proteins were eluted from the beads with 25
wl of 10 mm reduced glutathione and analyzed by SDS-PAGE
and immunoblotting. Inimmunoblotting, rabbit anti-GFP anti-
body (ab290, Abcam, UK) and mouse anti-HA antibody (HA-7,
Sigma) were used, and the antibody detection was performed
using the Superfemto chemiluminescent kit (Pierce).

RESULTS
The N Terminal 60 Amino Acids Are Important for the

Nuclear Accumulation of Tax—Tax has been known to localize
primarily in the nucleus in HTLV-1-infected or Tax-trans-
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fected cells (15,16,22,42-44,46).
The 60 amino acids of the N termi-
nus of Tax have been shown tobe
necessary for its nuclear localiza-
tion, as fusion of this region permits
nuclear localization of heterogene-
ous proteins, and deletion of the
region results in the complete loss of
Tax nuclear localization (42—-44).

To confirm and extend these
findings, we employed a GFP
fusion protein system as this has
been widely utilized in subcellular
localization analyses of a number
of proteins including Tax (19, 20,
47). DNA fragments encoding a
full-length Tax or a series of C-ter-
minal deletion mutants of Tax
were inserted into the C terminus
of a GFP expression vector, and
their subcellular localizations were
examined (Fig. 1A). As previously
reported, GFP with full-length
Tax localized both in the nucleus
and in the cytoplasm with a speck-
led pattern (Fig. 14) (20, 21). GFP
with C-terminal deletions (Tax340,
Tax220, Tax116, and Tax60 and as
well as Tax280; Fig. 14, and not
shown) accumulated almost exclu-
sively in the nucleus. Of note,
Tax340, a mutant with the deletion
of only the C-terminal 13 amino
acids, completely lost its cytoplasmic localization pattern. Tax
C-terminal deletion mutants shorter than Tax60 resulted in the
leakage of the fusion protein into the cytoplasm (Tax55 and
Tax50 as well as Tax45; Fig. LA, and not shown). Therefore, as
has been previously shown (42—44), it could be confirmed that
the N-terminal 60 amino acids of Tax were the minimal region
permitting the localization of the GFP fusion protein to the
nucleus. ‘

To determine which single amino acids may be critical for
the nuclear locilization of Tax, the subcellular localization of
single amino acid mutants of GFP-Tax were examined (Table 1
and Fig. 1B). We focused on the zinc finger like motif between
amino acids 23-52 and the basic amino acid cluster between
39-43, because these motifs are potential binding sites for
importin B (23, 27, 28, 30, 48). Site directed mutagenesis of
these amino acids were carried out. Among 20 mutants gener-
ated, 5 mutants (C29A, C36A, R42A, C49A, H52A) within the
N-terminal 60 amino acids exhibited a dominant distribution in
the cytoplasm (Table 1 and Fig. 1B). Taken together, our data
confirm that the zinc finger motif within the N-terminal 60
amino acids is important for the nuclear localization of Tax.

Tax Enters the Nucleus by an Energy- and Carrier-indepen-
dent Mechanism—To investigate the mechanisms by which
Tax is transported into the nucleus, an in vitro nuclear import
assay using digitonin-permeabilized cells was carried out (45).

Tax55 Tax50

» '
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Proteins larger than 40 kDa are generally transported
through the NPC by an active and receptor-mediated mech-
anism (49). The import substrates used in these studies were
full-length Tax, and the C-terminal deletion mutant Tax fused
with GFP at their C terminus (Tax-GFP and Tax340-GFP) both
of which are ~66 kDa in size and which would not be expected
to enter the nucleus by a passive diffusion, GST-SV40TNLS-

GFP was employed as a control carrier-dependent import sub-
strate. In the complete assay system, which contained both
cytosol and energy, all three substrates were efficiently
imported into the nucleus (Fig. 24, panels a, d, and g). Wheat
germ agglutinin (WGA) binds to glycosylated nucleoporins and

~ blocks nuclear transport mediated via the NPC (50, 51). In cells

treated with WGA, none of the substrates accumulated in the
nucleus (Fig. 24, panels b, e, and k). Nuclear import was also
inhibited by “on-ice” incubation (Fig. 24, panels c, f, and i).
These results indicate that the nuclear import of Tax-GFP and
Tax340-GFP are carried out by an active transport mechanism
through the active transport channels of the NPC, and not by

To further characterize the nuclear import of Tax, the effects
of the depletion of energy or cytosol from import mixtures were
examined. The depletion of energy markedly inhibited the
nuclear import of GST-SV40TNLS-GFP but had no effect on
the nuclear import of Tax-GFP and Tax340-GFP (Fig. 2B, pan-
els b, f, and j). Interestingly, Tax340-GFP was imported into the
nucleus even in the absence of cytosol. In contrast, Tax-GFP
was found also to preferentially localize to the nuclear mem-

" brane and did not have such a clear cut distribution within the

TABLE 1
Subcellular localization of GFP-Tax with single amino acid mutation
Mutation Subcellular localization
C23A wTe
C29A ct
C36A : C passive diffusion.
R39A wT
H41A wWT
R42A : C
H43A wWT
C49A C
H52A C
R62A wT
R74A WT
R82A wT
K85A WT
K88A wT
R110A WT
H127A wWT
C153A WT
C174A wWT
R190A WT

“ WT, the localization of the mutant is similar to that of GFP with wild type Tax.
# C, the mutant localizes predominantly in the cytoplasm.

A B

cytosol  + ) +
energy + ’ -
RanQ€SL - -

control WGA on ice

Tax

Tax340
Tax

O svaoTNLS
SV4OTNLS = Tax340

Tax

Tax340

nucleus compared with the C-terminal deletion mutant (Fig.
2B, panels ¢ and g). To investigate the effect of Ran on the
nuclear import of Tax, RanQ69L, a mutant Ran which is defi-
cient in GTP hydrolysis was added
to the import mixture (Fig. 2B, pan-
els d, h, and [). RanQ69L effectively
inhibited the nuclear accumulation
of GST-SV40TNLS-GFP, but not
that of Tax-GFP and Tax340-GFP.
These results indicate that Tax can
enter the nucleus without energy or
carriers including the importin 8
family proteins, which are known to
require the GTPase activity of Ran
for carrier function (23).

To determine whether the nu-
clear entry of Tax involves a facili-
tated mechanism, in vitro nuclear
import assays were carried out in
the presence of GST-Tax or GST-
importin B as unlabeled fluorescent
competitors (Fig. 2C). Both GST-
Tax and GST-importin 8 reduced
the nuclear uptake of Tax-GFP and
Tax340-GFP, indicating that the
nuclear import of Tax is saturable,

FIGURE 2. The nuclear import of Tax is carried out by a facilitated process that is independent of energy
and carriers. The nuclear import of Tax-GFP (Tax), Tax340-GFP (Tax340), and GST-SV40TNLS-GFP (SV40 T NLS)
were examined by in vitro nuclear import assay. A, digitonin-permeabilized Hela cells were incubated with 10
wl of reaction mixtures containing 0.3 um of an import substrate, ATP regeneration system, and rabbit reticu-
locyte lysate. Permeabilized cells were pretreated with 0.5 mg/ml WGA {Sigma) for 10 min at room temperature
(panels b, e and h). Theimport reactions were performed at on ice instead of 30 °C {panels ¢, fand i). B, digitonin-
permeabilized Hela cells were incubated with 10 ul of reaction mixtures containing 0.3 um of import substrate.
To eliminate triphosphoric acids, the reaction mixtures were preincubated in the presence of 0.1 units/ml
apyrase (Sigma) for 5 min at 30 °C prior to the reactions of energy-free conditions (panels b, ¢, f, g, j, and k). 5 um
RanQ69L-GTP were included in the reactions of the +RanQ69L condition (panels d, h and i). C, compositions of
import mixtures were essentially as same as that of A, panels a and d. The import mixtures contained 30 um GST
(control, panels a and d), 30 uM GST-Tax (Tax, panels b and e), and 30 um GST-importin B (Impp, panels c and f)
as competitors. Scale bars, 20 pm.
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and the import involves the specific
components of the NPC which are
also involved in interactions with
importin .

The: Nuclear Import of Tax
Involves a Direct Interaction with
the FG Repeats of Nucleoporins—As
ithas been reported that the carrier-
independent translocation of pro-
teins into the nucleus involves a
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FIGURE 3. Tax binds directly to the FG repeat region of p62 in vitro. A, scheme
of p62FL and its deletion mutants, p62N and p62C, which were used in the protein
binding assay. 8 and C, in protein binding assays, the mixtures of recombinant
proteins were allowed to immobilize on glutathione-Sepharose 4B beads, and
bound fractions were analyzed by immunoblotting. In 8, recombinant GST,
GST-p62FL, GST-p62N, and GST-p62C (0.2 um each) were mixed and incubated
with HA-ImppB, Tax-GFP, Tax340-GFP, or GFP (0.2 um each). To minimize the
differences in the elution efficiencies between all GST fusion proteins from
the beads, the total volume of the mixtures were increased to 300 ul, and the
elution step was carried out three times. In C, recombinant GST-p62N was
mixed and incubated at the indicated concentrations of HA-Impf and Tax-
GFP. FL, full-length. ImpB, importin B.

direct interaction(s) between the proteins and nucleoporins
within the NPC (23,35-38,52), we investigated whether Tax
can also interact with nucleoporins. The FG repeat containing
nucleoporins, including p62, Nup153, and Nup214/CAN have
been implicated in nuclear import and are also known to inter-
act with several importin $ family proteins (reviewed in Ref.
53). To investigate if Tax can interact with nucleoporins,
recombinant GST fused with full-length p62 and both C- or
N-terminal deletion mutants of this protein were purified and
assayed for their binding to Tax-GFP or HA-importin 8. The
C-terminal deletion mutant of p62 (p62N) contained the FG
repeat region, whereas the N-terminal deletion mutant of p62
(p62C) did not (Fig. 34). In control experiments, HA-importin
B was found to bind to “full-length” GST-p62FL and to GST-
p62N. This was also shown not to bind to GST-p62C or GST
itself (Fig. 3B). Tax-GFP and Tax340-GFP also specifically
bound to GST-p62FL and GST-p62N (Fig. 3B, right). Interac-
tions of GFP and GST or GST fusion proteins were not
observed. These results clearly show that Tax interacts with the
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FIGURE 4. The nuclear import activity of Tax is dependent on the binding
of Tax and the FG repeats of nucleoporin. The recombinant GFP fusions,
Tax-GFP (WT), TaxC23A-GFP (C23A), TaxC29A-GFP (C29A), TaxC36A-GFP
(C36A), and TaxH41A-GFP (H41A) were examined by in vitro nuclear import
assay (A) and protein binding assay (B). In A, the digitonin-permeabilized: HelLa
cells were incubated with 10 pl of reaction mixtures containing 0.3 um GFP
fusions, ATP regeneration system, and RRL. Scale bars, 20 um. In B, GST-p62N
(0.2 um) was mixed and incubated with GFP fusions (0.2 um each). The reac-

_ tion mixtures were then allowed to immobilize on glutathione-Sepharose 48

beads, and bound fractions were analyzed by immunoblotting using anti-
GFP antibody.

FG repeat region of p62 in vitro. Our studies also suggest that
Tax340 may bind p62FL with a greater affinity than wild type
Tax (Fig. 3B). However this remains to be further investigated.

To determine if Tax and importin 8 compete for the binding
to the FG repeats of p62, in vitro competition assays were car-
ried out (Fig. 3C). Only a 2.5-fold amount of importin 3 effec-
tively inhibited the binding between Tax and p62. In contrast,
as much as a 40-fold amount of Tax did not completely inhibit
the binding between importin 8 and p62. Binding between
importin B and Tax was not observed (Fig. 3C, right). This sug-
gests that Tax and importin 3 may share common docking sites
on the FG repeats of nucleoporins, but the affinity between Tax
and p62 is considerably lower than that between importin 8
and p62. To determine whether the nuclear import activity
of Tax is dependent on an interaction between Tax and
nucleoporins, the single amino acid Tax mutants, which
were found to have lost (C29A and C36A) or retained (C23A
and H41A) their nuclear localization properties (Fig. 1B),
were expressed as GFP fusion proteins, and their nuclear
import activity and binding affinity with p62 examined.
Among wild type Tax and the four mutants, the nuclear
import activities in digitonin-permeabilized cells closely
correlated with the binding affinity with p62 (Fig. 4). Specif-
ically these resuits support the proposal that the nuclear
import of Tax requires direct interactions with regions in the
nucleoporins containing the FG repeats.
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. The Nuclear Export of Tax Is Also Carrier- and Energy-
independent— A number of studies have shown that certain pro-
teins which enter the nucleus without import carriers (trans-
portin, B-catenin, and MAPK) are also known to exit the
nucleus without export carriers (35, 54—-56). This raised the
possibility that Tax may also exit from the nucleus without
export carriers, and to investigate this, we examined the export
of Tax using digitonin-permeabilized cells. Cells were firstly
incubated with import mixtures containing Tax-GFP, Tax340-
GFP, and GST-YFP-Rev as control, and subsequently washed
and incubated with export buffer. To identify the components
required for nuclear export, the export reactions were carried
out with transport buffer (Fig. 5, panels a, d, and g) or buffer
containing cytosol and energy (Fig. 5, panels b, e, and h). In
addition, the transport buffer containing WGA was used to
confirm the integrity of the nuclear membrane structures (Fig.
5, panels ¢, f, and i). The export of GST-YFP-Rev was observed
only in the presence of cytosolic factors and energy, consistent
with previous reports that the nuclear export of the HIV-1 Rev
was CRM1-dependent (Fig. 5, panel h) (57). In contrast, GST-
YFP-Rev was not exported from the nucleus under cytosol- and
energy-free conditions (Fig. 5, panel g). Tax-GFP and Tax340-
GFP were efficiently exported under the same conditions (Fig.
5, panels a and d). Quantification of the export process demon-
strated that the export efficiencies of Tax-GFP and Tax340-
GFP in the presence of cytosol and energy (Fig. 5, panels b and
e) were almost the same as that in the absence of cytosol and
energy (Fig. 5, panels a and d). These results indicate that Tax is
also able to exit the nucleus in an energy- and carrier-indepen-
dent manner.

Tax Can Transport p6S into the Nucleus—Our results have
demonstrated that Tax can enter and exit the nucleus withouta
carrier protein, and these processes are energy-independent.
Moreover, the nuclear import process appears to involve a
direct interaction between Tax and the FG repeat regions of
nucleoporins. Because these properties are also shared with
known import receptors such as the importin 3 family proteins
(58 —61), we attempted to determine if Tax can also function as
an import receptor. p65, an NF-«B family protein subunit, was
chosen as a putative cargo of Tax, because this protein has been
shown to be closely associated with Tax both in the cytoplasm
and in the nucleus. Specifically, Tax has been associated with
the release of p65 from the IkBa-p65 complex in the cytoplasm
(13), and Tax and p65 co-localize in the nucleus (14). In addi-
tion, physical binding of Tax and p65 has been reported (62, 63).
To determine whether p65 can be imported by Tax, p65 fused
with YFP (p65-YFP) and Tax340 fused with CFP (Tax340-CFP)
were expressed and used as substrates in the in vitro nuclear
import assay. In the presence of energy and cytosol, p65-YFP
was found to be distributed in both the nucleus and cytoplasm
(Fig. 6A, panel a). The nuclear import of p65-YFP was inhibited
by the addition of WGA or RanQ69L (Fig. 64, panels b and c)
and by the deprivation of cytosol in the import mixtures (Fig.
6B, panel a), all of which is consistent with the nuclear import of
p65 being carried out by the importin «/B-mediated classical
import pathway (64). Tax340-CFP was also expressed, and we
confirmed as expected that the nuclear import of Tax340-CFP
was a carrier- and an energy-independent process (data not
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FIGURE 5. Tax can be exported from the nucleus without carriers and
energy. The nuclear export of Tax-GFP (Tax), Tax340-GFP (Tax340), and GST-
YFP-Rev (Rev) were examined. The digitonin-permeabilized Hela cells were
initially incubated with 10 ul of reaction mixtures containing import sub-
strates (0.3 um Tax-GFP, 0.3 um Tax340-GFP, or 1.0 um GST-YFP-Rev), RRL, and
the ATP-regeneration system. Cells were then washed and reincubated with
transport buffer (—cytosol —energy), that containing RRL and the ATP regen-
eration system (+cytosol +energy) or that containing 0.5 mg/m! WGA (con-
trol) to examine export. To obtain optimal nuclear accumulation of GST-YFP-
Rev, all cells were pretreated with 10 nm leptomycin B for 30 min prior to
digitonin permeabilization, and 10 nm leptomycin B was also included in the
import reaction mixtures. Graph, fluorescent intensity of each nucleus was
measured after the export reactions. The mean intensity of 30-40 nuclei was
drawn. The mean intensity of nuclei incubated in the presence of 0.5 mg/ml
WGA was taken as 100%. Error bars indicated standard deviation of the results
of four independent experiments. Scale bars, 20 pm.

shown). As shown in Fig. 6B, even without the addition of cyto-
solic factors and energy, p65-YFP was localized in the nucleus
in the presence of Tax340. Moreover, p65-YFP migrated into
the nucleus even in the presence of RanQ69L and cytosol if
Tax-CFP was present in the import mixture (data not shown).
These results indicate that p65 can migrate into the nucleus not
only by the importin «/f import pathway, but also by a Tax-
mediated pathway.

DISCUSSION

A number of studies have clearly shown that HTLV-1 Tax
protein co-localizes in both the nucleus and the cytoplasm. In
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FIGURE 6. p65 can be imported into the nucleus by Tax. A, nuclear
import of p65-YFP was characterized by in vitro nuclear import assay. Dig-
itonin-permeabilized Hela cells were incubated with 10 ul of standard
import mixtures containing 0.2 um p65-YFP, ATP regeneration system,
and RRL (panel a, control). Before the incubation, permeabilized cells were
pretreated with 0.5 mg/ml WGA (Sigma) for 10 min at room temperature
{(panel b, WGA). 5 um RanQ69L-GTP was included in the standard import
mixture (panel ¢, RanQ69L). B, the nuclear import of p65-YFP was exam-
ined in the absence of cytosol and energy. The import mixtures contained
0.2 uM p65-YFP under the +p65-YFP condition (panels a, b, d, and e), and
0.5 um Tax340-CFP was under the +Tax340-CFP condition (panels b, ¢, e,
and f). The import mixtures were pretreated with apyrase (0.1 unit/ml)
prior to the import reactions. Scale bars, 20 pm.

the nucleus, Tax is observed in speckles in the so-called Tax
speckle structure (TSS) where it is involved in the transcription
of cellular genes through interactions with a number of tran-
scription factors {14 —16). In the cytoplasm, in addition to being
directly involved with NF-«B activation (reviewed in Ref. 13),
Tax co-localizes in several subcellular organelles including the

endoplasmic reticulum, the Golgi apparatus, and the microtu-

bule-organizing center (MTOC) and is believed to influence
secretion pathways and microtubule organization (21, 22).

In the present study, we have investigated the intracellular
localization of Tax and specifically the mechanisms involved in
its nuclear localization. These have clearly shown that the
nuclear import of Tax is carrier independent. Most proteins are
transported into the nucleus by forming complexes with carrier
proteins, which belong to importin 8 families with the carrier-
cargo complex subsequently translocating through the NPC
(23). However, a number of proteins have been shown to enter
the nucleus directly. These include the carrier proteins them-
selves importin B (59), transportin (54), and importin « (65), as
well as B-catenin (34), MAPK (35, 36), SMAD (37), STAT (38),
HIV-1 Vpr (39), RCC1 (40) and PU.1 (41). We have also clearly
shown that Tax requires neither energy nor Ran for its nuclear
import which is a characteristic feature of proteins with a car-
rier-independent nuclear import (34, 35,37, 39, 54). A common
feature of the carrier-independent process is the direct interac-
tion of proteins with nucleoporins in the NPC (23, 35-38, 41,
52). In the present study, we could also demonstrate a direct
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interaction between Tax and p62, one of the nucleoporins,
which is located in the central plug of the NPC suggesting that
Tax also shares this common property. It could be demon-
strated using specific Tax mutants that the nuclear import of
Tax correlated with the binding to p62 suggesting that thisis an
essential part of nuclear import. In addition, it could be shown
that the nuclear import of Tax was inhibited by an excess
amount of importin B, and that the binding between Tax and
p62 was blocked by importin 8. Taken together, the results
suggest that Tax and importin 8 bind to a common region(s) in
the nucleoporins.

Carrier- and energy-independent nuclear transport is
thought to be carried out by a process similar to the so-called
“facilitated diffusion,” which requires specific, but weak inter-
actions between the protein and nucleoporins (40, 66, 67). This
sort of transport mechanism involves minimal energy and is
thought to be driven by Brownian motion. In the case of 3-cate-
nin, the subcellular localization of the protein is thought to be
controlled by retention in either the nucleus or the cytoplasm
rather than a selective increase of import or export. Specifically,
the transcriptioh factors including T-cell factor/lymphocyte
enhancer factor (LEF/TCF) and BCL9 or the cytoplasmic pro-
teins including APC and Axin function as nuclear or cytoplas-
mic retention factors for B-catenin (68). The nuclear localiza-
tion of MAPK is also thought to be regulated by the nuclear
anchor proteins (69). Consistent with this, it is possible that the
nuclear localization of Tax might be related to retention caused
by Tax-binding proteins in the nucleus such as p65 and CBP,
which serve as a bridge between the nucleosome and Tax. Cyto-
plasmic localization could involve immobile structures such as
the MTOC and cytoskeleton to which Tax can bind directly or
indirectly. One important observation in our study was that
Tax340 was imported into the nucleus-efficiently without
cytosol and energy, but wild type Tax was imported efficiently
only in the presence of cytosol. Itis likely that the C-terminal 13
amino acids, which we have shown to be associated with the
cytoplasmic distribution of Tax may serve as part of a “cytoplas-
mic retention signal.” In the absence of cytosol, the C terminus
of Tax could be sequestered by immobile structures in the cyto-
plasm, and in the presence of cytosol, Tax would be released
from the cytoplasmic retention by the protein binding to the C
terminus of Tax and permitting translocation through the
NPC. It is also possible that Tax340 may have a greater binding
affinity for the NPC compared with wild type Tax facilitating
nuclear localization but this will require further detailed inves-
tigations. These and other studies are underway to further
examine the importance of the C-terminal region in the local-
ization of Tax.

The mechanisms of the nuclear export of Tax also remain to
be defined. It was recently shown that under UV stress condi-
tions, Tax was exported from the nucleus by an interaction with
the carrier protein CRM1, on the basis that this was inhibited by
leptomycin B (70). In contrast, under normal culture condi-
tions, the nuclear export of Tax was found to be insensitive to
leptomycin B (20, 70). As we demonstrated that the addition of
exogenous transport factor and energy did not facilitate the
nuclear export of Tax, it appears that Tax can exit the nucleusin
a carrier and energy independent manner and this may account
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