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Abstract

We and others previously showed that, in some lines of prion protein (PrP)-knockout mice, the downstream PrP-like protein (PrPLP/Dpl) was
abnommally expressed in brains partly due to impaired cleavage/polyadenylation of the residual PrP promoter-driven pre-mRNA despite the presence
of a poly(A) signal. In this study, we newly established an in vitro transient transfection system in which abnormal expression of PrPLP/Dpl can be
visualized by expression of the green fluorescence protein, EGFP, in cultured cells. No EGFP was detected in cells transfected by a vector carrying a
PrP genomic fragment including the region targeted in the knockout mice intact upstream of the PrPLP/Dpl gene. In contrast, deletion of the targeted
region from the vector caused expression of EGFP. By employing this system with other vectors carrying various deletions or point mutations in the
targeted region, we identified that disruption of the splicing elements in the PrP terminal intron caused the expression of EGFP. Recent lines of
evidence indicate that terminal intron splicing and cleavage/polyadenylation of pre-mRNA are functionally linked to each other. Taken together, our
newly established system shows that the abnormal expression of PrPLP/Dpl in PrP-knockout mice caused by the impaired cleavage/polyadenylation
of the PrP promoter-driven pre-mRNA is due to the functional dissociation between the pre-mRNA machineries, in particular those of cleavage/
polyadenylation and splicing. Our newly established in vitro system, in which the functional dissociation between the pre-mRNA machineries can be
visualized by EGFP green fluorescence, may be useful for studies of the functional connection of pre-mRNA machineries.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Intergenic splicing; In vitro system; Purkinje cell degeneration; Fluorescent protein

—_— ) . ) . 1. Introduction

Abbreviations: PrP, prion protein; PrPLP/Dpl, PrP-like protein/Doppel; bp,
base pair; PCR, polymerase chain reaction; nt, nucleotides; EGFP, enhanced . X i R .
green fluorescence protein; UTR, untranslated region; ORF, open reading frame; Prnd is a recently identified gene encoding the first prion

DMEM, Dulbecco’s Modified Eagle Medium; RACE, rapid amplification of ~ protein (PrP)-like protein, PrPLP/Doppel (Dpl), locating 16-kb
c¢DNA ends; HCMV, human cytomegalovirus; RNP, ribonucleoprotein; PAP, downstream of the PrP gene, Prnp (Moore etal., 1999; Li et al.,
poly(A) polymerase; CPSF, cleavage/polyadenylation specificity factor. 2000a). Prnd is actively expressed in the testis, heart, skeletal
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Research, The University of Tokushima, 3-18-15 Kuramoto-cho, Tokushima muscle, and spleen, but nOt. in the b.ram, _whereas Prnp is the
770-8503, Japan. Tel.: +81 88 633 7438; fax: +81 88 633 7440. most abundantly expressed in the brain (Li et al., 2000b). Male

E-mail address: sakaguch@jer.tokushima-w.ac.jp (S. Sakaguchi). mice devoid of PrPLP/Dpl were shown to be infertile due to
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abnommal development of sperm, indicating that PrPLP/Dpl is
important for spermatogenesis (Behrens et al., 2002).

We and others found that PrPLP/Dpl is toxic when
ectopically expressed in neurons deficient for the cellular PrP
(PrP) Moore et al., 2001; Anderson et al., 2004; Yamaguchi et
al., 2004). Some lines of mice devoid of PrPC (Prmp®®),
including Ngsk Prnp®°, Rem0 Prnp®, and Zrch I Prnp®°,
developed ataxia and Purkinje cell degeneration due to the
ectopic expression of PrPLP/Dpl in neurons, but others, such as
Zrch 1 Prnp® and Npu Prnp™®, showed neither the ectopic
expression of PrPLP/Dpl nor such neurological abnormalities
(Bueler et al., 1992; Manson et al., 1994; Sakaguchi et al., 1996;
Moore et al., 1999; Rossi et al., 2001). In the ataxic lines of
Prnp®® mice, Prnd was aberrantly regulated under the control
of Prnp promoter and thereby ectopically expressed in the
brain, especially in neurons, where the Prnp promoter is very
active (Moore et al., 1999; Li et al.,, 2000a). The ectopically
expressing PrPLP/Dpl mRNAs were chimeric, comprising the
residual Prap non-coding exons 1 and 2 at the 5’ end followed
by the Prnd-coding exons, due to an abnommal intergenic
splicing taking place between Prnp and Prnd (Moore et al.,
1999; Li et al., 2000a). The mechanism of how Prnd became
abnormally regulated under the control of the Prnp promoter in
the ataxic lines of Prnp®® mice remains to be studied.

In wild-type mice, PrP pre-mRNA is normally cleaved and
polyadenylated at the end of Prnp. However, in ataxic lines of
Prnp” mice, the pre-mRNA was unsuccessfully cleaved and
polyadenylated at the end of Prap, resulting in its elongation until
the end of downstream Prnd (Moore et al., 1999; Liet al., 2000a),
indicating that the abnormal regulation of Prnd in these mice
could be in part attributable to the impaired cleavage/polyadeny-
lation of Prnp pre-mRINA. A polyadenylation signal is essential
for the pre-mRNA cleavage/polyadenylation processes. Howev-
er, the polyadenylation signal of Prap and its flanking sequences
are intact in two ataxic lines of Ngsk Prnp®® and Rem0 Prnp™’
mice. It is recently believed that the pre-mRNA processes,
including acquisition of a cap structure at the 5’ end, splicing out
of introns, and cleavage/polyadenylation at the 3’ end, are
functionally linked to each other during transcription (Steinmetz,
1997; Proudfoot et al., 2002; Komnblihtt et al., 2004). In particular,
the cleavage/polyadenylation processes are strongly influenced
by splicing of the terminal intron. In the ataxic lines of Prnp™®
mice, a part of the Prap terminal intron including the elements
important for splicing, such as a splice branch point, a
polypyrimidine tract, and a splice acceptor, is commonly targeted
as well as the subsequent half of the last exon (Sakaguchi et al.,
1995; Moore et al., 1999; Rossi et al., 2001). Thus, distuption of
these splicing elements due to deletion of intron 2 could cause
functional dissociation between splicing and cleavage/polyade-
nylation for the Prnp pre-mRNA in the ataxic lines of Prap™
mice, resulting in the impaired cleavage/polyadenylation of the
pre-mRNA. It is altematively possible that deletion of the exonic
sequences in Prap might disturb the cleavage/polyadenylation
processes for the Prnp pre-mRNA.

In the present study, we established an in vitro transient
transfection system in which abnormal expression of PrPLP/
Dpl can be visualized by expression of the green fluorescence
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protein, EGFP, in cultured cells. Using this system, we
identified that the abnormal expression of PrPLP/Dpl could
be attributed to the functional disconnection between splicing
and cleavage/polyadenylation processes. These results indicate
usefulness of our newly established in vitro system for
studying the functional connection of pre-mRNA machineries
because the functional dissociation between the pre-mRNA
machineries can be easily visualized by EGFP green
fluorescence.

2. Materials and methods
2.1. Expression vectors

2.1.1. pPrPwild

The 488- and 2688-bp genomic fragments of Prnd,
spanning nucleotides (nt) 35,716 to 36,204 (GenBank
accession no. U29187) and nt 36,712 to 39,400, respectively,
were first amplified from mouse genomic DNA using
polymerase chain reaction (PCR; Advantage ¢cDNA PCR
KIT, Clontech, California, USA) with appropriate sets of a
primer pair. The former, corresponding to a part of intron 1 and
an entire 5’ untranslated region (UTR) of Prnd, possessed the
Sal 1 and Nhe I enzyme sites at the 5’ and 3’ ends, respectively.
The latter, consisting of an entire 3’ UTR and the downstream
intervening sequence, had the BamH I and Mlu I sites at its 5’
and 3’ ends, respectively. These fragments were ligated with
the enhanced green fluorescence protein (EGFP)-coding Nhe
I-BamH 1 insert of pEGFP-C1. (Clontech) in such a way that
the EGFP insert was flanked by the genomic fragments, and
cloned into the Sal I and Mlu I sites of a pDON-AI plasmid
(Takara, Tokyo, Japan) with a newly created Mlu I site at the
multiple cloning site, yielding the plasmid pPmd-EGFP. Next,
two Prnp genomic DNAs, the 806-bp fragment from nt 18,861
to 19,667 encompassing a part of intron 2 and an entire 5 UTR
of exon 3 and the 1699-bp DNA from nt 20,442 to 22,140
consisting of an entire 3/ UTR and the downstream intervening
sequence, were amplified by PCR. The former possessed the
artificial Spe I and BamH I enzyme sites at the 5’ and 3’ ends,
respectively, and the latter contained the Not I and Sal [ sites at
the 5/ and 3’ ends, respectively. These fragments were ligated
with the DsRed-coding BamH I-Not 1 insert of pDsRed1-NI
(Clontech) in such a way that the insert was flanked by the two
genomic fragments, and cloned into the Spe [ and Sal I sites of
pPmd-EGFP, resulting in pPrPwild.

2.1.2. pPrP5'targeted

The 750-bp (from nt 18,661 to 19,411) fragment of Prnp
intron 2, containing Spe I and BamH 1 sites at the 5" and 3’ ends,
respectively, was generated by PCR with a primer pair, and then
placed for the corresponding fragment in pPrPwild, resulting in
pPrP5'targeted.

2.1.3. pPrPint2(-3), pPrPint2(-26), pPrPint2(-50)

The Prnp intron 2 containing either 3-bp from nt 19,664 to
19,666, 26-bp from nt 19,641 to 19,666, or 50-bp from nt
19,617 to 19,666, together with the 5/ UTR of exon 3 and the
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DsRed open reading frame (ORF), was amplified by PCR with
a primer pair using pPrPwild as a template. Bg/ I and Not |
sites were introduced at the 5’ and 3’ ends of each fragment,
respectively. These amplified fragments were placed for the
corresponding fragment in pPrP5’targeted, respectively, yield-
ing pPrPint2(-3), pPrPint2(-26) and pPrPint2(-50).

2.1.4. pPrP3'targeted and pPrPtargeted

A genomic fragment from nt 20,893 (corresponding to the
EcoR 1 site in Prnp exon 3) to 22,140, encompassing a part
of 3’ UTR and the downstream intervening sequence, was
amplified by PCR using pPrPwild as a template with primers,
each containing the Not I or Sal I recognition sequences. This
amplified fragment was placed for the corresponding Not I-Sal
I fragment in pPrPwild, producing a pPrP3’targeted plasmid.
Moreover, pPrPtargeted was constructed by replacing this
amplified fragment with the corresponding fragment in pPrP5’/
targeted.

2.1.5. pPrPint2(-26)AG, pPrPint2(-26)Br, pPrPint2(-26)Br2 x,
pPrPint2(-26)AGBr2 x

To construct these vectors, point mutations were introduced
using a QuickChange Site-Directed Mutagenesis Kit (Stratagen,
La Jolla, CA) using pPrPint2(-26) as a template. The mutations
were verified by DNA sequencing.

2.2. Transfection and fluorescent microscopic analysis

Plasmids were transfected into mouse neuroblastoma N2a
cells, which were maintained at 37 °C under 5% CO; in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum. 2% 10° cells were plated in one
well of a 6-well plate and transfected by plasmids using Lipo-
fectamin 2000 reagent (Invitrogen life technologies, Carlsbad,
CA) the next day, as recommended by the manufacturer. Cells
were inspected 48 h after transfection by fluorescence
microscopy.

2.3. 3’ Rapid amplification of cDNA ends (RACE)

Total RNA was isolated from the cells 48 h after transfection
using a Trizol reagent (Invitrogen life technologies). 1 pg of
total RNA was subjected to first strand cDNA synthesis with
Oligo dT-3 sites Adaptor Primer using the 3’-Full RACE Core
Set (Takara) according to the manufacturer’s recommendations.
The synthesized cDNAs were subsequently amplified directly
by PCR using the R-U5-3* primer, 5’-AGTGATTGACTACCC
GTCAGCGGGGGTC-3’, and the 3 sites Adaptor Primer, 5'-
CTGATCTAGAGGTACCGGATCC-3'.

2.4. DNA sequencing

DNA sequences were determined by the chain termination
reaction method using Texas Red ‘labeled specific primers
(Amersham) and the ThermoSequenase premixed cycle se-
quencing kit (Amersham) according to the manufacturer’s
recommendations.

_.6‘]_

3. Results and discussion

3.1. Establishment of an in vitro transient transfection system
to easily detect abnormal expression of PrPLP/Dpl by EGFP
fluorescent protein

To establish an in vitro transient transfection system, in
which the intergenic splicing-mediated abnormal expression of
PrPLP/Dpl in ataxic lines of Prnp®” mice can be mimicked in
cultured cells, we first constructed two expression vectors,
termed pPrPwild and pPrPtargeted. pPrPwild contained a part
of Prnp genomic DNA including 816-bp of the 3’ part of intron
2, the entire exon 3, and the 3/ intervening sequence, followed
by a Prnd genomic fragment comprising intron 1, exon 2,
intron 2, exon 3 and the 3/ intervening sequence (Fig. 1B). In
this vector, transcription is engineered to start from the
upstream vector-derived exon under the control of the
immediate early gene promoter of human cytomegalovirus
(HCMV) and terminate at the end of Prnp exon 3 using its
native poly(A) signal (Fig. 1B). We also replaced the Prnp- and
Prnd-coding sequences with those of the fluorescent proteins,
DsRed and EGFP, respectively (Fig. 1B), to easily detect
expression of the Prnp- or the Prnd-coding exon under
fluorescence microscopy. pPrPtargeted lacks the same Prnp
region as in the ataxic lines of Prnp™® mice, including 250-bp
of intron 2, 10-bp of the 5’ UTR, the entire PrP ORF, and 450-
bp of the 3/ UTR (Fig. 1A and B).

We then transfected these vectors into mouse N2a neuro-
blastoma cells and carried out a fluorescent microscopic
examination 48 h after transfection. We also characterized the
transcripts expressed from the vectors in these transfected cells
by a 3’ RACE cloning technique and subsequent DNA se-
quencing. The pPrPwild-transfected cells produced DsRed
fluorescence alone (Fig. 1C). No EGFP expression could be
detected in these cells (Fig. 1C). 3/ RACE of the total RNA
extracted from these transfected cells revealed several distinct
bands, including one major and a few minor bands, on an
agarose gel (Fig. 2A). We cloned the major band and determined
its DNA sequence. The major transcript consisted of the vector-
derived exon and Prnp exon 3 followed by a poly(A) tail
(Fig. 2B), indicating that transcription was started from the
vector-derived exon, terminating at the end of the Prnp exon
3, being subjected to splicing between these two exons. In
contrast, pPrPtargeted produced only green EGFP but not
DsRed fluorescence in the cells (Fig. 1C). 3' RACE of these cells
produced one major and a few minor bands on an agarose gel
(Fig. 2A). DNA sequencing of the major band showed that it
comprised the vector-derived exon and the downstream Prnd
exons (Fig. 2B), indicating that the pre-mRNA started from the
vector-derived exon was unsuccessfully terminated at the end of
the Prnp terminal exon 3, elongated to the Prnd terminal exon 3,
and subsequently underwent aberrant splicing between the
vector-derived exon and the Prnd exons 2 and 3. This abnormal
processing of the pre-mRNA expressed from pPrPtargeted in
N2a cells is very similar to that for the targeted Prnp allele in the
ataxic lines of PrnpO/  mice (Moore et al., 1999; Lietal., 2000a),
whereas the processing for the pre-mRNA in the cells transfected
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by pPrPwild is similar to that in wild-type mice. These results  sequences commonly targeted in the ataxic lines of Prnp™” mice
indicate that our newly established in vitro transient transfection (Sakaguchi et al., 1995; Moore et al., 1999; Rossi et al., 2001), it
system could reproduce the abnormal expression of PIPLP/Dpl s conceivable that the abnormal expression of PrPLP/Dpl in the
in the ataxic lines of PrnpO/ ? mice in cultured cells by expression ataxic lines of Prmp®° mice is very likely due to deletion of a cis-
of EGFP fluorescent protein. Since pPrPtargeted lacks the Prnp  element(s) present in the commonly targeted Prnp sequences.
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Fig. 2. (A) 3’ RACE of N2a cells 48 h after transient transfection of pPrPwild, pPrPtargeted, pPrP3'targeted, and pPrP5targeted. Several distinct bands including one
major band (indicated by arrow heads) are visible in each lane. (B) Schematic structures of the major transcripts expressed in the transfected N2a cells. These structures
were determined on the basis of the DNA sequence of each major band. All poly(A) signals are native. AAAA indicates a poly(A) tail. R-U5-3* is a primer used for 3*
RACE. :

and pPrP5'targeted into N2a cells. pPrP3’targeted expressed DsRed
but not EGFP fluorescence in N2a cells 48 h after transfection
(Fig. 1C). 3’ RACE and DNA sequencing showed that the major
transcript expressed in these cells was composed of the vector-
derived exon and the Prnp exon 3, similar to that in pPrPwild-
transfected cells (Fig. 2A and B). This compositional similarity of

3.2. Abnormal expression of PrPLP/Dpl assessed in the in vitro
transient transfection system with vectors carrying various
deletions in the upstream Prnp sequence

To employ our newly established i vifro system to investigate
the genetic mechanism of the abnormal expression of PrPLP/Dpl in

the ataxic lines of Prnp”° mice, we constructed two other vectors,
pPrP3’targeted and pPrP5’targeted. pPrP3 targeted lacks 450-bp of
the Prmp 3’ UTR whereas pPrP5'targeted lacks 249-bp of intron 2
and 10-bp of the 5’ UTR (Fig. 1B). We transfected pPrP3 targeted

the transcripts indicates that the pre-mRNAs expressed from
pPiPwild and pPrP3’targeted are similarly processed in these
transfected cells. Since pPrP3'targeted lacks the commonly targeted
Prnp 3’ UTR, deletion of this part is unlikely to be involved in the

Fig. 1. (A) Prap alleles in wild-type, Ngsk Prnp™, Rem0 Prap®?, and Zrch 1 Prap®° mice. In Ngsk Prnp™® mice, a 2.1-kb Prip genomic DNA comprising 900-bp of

intron 2, 10-bp of the 5’ UTR, an entire PrP ORF, and 450-bp of the 3’ UTR was replaced with a neomycin cassette (Sakaguchi et al., 1995). A similar part of Prnp was
targeted in Rem0 Prap™® mice (Moore etal., 1999). In Zrch II Prip™ mice, the Prnp genomic region consisting of 250-bp of intron 2, the entire exon 3, and 600-bp of
the downstream intervening sequence was deleted (Rossi et al., 2001). Thus, 250-bp of intron 2 and a subsequent part of exon 3 including 10-bp of the 5’ UTR, the ORF,
and 450-bp of the 3’ UTR are commonly targeted. (B) Schematic structures of the expression vectors, pPrPwild, pPrPtargeted, pPrP3’targeted, and pPrP5‘targeted.
pPrPwild was constructed by ligation of a PrP genomic fragment, including part of intron 2, exon 3, and the 3’ downstream sequence, and a PrPLP/Dpl genomic fragment
including a part of intron 1, exon 2, intron 2, exon 3 and the 3’ downstream sequence in tandem under the control of the HCMV IE promoter. Each exon 3 contains a native
poly(A) signal. The ORFs for PrP and PrPLP/Dpl are replaced with those for DsRed and EGFP, respectively. pPrPtargeted lacks the same part of Prnp as in the ataxic
lines of Prinp™ mice as indicated by the dotted square. pPrP3'targeted lacks 450-bp of the PrP 3’ UTR and pPrP5'targeted lacks 250-bp of intron 2 and 10-bp of the 5'
UTR. (C) Fluorescent microscopic photographs of mouse neuroblastoma N2a cells 48 h after transient transfection with pPrPwild, pPrPtargeted, pPrP3'targeted, and
pPrP5’targeted.
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abnormal regulation of Prad in the ataxic lines of Prap® mice. In
contrast, pPrP5'targeted showed green EGFP fluorescence in the
cells (Fig. 1B) and expressed the major transcript consisting of the
vector-derived exon that was aberrantly spliced to the downstream
Prnd exon 2 (Fig. 2A and B), similar to pPrPtargeted (Fig. 1B).
These results indicate that our newly established in vitro transient
transfection system is highly feasible to investigate the genetic
mechanism of the abnormal expression of PrPLP/Dpl in the ataxic
lines of Prnp”° mice. pPrP5'targeted lacks 249-bp of intron 2 and
10-bp of the 5’ UTR. Thus, it is suggested that deletion of either
249-bp of intron 2 or 10-bp of the 5 UTR or both in Prp is
responsible for the abnormal expression of downstream Prnd in the
ataxic lines of Prap™ mice.

We further employed the in vitro system with several additional
vectors, which were constructed by sequentially deleting 249-bp of
intron 2 from the 5’ end. pPrPint2(-3) possesses only 3-bp of intron
2, including a splice acceptor of dinucleotides AG, and the
subsequent 10-bp of the 5’ UTR (Fig. 3A). N2a cells transfected by
this vector expressed EGFP, similar to those of pPrPtargeted and
pPrP5'targeted (Fig. 3B), indicating that deletion of Prap intron 2
is responsible for the abnormal expression of Prnd-coding exon in
the transfected cells. In contrast, pPrPint2(-26) and pPrPint2(-50),
containing 3’ 26- and 50-bp of intron 2, respectively, together with
10-bp of the 5/ UTR, exhibited DsRed signals in the cells (Fig. 3A
and B). These results indicate that the unsuccessful cleavage/
polyadenylation-mediated abnormal expression of Prnd-coding
exon in the transfected cells is attributable to deletion of at least
the 3’ 26-bp of Prnp intron 2. It is also suggested that lack of the

A
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same sequence in Prmp is responsible for the abnormal expression
of PrPLP/Dpl in the ataxic lines of Prrnp®® mice.

3.3. The in vitro transient transfection system visualizes the
Jfunctional disconnection of the pre-mRNA machineries under-
lying the abnormal expression of PrPLP/Dpl

Within the 26-bp intronic sequence, various elements
important for pre-mRNA splicing, including a splice branch
point, a polypyrimidine tract, and a splice acceptor are present.
To investigate whether disruption of these elements could be
involved in the impairment of pre-mRNA cleavage/polyadeny-
lation at the end of Prap leading to EGFP expression, we
introduced various point mutations into the splice acceptor and/
or the branch point in pPrPint2(-26). pPrPint2(-26)AG, carrying
a G to T mutation in both the authentic splice acceptor AG and
the adjacent downstream cryptic AG in the 5’ UTR, showed
expression of EGFP in the cells (Fig. 4A and B). pPrPint2(-26)
AGBr2x including mutations in all of these branch points and
splice acceptors similarly expressed EGFP in the cells (Fig. 4A
and B). These results clearly indicate that disruption of the splice
acceptor in Prap intron 2 caused expression of the downstream
EGFP-coding exon. In contrast, pPrPint2(-26)Br carries an A to
T mutation at the authentic branch point and expressed DsRed in
the transfected N2a cells (Fig. 4A and B). Similar DsRed
expression was observed in the cells transfected by pPrPint2(-
26)Br2x, which contained an additional A to G mutation at the 2-
bp downstream cryptic branch point (Fig. 4A and B). Therefore,

pPrPint2(-3}) cagatcagtcatc

pPIPint2(-26) ctgataccttgttecteattttgecagatcagtoate

pPrPint2(-50)

gaccttcagecettaaatactgggeactgataccttgttectcarttgecagateagtcate

> <
PrP intron 2 Pri® exon 3
B pPrPint2(-3) pPrPint2(-26) pPrPint2(-50)
- - -
- - -

Fig. 3. (A) Nucleotide sequences of PrP intron 2 and exon 3 in pPrPint2(-3), pPrPint2(-26), and pPrPint2(-50). Italic letters are nucleotides in exon 3. (B) Fluorescent
microscopic photographs of N2a cells 48 b after transient transfection with pPrPint2(-3), pPrPint2(-26), and pPrPint2(-50).
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pPIPInt2(-26)

PrP intron 2
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PP exon 3

ctgataccttgttcctcatittgcagatcagtcate

. / polypyrimidine tract | cryptic splice acceptor
authentic branch point authentic splice acceptor
cryptic branch point

pPrPint2(-26)Br

ctgttaccttgttcctcattttgecagatcagteate

pPrPint2(-26)Bra2x

ctggtgecttgttectcattttgcagatecagtecate

pPrPint2(-26)AG

ctgataccttqttcctcattttqcat% tcattcatc

PPrPint2(-26)AGBI2x ctggtgccttgttectcattttgcatatcattcate

pPrPint2(-26)Br pPrPint2(-26)Br2x

DSFkad- - - -
EGFF'- -

Fig. 4. (A) Point mutations introduced in the splice elements of pPrPint2(-26)Br,

pPrPint2(-26)AG  pPrPint2(- 26)AGBr2x

pPrPint2(-26)Br2x, pPrPint2(-26)AG, and pPrPint2(-26)AGBr2x. Nucleotide

sequences in PrP intron 2 and exon 3 of pPrPint2(-26) are shown, including authentic and cryptic branch points, splice acceptors and a polypyrimidine tract. Mutated
nucleotides are shown in bold letters. (B) Fluorescent microscopic photographs of N2a cells 48 h after transient transfection with pPrPint2(-26)Br, pPrPint2(-26)Br2x,

pPrPint2(-26)AG, and pPrPint2(-26)AGBr2x.

it appears that lack of the functional branch point is unlikely to
be involved in the abnommal expression of Prnd. However,
pPrPint2(-3), which possesses the splice acceptor but lacks the
branch point and polypyrimidine tract, expressed EGFP in N2a
cells (Fig. 3B), indicating that deletion of the branch point or
polypyrimidine tract might also be responsible for the ex-
pression of EGFP. It is thus possible that the expression of
DsRed in the cells transfected by pPrPint2(-26)Br or pPrPint2(-
26)Br2x is due to the presence of other functional cryptic
branch points. Taken together, these results indicate that
collapse in the integrity of splicing machineries could be
responsible for the expression of EGFP in the cells by causing
the impaired cleavage/polyadenylation of pre-mRNA. It is
recently believed that splicing of the terminal intron is
functionally linked to the cleavage/polyadenylation of pre-
mRNA during transcription (Steinmetz, 1997; Proudfoot et al.,
2002; Kornblihtt et al., 2004). It is therefore very likely that the
functional disconnection of pre-mRNA machineries, in partic-
ular those of splicing and cleavage/polyadenylation, underlies
the abnormal expression of PrPLP/Dpl in the ataxic lines of
Prnp”° mice. More importantly, these results indicate that our
established in vitro transient transfection system is very useful
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to easily detect the functional disconnection of the pre-mRNA
machineries from the expression of the EGFP fluorescent
protein under fluorescence microscopy.

Splicing is mediated by a large molecular complex,
splicesome, consisting of small nuclear ribonucleoproteins
(snRNPs) and non-RNP splicing factors of a SR protein family
(Proudfoot et al., 2002). The cleavage/polyadenylation of pre-
mRNA is also regulated by various factors, including poly(A)
polymerase (PAP), cleavage/polyadenylation specificity factor
(CPSF), and cleavage stimulatory factor (Wahle and Ruegseg-
ger, 1999; Proudfoot et al., 2002). U2AF is a dimeric splicing
factor, interacting with the splice acceptor and polypyrimidine
tract and helping recruit the U2 snRNP to the branch point
together with a branch point binding protein (Vagner et al,,
2000). It has been shown that PAP can interact with the large
subunit of U2AF, U2AF65, and stimulate pre-mRNA splicing in
vivo (Vagner et al., 2000). It was also reported that U2AF65
increased 3’-end cleavage efficiency (Millevoi et al., 2002). Itis
therefore conceivable that U2AF is a key molecule functionally
connecting splicing and cleavage/polyadenylation. However,
the molecular mechanism of how the pre-mRNA machineries are
functionally connected to each other remains to be investigated.
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Thus, our newly established in vitro transient transfection system
might be employed to investigate the mechanism of the functional
connection between the pre-mRNA machineries.

Recently, it has been shown that some viral proteins can
disturb the function of pre-mRNA machineries by interacting
with their components. Influenza virus NS1 protein was shown
to inhibit cleavage/polyadenylation processes of cellular pre-
mRNA by interacting with the 30 kDa subunit of CPSF
(Nemeroffet al., 1998). Shimizu et al. subsequently reported that
transcripts for the major heat shock protein HSP70, and B-actin
were elongated due to the insufficient cleavage of these
corresponding pre-mRNAs in influenza virus-infected cells
(Shimizu et al., 1999). It was also shown that Epstein—Barr virus
protein nuclear antigen 5 could inhibit cleavage/polyadenylation
of cellular preemRNA (Dufva et al., 2002), and that human
cytomegalovirus infection altered splicing and polyadenylation
of cellular pre-mRNA (Adair et al., 2004). Interestingly, it was
shown that Tgat, an oncogenic protein, was newly generated
probably due to the impaired -pre-mRNA processing in adult
T-cell leukemia, the disease caused by human T-cell leukemia
virus (Yoshizuka et al., 2004). Therefore, our newly established
system may also be applied to elucidation of the molecular
pathogenesis of pathological conditions.

3.4. Conclusions

In this study, we newly established an in vitro transient
transfection system in which the functional disconnection of
the pre-mRNA machineries could easily be detected by the
expression of EGFP fluorescent protein under fluorescence
microscopy. Employing this system, we showed that the
abnormal expression of PrPLP/Dpl in ataxic lines of Prnp®’
mice can be visualized by expression of the green fluorescence
protein EGFP in cultured cells, and identified that the abnormal
expression of PrPLP/Dpl is probably due to functional
disconnection between the pre-mRNA machineries, in partic-
ular those of splicing and cleavage/polyadenylation. Therefore,
our newly established in viro system might be useful to
investigate the molecular mechanisms of the functional
connection between the pre-mRNA machineries in normal
and pathological conditions.
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Abstract

Constitutive activity of NF-xB is associated with various human cancers including adult T-cell leukemia (ATL). In this study, we have
found Tgat that activates NF-kB by screening a cDNA expression library derived from ATL cells. We previously identified Tgat as the
oncogene, which consists of the Rho-guanine nucleotide exchange factor (Rho-GEF) domain and the unique C-terminal region, as a
consequence of alternative splicing of the Trio transcript. Tgat activated the IKK activity by binding with the IxB kinase (IKK) complex.
The Tgat mutants lacking the C-terminal region failed to associate with the IKK complex suggesting an essential role of the unique
sequence. The mutation causing the loss of GEF activity also abolished the NF-kB activation. Moreover, co-expressed p100 was efficient-

ly processed into p52 in the Tgat-expressing cells, suggesting the co-involvement of non-canonical pathway.

© 2007 Elsevier Inc. All rights reserved.

Keywords: NF-xB; Tgat; Rho-GTPase; Trio; HTLV-1; Tax; ATL

Accumulating evidences have indicated a role of NF-xB
in tumorigenesis. A number of other viral proteins might
be oncogenic interacting with IKK complex and cause
NF-xB activation. For instance, the Epstein-Barr virus
(EBYV), implicated in lymphoid and epithelial malignancies
such as Burkitt’s lymphoma and Hodgkin’s disease, post-
transplant lymphoma, gastric carcinoma, and nasopharyn-
geal carcinoma, induces persistent NF-xB activation med-
iated by latent membrane protein 1 (LMP-1) and EBV
nuclear antigen-2 (EBNA-2) [1,2]. Kaposi’s sarcoma-asso-
ciated herpes virus (KSHV), the causal agent of Kaposi’s

Abbreviations: NF-xB, nuclear factor-xB; HTLV-1, human T-lympho- -

tropic virus type 1; ATL, adult T-cell Leukemia; Tgat, trio-related
transforming gene in ATL tumor cells; GEF, guanine nucleotide exchange
factor; IKK, IxB kinase.
" Corresponding author. Fax: +81 95 849 7060.
E-mail address: ryozo@nagasaki-u.ac.jp (R. Moriuchi).
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sarcoma, primary effusion B cell lymphomas, and multi-

- centric Castleman’s disease, has been shown to transform

the infected cells through p21-activated kinase 1 (Pak 1)
mediated NF-«B activation (3]. Another example is human
T-lymphotropic virus type-1 (HTLV-1), which causes adult
T-cell leukemia (ATL). The pX region of HTLV-1 encodes
a transcriptional transactivator Tax, which activates
expression of HTLV-1 long terminal repeat (LTR) through
a DNA element that resembles the cellular cyclic AMP-reg-
ulated enhancer (CRE) [4]. The Tax also activates NF-xB,
and the activation has been shown to be indispensable for
transformation of rat fibroblasts in vitro [5). However, Tax
is barely detectable in ATL cells freshly isolated from
patients. Tax expression in ATL cells is often abolished
by genetic mutation in the rax gene, deletion of the 5’
LTR [6,7] or hyper-methylation of the promoter/enhancer
region in 5 LTR [8]. Moreover, the NF-kB subunits
activated in the leukemic cells is different from those in
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Tax-expressing cell lines; the NF-xB binding activity in
ATL cells consists of p50/p65 heterodimer and p50/p50
homodimer, whereas Tax-expressing T-cell lines mostly of
p50/c-Rel [9]. The molecular mechanism responsible for
the constitutive NF-xB activation in ATL cells remains
unknown. ,

In this study, we identify Tgat as the molecule with the
potential to activate NF-xB by screening cDNA expression
library derived from freshly isolated ATL cells. This report
also demonstrates that the features of NF-xB activation by
Tgat mimic those observed in ATL cells.

Materials and methods

DNA constructs. Methods of ¢cDNA library construction and Tgat
mutants (TgatAC, TgatPH2, and TgatGEFdead) generation were as
described previously [10]. For mutants construction, PCR-amplified DNA

. fragments encoding Rho-GEF domain were ligated into pDON-AI con-
taining PH2 coding sequence of Trio gene. Site-directed mutagenesis was
applied to construct 7gatGEFdead that lacked Rho-GEF activity.
Nucleotide sequence of each construct was confirmed by DNA sequenc-
ing. pIL-2Ra-Luc contains the luciferase gene under the control of five
tandem copies of the NF-«B binding sequence of the IL-2Ra gene
(GGGAATCTCC).

Transient transfection of 2937 cells and the NF-x B reporter gene assay.
293T cells, seeded at 5 x 10* cells per well 24 h prior to transfection, were
transfected in 24-well plates by calcium phosphate co-precipitation. To
analyze expression of the NF-xB-dependent reporter gene, pIL-2Ra-Luc
or pNF-xB-Luc reporter plasmid, pPDON-Tgat or its derivatives and RL-
TK-Luc plasmid were co-transfected into 293T cells.

Oligonucleotides. The sequence of the oligonucleotide corresponding to
the kB element from IL-2Ra gene was 5'-CAGTTGAGGGGAATCTCC
CAGGC-3'. For competition study, oligonucleotide-containing mutant
xB was used, and the sequence was 5'-CAGTTGAGatctATCTCCCA
GGC-3'.

Electrophoretic mobility shift assay. To examine the NF-«B activity in
293T cells, an aliquot of the nuclear extracts was incubated in a reaction
buffer (10 mM Hepes, pH 7.6, 50 mM KCl, 0.1 mM EDTA, 0.5 mM DTT,
0.25mM PMSF, 10% glycerol, and 100 pg/ml poly(dI-dC)). In some
cases, a 20-fold molar excess of unlabeled double-stranded oligonucleotide
was added as a competitor. After a 10-min incubation on ice, an end-la-
beled double-stranded oligonucleotide containing the consensus NF-xB
binding sequence was added to the reaction, which was then incubated for
an additional 30 min at room temperature. The same oligonucleotide in
the unlabeled form was used as the wild-type competitor. And the mutant
competitor previously described was used. In some cases, the reactions
were further incubated with anti-p50, anti-p65, anti-c-Rel, anti-p52 or
anti-RelB Abs at room temperature for 30 min. The samples were ana-
lyzed by electrophoresis in a 5% non-denaturing polyacrylamide gel with
0.5x TBE buffer. The gels were dried and analyzed by autoradiography.

Immunoprecipitation and kinase assay. Cytoplasmic extracts prepared
from equivalent number of cells were subjected to immunoprecipitation
with anti-FLAG M2 affinity gel in TNT buffer (20 mM Tris-HCl, pH 7.5,
200mM NaCl, 1% Triton X-100, 0.5mM PMSF, 100 pM Na;VO,,
20mM B-glycerophosphate, and one-hundredth volume of a protease
inhibitor mixture). Immunoprecipitates were then washed three times with
TNT buffer and three times with kinase reaction buffer (20 mM Hepes, pH
7.5, 10 mM MgClhL, 50 mM NaCl, 100 uM Na;VO,, 20mM B-glycero-
phosphate, 2 mM DTT, 20 uM ATP). Kinase reactions were performed
for 30 min at 30 °C using 5 pCi of [y-*?P]ATP and GST-IkBa (amino acids
1-72) as substrates. The reaction products were separated on 12% SDS
polyacrylamide gels and revealed by autoradiography [11].

Immunoblotting (IB) and co-immunoprecipitation (Co-IP) assays.
293T cells were transfected with a HA-tagged Tgar construct or its
mutants (5 pg) along with a IKK1 (5 pg) by calcium phosphate co-pre-

cipitation. At 48 h post-transfection, the cells were washed with 5 ml PBS
and whole-cell lysates were harvested using radioimmuno-precipitation
buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, ] mM EDTA, 1 mM phenylmethylsulfonyl fluoride,
1 mM DTT, and one-hundredth volume of a protease inhibitor mixture).
The cell lysates were then incubated with anti-IKKs Abs for 1 h and with
20 ul of protein G-Sepharose beads for another 2h. The beads were
washed three times with radioimmuno-precipitation buffer and bound
proteins were eluted in 1x SDS sample buffer and subjected to SDS-
PAGE and Western blot analysis using anti-HA mouse monoclonal Abs.

Results

Identification of Tgat capable of activating NF-xB in 293T
cells by expression cDNA cloning

We sorted 293T-xB-EGFP cells showing NF-xB activity
after transfection with a cDNA- library derived from ATL
cells and isolated the cDNAs capable of activating NF-xB
(Supplementary Fig. S1). Two rounds of FACS enrichment
and subsequent sib selection finally identified 15 positive
clones. The clone 33-44-57-34 conferring fluorescence-acti-
vation on the transfected cells, was Tgat (trio-related trans-
forming gene in ATL tumor cells), which we previously
reported as a novel transforming gene activated by alterna-
tive RNA splicing between a part of Trio gene encoding
Rho-GEF and a novel exon located downstream of the last
exon of Trio [10]. Sequence analysis revealed that others,

.including clone 33-44-57-12 which gave very intense fluores-

cent signals in transfected 293T cells, encoded EGFP under
the CMV promoter probably due to the artificial homolo-
gous recombination between the integrated kB-EGFP
sequence and the promoter region of the transfected vector.

Tgat activates both canonical and non-canonical pathways

To confirm the activation NF-xB by Tgat, the cDNA
was co-transfected with a reporter plasmid with the lucifer-
ase gene under the kB enhancer. To rule out selective fail-
ure due to the subtle sequence heterogeneity of «B
enhancers, we used two independent reporter plasmids,
pIL-2Ra-Luc containing the xB enhancer from IL-2Ra
chain (Fig. 1A) and pNF-xB-Luc (Supplementary
Fig. §2). As shown in Fig. 1A, the level of luciferase activ-
ity detected in Tgat-transfected cells co-transfected with
pIL-2Ro-Luc was about 2.5 times higher than that of emp-
ty vector-transfected cells with statistical significance
(p <0.01, ANOVA). The level of pNF-kB-Luc transactiva-
tion was less than that by HTLV-I Tax, but Tgat transac-
tivated pIL-2Ra-Luc at similar level as Tax. Next the
nuclear extracts of cells were subjected to EMSA. A small
amount of NF-xB-specific protein/DNA complexes detect-
able in nuclear extracts of vector-transfected cells drastical-
ly increased in Tgat-transfected cells. The specificity of the
binding was confirmed by competition with an excess
amount of wild-type but not mutant oligonucleotides
(Fig. 1B). NF-xB involved in the DNA binding in the
Tgat-transfected cells predominantly consisted of p50 and
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Fig. 1. Tgat and Tax express NF-xB-related activities. (A) 293T cell lines were transfected with 50 ng of a reporter plasmid containing the Iuciferase gene
fused to five repeats of the kB motif of the IL-2Ra gene and enhancerless promoter of thymidine kinase (pIL-2Ra-Luc) along with combinations of 10 ng
of the cDNA expression plasmids and 0.5 ng of the internal control plasmid (pRL-TK-Luc). After 48 h, relative luciferase activity was determined. The
results shown are averages of three independent experiments with SE bars. The relative luciferase activities in Tgat or tax-transfected cells were increased
more than 2.5-fold compared to control (P < 0.01). The data was analyzed statistically by the Scheffe’s F test. (B) Nuclear extracts (10 pg) from 293T cell
line were assessed for activation of NF-xB by EMSA. The nuclear extracts were incubated with a 32P end-labeled oligonucleotide, followed by gel
electrophoresis. The black arrow indicates the NF-xB-containing complex. Nuclear extracts from 293T transfected with Tgat were incubated with the
labeled NF-xB probe, in the presence of competitors. The unlabeled oligonucleotide (lane 3) or the mutant NF-xB oligonucleotide (lane 4) was added as a
competitor in a 20-fold molar excess to the binding reaction. (C) Nuclear extracts (10 pg) from 293T cell transfected with Tgat (top) or tax (bottom) were
pre-incubated with NF-xB subunit-specific antibody, against p50, RelA, c-Rel, RelB or p52 as indicated above each lane, before the addition of
radiolabeled probe. (D) 293T cells were transfected with 3.3 pg of pDON/SfiI vector, pDON-Tgat or pDON-tax together with 3.3 pg of pCnl00, and lysed
in 1x SDS sample buffer at 15 h post-transfection. Whole cell extracts were subjected to immunoblot analysis with anti-p52 antibody. The same quantity of
the same extracts was used for detection of actin by immunoblotting.

minus. In order to elucidate the role of each region, trans-
activation potentials of the Tgat mutants, TgatAC

RelA subunits, because antibodies against p50 and RelA
efficiently inhibited formation of the complex (Fig. 1C).

Moreover, treatment of anti-RelB and anti-p52 antibodies
to a lesser extent but significantly decreased the complex in
the Tgat-transfected cells, suggesting that Tgat may acti-
vate NF-xB through not only canonical but also non-ca-
nonical pathway. On the other hand, activated NF-xB in
the rtax-transfected cells were mainly composed of p50
and c-Rel (Fig. 1C), as previously reported. Non-canonical
pathway of NF-xB activation involves the processing of
NF-kB2 pl00 to generate p52 [11]. To confirm the involve-
ment of Tgat in pl00 processing, we expressed pl00 in
293T cells together with Tgat or tax. Polyclonal antibodies
to p100/p52 visualized p52 on a Western blot of whole cell
lysates of Tgat-transfected cells (Fig. 1D, lane 3) as well as
Tax-transfected cells and Tax-positive HTLV-1-trans-
formed lymphoid cells, MT-2, but p52 was barely detect-
able in those of untransfected and vector-transfected
293T cells.

Both Rho-GEF activity and the C-terminal unique sequence
of Tgat are necessary for NF-xB activation

Tgat protein contains the Rho-GEF domain followed
by the unique 15 amino acid sequence at the carboxyl ter-

andTgatPH2 lacking the C-terminal unique region and
TgatGEFdead encoding non-functional GEF [10], were
examined. As shown in Fig. 2, luciferase activity detected
in the cells transfected with TgarAC, TgatPH2, and
TgatGEFdead was decreased to the level similar to that
of vector-transfected cells. Treatment of Tgar-transfected
cells with 20 pM Y-27632, a pharmacological inhibitor of
ROCK (Rho-associated kinase), also reduced the luciferase
activity at the level similar to the control or Tgat mutants-
transfected cells.

IKKI, IKK2, and IxBx mediate Tgat activation of NF-xB

In order to elucidate mechanisms of the Tgat-induced
activation of canonical pathway, we examined the effects
dominant-negative mutants of IxkBa and IKKs. The elevat-
ed luciferase activities in Tgat or tax-transfected cells were
significantly inhibited by co-expression of IxBaM (Fig. 3A)
as well as dnIKK1 and dnIKK2 (Fig. 3B). We next
assessed the kinase activity of IKK complex in the Tgat-
transfected cells using in vitro kinase assays. Flag-epitope-
tagged IKK?2 was expressed alone or in combination with
Tgat or tax. Then Flag-IKK2 was immunoprecipitated
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Fig. 2. NF-xB transcriptional activity of Tgat and its mutants in 293 T cell
line. Cells were co-transfected with pIL-2Ra-Luc (50 ng) and 10 ng Tgat
or its mutant expression vector, together with 5 ng of the vector control
plasmid (pRL-TK-Luc). After 48h, relative luciferase activity was

~determined. The results shown are averages of three independent
experiments with SE bars (***P < 0.01).

from the cell lysates, one portion of the immunoprecipi-
tates was used for in vitro phosphorylation assays with
GST-1xBa as a substrate and the remainder was subjected
to immunoblotting for detection of immunoprecipitated
Flag-IKK2. The anti-Flag antibody precipitated roughly
equivalent amounts of Flag-IKK2 from all the cell lysates
(Fig. 3C, bottom). On the other hand, the levels of phos-
phorylation of GST-IxBa and autophosphorylation of
Flag-IKK?2 by in vitro kinase assay were about five times
more in both Tgat- and tax-transfected cells, compared
with those of the control cells (Fig. 3C, top).

Unique C-terminal region of Tgat is indispensable to the
physical interaction with the IKK complex

To investigate whether the Tgat protein would physical-
ly interact with the IKK complex, Co-IP assay was

& & &
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1B: a-HA Awln e Tg at

Lysates o .
1B: a-IKK : - W e WSS e KK
REER: 4TgatPH2
IB: a-HA 1 < TgatAC

Fig. 4. Tgat interacts with IKK complex by its C-terminal region. 293T
cells were transfected with a HA-tagged Tgar construct or its mutants.
Polyclonal anti-IKKs antibody was used for immunoprecipitation (IP)
and the immunoprecipitates were subjected to SDS-PAGE followed by
Western blot analysis using anti-HA antibody. -

performed (Fig. 4). The polyclonal anti-IKKs antibody
precipitated endogenous IKKs together with HA-tagged
Tgat but not TgatAC and TgatPH2 from the lysates of
transfected 293T cells. Flag-tagged IKKs were detectable
in the anti-myc immunoprecipitates from the myc-Tgat-ex-
pressing cell lysates, but not from those of myc-TgatAC
and -TgatPH2 expressor (Supplementary Fig. S3). Interest-
ingly, Flag-IKKs were precipitated with another Tgat
mutant, TgatGEFdead, which preserves the C-terminal
region but lacks GEF activity. These results suggest that
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Fig. 3. IxBaM, DN-IKKI, and DN-IKK?2 impaired Tgat activation of NF-kB in 293T. (A) 293T cells transfected with vector, pDON-Tgar (Tgat) or
pDON-tax (Tax) and pIxBaM along with pIL-2Ra-Luc and pRL-TK-Luc. (B) 293T cells transfected with vector, pDON-Tgat (Tgat) or pDON-tax (Tax)
and pDN-IKK]1 or pDN-IKK2 along with pIL-2Ra-Luc and pRL-TK-Luc. The cells were harvested and lysed in lysis buffer 48 h after transfection. The
cellular extracts were subjected to reporter gene assay. The xB-dependent luciferase activity was normalized based on the Renilla Inciferase activity. The
values shown are means from three separate transfections with SE bars (*,** p < 0.01). (C) Cytoplasmic extracts prepared from equivalent numbers of cells
were immunoprecipitated with a FLAG specific monoclonal antibody and subjected to in vitro kinase assay using GST-IxBeo as a substrate or to
immunoblotting for detection of FLAG-IKK2 in the precipitates with a FLAG-specific monoclonal antibody.
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the Tgat protein physically associates with IKKs via its car-
boxyl terminus and activates NF-«xB.

Discussion

In this study, we identified Tgat as a potent stimulator of
NF-xB by screening ATL-derived cDNA library. Both
Rho-GEF activity and C-terminal unique region of Tgat
were required for the NF-kB activation. Tgat physically
associates with the IKK complex and its mutants lacking
the unique C-terminal region but preserving the potential
to activate cellular Rho-GTPase [10] failed to associate
with IKKs and activate NF-kB. Dominant-negative
mutants of IKK-1 and -2 abolish the NF-xB activation,
suggesting the essential role of the interaction between Tgat
and IKK complex. Interestingly, Tgat enhances the pro-
cessing of pl00 to p52, suggesting the co-involvement of
non-canonical pathway of NF-kB activation. The alterna-
tive form of Rho-GEF, Tgat, would provide novel mecha-
nisms to link the small G-protein cascade to transcription
factor(s).

Tgat was originally identified in a cDNA library derived
from fresh ATL cells. The Tgat mRNA was detectable in
ATL cells and tissues, in contrast to the undetectable level
in normal lymphocytes, suggesting some roles of Tgat in
the malignant phenotype of ATL. Constitutive NF-xB
activity is considered to be essential for the survival of
ATL cells because pharmacological inhibitors of NF-xB
or super-repressor form of IxBa induces apoptosis of the
cells [I1]. A number of investigations about oncoprotein
Tax encoded by HTLV-1 have been performed to under-
stand the mechanism by which HTLV-1 transforms human
T-cells or contributes to the establishment of HTLV-1-as-
sociated inflammatory disorders. Tax is a well-known
NF-xB activator and responsible for trans-activation or
trans-repression of a variety of cellular genes coding cyto-
kines and regulators of cell cycles, DNA repair or apopto-
sis. However, Tax is hardly implicated to the constitutive
NF-xB activity in ATL cells, since Tax expression is usual-
ly undetectable in fresh ATL cells.

It has been reported that Tax binds to not only NF-«xB
members such as RelA, p50, and p52 but also IkBs including
IxBa, pl105, and p100 [12-15]. Tax is, however, incapable of
direct activation of NF-xB via the interaction with NF-xB or
IxB members. It has become apparent after theidentification
of IKK that Tax activation of NF-kB is mediated by IKK
leading to IxB degradation and nuclear translocation of
NF-xB [16-19]. Moreover, O’Mahony et al. has reported
that IKK 1 and IKK 2 play the essential role for Tax-induced
NF-kB activation; the former is involved in phosphorylation
of RelA, the latter in the nuclear translocation of the canon-
ical NF-xB [20]. We demonstrate here that Tgat likewise acti-
vates IKK 2 followed by the IxBo degradation and RelA/p50
nuclear translocation. It is also suggested that IKK 1 contrib-
utes to the Tgat activation of NF-xB judging from the result
of reporter assay using dominant negative form of IKK1.
This is supported by the facts that small amounts of RelB/
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p52can be detected in the activated NF-«B and Tgat induces
p100-processing leading to p52 production. Thus, Tgat
seems to target the multiple axes of the NF-«xB signaling net-
work by stimulating different IKK components as well as
Tax. Interestingly, however, RelA/p50 nuclear translocation
is mainly induced by Tgat whereas c-Rel/p50 by Tax [21]. It
was reported that NF-xB DNA-binding activity in primary
ATL cells and Tax-negative T-cell lines contained RelA/
p50 [9]. Aberrant expression of p52 was also demonstrated
in Tax-negative ATL cell lines [11]. In this regard, the fea-
tures of NF-xB activation provoked by Tgat rather than
Tax are close to those observed in ATL cells.

It is now clear that NF-xB plays pivotal roles for sur-
vival of ATL cells and the constitutive NF-xB activity is
thus a potential target to develop therapeutics of ATL.
On the other hand, NF-xB plays a variety of physiolog-
ical functions, in particular, in the immune system.
Drugs, whose effects are restricted to a cancer-specific
pathway of NF-kB activation, if present, are ideal for
clinical application. An agent that blocks the physical
interaction between Tgat and IKK complex may be ben-
eficial in therapy of ATL, although the mechanisms of
Tax-independent NF-xB activation in ATL cells should
be investigated more extensively.
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Abstract

We identified RECK, a membrane-anchored glycoprotein negatively regulating the activities of MMPs, as a molecule interacting with
Tgat oncoprotein consisting of RhoGEF domain and the unique C-terminal 15 amino acids. The Tgat increased the invasive potential of
NIH3T3 cells expressing endogenous mouse RECK and this effect was partially inhibited by the co-expression of human RECK. On the
contrary, the expression of exogenous human RECK in HT1080 cell line lacking the endogenous RECK expression reduced its invasive
activity, which was recovered by the Tgat co-expression. Moreover, a Tgat mutant lacking the C-terminal region lost the potential to
compete the function of RECK in HT1080 cells. These findings indicate that Tgat is the functional inhibitor of RECK, and the activation
of MMPs induced by Tgat is likely to enhance invasive activities of cancer cells expressing Tgat.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Tgat; Rho-GEF; RECK; MMP; Cell invasion; HTLV-1; ATL

In the previous study, we identified a novel transforming
gene, Tgat, trio-related transforming gene, from a cDNA
library derived from fresh leukemia cells from a patient
with adult T-cell leukemia (ATL) [1]. Tgat expression in
NIH3T3 mouse fibroblast cell line resulted in a loss of con-
tact inhibition and the cells acquired the potential of
anchorage-independent growth (colony formation in a
semi-solid media). Subcutaneous injection of the 7gat-
transformed NIH3T3 cells produced tumors in athymic
nude mice. Remarkably, NIH3T3 cells transformed by
Tgat revealed the invasive activity in a Matrigel 12-times
higher than that of untransformed cells.

Tgat is comprised of the Rho-specific guanine nucleotide
exchange factor (RhoGEF) domain of a multifunctional
protein, TRIO, and the unique C-terminal 15-amino acid

Abbreviations: Tgat, trio related transforming gene in ATL tumor cells;
RECK, reversion-inducing cysteine-rich protein with Kazal motifs; MMP,
matrix metalloproteinase. :
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sequence translated from the alternatively spliced Trio
mRNA. Most RhoGEFs such as the Dbl family contain
highly conserved structural motifs including a GEF domain
highly homologous to Dbl, known as Dbl homology (DH)
domain, and the adjacent pleckstrin homology (PH)
domain [2]. The GEF domain interacts with the inactive
GDP-bound GTPases and promotes the release of GDP
and its subsequent exchange for GTP, whereas the PH
domain regulates the subcellular localization of the protein
as well as the GEF activity [3]. In contrast, Tgat does not
contain the PH domain downstream of the RhoGEF
domain but harbors the unique sequence at the C-terminus.
Mutagenesis studies showed that either the deletion of the
C-terminal 15 amino acids or replacement of them by the
PH domain of TRIO abrogated the potential of Tgat to
transform NIH3T3 and activate cell invasion [1]. On the
other hand, a pharmacological inhibitor of Rho-associated
kinase (ROCK) also inhibited transforming and invasion-
enhancing activity of Tgat. These findings indicated that
both C-terminal region and RhoGEF domain play impor-
tant roles in the biological activities of Tgat.
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In order to elucidate the molecular mechanisms of Tgat-
induced malignant transformation, the present study was
conducted to identify a molecule physically interacting with
Tgat through the C-terminal unique sequence using the
yeast two-hybrid screening. In this study, we have found
that Tgat associated with RECK, tumor suppressor gene
product, and inhibited the function of RECK.

Materials and methods

Plasmid constructs. The expression vectors for Tgat and its mutant,
TgatPH2, were described previously {1}. The entire coding sequence of
Tgat was subcloned into pCMV-Myec vector to obtain the plasmid pCMV-
mycTgat. The DNA fragment encoding mouse RECK (mRECK) amino
acids 160-641 was cloned into pCMV-HA vector. The entire coding
sequence of human RECK (hRECK) amplified by RT-PCR (primers, 5-
GGAATTCGATATCCGGACATGGCGACCGTCCG-3' and 5'-CGG
GGTACCGTTAACTTCCGTGGGCAGTCAGTTAT-3') was digested
with restriction endonucleases, EcoRV and Kpnl, and subcloned into
pBluescript IT SK(-). The resulting was digested with restriction endo-
nucleases, EcoRV and Hpal, and subcloned into the retroviral vector
pDON-ALI to create the pDON- hRECK.

Yeast nwo-hybrid screening. A cDNA fragment encoding the C-termi-
nal 15 amino acids of Tgat (TgatC) was cloned into the pGBKT7 vector
downstream of the DNA binding domain of GAL4 to generate the
pGBKT7-TgatC bait. This bait was used to screen a NIH3T3/Tgat cDNA
library constructed using pGADT7 vector. Putative positive clones were
retransformed to the yeast strain with pGBKT7-TgatC or a nonspecific
bait, pGBKT7. After this step of false positive elimination, specific clones
were subjected to DNA sequencing and subsequent BLAST search
analyses.

Cell culture. NTH3T3 cells and their transformants were grown in
DMEM containing 5% calf serum, penicillin, and streptomycin. 293T cells
and 293 10A1 packaging cell lines were grown in DMEM containing 10%
FBS, penicillin, and streptomycin. HT1080 cells and their transformants
were grown in MEM containing 10% FBS, penicillin, and streptomycin.
Transient transfections of 293T cells were performed by the calcium
phosphate method. The NIH3T3/Tgat, NIH3T3/Tgat+hRECK, HT1080/
hRECK, HT1080/Tgat, HTI080/hRECK+Tgat and HTI1080/
hRECK+TgatPH, stable cell lines were established by infecting with
retroviruses carrying the corresponding cDNAs.

Immunoblotting (IB) and co-immunoprecipitation (Co-IP) assays.
Whole-cell lysates were prepared by lysing the cells in NP40 lysis buffer
(10mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, and one-hundredth volume
of a protease inhibitor mixture). Cell lysates were added total volume of 2x
SDS sample buffer (125 mM Tris-HCI, pH 6.8, 4% SDS, 20% glycerol,
10% 2-mercaptoethanol) and denatured, and then separated by SDS-
containing polyacrylamide gel electrophoresis (SDS-PAGE), electro-
transferred onto a polyvinylidene difluoride membrane. Following
blocking with 5% fat-free dry milk in Tris-buffered saline-containing
Tween 20, the membrane was probed with primary antibodies specific to
each protein. The membrane was further probed with HRP-conjugated
goat anti-mouse or rabbit IgG to visualize bands. For Co-IP assays, 293T
cells were transfected with Myc-tagged Tgat expression vector, alone or in
combination with various types of RECK expression vectors. 2.5% of the
lysate was used for immunoblots of total protein extracts, while 40% of the
lysates were incubated with primary antibodies specific to each protein for
1 h at 4 °C, and with Protein G Sepharose for another 16 h at 4 °C. The
sepharose beads were washed four times with NP-40 lysis buffer, and the
bound proteins were eluted in 1x SDS sample buffer and subjected to SDS-
PAGE and IB analyses.

Measurement of the transcript of mRECK. Total RNA was isolated
from cells by using the Trizol reagent according to the manufacturer’s
instruction. To remove contaminating DNA, samples were digested with
DNase I. cDNA was generated from 2 pg of total RNA with the Ther-

moScript RT-PCR System for First-Strand cDNA Synthesis by using
Oligo(dT) primer. The cDNAs were quantified by real-time PCR by using
the LightCycler instrument. The condition for PCR was 45 cycles of
denaturation (95°C/105s), annealing (60 °C/155), extension (72 °C/7s).
Primers were 5'-CTCAGAGTTCCTGTGAGT-3' (forward) and 5'-TGG
AGTCAGCCTATGAGC-3' (reverse) for mRECK. Probes were 5'-TG
TGTCTGGAAGCTGAGGGCTCA-3' (fluorescein) and 5'-TGAAAA
GCCGCTACCTGCCATG-3' (LC Red 640) for mRECK. Primers and
probes for mouse GAPDH were purchased from Roche Applied Science.
Data were analyzed with LightCycler data analysis software.

Matrigel invasion assay. The Matrigel invasion assay was carried out
according to the manufacturer’s instruction. A 0.5 m! aliquot of NIH3T3
cells suspension at 2 x 10° cells/ml in DMEM supplemented with 0.1%
BSA and 0.0005% ascorbic acid or HT1080 cells suspension at 0.5 x 10°
cells/m! in MEM supplemented with 0.1% BSA was seeded on the upper
chamber of Matrigel-coated transwell filters (8 um pore). The medium
supplemented with 5% calf serum or 10% FBS was added to the lower
chamber and incubated for 22 h. Non-invading cells that remained on the
upper surface of the filter were removed, and the cells that appeared on the
lower surface of the filter were fixed with 100% methanol, stained and
counted under a microscope. Each assay was carried out in triplicate.

Gelatin zymography. 5 x 10° cells/0.5 ml of NIH3T3 cells or 2.5 x 10*
cells/0.5 m] of HT1080 cells were seeded into 12-well culture dishes. After
12-16 h, cells were cultured in serum free medium containing 0.1% BSA
for 24 h. The conditioned medium was collected and then mixed with SDS
sample buffer without reducing agent and separated on 10% acrylamide
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Fig. 1. Physical interaction between Tgat and RECK. (A) Structural
configurations of the predicted Tgat and RECK protein. GEF-D, guanine
nucleotide exchange factor domain; EGF, epidermal growth factor; SPI,
serine protease inhibitor. The horizontal line below the RECK protein
indicate the region that were obtained as interacting with COOH-terminal
15 amino acids residues of Tgat by using yeast two hybrid screening. (B)
Direct interaction between Myc-tagged Tgat and HA-tagged mRECK.
293T cells were transfected with pCMV-mycTgat, pCMV-HAmRECK,
and empty vectors with the indicated combinations. The lysates of
transfected 293T cells were immunoprecipitated with anti-cmyc or anti-
HA antibody. Total cell lysates and immunoprecipitates were separated by
SDS/10% PAGE, and were immunoblotted with anti-cmyc, or with anti-
HA antibody.
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gels containing 0.1% gelatin. The gels were incubated in 2.5% Triton X-
100 solution at room temperature with gentle agitation to remove SDS
and then soaked in developing buffer (50 mM Tris-HCI, pH 7.5, 200 mM
NaCl, 6 mM CaCl,, 0.02% Brij 35) at 37 °C overnight. After the reaction,
the gels were stained with Coomassie brilliant blue, and the gelatinolytic
activities were visualized as clear bands against a blue background of
stained gelatin. Quantitative analysis of gelatinase activities were mea-
sured by scanning the zymograms using Multi Gauge software Version 3.0
(Fujifilm).

Results
Identification of RECK as a Tgat-interacting molecule

We have previously shown that the C-terminal region of
Tgat is essential to the transforming activity, colony-form-
ing activity, and invasion activity in NIH3T3 and tumor
formation in nude mice (1). To clarify the mechanism of
transformation by Tgat, we made an attempt to identify
molecules interacting with the C-terminal region of Tgat
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by yeast two-hybrid screening. We identified a cDNA
encoding 482 amino acids from the cDNA library of
NIH3T3 cells transformed by Tgat using the C-terminal
15 amino acids sequence of Tgat as a bait. As shown in
Fig. 1A, the cDNA product was identical to mouse RECK
(reversion-inducing cysteine-rich protein with Kazal
motifs). To confirm the physical interaction of RECK with
Tgat in mammalian cells, co-IP was performed using the
NIH3T3 cells transformed by Tgat or 293T cells transfec-
ted with Tgat and mRECK expression plasmids. The inter-
action between Tgat and RECK could not be observed in
the NIH3T3 cells transformed by Tgat because of the inca-
pability of anti-mRECK antibody to detect the expression
of endogenous mRECK. However, the transcripts of
mRECK were found in the transformed NIH3T3 cells
(Fig. S1). On the other hand, myc-tagged Tgat and HA-
tagged mRECK formed a stable complex, which was read-
ily precipitated from the cell lysates by the anti-HA and
anti-Myc antibodies in the transfected 293T cells
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Fig. 2. Expression of Tgat enhances cell invasion level in NTH3T3 cell line. (A) Giemsa-stained migrated cells in Matrigel invasion assay. NIH3T3,
untransfected NTH3T3 cells; NIH3T3/Tgat, those transfected with Tgat; NIH3T3/Tgat+hRECK, those co-transfected with Tgat and hRECK. (B)
Relative invasion activities. The migrated cells were stained and then counted under light microscopy. Average migrated cell numbers of NIH3T3 is
determined as score 100 and invasive activities of NTH3T3/Tgat and NIH3T3/Tgat-+hRECK are expressed as relative scores. Columns, means of triplicate
determinations; bars, SD. Data analyzed by one-way ANOVA (P <0.001) was followed by Tukey-Kramer multiple comparison test. “NIH3T3 and
NIH3T3/Tgat (P <0.01); **NIH3T3/Tgat and NIH3T3/Tgat+RECK (P <0.01). (C) Gelatin zymogram with the conditioned media from NIH3T3,
NIH3T3/Tgat or NIH3T3/Tgat+hRECK cells. (D) Relative gelatinase activities. Averages of gelatinase activities in NTH3T3 mediums were determined as
score 100. Columns, means of triplicate determinations; bars, SD. Data analyzed by one-way ANOVA Turkey-Kramer multiple comparison test.
*NIH3T3 and NIH3T3/Tgat (P <0.01); ""NIH3T3/Tgat and NIH3T3/Tgat+RECK (P <0.01).
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(Fig. 1B). To examine whether Tgat interacts with full-
length human RECK (hRECK), we isolated the cDNA
encoding full-length 971 amino acids from human uterine
cervix RNA by RT-PCR. Co-IP was performed using
293T cells transfected with hRECK and the Tgat expres-
sion plasmids. As shown in Fig. S2, hRECK also efficiently
formed a complex with Tgat.

Tgat enhances cell invasion and inhibits RECK-dependent
down-regulation of MMP activities in NIH3T3 cells

Since RECK was known to play a role in the cell motil-

ity by regulating the MMPs activities, we examined the -

effect of Tgat on the invasive activity of NIH3T3 fibroblast.
Matrigel invasion assays revealed that Tgat potently
increased the invasive activity of NIH3T3 (Fig. 2A and
B). Gelatin zymography detected significant increase in
the activities of active MMP-2 in the culture media of

Tgat-expressing NIH3T3 whereas lesser increase of proM- '

MP-9 activity was observed (Fig. 2C and D). Since
untransfected NIH3T3 cells expressed a sufficient amount
of mRECK mRNA (Fig. S1), Tgat was likely to interact
with the endogenous mRECK and presumably competed
its function. When hRECK was coexpressed in NIH3T3,
the cell invasive capability and MMP-2 activation induced
by Tgat were partially but significantly inhibited (Fig. 2D).

Tgat does not enhance cell invasion in HT1080 cells lacking
RECK expression

To confirm the functional interaction between Tgat and
RECK, we next used human fibrosarcoma cell line,
HT1080, lacking the expression of endogenous RECK. In
contrast to NIH3T3, the invasive activity of HT1080 in
Matrigel containing 10% FBS was not changed by the
expression of Tgat (Fig. 3A and B). Since the invasive
activity of HT1080 itself is very high in the presence of
10% FBS, we re-examined the effect of Tgat in Matrigel
with 1% FBS. As shown in Fig. 3, the level of invasive
activity of HT1080 was reduced by 60% but Tgat again
gave no significant effect. Judging from these findings, it
is suggested that the invasive capability of Tgat may
require the expression of RECK.

Function of RECK is inhibited by the expression of Tgat
through its C-terminal region

To confirm the enhancement of invasive capability
induced by Tgat in RECK-expressing HT1080, we estab-
lished HT1080/hRECK, HT1080/hRECK+Tgat, and
HT1080/hRECK+PH2 cell lines. The invasive activity of
the HT1080/hRECK was reduced by 60%. When Tgat
was co-expressed, the effect of hRECK almost completely
abrogated (Fig. 4A). In other words, Tgat enhanced the
invasive capability of HT1080/hRECK cells. On the con-
trary, a Tgat mutant lacking the unique 15 amino acids,
the C-terminal region of Tgat was replaced by the PH

A Wi—ﬂﬂ 080 (1% FBS)  HT1080/Tgat (1% FBS)

Relative Invasion activity (score)

Chemotactic
factor:
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Fig. 3. Tgat fails to enhance cell invasion level of HT1080 cell line. (A)
Giemsa-stained migrated cells in Matrigel invasion assay in the presence of
1% or 10% FBS. HT1080, untransfected HT1080 cells; HT1080/Tgat,
those transfected with Tgat. (B) Relative invasion activities. The migrated
cells were stained and then counted under light microscopy. Average
migrated cell numbers of HT1080 in the presence of 10% FBS is
determined as score 100 and invasive activities in the presence of 1% FBS
and those of HT1080/Tgat are expressed as relative scores. Columns,
means of triplicate determinations; bars, SD. Data analyzed by one-way
ANOVA (P < 0.05) was followed by Tukey-Kramer multiple comparison
test, however there is no significantly effect of Tgat in each groups of 1%
FBS and 10% FBS treatments.

domain of TRIO, did not show the enhancement of inva-
sion activity (HT1080/hRECK+PH2). Gelatin zymogra-
phy also gave parallel results; levels of active MMP-2 and
proMMP-9 in culture media of HT1080 were reduced by
hRECK and Tgat abrogated the effect of hRECK, whereas
not in HT1080/hRECK+PH?2 cells (Fig. 4B).

Discussion

In this study, we have shown that Tgat is physically
associated with RECK, a negative regulator of MMP-2
and MMP-9 activities, via the C-terminal unique sequence
in the transfected NIH3T3 and HT1080 cells. The RECK
gene was isolated as a transformation-suppressor gene
using an expression cloning method designed to identify
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