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Ig-Hepta/GPR116 is a member of the LNB-TM7 subfamily of G protein-coupled receptors
(GPCRs), also termed the adhesion GPCRs, whose members have EGF, cadherin, lectin,
thrombospondin, or Ig repeats in their long N-terminus. In this study, we established
that Ig-Hepta is processed at multiple sites yielding the following four fragments:
(i) presequence (amino acid residues 1-24), (ii) proEGF2 (25-223, o-fragment), (iii) Ig
repeats (224-993, p-chain), and (iv) TM7 (994-1349, y-chain). The proEGF2 region is con-
verted to EGF2 (52-223) by the processing enzyme furin and remains attached to the
p- and y-chains. Expression of some mRNA species was affected by the presence of
o-fragment. These results suggest that the furin-processed o-fragment is involved in
cellular signaling.

Key words: furin, G protein-coupled receptor, LNB-TM7, proteolytic processing, SEA
module.

Abbreviations: EGF, epidermal growth factor; GPCRs, G protein—coupled receptors; GPS, GPCRs proteolytic
site; LNB-TM7, long N-terminus family-B seven transmembrane; SEA, sea urchin sperm protein, enterokinase

and agrin.

Ig-Hepta is a member of an emerging protein family
known as the LNB-TM7 subgroup of the family-B G
protein—coupled receptors (GPCRs) or heptahelical recep-
tors with sequence similarity to the secretin receptor (I).
Ig-Hepta is also known as the abbreviated serial name
GPR116 (2). The human LNB-TM7 family comprises
approximately 30 members (3). The members of this family
have a long extracellular N-terminal tail attached to a
7-transmembrane domain, thus the name LNB-TMT7.
Although the functions of the LNB-TM7 family members,
except those of Celsrl (4) and BAIl1 (5), are largely
unknown, some members have been demonstrated to med-
iate cellular interactions through their large extracellular
domains consisting of various protein modules implicated
in protein—protein or protein—sugar residue interactions
(6, 7). Despite the sequence diversity in their membrane-
distal region of the N-terminal extracellular domain, the
LNB-TM7 family members share a high sequence similar-
ity in their membrane-proximal stalk region. This highly
conserved region is rich in cysteine (Cys-box) and is
thought to be a proteolytic cleavage site as demonstrated
in CL1 (8) and Ig-Hepta (9). The cleaved extracellular frag-
ment remains linked to the membrane-associated TM7
fragment by non-covalent interactions (9).

Among the members of the LNB-TM7 family, Ig-Hepta
is unique in having, in addition to the Ig-like repeats, a
“SEA” module in its N-terminal extracellular domain. SEA
modules, which were first identified in sea urchin sperm
protein, enterokinase, and agrin (10), and are now found
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in a growing number of proteins (>200; http:/smart.embl-
heidelberg.de/), are defined as conserved motifs of 80-110
amino acid residues that occur in extracellular matrix
proteins or intrinsic membrane proteins. SEA modules
contain a highly conserved GSVVV or GSIVV sequence,
which serves as a glycine|serine cleavage site. As demon-
strated in mucin MUC1 and MUC3 (11, 12), the cleaved
fragment is not released, but remains associated with the
C-terminal membrane-tethered fragment. The functional
significance of the cleavage and non-covalent association of
the resultant two fragments is not clear, but this phenom-
enon appears to be important for later release of the solu-
ble domain. Wreschner et al. (13) have proposed that SEA
module-mediated cleavage permits a protein to function as
both a ligand and a receptor to elicit a signaling cascade.
Similar cleavage was also demonstrated in Ig-Hepta (9). In
the case of Ig-Hepta, the cleaved N-terminal fragment con-
tains a potential prohormone processing site (RPKR®!)
and a repeat of two variant forms of the EGF-like domain
signature 2 (EFG2). These structural features of Ig-Hepta
make the ligand-receptor alliance hypothesis very likely.
In the present study, we show that the potential pro-
hormone processing site (RPKK®!|A%?) is indeed cleaved
by furin, a calcium-dependent subtilisin-like serine endo-
protease that is predominantly localized to the trans-Golgi
network as a type I integral membrane protein and is
known for its role in the processing of many precursor
proteins. We further show, by microarray analysis,
that the EGF2 fragment (termed here the o-fragment)
upregulates certain mRNA species including that for
ALS2CL, a guanine nucleotide exchange factor (GEF)
for Rab5.

445 © 2006 The Japanese Biochemical Society.
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MATERIALS AND METHODS

Reagents—Restriction enzymes were obtained from
Takara, Kyoto, Japan; Protein G-Sepharose and ECL-plus
reagent were from Amersham Pharmacia Biotech,
Uppsala, Sweden; BL21(DES3)pLysS was from Stratagene,
La Jolla, CA, USA; pcDNAS3, pSecTag, pRSET, Zeocin, and
Lipofect AMINE 2000 were from Invitrogen, San Diego, CA,
USA,; anti-Myc monoclonal antibody (9E10), N-Glycosidase
F and Endoglycosidase H were from Roche Molecular
Biochemicals, Mannheim, Germany; Immobilon polyviny-
lidene difluoride membrane and Ultrafree-0.5 centrifugal
filter device were from Millipore, Tokyo, Japan; NiZ*-NTA
resin was from Qiagen, Valencia, CA, USA; furin-deficient
LoVo human colon adenocarcinoma cells were obtained
from Japanese Collection of Research Bioresources; a plas-
mid expressing mouse furin was a gift from Dr. Kazuhisa
Nakayama (Kyoto University); Isogen was from Nippon
Gene, Tokyo, Japan; Hybond N* nylon membranes and
Ready-To-Go DNA labeling kit were from GE Healthcare,
Piscataway, NJ, USA.

Cell Culture—293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma) supplemented
with 5% fetal bovine serum (FBS), 100 units/ml penicillin,
and 100 pg/ml streptomycin. LoVo cells were cultured
in nutrient mixture F-12 Ham medium (Sigma) supple-
mented with 10% fetal bovine serum (FBS), 100 units/ml
penicillin, and 100 pg/ml streptomycin. All cells were main-
tained in a humidified atmosphere of 5% CO, at 37°C.

Plasmid Constructions—Expression vectors encoding
wild type Ig-Hepta and Ig-Hepta-Myc were described
previously (9). To generate expression vector for the
a-fragment, the a-fragment of Ig-Hepta was amplified by
PCR using Pfu DNA polymerase (Promega) with the
primers o-F1 and «-R1 shown below, digested by Kpnl
and Apal restriction enzymes, and ligated into the Kpnl
and Apal sites of pcDNA3. DNA sequencing was used to
verify the sequence. To generate expression vector for
the soluble a-fragment-human immunoglobulin Fc chi-
mera (oa-hFc), the a-fragment of Ig-Hepta was amplified
by PCR using Pfu DNA polymerase with the primers
a-F2 and a-R2 shown below, digested by Kpnl and EcoRV
restriction enzymes, and ligated into the Kpnl and EcoRV
sites of pSecTagA. DNA sequencing was used to verify the
sequence. A cDNA cassette encoding the Fc region of human
IgG1 (9) was inserted between the EcoRV and Apal sites of
pSecTag-a-fragment, in-frame at the 3’ end of the o-frag-
ment of Ig-Hepta. To generate the a-fragment-truncated
Ig-Hepta constructs (Aa-Ig-Hepta), the N-terminal region
of B-chain (amino acid residues 224-993) was amplified by
PCR using KOD-plus DNA polymerase (Toyobo) with the
primers TruncF and TruncR shown below, digested by Kpnl
and Xbal restriction enzymes, and subcloned into pSecTag-
Ig-Hepta-Myc to replace the target segment. DNA sequen-
cing was used to verify the sequence. The primers used for
constructing the expression vectors were as follows: o-F1
(Kpnl), 5'-GCGCGGTACCATGAAATCGTCAAGGACT-3;
a-R1 (Apal), 5'-GCGCGGGCCCTAGCCCTTGGTGAAC-
TG-3'; a-F2 (Kpnl), 5-GCGCGGTACCAGGCCAGCAGAG-
CCCATT-; a-R2 (EcoRV), 5'-ATCGCCCTTGGTGAACTG-
3’; TruncF (Kpnl), 5-GCGCGGTACCCAGCGTGGTTGTG-
GACTAC-3’; and TruncR (Xbal), 5-GCAGGTGTTTCTA-
GAGCGC-3'.
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Transient  Transfections—Transient  transfections
were performed with the LipofectAMINE 2000 system
according to the manufacture’s protocol. In brief, 293T
cells and LoVo cells at 80% confluence in 35-mm dishes
were transfected with 1 pg of DNA and 4 pl of LipofectA-
MINE in Opti-MEM medium for 3 h. Cells were harvested
48 h after transfection.

Western Blot Analysis—The samples were dissolved in
Laemmli buffer (60 mM Tris containing 2% SDS,
8% glycerol, and 0.005% bromphenol blue, pH 6.8) in the
presence of 1% f-mercaptoethanol, heated at 95°C for
5 min, and electrophoresed through 12.5% SDS-PAGE.
Proteins were then transferred to polyvinylidene difluoride
(PVDF) membrane. The membrane was blocked with
5% nonfat dry milk, 0.05% Tween 20 in Tris-buffered saline
(TBS, 150 mM NaCl, 10 mM Tris-HCI, pH 8) (T-TBS) for 1h
at room temperature. The membrane was washed 3 times
for 10 min each with T-TBS and subsequently treated over
night at 4°C with the primary antibody (affinity purified
anti—o-fragment antibody diluted 1:3,000) in T-TBS. After
washing the blots 3 times for 10 min each with T-TBS,
the membrane was incubated for 1 h at 25°C with a horse-
radish peroxidase-conjugated anti-rabbit IgG antibody
diluted 1:30,000 in T-TBS. The blots were washed
3 times for 10 min each with T-TBS. The membrane was
then developed using the ECL-Plus detection system.

Deglycosylation Experiments—Membrane proteins from
rat lung and 293T cells transiently transfected with
Ig-Hepta were solubilized with 1% Triton X-100, and the
extracts were boiled for 3 min in 20 ul of 0.5% SDS (w/v),
0.1 M B-mercaptoethanol, and 50 mM sodium phosphate
buffer, pH 7.2. After cooling to room temperature, Nonidet
P-40 was added to give a final concentration of 1%. To the
extracts, 2 milliunits of N-glycosidase F or Endoglycosidase
H were added, and the reaction mixture was incubated at
37°C for 3 h. A control incubation was carried out in which
50 mM sodium phosphate buffer was added in place of the
enzyme. The proteins were separated by SDS-PAGE,
transferred to PVDF membrane, and detected by immu-
noblotting as described above.

Immunoprecipitation—At 48 h after transfection, the
293T cells were lysed in PBS containing 0.5% Triton
X-100 and proteinase inhibitors. The cell lysates were cen-
trifuged at 10,000 x g for 20 min to remove cellular debris
and precleared with protein G-Sepharose beads. Proteins
were immunoprecipitated by incubation with anti-Myc
antibody for 2 h at 4°C and then with protein G-Sepharose
beads for another 2 h at 4°C with rotation. After washing
5 times with PBS containing 0.5% Triton X-100, the bound
materials were boiled for 5 min at 95°C in Laemmli sample
buffer and analyzed by Western blotting.

Solubilization of Membrane Proteins with Alkali, Salt or
Detergent—At 48 h post-transfection, the 293T cells were
homogenized in PBS containing proteinase inhibitors. The
homogenates were centrifuged for 20 min at 10,000 x g and
the resulting pellet was extracted with 5 volumes of 1 M
NaCl, 0.1 M NayCO3 (pH 11) or 1% Triton X-100 at 4°C
overnight. The extract was centrifuged at 100,000 x g for
30 min and supernatant fraction was then analyzed by
Western blotting.

Antibody Production—For antibody production, the
DNA fragment encoding the a-fragment of Ig-Hepta (resi-
dues 25-223) was amplified by PCR and cloned into
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vector pRSET-A, and the construct was transformed into
Escherichia coli BL21(DE3)pLysS and used for fusion pro-
tein production. Fusion protein was insoluble and purified
under denaturing conditions on Ni**-NTA resin columns.
200 pg of Hisg-Ig-Hepta a-fragment fusion proteins emul-
sified in TiterMax Gold adjuvant (CytRx, Atlanta, GA,
USA) were injected four times into Japanese white rabbits.
The antibodies in the antisera were purified against
a-fragment coupled to HiTrap-NHS-activated affinity gel
according to the manufacturer’s instruction.

Stable Transfection of 293T Cells with a-hFc cDNA—To
establish cell lines that express a-hFec, the expression vec-
tor encoding o-hFc was linearized by Scal restriction
enzyme and transfected into exponentially growing 293T
cells using the LipofectAMINE 2000 method. Selection of
stable transfectants was carried out by adding 300 pg/ml
Zeocin into the medium. After 2 weeks, Zeocin-resistant
cells were cloned by limiting dilution and expanded to
obtain stable cell lines. Expression of o-hFc was deter-
mined by Western blotting of cell supernatants.

N-Terminal Amino Acid Sequence Analysis—For
N-terminal sequencing, 1 nug of a-hFc purified with protein
G-Sepharose was electrophoresed on 10% SDS-PAGE and
transferred to PVDF membranes. The protein band of
interest was excised from the membrane, and N-terminal
sequence was determined by Apro Life Science Institute
(Naruto, Japan).

Microarray Analysis—Hybridization probes for Gene-
Chip analysis were prepared from total RNA isolated
from 293T cells using Isogen. The GeneChip analysis
was performed by Hitachi Life Science.

Northern Blot Analysis—Total RNA from 293T cells
was electrophoresed in 1% formaldehyde-agarose gels
and then transferred to Hybond N* nylon membranes by
capillary blotting using 20x SSC as the transfer buffer.
After transfer, the membranes were baked for 2 h at
80°C and prehybridized for 1 h at 68°C in PerfectHyb hybri-
dization solution (Toyobo). The probes were labeled with
[0-32P]dCTP (3,000 Ci/mmol) using Ready-To-Go DNA
labeling kit. The membranes were then hybridized with
32P-labeled probe in the same buffer at 68°C for 16 h.
After hybridization, the membranes were washed twice
with 1x SSC and 0.1% SDS for 1 h at 60°C. The membranes
were exposed to imaging plates (Fuji Film, Tokyo, Japan) in
a cassette for 1 day. The results were analyzed using a Fuji
BAS2000 Bio-image analyzer (Fuji Film).

RESULTS

Membrane-Associated Nature and Proteolytic
Processing of o-Fragment of Ig-Hepta—We previously
demonstrated the cleavage of Ig-Hepta at the SEA module
near the N-terminus (9), which generates an ~200-residue
fragment termed here “a-fragment.” The o-fragment was
further found to contain a consensus sequence for furin
processing in its N-terminal region. To determine whether
this potential cleavage site between residues 51 and 52 is
actually used during processing of Ig-Hepta, we expressed
wild type Ig-Hepta and the a-fragment in 293T cells and
performed Western blot analysis using a purified antibody
specific for the a-fragment (anti-oyg pepta). To our surprise,
the a-fragment was recovered only from membrane pre-
parations and not from the culture medium, suggesting
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the possibility that the a-fragment is associated with the
B/y-chains or cell surface components (Fig. 1A, lanes 5 and
6). Multiple bands were observed, on Western blotting, in
both cases of transfection of 293T cells with the a-fragment
and wild type Ig-Hepta constructs. However, the multiple
band pattern does not necessarily indicate the presence of
proteolytic processing since there are three potential
N-glycosylation sites in the a-fragment (Fig. 3C) and the
difference in their sizes may represent the difference in the
degree of glycosylation. We therefore performed deglyco-
sylation of membrane preparations of rat lung and 293T
cells expressing wild type Ig-Hepta to simplify the band
pattern. N-glycosidase F and Endoglycosidase H treatment
reduced the number and sizes of bands (Fig. 1B, lanes 2, 3,
5, and 6). Cell surface expression of the a-fragment was
confirmed by biotinylation (data not shown).
Non-Covalent Association of a-Fragment, B-Chain, and
v-Chain—Since o-fragment was not released into the cul-
ture medium (Fig. 1A), we explored its possible interaction
with the p/y-chains using a Myc-tagging/immunoprecipita-
tion approach previously employed for demonstrating
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Fig. 1. Expression of Ig-Hepta a-fragment in rat lung and
293T cells. (A) Western blot analysis revealing the presence of
processed Ig-Hepta o-fragment as a membrane component. 293T
cells were transiently transfected with Ig-Hepta full length cDNA
(WT), Ig-Hepta a-fragment cDNA, and control cDNA (Mock). Mem-
brane fractions and conditioned medium concentrated with an
Ultrafree-0.5 centrifugal filter device were analyzed by Western
blotting with anti-oig. fepta Polyclonal antibody. Fully glycosylated
mature o-fragment and immature o-fragment are indicated by
arrow and arrowhead, respectively. The band marked with an
asterisk represents processed a-fragment. (B) Enzymatic deglyco-
sylation of Ig-Hepta a-fragment expressed in lung and 293T cells.
Crude membrane proteins isolated from rat lung and 293T cells
transiently transfected with Ig-Hepta cDNA (WT) were digested
with N-glycosidase F or Endoglycosidase H (lanes 2, 3, 5, and 6) and
analyzed by immunoblotting. The size of fully glycosylated mature
(32 kDa, arrow in lanes 1 and 4) o-fragment was reduced to
~25 kDa by the treatment (lanes 2, 3, 5, and 6). In the presence
of N-glycosidase F or Endoglycosidase H, two bands were detected.
Molecular mass markers are indicated on the left.
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the non-covalent association of the B- and y-chains (9).
Ig-Hepta-Myc, a C-terminally Myc-tagged form of Ig-
Hepta, was expressed in 293T cells, extracted with a dilute
Triton X-100 solution, immunoprecipitated with anti-Myc
antibody, and subjected to Western blot analysis using
affinity-purified antibody specific for the o-fragment,
B-chain, and anti-Myc monoclonal antibody. Figure 2A
demonstrates non-covalent association of the three parts
even after proteolytic cleavages.

To confirm the ability of a-fragment to interact with
the P/y-chains, we next expressed separately the o-frag-
ment and N-terminally truncated Ig-Hepta lacking the
o-fragment (Ao-Ig-Hepta). The o-fragment was indeed
co-immunoprecipitated with Ac-Ig-Hepta (Fig. 2B, lane
3), demonstrating their association.

Determination of Processing Site on o-Fragment—A
substantial amount of cleaved product is necessary for
its N-terminal amino acid sequencing. For this purpose,
we constructed a chimeric protein composed of the a-frag-
ment of rat Ig-Hepta and the Fc¢ domain of human IgG1
(a-hFe). hFe was introduced for affinity purification; it
also helped to stimulate secretion of the chimera into
the medium. When the chimeric construct was stably
expressed in 293T cells, the expected proteolytic processing
occurred, yielding a lower molecular weight species
(Fig. 3A, arrow). The chimeric o-hFc¢ was purified from
the culture medium by affinity chromatography on protein
G-Sepharose and found to have the following N-terminal
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Blot: anti-Myc —-32
1 2
B Input  IP: anti-Myc
a-Fragment  + + + +

Ao-lg-Hepta-Myc  + - + - \Da
IB: ar‘ti'(xlg-Hepta “h i 32
—— m—
- 32
1 2 3 4
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Fig. 2. Non-covalent association of a-fragment and f/y-chains
of Ig-Hepta after cleavage. (A) Immunoprecipitation analysis
using Myc-tagged Ig-Hepta. Membranes of 293T cells transiently
transfected with Ig-Hepta or C-terminally Myc-tagged full length
Ig-Hepta (Ig-Hepta-Myc) were solubilized in 0.5% Triton X-100 and
immunoprecipitated with anti-Myc monoclonal antibody 9E10.
Immunoprecipitates were then run on 12.5% SDS-PAGE and ana-
lyzed by Western blotting with anti-og.pepta pPolyclonal antibody
(top panel), anti-Brg fepta Polyclonal antibody (middle panel), and
anti-Myc monoclonal antibody (bottom panel). (B) Co-expression of
a-fragment and truncated Ig-Hepta (Aa-Ig-Hepta) in 293T cells.
293T cells co-transfected with a-fragment and Ao-Ig-Hepta-Myc
were solubilized and immunoprecipitated as indicated, followed
by Western blotting with anti-oyg pepta and anti-Myc antibody.
Molecular mass markers are indicated on the right.
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sequence: AVAVGGPVAE (Fig. 3B). This result strongly
indicates that the cleavage site is Arg®!-Ala®2.

Cleavage by Furin—The amino acid sequence upstream
of the cleavage site (RPKR|A®?) matches the consensus
sequence known to serve as a cleavage site for the endo-
protease furin, raising the possibility that the ~25-residue
prosegment is cleaved from the a-fragment by furin. We
tested this hypothesis using LoVo cells, a cell line that
lacks active furin because of mutations in the furin gene
(14). When the o-fragment was expressed in LoVo cells, no
cleavage occurred (Fig. 4, lane 2) whereas significant levels
of processing took place in 293T cells (Fig. 4, lane 3). How-
ever, cotransfection of LoVo cells with expression plasmids
for the a-fragment and furin restored the processing of the
a-fragment (Fig. 4, lane 1), indicating the involvement of
furin in the processing.

Characterization of Associations of o-Fragment with
Cell Surface and B/y-Chains—As already mentioned, the
results depicted in Figs. 1 and 2 imply that (i) the o-frag-
ment, upon secretion, binds to cell surface components
when it is expressed without the B- and y-chains and
(ii) a large proportion of it remains associated with the
B/y-chains when expressed as a part of wild type Ig-Hepta.
To characterize binding properties of the a-fragment, we
determined its extractability from cell surface using var-
ious solubilization conditions. Considerable amounts of
a-fragment were released from cell surface by treatment
with 1 M NaCl (Fig. 5A, lane 1), but its interaction with the
B/y-chains was not affected by the same high-salt condition
(Fig. 5B, upper panel, lane 1). Interaction of the a-fragment
with cell surface proteins and that with the p/y-chains were
both sensitive to Nay;CO3 (pH 11) and Triton X-100 treat-
ments. However, f-chain was not extracted with Na,COs3
(Fig. 5B, lower panel, lane 4), suggesting relatively strong
interaction between the B- and y-chains. Thus we used the
term “chain” for B and vy, and “fragment” for o to indicate
relatively strong and weak associations, respectively.

a-Fragment—induced Cellular Response Revealed by
Microarray Analysis—The growth factor-like structure
and processing of the a-fragment led us to examine its
effect on the expression and phosphorylation levels of sub-
cellular protein components. We first compared steady-
state phosphorylation levels of proteins in 293T cells
that were transfected with Ig-Hepta and Aa-Ig-Hepta
and then incubated with [*2P]phosphate. SDS-PAGE ana-
lysis of their whole cell extracts, however, revealed no sig-
nificant gross changes in the phosphorylation patterns
(data not shown). We next performed microarray analysis
by isolating total RNA from the Ig-Hepta- and Ao-Ig-
Hepta—transfected 293T cells and by comparing the
message levels using Hitachi microarrays. Several RNA
species were up-regulated in the presence of the o-frag-
ment including a noncoding RNA species (THC1808923,
26.7-fold increase), a guanine nucleotide exchange factor
(GEF) for Rab5 (ALS2CL, 12.5-fold increase), and TC10-
like Rho GTPase (2.3-fold increase). Among these, we chose
ALS2CL for further characterization since its signal on
the array was relatively strong and highly up-regulated
(more than 10-fold) by the presence of the o-fragment;
the upregulation of mRNA levels of the other two species
were not confirmed by Northen blotting.

Northern blot analysis confirmed the differential ex-
pression of ALS2CL mRNA in the Ig-Hepta- and

J. Biochem.

ZT0Z ‘62 J0UB108S U0 Bled Op [2Bpe apepisieAun e /B10'seuInopiojxo qlj/:dny woiy pepeojumoq


http://jb.oxfordjournals.org/

Proteolytic Processing of Ig-Hepta/ GPR116

A kDa

175 —
83 —

62 — -
. « Sequenced fragment
—

47.5 —

325 —

Processed o—hFc

EGF2 "SEA"
1

L | }—C =5 )

I o-Fragment

25 223
T

---RPKRG\\Y (el A/ NSE Y TV---

Cleavage site

Site1 Site 2

Y

~25
W},

‘II—\ C2

\
DIJ—I:II:HlHCHZ\‘ | \‘ ‘l \0\2‘ L I L
[ C2] g |_—EI];I]]]]:I

449

Fig. 3. Identification of the cleavage
site within Ig-Hepta a-fragment. (A)
SDS-PAGE analysis of a-fragment-hFc
(o-hFc) produced in 293T cells. The
a-hFc chimeric protein, purified using
protein G-Sepharose beads from the
culture medium of 293T cells stably
transfected with a-hFc expression plas-
mid, was subjected to 10% SDS-PAGE
and visualized by silver staining. Lane
1, 20 pl of cell supernant; lane 2, 1 pg of
purified protein. Positions of the full-
length o-hFc and proteolytically cleaved
o-hFc are indicated by arrowhead and
arrow, respectively. Molecular mass
markers are indicated on the left.
(B) Amino acid sequence surrounding
the proteolytic cleavage site contained
in o-hFec. The arrow designates the
point of cleavage in o-hFe. The
N-terminal 10 amino acid residues of
o-hFec, determined as described under
“MATERIALS AND METHODS,” are shaded.
The dark box at the N-terminus re-
presents a presequence of about 24
residues that was removed cotransla-
tionally; vertical bars indicate potential
N-linked glycosylation sites; EGF2,
EGF-like domain signature 2; “SEA,”
SEA module; Fc¢, Fc domain of human
immunoglobulin. (C) Schematicmodel of
mature Ig-Hepta that is a disulfide-
linked homodimer whose monomeric

Site 3 unit is composed of three non-covalently

associated chains generated by proteoly-
tic processing of the precursor.
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Fig. 4. Processing of a-fragment of Ig-Hepta in transfected
293T cells and LoVo cells. 293T cells were transfected with
a-fragment ¢cDNA and control ¢cDNA (Mock). LoVo cells were
transfected with a-fragment cDNA together with a plasmid encod-
ing mouse furin, as described under “MATERIALS AND METHODS.”
Cell lysates were analyzed by SDS-PAGE and Western blotting
with anti-org pepta antibody. Mature o-fragment and processed
a-fragment are indicated by arrow and arrowhead, respectively.
Molecular mass markers are indicated on the right.

Aa-Ig-Hepta—transfected 293T cells (Fig. 6). Since ALS2CL
is a GEF specific for Rab5 (15), a small GTPase playing a
key regulatory role in endocytosis, we therefore determined
the subcellular locations of Rab5 and early endosome
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antigen 1 (EEA1) by immunocytochemistry, but no signifi-
cant difference was observed in their distribution patterns
in the Ig-Hepta- and Aa-Ig-Hepta—transfected 293T cells.
We also determined transferrin uptake according to the
published method (16) using fluorescent transferrin, but
no difference was observed either in the rate of uptake
or subcellular distribution of the endocytosed transferrin
(data not shown).

DISCUSSION

Our previous and current studies revealed that Ig-Hepta
is processed at multiple sites yielding the following four
fragments: (i) presequence (residues 1-24), (ii) proEGF2
(residues 25-223, o-fragment), (iii) Ig repeats (residues
224-993, B-chain), and (iv) TM7 (residues 994-1349,
v-chain). The proEGF2 region is converted to EGF2 (resi-
dues 52-223) by the processing enzyme furin and remains
attached to the B-chain, which in turn is non-covalently
linked to the y-chain (Fig. 7). Although physiological sig-
nificance of the cleavage and reassociation of the EGF2
domain (o-fragment) is not clear, it may represent a
mechanism by which the functional domain is primed
for its later role as a ligand for a receptor as suggested
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by earlier studies by others (13, 17-20). Considering the
highly restricted tissue expression of Ig-Hepta revealed by
Northern blot analysis and immunohistochemistry (21),
the Ig-Hepta—derived EGF2 is expected to act as an auto-
crine/paracrine regulator in the lung, kidney (around the
intercalated cells), and heart. Relatively low levels of EGF2
(processed o-fragment) were found in lung extracts com-
pared to those in 293T cells exogenously overexpressing
Ig-Hepta (Fig. 1B). This is probably due to rapid clearance
of mature EGF2 in vivo.

The cleavage at the GPS (Cys-box) in the juxtamem-
brane stalk region and non-covalent association of the
cleaved fragments are common features of LNB-TM7
family members. The cleavage has recently been shown
to occur autocatalytically (22). Although the significance
of this processing common to the LNB-TM7 members is not
clear, the cleavage is likely to be involved in trafficking to
the cell surface (23). In the case of Polycystin-1, which
plays an essential role in renal tubular morphogenesis,
it has been demonstrated that prevention of cleavage at
the GPS by mutaions leads to impairment of renal function
(24). These observations imply that the self-cleavage at the
juxtamembrane region is essential for the receptors to be
targeted to plasma membrane and function there properly.

SEA modules are thought to serve a dual role of cleavage
and reassociation (13). A characteristic denominator of
SEA modules is their location in heavily glycosylated
regions, suggesting the involvement of sugar residues in
the dual role. Khatri et al. (12) have, however, demon-
strated, by analyzing rMuc3, that reassociation of the
cleaved fragments requires the SEA module, but is inde-
pendent of N-linked oligosaccharides. The mechanism of
cleavage has been demonstrated to be autocatalytic as in
the case of the GPS site (25, 26). However, major questions
still remain to be answered: (i) clarification of the mechan-
ism of reassociation and (ii) the signal that induces later
release of the active component preceding the SEA module.

In this study, using LoVo cells, we showed that the
a-fragment of Ig-Hepta is cleaved by furin, a member of
the subtilisin-like serine endoprotease family. This family
includes PC1/PC3, PC2, PC4, PACE4, PC5/PC6, and PC7,

Fig. 7. Schematic representation of
processing of Ig-Hepta generating
growth factor-like o-fragment. Sche-
matic diagram summarizing the domain
organization of full-length Ig-Hepta. Puta-
tive cleavage site for signal peptidase, pro-
teolytic cleavage site for furin, and those at
the SEA module and GPS are indicated by
arrows. Positions of the cysteine residues
are indicated by vertical lines. The dark

1-24 box represents presequence, and num-
] bered dark boxes indicate transmembrane
25-51 spans. EGF2, EGF2 domain; Ig-repeats,
] covalent C2-type immunoglobulin-like domain;
50-903 \\3 Q So 7TM, 7 transmembrane region. Ig-repeats
C. and 7TM are bound by non-covalent asso-

EGF2 224 093 Q//‘o' ciation after proteolytic cleavage at GPS.

- __________________________________________| 2
* Ig-repeats _994 1349
Processing by furin 7T™
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which recognize the consensus sequence R-X-K/R-R. The
possibility, therefore, remains that members other than
furin may be involved in the o-fragment processing
in vivo. This possibility, however, seems to be low because
(1) the processing did not occur in LoVo cells that were
deficient in furin activity (14), (ii) PC1/3 and PC2 are con-
vertases mediating mainly the processing of neuropeptides
(27), (ii1) PC4 is expressed predominantly in testis (28), and
(iv) we confirmed that PACE4 did not promote the cleavage
of the a-fragment in cultured cells (data not shown).

Until recently, Ig-Hepta is considered to be present only
in mammals. By a combination of a database search and
PCR amplification of cDNA, however, we have identified
the fugu ortholog in Takifugu rubripes, which consists of
1674 amino acid residues (accession number AB246172).
Although the size of the fugu ortholog is larger than the
mammalian Ig-Hepta, the domain structure is highly con-
served among the fish and mammalian Ig-Hepta including
the presence of the furin-processing site (-REKR-) in the
a-fragment. Fugu Ig-Hepta has a tandem repeat of six
EGF2 sequences and a long stretch of mucin-like domain
in its o-fragment, making it much longer than the mam-
malian counterpart. Determination of expression of fugu
Ig-Hepta at the tissue and cellular levels may help eluci-
date the function of Ig-Hepta especially that of the furin-
processed a-fragment.

Microarray analysis suggested a functional link between
Ig-Hepta and Rab5, a key regulator of endocytosis. So far,
however, direct evidence for their link has not been
obtained despite the intensive immunofluorescence moni-
toring of the subcellular locations of Rab5 and EEA1 and
the endocytosis of transferrin in the presence and absence
of the a-fragment of Ig-Hepta. Further studies including
targeted disruption of the Ig-Hepta gene will be necessary
to clarify the physiological role and mechanism of signaling
of Ig-Hepta that is cleaved at multiple sites.
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