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Figure 6. Improvement of heart function in vivo by CADQ. A,
Lung weight to body waight (LW/BW) ratio was attenuated by
CADQ or CPA. "P<0.01, *P<0.0001. Numbers of mice in every
group and abbreviations are the same as in Figure 5B. B, Rep-
resentative lungs of mice treated with sham, TAC, or
TAC+CADQ {bar=1 mm), C, LVFS. "P<0.05. The number of
mice in sham, TAC, TAC+CADO, TAC+CADO+SPT,
TAGC+SPT, TAC+CPA, and TAC+CPA+DPCPX groups is 14,
22,15, 7, 17, 8, and 6 respectively. D, LV dP/dt . was
increased in CADO- or CAP-treated mice. *P<0.05, n=5in
every group. Values are mean+=SEM. .

level to be able to act at the receptor level in pressure-
overload state. Therefore, it would be of importance to clarify
whether augmentation of endogenous adenosine is beneficial
to cardiac hypertrophy.

In conclusion, the data in this study indicate that the
activation of adenosine A, receptors attenuates both the
cardiac hypertrophy and myocardial dysfunction mediated by
combined mechanisms of antiadrenergic effect and upregu-
lation of RGS5-4.
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A disintegrin and metalloprotease 12 (ADAM12/mel-
trin o) is a key enzyme implicated in the ectodomain
shedding of membrane-anchored heparin-binding epi-
dermal growth factor (EGF)-like growth factor (proHB-
EGF)-dependent epidermal growth factor receptor
(EGFR) transactivation. However, the activation mech-
anisms of ADAM12 are obscure. To determine how
ADAMI12 is activated, we screened proteins that bind to
the cytoplasmic domain of ADAMIZ2 using a yeast two-
hybrid system and identified a protein called PACSIN3G
that contains a Src homology 3 domain. An analysis of
interactions between ADAMI12 and PACSIN3 using glu-
tathione S-transferase fusion protein revealed that a
proline-rich region (amino acid residues 829-840) of
ADAMI12 was required to bind PACSIN3, Furthermore,
co-immunoprecipitation and co-localization analyses of
ADAMI12 and PACSIN3 proteins also revealed their in-
teraction in mammalian cells expressing both of them.
The overexpression of PACSIN3 in HT1080 cells en-
hanced 12-O-tetradecanoylphorbol-13-acetate (TPA)-in-
duced proHB-EGF shedding. Furthermore, knockdown
of endogenous PACSIN3 by small interfering RNA in
HT1080 cells significantly attenuated the shedding of
proHB-EGF induced by TPA and angiotensin II. Our
data indicate that PACSIN3 has a novel funection as an
up-regulator in the signaling of proHB-EGF shedding
induced by TPA and angiotensin II.

The transactivation of epidermal growth factor receptor
{EGFR)' by G-protein-coupled receptor (GPCR) agonists is a
critical element in various responses of diverse cell types in-
cluding fibroblasts, keratinocytes, astrocytes, and smooth mus-
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cle cells (1, 2). A novel mechanistic concept of the EGFR trans-
activation-signaling pathway involves the proteolytic release of
heparin-binding EGF-like growth factor (HB-EGF) at the sur-
face of cells stimulated with GPCR agonists (3). HB-EGF is a
member of the EGF family that directly binds EGFR and
thereby enhances its phosphorylation, resulting in cell growth
and differentiation (4). Like other members of the EGF family,
HB-EGF is synthesized as a membrane-anchored form (proHB-
EGF) and then proteolvtically processed to become a bicactive
soluble form, a process that is called ectodomain shedding. The
ectodomain shedding of proHB-EGF is an important post-
translational modification that converts a tethered insoluble
juxtacrine growth factor into a soluble ligand leading to the
autoerine or paracrine activation of EGFR.

Studies of GPCR mitogenic signaling have proven that
EGFR transactivation is dependent on HB-EGF in smooth
muscle cells (2), cardiac endothelial cells (5), and cardiomyo-
cytes {6), as well as in various pathological processes such as
cardiac hypertrophy (6), chronic active gastritis associated with
Helicobacter pylori (7), and cystic fibrosis (8).

Growing evidence points to a disintegrin and metallopro-
teases (ADAMs) as key enzymes of proHB-EGF shedding in
EGFR transactivation signaling. All ADAMs have an extracel-
lular portion with a metalloprotease domain, a transmembrane
region and a cytoplasmie tail, and several ADAMs have metal-
loprotease activity, Lemjabbar and Basbaum (8) described that
stimulation of platelet-activating factor receptor transacti-
vated EGFR through the shedding of proHB-EGF by ADAM10
in the human epithelial cell line HM3. Yan et a¢l. (9) demon-
strated that stimulation with the bombesin receptor transacti-
vated EGFRs via the ADAM10-dependent cleavage of proHB-
EGF in COS-7 cells. We also identified ADAM12 as a specific
enzyme that catalyzes proHB-EGF shedding in EGFR transac-
tivation by GPCR agonists, such as phenylephrine, endothe-
lin-1, and angiotensin II causing eardiac hypertrophy (6). [zumi
et al. (10) showed that ADAM9 is involved in TPA-induced
shedding of HB-EGF in Vero-H cells when protein kinase C is
activated. However, Weskamp ef al. (11) found that TPA-stim-
ulated shedding of HB-EGF is unaffected in embryonic fibro-
blasts derived from mice lacking ADAMY. Moreover, Kurisaki
et al. (12) discovered that TPA-induced proHB-EGF shedding is
completely abrogated in embryonic fibroblasts derived from
mice lacking ADAM12, arguing against an essential role for
ADAMSY in procHB-EGF shedding.

These reports indicate that the ectodomain shedding of
EGFR ligands, especially of proHB-EGF, is central to GPCR
and EGFR communication. However, the underlying mecha-
nisms of the ligand shedding-dependent EGFR transactivation
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Fic. 1. Interaction of PACSIN3 with cytoplasmie tails of
ADAMIZ2 in yeast two-hybrid system. A, yeast strain L40 was co-
transformed with prey plasmid pACT2-PACSIN3 together with bait
plasmid encoding ADAMI12 eytoplasmic domain or control plasmid
pBTM116. Bait-prey interactions were assayed in co-transformed yeast
by measuring growth without histidine or f-galactosidase production.
B, schematic representation of PACSIN3. a.a., amine acid.

pathway are largely unknown. Thus, elucidation of the regula-
tory mechanisms of ADAMs is essential to understand the
ligand shedding-dependent EGFR transactivation pathway.
The present study focuses on ADAMI12, which is involved in
TPA or angiotensin II induced HB-EGF shedding and EGFR
transactivation. ADAM12 has several Src homology 3 (SH3)
domain-binding metifs, (RZK)XXPXXP or PXXPX(R/K) (13) in
its cytoplasmic tails, indicating that ADAMI12 probably inter-
acts with signaling molecules containing SH3 domains. There-
fore, we performed a yeast two-hybrid screening to identify
proteins that bind ADAM12 cytoplasmic tails. We found that a
protein containing an SH3 domain called PACSINS is required
for the proHB-EGF shedding induced by TPA and angiotensin
IL.

EXPERIMENTAL PROCEDURES

Expression Vectors and Small Interfering RNA (siRNA)—The yeast
expression plasmid encoding the GAL4 DNA-binding domain fused to
the human ADAM12 cytoplasmic domain was constructed by inserting
ADAMI12 cytoplasmic domain complementary DNA (¢<DNA) into EcoRI
and Sall sites in the multiple cloning sites of the pBTM116 vector
{Clontech). We similarly constructed yeast expression plasmids encod-
ing GAL4 DNA-binding domain fused to human ADAM9, ADAMI0,
ADAM15, ADAM17, and ADAM1S9 cytoplasmic domains. We prepared
an adenovirus carrying a gene encoding FLAG epitope-tagged ADAM12
as described (6). ADAMI12 full-length was cloned into the pEGFP-N1
vector (Clontech). The cytoplasmic domain of ADAMI12 and its trun-
cated regions were cloned into the pGEX4T-1 vector (Amersham Bio-
sciences). PACSING full-length and truncated (ASH3, 1-362 amino
acids) cDNAs isolated from a human heart cDNA library by the polym-
erase chain reaction (PCR) were introduced below the hemagglutinin
(HA) sequence into BamHI and NotlI sites among the multiple cloning
sites of the pcDNA3.1 mammalian expression vector {Invitrogen). PAC-
SIN3 full-length cDNA was also cloned into the pGEX4T-1 vector. The
siRNA duplexes were chemically synthesized and purified by Dharma-
con Research Inc. The PACSIN3 target sequence 5'-AAGAGGCT-
GAAGGAGGTTGAG-3' was selected for PACSINI knockdown. This
sequence wag not substantially similar to any other sequence in the
NCBI data base. Scramble siRNA directed against 5-GCGCGCUUU-
GUAGGAUUCG-3" was the negative control. No mammalian mRNAs
contained this sequence in the NCEI data base.

Yeast Two-hybrid Screening—Yeast strain L[40 containing
pBTM116-ADAM12-ACyto was selected on synthetic complete medium
lacking tryptophan. A human heart cDNA library in pACT2 was intro-
duced into the transformant, and then yeast cells were plated onte
synthetic complete medium lacking tryptophan, leucine, and histidine
in the presence of 3.5 mM 3-aminotriazale. We assayed the B-galacto-
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FiG. 2. Interaction of ADAMI2 with PACSINS. A, binding of
ADAMI12 to PACSINSG in vitro. Extracts prepared from HT1080 cells
infected with adenovirus vector encoding FLAG-ADAMI12 were incu-
bated with either GST or GST-fused PACSIN3 immebilized onto gluta-
thione-conjugated resin, Proteins bound to the resin were separated by
SDS-PAGE and either immunoblotted or stained with CBE. Left, im-
muncblotting using anti-FLAG anlibody. Arrow, FLAG-ADAMI2.
Right, Purified GST and GST-PACSIN3 stained with CBB. B, associa-
tion of ADAM12 with PACSING in HT1080 cells. HT1080/HA-PACSIN3
cells were infected with or without adenovirus vector encoding FLAG-
ADAMI12 and HT1080/HA infected with adenovirus vector encoding
FLAG-ADAM12 were immunoprecipitated using anti-HA antibody
(middle panel). Co-immunoprecipitated ADAM12 was detected by im-
munoblotting using anli-FLAG antibody (top panel). Lower panel,
FLAG-ADAMI12 in cell lysates detected by anti-FLAG antibody.

sidase activity of transformants grown on the dropout plates at 30 °C
for 3-7 days. Library plasmid DNA was recovered by transformation
into Escherichia coli HB101 cells and sequenced.

Cell Culture and Transfection—HT1080 cells were cultured in Ea-
gle’s minimum essential medium supplemented with 0.1 mM non-essen-
tial amino acids and 10% fetal bovine serum at 37 °C in 5% CO,.
HT1080 cells stably expressing one of HA-tagged PACSING (HA-PAC-
SIN3), HA-tagged PACSIN3-ASH3 (HA-PACSIN3-ASH3), alkaline
phosphatase (AP)-tagged proHB-EGF (proHB-EGF-AP) (14), or both
proHB-EGF-AP and angiotensin type I (AT1) receptor were also main-
tained under the same conditions except for the presence of 200 ug/ml
hygromycin B. Cells at 80-90% confluence were transfected with mam-
malian expression vectors using Lipofect AMINE 2000 (Invitrogen) ac-
cording to the manufacturer’s instructions or infected with adenovirus
at 50 multiplicity of infection and then incubated for 40 h.

Preparation of Cell Extracts—Cells were washed with phosphate-
buffered saline and lysed in 50 mM Tris-HCI (pH 7.4) containing 120 mM
NaCl, 0.5% Nonidet P-40, 1 my EDTA, 1 mM phenylmethylsulfonyl
fluoride, 10 my leupeptin, 1.5 mi¢ pepstatin, 1 mM aprotinin, and 50 m»
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Fic. 3. Deletion analysis of ADAM12 cytoplasmic domain. 4,
schematic representation of ADAM12 and cytoplasmic domain deletion
mutants. Four proline-rich regions that bind SH3 domain in the cyto-
plasmic domain of ADAM12 are indicated as P1 to P4, Pro, prodomain;
MP, metalloprotease-like domain; DI, disintegrin-like domain; CR, cys-
teine-rich domain; EGF, EGF-like repeat domain; TM, transmembrane
domain; CT, cytoplasmic domain. B, PACSIN3 binding to deletion mu-
tants. Extracts prepared from HT1080 cells transfected with HA-PAC-
SIN3 were incubated with either GST or with GST fusion proteins
immobilized onto glutathione resin. Bound PACSIN3 was detected by
immunoblotting using anti-HA antibody. Arrowhead, PACSIN3. C,
GST or GST fusion proteins separated by SDS-PAGE stained with CEB.
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ADAMIZ-EGFP
+ HA-PACSIN3

ADAMI2-EGFP
+ HA-PACSIN3-ASH3

EGFP

Fig, 4. Co-localization of ADAMI12 and PACSINS. HT1080 cells
co-expressing ADAM12-EGFP and either HA-PACSING (A-C) or HA-
PACSIN3-ASH3 (D-F) were imaged for EGFP fluorescence (4, D) and
anti-HA antibody combined with Cy3-conjugated anti-mouse antibody
(B, E). C and F, merged images. Arrows, ADAM12-EGFP co-localized
with HA-PACSINS at the plasma membrane. The white bar in D rep-
resents 20 um,

sodium fluoride (lysis buffer). After centrifugation for 15 min at 12,000
rpm, the supernatant was collected as cell extract.

Pull-down Assay with Inmobilized Glutathione S-Transferase (GST)
Fusion Proteins—We separated GST and GST-fusion proteins using
SDS-PAGE and stained them with Coomassie Brilliant Blue. The pro-
teing were immobilized onto glutathione-Sepharose and exposed to
pull-down FLAG-tagged ADAM12 (FLAG-ADAM12) from cell lysates.
Cell lysates were incubated with either GST or GST fusion proteins on
the resin in 500 p} of the lysis buffer described above with gentle
agitation at 4 °C for 4 h. After extensive washing with lysis buffer,
bound proteing were releused by boiling in SDS-sample buffer, sepa-
rated by SDS-PAGE, and then immunoblotted.

Immuneprecipitation—The HT1080/HA-PACSINS cell lysates were
incubated for 2 h with an anti-HA polyclonal antibody (Y11) (Santa
Cruz Biotechnology). Protein G-Sepharose (Amersham Biosciences) was
added, and the mixture was incubated for 4 h. The immunoprecipitates
were collected by centrifugation, washed five times with lysis buffer,
resolved by SDS-PAGE, and immunoblotted.

Immunoblot Analysis—Resolved proteins were transferred onto an
Immobilon-P membrane (Millipore) and immunoblotted against the
following primary antibodies: anti-HA monoclonal antibedy (12CAS5)
(Roche Applied Science), anti-FLAG menoclonal antibody (M2) (Sigma),
or anti-PACSINS polyclonal antibody raised against GST fusion pro-
tein. The secondary antibody was either horseradish peroxidase-conju-
gated anti-mouse or anti-rabbit antibody (Promega). The immunoreac-
tive proteins were visualized using the ECL detection system
{Amersham Biosciences). .

Confocal Microscopy—HT1080/HA-PACSIN3 and HT1080/HA-PAC-
SIN3-ASH3 cells were transiently transfected with pEGFP-ADAMI2.
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Thereafter, the cells were fixed with 4% paraformaldehyde, permeabi-
lized using 0.1% Nonidet P-40, and stained with anti-HA moanoclonal
antibedy followed by goat Cy3-conjugated anti-mouse antibody (Jack-
son ImmunoResearch Laboratories, Inc., West Grove, PA). Fluorescent
images were acquired at the resolution of 512 X 512 using a Bio-Rad
Radiance 2000 confocal device fitted on a Nikon Eclipse E-600 micro-
scope with a 100 x/1.4 PlanAPQ oil-immersion objective. Red and green
signala were collected sequentially to avoid bleed through.

Assay of ProHB-EGF-AP Shedding—Cells at 80-90% confluence
were transfected with 0.8 pg of siRNA (per well of 24-well plates) and
incubated for 40 h. The cells were then incubated for 60 min at 37 °C
with 50 nM TPA or 100 nM angiotensin II. Aliquots (100 ul) of condi-
tioned media were transferred to 96-well plates, and AP activity was
measured as described previously {14}

RESULTS

Identification of Binding Proteins That Interact with
ADAMI2 by Yeast Two-hybrid Screening—To identify proteins
that interact with the eytoplasmic domain of ADAM12, 3.0 X
10° clones of a human heart ¢DNA library were screened using
the yeast two-hybrid system and the ADAMI2 cytoplasmic
domain as bait. Thirteen positive clones were obtained and
sequenced. A homology search in GenBank™ ¢DNA data bases
using the BLAST program revealed that two of the isolated
clones overlap with the carboxyl-terminal region of PACSIN3
c¢DNA. PACSINS full-length ¢DNA was cloned by PCR from a
human heart ¢cDNA library, and interaction between PACSIN3
and the cytoplasmic domain of ADAMI12 in yeast cells was
confirmed by growth under nutritional selection and by B-ga-
lactosidase production (Fig. 14). The domain structure of PAC-
SIN3 has a Fes/CIP4 homology domain in the amino-terminal
region, followed by a coiled coil domain and a SH3 domain at
the carboxy-terminal region (Fig. 1B} (15).

PACSINS Associates with ADAM 12 in Vitro and in Viee—We
performed in vitro binding assays to confirm that PACSIN3
and ADAMI12 interact. FLAG-ADAM12 bound to GST-PAC-
SIN3 fusion protein but not to GST alone in extracts from
HT1080 cells expressing FLAG-ADAM12 (Fig. 24). To further
confirm that these two proteins can associate in mammalian
cells, FLAG-ADAM12 was transiently expressed in HT1080/
HA-PACSINS3 cells. Fig. 2B shows that anti-HA antibody im-
munoprecipitated HA-PACSIN3 from cell lysates of HT1080

- cells transfected with HA-PACSIN3, but not from mock-trans-
fected cell lysates (middle panel), and co-immunoprecipitated
FLAG-ADAM12, which was detected by the anti-FLAG anti-
body (upper panel). FLAG-ADAM]12 expression was detected by
anti-FLAG antibody in the lysates of HT1080 cells transfected
with FLAG-ADAM12 but not in lysates from mock-transfected
HT1080 cells (lower parel).

Determination of Cytoplasmie Domain of ADAMI2 Regquired
for PACSIN3 Binding—To define the binding site of ADAM12
for PACSINS3, we assayed binding in vitro using a series of
truncated mutants of the cytoplasmic domain of ADAMI12 (Fig.
3, A and C). HA-PACSIN bound to GST-ADAM12-Cyto-1, -2
and -3 equally and to GST-ADAM12-Cyto-4 and -5 to a lesser
extent in extracts from HT1080 cells expressing HA-PACSIN3
(Fig. 3B). In contrast, HA-PACSINS did not bind to GST-
ADAM12-Cyto-6 and -7 (Fig. 3B). These results suggest that P1
(amine acid residues 754-759) and P2 (amino acid residues
829-840) are required for binding to PACSIN3.

Co-localization of ADAMI2 and PACSIN3—To determine
the intracellular localization of ADAMI12 and PACSIN3,
EGFP-fused ADAM12 (ADAMI12-EGFP) was transiently ex-
pressed in HTI1080/HA-PACSIN3 or HT1080/HA-PACSIN3-
ASH3 cells. Fluorescence microscopy revealed that ADAMI12-
EGFP and HA-PACSIN3 co-localized at intracellular vesicles
and at the leading edge of the cell (Fig. 4, A-C). On the other
hand, the combination of ADAMI12-EGFP and HA-PACSIN3-
ASH3 (Fig. 4, D-F) did not co-localize.
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Fic. 5. Effect of PACSIN3 overexzpression on proHB-EGF
ectodomain shedding. AP activity in conditioned media of HT1080/
HB-AP, HTI080/HB-AP/HA-PACSIN3, or HT1080/HB-AP/HA-PAC-
SIN3-ASHS cells wes measured after incubation with 50 nm TPA (A) or
100 nM angiotensin II (B) for 60 min at 37 *C. Values were normalized
using proHB-EGF-AP expression level. Values represent means * S.E.
(n=4)

Effects of PACSIN3 on Ectodomain Shedding of ProHB-EGF
Induced by TPA and Angiotensin II—To investigate the effect
of PACSIN3 on the ectodomain shedding of procHB-EGF in-
duced by TPA, PACSIN3 or PACSIN3-ASH3 was overex-
pressed in HT1080/HB-EGF-AP cells. The AP activity in the
conditioned medium of each transfectant was then measured
after a 60-min incubation with 50 nm TPA. The overexpression
of PACSIN3 enhanced TPA-induced proHB-EGF-AP shedding
~5-fold compared with the control, whereas the effect of PAC-
SIN3-ASH3 overexpression was quite minimal (Fig. 5A). How-
ever, PACSIN3 overexpression did not enhance proHB-
EGF-AP shedding induced by angiotensin II to a statistically
significant extent (Fig. 5B). To confirm that PACSINS func-
tions as an up-regulator of proHB-EGF ectodomain shedding,
we destroyed the mRNA using siRNA mediation. To test the
effect of PACSIN3-siRNA on knockdown, we estimated the
level of endogenous PACSIN3 protein by immunoblotting. We
detected less endogenous PACSIN3 protein in the Iysate from
HT1080 cells transfected with PACSIN3-siRNA than in those
transfected with negative control scramble siRNA (Fig. 64).
This result confirmed that PACSIN3-siRNA reduced endoge-
nous PACSIN3 protein levels. We then assessed the effect of
PACSINS-siRNA on the ectodomain shedding of precHB-EGF
induced by TPA. HT1080/HB-EGF-AP cells were transfected
with Scramble-siRNA or with PACSIN3-siRNA, and AP activ-
ity was measured in the same manner as described above.

In addition, proHB-EGF-AP shedding induced by angioten-
sin Il was assayed using HT1080/HB-EGF-AP/AT1 cells. PAC-
SIN3 knockdown mediated by PACSIN3-siRNA attenuated 50
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Fic. 6. Enockdown of PACSIN3 by siRNA. 4, immunoblot anal-
ysis. HT1080 cell lysates were immunoblotted using anti-PACSIN3
antibody. B and C, effect of PACSIN3 knockdown on shedding of proHB-
EGF induced by 50 nM TPA (B) and 100 nx angiotensin II (C). AP
activity in conditioned medium of HT1080/HB-AP or HT1080/HB-AP/
AT cells transfected with siRNA was measured after incubation with
50 nM TPA or 100 nM angictensin II for 60 min at 37 °C, respectively.
Values represent means * S.E. (n = 4). **, p < 0.01 for scramble versus
siRNA with TPA or angiotensin II.

and 45% of the control Ievels of TPA- and angiotensin II-
induced proHB-EGF-AP shedding, respectively (Fig. 6, B
and C).

Specificity of PACSIN3 Binding to ADAMs—We studied the
specificity of ADAMs for PACSIN3 association. Fig. 7 shows the
binding affinity of the cytoplasmic domains of various ADAM
proteins for PACSINS determined by the yeast two-hybrid sys-
tem. The cytoplasmic domains of ADAMs 9, 10, 12, 15, and 19
interacted with PACSINS but not those of ADAM17 both in
yeast growth (Fig. TA) and p-galactosidase assays (Fig. 7B).

DISCUSSION

The current study investigated the regulatory mechanisms
of ADAM-dependent proHB-EGF shedding induced by TPA or
GPCR agonists. We then focused on ADAM12 that has recently
been identified as a shedding enzyme involved in proHB-EGF.
Since the cytoplasmie tail of human ADAM12 has four class I
(RE)XXPXXP and three class II PXXPX{R/K} SH3 domain-
binding motifs grouped into four proline-rich regions (Fig. 3A),
ADAMI12 probably interacts with several signaling molecules
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FiG. 7. Interaction of PACSINS with cytoplasmic tails of sev-
eral ADAMSs. Yeast strain L40 was co-transformed with prey plasmid
pACT2-PACSIN3 together with bait plasmids encoding cytoplasmic
domains of ADAMs or control plasmid pBTM116. Co-transformed
yeasts were assayed for bait-prey interactions by determining growth
without histidine (4) or B-galactosidase production (B).

containing SH3 domains. Yeast two-hybrid screening using the
cytoplasmic domain of ADAMIZ2 as bait resulted in the isola-
tion of PACSIN3G characterized by Fes/CIP4 homology and SH3
domains in the amino- and carboxyl-terminal regions, respec-
tively. PACSINS is supposed to be a cytoplasmic molecule
involved in endocytosis. For example, PACSIN3 binds endo-
eytic proteins such as dynamin, synaptojanin 1, and N-WASP
in vitro, and PACSIN3 overexpression blocks endocytosis (16).

ADAMI12 interacts with signaling molecules containing an
SH3 domain such as Src and the p85a regulatery subunit of
phosphatidylinositol 3-kinase, and the binding sites for these
proteins are located in P2, and in P2 or P4 of the ADAMI2
cytoplasmic tail, respectively (17-19), Binding assays using a
series of truncated mutants mapped the PACSIN3-binding
sites to P1 and P2 in ADAM12 cytoplasmic tail. These findings
suggest that the PACSIN3-binding sites are shared by several
proteins containing SH3 domains, although whether the bind-
ing of these proteins to ADAM12 cytoplasmic tail is exclusive
remains unknown.

Microscopy revealed that HA-PACSIN3 was diffused
throughout the cytoplasm and partially localized in the plasma
membrane where some endogenous ADAMI2 also resides. On
the other hand, ADAM12-EGFP was intracellularly distributed
in a vesicle-like manner, consistent with other reports indicat-
ing that exogenous ADAM]12 is localized mainly in the endo-
plasmic reticulum, trans-Golgi networks, and partially in the
plasma membrane (20, 21). HA-PACSING co-localized with
ADAM12-EGFP in the plasma membrane, suggesting that
PACSINS associates with correctly transported ADAMI2 in
the plasma membrane. OQur findings are also supported by the
notion that mutant PACSIN3-ASH3 do not co-localize with
wild type ADAM12, and previously reported ADAM13 binds to
and co-localize with PACSINZ (22).

We demonstrated that PACSIN3 knockdown by siRNA in
HT1080 cells partially attenuated the shedding of proHB-EGF
induced by TPA and angiotensin II. Thus, PACSING seems
necessary, but alone is insufficient, to regulate the signaling
pathway of the ectodomain shedding of HB-EGF induced by
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both TPA and by angiotensin II. In addition, PACSIN-like
molecules might be involved in regulating the ectodomain
shedding of proHB-EGF induced by TPA and angiotensin II.
We also question whether PACSINS regulates the ectodomain
shedding of proHB-EGF induced by other GPCR.

PACSINS can interact with the cytoplasmic tails of ADAMS,
ADAMI10, ADAMI15, and ADAMI19 as well as with those of
ADAM12 (Fig. T), suggesting that PACSIN3 widely regulates
ADAM-dependent post-translational modification, The physio-
logical significance of interactions between PACSINS and these
ADAMs, however, remains obscure.

We postulated that PACSING plays a physiological role as a
binding partner of ADAMI2 in the signaling pathway of
proHB-EGF shedding induced by GPCR agonists. Further
analyses will clarify the signaling pathway from GPCRs to the
processing of proHB-EGF leading to EGFR transactivation.

Acknowledgments—We acknowledge R. Tkeda and M. Uragami for
technical assistance.
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Article

Proteolytic release of the carboxy-terminal fragment
of proHB-EGF causes nuclear export of PLZF

Daisuke Nanba,' Akiko Mammoto,' Koji Hashimoto,” and Shigeki Higashiyama'

'Department of Medica! Biochemistry and Department of Dermatology, Ehime University School of Medicine,

Ehime 791-0295, Japan

like growth factor (proHB-EGF) via metalloprotease

activation yields amino- and carboxy-terminal regions
(HB-EGF and HB-EGF-C, respectively), with HB-EGF widely
recognized as a key element of epidermal growth factor
receptor transactivation in G protein~coupled receptor
signaling. Here, we show a biological role of HB-EGF-C in
cells. Subsequent to proteolytic cleavage of proHB-EGF,
HB-EGF-C translocated from the plasma membrane into

C leavage of membrane-anchored heparin-binding EGF-

the nucleus. This translocation triggered nuclear export of
the transcriptional repressor, promyelocytic leukemia zinc
finger (PLZF), which we identify as an HB-EGF-C binding
protein. Suppression of cyclin A and delayed entry of S-phase
in cells expressing PLZF were reversed by the production
of HB-EGF-C. These results indicate that released HB-EGF-C
functions as an intracellular signal and coordinates cell
cycle progression with HB-EGF.

Introduction

Interreceptor cross-talk has received significant artention
recently as an essential element in understanding the increas-
ingly complex signaling networks identified wichin cells.
Transactivation of the epidermal growth factor receptor
(EGFR) has been shown to play a crucial role in the signaling
by G protein-coupled receptors {(GPCRs), cytokine receprors,
receptor tyrosine kinases, and integrins to a variety of cellular
responses (Hackel er al, 1999; Moghal and Sternberg,
1999). Transactivation of EGFR is mediated, at least in
some cases, by the EGFR ligand heparin-binding EGF-like
growth factor {HB-EGF), which is cleaved from its membrane-
anchored form (proHB-EGF} in a process termed “ecto-
domain shedding” (Prenzel et al., 1999).

The proHB-EGF molecule is proteclytically cleaved by
“a disintegrin and metalloprotease” (ADAM) 9, 12, 10, or
17 (Izumi et al., 1998; Asakura et al,, 2002; Lemjabbar and
Basbaum, 2002; Sunnarborg et al,, 2002; Yan et al., 2002)
to release a soluble form of HB-EGF. This cleavage can
be stimulated by treating cells with various agents, includ-
ing the phorbol ester 12-O-tetradecanoylphorbol-13-acetate
{TPA), zn activator of PKC (Goishi, et al., 1995). Recent
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analyses have shown that the processing of proHB-EGF by
metalloproteases plays important roles in cutaneous wound
healing (Tokumaru et al., 2000} and branching morphogen-
esis of the submandibular gland {(Umeda et al., 2001). Fur-
thermore, the cleavage of proHB-EGF is required for EGFR
transactivation by GPCR signaling (Prenzel et al,, 1999),
which is involved in various biological processes such as cardiac
hypertrophy {Asakura et al., 2002), cystic fibrosis (Lemjab-
bar and Basbaum, 2002), and the mitogenic effects of
arachidonic acid metabolites (Chen et al., 2002; Cussac et
al,, 2002).

Although much has been learned about the functions of
extracellular domains produced by ectodomain shedding,
very little attention has been paid to the remnant cell-associated
domains also created by the processing event. Here, we focus
on a biological role played by the carboxy-terminal remnant
(HB-EGF-C) produced in parallel with HB-EGF, and
characterize it as a novel intracellular signaling molecule
acquired posttranslationally. Using fluorescent protein—tagged
proHB-EGF and an antibody recognizing the cytoplasmic
region of proHB-EGF, we visualized the translocation of
HB-EGF-C from the plasma membrane into the nucleus

Abbreviations used in this paper: ADAM, a disintegrin and metalloprorease;
EGFR, epidermal growth factor receptor; GPCR, G protein—coupled
receptor; HB-EGF, heparin-binding EGF-like growth factor; PLZF,
promyelocytic Jeukemia zinc finger; proHB-EGF, membrane-anchored
heparin-binding EGF-like growth factor; TPA, 12-O-tecradecanoylphorbol-
13-acetate. :
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after ectodomain shedding of proHB-EGF. Yeast two-
hybrid screening resulted in the cloning of an HB-
EGF-C binding protein, promyelocytic leukemia zinc finger
{PLZF), previously identified as a transcriptional repressor
and a negative regulator of the cell eycle. The proteolytic
release of HB-EGF-C via metalloprotease activation caused
nuclear export of PLZF and reversal of cyclin A suppression
and delayed entry of S-phase by PLZF in human fibrosar-
coma HT1080 cells, Intracellular trafficking of endogenous
HB-EGF-C into the nucleus and the subsequent nuclear ex-
port of PLZF after metalloprotease processing of proHB-
EGF were also observed in human primary cultured kerati-
nocytes. Thus, our present data provide new insights into
the inter- and intracellular communication generated by
proHB-EGF processing.

-TPA

+TPA
80 min

Results

Translocation of HB-EGF-C after

TPA-inducible processing

To investigate the behavior of HB-EGF-C after metallopro-
tease processing of proHB-EGF, we constructed an expres-
sion vector encoding a protein in which YFP was fused to
the carboxy terminus of proHB-EGF (HB-EGF-YFP). This
vector was then transfected into human fibrosarcoma
HT1080 cells. HB-EGF-YFP was localized at the plasma
membrane of the transfected cells and its ectodomain was re-
leased by TPA-inducible proteolysis, as shown previously
with wild-type proHB-EGF (unpublished data). In trans-
fected cells treated with TPA for 60 min, fluotescent images
revealed the translocation and accumulation of HB-EGF-
YFP around the nucleus (Fig. 1, A and B). Time-lapse imag-
ing showed that HB-EGF-YFP began to internalize and ac-
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; | N —— T cumulate in the cytoplasm 15 min after TPA stimulation,
‘ 1:proHB-EGF and that a majority of the fluorescent protein had disap-
" 2:MB-EGF-C peared from the plasma membrane and was observed within
3:p-tublin the cytoplasm 30 min after TPA stimulation (Fig. 1 C).
o Next, we examined the localization of HB-EGF-C by sep-
DNAZ1 +pcDNA3/FLAG/ - .,g ¥ arating cytoplasmic and nuclear fractions from HT1080
Ty Ry 5 5F I ing proHB-EGF (HT1080/HB-EGF cell
- WB.EGF-YER HE.EGE-YFP F I8 cclls overexpressing pro - ( B e s).
, é) &9{, We used an antibody recognizing the cytoplasmic region of
TPA w * 7 proHB-EGF (#H1}) to detect proHB-EGF and HB-EGF-C.
0a _
ar. S— transfected cells are shown every 5 min for up to 55 min after TPA
: treatment. Note that HB-EGF-YFP at the plasma membrane was
+TPA B:aFLAG translocated into the cytoplasm after TPA stimulation of the cells.
60 min (D and E) Accumulation of HB-EGF-C in the nucleus of HT1080

cells overexpressing proHB-EGF (HT1080/HB-EGF cells). (D) Cyto-
plasmic (Cyto.) and nuclear (Nuc.) fractions were prepared from
HT10807HB-ECF cells (2.0 X 107). After the incubation with or without
TPA for 30 min, cells were lysed and immunoblotted using anti-HB-
Figure 1. Translocation of HB-EGF-C after TPA-inducible processing. EGF-C antibody (#H1). In addition to a 25-kD band (proHB-£GF),

(A~C) HT1080 cells were transiently transfected with a plasmid the 6.7-kD band {HB-EGF-C) was detected in the cytoplasmic fraction
encoding the fusion protein HB-EGF-YFP, in which YFP was fused when cells were treated with TPA. The 6.7-kD band was also detect-
to the carboxy terminus of proHB-EGF. After 24 h, the subcellular able in the nuclear fraction after TPA stimulation. (E) Accumulation
localization of the YFP sequence was visualized with fluorescent of HB-EGF-C after TPA treatment was also observed by immunofluo-
microscopy. (A) HB-EGF-YFP in unstimulated cells was observed rescence microscopy using the #H1 antibody. (F) Transient expres-
at the plasma mermbrane. After stimulation with 100 nM TPA for sion of the amino-terminally FLAG-tagged dominant-negative form
60 min, HB-EGF-YFP was absent from the plasma membrane, of presenilin-1 (D385A) was not altered HB-EGF-YFP translocation
but detected in the cytoplasm and localized around the nucleus. after TPA treatment in HT1080 cells {left}. Expression of the FLAG-
(B) Localization of the fusion protein was confirmed by confocal tagged presenilin-1 mutant was confirmed by immunoblotting with
microscopy. (C) Representative time-lapse images of HB-EGF-YFP anti-FLAG antibody (right, arrow). Bars, 10 pm.
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A large amount of proHB-EGF was accumulated in the ¢y-
toplasmic fraction, and the band of HB-EGF-C was not ob-
served in cytoplasmic and nuclear fractions without the
stimulation (Fig. 1 D). After TPA treatment for 30 min, the
6.7-kD band (the expected size of an HB-EGF-C with
transmembrane and cytoplasmic domains of proHB-EGF)
was detectable in both cytoplasmic and nuclear fractions of
HB-EGF-C after TPA treatment (Fig. 1 E),

To test whether <y-secretase activity is involved with the
proteolytic release of HB-EGF-C, we investigated the effect
of a dominant-negative mutant of presenilin-1 (PS1 D385A),
which reduces y-secretase activity (Wolfe et al,, 1999), on
HB-EGF-C translocation after TPA treatment. Transient ex-
pression of amino-terminally FLAG-tagged dominant-nega-
tive PS1 in HT1080 cells was not altered the HB-EGF-YFP
translocation induced by TPA treatment (Fig. 1 F).

Identification of PLZF as a proHB-EGF

cytoplasmic domain-binding protein

The translocation of HB-EGF-C after proHB-EGF pro-
cessing suggested that after proHB-EGF processing, HB-
EGF-C could interact with cytoplasmic or nuclear proteins.
To identify potential binding proteins of HB-EGF-C, we used
yeast two-hybrid cloning and screened a human heart
¢DNA library using the cytoplasmic region of proHB-EGF
{residues 185-208) as bait. Screening of 10° transformants
yielded 16 positive clones. One of the clones {referred to as
clone 3) encoded a carboxy-terminal sequence of PLZF pro-
tein (Fig. 2 A), a transcriptional repressor that is localized in
the nucleus (Chen et al., 1993; Reid et al., 1995). Immuno-
precipitation from COS cells expressing proHB-EGF and
CFP-tagged PLZF (CFP-PLZF) revealed that CFP-PLZF
was coimmunoprecipitated with the #H1 antibody once the
cells were treated with TPA (Fig. 2 B).

To determine the region of PLZF that interacts with HB-
EGEF-C, we performed 2 GST pull-down assay. Various FLAG-
tagged PLZF derivatives (Fig. 2 C) were incubated with glu-
tathione Sepharose beads containing recombinant HB-EGF-C
fused to GST (GST-HB-EGF-C). In agresment with the data
obtained from the yeast study, the zinc finger region containing
nine zine finger motifs (the carboxy terminus of PLZF protein)
interacted with GST-HB-EGF-C (Fig. 2 D). We furcher char-
acterized the zinc finger region of PLZF required for interac-
tion with HB-EGF-C. GST-HB-EGF-C pulled down zinc
finger 5~8 motifs (Zn5~8) cfficiently and zinc finger 1~6
motifs (Zn1~~G) partially, but not the zinc finger 6~7 motifs
(Zn6~7; Fig. 2 E). However, deletion of ZnG~7 abrogated
the binding of PLZF to GST-HB-EGF-C {Fig. 2 F). These
data suggest that the Zn6~~7 region is essential and Zn5~8 is
sufficient for the PLZF-HB-EGF-C interaction.

Nuclear export of PLZF triggered by TPA-inducible
ectodomain shedding of proHB-EGF

Next, we examined the subcellular localization of PLZF by
using the expression vector enceding CEP-PLZF. This ex-
pression vector was transfected into four types of cell lines as
follows: HT1080 cells; a stable transfectant of HT 1080 ex-
pressing proHB-EGF (HT1080/HB-EGF); a stable dou-
ble transfectant of HT1080 cells expressing proHB-EGF
and a metalloprotease domain—deleted mutant of ADAM12
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(HT1080/AMP-ADAM12/HB-EGF); and a stable transfec-
tant of HT1080 expressing an uncleavable mutant (L148G;
Hirata et al., 2001) of proHB-EGF (HT1080/HB-EGF-
UC). Endogenous HB-EGF expression was very low in pa-
rental HT1080 cells (unpublished dara}.

CFP-PLZF was predominantly localized in the nucleus in
HT1080 cells and in the three transfectants. TPA treatment
did not alter the subcellular localization of CFP-PLZF in
HT1080 cells. In contrast, TPA treacment for 60 min dis-
tributed CFP-PLZF in the entire cytoplasm of HT1080/
HB-EGF cells (Fig. 3 A). A previous experiment had re-
vealed that ADAMI12 can mediate HB-EGF shedding, and
that expression of a dominant-negative (metalloprotease do-
main~deleted mutant) form of ADAMI12 inhibited proHB-
EGF processing in HT1080 cells (Asakura et al., 2002).
In HT1080/AMP-ADAM12/HB-EGF cells, the export of
CFP-PLZF from the nucleus to the cytoplasm was not ob-
served after TPA stimulation. Similarly, HT1080/HB-EGEF-
UC cells did not show the nuclear export of CFP-PLZF de-
spite TPA treatment (Fig. 3 A). Quantitative analyses (see
Materials and methods) verified that the number of cells
with nuclear-localized CFP-PLZF was reduced by the TPA
treatment in HT1080/HB-EGF cells, but not in parental
HT1080 cells, HT1080/AMP-ADAM12/HB-EGF cells, or
HT1080/HB-EGF-UC cells (Fig. 3 C).

Proteolyrtic cleavage of proHB-EGF induced by TPA yields
at least two fragments, HB-EGF and HB-EGF-C. Therefore,
we next investigated whether EGFR activation by HB-EGF
was involved in triggering the nuclear export of CFP-PLZF in
HT1080/HB-EGF cells. HT1080/HB-EGF cells transfected
with the plasmid encoding CFP-PLZF were preincubated
with 10 pg/ml of EGFR-neurralizing antibody (an amount of
antibody sufficient 1o inhibit tyrosine phosphorylation of
EGFR in HT'1080/HB-EGF cells after TPA addition; unpub-
lished data). Nuclear export of CEP-PLZF by TPA stimula-
tion was still observed in the presence of the antibody (Fig, 3,
B and D). On the other hand, by pretreatment with 10 pM
KB-R7785, a metalloprotease inhibitor that blocks proHB-
EGF processing by ADAM12 (Asakura et al., 2002), the fre-
quency of the nuclear export of CFP-PLZF after TPA stimula-
tion of HT1080/HB-EGF cells was reduced (Fig. 3, B and D).
The export of CFP-PLZF was also inhibited by preincubation
of the cells with 10 ng/ml lepromycin B (LMB), a specific in-
hibitor of CRM1 (designated exportin 1)-dependent nuclear
export (Kudo et al., 1999; Fig. 3, B and D). These results indi-
cate that generation of HB-EGF-C by proHB-EGF processing
is required for the nuclear export of PLZF.

The GST pull-down analysis indicated that deletion of
ZnG~7 of PLZF abrogated the binding to HB-EGF-C. There-
fore, we investigated the nuclear export of CFP-PLZF with de-
letion of Zné~7 (CFPPLZFAZn6~7) in HT1080/HB-EGF
cells. The frequency of the CFP-PLZFAZn6~7 export much
decreased as compared with CFP-PLZF after TPA stimulation
(Fig. 3, E and F). This result indicates that binding of PLZF 1o
HB-EGF-C is essential for the nuclear export of PLZF.

Translocation and interaction of HB-EGF-C with PLZF
precedes nuclear export of PLZF

Next, we performed the simultaneous visualization of
proHB-EGF processing and PLZF transport. Processing of
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Figure 2. Identification of PLZF as an HB-EGF-C binding protein. (A} We used the yeast two-hybrid method and screened a human heart
€DNA library with the cytoplasmic region of HB-EGF (HB-EGF-Cyto; residues 185-208) as bait. One of the positive clones (clone 3} was
identified as encoding a portion of PLZF. {B) COS cells were transiently transfected with a proHB-EGF expression vector and a CFP-PLZF
expression vector enceding a fusion protein in which CFP was fused to the amino terminus of PLZF, stimulated for 60 min with TPA, and lysed.
Expression of CFP-PLZF was confirmed by immunoblotting of the whole lysate with anti-GFP antibody (lane 1). The lysates were immuno-
precipitated with anti-HB-EGF-C antibody (#H1), and the precipitates were immunoblotted with anti-GFP antibody (lanes 2 and 3). Note that
the interaction between PLZF and HB-EGF was observed when cells were stimulated with TPA. {C-F) GST pull-down assay. Cell lysates
containing the FLAG-tagged PLZF derivatives were incubated with GST {1} or GST-HB-EGF-C (2) beads, and bound proteins were detected
by immunchblotting using an anti-FLAG antibody (right), Expression of the derivatives was also confirmed by immunoblotting using an anti-FLAG
antibody (left). (C) Schematic diagrams of FLAG-tagged PLZF derivatives. Nine zinc finger motifs in the PLZF protein are numbered from first
10 ninth, Binding properties of PLZF derivatives to GST-HB-EGF-C is summarized in the right lane of each structure. The binding properties
are based on the estimation from the intensity of bands as compared with the control band and are indicated as ++ {=50%), + (50-10%),
and — {<10%). (D) Full-length PLZF and the fragment containing nine zinc finger motifs (Zn Finger) were bound to GST-HB-EGF-C, but not
to GST alone. (E) The fragments consisting of zinc finger motifs 4~9 (Zn4~9) and 5~8 (Zn5~8) were bound to GST-HB-EGF-C stronger than
the fragment with zinc finger motifs 1~6 (Zn1~6). The fragment consisting of zinc finger motifs 6~7 (Zné~7) was not efficient for the interaction.
{F) Deletion mutant (AZn6~7) showed that the region with Zn6~7 was essential for HB-EGF-C-PLZF interaction.
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Figure 3. Processing of proHB-EGF by ADAM12 causes nuclear export of PLZF. Subcellular localization of CFP-PLZF fusion protein in
HT1080 cells and its variants, The CFP-PLZF expression vector was transiently transfected into four types of cells: HT1080 cells {(HT1080);
proHB-EGF-overexpressing HT1080 cells (HT1080/HB-EGF); proHB-EGF~ and metalloprotease domain-deleted mutant of ADAM12-
overexpressing HT1080 cells (HT1080/AMP-ADAM12/HB-EGF); and uncleavable-type proHB-EGF-averexpressing HT1080 cells (HT108/
HB-EGF-UC). (A and C) 24 h after the transfection, CFP-PLZF was predominantly Jocalized at the nucleus in these four cell types. In HT1080/
HB-EGF cells {but not the other types of cells), CFP-PLZF was distributed in the entire cytoplasm after treatment of the cells with 100 nM TPA
for 60 min (B and D). A metalloprotease inhibitor KB-R7785 (10 M), but not an EGFR-neutralizing antibody (10 pg/ml), inhibited nuclear export
of CFP-PLZF in HT1080/HB-ECF cells in response to treatment with TPA for 60 min. Note that nuclear export of CFP-PLZF was dependent on
the processing of HB-EGF, but that EGFR signaling was not involved in this process. 10 ng/ml leptomycin B (LMB), a specific inhibitor of
CRM1-dependent nuclear export, also inhibited nuclear export of CFP-PLZF after TPA treatment, (E and F) The expression vectors encoding
CFP-PLZF (CFP-PLZF) or Zné~7 deletion mutant of CFP-PLZF (CFP-PLZFAZn6~7) were transiently transfected into HT1080/HB-EGF cells.
Alter 24 h, changes in subcellular localization of CFP-tagged proteins after TPA treatment were examined. Note that the export of CFP-PLZFAZNn6~7
was suppressed in HT1080/HB-EGF cells after TPA stimulation. Bars, 10 pm,
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Figure 4. Nuclear export of PLZF follows internalization of HB-EGF-C. {A and B) Time-lapse imaging of CFP-PLZF and HB-EGF-YFP in living
cells. Cells cotransfected with CFP-PLZF and HB-EGF-YFP expression vectors were cultured for 24 h before observation, and then the culture
medium was replaced with medium containing 100 nM TPA. Shown are representative serial images of transfected HT1080/HB-EGF {(A) and
HT1080/AMP-ADAM12/HB-EGF (B) cells taken every 15 min up to 90 min after TPA stimulation. Note that translocation of HB-EGF-YFP
preceded nuclear export of CFP-PLZF in HT1080/HB-EGF cells. Changes in subcellular localization of the CFP and YFP fusion proteins were
riot observed after TPA treatment of HT1080/AMP-ADAM12/HB-EGF cells. {C) Time course—dependent changes in interaction of HB-EGF-C
with CFP-PLZF, The HB-EGF-C-PLZF interaction was investigated by immunoprecipitation using an anti-HB-EGF-C antibody in HT1080/HB-EGF
and HT1080/AMP-ADAM12/HB-EGF cells. The band of CFP-PLZF coimmunoprecipitated with HB-EGF-C (top} was evident at 15 min and
the later after TPA treatment in HT1080/HB-EGF but not HT1080/AMP-ADAM1T2/HB-EGF cells, despite same expression of CFP-PLZF in cells

(bottom). Bars, 10 um.

HB-EGF-YFP did not promote nuclear export of PLZF
(unpublished data), possibly due to the fused YFP interfer-
ing with the interaction berween HB-EGF-C and PLZF,
Therefore, HB-EGF~YEP and CFP-PLZF expression vec-
tors were cotransfected into HT1080/HB-EGF or HT1080/
AMP-ADAM12/HB-EGF cells that stably expressed wild-
type proHB-EGF. Images were collected every 15 minup to
90 min after TPA treatment. In HT1080/HB-EGF cells, in-
ternalization of HB-EGF-YFP was observed 30 min after
the treatment, but nuclear export of CFP-PLZF did nort oc-

cur until 45 min after TPA stimulation (Fig. 4 A). In
HT1080/AMP-ADAM 12/HB-EGF cells, subcellular local-
ization of HB-EGF-YFP and CFP-PLZF were not changed
despite TPA treatment (Fig. 4 B).

Time course—dependent changes in interactions of HB-
EGF-C with CFP-PLZF were investigated in these cells by
immunoprecipitacdion experiments. Anti-HB-EGF-C anti-
body #H1 clearly coimmunoprecipitated CFP-PLZF at 15
min and the later with maximal binding at 30 and 75 min
after TPA stimulation in HT1080/HB-EGF cells, but not in
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Figure 5. Cytoplasmic region of proHB-EGF is required for PLZF export after TPA stimulation. (A) Structures of cytoplasmic deletion mutants
of proHB-EGF. These mutants, HBAC10, HBAC19, and HBAC22, were truncated by 10, 19, and 22 amino acids, respectively, from the carboxy
terminus of proHB-EGF. (B and C} Subcellular localization of CFP-PLZF in HT1080 cells stably expressing proHB-EGF and its cytoplasmic
deletion mutants, CFP-PL2F was predominantly localized in the nucleus in these stable transfectants. In HT1080/HB-EGF and HT1080/HBAC10
cells, TPA treatment distributed CFP-PLZF to the entire cytoplasm. However, in HT1080/HBAC19 and HT1080/HBAC22 cells, the export of
CFP-PLZF from nucleus was not observed after TPA stimulation. Bar, 10 pm.

HT1080/AMP-ADAMI12/HB-EGF cells (Fig. 4 C). These
results, together with time-lapse images, indicate that inter-
nalized HB-EGF-C interacted with nuclear PLZF.

The proHB-EGF cytoplasmic region is required

for PLZF transport

The data presented in Fig, 3 indicated that proteolytic release
of HB-EGF-C by proHB-EGF processing could trigger the
nuclear export of PLZF. Therefore, we designed three types of
cytoplasmic deletdon murants of proHB-EGF (HBACI10,
HBAC19, and HBAC22; Fig. 5 A), constructed their expres-
sion vectors, and established stable transfecrants of HT1080
cells with each of the vectors. All YFP-tagged deletion
mutants of proHB-EGF were also localized at the plasma
membrane and internalized into the cytoplasm by TPA treat-
ment (unpublished data). HT1080/HBACI10 cells (as well
as HT1080/HB-EGF cells) showed TPA-responsible nu-
clear export of PLZF. However, in HT1080/HBAC19 and
HT1080/HBAC22 cells, nuclear export of PLZF did not oc-
cur despite TPA stimulation (Fig. 5, B and C).

Increased expression of cyclin A and promotion
of S-phase progression associated with nuclear
export of PLZF

It has been reported that PLZF is a transcriptional repressor
of cyclin A and inhibits cell growth (Shaknovich er al,

1998; Yeyati et al., 1999). HT1080/HB-EGF cells trans-

fected with an expression vector for FLAG-tagged PLZF
(FLAG-PLZF) were cultured for 48 h in the medium con-
taining 3% serum, and then the culture medium was re-
placed with fresh medium with and without 100 nM TPA.

After 8 h, expression of both FLAG-PLZF and cyclin A was
examined by immunoflucrescence microscopy. The inten-
sity of cyclin A immunofluorescence in the transfected cells
expressing FLAG-PLZF (Fig. 6 A, arrows) was much less
than that in untransfected cells (Fig. 6 A, arrowheads). TPA
treatment distributed FLAG-PLZF into the entire cyto-
plasm and up-regulated the immunofluorescence intensity
of cyclin A in the transfected cells (Fig. 6 A, arrows) to the
same leve!l as that in the untransfected cells (Fig. 6 A; ar-
rowheads). The range of relative fluorescence intensity of
cyclin A in TPA-treated cells was narrower than that in
nontreated cells, and the reduced expression of cyclin A as-
sociated with nuclear-localized FLGA-PLZF was not ob-
served (Fig. 6 B). However, in HT1080, HT1080/AMP-
ADAMI12/HB-EGF, and HT1080/HB-EGF-UC cells,
FLAG-PLZF was localized in the nucleus and suppressed
cyclin A expression in the absence or presence of TPA (un-
published data).

The effece of PLZF on cell cycle was investigated in
HT1080 and HT1080/HB-EGF cells. To control cell cycle
progression and proHB-EGF processing simultaneously, we
synchronized the cells infected with the PLZF or LacZ ex-
pression adenoviruses in GO/G1-phase by serum depriva-
tion, and then stimulated the cells back into cycle by addi-
tion of 10% serum. proHB-EGF processing is induced by
serum-containing medium without any particular stimuli
(Goishi et al,, 1995; Hirata et al,, 2001), and a large amount
of released HB-EGF was detected in the conditioned me-
dium of HT1080/HB-EGF cells (unpublished data). After
the serum stimulation, the cells were collected every 4 h up
to 24 h and analyzed for DNA content and cyclin A expres-
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Figure 6. Processing of proHB-EGF reverses PLZF-dependent cyclin A suppression and delayed entry of $-phase. (A and B) Expression analysis
of FLAG-PLZF and cyclin A by immunofluorescence microscopy. An expression vector encoding FLAG-tagped PLZF (FLAG-PLZF) was transiently
transfected into HT1080/HB-EGF cells, and the expression of FLAG-PLZF and cyclin A was detected with anti-FLAG and anti-cyclin A antibodies,
respectively. (A) In transfected cells (arrows), FLAG-PLZF was localized at the nucleus and suppressed cyclin A expressian in the absence of
TPA treatment. In the presence of TPA, FLAG-PLZF was distributed into the entire cytoplasm, and the expression level of cyclin A in the
transfected cells (arrows) was the same as that in the untransfected cells {arrowheads). {B} Relative fluorescence intensity of cyclin A and FLAG-PLZF
was measured at the nucleus of the transfected cells. (C and D) Cell cycle analysis by DNA staining and cyclin A immunoblotting, HT1080
cells and its variants infected with PLZF or LacZ (control) expression adenoviruses were synchronized in G0/G1-phase by serum deprivation for
36 h and were restimulated into cell cycle with 10% serum. At the indicated times, cells were collected and analyzed for cell cycle phase and
cyclin A expression. (C) Exogenous expression of PLZF by adenovirus induced the delay of S-phase entry after the serum stimulation in HT1080,
but not in HT1080/HB-EGF cells. Cells were stained with propidium iodide and analyzed by FACS® to determine their DNA content and cell
cycle phase at 0 and 8 h after addition of 10% serum. Cell number is plotted on the y axes, and DNA content is plotted on the x axes. (D) The
delay of S-phase entry and suppression of cyclin A expression were reversed by proHB-EGF processing. The percentage of cells in S-phase is
plotted versus time after serum stimulation. Whole-cell lysates from HT1080 and HT1080/HB-EGF cells {10°) harvested at each point were
immunablotted with anti-cyclin A antibody. The expression of B-actin was examined as a contro! (not depicted). Bar, 10 pm.

Intracellular localization of HB-EGF-C in human
keratinocyte cell line HaCaT and primary
cultured cells

sion by flow cytometry and immunoblotting, respectively.
Entrance into S-phase was delayed in the PLZF-expressing
HT1080 cells compared with the control LacZ-expressing

HT1080 cells (Fig. 6, C and D). Consistent with the delay
of S-phase entry, increased expression of cyclin A after the
stimulation was suppressed in HT1080 cells expressing
PLZF (Fig, 6 [}). However, S-phase entry and cyclin A regu-
lation were reversed in HT1080/HB-EGF cells expressing
PLZF (Fig. 6, Cand D).

We examined human keratinocyte cell line HaCaT and pri-
mary cultured cells to determine the localization of endoge-
nous HB-EGF-C. TPA treatment of HaCaT cells {Fig. 7 A)
as well as primary cultured cells (unpublished data) resulted
in the production of an ~6.7-kD band, the expected size of
an HB-EGF-C retaining both the transmembrane and cyto-
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Figure 7. Characterization of endogenous HB-EGF-C in HaCaT cells. (A) Characterization of endogenous HB-EGF-C in untransfected
HaCaT cells. 10°* HaCaT cells that had been incubated in the presence or absence of TPA were lysed and immunoprecipitated with an
HB-EGF-C antibody #H1, and the precipitates were immunoblotted with antibodies #H1 or #H6 (recognizing HB-EGF ectodomain). Both
antibodies detected the 20-30-kD heterogenous bands of proHB-ECF. A 6.7-kD band was detected with the #H1 antibody, but not with #H6,
and the density of this band was enhanced by TPA treatment. The apparent size of this band was consistent with the putative size of a form of
HB-EGF-C containing the transmembrane and cytoplasmic domains of proHB-EGF. (B) Staining with the #H1 antibody showed that the cell
surface HB-EGF-associated fluorescence was reduced once untransfected HaCaT cells were treated with TPA for 30 min, The perinuclear
accumulation of HB-EGF-C, more evident after TPA treatment for 30 min, was colocalized with p115, a marker protein of the Golgi apparatus.
(C) The plasmid encoding FLAG-PLZF was transiently transfected into HaCaT cells, and after 48 h, the localization of FLAG-PLZF and endogenous
HB-EGF-C was visualized with immunofluorescent microscopy. HB-EGF-C accumulated and partially colocalized with FLAG-PLZF at the

nucleus of HaCaT cells after 30 min of TPA treatment. Bars, 10 pm.

plasmic domains of proHB-EGF. HB-EGF-C was in the
Golgi apparatus after 30 min of TPA treatment, as deter-
mined by its colocalization with the Golgi protein pll5
(Nelson et al,, 1998; Fig. 7 B). HB-EGF-C accumulated and
partially colocalized with FLAG-tagged PLZF at the nucleus
of HaCaT cells after 60 min of TPA treatment (Fig. 7 C).
Gene expression of PLZF was detected by RT-PCR in hu-
man primary keratinocytes, but not in HT1080 or HaCaT
cells (unpublished data). Immunostaining of endogenous
HB-EGF-C, PLZF, and cyclin A in primary cultured kerati-
nocytes revealed their complemental localization in nucleus,
cytoplasm, and plasma membrane under different condi-
tions (Fig. 8 A). Keratinocytes in culture medium supple-
mented with bovine brain extracts showed heterogeneous
staining of HB-EGF-C, PLZF, and cyclin A. However, TPA
treatment cleatly localized HB-EGF-C in nuclei and PLZF
in the ¢ytoplasm (Fig. 8, A and B). On the other hand, KB-
R7785 treatment mainly localized HB-EGF at the plasma
membrane and PLZF in the nuclei despite the addition of
TPA (Fig. 8 A). Cyclin A was detected in the nuclei of most
cells in response to the nuclear export of PLZF (Fig. 8 A).
Increased expression of cyclin A in cultured keratinocytes af-
ter proHB-EGF processing was also confirmed by immuno-

blotting (Fig. 8 C). Further, treatment with angiotensin
I1, which causes GPCR-mediated EGFR transactivation
through proHB-EGF processing in keratinocytes (unpub-
lished data), also triggered the localization of HB-EGF-C in
nuclei and PLZF in the cytoplasm, which was canceled ef-
fectively by the addition of KB-R7785 (Fig. 8 D).
Immunoprecipitation of PLZF in primary cultured kerati-
nocytes resulted in the coprecipitation of HB-EGEF-C, and the
amount of the coprecipitated HB-EGF-C increased when the
cells were incubated with TPA before lysis (Fig. 8 E). Thus,
the interaction between PLZF and HB-EGF-C also occurs in
primary cells. Similarly, ant-HB-EGF-C antibody #H]1 also
coimmunoprecipitated PLZF in the same cells {Fig. 8 E).

PLZF-HB-EGF-C interaction in vivo

We also examined the interaction of PLZF and HB-EGF-C
in vivo using a TPA-treated mouse skin model of kerari-
nocyte hyperplasia. TPA trearment of mouse skin tissue for
24 and 48 h produced keratinocyte hyperplasia as reported
previously (Hawighorst et al., 2001; Fig. 9 A). Immuno-
precipitation of PLZF in the homogenates of TPA-treated
and control mouse skin tissues resulted in the coprecipita-
tion of a 6.7-kD band recognized by anti-HB-EGF-C anti-
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Figure 8. Interaction and traffic of endogenous HB-EGF-C and PLZF in human primary cultured keratinocytes. (A) Detection and localization
of endogenous HB-EGF-C, PLZF, and cyclin A in primary human cultured keratinocytes by immunoflucrescence microscopy. Keratinocytes
were cultured in medium supplemented with bovine brain extracts and stained with antibedies against HB-EGF-C, PLZF, and cyclin A.
Heterogeneous staining of HB-EGF-C, PLZF, and cyclin A was observed under the normal culture conditions. However, TPA treatment
clearly localized HB-EGF-C in nuclei and PLZF in the cytoplasm, and up-regulated the expression of cyclin A in nuclei. KB-R7785 treatment
resulted in HB-EGF-C staining at the plasma membrane and PLZF staining in nuclei despite the addition of TPA. (B) Nuclear accumulation
of HB-EGF-C and export of PLZF after TPA stimulation. To facilitate the changes in subcellular localization of HB-EGF-C and PLZF after
TPA treatment, we performed a nuclear staining using Hoechst 33258 in combination with immunostaining using anti-HB-EGF-C or PLZF.
(C) Analysis of cyclin A expression in primary human cultured keratinocytes by immunoblotting. Consistent with immunostaining data,
increased expression of cyclin A was observed in the keratinocytes treated with TPA, KB-R7785 suppressed cyclin A expression despite TPA
stimulation. The expression of B-actin was examined as a control. (D) Staining of HB-EGF-C in nuclei and PLZF in the cytoplasm was
also observed after angiotensin 1] treatment of the cells for 6 h, and this effect was reversed by the addition of KB-R7785 to the medium.
(E) Interaction of HB-EGF-C and PLZF in human primary cultured keratinocytes. Cell lysates (107 cells) were immunoprecipitated with anti-PLZF
antibody and immunoblotted with anti-PLZF (top left) and HB-EGF-C #H1 (bottom left) antibodies. Coimmunoprecipitated HB-EGF-C was
slightly detectable in lysates from cells in normal culture conditions (lane 1), but the intensity of this band was increased by TPA treatment
(lane 2). Addition of KB-R7785 (lane 3) resulted in the loss of the HB-EGF-C from the PLZF immunoprecipitates. Anti-HB-EGF-C antibody
#H1 also coimmuneprecipitated PLZF (top right; each lane indicates the same condition as in left panel). PLZF was equally present in each
cell lysate, as shown by Western blotting (hottom right). Bars, 10 pum.
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Figure 9. [nvolvement of the HB-EGF-C~PLZF interaction in epidermal hyperplasia. In vivo interaction between HB-EGF-C and PLZF in
TPA-treated mouse skin hyperplasia, (A} Mouse skin was treated with TPA, and keratinocyte hyperplasia was successively observed for 48 h
by HE staining. (B} The homogenates of TPA-treated and control mouse skin tissues were immunoprecipitated with anti-PLZF antibody and

immunoblotted with anti-PLZF (top) or HB-EGF-C #H1 (bottom) antibodies. A 6.7-kD band identified as HB-EGF-C was detected in TPA-treated

tissue homogenates, but not in control skin tissues. Bar, 10 um.

body #H1 in TPA-treated tissue homogenates alone (Fig. 9
B), suggesting that the PLZE-HB-EGF-C interaction oc-
curs in vivo,

Discussion
The biological functions of the EGER ligand HB-EGF, shed

by proteolytic cleavage from the amino terminus of the
transmembrane proHB-EGF, have been well studied. In

contrast, toles of the carboxy-terminal fragment (HB-EGEF-
C) produced by proHB-EGF processing have not been pre-
viously investigated. Our present work has three major find-
ings concerning HB-EGF-C. First, HB-EGF-C generared
by ectodomain shedding of proHB-EGF is translocated
from the plasma membrane to the nucleus. Second, the pro-
teolytic release of HB-EGF-C results in nuclear export of the
transcriptional repressor PLZF. Third, cell cycle regulation
by nuclear PLZF is reversed by proHB-EGF processing,
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Figure 10. Schematic models of the roles of HB-EGF-C. (A} An intracellular signaling mediated by HB-EGF-C produced by proHB-EGF
processing. (B) Coordination of cell cycle progression by shed HB-EGF and HB-EGF-C.

$00Z ‘01 (udy uo B1o-qol-mmm WOl pepeojumOg



o
[+10]
L
2
(s8]
o
U:‘
o
o
©
c
—
=
L
i

BRI

500 The Journal of Cell Biology | Volume 163, Number 3, 2003

Using the technology of fluorescent proteins, we first
demonstrared that HB-EGF-C was internalized into the cy-
toplasm after ectodomain shedding. Immunoblotting of the
nuclear fraction and immunostaining using the antibody
recognizing the cytoplasmic region of prcHB-EGF (#H1)
revealed the accumulation of endogenous HB-EGF-C in the
nucleus after the processing. The 6.7-kD band of HB-EGE-C
and no effect of dominant-negative presenilin-! on HB-
EGF-C translocation indicate that HB-EGF-C has the
proHB-EGF transmembrane domain and is not further pro-
cessed by y-secretase. The colocalization of HB-EGF-C with
p115, a marker protein of the Golgi apparatus, indicates that
it is internalized by vesicular trafficking. Although the de-
tailed transport mechanism of HB-EGF-C containing trans-
membrane domain remains unclear, recent analyses of nu-
clear localization of receptor tyrosine kinases raise the
possibility that the Golgi-ER pathway is a route to the nu-
cleus of type I transmembrane molecules (Carpenter, 2003).
As shown in Fig. 1, TPA rreatment localized HB-EGF-YFP
around the nucleus, but not in the nucleus. HB-EGF-YFP
did not promote the nuclear export of PLZF after TPA
treatment (unpublished daca). Therefore, we speculate that
the YFP moiety fused to the carboxy terminus of HB-EGF-C
might aggregate and fail to enter the nucleus, which abro-
gates the HB-EGF-C-PLZF interaction.

Recently, it has been reported that neuregulin-1 is cleaved
at the transmembrane domain and the released incracellular
domain (Nrg-1-1CD) enters the nucleus to repress expres-
sion of several regularors of apoptosis {(Bao et al., 2003). Bao
et al. (2003} also mentioned that Nrg-1-ICD forms the
complex with a second zinc finger—containing protein re-
lated to PLZF. Although the machinery of carboxy-terminal
signaling of proHB-EGF and neuregulin-1 seems to be dif-
ferent, these results, together with our present data, suggest
that the carboxy-terminal fragments of the EGF family pre-
cursors are functional molecules that control gene expression
by regulating transcription factors in the nucleus.

It is apparent that nuclear accumulation of HB-EGF-C,
nuclear export of PLZF, and interaction between HB-EGF-C
and PLZF are mutually exclusive. Although the machin-
ery of this signaling is still unclear, one possible mechanism
suggested by time course-dependent changes in the interac-
tion and localization of HB-EGF-C and PLZF is as follows:
(1) HB-EGF-C is translocated into the nucleus after proHB-
EGF processing; (Z) HB-EGF-C associates with nuclear
PLZF; and (3) PLZF is exported from the nucleus in a
CRM1-dependent manner (Fig. 10 A).

The cleavage of proHB-EGF is required for EGFR trans-
activation in response to GPCR signaling (Prenzel et al,
1999, Asakura et al., 2002, Chen et al,, 2002; Cussac et al.,
2002; Lemjabbar and Basbaum, 2002), suggesting that post-
translational processing of proHB-EGF is involved in a vari-
ety of biological processes. In the present report, we show
that nuclear export of PLZF also results from angiotensin ]I
stimulation in human primary cultured keratinocytes. This
result suggests that proHB-EGF processing by the GPCR
signaling cascade leads to the nuclear expore of PLZF. PLZF
is expressed in a large number of tissues, and perinatal up-
regulazion of this factor is observed in the kidney, liver, and
heart (Cook et al., 1995; Reid et al., 1995). PLZF produces

transcriptional repression through recruitment of a repressor
complex that contains N-CoR, SMRT, Sin3a, and histone
deacetylase (Hong et al,, 1997; David et al., 1998; Grignani
et al., 1998; Guidez et al., 1998; He et al., 1998; Lin et al.,
1998). The study of PLZF knockout mice indicates that
PLZF represses Hox gene expression though chromatin re-
modeling to regulate the patterning of limb and axial skele-
ton, and is involved in apoptosis and cell proliferation dur-
ing limb development (Barna et al., 2000, 2002). Thus,
these findings suggest potential roles for HB-EGF-C medi-
ated nuclear expore of PLZF and the subsequent effects on
regulation of cell proliferation and Hox gene expression in
various signaling cascades during the development and
maintenance of adult tissues,

It has been reported that PLZF is a transcriptional repres-
sor of cyclin A and suppresses cell growth by inhibiting enery
or progression of S-phase in the cell cycle (Shaknovich et al.,
1998; Yeyati ec al,, 1999). Gene expression control by tran-
scriptional regulators occurs in the nucleus, and nuclear ex-
port of these factors results in loss of the regulation. The
present dara show that HB-EGF-C generated by ecto-
domain shedding of proHB-EGF causes nuclear export of
PLZF, increases the expression of cyclin A, and promotes
S-phase entry. Furthermore, the interaction of HB-EGF-C
and PLZF occurs in the TPA-treated mouse skin model of
keratinocyte hyperplasia. On the other hand, proHB-EGF
processing also generates HB-EGF, a soluble ligand of
EGEFR. It is well known that HB-EGF activates EGFR sig-
naling and promotes G1-phase progression in the cell cycle
by regulating the expression of cyclin D via the Ras-MAPK
signaling cascade (Hackel et al., 1999; Prober and Edgar,
2001). Therefore, our current paper suggests that proHB-
EGF has two functional domains affecting mitogenic signal-
ing. Posttranslational processing of proHB-EGF by metallo-
protease activation produces intercellular and intracellular
signaling molecules simultaneousty (Fig. 10 A} The coordi-
nation of the resulting dual mitogenic signals may be impor-
tant for cell cycle progression in various signaling cascades

(Fig. 10 B).

Materials and methods

Plasmid construction

A plasmid for recombinant expression of YFP-tagged proHB-EGF was gen-
erated by subcloning the human HB-EGF cDNA with the stop codon de-
leted into pEYFP-N1 {CLONTECH Laboratories, Inc.). A plasmid for recom-
binant expression of CFP-tagged PLZF was generated by subcloning the
human PLZF cDNA into pECFP-C1 (CLONTECH Laboratories, Inc.). DNA
fragments encoding the deleted cytoplasmic region of proHB-EGF with or
without stop codon were generated by PCR and substituted for the corre-
sponding region in pEYFP-N1-HB-EGF. A plasmid encoding FLAG-tagged
PLZF was generated by subcloning the FLAG sequence and the human
PLZF cDNA into peDNA3.1 (Invitrogen). pcDNA3,1/FLAG/PS1(D385A)
was a gift from Dr. Okochi (Osaka University, Osaka, Japan), Plasmids for
recombinant expression of FLAG-tagged PLZF derivatives were generated
by subcloning the FLAG and various PLZF derivative sequences made by
PCR into pME18S. A plasmid for recombinant expression of GST-fused
HB-EGF-C was generated by subcloning the HB-EGF-C sequence made by
PCR into pGEX6P-1 (Amersham Biosciences). All cDNA constructs were
verified by DNA sequencing.

Yeast two-hybrid assay
The cytoplasmic domain of proHB-EGF (residues 185-208; Higashiyama et
al., 1991) was used to screen a human heart cONA library in the yeast two-
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