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Table 2 Morphometric and hemodynamic analyses

PE (C57BL/E), 7 days)

Ang Il (F/B, 14 days)

TAC (C57BL/6). 4 weeks)

Sham TAC TAC + KB Vehicle PE PE + KB Vehicle Arg ll Ang Il « K3
(m=10) {n=9) (n=9) (n=9) (n=29} (n=9) {(n=7) (n=7) (rn=6)
BW (g} 252+1.0 244109 26.4+0.4 21.7+£05 20.7+03 21106 269105 264+06 259+0.4
HW (mg} 128.9+12.3 208.3+11.2* 177.7+£106" 89.9+2.7 100.8£21* 9161490 109.2+3.3 123.C+29" 1088452
HW/BW {g/mg) 5.09+0.27 8.62+0.56" 6.69+0.35* 4.19+0.07 4.87+£0.07" 4331010 4.05+009 4.67+0.14* 4201018
HR {mg™) 6441 +13.7 667.71£13.9 B656.1%14.1 502+35 604+31° 57833 684+ 36 686 £ 17 648 + 89
BP {mmHg) 99.4+2.1 101817 101.3%40 912139 1159145 1180148 1023+28 127.7+40" 120056

KB, KB-R7785; BW, body weight; HW, heart weight; HR. heart rate: BP, blood pressure. Values are means £ s.e.m. *, P < 0.05 versus sham or vehicle; **, P < 0.05 versus TAC,

PE or Ang Il

twice the control level (Fig. 1¢). KB-R7785 attenuated the increase
of PH]leucine uptake induced by PE, Ang II- and ET-1, whereas
stimulation of [*H]leucine uptake by soluble HB-EGF was unaf-
fected. HB-EGF neutralizing antibody also inhibited [FHlleucine
uptake, These results are consistent with the hypothesis that EGFR
transactivation resulting from the shedding of HB-EGF is a com-
mon event in the pathways promoting cardiac hypertrophy.

ADAMA12 is involved in GPCR-induced HB-EGF shedding

We used two additional metalloproteinase inhibitors (OSU7-6
and OSUS-6}, which showed similar inhibition of HB-EGF shed-
ding but had different inhibitory effects on MMP-1, MMP-3 and
MMP-9 (ref. 16). Both OSU7-6 and Q5U9-6 caused a similar at-
tenuation of EGFR transactivation by GPCR agonists (Fig. 1f), al-
though OSU7-6 was a more potent inhibitor of MMP-1, -3 and -9
than OSU9-6. These results Indicated the involvement of other

HB-EGF-AP level

metalloproteinases besides MMP-1, -3 or -9. Next, we identified
the specific protease causing HB-EGF shedding in cardiomy-
ocytes. HB-EGF shedding is regulated by protein kinase C (PKC}),
especially PKC-8 isoform activation''*, We used the yeast two-
hybrid methed to screen for proteases binding to the PKC-5 reg-
ulatory region in a cDNA library constructed from human heart
tissue mRNA; this resulted in the identification of ADAMI12Z.
Then a plasmid carrying the cDNA of flag-tagged wild-type
ADAM12 (WT-ADAM12) or its metalloprot2ase-domain deleted
mutant (AMP-ADAM12) was stably transfected into HT 1080/HB-
AP cells, and the transfectants of WT-ADAM12 (W46 and W48)
and AMP-ADAM12 (A53 and A57) were cloned. After the expo-
sure to PE, the secretion of HB-EGF-AP into the culture medium
was measured by detecting AP activity. Although the level of HB-
EGFE-AP expression was similar {Fig. 2a), W45 and W48 showed a
1.3-1.5-fold increase of AP activity in the culture medium after
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HB-EGF (HB-EGF-AP) or an anti-flag anti-
body (wADAM12 and AMP-ADAM12} were
carried out. The density of HB-EGF-AP was
expressed relative to that of a mock transfec-
tant. &, PE-induced production of soluble
HB-EGF-AP activities (left panel) and proteins (right panel) in
conditioned media. Each point is the mean of quadruplicate measure-
ments + s.d. A, W48, ¢, W46, @, mock; ¥, A57, W, A53 cells.
¢, KB-R7785 equally inhibited soluble HB-EGF-AP production induced by
phenylephrine in a mock transfectant and W48 cells, B, mock; L1, W48.
d, AMP-ADAM12 expression blocked EGFR transactivation by phenyl-
ephring in cultured cardiomyocytes. Expression of WT-ADAM12 and
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AMP-ADAM12 in adenovirus-infected cultured cardiomyocytes was
shawn by western blotting with an anti-flag aitibody {upper panel).
Immunoprecipitates with the polyclonal antibody against EGFR were im-
munablotted with the moncclonal anti-phaspholyrosine antibody 4G10
{middle panel) or with anti-EGFR {lower panel). . Biotinylated KB-R7785
(biotin-KB-R7785) bound to WT-ADAM12, but not to AMP-ADAM12 in car-
diomyoceytes. *, nonspecific bands of avidin-HRP.
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Fig. 3 KB-R7785 attenuates left-ventricular hypertrophy due to pres-
sure overload and inhibits shedding of proHB-EGF in vivo. &, Transverse
sections through hearts of TAC mice (12-wk-old) after administration of
KB-R7785 (right} or vehicle {left) for 4 wk. b and e, Cardiac histology
4 wk after TAC with (b} or without (¢) KB-R7785. d and e, Representative
transthoracic M-mode echocardiograms from TAC mice with (d) or with-
out () KB-R7785. White arrows indicate the end-systolic and end-dias-
tolic left-ventricular diameters (LvDd {D) and LVDs (5)). The black arrow
shows posterior-wall thickness {PWT). £, Detection of HB-EGF protein in
mouse hearts by immunoblotting with anti-HB-EGF. Lanes: 1, recombi-
nant sofuble HB-EGF; 2, TAC mouse treated with KB-R7735; 3, TAC
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mouse without KB-R7785 treatment; 4, BL-6 mouse. The heterogeneous
bands of soluble HB-EGF and proHB-EGF are derived from multiple N-
terminal truncations and heterogeneous sugar chains®.

90 minutes of PE treatment when compared with mock-trans-
fected cells. In contrast, A53 and A57 showed 60-70% suppres-
slon of AP activity in the medium after PE treatment. AP activity
was shown to correspond with the HB-EGF-AP level in the cul-
ture medium. A gradual increase of soluble HB-EGF-AP (80 kD)
was seen with W48 cells, but was less apparent with A57 cells as
compared with that of mock cells (Fig, 2b). KB-R7785 completely
blocked the release of HB-EGF-AP from W48 cells (Fig. 249.

To confirm that endogenous ADAM12 was responsible for the

shedding of HB-EGF in cultured cardiomyocytes, we used an’

adenovirus vector bearing the ¢cDNA of AMP-ADAM12 for the
analysis of EGFR transactivation by PE. Expression of AMP-
ADAMI2 suppressed EGFR transactivation by PE, whereas over-
expression of WT-ADAMI2 slightly enhanced EGEFR
transactivation when compared with LacZ-overexpressing car-
diomyocytes (Fig. 2d). Direct binding of KB-R7785 to ADAM12
was also confirmed. We transfected adenovirus WT-ADAM12
and AMP-ADAM]12 to cardiomyocytes and the cells were incu-
bated with biotinylated KB-R7785. Subsequent electrophoresis
revealed that biotinylated KB-R7785 showed direct binding to
WT-ADAM12, but not to AMP-ADAM 12 {Fig. 2¢). These data in-
dicated that, at least in cardiomyocytes, ADAMI12 is the specific
enzyme of HB-EGF shedding and is a potential target of KB-
R7785.

KB-R7785 attenuates pressure overtoad hypertrophy in mice

Next, we examined the effect of KB-R7785 on cardiac hypertro-
phy in response to pressure overload on the left ventricle. We
subjected mice to thoracic aortic constriction (TAC), which pro-
duced a systolic pressure gradient of nearly 45 mmHg between
the left and right carotid arteries (right, 90.3 + 6.5 mmHg; left,
45.8 + 2.6 mmHp). Pressure overload caused marked thickening
of the left-ventricular posterior wall on echocardiography two
and four weeks after TAC compared with sham-operated mice
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(Fig. 3a, c and &}. The ratio of heart-weight to body-weight also
increased by §9% over that in sham-operated mice at four weeks
after TAC. Daily administration of KB-R7785 (100 mg/kg) signif-
icantly lessened the increase in left-ventricular wall thickness {2
and 4 wk after TAC) and heart:body-weight ratio {4 wk after
TAC) (Tables 2 and 3). KB-R7785 significantly improved frac-
tional shortening four weeks after TAC (Table 3). Both before
and after TAC, blood pressure was similar in the mice with and
without KB-R7785, suggesting that hemodynamic changes could
not explain the beneficial effect of KB-R7785. Histological exam-
ination revealed that the reduction of wall thickness by KB-
R7785 was due to a decrease of cardiomyocyte diameter, and
neither fibrosis nor myofibril degradation was detected in both
sham-operated and KB-R7785-treated mice (Fig. 3a, band d). KB-
R7785 also blocked the shedding of HB-EGF in vive since proHB-
EGF was detected by western-blot analysis, whereas soluble
HB-EGF was predominant in the hearts of untreated mice (Fig.

3h.

KB-R7785 attenuates hypertrophy induced by PE or Ang Il

We also examined the effect of KB-R7785 on cardiac hypertro-
phy induced by GPCR agonists (PE and Ang I} in mice with two
different genetic backgrounds (C57BL/6] and FVB), since it was
unclear whether cardiac hypertrophy was due to the pressure
overload model directly mediated through GPCRs. Both PE and
Ang II treatment increased heart:body-weight ratio more than
10%. Daily administration of KB-R7785 (100 mg/kg) signifi-
cantly attenuated the increasc of heart:body-weight ratio for
both groups (Table 2). The administration of KB-R7785 did not
affect blood pressure in either PE- or Ang Il-treated mice, sug-
gesting that hemodynamic changes could not explain the effect
of KB-R7783. These results confirm our hypothesis that both
GPCR-mediated HB-EGF processing and cardiac hypertrophy are
blocked by KB-R7785 in vivo as well as in vitro.
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Table 3 Echocardiographic measurements in mice with aortic banding

0 week 2 weeks 4 weeks
Sham TAC TAC + KB Sham TAC TAC + KB Sham TAC TAC + KB
(=10} (n=13) {n=10) {rr="10) (=90 (n=9) {rn=10) (n=9} (r=19)
PWT (mm) 0.55+0.27 054031 0.57+£0.29 0.66+0.20 0.87+0.30* 0.69+0.30* 066+0.20 1.02+£0.33" 0.74x012"
ECD (mm) 3.05+90.10 3.06+0.10 3.06+0.09 3.44:x008 3.05+007 3071015 3271017 3.24+£008 3.20%0.15
ESD(mm} 1.98+0.10 1.96+0.08 2.00+0.14 223008 1.89+0.08 20411.34 1941014 2.38+0.10" 2.00£0.15"
FS (%) 3531225 359+£271 354+%24 351114 38218 343+25 406+25 31118 381+2.2

Echocardicgraphic measurements obtained from transthoracic M*mode tracings with and without KB-R7785 at 0, 2 and 4 weeks after TAC or sham opereations. PWT, posterior-
wall thickness; EDD, end-diastolic diameter; ESD, end-systolic diameter: F$, fractional shortening. Values are means x s.e.m. *, P< 0.05 versus sham; **. P < Q.05 versus TAC.

Discussion

We showed that stimulation of cultured rat neonatal cardiomy-
ocytes with PE, Ang Il or ET-1 induced the transactivation of
EGFR and subsequent increases in protein synthesis after shed-
ding of HB-EGF from the cell surface, based on the complete ab-
rogation of these changes by a neutralizing antibody specific for
HB-EGF or a metalloproteinase inhibitor KB-R7785. ADAM12
was identified as the protease causing the shedding of HB-EGF.
ADAM12 was also shown to be the target protease for KB-R7785
hecause of direct binding to this compound, although KB-
R7785 may have other effects. The fact that the dominant-nega-
tive form of ADAMI12 completely abolished the EGFR
transactivation induced by a GPCR agonist in cardiomyocytes
indicates that, in the heart, ADAM12 is solely involved in this
pathway and is also the potential target of KB-R7785. However,
because we did not test the dominant-negative forms of other
ADAMSs or MMPs, we could not completely exclude the possibil-
ity of their Involvement in the EGFR transactivation Induced by
a GPCR agonist. Based on the finding that Moss et al. success-
fully cloned a TNF-o shedding enzyme (TACE) from the spleen
by specific binding to a metalloproteinase inhibitor
(GW9277)", and despite the broad spectrum of GW9277 in
vitro, we suggest that KB-R7785 specifically interacted mainly
with ADAMI12 in heart and blocked HB-EGF shedding. The
main signal transduction pathway leading to cardiac hypertro-
phy seems likely to be mediated by ADAM12 shedding of HB-
EGF in cardiomyocytes.

In our aortic-banding model, we showed that KB-R7785 not
only attenuated cardiac hypertrophy resulting from pressure
overload, but also improved cardiac function. These results con-
firm recent reports suggesting the effectiveness of MMP in-
hibitors for heart failure'®. Because it is unclear that the cardiac
hypertrophy In the aortic-banding model is directly mediated
through GPCRs, we further tested whether KB-R7785 attenuates
cardiac hypertrophy induced by either PE or Ang II infusion.
The results indicate that the metalloproteinase inhibitor blocks
cardiac hypertrophy directly mediated through GPCRs.
Together, our observations indicate that certain metallopro-
teinase inhibitors may be clinically effective for delaying the
progression of heart failure following cardiac hypertrophy, or
even for treating cardiac impairment that develops before the
uncompensated phase of cardiac hypertrophy.

Thus, we conclude that cellular signaling in cardiomyocytes
following treatment with GPCR agonists is dependent upon
EGFR transactivation triggered by ADAM12-mediated cleavage
of HB-EGF. This is the first demonstration that inhibition of
HB-EGF shedding can lessen cardiac hypertrophy both in vivo
and in vitro, and suggests that both HB-EGF and ADAMI12 are
potential targets for the treatment of cardiac hypertrophy.
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Methods

Materials. PE, Ang 1l and ET-1 were purchased from igma. A mouse mono-
clonal anti-phosphotyrosine antibody 4G10, and a sheep polyclonal antibody
to EGFR were from Upstate Biotechnology (Lake Placid, New York). A goat
polyclonal antibody against EGFR was from Santa Cruz Biotechnology (Santa
Cruz, California). The HB-EGF neutralizing polyclonal antibody #19 was from
JA. Abraham. KB-R7785 ([4-(N-hydroxyamino)-2R-iscbutyl-3S-methylsuc-
cinyl]-L-phenylglycine-N-methylamide}, OSU7-6 and OSU9-6 were synithe-
sized by Organon Japan (Csaka, Japan). Adenovirus carrying genes encoding
LacZ, WT-ADAM12 and AMP-ADAM12 were prepared using adenavirus ex-
pression vector kit (Takara Bicmedicals, Tokyo, Japan).

Cell culture. Primary cultures of neonatal rat cardiom yocytes were prepared
as described”. Cells from hearts of 1-2-day-old Wista rats were seeded onto
80-mm collagen-coated dishes (2 x 10° celfs per dish) or 96-well plates in
MEM medium supplemented with 106% FCS. After incubation for 18 h, the
medium was replaced with MEM plus insulin, transfe-in and sodium selenite
24 h befare experiments.

EGFR immunoprecipitation in cardiomyocytes. Cultured cardiomyo-
cytes were exposed 1o the agents (1 x 10 M HB-EGF, 1 x 10°° M PE, 10° M
Ang I, and 1 > 160”"M ET-1) for § min except in Fig. " after pretreatment for
30 min with or without reagents {1 tM of KB-R7785 and 10 pg/ml of HB-EGF
neutralizing antibody). Cells were lysed by incubation for 20 minat 4 *Cina
buffer {50 mM Tris-HC!, pH 7.3; 150 mM NaCl; 2 mM EDTA; 0.5% sodium
fiuoride; 10 mh sodium pyrophosphate;
0.5 mM Na)VO, 100 pg/ml phenylmethylsulfonyl fluoride; 2 pg/mil
aprotinin; protease inhibitor c¢ocktail; and 1 % Nonidet P-40).
Immunaoblotting analyses using 4G10 or antibody ag ainst EGFR were as de-
scribed'®, Cultured cardiomyocytes infected with adenovirus vectors {at mul-
tiplicity of infection 50) for 24 h were also subjected to EGFR
immunoprecipitation analysis.

Incorporation of PHlleucine. Protein synthesis in cardiomyocytes was evalu-
ated by incorporation of [*H]leucine into cells. Following serum withdrawal,
myacytes were exposed to compounds in MEM medium for 18 h, incubated
with 1 pCi/ml [’H]leucine for 12 h and washed once with PBS. The cells were
attached to glass filter mats by a microharvester. Radioactivity was measured
by a liquid scintillation counter (Wallac B-plate, Finland).

Yeast two-hybrid screening and assay. A human heart cDNA library
{Clontech Japan, Tokyo, Japan} were used for large-szaled transformation of
yeast cells (CG1945) carrying the pPKC-8 RD bait plasmid (gift from Y, Ong).
The interacting cDNA clones were selected by growth on plates lacking histi-
dine. Histidine-positive colonies were screened for LacZ expression by a
colany lift method according to the manufacturer's irstructions.

HB-EGF-AP shedding assay. Plasmids, pcDNA3.1 {Invitregen, Carlsbad,
California), human WT-ADAM12-flag/pcDNA3. T and human AMP-ADAM12-
flag/pcCNA3.1 were introduced into HT1080/HB-AP cells using lipofecta-
mine {Gibco BRL, Rockville, Maryland}. Stable transfectants were seeded in
24-well plates (1 x 10° cells per well) and then incubated for
24 h, The cells were incubated for an indicated time t 37 °C with 1 x 10 M
PE. 50+ aliguots of the conditioned media were transferred to 96-well
plates, and AP activity was measured as described's,
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Transverse aortic banding. Pressure-overload cardiac hypertrophy was in-
duced by transverse aortic banding in 8-wk-old male C57BL/6) mice (20-25
g). Suture was tied twice around a 27-gauge needle, which was positioned
adjacent to the aorta between the right and left carotid arteries, and was re-
moved after placement of the ligature. This yielded an outer diameter of ap-
proximately 0.3 mm (60-80% constriction}. Mice were treated i.p. with or
without KB-R7785 (100 mg/kg/d) for 4 wk,

Pharmacological induction of hypertrophy. 8-wk-old C57BL/6] male mice
or 7-wk-old FVB male mice were treated with PE (30 mg/kg/day}, Ang Il (200
ng/kg/min) or vehicle by osmotic minipump {Alzet, California) to induce car-
diac hypertrophy as reported™?'. In the KB-R7785 treatment group, K8-
R7785 was administered daily {i.p.) during PE or Ang !l treatment. After
systemic blood pressure and heart rate were measured {BP-98A, Softron,
Tokyo), mice with PE treatment were killed at 7 d after implantation of pumps
and mice with Ang |l treatment were killed at 14 d.

Echocardiography. Mice were anesthetized by pentobarbital (50 mg/kg)
and the extent of carciac hypertrophy was assessed by 15-MHz
pulsed-wave Doppler echocardicgraphy  (Philips, SONOS5500, the
Netherlands). We measured posterior-wall thickness (PWT), systolic left-ven-
tricular diameter {LVDs}, diastolic left-ventricutar diameter {LVDd) and frac-
tional shortening (FS).

HB-EGF immunoblotting. Mouse hearts were homogenized in 20 mM Tris-
HCl {pH 7.2), 15 M NaCl, 1% Triton X-100, 1 mM EDTA
{B-amidinophenyl) methanesulfonyl fluoride and 20 pg/ml aprotinin. After
centrifugation at 15,000g for 10 min at 4 °C, supernatant aliquots (10 itg pro-
tein/aliquot) were fractionated by SDS-PAGE and immuncblotted using the
polyclonal HB-EGF antibody #2998. HB-EGF was detected by alkaline phos-
phatase-conjugated secondary antibody.

Data analysis. Numerical data are reported as mean * s.e.m. Data were ana-
lyzed statistically by Student’s t-test.
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We previously ebserved that the cortical neuronal cell
adhesion mediated by midkine (MK), a heparin (Iep)-
binding growth factor, is specifically inhibited by oversul-
fated chondroitin sulfate-E (CS-E) (Ueoka, C., Kaneda, N.,
Okazaki, I, Nadanaka, S., Muramatsu, T., and Sugahara,
K. (2000} J. Biol. Chem. 275, 37407-37413) and that CS-E
exhibits neurite outgrowth promoting activities toward
embryonic rat hippocampal neurons. We have also shown
oversulfated CS chains in embryonic chick and rat brains
and demonstrated that the CS disaccharide composition
changes during brain development. In view of these find-
ings, here we tested the possibility of CS-E interacting
with Hep-binding growth factors during development, us-
ing squid cartilage CS-E. The binding ability of Hep-bind-
ing growth factors (MK, pleiotrophin (PTN), fibroblast
growth factor-1 (FGF-1), FGF-2, Hep-binding epidermal
growth factor-like growth factor (HB-EGF), FGF-10, FGF-
16, and FGF-18) toward [*H]CS-E was first tested by a
filter binding assay, which demonstrated direct binding
of all growth factors, except FGF-1, to CS-E. The bindings
were characterized further in an Interaction Analysis sys-
tem, where all of the growth factors, except FGF-1, gave
concentration-dependent and specific bindings. The ki-
netic constants k, k,, and K, suggested that MK, PTN,
FGF-16, FGF-18, and HB-EGF bound strongly to CS-E, in
comparable degrees to the binding to Hep, whereas the
intensity of binding of FGF-2 and FGF-10 toward CS-E
was lower than that for Hep. These findings suggest the
possibility of CS-E being a binding partner, a coreceptor,
or a genuine receptor for various Hep-binding growth
factors in the brain and possibly also in other tissues,

Proteoglycans (PGs)! that bear heparan sulfate (HS) glyco-
saminoglycan side chains have attracted much attention be-
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cause of the demonstration of the involvement of HS in the
developmental processes and specific signaling pathways (for
review, see Refs, 1-3). Although the chordreitin sulfate (CS)
glycosaminoglycan side chains of CS-PGs have attracted less
attention until recently, accumulating evidence suggests the
importance of these molecules in various biological functions
(2, 4). CS-PGs are also ubiquitous components of the extracel-
lular matrix of connective tissues and are also found at the
surfaces of many cell types and in intracellular secretory gran-
ules (for review, see Refs. 5 and 6). Develoomentally regulated
expression of CS epitopes in the rodent fetus has been demon-
strated by immunological studies (7), especially during central
nervous system development (8-10). CS is a rich component in
the extracellular matnx of the brain (11). Developmentally
regulated expression and tissue-specific distribution of CS vari-
ants suggest that CS chains differing in the degree and profile
of sulfation perform distinct functions cduring development
(12).

Among variant forms of CS chains, oversulfated CS chains,
such as C3-E and CS-D, are of special interest, The presence of
E (GlcUAB1-3GalNAc(45,65)) and D (GlcUA(2S5)81-
3GalNACc(6S)) units in bovine brain (13) and E18 rat brain (14)
has been reported (GleUA stands for p-glucuronic acid whereas
28, 45, and 68 represent 2-0-, 4-0-, and 6-O-sulfate, respec-
tively). These units are present in appreciable proportions in
chick brains, and their expression is regulated developmentally
(15). Faissner e al. (16} demonstrated that the neurite out-
growth-stimulating capacity of DSD-1-PG, derived from neona-
tal mouse brains, is strongly reduced by the monoclonal anti-
body 473HD, which recognizes a CS epitope, and the
interaction is inhibited by shark cartilage CS-C. We have
shown that CS-D, an oversulfated C8 also derived from shark
cartilage, inhibits the interactions betweer. the monoclonal an-
tibody 473HD and DSD-1-PG and also promotes neurite out-
growth of E18 hippocampal neurens (17, 18) and that the
DSD-1-PG contains the D disaccharide unit, which is a rich and
poor component in C3-D and C8-C, respectively. We have fur-
ther observed that another oversulfated variant CS-E, derived
from squid cartilage, also exhibits neurite outgrowth promot-
ing activity, which is not inhibited by 473HD, suggesting a

hydroxyazobenzene) benzoic acid; HB-EGF, heparin-binding epidermal
growth factor-like growth factor; Hep, heparin. HS, heparan sulfate;
1Asys, Interaction analysis system; MES, 2-(N-morpholino)ethanesul-
fonic acid; MK, midkine; PBS, phosphate-buffere 1 saline; PTN, pleiotro-
phin; PTP, protein-tyrosine phosphatase; R, , response at equilibrium;
RPTPF, receptor-like PTP; rh, recombinant hwmnan; rm, recombinant
mouse; rr, recombinant rat; TBS, Tris-buffered saline.
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different mechanism for CS-E-induced neurite outgrowth
(17, 19).

Recently, we demonstrated that the neuronal cell adhesion,
mediated by the heparin (Hep)-binding growth factor midkine
{MK), was specifically inhibited not only by Hep but also by
‘squid cartilage oversulfated CS-E (14), although it was not
inhibited by bovine kidney HS or other CS isoforms. Maeda et
al. (20) identified pleiotrophin (PTN), a Hep-binding growth-
associated molecule, as a 6B4-PG/phosphacan-binding protein
in postnatal day 16 rat brain, and this binding was inhibited by
CS-C. 6B4-PG/phosphacan is a major PG in the brain and
corresponds to the extracellular region of a receptor-like pro-
tein-tyrosine phosphatase, PTPZRPTPS (20, 21) and recently
turned out to be identical with DSD-1-PG (22). MK and PTN
constitute a vnique family of Hep-binding proteins and share
45% sequence homology at the amino acid level (23, 24) in
addition to many neuroregulatory activities including promo-
tion of neurite outgrowth (25-27). PTN binds to the CS moiety
of not only phosphacan, but also neurocan, another major CS-
PG, in the brain (28). The CS chain of PTP{ shows high affinity
binding to MK, which is inhibited by CS-C, CS-D, and CS-E
(29). Zou et al. (30) also showed that MK bound to oversulfated
C8 chains with a dermatan suifate-like domain in PG-M/ver-
sican, another CS-PG expressed in midgestation mouse em-
bryos. Despite a large number of CS-PGs identified in the
mammalian brain, CS chains attached to individual core pro-
teins have not been structurally characterized, and the speci-
ficity of the molecular interactions of the brain CS chains with
these growth factors has been largely unknown. However, we
found recently that appican, the PG form of amyloid precursor
protein, which is a neurotrophic factor {(31), contained a signif-
icant proportion (14.3%) of E unit (32), demonstrating for the
first time the presence of E unit in a particular brain CS-PG.

In view of the findings that MK and PTN are expressed in
the brain during embryonic development and the demonstra-
tion of oversulfated CS structures, with binding capacities to
these Hep-binding growth factors in embryonic brains, we hy-
pothesized that these oversulfated structures might also inter-
act with other Hep-binding growth factors in the brain during
embryonic development. This hypothesis wag explored in the
present study using oversulfated CS-E in particular and vari-
ous Hep-binding growth factors. The results suggest that all of
the tested growth factors can indeed bind CS-E, and kinetic
studies show that some of these bindings are stronger than
those toward Hep. The preliminary findings have been re-
ported in abstract form (33).

EXPERIMENTAL PROCEDURES

Materials—Recombinant human (th)-MK expressed in Escherichia
coli and rh-fibroblast growth factor-1, (FGF-1 or acidic FGF) expressed
in E. coli was from PeproTech EC LTD (London, England). rh-PTN
expressed in E. coli from RELIA Tech GmbH was from Braunschweig,
Germany. rh-Hep-binding epidermal growth factor-like growth factor
(HB-EGF) expressed in Sf 21 insect cells was from R&D systems
(Minneapolis), rh-FGF-2 (basic FGF) expressed in E. coli was from
Genzyme TECHNE (Minneapolis). th-FGF-10 expressed in E. coli was
provided by Takashi Katsumata {Sumitome Pharmaceutical Research
Center, Osaka, Japan). Recombinant rat {(rr)-FGF-16 and recombinant
mousge {rm)-FGF-18 were prepared as reported previously (34, 35).
CS-E sodium salt (super special grade) from squid cartilage (average
molecular mass of 70 kDa) (14) and bovine serum albumin (BSA) were
purchased from Seikagaku Corp. (Tokyo, Japan), and porcine intestinal
Hep sodium salt (200 IU/mg) (average molecular mass of 15 kDa) (14)
was purchased from Nacealai Tesque, Inc. {Kyoto, Japan). EZ-Link®
biotin-LC-hydrazide, ImmunoPure® avidin, and ImmunoPure® HABA
were purchased from Pierce. BI} BioCoat® streptavidin assay plates
(96-well clear, flat bottom) were purchased from BD Bioaciences {Bed-
ford, MA). Goat anti-human MK antibedy {IgG type) was purchased
from Genzyme-Techne (Minneapolis). Alkaline phosphatase-conjugated
AffiniPure rabbit anti-goat IgG (H+L) was purchased from Jackson
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ImmunoResearch Laboratories, Inc. (West Grove, PA). p-Nitrophenyl
phosphate hexahydrate (disodium salt) was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Phosphate-buffered saline
(PBS) tablets were purchased from Dainippon Pharmaceutical Co. Ltd.
(Osaka, Japan). [*H]Acetyl-labeled CS-E (1.463 x 10° cpm/ug) was
prepared as described previously (36) by N-deacetylation with hydra-
zine followed by N-reacetylation with [PHNCH,C0),0. PHIGlu-
cosamine-labeled Hep sodium salt {2.85 X 10% cpm/pg) was purchased
from PerkinElmer Life Sciences.

Filter Binding Assey—Filter binding assays for various growth fac-
tors with CS-E and Hep were performed as described previously (36)
with slight modifications. Varying amounts (150—450 ng} of individual
growth factors were incubated with [*H]CS-E (82 ng, ~12,000 cpm), or
a fixed amount (300 ng} of individual growth factors was incubated with
FP'H]Hep (80 ng, ~22,800 cpm) in 50 gl of 50 mm Tris-HCl, pH 7.3,
containing 130 mM NaCl end 1 mg/ml BSA at room temperature for 3 h.
Mixed cellulose ester filters (0.45-pm or 1.0-pm pore size, 25-mm di-
ameter; ADVANTEC, Tokyo) were placed onto a 12-well vecuum-as-
sisted manifold filtration apparatus and washed with 10 ml of the same
buffer devoid of BSA. The growth factor along with any bound PHICS-
E/Hep was recovered by the quick passage of the samples through the
filters, and the unbound samples were eluted by washing five times
with 2 ml! of the same bufler. Protein-bound radicactivity was deter-
mined after immersing the filters in 1 ml of 1 M NaCl and 0.05 M
diethylamine, pH 11.5, for 30 min and the radioactivity in the eluate
wag determined in a liquid scintillation counter (LSC-700, Aloka Co.,
Tokyo) using scintillation fluid containing 1.2% (w/v} 2,5-diphenylox-
azole and 33% (w/v) Triton X-100.

Preparation of Biotinylated Hep and Biotinylated CS-E (37)—Hep or
CS-E was dissolved in 100 m» MES, pH 5.5, at a concentration of 2
mg/ml. The solution was mixed with a 50 mM solution of freshly pre-
pared biotin-LC-hydrazide (Pierce) in dimethy] sulfoxide. The weight
ratio of Hep or CS-E to biotin-LC-hydrazide was 20:1. EDAC hydrochlo-
ride, dissolved in the same buffer, was added to this mixture. The
weight ratio of Hep or CS-E to EDAC hydrochloride was 8:1. The
labeling reaction occurred overnight at room temperature by gently
mixing the solution. The reaction mixture was dialyzed against PBS at.

" room temperature for 24 h. Dialysis was carried out in a Spectra/Por

molecular porous membrane tubing, with a molecular mass cutoff of
3,500 Da (Spectrum Medical Industries, Inc., Laguna Hills, CA). Hex-
uronic acid in each preparation was quantified by the carbazole method,
using GleUA as standard (38). The mol of bietin/mol of CS-E or Hep was
determined by the modified protocol of Green (39), which uses HABA
dye and avidin, which form a complex. In brief, 60 ul of 10 mm HABA in
10 mm NaOH was added to 1.94 mi of 100 mM sodium phosphate, 150
mM NaCl, pH 7.2, containing 1 mg of avidin. The absorbance of this
solution at 500 nm was recorded. A solution (10 pl each) of biotinylated
CS-E (1.7 mg/ml) or Hep (2.1 mp/ml} was added to 90 .l of the above
reagent. A decrease in absorbance, as biotin replaced HABA, was re-
corded. About 4.2% of the hexuronic acid groups in CS-E were derivat-
ized with the biotin tag. The extent of bictinylation for Hep cannot be
determined because addition of Hep produced a precipitate (40). How-
ever, a comparable degree of biotinylation with CS-E is expected for
Hep.

Successful biotinylation of Hep or CS-E was confirmed by enzyme-
linked immunosorbent assay. In brief, 2 pg of biotinylated Hep or CS-E
was immobilized on a 96-well BD BioCoat® streptavidin assay plate.
After overnight blocking with 3% BSA in PBS, 1 pmol of MK in PBS was
added to each well followed by incubation at room temperature for 1 h.
Goat anti-human MK antibody (diluted 200-fold with PBS) was added
to each well after washing with PBS containing 0.05% Tween 20
(PBST), followed by incubation for 2 h at room temperature. The wells
were washed with Tris-buffered saline (TBS) containing 0.05% Tween
20 (TBST), and alkaline phosphatase-conjugated AffiniPure rabbit anti-
goat IgG (diluted 5,000-fold in TBS) was added to each well and left for
1 h at room temperature. After TBST washing, p-nitrophenyl phos-
phate in bicarbonate buffer (0.1 M Na,CO,/MNaHCO, containing 1 mMm
MgCl,, pH 9.8) was added to the wells and the development of color was
measured after 15 min, at 415 nm in a microplate reader (Bio-Rad
model 550}

Immobilization of CS-E and Hep to the Interaction Analysis System
(IAsys; Affinity Sensors, Cambridge, UK) Cuvette—Biotinylated CS-E
and biotinylated Hep were immobilized individually on the surface of 2
biotin cuvette as follows. The sensor surface of a biotin cuvette (Affinity
senaors, Cambridge, UK) was equilibrated with PBST. Streptavidin (2
ug) was immobilized on the biotin cuvette for 15 min, and 10 ug of
biotinylated CS-E or biotinylated Hep wag added to the cuvette after
washing with PBST. Biotinylated CS-E gave a response of 42 arc
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seconds corresponding to 0.3 ng of the sample, whereas bictinylated
Hep gave a response of 39 arc seconds corresponding to 0.26 ng of the
sample, indicating that ~0.003% of the biotinylated sample was immo-
bilized (600 arc seconds correspond to 1 ng of protein/mm? of the 4-mm?
cuvette surface). After 10 min the cuvette was again washed with PBST
and blocked with 20 pg of BSA. The successful immobilization was
tested by applying 200 ng of MK to the cuvette surface. It gave a
response of 80 arc seconda for the C3-E cuvette and 125 arc seconds for
the Hep cuvette, A control cuvette was prepared in a manner similar to

that for the CS-E or Hep cuvette, except that ne biotinylated sample

was added for immobilization.

Binding Assays of Hep-binding Growth Factors to CS-E/Hep in the
IAsys—A single binding assay consisted of the foliowing steps. To the
C8-E- or Hep-immobilized cuvette, which was preequilibrated with
PBST, a known concentration of each growth factor {(final volume 200
ul) was added to initiate the association phase, and the binding reaction
was continued for 10 min. The cuvette was then washed three times
with 200 ul of PBST, and the dissociation of the bound ligate into the
bulk PBST was followed for 3 min. To remove the residual bound ligate
and thus regenerate the immobilized ligand, the cuvetts was washed
with 200 pl of 1 M NaCl. The stirrer speed was maintained at 80% {(a
percentage value specifying the amplitude of stirrer oscillation at 140
Hz. The scale was linear with 0 corresponding to no oscillation and 100
corresponding to the maximum level), and the temperature was main-
tained at 25 °C throughout the experiment. The distribution of the
immabilized CS-E or Hep and of the bound growth factor on the surface
of the biosensor cuvette was inspected by examination of the resonance
gcan, which showed that at all times these molecules were distributed
on the sensor surface and therefore were not microaggregated.

To determine the binding kinetics, growth factors at varying concen-
trations were applied to the cuvette in the running buffer, followed by
dissociation and regeneration, as described previously. Binding param-
eters were calculated from the association and dissociation phases of
the bhinding reactions using the FASTfit software (Affinity Sensors),
Using FASTYit, a plot of the on-rate constant, k,, {obtained from asso-
ciation analysis) versus the ligand concentration was obtained. The
slope of the line is the association rate constant, &, and the intercept
value on the y axis is the dissociation rate constant, k. The equilibrium
dissociation constant, K, was calculated from the ratio (k%,) of the
dissociation and association rate constants.

For determination of K, using the Scatchard plot analysis, the re-
sponse at equilibrium, R, was plotted against B, /[L], where L was the
ligate concentration. The slope of this plot equals — 1/K,,, the association
equilibrium constant, and K, was calculated using the equation K, =
VK,. For determination of X, using the binding curve analysis, the
ligate concentration [L] was plotted against R, and the K; was equal
to the ligate concentration at R /2.

RESULTS

In view of our previous findings that the neuronal cell adhe-
sion mediated by MK is specifically inhibited by oversulfated
CS-E from squid cartilage (14) and the presence of the CS-
disaccharide E and D units in bovine, rat, and chick brains
(13-15), we explored the possibility of high affinity binding of
various other Hep-binding growth factors expressed in the
brain during embryonic development. The representative
growth factors of the MK family, EGF family, and FGF family
were chosen, and the interactions of CS-E with MK, PTN,
HB-EGF, FGF-1, FGF-2, FGF-10, and FGF-18 were analyzed.
In addition, FGF-16, which is not expressed in the brain but is
expressed in the brown adipocytes of rat embryos (41}, was also
tested to clarify the generality of a binding capacity of a Hep-
binding growth factor to CS-E. Even though FGF-16 and
FGF-18 are believed to bind Hep, no report is available dem-
onstrating the direct binding of these growth factors to Hep.

Demonstration of the Binding of CS-E to Hep-binding
Growth Factors in an Aqueous Solution by Filter Binding As-
say—In the preliminary experiments, 82 ng of a [*H|CS-E
preparation was incubated with a fixed amount (300 ng) of
various growth factors separately, and the binding ability was
evaluated using the filter binding assay. The same amount of
[PHIHep was treated with the individual growth factors in the
same manner as positive controls. The results are summarized
in Fig. 1. The findings demonstrated direct binding of CS-E to
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Fic. 1. Binding of squid cartilage [*HICS-E to Hep-binding
growth factors in an aqueous solution. Squid cartilage [PHICS-E
(82 ng, ~1.2 x 10 cpm) or [*HIHep (80 ng, 2.3 x 10* cpm) was
incubated with 300 ng each of rh-MK (A), rh-PTN (B), rh-FGF-1 (C),
th-FGF-2 (D), rh-FGF-10 (E), Tm-FGF-18 (#), rh-HB-EGF (G), and
rr-FGF-16 (H). The radioactivity bound to each growth factor was
quantified by the filter binding assay as describecl under “Experimental
Procedures.” Values were obtained from the average of two separate
experiments and are expressed as percentages of the radioactivity
added for incubation. Estimated errors were within 5%. Filled bars
represent ['HICS-E, and open bars rvepresent [PH]Hep. GAG,
glycosamineglycan.

MK, PTN, HB-EGF, FGF-2, FGF-10, FGF-16, and FGF-18,
whereas the binding of FGF-1 to CS-E was very low compared
with those of other growth factors (Fig. 1C). The binding effi-
ciency toward CS-E of all growth factors tested, except for
FGF-1, was higher than that toward Hep, whereas FGF-2
exhibited the same degree of binding to CS-E and Hep. The
degree of binding exhibited by most of the growth factors to-
ward CS-E was in the range of 10-25%, except for FGF-1
(1.2%), whereas FGF-18 showed an exceptionally high degree
of binding (~40%) (Fig. 1F). In the absence of any growth
factor, the amount of CS-E or Hep bound to the filter was less
than 0.2%.

To confirm the specificity of these bindinzs toward CS-E, the
binding of varying concentrations of the growth factors (150,
300, and 450 ng) to a fixed concentration of C3-E (82 ng) was
investigated by filter binding assay. All of the growth factors
bound to CS-E in a dose-dependent maaner. Even though
FGF-1 also bound to CS-E in a dose-dependent manner, the
extent of binding was far less compared with that of other
growth factors (2% for FGF-1 compared with 15-50% for other
growth factors). In the case of PTN, the saturation level was
attained with 300 ng of the protein. Howevar, saturation levels
were not reached for all others even with 450 ng of the corre-
sponding protein (data not shown), presumably because multi-
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Fi1G. 2. Saturation curves for the binding of squid cartilage
[*H]ICS-E to Hep-binding growth factors in an aqueous solution.
Varying concentrations of squid cartilage PHICS-E (0.05, 0.1, 0.2, 0.5,
1.0, and 2.0 ug) were incubated with 200 ng each of the Hep-binding
growth factors, and the radiocactivity bound to each growth facter was
quantified by the filter binding assay as described under “Experimental
Procedures.” An equal amount of [*H]CS-E without a growth factor was
used as the negative control. Values were obtained by subtracting the
radionctivity of the negative control from that of each sample. A, th-
PTN; B, rh-FGF-2; C, rh-FGF-10; D, rm-FGF-18; E, rh-HB-EGF; F,
r-FGF-16.

ple binding sites for each growth factor are embedded along the
CS-E chain. No higher concentrations were tested because of
the limited availability of the proteins. As expected, [*PHICS-E
also exhibited a dose dependency for its binding toward these
growth factors (Fig. 2). For a fixed amount (200 ng} of the
individual growth factors, a saturation curve for PHICS-E was
observed with less than 1 ug each of all of the growth factors
tested. FGF-1 also exhibited a similar trend, but only 1.2% of
PH)CS-E was bound at the saturation level (data not shown),
Together, these results suggest that the bindings of these
growth factors, except for FGF-1, to CS-E were not caused
merely by electrostatic interactions, but rather were highly
specific.

Characterization of the Binding of the Various Hep-binding
Growth Factors to Immaobilized CS-E in the TAsys—The binding
of growth factors to CS-E was characterized further using the
IAgys, where CS-E was immobilized, and soluble growth fac-
tors were added as analytes to mimic physiclogical conditions.
Biotinylated CS-E was immobilized onto the biotin-coated sen-
sor surface of the IAsys cuvette via streptavidin as described
under “Experimental Procedures.” A Hep-immobilized cuvette
was used to determine the positive control values. In both
cases, 0.26~0.30 ng of the bictinylated sample was immobi-
lized (see “Experimental Procedures”). The growth factors (200
ng each) were then added to the CS-E- or Hep-immobilized
cuvette, individually, which had been equilibrated with PBST.
Sensorgrams of the MK binding to the CS-E and Hep cuvettes
are shown as representatives in Fig. 3. The binding of the
growth factor to immobilized CS-E or Hep was indicated by a
steady increase in the response with time up to 10 min, repre-
senting the association phase, This was followed by a dissoci-
ation phase generated by washing with PBST, and then the
sensor surface was regenerated by washing with a 1 M NaCl
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Fi;. 3. Sensorgrams for the binding of MK to CS-E- and Hep-
immobilized cuvette. Bistinylated CS-E or biotinylated Hep (10 pg}
was immobilized on the streptavidin-ceated surface of an IAsys cuvette,
and 200 ng of MK was injected inte CS-E-immobilized surface (A) and
Hep-immobilized surface (B), individually, as described under “Exper-
imental Procedures.” Long arrows indicate the beginning of the asseei-
ation phase initiated by the injection of MK, and short arrows indicate
the beginning of the dissociation phase initiated by washing with the
running buffer.

solution. MK gave a response of 80 arc seconds for the C3-E
cuvette (Fig. 34) and 125 arc seconds for the Hep cuvette (Fig.
3B), indicating that 0.5 ng and 0.8 ng of MK bound to the CS-E
cuvette and Hep cuvette, respectively. The response factors
generated by each growth factor differed from one another,
when compared using a fixed concentration (200 ng) of an
analyte, where all of the growth factors gave a higher response
with the Hep cuvette than the CS-E cuvette (Fig. 4), except for
FGF-18, which gave comparable responses for CS-E and Hep
cuvettes (Fig. 4F). Even though FGF-1 bound to the CS-E
cuvette appreciably (Fig. 4C), the degree of the binding was
very low compared with that of other growth factors, consistent
with the results of filter binding assays, where FGF-1 showed
a lesser degree of binding to [*HICS-E (Fig. 1C). The binding of
all growth factors to CS-A-, CS-C-, and CS-D-immobilized cu-
vettes was very low, comparable with their binding to the
control cuvette without immobilized CS-E or Hep {(data not
shown), indicating that among the CS variants, CS-E exhibited
high specificity for these growth factors like Hep. The filter
binding assay using [*H]CS-D also showed that its binding to
MK was less than 2% compared with 12% obtained using
[PHICS-E.

Kinetics of Growth Factor Binding to Immobilized CS-E—
The kinetic parameters for the interaction of the growth factors
with CS-E or Hep were determined by varying the concentra-
tions of the individual growth factors and studying their inter-
actions with CS-E- or Hep-immobilized cuvettes using the TA-
sys. Fig. 5, 4 and C, shows the overlay of sensorgrams obtained
by applying varying concentrations of MK and PTN, respec-
tively, to the CS-E-immobilized cuvette. Varying cencentra-
tions of MK or PTN were added to the CS-E-immobilized
cuvette, which had been equilibrated with PBST. Fig. 5, B and
D, shows the overlay of sensorgrams for varying concentrations
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F1g, 4. Analysia of the binding of Hep-binding growth factors
to immobilized CS-E in an IAsys. Biotinylated CS-E or bictinylated
Hep (10 pg) was immobilized on the streptavidin-coated surface of an
IAsys cuvette, and the Hep-binding growth factors (200 ng each) were
injected individually into the CS-E-immobilized surface as described
under “Experimental Procedures.” Values on the vertical axis represent
the change in resonance angle {response) expressed in are seconds. Six
hundred arc seconds correspond to 1 ng of protein/mm? of the cuvette
surface. A, th-MK; B, th-PTN; C, th-FGF-1; D, rh-FGF-2; E, th-FGF-10,
F, rm-FGF-18; G, rh-HB-EGF; H, rr-FGF-18. Filied bars represent
CS-E, and open bars represent Hep.

of MK and PTN toward Hep. At higher concentrations of ana-
lytes, a decrease in response, after reaching equilibrium in the
association phase, was often observed for some sensorgrams,
for example in Fig. 54. This may be caused by either the
physisorption, rather than chemisorption, of the growth factor
to the sensor surface or the oligomerization of the growth
factors at high concentrations. A sharp peak generated at the
beginning of the dissociation phase in some of the sensorgrams
was presumably caused by a shock by a sudden change in the
refractive index or dielectric property created, when the
cuvette was emptied and refilled with a fresh buffer. Both MK
and PTN exhibited a dose-dependent binding toward CS-E and
Hep. These growth factors gave a dose-dependent increase in
response until it reached the saturation level. Their binding
toward CS-E and Hep was monophasic, and there was no
evidence for secondary binding sites.

The overlay of sensorgrams for FGF-2, FGF-10, and FGF-18,
obtained by applying varying concentrations of these growth
factors to the CS-E- and Hep-immobilized cuvette, is given in
Fig. 6. The k,, k;, and K, values for each growth factor were
calculated using the FASTfit software, and the results are
summarized in Table I. For each growth factor, only four sen-
sorgrams of lower coneentrations were used for calculating the
parameters in most of the cases because excessive binding was
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Fic. 5. Overlaid sensorgrams for the CS-12 binding and Hep
binding kinetics of MK and PTN. The binding assays were carried
out as described in the legend to Fig. 4, except that the indicated
concentrations of rh-MK (A and B} and rh-PTN (7 and D) were applied
to CS-E-immobilized {4 and C) and Hep-immobilized (B and D) cu-
vettes. Long arrows indicate the beginning of the association phase
initiated by the injection of varying concentraticns of the growth fac-
tors, and short arrows indicate the beginning of the dissociation phase
initiated by the running buffer.
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Fic. 6. Overlaid sensorgrams for the CS-I2 binding and Hep
binding kinetics of FGF-2, FGF-10, and FGI®-18. The binding as-
says were carried out as described in the legend to Fig. 4, except that
the indicated concentrations of rh-FGF-2 (4 and B}, th-FGF-10 (C and
D), and rm-FGF-18 (£ and F) were applied to CS-E-immobilized (A, C,
and E) and Hep-immobilized (B, D), and F) cuvettes. Lorg arrows
indicate the beginning of the assaciation phase initiated by the injection
of varying concentrations of the growth factors, end short arrows indi-
cate the beginning of the dissociation phase iniliated by the running
buffer.

observed at the highest concentration (for example, see Fig. 6,
C and E) and may partially represent the physisorption or the
cligomerization of growth factors as discussed above.

The k,, values for the binding of each growth factor to CS-E or
Hep were different from one ancther. The k, values for the
binding of a given growth factor to CS-E and Hep were also
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TanLE I
Kinetic parameters for the interaction of growth factors with immobilized CS-E and Hep
The apparent k,, k4, and K, values for the interaction of Hep-binding growth factors with immobilized CS-E or Hep were determined using the
TAsys as described under “Experimental Procedures.” The S.E. is derived from the deviation of the data from a one-site binding model and was
calculated by matrix inversion using the FASTfit software provided with the instrument. For each set of values of k,,, the resulting values for &,

and their associated S.E, were combined.

Growth factor k, ky " Kp
wlg? 877 nu
CS-E-.immobilized cuvette ]
MK 1.1+ 0.3 x10° 0.6 0101072 0.938 61.56 = 259
PTN 45 * 04 % 10° 05+010x 1072 0.992 114 +3.22
FGF-2 83 *03x10* 04+002x10 2 0.987 1198142
FGF-10 6.5 = 2.0 x 10* 05+007x10 2 0.918 B8.6 x 378
FGF-18 5.7 = 2.3 x 10° 03x029x107? 0.930 8987
HB-EGF 2.8 + 0.3 x 10° 42+ 030x% 1072 0.991 16.0 + 184
Hep-immobilized cuvette
MK 35+ 15x 10* 0.6+ 0.08x102 0.853 204 = 100
PTN 2.6 = 0.9 x 10° 03=+020x1072 0.902 16.1 * 13.3
FGF-2 2.4+ 0.2 x 10° 0.2 = 0.06 x 102 0.991 86+22
FGF-10 14*03x10° 02+015x1072 0.966 174+ 144
FGF-18 6.3 =29 x 10° 04+030x10°% 0.833 10.8 9.7
HB-EGF 6.6 = 0.4 x 108 0.3 +010x10°% 0.996 4.7+ 3.67
2 The correlation coefficient of the linear regression through the k,, values.
¥ The K, value was calculated from the ratio k/k,, and the S.E. is the combined S.E. of the two kinetic parameters.
different from each other. The &, values for the binding of MK, A 200
PTN, and FGF-18 to the CS-E cuvette were approximately 1 120 B
order of magnitude larger than those for the binding of FGF-2 l g
and FGF-10 to the CS-E cuvette. They were 1.1 X 10% 4.5 X 60 st | 100] f/ ;o
105, and 5.7 X 10° M~ a7%, respectively, for the CS-E cuvette bem o EE N L
and 3.5 x 10% 2.6 x 10°% and 6.3 X 10° M~ ! 571, respectively, 0 — g / L
for the Hep cuvette, suggesting that the binding rate of MK, 0
PTN, and FGF-18 toward CS-E was higher or comparable with 0 § 6 0 8 16
that toward Hep, under the conditions employed. In contrast, O
the k, values of FGF-2 and FGF-10 for the CS-E cuvette were @ ¢ 400 L
3.3 x 10*and 6.5 X 10* M1 s, respectively, and 2.4 x 10% and g I l /ﬁ\\‘s\h o
1.4 x 10%° M~ 57 %, respectively, for the Hep cuvette, suggesting B 200 ﬁ \K ’M 2
a slower binding of these growth factors toward CS-E compared ‘é’ w1200
with the binding to Hep. The k, values for FGF-2 and FGF-10 2 && 1 -
to Hep were ~7-fold and ~2-fold higher than those for the g ¢ |0
bindings to CS-E. On the other hand, the %, values represent- 0 8 18 0 8 15
ing the dissociation rates of MK, PTN, FGF-2, FGF-10, and 120 <
FGF-18 from the CS-E cuvette were comparable with those
from the Hep cuvette. Consequently, the K, values for the
binding of MK, PTN, and FGF-18 with the CS-E cuvette were 60 . -
61.6, 11.4, and 8.9 nM, respectively, and were lower or compa- | b e
rable with those for the Hep cuvette (204, 16.1, and 10.8 nm, _‘ﬁ‘ﬁm Bt
respectively), whereas those for FGF-2 and FGF-10 for the 0 5 ; ‘5"‘;5 %

CS-E cuvette were ~14-fold and ~5-fold higher, respectively,
than those for the Hep cuvette. Thus, the difference in the K,
values appears to account for the differences in the &, values.

The overlay of sensorgrams obtained by applying varying
concentrations of HB-EGF, FGF-16, and FGF-1 to the CS-E-
and Hep-immobilized cuvette is shown in Fig. 7. The sensor-
gram of HB-EGF for the CS-E cuvette (Fig. 7A) differed from
the others. It showed an exceptionally sharp increase in re-
sponse, reached a plateau within seconds of injecting the sam-
ple, and then showed a decrease in response with time (for low
concentrations of the growth factor) even during the associa-
tion phase. The dissociation phase of HB-EGF was also differ-
ent from others in the fact that the dissociation rate was
extremely high and reached a level close to the base line even
before regeneration. The &, values for the binding of HB-EGF
to the CS-E and Hep cuvettes were 2.8 X 10° and 6.6 x 10°, and
the b, values were 4.2 X 1072 and 0.3 X 107Z, respectively, for
CS-E and Hep cuvettes. The k_ and k, values of HB-EGF for
the CS-E cuvette were 4-fold and 14-fold higher than those
for the Hep cuvette. The K, values for the binding of HB-EGF
with the CS-E and Hep cuvette were 16 and 4.7 nm, respec-

Time (min}

Fi6, 7. Overlaid sensorgrams for the CS-E binding and Hep
binding kinetics of HB-EGF, FGF-16, and FGF-1, The binding
assays were carried out as described in the legend to Fig. 4, except that
the indicated concentrations of rh-HB-EGF (A and B) rr-FGF-16 (C and
D), and rth-FGF-1 (E and F) were applied to CS-E-immobilized (4, C,
and E} and Hep-immeobilized (B, D, and F) cuvettes, respectively. Long
arroiws indicate the bepinning of the association phase initiated by the
injection of varying concentrations of the growth factors, and short
arrows indicate the beginning of the dissociation phase initiated by the
running buffer.

tively. Even though the K, values for the CS-E and Hep
cuvettes appear to be in the same range, the low K, value for
the CS-E cuvette was a result of the exceptionally high k, and
k, values of HB-EGF toward the CS-E cuvette.

The overlay of sensorgrams for FGF-16 for the C3-E cuvette
(Fig. 7C) exhibited a peculiar pattern. Upon injection of the
sample, there was a steady increase in response with time, and
after reaching the plateau, a decline in response with time was
observed during the association phase itself. As the concen-
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TasLe II
Kinetic parameters for the interaction of FGF-16 and FGF-I with
immobilized CS-E and Hep
The K, values for the interaction of FGF-16 for CS-E and Hep were
calculated using Scatchard plot and binding eurve analyses, and for
FGF-1, the K, value was calculated using Scatchard plot analysis, as
described under “Experimental Procedures.”

Ky
Gf;"c:"oﬁ.h CS-E;:um:rr:tobl;ilized Hep—i}:;xg&]ized
Scatchard Binding Seatchard Binding
plot curve plot curve
ni .17
FGF-16 47.2 70.0 34.7 44
FGF-1 1250.0 - 149.3 -

7 A saturation level was not attained even with 2 pg of FGF-1 (see
“Results”).

tration of the growth factor was increased, this reduction in
response became faster. The physiological significance of
these binding patterns is not clear at this stage (and will be
discussed later). The overlay of sensorgrams for FGF-1 for
the CS-E cuvette (Fig. 7E) showed that the rate of its binding
to CS-E is much slower compared with the quick rate of the
binding to the Hep cuvette (Fig. 7F). Because the FASTfit
software analysis failed to give a fit for FGF-16, K; values
were calculated using two other methods: Scatchard analysis
and binding curve analysis, as described under “Experimen-
tal Procedures.” The results are summarized in Table II. The
K, values obtained by the two different analyses were com-
parable, and the results showed that FGF-16 had almost
comparable affinity for Hep and CS-E. This is the first report
that demonstrates the direct binding of FGF-16 and FGF-18
to Hep. For FGF-1, a saturation level was not attained even
with 2 pg of the growth factor, hence the binding curve
analysis was not used for the determination of K, value. The
K, value for FGF-1, obtained by Scatchard analysis (Table
II), indicated that the affinity of FGF-1 to CS-E was very low
and may explain the low degree of binding of FGF-1 to C5-E,
although the K, value for the Hep binding was comparable
with the reported value (91 nu), which was determined by
affinity coelectrophoresis (42).

From the IAsys experiments, it was possible to calculate
average mol of each growth factor bound/mol of CS-E or Hep,
taking the response of each growth factor at the saturation
level. One mol of CS-E (70 kDa) or Hep (15 kDa) appears to
have a capacity to bind a maximum of 13 or 4 mol of MK, 17 or
4 mol of PTN, 8 or 5§ mol of HB-EGF, 14 or 9 mol of FGF-2, 11
or 5 mol of FGF-10, 17 or 7 mol of FGF-16, and 14 or 5 mol of
FGF-18, respectively. These values indicate that a CS-E or Hep
chain accommodates multiple yet different numbers of various
growth factors, probably reflecting distinct yet overlapping
growth factor binding sequences embedded in each sugar
chain.

DISCUSSION

In the present study, we demonstrated the interaction of
various Hep-binding growth factors with CS-E in two ways: the
filter binding assay and analysis in the IAsys. In both situa-
tions, all of the tested growth factors, except for FGF-1, bound
to CS-E in a dose-dependent manner, suggesting that these
bindings are highly specific. Although these growth factors,
except FGF-1, bound more strongly to CS-E than Hep in the
filter binding assay, the reverse effects were observed in the
IAsys, which may reflect the environment in which the two
molecules are interacting. The YAsys more closely mimies the
physiologieal conditions, where the soluble growth factors in-
teract with CS chains in an immobilized form at the cell surface
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or in the extracellular matrices. On the othzr hand, complexes
measured in the filter binding assay, where both interacting
molecules are in solution, would mimic growth factor-CS com-
plexes released enzymatically from cell surfaces or extracellu-
lar matrices.

MK and PTN specifically bound to CS-E derived from squid
cartilage with high affinity (K, = 61.6 and 11.4 nM, respective-
1y), and these bindings were higher than or comparable with
those for Hep (K; = 204 and 16.1 nwm, respectively), which is in
reasonable agreement with our previous results obtained in &
BiaCore system where the binding of soluble CS-E to immobi-
lized MK was analyzed (14). The high affinity binding (K; =
0.58 nmM) of MK to PTP{ was reported, which was inhibited not
only by CS-E but also by CS-B, CS-C, and C3-D (29). It was alsc
reported that PG-M/versican isolated from 13 mouse embryos
binds MK and PTN strongly (K, = 1.0 nu), and the binding to
MK is abolished by chondroitinase ABC digestion (30). The
migration of osteoblast-like cells UMR 106 (43} and that of
macrophages (44) promoted by MK are abolished by chondroiti-
nases ABC or B digestion and also inhibited by exogenous CS-E
in addition to CS-B. Maeda et al. (20) isolated PTN as a 6B4-
PG/phosphacan-binding protein in the rat brain and also dem-
onstrated that PTN binds to the CS moiety of phosphacan with
high affinity (K, = 0.25-3.0 nM), which was decreased by chon-
droitinase ABC digestion and was inhibited by CS-C. It was
also reported that the PTN-stimulated migration of embryonic
rat cortical neurons is inhibited by CS-C (21). However, in most
studies, detailed structural information about the functional
domain of the CS chains was lacking. In this context, our recent
demonstration of the significant proportion of CS-E (14.3%) in
the CS chain of appican PG (32) is highly significant and is the
first demonstration of a specific brain C5-PG that contains
the E unit. Previous studies have demonstrated that the C5
chain in appican is responsible for the adhesion of neural
cells and for promoting neurite outgrowth of primary rat
hippocampal cultures, because the core of the Alzheimer's
amyloid precursor protein is less potent in promoting adhe-
sion and neurite outgrowth than appican PG (31, 46). The
presence of E unit in appican PG may explain the neurotro-
phic activities of appican. Syndecan-1 frora mouse mammary
gland epithelial cells was also demonstrated to bear CS-E
(48), although it is unknown whether syr.decan-1 expressed
in the rat central nervous system, which binds MK and PTN
(49}, contains CS-E.

CS-E also bound FGF family members. The FGF family
comprises at least 23 proteins that play important roles in
development, tissue maintenance, and tissue repair, and all
family members have a Hep-binding property. The tested
family members, except for FGF-16, are expressed in the
brain. FGF-2 and FGF-10 bound to CS-E with lower affinity
compared with Hep (based on K; values). FGF-18 showed a
strong binding, comparable with that toward Hep. In con-
trast, FGF-1 showed almost no binding. 1Tach growth factor
exhibited a peculiar association and dissociation pattern to-
ward CS-E and Hep. The results appear to suggest that even
lower affinity binding is physiologically significant as dis-
cussed below.

FGF-1 bound only weakly to CS-E, as indicated by a very
high K, value. The reason for this low aff.nity binding is un-
clear, Comparison of the Hep-binding domain of the tested FGF
family members showed similar distributioa of the basic amine
acid residues. The only striking feature different from other
FGF family members is the presence of the Cys'®7 residue
within the Hep-binding domain (50). Structural characteriza-
tion of the HS domain involved in the FG7-1 binding showed
that the binding depends on a rarely oceurring structure hall-
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marked by L-iduronate(2-0-sulfate)-p-glucosamine(2-N-,6-O-
disulfate) units (51). The human aorta HS preparation from an
old individual, enriched in such units, showed drastically en-
hanced binding to FGF-1 (52) compared with HS from the
young subject. The low degree of binding exhibited by FGF-1 to
CS-E may be correlated with any of these observations.

FGF-2 binds N-syndecan, isolated from neonatal rat brain,
with high affinity (K, = 0.5 nm) through the HS chains, al-
though FGF-1 fails to give such a binding toward N-syndecan
(53). Based on the observation that N-syndecan mRNA levels in
the neonatal rat brain are significantly higher than those in the
adult rat brain, an important role of N-syndecan in nerve tissue
differentiation has been suggested (54). Milev ez al. (28) dem-
onstrated that the core protein of phosphacan CS-PG showed
high affinity binding toward FGF-2 and potentiated its mito-
genic effect. Even if the binding of phosphacan to FGF-2 was
reduced to 35% after chondroitinase treatment, the mitogenic
effect generated by intact phosphacan was comparable with
that exhibited by the core protein alone. This was the first
demonsiration that suggests that CS-PGs may also regulate
the access of FGF-2 to cell surface signaling receptors in nerv-
ous tissues. The present finding that the FGF-2 interacts with
CS-E suggests a possibility that E units in CS side chains of
PGs, along with the core protein, may also be involved in the
interaction with FGF-2, if it is expressed on certain CS-PGs at
specific developmental stages.

Although FGF-10 mRNA is expressed predominantly in the
lung, it is also expressed in the brain at low levels, being
spatially restricted in some regions, including the hippocam-
pus, thalamus, midbrain, and brainstem, and preferentially in
neurons, but not in glial cells (55). Studies using FGF-10
knockout mice have demonstrated that this molecule is essen-
tial for limb and lung formation (56). Apart from this, the
requirement of FGF-10 in the development of white adipose
tissue (57} and its role as mitogen for urcthelial cells (58) and
in the maintenance of the stem cell compartment in developing
mouse incisors {53) were reported recently. The possible in-
volvement of CS-E in these biclogical events remains to be
clarified.

FGF-18 is a unique secreted signaling molecule in the adult
lung and developing tissues (60). However, the expression of
F(GF-18 in lower levels in the mouse brain has also been re-
ported (35, 61). Ohuchi ¢f al. (62) reported the involvement of
FGF18-FGF$ signaling for specification of left-right symmetry
and development of the chick embryo brain, especially the
midbrain, and limbs. Novel roles for FGF-18 in calvarial and
limb development (63) as well as in the proximal programming
during lung morphogenesis have been reported (64). It is of
particular interest to clarify whether E units in CS chains of
certain CS-PGs are involved in the FGF-18 signaling in the
above biological events, especially because FGF-18 binding to
CS-E was exceptionally strong.

From the caleulated K, values, it appears that the affinity of
FGF-16 toward CS-E is comparable with that for Hep. How-
ever, the pattern of the sensorgrams generated by FGF-16 with
CS-E cuvette was markedly different from other growth factors
in that they decreased significantly even during the association
phase. Because this pattern closely resembles that generated
by FGF-1 in a Hep-immobilized cuvette, there is a strong pos-
sibility that these bindings are physiologically significant. It
will be interesting to clarify whether the binding of FGF-16 to
CS-E can stimulate cellular growth or the signal transduction
cascade in vivo. FGF-16 is expressed predominantly in the
brown adipocytes of rat embryos during embryenic days 17.5~
19.5 and appears to be a unique growth factor involved in the
proliferation of embryonic brown adipose tissue (65). It also
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induces hepatocellular proliferation and increases liver
weight in vive (34). However, a truncated rat FGF-16 with 34
amino acids removed from the N terminus induces prolifer-
ation of oligodendrocytes, isclated from the rat brain, in vitro
(34). It is noteworthy that FGF-16 shares 62% amino acid
identity with FGF-20, whose mRNA is expressed preferen-
tially in the brain among the adult rat major tissues and is
reported to enhance the survival of midbrain dopaminergic
neurons {66).

The high affinity of HB-EGF, an EGF family member {67,
68), toward CS-E observed in the present study, as indicated by
the low K, value, is interesting in that it is a consequence of the
high association and dissociation rates {Table I). Thus, the
kinetic studies have revealed the quick binding of the growth
factor to CS-E in the environment of an increasing concentra-
tion of HB-EGF and its fast release with a decrease in the
growth factor concentration. The polypeptides of EGF family
produced by neurens and glial cells play important roles in the
development of the nervous system, stimulating proliferation,
migration, and differentiation of neuronal, glial, and Schwann
precursor cells (69). Nakagawa et al. (70) reported the neuronal
and glial expression of HB-EGF in the central nervous system
of prenatal and early postnatal rats and suggested that it may
contribute to brain development. HB-EGF is also reported to
regulate the survival of midbrain dopaminergic neurons utiliz-
ing mitogen-activated protein kinase in addition to the Akt-
signaling pathway (71). In addition, a new role of HB-EGF was
reported recently by Asakura et al, (72), who found that the
cleavage and shedding of the membrane-bound HB-EGF by
metalloproteases contribute to the cardiac hypertrophic proc-
ess and suggested that inhibition of HB-EGF shedding could be
a potent therapeutic strategy for cardiac hypertrophy. It is of
interest to elarify whether CS-PGs, in addition to HS-PGs, are
involved in the regulation of these functions of HB-EGF. The
physiological significance of the low affinity bindings caused
by the slow binding observed for FGF-2 and FGF-10, com-
pared with high affinity bindings, in addition to the quick
binding and release of HB-EGF remains to be clarified. There
is a possibility that these low affinity motifs act as a scaffold
to capture the growth factors and then hand them over to
other high affinity motifs and finally direct the growth factor
toward the site of interaction with its receptor target at the
cell surface (73). The graded affinities of various HS oligo-
saccharides for FGF-1 and FGF-2 (74, 75) are consistent with
this concept. CS-E with higher affinity for certain growth
factors than Hep may in turn receive them from HS chains as
was discussed previously for a hybrid PG, syndecan-1 con-
taining CS-E (48).

Although most studies of growth factor interactions with
PGs have concerned HS-PGs and more specifically their HS-
glycosaminoglycan chains, the present findings strengthen the
emerging concept (4, 44) that the interactions of C3-PGs with
growth/differentiation factors might also play significant roles
in developmental processes of the central nervous system and
other systems. In this context, Muramatsu (44) recently re-
ported the isolation of CS that bound strongly to MK by affinity
chromatography after labeling neurcns from E13 embryos with
[**C]glucosamine. The disaccharide composition analysis of the
strongly bound fraction showed that 30% was E unit. Ka-
washima et al. (76) recently demonstrated specific high affinity
interactions of L- and P-selectinsg and chemokines with CS-E
and suggested the involvement of the E unit-containing CS/
dermatan sulfate in selectin- and/or chemokine-mediated cel-
lular responses (76). The results obtained in the present study,
together with accumulating evidence, may suggest the possi-
bility that CS-glycosaminoglycan chains produced at certain
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developmental stages act as a binding partner, a coreceptor, or
a genuine receptor for various Hep-binding growth factors and
chemokines/eytokines with developmentally regulated expres-
sion. Recently, Muramatsu (44) proposed a model of MK sig-
naling through PTP¢, where the MK receptor is a molecular
complex of PTP{ and a transmembrane protein, viz, low density
lipoprotein receptor-related protein, which was reported to
function as signaling receptors upon signal reception of Wnt
and reelin, The essential function of PGs in this complex may
be the activation of Src family kinases, by an as yet undeter-
mined mechanism, which will in turn activate the phosphoi-
nositide 3-kinase to ERK downstream signaling systems. It
was also reported that the phosphoincsitide 3-kinase to ERK
pathway acts as a downstream signaling system for MK and
PTN (77, 78).

Elucidation of the minimal structural units for these inter-
actions will be essential for therapeutic strategies to develop
drugs that may selectively interfere with CS-protein interac-
tions. Development of CS-E-based drugs will certainly be a
major breakthrough, because they can even substitute for en-
dogenous CS in agonist mode. To achieve this, twe major ob-
stacles for such advancement have to be overcome: the lack of
information regarding protein-binding epitopes in CS chains
and the structural variability of CS molecules from different
cells and tissues. The squid eartilage CS-E, used in the present
study, has unusual GlcUA(3S)-containing disaccharide units
such as GlcUA(39)-GalNAc(4S), GlcUA(35)-GalNAc(6S), and
GlcUA(35)-GalNAc(48,65), where 35 represents 3-O-sulfate
(45, 47) in addition to the conventional E unit. Some of these
heavily sulfated structures in CS-E are comparable with the
highly sulfated regions in Hep. It is unclear whether these
units are involved in the observed binding of the growth factors
and whether such unique structures contribute to the binding
of CS chains to these growth factors in mammalian systems
because the existence of such structures in the mammalian
gystem has not yet been reported.
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Dimerization and phosphorylation of the epidermal growth factor (EGF) receptor (EGFR) are the
initial and essential events of EGF-induced signal transduction. However, the mechanism by
which EGEFR ligands induce dimerization and phosphorylation is not fully understood. Here, we
demonstrate that EGFRs can form dimers on the cell surface independent of ligand binding.
However, a chimeric receptor, comprising the extracellular and transmembrane domains of EGFR
and the cytoplasmic domain of the erythropoietin receptor (EpoR), did not form a dimer in the
absence of ligands, suggesting that the cytoplasmic domain of EGFR is important for predimer
formation. Analysis of deletion mutants of EGFR showed that the region between ®Ala and
918 Asp of the EGFR cytoplasmic domain is required for EGFR predimer formation. In contrast to
wild-type EGFR ligands, a mutant form of heparin-binding EGF-like growth factor (HB2) did not
induce dimerization of the EGFR-EpoR chimeric receptor and therefore failed to activate the
chimeric receptor. However, when the dimerization was induced by a monoclonal antibody to
EGFER, HB2 could activate the chimeric receptor. These results indicate that EGFR cen form a
ligand-independent inactive dimer and that receptor dimerization and activation are mechanis-

tically distinct and separable events.

INTRODUCTION

Epidermal growth factor receptor (EGFR), a member of the
ErbB family of receptor tyrosine kinases, was the earliest
noted growth factor receptor. EGFR is an ~180-kDa trans-
membrane glycoprotein consisting of an extracellular do-
main containing two cysteine-rich regions, a single trans-
membrane domain, and an intracellular domain. EGFR has
several ligands with similar structures, including EGF,
transforming growth factor «, heparin-binding EGF-like
growth factor (HB-EGF), amphiregulin, betacellulin, and
epiregulin (Marquart et al., 1984; Shoyab et al., 1989; Higash-
iyama et al., 1991; Shing ef al., 1993; Toyoda et al., 1995). The
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first step in EGFR activation is receptcr dimer formation.
EGF family molecules activate an EGFR homodimer and an
EGFR heterodimer with other ErbB receptors (Tzahar and
Yarden, 1998). Dimerized EGFR induces autophosphoryla-
tion of tyrosine residues in the carboxyl terminal of EGFR by
its own kinase domain. The resulting phosphorylated ty-
rosine residues serve as binding sites for molecules contain-
ing Src homelogy 2 domains and initiate intracellular sig-
naling cascades linked to versatile cellular responses,
including regulation of gene expression.

Although dimerization and autophosphorylation are the
critical events in the activation of EGFR (Yarden and
Schlessinger, 1987a,b), the precise mechanisms underlying
these events have not been fully elucidated. EGF-induced
dimerization of EGFR has been demonstrated in a number of
studies, many of which made use of covalent cross-linking
agents (Cochet ef al., 1988; Lax et al., 1988; Lax et al., 1989;
Tanner and Kyte, 1939). Circular dichroism analysis and
steady-state fluorescence measurements show that EGF in-
duces a conformational change in the EGFR ectodomain
(Greenfield ef al., 1989), which may be the basis of EGFR
activation. Electron microscopy shows that the ligand not
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only induces a conformational change of the soluble form of
EGFR but also stimulates its oligomerization (Lax ef al,
1991). Small-angle x-ray scattering assays and isothermal
titration calorimetry suggest that the stoichiometry of the
ligand binding to soluble EGFR is 2:2 (Lemmon et al., 1997).
Dimerization of EGFR and activation of its tyrosine kinase
are coincidental events (Canal, 1992); thus, it has been
thought that dimerization and activation of EGFR are mech-
anistically indistinguishable events.

Studies for determining fluorescence resonance energy
transfer on fixed A431 cells (Gadella and Jovin, 1995) or
single-molecule imaging of EGFR on the surface of living
A431 cells (Sako et al., 2000} have implied that preformed
dimers of EGFR may exist in intact cell membranes without
ligand stimulation. Earlier studies of A431 cells by sucrose
density gradient centrifugation or cross-linking also showed
that EGFR could form dimers without exogenous ligand
stimulation (Boni-Schnetzler and Pilch, 1987; Cochet ef al.,
1988). However, these studies did not exclude the possibility
that EGFR dimers were induced by EGFR ligands provided
from the A431 cells themselves (Van de Vijver ef al., 1991).
Thus, there is no direct evidence to prove the existence of
ligand-independent EGFR dimer. We demonstrate here li-
gand-independent EGFR dimers using Ba/F3 cells and other
cell lines. We found that such ligand-independent EGFR
dimers were not activated. Comparison of EGFR with an
EGFR-erythropoietin receptor (EpoR) chimeric receptor and
the use of a HB-EGF mutant indicated that dimer formation
and the activation of EGFR are distinguishable processes.

MATERIALS AND METHODS

Reagents and Antibodies

Human recombinant EGF was purchased from Boehringer-Mann-
heim Co. (Indianapolis, IN). Rabbit anti-EGFR antibody, mouse
anti-Cbl monoclonal antibody (mAb), rabbit anti-hemagglutinin-
tag antibody, rabbit anti-myc antibody, and rabbit anti-signal trans-
ducer and activator of transcription (STAT} 5 were all acquired from
Santa Cruz Bictechnology Inc. (Santa Cruz, CA). Mouse anti-EGFR
mAb (clone LA1) was purchased from Upstate Biotechnology Inc.
(Charlottesville, VA), mouse anti-EGFR mAb (clone EGFR.1) from
Neo Markers, horseradish peroxidase (HRP)-conjugated goat anti-
mouse immunoglobulin G (IgG) from Zymed Laboratories Inc. (San
Francisco, CA}), HRP-conjugated goat anti-rabbit IgG from Chemi-
con International Inc. (Temecula, CA), mouse anti-phosphotyrosine
mAb (6D12) from MBL Co (Nagoya, Japan}, and mouse anti-
Flag mAb (M2) from Sigma Chemical Co. (St. Louis, MO). Rabbit
anti-mitogen-activated protein kinase (MAPK) and phospho-
MAPK antibody were purchased from New England Biolabs Inc.
(Beverly, MA).

Plasmid Construction

A plasmid encoding a glutathione S-transferase (GST) fusion pro-
tein containing the EGF-like domain of proHB-EGF, corresponding
to amino acids 106-149 of human proHB-EGF, was constructed by
insertion of the corresponding ¢cDNA sequences of proHB-EGF into
the EcoRI/BamHI sites of the pGEX-3X plasmid (Pharmacia). The
inserted DNA fragment encoding proHB-EGF was prepared by
polymerase chain reaction using plasmid pRTHG-1 {Mitamura ¢t af.,
1995) as a template. The resulting GST fusion protein, referred to as
HB1, encompasses the entire EGF-like domain. Next, HB2, a G5T
fusion protein containing a mutated EGF-like domain of proHB-
EGF, was produced: The coding sequence of proHB-EGF ¢cDNA was
mutated from ¥*CGGAAA to CTTTCA and from *¥AAG to GAC,
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These substitutions resulted in amine acid alterations from "CArg-
M ys to Leu-Ser and '"*Lys to Asp. cDNA of the resulting mutant
proHB-EGF, corresponding to amine acids 106-149 and containing
the above substitutions, was inserted into the EcoRI/BamHI sites of
the pGEX-3X plasmid. Truncated EGFR mutants were constructed:
pRc/CMV-HA was constructed by the insertion of a DNA fragment
encoding the HA-tag epitope into the Xbal site of pRc/CMV (In-
vitrogen, San Diego, CA). Deletion of EGFR was generated by
polymerase chain reaction using pTINEG-EGER {Gotoh et al., 1992)
as the template, and synthesized products were inserted between
the Hindlll and Xbal sites of pRe/CMV-HA. The sequence of each
EGFR mutant was confirmed by sequence analysis.

Purification of GST Fusion Protein

The GST fusion proteins were purified with glutathione Sepharose
4B (Pharmacia, Piscataway, NJ) according to the manufacturer's
instructions. GST-HB1 and GST-HB2, cluted from glutathione
Sepharose, were dialyzed against HEPES-buffered saline (20 mM
HEPES, 150 mM NaCl, pH 7.2) for use in the following experiments.
Protein concentrations were determined by the Bradford method
using BSA as a standard.

Cell Culture and Transfection

Ba/F3 cells were cultured in RPMI 1640 medium containing 10%
fetal calf serum (FCS) and 5% WEHI-3 cell-conditioned medium as
a source of interleukin 3 (IL-3). Stable transformants of Ba/F3 cells
expressing EGFR or EGFR-EpoR were obtained by selection in
medium containing G418 as previously described (Iwamoto et al.,
1999). COS-7 cells were maintained in DMEM with 10% FCS. Chi-
nese hamster ovary {CHO) cells were cultured in Ham’s F12 me-
dium with 10% FCS. Transfection was carried out by electroporation
(Gene Pulser, Bio-Rad, Richmond, CA) according to the manufac-
turer’s instructions.

Treatment with EGF Ligands

Before cross-linking and coimmunoprecipitation assays, cells indi-
cated were incubated with 100 nM of EGF or the recombinant forms
of HB-EGF for 3 min, washed with PBS, and then used for further
analysis.

Chemical Cross-linking

Chemical cross-linking was carried out as described previously,
with minor modifications (Iwamoto ef al., 1994}, Briefly, the cells
were washed with PBS (137 mM NaCl, 0.67 mM KCl, 8 mM
Na,HPO,, 1.4 mM KH,PQ,) three times and incubated for 30 min at
4°C with 1 mM dithiobis-(sulfosuccinimdylpropionate) {DTSSP)
(Pierce Chemical Co., Rockford, IL} in PBS, followed by washing
three times with Tris-buffered saline (TBS} (20 mM Tris-HCl, 100
mM NaCl, pH 7.5) before use in the following studies.

Immunoprecipitation and Immunoblotting

Cells were lysed with 1% Triton X-100 in lysis buffer (0.15 M NaCl,
2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM NaVvVO,,
50 mM Tris pH 7.5) and then centrifuged for 20 min at 15,000 X g.
The supernztants were cleared with Sepharose 4B for 1 h and then
incubated with primary antibody for 2 h, followed by addition of
Sepharose 4B-conjugated secondary antibody. The Sepharose beads
were washed three times with lysis buffer and once with dejonized
water and then were boiled for 5 min in SDS-PAGE sample buffer
with or without 50 mM dithiothreitol. Samples were run on SDS-
PAGE and electrotransferred to an Immobilon membrane. The
membrane was blocked with 3% skim milk in TBS (20 mM Tris, 0.1
M NaCl, pH 7.5) at 37°C for 1 h, then incubated with primary
antibody in TBS containing 1% skim milk at room temperature for
1 h, Next, the membrane was washed four times with TTBS (TB5
containing 0.05% Tween 20), incubated with HRP-conjugated sec-
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ondary antibody, and finally analyzed with an ECL-Western blot-
ting kit {Amersham International plc, Buckinghamshire, England}.

DNA Synthesis Assay

Cells were seeded into 24-well plates at a density of 5 x 104
cells/well with or without each EGF ligand in fresh RPMI 1640
medium containing 10% serum, then cultured at 37°C for 24 h and
incubated with [*Hlthymidine (37 kBq/ml} for 4 h. Cells were
harvested, and radicactivity incorporated into DNA was deter-
mined as described previously (Iwamoto ¢t al., 1999). The rate of
DNA synthesis was expressed as a percentage of the average of the
maximum value (40,000 cpm).

Preparation of Fab Fragment

Anti-EGFR mAb (EGFR.1), 1 mg/ml, was incubated with papain
(0.1 mg/ml) in PB5 at 37°C for 18 h, at which point iodoacetamide
(30 mM) was added to stop the reaction. The mixture was dialyzed
inPBS at 4°C for 12 h and then purified with goat antimouse IgG Fe
antibody conjugated to Sepharose 4B. The size of the Fab fragment
was checked by SDS-PAGE, and the Fab concentration was deter-
mined by measuring absorbance at 280 nm,

RESULTS

EGF Receptor Exists as an Inactive Dimer without
Ligand

Ba/F3 cells are an IL-3-dependent preB-lymphocyte cell
line and do not express endogenous murine EGFR, ErbB2,
and ErbB4. Although the expression of the detectable
amount of ErbB3 transcript was reported (Riese et al., 1995),
we did not detect ErbB3 in this cell line at the protein level.
BE cells (Ba/F3 cells expressing EGFR), which were gener-
ated by transfection of Ba/F3 cells with vectors encoding
human EGFR, can respond to and proliferate with EGF and
other EGFR ligands. In the absence of IL-3, BE cells can
proliferate in an EGFR ligand-dependent marnner. Therefore,
this cell line allows EGFR activation to be monitored pre-
cisely by measuring cell proliferation.

To examine the oligomeric state of EGFR, we undertook a
cross-linking analysis with DTSSP, a membrane-imperme-
able homobifunctional reagent. BE cells cultured in serum-
free medium were preincubated with or without EGF and
then treated with DTSSP. The cell lysate was immunopre-
cipitated with anti-EGFR antibody, followed by SDS-PAGE
and Western blotting using an anti-EGFR antibody. In the
absence of DTSSP, EGF induces dimerization and activation
of EGFR, but the dimers are separated into monomers upon
SDS electrophoresis. Therefore, orly the monomeric 180-
kDa form of EGFR was detected by the anti-EGFR antibody
{Figure 1A). When EGF-stimulated BE cells were treated
with DTSSP, a 360-kDa polypeptide, corresponding to the
size of the EGFR dimer, was detected by the anti-EGFR
antibody in addition to the 180-kDa EGFR monomer. It
should be noted that this 360-kDa molecule was cbserved in
samples from unstimulated BE cells treated with DTSSP.
Neither the 360-kDa nor 180-kDa bands were observed
when Ba/F3 cells that did not express EGFR were treated
with DTSSP (data not shown), thus excluding the possibility
of a nonspecific cross-reaction of the anti-EGFR antibody
with polypeptides unrelated to EGFR.

To obtain further evidence that the 360-kDa band repre-
sents EGFR homodimers, we performed a cross-linking
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Figure 1. Ligand-independent preformed climer of EGFR in BE
cells, (A) Cross-linking assay of the EGFR dimer. BE cells were
preincubated with or without EGF, then treated with DTSSP. The
cell lysates were precipitated with rabbit ant-EGFR antibody. Pre-
cipitated material was separated by 4% SDS-PAGE in the absence of
reducing agents and detected by immunoblot with anti-EGFR mAb.
(B) Cross-linking of surface-biotinylated EGFR. BE cells were bio-
tinylated with sulfo-N-hydroxysulfosuccinimide-biotin, incubated
with or without EGF, and then treated with DTSSP. The cell lysates
were precipitated with anti-EGFR polyclonal antibody. Precipitated
material was separated by SDS-PAGE in the presence or absence of
5 mM dithiothreitol and detected by immunoblot with streptavidin-
HRP. (C) Coimmunoprecipitation assay of epitope-tagged EGFR.
COS cells were cotransfected with plasmids encoding EGFR-myc
and EGFR-Flag or transfected with either one of the plasmids alone.
The transfected cells were lysed and the cell Iysates immunopre-
cipitated by rabbit anti-myc antibody or anti-Flag mAb. The precip-
itated materials were separated by 7% SDS-PAGE, transferred to an
Immobilon membrane, and blotted with rabbit anti- myc or anti-
Flag mAD. (D) Phosphorylation of EGFR, Cbl, and MAP kinase. BE
cell lysates were immunoprecipitated with anti-EGFR polyclonal
antibody or anti-Cbl antibody. Precipitated materials were sub-
jected by SDS-PAGE and Western blotting using anti-phosphoty-
rosine mAb or anti-Cb1 antibody. MAP kinase and phosphorylated
MAP kinase were detected from the cell lysate by Western blotting
using anti-MAP kinase or anti-phosphorylated MAP kinase anti-
body.

analysis using cells whose surface was prelabeled by the
biotinylation reagent sulfo-N-hydroxysulfosuccinimide-bi-
otin. After cross-linking with DTSSP, the cell lysate was
immunoprecipitated with anti-EGFR antibody, and the pre-
cipitated material was subjected to SDS-PAGE in the pres-
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ence or absence of a reducing agent. Because DTSSP is
cleaved in the presence of a reducing agent, cross-linked
proteins would be split into their monomeric forms. In the
absence of the reducing agent, the 360-kDa and 180-kDa
polypeptides were detected by Western blotting with
streptavidin-HRP, whereas only the 180-kDa polypeptide
was detected in the presence of the reducing agent (Figure
1B), indicating that the 360-kDa cross-linked dimers had
been reduced to 180-kDa EGFR monomers. BE cells do not
express any other ErbB family proteins, excluding the pos-
sibility of heterodimer formation of EGFR with other ErbB
family receptors.

To confirm the formation of EGFR homedimers, we per-
formed coprecipitation assays using two kinds of epitope-
tagged EGFR constructs. EGFR-Flag and EGFR-myc contain
Flag and Myc tags, respectively, in the C-terminal region of
EGFR. EGFR-Flag and EGFR-myc were cotransfected into
COS-7 cells and incubated in serum-free media. The cell
lysates were precipitated with anti-Flag antibody, and the
precipitated material was analyzed by Western blotting us-
ing the anti-Myc antibody, or vice versa. Figure 1C shows
that EGFR-myc coprecipitated with the anti-Flag antibody,
and EGFR-Flag coprecipitated with anti-Myc antibody, from
cell lysates prepared by culturing cells in the absence of EGF
ligands. This confirms the ability of EGFR to form ho-
modimers in the absence of ligand stimulation.

The above results indicate that EGFR, or at least some of
the EGFR molecules on the cell surface, may exist as dimers
in the absence of ligand stimulation. Although it appears
that EGFR activation should not be able to occur without
EGF binding, our use of BE cells preincubated with serum-
free medium 2 h before the cross-linking study led us to
explore the activation state of preformed EGFR dimers un-
der serum-free conditions. When EGF-treated BE cells were
analyzed by the cross-linking assay, the 360-kDa ho-
modimer and the 180-kDa monomer of EGFR were highly
phosphorylated, as demonstrated by an anti-phosphoty-
rosine antibody (Figure 1D). In EGF-untreated cells, how-
ever, both EGFR homodimers and monomers were found to
be not highly phosphorylated. Although a weak band of 180
kDa appeared, it was the basal-level phosphorylation of

A B
EGF: . - 108+ + o+
OTSSP: - + + Transfection [EGFFI: .
EGFR.+ + -
360- L YR

' - dimer
200-

EGF ()

120 m - monomer
Mr (kDa) EGF¢+| il
IP; anti-HA
Blot: anti-EGFR Blot: anti-HA

unstimulated EGFR (Figure 1D). Cbl and MAPK, down-
stream substrates of the EGFR signal, were also unphos-
phorylated (Figure 1D), supporting the case for an inactive
state of EGFR.

Ligand-independent Dimer Formation Requires the
Cytoplasmic Domain of EGFR

The EGFR-EpoR chimeric receptor, designated —108 (Iwat-
suki et al., 1997), brings together the extracellular and the
transmembrane domains of EGFR with part of the cytoplas-
mic domain of EpoR and is linked to an HA tag at its
carboxy terminus. Cells expressing this chimeric receptor
proliferate under the influence of EGFR ligands (OChashi et
al., 1994). The chimeric receptor was used to examine
whether the ¢ytoplasmic domain of EGFR is required for the
predimer formation. Like BE cells, B108 cells, stable trans-
formants of Ba/F3 cells expressing chimeric receptor, can
respond and proliferate upon stimulation with EGF and
other EGF ligands. B108 cells were preincubated with or
without EGF, treated with DTSSP, lysed, and finally ana-
lyzed by SDS-PAGE and Western blotting. The monomeric
form of the chimeric receptor gives a band of ~120 kDa in
5DS gels (Figure 2A). When B108 cells were stimulated with
EGF and then treated with the cross-linker DTSSP, a dimer of
the chimeric EGFR-EpoR molecule of ~240 kDa was observed
in addition to the monomer (Figure 2A). However, unlike
wild-type EGFR, dimers of the chimeric receptor were not
observed in the absence of EGF stimulation (Figure 2A).

The EGFR-EpoR chimeric receptor was further studied by
coimmunocprecipitation experiments. Both wild-type EGFR
and the EGFR-EpoR chimeric receptor were transiently ex-
pressed in COS-7 cells, which were then treated with or
without EGF. The cell lysates were immunoprecipitated for
coprecipitation assay with an anti-HA-tag antibody, which
recognizes the EGFR-EpoR chimeric receptor, or an anti-
EGFR antibody, which specifically recognizes the cytoplas-
mic domain EGFR and does not bind to the EGFR-EpoR
chimeric receptor. When cells were treated with EGF, the
EGFR-EpoR chimeric receptor coprecipitated with EGFR
and the anti-EGFR antibody, as confirmed by Western blot-

c Figure 2. Failure of EGFR-EpoR
chimeric receptors to form ligand-
independent dimers. (A) Cross-
linking analysis of chimeric recep-
tor dimers. B108 cells were
preincubated with or without EGF
and then treated with DTSSP. The
cell lysates were immunoprecipi-
tated with rabbit anti-HA-tag an-
tibody. Precipitated material was
separated by 4.5% SDS-PAGE in
the absence of reducing agents and
detected by immunoblot with
mouse anti-EGFR mAb. (B and C)
Coimmunoprecipitation assay for
the detection of preformed het-
erodimers of EGFR-EpoR chimeric
receptors with EGFR. COS cells

108:
EGFR.

EGFR: -
HA: + +

.
+

L s ARCEE

Transfection [

+
+

e [

EGF (-)

EGF (+) -

Blot: anti-EGFR

were cotransfected with plasmids encoding the EGFR-EpoR chimeric receptor (108) and EGFR or transfected with either of the plasmids alone. The
transfected cells were incubated with or without EGF. The cell Iysates were immunoprecipitated by rabbit anti-EGFR antibody or rabbit
anti-HA-tag antibody. The precipitated materjals were separated by SDS-PAGE, transferred to an Immobilon membrane, and blotted with rabbit

anti-HA-tag antibody (B) or anti-EGFR antibody (C).
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ting using an anti~-HA-tag antibody (Figure 2B). However,
such coprecipitation of the EGFR-EpoR chimeric receptor
was not observed without EGF stimulation (Figure 2B). Sim-
ilar results were obtained by immunoprecipitation with the
anti-HA antibody, in which the coprecipitation of wild-type
EGFR was detected by the anti-EGFR antibody (Figure 2C).
These results, together with the results of the cross-linking
experiments, indicate that the EGFR-EpoR chimeric receptor
does not homodimerize in the absence of ligand stimulation
and that the cytoplasmic domain of EGFR is required for
formation of such predimers.

To confirm the role of the cytoplasmic domain of EGFR in
its predimer formation and to narrow down the responsible
region, we made a series of truncation mutants of EGER. The
mutants ED1-ED5 possess the protein kinase domain but
are lacking parts of the autophosphorylation domain,
whereas ED6-ED9 are lacking either part of or all of the
kinase and the autophosphorylation domains (Figure 3A).
All the EGFR mutants were transiently expressed in CHO
cells, and the cross-linking assay was performed. Mutants
from ED1 to ED6 formed homodimers without EGF stimu-
lation, whereas ED7, ED8, and ED9 failed to form predimers
(Figure 3B). However, in the presence of EGF stimulation, all
the truncated EGFR mutants were induced to form ho-
modimers {Figure 3C). Because ED7, ED8, and EDS are
lacking part or all of the kinase domain, these mutants could
not generate signals to activate the MAPK pathway on EGF
treatment (Figure 3C). These results indicate that the region
between %5Ala and ®'®Asp is important for both EGFR
predimer formation and EGFR activation.

EGFR-EpoR Chimeric Receptor and EGFR Show
Different Mitogenic Responses

Because EGFR predimer formation and activation require a
similar region, it is difficult to use EGFR truncation mutants
to study the biological significance of EGFR predimer for-
mation. To further explore the biological significance of
preformed EGFR dimers, we studied wild-type EGFR and
EGFR-EpoR chimera and compared their physiological re-
actions to treatment with EGFR ligands. First, we examined
the mitogenic response, as measured by the level of DNA
synthesis activity, of BE and B108 celis upon stimulation
with EGF or related ligands. Figure 4, C and D, show that
DNA synthesis in BE and B108 cells is stimulated equally by
EGF. Mitogenic responses were also studied for two kinds of
recombinant HB-EGF molecules. HB1 is a GST fusion pro-
tein of HB-EGF containing only the EGF-like domain of
human HB-EGF, whereas HB2 is similar to HB1 but has
substitutions of three amino acid residues in the EGF-like
domain (Figure 4A). Like EGF, HB1 stimulated DNA syn-
thesis equally in BE and B108 cells. However, HB2 was a less
efficient mitogen for B108 cells. HB2 at 3 and 30 nM induced
DNA synthesis in BE cells to ~38 and 70% of maximum
" induction, respectively, but not at all in B108 cells. Fifty
times more HB2 was necessary to achieve the same 40% of
maximum induction in B108 compared with BE cells.

The number of the EGFR-EpoR chimeric receptors on
B108 cells is 2 times less than that of EGFR on BE cells
(Figure 4B). To examine whether or not the different mito-
genic response of B108 cells to HB2 is a result of the lesser
amount of receptor molecules on the cell surface, we isolated
another clone of Ba/F3 cells that expresses a smaller amount

Vol. 13, July 2002

Ligand-independent Dimer of EGF Receptor

A _'_RF'D
ECD ™ D g g gg g
K .
wr I §A3A.
YYYY
ED1 ot ! bl 1372
ED2 ﬂ—f——‘—z 147
ED3 {]—(:"‘"")—# 1088
ED4 D—i_—l—L-mﬁ:r
EDS —% 1]
EDS !-q 9
N7 _D_C::I B
EDS8 -—————{}—m 787
ED @2 _% G674
B e

IP; anfi-HA
[ Blot: anti-EGFR
monomer;
¢ ED 1 2234567889
dimer
1P anti-HA
monomer Blot: anti-EGFR
|¢-tlﬁnu 25 - | Blot: anti-actMAPK

o P A S AR | 50t anti-MAPK

Figure 3. Predimer formation of EGFR mutants. (A) Schematic
structure of EGFR mutants. Amino acids ate shown as one-letter
symbols, and numbers in the figure indicate the number of amino
acids from the N-terminus of human EGFR. ECD, extracellular
domain; TM, transmembrane domain; KD, kinase domain; APD,
autophosphorylation domain; WT, wild-type. (B and C) Cross-link-
ing analysis of EGFR mutants. CHO cells were transfected with
plasmids encoding each EGFR mutant, Cells were incubated with
(C) or without {B) EGF and then treated with DTSSP, The cell lysates
were immunoprecipitated with anti-EGFR mAb. Precipitated mate-
rial was separated by 4.5% SDS-PAGE in the absence of reducing
agents and detected by immunoblot with rabbit anti-HA-tag anti-
body. MAP kinase and phosphorylated MAP kinase were detected
from the cell lysates by Western blotting using anti-MAP kinase or
anti-phosphorylated MAP kinase antibody (C).

2551



X. Yuetal

A

107 149

[EGF like domain |
EGF like domain |

110111113
RKK
1l
LSD

HBA1:

HB2:

B Ba/F3 BE2 B108BE

Figure 4. Mitogenic activities of EGF and recombinant HB-EGF
proteins in BE, B108, and BE2 cells. {A) Schematic structures of HB1
and HB2. HB1 is a GST fusion protein containing the EGF-like
domain of human HB-EGF. HB2 is essentially similar to HB1 except
for three basic amino acids within the EGF-like domain that are
changed to the indicated amino acids. Amino acids are shown as
one-letter symbols, and numbers in the figure indicate the number
of amino acids from the N-terminus of human HB-EGF. (B} Flow
cytometric analysis of cell surface EGFR and EGFR-EpoR chimeric
receptor with anti-EGFR antibody. Ba/F3, BE, BE2, and B108 cells
treated with anti-EGFR antibody recognizing the extracellular do-
main of EGFR were stained with FITC-conjugated secondary anti-
body. {C-E) The mitogenic activities of EGF, HB1, and HB2 toward
BE cells (C), B108 cells (D}, and BE2 cells (E) were determined by
measuring DNA synthesis. BE cells, B108 cells, and BE2 cells were
cultured with EGF, HB1, or HB2 for 24 h, followed by incubation
with [*PH]thymidine (37 kBq/ml) at 37°C for 4 h. Cells were har-
vested, and the amounts of [PH]thymidine incorporated into DNA
were measured. Data are shown as means * 5D obtained from three
independent experiments.

of EGFR. As shown in Figure 4B, BE2 cells express EGFR,
but the number of EGFRs on the cell surface is ~9 times less
than that of BE cells. BE2 cells showed a mitogenic response
to HB2 similar to that of HB1 (Figure 4E), also as in BE cells,
indicating that the different mitogenic response of B108 cells
to HB2 is not caused by the smaller amounts of receptor
molecules on the cell surface.

Defect of HB2 in the Dimerization of EGFR-EpoR
Chimeric Receptor

We have shown in this study that the wild-type EGFR, but
not the EGFR-EpoR chimera, forms homodimers even in the
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absence of EGFR ligands. We explored whether the de-
creased mitogenic response of B108 cells to HB2, compared
with that of BE cells, is related to their inability to form
dimers in the absence of ligand. Cross-linking analysis by
DTSSP indicated that, whereas homodimer formation in BE
cells is EGFR ligand-independent, phosphorylation of the
EGFR homodimer and the subsequent activation of down-
stream signaling rmolecules are ligand-dependent (Figure 1).
Like EGF and HB1, HB2 stimulated phosphorylaticn of the
EGFR homodimer and MAPK in BE cells (Figure 5A). In the
case of the EGFR-EpoR chimeric receptor, treatment of B108
cells with EGF or HB1 resulted in dimer formation and the
activation of MAPK and STATS, the substrates downstream
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