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showed only slight deamage at the injection site and the GPF* cells were
healthy, showing no degradation (Fig. 4d-f). Fibrous tissue was rarely
seen in the hearts transfected with Lamrl.

We analyzed further the role ol LAMR1-TP? using transgenic mice.
We generated two strains of transgenic mice that expressed Lamrl
either systemically (with a KSCX promoter) or only in the heart (with
an o-MHC promoter). We then established six substrains of Lamri-
tp1 transgenic mice {four with KSCX promoters and two with a-MHC
promoters) and four substrains of Lamr1 transgenic mice (Fig. 5a,b).
Among the six strains of Lamrl-tp! transgenic mice, four strains
showed cardiac expression of the LAMR1-TP1 product,

All four strains expressed LAMRI-TP1 in the heart and were
extremely susceptible to RVD (Fig. 5¢). Sometimes the tissue damage
extended to the left ventricle, but right ventricle involvement was
always predominant, 50 far, no phenotypic changes have been
detected in the other organs of LamrI-tp! transgenic mice. In contrast,
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-Figure 5 Expressional (northern blot) analysis
both of the transgenes and native genes in
each transgenic mouse model. Lamrl-tpl and
Lamrl were detected in equal amounts in this
analysis. () Transgene expression in heart
samples from two strains of PBS-g-MHC-
Lamrl-tpl mice, two strains of PBS-o-MHC-
Lamrl mice and 2 control (WT) mouse strain.
Nen-TG, nontransgenic strain. {B) Comparison
of gene expression by four lines of the
transgenic mouse model PKSCX-Lamrl-tpl in
which transgenes were systemically expressed.
{c} The complete change to the right ventricle
is shown in a macroscopic view of a PBS-o-
MHC-Lamrl-tpl heart from a 10-week-ald
mouse. LA, left atrium; LV, left ventricle; RA,
right atrium; RV, right ventricte,

all strains that expressed LAMR1 showed no marked changes in any
organ, including the heart. These data indicated that LAMRI1-TPI was
responsible for RVD in KK/Rvd mice,

In vitro role of LAMR1-TP1

The in vitro expression of LAMRI-TP1 also impaired cardiomyocyte
function. Cultured rat cardiomyocytes were transfected with an aden-
ovirus vector containing Lamr1-tp1-IRES-GFP and Lamr1-IRES-GFP
under the control of a CA promoter, To clarify the effects of these con-
structs, we carried out an MTS assay. Only expression of Lamrl-tp1 by
cardiomyocytes led to a decrease of cell numbers 48 b after transfec-
tion (Fig. 6a), even though the same transfection efficiency was con-
firmed in all groups based on the level of GFP expression (Fig. 6b). On
histochemical staining, the most prominent change in these cells was
alteration of the chromatin architecture. Staining of heterochromatin
by DAPI showed a mosaic pattern in cardiomyocytes transfected with
Lamrl and a speckled pattern in cardiomyocytes transfected with
Lamrl-tpl.

We analyzed the localization of LAMR1 and LAMR1-TP1 by confo-
cal microscopy. Rat cardiomyocytes transfected with an adenovirus
vector were stained using a LAMR1 antibody (FD4818). This antibody
could not distinguish LAMR] from LAMR1-TP1, but only transfected
proteins were stained because endogenous LAMR1 was not detected at
its relatively low level of expression. LAMRI was identified in the
DAPI-negative euchromatin area of the nucleus, showing a mirror
image to the pattern of DAPI staining (Fig. 6¢). On the other hand,
transfection with Lamri-tp] altered the overall pattern of chromatin
as described above and LAMR1-TP1 was partially colocalized with the
DAPI-positive heterochromatic loci (Fig. 6c). These structural
changes to chromatin were observed 10-12 h after transfection and
preceded the onset of decreasing cell numbers 24 h after transfection.

Figure 6 Lamrl-tpl caused cardiomyocyte cell death. Cardiomyocytes were
infected with recombinant adenoviruses at the indicated multiplicity of
infection (MOI). (a) Cells expressing Lamrl-tpl show lower MTS activity 48 h
after adenovirus infection. *£ < 0.05 versus LamrI; **P < 0.005 versus
Lamrl. (b) GFP and actin expression were analyzed 8 h after adenovirus
infaction. Cell numbers were equivalent at this time point. The ratios of
densitometric measurement of GFP:actin are indicated. (¢) The nuclei of rat
cardiomyocytes expressing Lamrl-IRES-GFP or Lamrl-tpl-IRES-GFF were
stainad with the LAMR1 antitody FD4818 (green} and DAPI {blue}. LAMR1
staining showed a perfect mirror image to DAPI-positive area. LAMR1-TP1 was
translocated and partially overlapped with DAPi-positive, Scale bar, 20 um.
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Figure 7 LAMR1-TP1 interacts with HP1-cc, (a) RVAP27 was
immunoprecipitated with LAMR1-TP1 but not with LAMRL in COS7
cells labeled by 35S-cystein and methionine. (b} The cormplex of
radiolabeled LAMRL-TP1 and RYAP27 was separated by a phenyl
reverse-phase column. {c) The finzal purification product of RVAP27 was
silver-stained. {d) The peptides derived from the purified protein, which
fitted with those of human HP1-« {as assessed by direct N-terminal
sequencing {red) or liquid chromatography-mass spectrometry or mass
spectrometry {blue)), are underlined. Cytokine was detected as a Cys-S-
prepionamide. (e} V5-LAMR1-TP1 but not V5-LAMR1T expressed in CGS7
cells was immunoprecipitated with Myc-tagged HPL-a by anti-Myc. 1gG
was derived from nonimmunized serum. (f} Rat cardiomyocytes were
stained with HP1-a antibody, showing HP1-¢t localization with the DAPI-
positive heterochromatin area.

The data suggested that these chromatin changes might have had a
lethal effect on the cardiomyocytes, although the possibility that these
changes were secondary to lethal cell damage itself cannot be fully
excluded.

HP1 binds to mutant LAMR1

To clarify the cellular mechanism by which LAMRI1-TP1 caused con-
formational changes of heterochromatin, we purified and cloned the
protein specifically interacting with LTAMRI1-TPL. The Myc-tagged
LAMRI1-TP1 fusion protein expressed in 3°S-labeled COS7 «cells
showed the same migration pattern as Myc-tagged LAMRI (Fig. 7a).
This 27-kDa protein (named RVAP27) was immunoprecipitated with
LAMRI-TP1 but not with LAMRI. Using either a mouse cell line
(3T3) or rat cardiomyocytes, we also immunoprecipitated RVAP27
with transfected LAMR1-TP1, Large-scale purification of RVAP27 was
done by the sequentizl use of columns (Fig. 7b), and about 10 pmol of
RVAP27 was purified from the lysate of 1.0 x 108 COS7 cells (Fig. 7c).
We analyzed the peptides digested from the RVAP27 band by Edman
degradation N-terminal sequencing or nanoelectrospray ionization
tandem mass spectrometry. RVAP27 included fragments of the amino
acid sequences of SNFSNSADDIK, WKDTDEADLVLA and CPQIVI-
AFYEER that matched human heterochromatin protein 1-o (HP1-a)
(Fig. 7d). The Myc antibody coprecipitated Myc-tagged HP1-ox with
V.-tagged LAMR1-TP1, but not with LAMRI; this verified the specific
interaction between HP1-¢t and LAMRI1-TP1 {Fig. 7¢).

HP1 is a key heterochromatin protein that regulates gene silencing
by interacting with methylated histones'”. HP1-; also localizes with
DAPI-positive heterochromatin'®. Cardiomyocytes expressing HP1-a
showed the same staining pattern in the DAPI-dense region (Fig, 7f).
Qur immunchistochenical data showed that LAMRI localized to the
euchromatin (DAPI-negative) and that LAMRI-TP1 was partially
translocated to heterochromatin (DAPI-positive; Fig, 6¢). These find-
ings imply that the mutant LAMRI had an increased affinity for HP1-
o and thus was translocated to heterochromatin, Such translocation
might influence transcriptional regulation and interfere with the
expression of genes essential to the survival of cardiomyocytes, leading
to lethal cell dysfunction due to LAMRI-TP1.

Changes of gene expression induced by LAMR1-TP1

To investigate transcriptional regulation by LAMR1-TP1, we analyzed
changes in gene expression in cultured cardiomyocytes after transfec-
tion of LamrI-tpl or Lamrl. Because cells expressing Lamri-tp1 began
to die 24 h afler transfection, we analyzed gene expressionat 6 h, 12 h
and 24 h (each in duplicate) to exclude the secondary effects of lethal
cell damage, GFP expression indicated that the transfected protein was
expressed 10 h after transfection, indicating that the expression of
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genes at 6 h was largely induced by viral infection itself. Transfection
with wild-type LAMRI had a minimal effect on the expression profile
compared with that of nontransfected cardiomyocytes, cven though
the adenovirus vector itself should cause some cell damage
{Supplementary Fig. 1 online). On the other hand, LAMRI-TP1
caused substantial changes in gene expression at 12 h and 24 k, but not
at 6 h (Supplementary Table 1 online). These genes showed similar
changes in expression in duplicate analyses. We confirmed further the
expression of these genes by quantitative PCR {Supplementary Fig. 1
online). Our results suggested that LAMRI-TP1, but not LAMRI,
could alter the expression of some specific genes. How these genes
actually determine the fate of cardiomyocytes needs to be determined
in order to understand the pathological role of this mutant protein,

DISCUSSION
Although lethal tachyarrhythmia is often detected in human ARVD,
we did not detect it in this mouse model. The difficulty in generating
lethal tachyarrhythmia in mice, due to the high beating rate and small
size of their hearts'?, might explain our failure to detect lethal arrhyth-
mia, KK/Rvd mice showed electric conduction inhomogeneity [eading
to prolonged QRS duration, which is ofien seen in humans with
ARVD.2L If similar degradation occurs in the human heart, it will
become a focus for lethal arrhythmia at some stage in life. The most
important pathological feature of ARVD is the degeneration of right
ventricular cardiomyocytes??. Our ARVD mouse model reproduced
the specific right ventricular degeneration from the outside inwards.
It is still not known why the right ventricle is more susceptible than
the left ventricle in these mice. Injection of Lamrl-tpl into the left
ventricle also induced cardiomyocyte degeneration and calcification,
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Table 1 Comparison of human LAMR and histone-related gene
loci with ARVD loci

ARVD candidate locus LAMRI retated gene Histone-related gene

ARVD4, 2q32.1-32.3
ARVDS, 3p23
ARVDE, 10p12-14

XM_013127~, 2q31
LAMRI, 3p21
XM_053952*, 10pl4

HAT1, 2q31.2-33.1

HAT 1, histone acetyl transferase 1; asterisks, LAMR retroposens.

but the changes were less severe (data not shown). Also, transgenic
mice that expressed LAMRI-TP1 in both cardiac chambers showed
predominant right ventricular degeneration. It seems possible that
the threshold for cardiomyocyte damage is higher in the left ventricle
than in the right ventricle. This implies that a higher level of LamrI-
ipl expression could cause left ventricular degeneration. Ofien in
human ARVD, a part of the left ventricle is involved. Although both
ARVD2 and Naxos disease show a right ventricle—specific phenotype
in humans, the genes responsible are equally expressed in both car-
diac chambers®23; the mechanism of right ventricular susceptibility is
still unknown. The most likely explanation is that specific genes that
determine the susceptibility to cell damage exist in either ventricle.
Left ventricular cardiomyocytes are under high stress because of the
high pressure in this ventricle, and more cytoprotective genes may be
induced as a result. In fact, microarray analysis comparing right ven-
tricle and left ventricle shows higher expression in the left ventricle of
genes belonging 1o the category of cell and organism defense?.
Dominant degeneration of the outer right ventricular wall in ARVD
also supports this concept because the inner free wall is under more
mechanical stress and expresses more defensive genes, such as heat
shock proteins. This mechanism might lead to left ventricle protec-
tion in ARVD. Alternatively, right ventricle—specific genes may be
involved in the susceptibility of the right ventricle. Mice lacking the
right ventricle-specific gene actinin-associated LIM-domain protein
show some ARVD-like features?®, even though the histological char-
acteristics are considerably different from those of human ARVD.

We found that one of the heterochromatin complex proteins, HP1-
., showed specific binding to LAMRI1-TP1, HP1-¢ is a key compo-
nent of condensed DNA and is involved in gene silencing by
interaction with methylated histone H3. Mobility of HF1-c has been
reported in various cells'®2%, The stochastic competition between such
factors as LAMRI-TP1 and HP1-ot may determine the fate of the hete-
rochromatin plasticity that is involved in regulating the fate of cells.
Class IT histone deacetylase acts as a signal-responsive suppressor of
the transcriptional events governing cardiac hypertrophy and heart
failure?”. HP1 can link with class IT histone deacetylase?® and thus may
modify cardiac cell metabolism. Accordingly, we conclude that
LAMRI1-TP1 was translated from an active retroposon in ARVD mice
and then interacted with HP1-ot, leading to the early death of car-
diomyocytes.

Genomic databases indicate that there are up to 40 and 32
Lamr} retroposons in humans and mice, respectively. It has also
been suggested that the Lamr! gene family in mammals, with the
exception of the functional locus, is comprised entirely of retro-
transposons or processed pseudogenes. Most processed retro-
posons are not expressed and have no [unctional activity, but
several active rtetroposons or pseudogenes have been identi-
fied??-32, We show that the active retroposon may cause the patho-
logical condition of ARVD. In humans, a highly conserved
mutated form of Lamrl has been isolated from a fetal brain cDNA
library??, suggesting that mutant LAMRI protcins are also tran-
scribed in humans. Several reported human ARVD loci are located

close to the retroposons of Lamrl or histone-modulating protein
genes (Table 1), suggesting that either LAMRI] or HP1 may cause
hereditary RVD in humans.

METHODS

PWK mouse strain. The PWK strain belongs to the Mus muscidus musculus
subspecies, which separated from Mus musculus domesticus some 1 million
years ago. It is maintained as one of the wild-type-derived inbred strains.

Lamrl-tp! expressional analysis. We carried out PCR assays to confirm the
presence of each identified mutation. Mismatch assays for the 287T—C and
291G—T mutations in the nucleic acid sequence of Larrl introduced changes
at the penultimate 3° position for the forward primer and 868C—T for the
reverse primer, respectively (primer sequences available on request). Each PCR
product was digested with Nhel (specific for LamrI-tpl amplicon) to produce
fragments of 334 bp and 279 bp; the Lamr? amplicon was uncut.

Injection of recombinant DNA in vivo. Female C57BL/6 mice (8 weeks old, 22—
25 g) were anesthetized with a mixture of ketamine {100 mg per kg body weight
intraperitoneally) and xylazine (5 mg kg body weight intraperitoneally}, intu-
bated and ventilated. We carried out a left lateral thoracotomy to expose the
beating heart and injected 10 pg of plasmid DNA in 100 pl of phosphate-
buffered saline containing 5% sucrose into the right ventricular wall with a 30-
gauge needle. The mice were killed 3 weeks after injection and histological
staining was done.

Transgenic mice models, We constructed three kinds of targeting vectors
under the following promoters (Lamrl-tpl, KSCX and a-MHC; Lamrl, o
MHC), We introduced these targeting vectors into blastocysts (derived from
the C57Bl/6 Jcl mouse strain) by a standard pronuclear microinjection
technique’*,

Preparation of adenovirus, Replication-defective recombinant adenoviral
vectors expressing Lamrl-tpl-1RES-GFP and Lamrl-JRES-GFP were pre-
pared with the adenovirus expression vector kit following the manufac-
turet’s protocol (Takara). Briefly, Lamrl-tpl and Lamr] cDNA connected to
an IRES-GFP sequence (Clontech) were placed after a CA promoter that
was composed of a cytomegalovirus enhancer; a chicken B-actin promoter
and rabbit §-globin poly{A) were inserted into a cassette cosmid vector that
contained an entire adenovirus type 5 genome except for the Ela, E1b and
E3 regions. A recombinant adenovirus was constructed by in vitro homolo-
gous recombination in HEK293 cells with the use of this cosmid vector and
the adenovirus DNA terminal-protein complex. The desired recombinant
adenovirus was purified by ultracentrifugation through a CsCl; gradient
followed by extensive dialysis. The titer of the virus stock was assessed by a
plaque formation assay that used the HEK293 cells. Cardiomyocytes were
infected with the recombinant adenovirus vectors at a multiplicity of infec-
tion of 5~100 plaque-forming units per cell. We assessed the expression of
GFP and B-actin by immunoblotting with 20 ug of myocardial protein lysate.

Primary culture of neonatal rat ventricular myocytes and MTS assay.
Ventricular myacytes obtained from 1- or 2-d-old Wister rats were prepared
and cultured overnight in Dulbecco’s modified Eagle medium containing 10%
fetal bovine serum as described””, Cytotoxicity was assessed with a CellTiter 96
Aqueous One Solution Cell Proliferation Assay System (Promega). Rat car-
diomyocytes were cultured in 96-well culture plates at a density of 3 % 107 cells
cm4, MTS reagent was added to each well 48 h afier the addition of adenovirus
to the myocytes. After a 1-h incubation period, optical absorbance at 490 nm
was measured with a microplate reader. Cell viability was expressed as mean
percentages for the absorbance at multiplicity of infection of 5 with the stan-
dard deviations of absorbance,

Antibodies. We used antibodies to MCP-1 (Santa Cruz Biotechnology}, GFP,
Myc-conjugate beads (Clontech), V5 (Invitrogen) and HPl-a (Upstate
Biotechnology). The polyclonal antibody FD4818 was derived from rabbits
against the amino acid sequence RALNVLQMEKEEDVFK, which corresponds
to amine acids 3-15 of LAMRIL.
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Identification of LAMR1-TP1 binding protein (RVAP27), We metabolically
labeled 2.0 x 10% COS7 cells expressing either PCDNA3.1-Myc-tagged-Lamrl
or PCDNA3.1-Myc-tagged-Lamr1-tp1 (Invitrogen} with 35, lysed them with
1 ml of lysis buffer (20 mM Tris pH 8.0, 5% accionitrile, 5 M MEDTA, 1%

Nonidet P-40) and immunoprecipitated them with a Myc antibody. Bound .

materials were separated by SDS-PAGE and the radioactivity was detected by a
BAS imaging analyzer {Fuji). The eluted fraction (rom Myc-antibody beads was
also injected onto a Phenyt- RPLC column {4.6 x 250mm, Nakarai) equilibrated
with 0.1% triflucreacetic acid and 5% acetonitrile. Fractions were eluted with 2
linear gradient of 27-37% acetonitrile at a flow rate of 1 ml. Each fraction was
lyophilized and separated by SDS-PAGE. Radioactivity was detected by BAS
imaging systemn,

Large-scale purification and sequence analysis of LAMR1-TP1-binding pro-
tein, COS7 cells (1.0 x 10%) expressing Myc-tagged LAMR1-TP1 were lysed
with 200 ml of lysis buffer and applied 10 500 p! of Myc-antibody beads
(Clentech). Bound materials were eluted with 0.19 triflucroacetic acid and 5%
acctonitrile. The eluted fraction was diluted 50 times with a lysis buffer and was
applied to Uno-Q anion exchange column {Bio-Rad). The column was equili-
brated with 20 mM Tris and 5% acetonitrile at pH 8.0 and bound materials
were ¢luted with a linear gradient of NaCl (0-0.5 M) at a flow rate of 1 ml
min~l. Five fractions of about 0.3 M NaCl elution were pooled and injected
onto a Phenyl-RPLC column (4.6 x 250 mm, Nakarai) equilibrated with 0.1%
trifluoroacetic acid and 5% acetonitrile, Fractions were eluted with a linear gra-
dient of 27-37% acetonitrile at a flow rate of 1 ml. After separating by SDS-
PAGE, RVAP27 was eluted at the same fraction in which the radioactive
LAMRI-TP! was detected. Purified RVAP (10 pmol) was subjected to SDS-
PAGE on 12% gel. After staining the gel with SyproRuby, the 27-kDa band was
cut and treated with trypsin. The tryptic digest was fractionated by nanescale
HPLC on a C18 column (0.1 x 50 mm}. Two fractions were analyzed by direct
N-terminal sequence by Edman degradation with the HP G1005 Protein
Sequencing System. One fraction was analyzed with a tandem mass spectrome-
ter {Q-Tof2) equipped with a nanoelectrospray ionization source. Positive ion
tandem mass spectra were measured.

RNA preparation and hybridization to oligonucleotide arrays. Total RNA
was isolated from viable mice or cultured neonatal cardiomyocytes derived
from CS7BIl/6 mice. Affymetrix Gene Chip technology was used as described?®,
Briefly, cDNA was synthesized from total RNA and annealed to a T7-oligo-dT
primer. Reverse transcription was done with Superseript 11 reverse transcrip-
tase. Second-strand eDNA synthesis was donc with DNA polymerase I with the
appropriate reagents. Synthesis of biotin-labeled ¢cRNA was done by in vitro
transcription with the MEGAscript T7 IVT Kit (Ambion, Inc). The cRNA was
fragmented and hybridized to GeneChip Murine U74vA2 Array Set
(Affymetrix). Hybridization, probe washing, staining and probe array scan
were done according to the protocols provided by Affymetrix. Detailed infor-
mation about the array protocot and data is available in the GEO database {see
URL and accession number below).

Real-time PCR. Real-time PCR was done with TagMan technology and the ABI
Prism 7700 Detection System {Applied Biosystems). Reactions (25 pl) were set
up using the 2x Universal PCR Master Mix (Applied Biosystems), template
<DNA and adequate concentralions of primers and probes. All of the samples
were processed in duplicate. To standardize the quantity of the two selected
genes, GAPDH was used as the endogenous control reference because our
microarray analysis showed that the level of GAPDH was stable and no signifi-
cant difference was noted among all the three groups.

Data analysis. GeneSpring 5.0 (Silicon Genetics) software was used for analy-
ses. A global normalization was used for all data in the 18 arrays with a combi-
nation of three steps: transforming negative values to 0,01, normalizing to the
50th percentile per chip and normalizing to median per gene. We filtered data
using a combination of signal confidence {'present’ flag), relative change
(1.5-2.0 times), minimum acceptable signal intensity {average difference 250
int at least one of three groups) and a statistical cut-off (P < 0.05, Student’s ¢-
test). Data are presented as mean or mean t s.e.m.; the one-way ANOVA with
Tukey-Kramer exact probability test was used 1o test the differences among all
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the groups and the least-squares method was used to determine linear correla-
tion between selected variables. P < 0.05 was considered statistically significant.

Animal experiments, All animal experiments were approved by the Institutional
Animal Care and Use Committee at Osaka University Graduate Schoo! of
Medicine.

URL. The GEO database is available at http://www.ncbinlm.nih.govigeol.
GEO accession number. GSE927.
Note: Supplententary information is available on the Nature Genetics website,
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Abstract

Heparin-binding EGF-like growth factor (HB-EGF) is initially synthesized as a type I transmembrane precursor (proHB-EGF).
Proteolytic cleavage of proHB-EGF yields amino- and carboxy-terminal fragments (HB-EGF and HB-EGF-C, respectively). We
have previously shown that HB-EGF-C is translocated from the plasma membrane into the nucleus, where it interacts with the
transcription repressor, PLZF. Here we characterize the amino acid residues of the cytoplasmic domain of proHB-EGF on cell
surface distribution and the interaction of HB-EGF-C with PLZF. The cytoplasmic domain contains three characteristic clusters
with charged amino acids. Generation of various mutants of proHB-EGF showed that the arrangement of the charged amino acids
in the cytoplasmic domain regulates the distribution of proHB-EGF at the plasma membrane but does not regulate proHB-EGF
processing and internalization of HB-EGF-C. Further, the charged amino acids are also required for HB-EGF-C-PLZF interaction.
These results indicate that the cytoplasmic domain of proHB-EGF is a multifunctional domain.

© 2004 Elsevier Inc. All rights reserved.
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Heparin-binding EGF-like growth factor (HB-EGF)
is a member of the EGF family that was first identified
as a secreted product of macrophages and macrophage-
like U-937 cells {1]. It is a 20-22 kDa glycoprotein found
in multiple forms of 76-86 amino acids [2]. HB-EGF
binds directly to the EGF receptor (EGFR)/ErbB1 [1]
and ErbB4 [3], activates ErbB2 indirectly by receptor
heterodimerization [4], and induces ErbBs signaling
in cells. N-Arginine dibasic convertase (NRDc) has
been also identified as a specific cell surface receptor for
HB-EGF that enhances cell migration in response to
HB-EGF via EGFR [5].

A structural feature common to all members of the
EGF family is their synthesis via a precursor molecule
that is tethered to the plasma membrane via a trans-
membrane domain [6]. Before HB-EGF is secreted by
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E-mail address: shigeki@m.ehime-u.ac.jp (5. Higashiyama).
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cells, it is processed from a 208 amino acid precursor
composed of various domains (e.g., signal peptide, pro-
peptide, heparin-binding, EGF-like, transmembrane,
and cytoplasmic) [1,2]. The membrane-anchored pre-
cursor of HB-EGF (proHB-EGF) exerts its bioactivity
in two distinct ways: it serves a receptor for diphtheria
toxin [7], a specific function not shared by other EGF
family members [8,9], and it stimulates growth of adja-
cent cells [10].

Newly synthesized proHB-EGF molecules first un-
dergo amino-terminal processing at Arg®2-AspS* by the
endoprotease, furin [11]. Next, cleavage at a Pro'®-
Val'® by “a disintegrin and metalloprotease” (ADAM)
molecules and matrix metalloproteases [12,13] takes
place to release a soluble form of HB-EGF. This
cleavage can be stimulated by various regents, including
the phorbol ester 12-O-tetradecanoylphorbol-13-acetate
(TPA) [14]. The processing of the extracellular domain,
which is termed “ectodomain shedding,” alsc creates a
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remnant carboxy-terminal cell-associated fragment
(HB-EGF-C) consisting of juxtamembrane, transmem-
brane, and cytoplasmic domains.

We recently reported that HB-EGF-C interacts with a
nuclear transcriptional repressor, promyelocytic leuke-
mia zinc finger (PLZF), and evokes a novel intracellular
signaling pathway that is independent of EGFR activa-
tion [15]. HB-EGF-C-PLZF interaction is mediated by
the c¢ytoplasmic domain of proHB-EGF. In addition,
neuregulin-1, a member of the family of EGF molecules, is
cleaved at the transmembrane domain. The intracellular
domain {Nrg-1-ICD) released from this process regulates
gene transcription [16]. These findings indicate that the
cytoplasmic domain of the membrane-anchored precur-
sor of the EGF family molecules is a functionat domain.

Here we characterize amino acid residues of the cy-
toplasmic domain for the distribution of proHB-EGF
on cell surface and the interaction of HB-EGF-C with
PLZF. The specific sequences of amino acid residues of
the cytoplasmic domain were required for proHB-EGF
distribution at plasma membrane and the interaction of
HB-EGF-C with PLZF after proHB-EGF processing.
These results indicate that the cytoplasmic tail of
proHB-EGF is a multifunctional domain.

Materials and methods

Plasmid construction. Plasmids for recombinant expression of YFP-
tagged proHB-EGF, CFP-tagged PLZF, and FLAG-tagged PLZF
were described previously [15]. DNA fragments encoding the deleted
or mutant eytoplasmic region of proHB-EGF (with or without the
stop codon deleted) were generated by PCR and substituted for the
corresponding region of pEYFP-N1-proHB-EGF [15]. Plasmids for
recombinant expression of GST-fused HB-TMC and HB-TMCM were
generated by subcloning the BamHI-EcoRI fragment containing the
transmembrane and cytoplasmic domain sequence made by PCR at
the BamHI/EcoR1 sites of pGEX6P-1 {Amersham Biosciences). All
cDNA constructs were purified by QIAGEN Plasmid Maxi kit and
verified by DNA sequence.

Cell lines and transfection. Preparation and maintenance of
HT1080/proHB-EGF cells was described previously [15]. For the es-
tablishment of HT1080/proHBcytoM cells, the plasmids encoding
proHBcytoM mutants were introduced into HTI080 cells using
Lipofectamine 2000 (Invitrogen), and stably transfected clones were
isolated. HT1080 cells were grown in Eagle-MEM supplemented with
non-essential amino acids (Invitrogen), 10% fetal bovine serum (FBS),
and antibiotics. Stable transfectants were maintained in the same
medium with 1 mg/ml G418, All cells were cultured in a humidified
37°C/5% CO, incubator.

For transient transfections, 4.0 x 10° cells were seeded in 35-mm
cell-culture dishes (CORNING), grown for 12h in medium, and then
transfected with expression vectors using Lipofectamine 2000 (Invit-
rogen).

Immunoblotting, Immunoblotting was performed as described pre-
viously [14]. Primary antibodies were used as follows: rabbit polyclonal
antibody to GFP (MBL International Corporation) and mouse mono-
clonal antibody to FLAG (Sigma-Aldrich). Secondary antibodies were
HRP-conjugated goat anti-mouse and rabbit IgG.

Imaging of YFP- and CFP-tagged protein and immunofluorescence
microscopy. The assessment of subcellular localization of YFP- or
CFP-fusion proteins and immunofluorescence microscopy were per-

formed as described previously [15). The following primary antibodies
were used: a goat polyclonal antibody to clathrin (Sigma-Aldrich) and
a mouse monoclonal antibody to caveolin-1 (BD Transduction Lab-
oratoties). The following secondary antibodies were used: rhodamine-
conjugated donkey anti-goat IgG and rhodamine-conjugated goat
anti-mouse 1gG (CHEMICON). Some cells were also stained with
Hoechst 33258 (Molecular probes)

GST pull-down assay. GST, GST-HB-TMC, and GST-HB-TMCM
wete expressed in and purified from the E. coli BL21 strain according
to standard protocol. GST pull-down assay was performed as previ-
ously described [15].

Results
Cytoplasmic structure of proHB-EGF

The cytoplasmic domain of proHB-EGF consists of 24
amino acids with three characteristic clusters of charged
amino acid residues; the first is a positively charged clus-
ter (RYHRR), the second is a negatively charged
cluster (DVENEE), and the third is a positively charged
cluster {(KVK) {Figs. 1A and 2A).

Processing and distribution of proHB-EGF truncated
mutants

Recombinant protein in which YFP was fused to the
carboxy-terminus of proHB-EGF (proHB-EGF~YFP)
was synthesized as an expected size, distributed at the
plasma membrane, and proteolytically cleaved after
TPA treatment (Figs. 1B and C). To investigate the role
of the cytoplasmic domain on proHB-EGF processing
and subcellular localization, we first constructed plas-
mids encoding three types of YFP-tagged cytoplasmic
deletion mutants of proHB-EGF (proHBAC10~YFP,
proHBAC19~YFP, and proHBAC22~YFP; Fig. 1A).
These expression plasmids were transiently transfected
into human fibrosarcoma HT1080 cells, and the fusion
proteins were detected by immunoblotting using anti-
GFP antibody after the treatment with or without
100nM TPA for 60min. All YFP fusion proteins were
detected as heterogeneous bands at ~49 and ~36kDa,
respectively (Fig. 1B). Pro-forms of these recombinant
proteins were detected as ~49kDa bands in each lane.
After TPA stimulation, carboxy-terminal fragments of
these pro-forms were detected as ~36kDa bands in each
lane. TPA treatment decreased the intensity of the
~49kDa bands in the three types of the truncated mu-
tants as well as in proHB-EGF~YFP. This suggests that
these truncated mutants are processed normally in
response to TPA stimulation.

The distribution of YFP-fusion proHB-EGF variants
was assessed using a fluorescent microscope. In the ab-
sence of TPA, all fusions were mainly localized at the
plasma membrane. While proHB-EGF~YFP and
proHBACI0~YFP were distributed homogeneously
throughout the plasma membrane, cells expressing
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proHBAC19~YFP and proHBAC22~YFP had patches
of the YFP-fusion proteins at the plasma membrane
(Fig. 1C). After TPA treatment, the carboxy-terminal
fragments of all fusion proteins were localized around
the nucleus (Fig. 1C).

Processing and distribution of proHB-EGF cytoplasmic
uncharged mutants

The proHB-EGF cytoplasmic domain contains three
clusters of charged amino acids (Fig. 2A). To investigate
the roles of these charged clusters, we generated three
types of proHB-EGF~YFP uncharged mutants by re-
placing clusters of charged amino acids with those of
uncharged amino acids (proHBcytoM*~YFP and pro-
HBcytoM~~YFP, and proHBcytoM*~YFP; Fig. 2A).
The plasmids encoding proHB-EGF~YFP and three
types of uncharged mutants were transiently transfected
into HT1080 cells, and the recombinant proteins were
detected by immunoblotting with an anti-GFP antibody
after incubation in medium with or without TPA. All
three mutant proteins and proHB-EGF~YFP under-
went normal processing in response to TPA stimulation
(Fig. 2B).

The subcellular localization of recombinant YFP fu-
sion was assessed under a fluorescent microscope. When
the transfected cells were incubated with normal me-
dium, proHB-EGF~YFP was distributed homoge-
neously throughout the plasma membrane. In contrast,
cells transfected with three types of mutants showed
patch-like distribution of YFP-fused mutant proteins
(Fig. 2C). Following treatment with TPA, the cells ex-
pressing proHB-EGF~YFP and its mutants showed
carboxy-terminal fragments distribution around the
nucleus (Fig. 2C),

HB-EGF-C internalization is mediated by clathrin-depen-
dent endocytosis

The images of truncated mutants of proHB-
EGF~YFP after TPA treatment indicate that the cyto-

plasmic domain is not necessary for the internalization of
HB-EGF-C. HB-EGF-C retains the transmembrane
domain [15] and, therefore, can be carried into the cyto-
plasm by a vesicle trafficking mechanism, such as clath-
rin- and cavecolin-mediated endocytosis. To test this
possibility, we performed immunostaining with anti-
bodies against clathrin and caveolin-1 in HT1080 cells
transiently expressing proHB-EGF~YFP. ProHB-
EGF~YFP was localized to the plasma membrane. After
TPA treatment for 30min, the carboxy-terminal frag-
ments of proHB-EGF~YFP (HB-EGF-C~YFP) were
localized around the nucleus. In this condition, HB-EGF-
C~YFP co-localized with clathrin but not with caveolin-
1 (Figs. 3A and B). These results indicate that HB-EGF-C
containing the transmembrane domain is internalized
into the cytoplasm by a process that is at least partially
dependent on clathrin-mediated endocytosis.

Charged amino acid residues in the cytoplasmic domain of
proHB-EGF are essential for PLZF export induced by
proH B-EGF processing

We have previously reported that the cytoplasmic
domain of proHB-EGF is required for PLZF export
from the nucleus [15]. To investigate the effect of charged
amino acid clusters in the cytoplasmic domain, we es-
tablished HT1080 cells stably expressing proHB-EGF,
proHBcytoM*, proHBeytoM~, and proHBcytoM™
(Fig. 4A). The plasmid for recombinant expression of
CFP~PLZF was transiently transfected into HT1080
cells and its variants, and images of the CFP-fusion
protein were collected with or without the treatment with
100nM TPA for 60min. In all cell types, CFP~PLZF
was predominantly localized at the nucleus before TPA
stimulation (Figs. 4B and C). TPA treatment resulted in
distribution of CFP~PLZF throughout the entire cyto-
plasm of HT1080/proHB-EGF cells (Figs. 4B and C}, as
previously reported [15]. In HT1080/proHBcytoM* and
HT1080/proHBcytoM ™ cells, however, the nuclear ex-
port of CFP~PLZF after TPA treatment was partially
inhibited (Figs. 4B and C). Furthermore, in HT1080/

<

Fig. 1. Processing and distribution of proHB-EGF truncated mutants. (A) Schematic structure of proHB-EGF~YFP truncated mutants. (B) Ex-
pression of YFP-fusion proteins was detected by immunoblotting with anti-GFP antibody. The ~4%kDa band of pro-form of each YFP-fusion
protein was decreased by the TPA stimulation. In contrast, the ~36 kDa band of the carboxy-terminal fragment from each YFP-fusion pro-form
(C-terminal fragment) was increased after the treatment. (C) Distribution of YFP-fusion proteins (green) and nucleus (blue). ProHB-EGF~YFP and
proHBACI10~YFP were distributed homogeneously throughout the plasma membrane, while proHBAC19~YFP and proHBAC22~YFP showed
patch-like distribution in the plasma membrane. The carboxy-terminal fragments of proHB-EGF~YFP and its variants generated by the TPA
treatment were localized around the nucleus. Bar =10 pm.

Fig. 2. Processing and distribution of proHB-EGF cytoplasmic uncharged mutants. (A) Schematic structure of proHB-EGF~YFP cytoplasmic
uncharged mutants. {B) Expression of YFP-fusion proteins was detected by immunoblotting with anti-GFP antibody. The band of pro-form of each
YFP-fusion protein decreased in response to TPA stimulation. In contrast, the band of the carboxy-terminal fragment of each YFP-fusion pro-form
{C-terminal fragment) increased in response to treatment. {C) Distribution of YFP-fusion proteins (green) and nucleus (blue), ProHB-EGF~YFP
was distributed homogeneously throughout the plasma membrane, while the three types of cytoplasmic uncharged mutants were distributed in a
patch-like fashion in the plasma membrane. The carboxy-terminal fragments of proHB-EGF~Y FP and its variants generated by the TPA treatment
were localized around the nucleus. Bar = {0 pm.
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Fig, 3. Colocalization of the carboxy-terminal fragment of proHB-
EGF~YFP (HB-EGF-C~YFP)} with clathrin following TPA treat-
ment. (A,B) HT1080 cells transiently expressing proHB-EGF~YFP
were immunostained with anti-clathrin and caveolin-I antibodies, re-
spectively, before and after TPA stimulation. {A) After the treatment,
HB-EGF-C~YFP colocalized with clathrin around the nucleus. (B)
Colocalization of HB-EGF-C~YFP with caveolin-1 was not observed
following TPA treatment. Bars = 10 pm.

proHBcytoM¥ cells, the degree of PLZF export was
greatly reduced (Figs. 4B and C).

Sequence specific required for interaction of HB-EGF-C
with PLZF

Interaction between PLZF and HB-EGF-C is re-
quired for PLZF export [15]. We investigated the bind-
ing of PLZF with HB-EGF-C containing wild-type- or
an uncharged mutant cytoplasmic domain using a GST
pull-down assay, Glutathione-Sepharose beads conju-
gated either with GST alone, with recombinant frag-
ments containing transmembrane and cytoplasmic
domain of proHB-EGF fused to GST (GST-HB-TMC(),
or with recombinant fragments containing transmem-
brane and uncharged mutant cytoplasmic domain fused
to GST (GST-HB-TMCM) (Figs. SA and B) were gen-
erated. Next, cell lysate containing FLAG-tagged PLZF
was incubated with these beads. PLZF associated with
GST-HB-TMC, but not with GST alone or with GST-
HB-TMCM (Fig. 5C).
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8= - -
0=

— ——— — S — g (L tbIN
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Parcontage of Nuclesr Localization
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Fig. 4. ProHB-EGF processing-dependent nuclear export of PLZF
requires charged clusters in the cytoplasmic domain of proHB-EGF.
(A) HT!080 cells stably expressing proHB-EGF, proHBcytoM?*,
proHBcytoM™, and proHBcytoM™ were established. Expression of
proHB-EGF and its variants confirmed by immunaoblotting with anti-
HB-EGF antibody (upper panel). The expression of B-tubulin was
used as control (lower panel). (B,C) Subcellular localization of
CFP~PLZF fusion protein in HT1080 cells and its variants.
CFP~PLZF expression vector was transiently transfected into
HTI1080 cells and its transfectants. CFP~PLZF was predominantly
localized to the nucleus in these cell types. In HT1080/proHB-EGF but
not in parental HT1080 cells, CFP~PLZF was distributed in the entire
cytoplasm following treatment with 100nM TPA. In HT1080/pro-
HBcytoM* and HT1080/proHBcytoM ™ cells, the nuclear export of
CFP~PLZF was partially inhibited. The degree of CFP~PLZF export
was greatly decreased in HT1080/proHBcytoM™ cells.

Discussion

We have previously shown that HB-EGF-C is
translocated from the plasma membrane to the nucleus
after proHB-EGF processing and that HB-EGF-C in-
teracts with PLZF [15]. The present study demonstrated
that the cytoplasmic domain of proHB-EGF plays a key
role in proHB-EGF distribution and HB-EGF-C-PLZF
interaction.
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Fig. 5. Sequence specific interaction of the cytoplasmic domain of
proHB-EGF with PLZF. (A) Schematic structures of GST alone,
GST-HB-TMC, and GST-HB-TMCM. (B) GST (1), GST-HB-TMC
{2), or GST-HB-TMCM (3) separated by SDS-PAGE were stained
with CBB. (C) Cell lysates containing FLAG-tagged PLZF were in-
cubated with GST (1), GST-HB-TMC (2), or GST-HB-TMCM (3)
beads, and bound proteins were detected by immunoblotting with anti-
FLAG antibody (right panel). Expression of FLAG-tagged PLZF was
confirmed by immunoblotting using anti-FLAG antibody (left panel).
FLAG-tagged PLZF was bound to GST-HB-TMC but not to GST
alone or to GST-HB-TMCM.

In the present study we demonstrated that the cyto-
plasmic domain of proHB-EGF was not required for the
proteolytic processing of proHB-EGF. This result is
consistent with the report that the processing of pre-
cursors of HB-EGF and amphiregulin occurred in the
absence of their cytoplasmic domain [17,18]. In this
study, proHBACI9~YFP and proHBAC22~YFP
showed patch-like distribution at the plasma membrane.
In addition, cells transiently expressing three types of
uncharged cytoplasmic mutants of proHB-EGF~YFP
showed a similar type of distribution. These results in-
dicate that the arrangement of the first positively and the
second negatively charged clusters in the cytoplasmic
domain is required for proper distribution of proHB-
EGF at the plasma membrane.

The nuclear export of PLZF is dependent on proHB-
EGF processing and requires the cytoplasmic domain of
proHB-EGF [15]. Further, the present study demon-
strated that the characteristic sequence of charged
amino acid residues in the cytoplasmic domain of
proHB-EGF was essential for interaction with PLZF
and its subsequent nuclear export, but was not required
for the translocation of HB-EGF-C, The presence of a
transmembrane domain in HB-EGF-C [15] and

colocalization of HB-EGF-C with clathrin indicate that
the internalization of HB-EGF-C is at least partially
mediated by clathrin-dependent endocytosis. Precursors
of other EGF family members also possess charged
amino acid clusters in their cytoplasmic domains, sug-
gesting that their carboxy-terminal fragments of their
pro-forms can interact with PLZF or similar transcrip-
tion repressors after their processing.

In conclusion, the cytoplasmic domain of prcHB-EGF
regulates proHB-EGF distribution at the plasma mem-
brane, and the arrangement of charged amino acid
clusters in the cytoplasmic domain is essential for HB-
EGF-C-PLZF interaction. These results indicate that the
cytoplasmic domain is a multifunctional domain. Fo-
cusing on the cytoplasmic domain of proHB-EGF and
other EGF family precursors may be useful in the char-
acterization of the functional diversity of EGF family
molecules.
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