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We used molecular cloning and functional analyses to extend the family of Neu differentiation factors
(NDFs) and to explore the biochemical activity of different NDF isoforms. Exhaustive cloning revealed the
existence of six distinct fibroblastic pro-NDFs, whose basic transmembrane structure includes an immuno-
globulin-like motif and an epidermal growth factor (EGF)-like domain. Structural variation is confined to
three domains: the C-terminal portion of the EGF-like domain (isoforms a and 0), the adjacent juxtamem-
brane stretch (isoforms 1 to 4), and the variable-length cytoplasmic domain (isoforms a, b, and c). Only certain
combinations of the variable domains exist, and they display partial tissue specificity in their expression:
pro-NDF-a2 is the predominant form in mesenchymal cells, whereas pro-NDF-01 is the major neuronal
isoform. Only the transmembrane isoforms were glycosylated and secreted as biologically active 44-kDa
glycoproteins, implying that the transmembrane domain functions as an internal signal peptide. Extensive
glycosylation precedes proteolytic cleavage of pro-NDF but has no effect on receptor binding. By contrast, the
EGF-like domain fully retains receptor binding activity when expressed separately, but its I-type C terminus
displays higher aflinity than a-type NDFs. Likewise, structural heterogeneity of the cytoplasmic tails may
determine isoform-specific rate of pro-NDF processing. Taken together, these results suggest that different
NDF isoforms are generated by alternative splicing and perfonn distinct tissue-specific functions.

The neu proto-oncogene (also known as HER-2 or c-erbB-2)
encodes a 185-kDa receptor tyrosine kinase. The transmem-
brane glycoprotein is present in many epithelial and neural
tissues (6, 13, 18, 22, 27, 28, 33, 34). Although adult tissues
generally exhibit a lower level of pl85seu expression than
corresponding fetal tissues, pl85neu expression levels are fre-
quently elevated in certain human neoplasms. Overexpression
of pl85neu occurs in approximately 20% of breast, stomach,
pancreatic, bladder, and ovarian carcinomas (20) and is asso-
ciated with poor prognosis for breast and ovarian cancers.
Increased pl85neu expression also occurs in certain nonmalig-
nant neoplasias, such as adenomatous polyps (5, 7), Barrett's
esophagus (17), and polycystic kidneys (14).
Many growth factors, cytokines, and neurotrophic factors

activate receptor tyrosine kinases. The activated receptors
become phosphorylated on tyrosine residues, thereby initiating
intracellular signaling, leading to cellular responses (4, 35).
Phosphorylation of the pl85neu receptor on tyrosine residues
can be stimulated by proteins purified from several sources (9,
15, 16, 21, 30). Purification of the rat and human p185neu
stimulatory proteins led to the isolation of cDNAs encoding
novel epidermal growth factor (EGF)-related proteins (15, 30,
36). The 44-kDa rat factor, named Neu differentiation factor
(NDF), stimulates pl85neu tyrosine phosphorylation and in-
duces the production of milk components (casein and lipids) in
certain breast carcinoma cell lines (30). The homologous
human factors, termed heregulins (HRGs), were found to be
mitogenic for other mammary tumor cells (15). The NDF
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499-5725, ext. 3864. Fax: (805) 499-7464.

t Present address: 7 Meetinghouse La., Old Lyme, CT 06371.

cDNA sequences predicted a transmembrane glycoprotein
precursor (pro-NDF) with an EGF-like domain, an immuno-
globulin homology unit, and a variable-length cytoplasmic
domain. Recombinant rat NDF was found to interact with
pl85neu and to stimulate tyrosine phosphorylation of the
receptor in human tumor cells of breast, colon, and neuronal
origin (31). However, no interaction of NDF with Neu-
overexpressing ovarian and fibroblastic cells could be detected,
suggesting that a still-unknown membrane molecule functions
as a coreceptor (31).

In situ hybridization experiments with a NDF probe identi-
fied the central and peripheral nervous systems as prominent
sites of NDF expression in mouse embryos and suggested a
neuronal function for this factor (29). Such functions have
been recently demonstrated for two NDF-related molecules.
These are a chicken brain-derived 33- to 42-kDa protein,
termed ARIA, that induces elevated expression of the acetyl-
choline receptor at the neuromuscular junction (12), and a
group of brain and pituitary proteins, termed glial growth
factors (GGFs), that exert a mitogenic response on cultured
Schwann cells (23). We have previously reported that multiple
RNA species of NDF exist, they display a tissue-specific
pattern of expression, and the levels of some transcripts are
significantly elevated upon transformation with the ras onco-
gene (36). The structures of several distinct forms of HRGs
and GGFs have been described (15, 23). In an effort to address
the structural basis and biological role of this multiplicity, we
present here the characterization of rat and human NDF
cDNA clones and the pro-NDF isoforms encoded by them.
This enabled us to confine the structural variations to three
domains, namely, the C-terminal portion of the EGF-like
domain, the adjacent juxtamembrane stretch, and the intracel-
lular tails of the precursor molecules. Expression of the various
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1910 WEN ET AL.

rat pro-NDF molecules or their human homologs in mamma-
lian and bacterial cells permitted initial determination of the
biochemical significance of the observed structural heteroge-
neity.

MATERUILS AND METHODS

Cell culture. COS-7, T47D, A-704, HT-1080, HS294T, 5637
(ATCC HTB9), and MDA-MB-453 cells were obtained from
the American Type Culture Collection (Rockville, Md.).
COS-7 and T47D cells were cultured in Dulbecco's modified
Eagle medium (DMEM) with 10% fetal bovine serum (FBS).
MDA-MB-453 cells were grown in RPMI 1640 medium with
15% FBS. Rat-1-EJ cells, generated by transfection of the
human EJ ras oncogene into Rat-1 fibroblasts, were previously
described (19, 30).

Isolation and sequencing of rat NDF cDNA clones. Ten
NDF cDNA clones were previously isolated from a cDNA
library prepared from Rat-1-EJ cell poly(A)+ mRNA (36).
These clones were designated clones 4, 19, 20, 22, 38, 40, 41,
42A, 42B, and 44. The nucleotide sequences of both strands of
the NDF coding region were determined for all ten cDNAs by
using synthetic oligonucleotide primers with fluorescence-
based dideoxy-DNA sequencing as previously described (36).

Isolation of human NDF cDNA clones. Double-stranded
cDNA was synthesized from poly(A)+ RNA extracted from
A-704 (ATCC HTB45) cells (American Type Culture Collec-
tion). Column-fractionated cDNA was ligated to Sall- and
NotI-digested plasmid vector pJT-2 and used to transform
Escherichia coli DH1OB (GIBCO-BRL) or E. coli MC1061
(Bio-Rad, Hercules, Calif.) by electroporation, using a cDNA
kit and a procedure recommended by the manufacturer
(GIBCO-BRL). Approximately 700,000 primary transformants
were screened with the 32P-labeled rat clone 44 NDF cDNA
probe. Hybridization was at medium stringency (30% form-
amide, 6 x SSC [1 x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate], 2 x Denhardt's solution, 100 ,ug of salmon sperm
DNA per ml, 1 mM EDTA, 0.2% sodium dodecyl sulfate
(SDS), 0.1% sodium PP1, 50 mM NaH2PO4 [pH 6.8]) at 42°C
overnight. Filters were washed in a solution of 0.5 x SSC, 2
mM EDTA, and 0.2% SDS at 23°C for 30 min and then at 42°C
for 90 min. The filters were exposed overnight to X-ray film at
- 75°C. Seven positive clones were identified after several
rounds of colony hybridization. Plasmid DNA was purified
from each clone, and cDNA sequences were determined. To
obtain additional variants of NDF, a second cDNA library was
synthesized with poly(A)+ RNA extracted from A-704 cells.
Double-stranded cDNA was ligated to BstXI linkers and
ligated into the BstXI site on plasmid vector pCDNA II
(Invitrogen, San Diego, Calif.). The ligation mixture was used
to transform E. coli DH1OB. Approximately 260,000 primary
transformants were screened with a 32P-labeled human NDF-
ct2b cDNA probe (clone 43) that was isolated in the first
screening. Hybridization was at high stringency (50% form-
amide, 6 x SSC, 2 x Denhardt's solution, 100 ,ug of salmon
sperm DNA per ml, 1 mM EDTA, 0.2% SDS, 0.1% sodium
PP1, 50 mM NaH2PO4 [pH 6.8]) at 42°C overnight. The filters
were washed in a solution of 0.1 x SSC, 2 mM EDTA, and
0.2% SDS at 23°C for 30 min and then at 70°C for 60 min. The
filters were then exposed to X-ray films at - 75°C overnight.
Six positive clones were identified after several rounds of
colony hybridization. Plasmid DNA was purified from the
clones, and the cDNA sequences were determined by the
method previously described. Among the positive cDNA
clones was a 920-bp cDNA encoding a partial human NDF-13
(clone 33). In addition, two human pituitary cDNA libraries

(Clontech) were similarly screened. Among the positive clones,
clone P1 encoded human NDF-ala and clone P13 encoded
human NDF-(la. Lastly, a PCR cloning strategy was used to
amplify NDF-specific DNA sequences from tumor cell lines
that express NDF mRNAs. Five human tumor cell lines were
used: HT-1080, HS 294T, 5637 (ATCC HTB9), MDA-MB-
231, and A-704. Poly(A)+ RNAs were extracted from the five
cell lines and reverse transcribed to generate first-strand
cDNA templates by using a cDNA kit from GIBCO-BRL.
NDF cDNA sequences (-1 kb) corresponding to the region
encoding amino acids 119 to 410 in human NDF-ox2b (clone
43) were amplified. This region contains the spacer domain,
the variable EGF-like domain (cx and 13 forms), the variable
sequences between the EGF-like domain and the transmem-
brane domain, the conserved transmembrane domain, and a
portion of the cytoplasmic tail. The sense primer was 5'-AGG
AAA TGA CAG TGC CTC T-3'. The antisense primer was
5'-TCT CTG GCA TGC CTG AGG-3'. PCR was carried out
for 40 cycles. The reaction conditions were 94°C, 1 min; 50°C,
2 min; and 72°C, 3 min. The PCR-amplified DNA fragments
were subcloned into the pSPORT plasmid vector (GIBCO-
BRL), and their DNA sequences were determined.
PCR analyses of rat pro-NDF mRNA. NDF cDNA se-

quences encoding the variable portion of the EGF-like do-
main, namely, pro-NDF-a2a codon positions 200 to 241, were
amplified by using the synthetic oligonucleotide primers
441-17 (5'-GCGTCTAGATGAAGGACCTGTCAAACCC-3')
(sense) and 441-18 (5'-GCGGGATCCCTTCTGGTAGAGT
TCCTCC-3') (antisense). The underlined sequences add a
XbaI or a BamHI restriction site to the 5' ends of the primers.
DNA sequences encoding the variable region of the pro-NDF
cytoplasmic domains (NDF-ox2a and NDF-ox2b forms) were
amplified with primers 403-17 (5'-CCCCTGAGCCTACAG
AG-3') (sense) and 403-16 (5'-GGGGCGATTlAGGGG
AG-3') (antisense). RNA samples (1 ,ug) from normal adult
female Sprague-Dawley rat tissues (Charles River Laboratory,
Wilmington, Mass.) and from the Rat-1 and Rat-1-EJ cell lines
(36) were reverse transcribed to generate first-strand cDNA
with cDNA cycle kits (Invitrogen). PCRs employed Perkin
Elmer-Cetus GeneAmp PCR kits. The reaction mixtures were
in a final volume of 50 RI and contained 10% of the reverse
transcription reaction products or approximately 100 ng of
cloned cDNAs as positive controls. Twenty-five cycles in a
Perkin Elmer-Cetus GeneAmp 9600 thermocycler amplified
the PCR products. Each cycle included 20 s at 94°C, 20 s at
55°C, and 20 s at 72°C. Ten-microliter aliquots of each reaction
mixture were analyzed by electrophoresis in 2% agarose gels
and then by ethidium bromide staining. DNA molecular weight
markers were from Boehringer Mannheim Corp. (Indianapo-
lis, Ind.). PCR products from brain, spinal cord, muscle, heart,
and other tissues were subcloned into the pSPORT vector
(GIBCO-BRL) and transfected into E. coli cells by electropo-
ration with a Gene-Pulser apparatus (Bio-Rad) according to
the manufacturer's directions. Plasmid DNA from the trans-
fected colonies was analyzed by DNA sequencing.

Bacterial expression ofNDF molecules and generation of an
antibody to NDF. Recombinant rat and human NDF molecules
were produced in E. coli and purified to greater than 98%
homogeneity by subjecting a clarified E. coli lysate to anion-
exchange, cation-exchange, hydrophobic interaction, and hy-
droxyapatite column chromatography. Extra methionine resi-
dues were added at the N terminus of NDF as initiation sites
for protein translation. To raise antibodies to recombinant rat
NDF, rabbits were immunized with an initial injection of 200
,ug of recombinant rat NDF-a214 241. The antigen was emulsi-
fied with complete Freund's adjuvant and injected subcutane-
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NDF ISOFORMS 1911

ously at multiple sites. At four-week intervals, the rabbits were
boosted with 200 ,ug of antigen in incomplete Freund's adju-
vant injected at multiple subcutaneous sites. Sera were col-
lected by ear vein bleed 10 days after each injection and
evaluated for reactivity with rat NDF-a214241 by enzyme-
linked immunosorbent assay. Anti-NDF antibodies were puri-
fied by affinity chromatography with an Actigel ALD kit as
recommended by the manufacturer (Sterogene Biosepara-
tions, Inc., Arcadia, Calif.). The affinity gel was prepared by
overnight coupling of 2 mg of recombinant rat NDF-a214 241 to
3 ml of monoaldehyde-agarose. Unreacted aldehyde groups
were deactivated with 0.1 M ethanolamine. Five milliliters of
antiserum was passed through a column (1 by 10 cm) contain-
ing the affinity gel. The column was washed with 50 ml of
phosphate-buffered saline (PBS) and eluted with 3 mM MgCl2,
80 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES; pH 6.0), and 25% ethylene glycol. The eluted
antibodies were dialyzed overnight against PBS at 4°C and
concentrated with a Centriprep unit (Amicon) to an -1-mg/ml
concentration.

Transient expression of NDF cDNA clones in COS-7 cells.
Transient expression of pro-NDFs employed our previously
described method (36). NDF cDNA clones inserted in the
pJT-2 eukaryotic expression vector are under the control of the
simian virus 40 early promoter and are 3' flanked with the
simian virus 40 termination and polyadenylation signals.
COS-7 cells were transfected with the pJT-2/NDF cDNA
plasmids by electroporation as follows. A total of 2 x 106 cells
in 0.8 ml ofDMEM and 10% FBS were transferred to a 0.4-cm
cuvette and mixed with 10 ,ug of plasmid DNA in 10 ,ul of TE
solution (10 mM Tris-HCl [pH 8.0], 1 mM EDTA). Electro-
poration was performed at room temperature at 1,600 V and
25 mF by using a Bio-Rad Gene Pulser with the pulse
controller unit set at 200 fl. The cells were then diluted into 5
ml of DMEM-10% FBS and transferred into a 60-mm-
diameter dish. After 14 h of incubation at 37°C, the medium
was replaced with DMEM-1% FBS. Conditioned media were
harvested 48 h later.

Purification of recombinant mammalian NDF produced in
CHO cells. Recombinant rat NDF-a2 expressed by CHO cells
transfected with pDSRa2/NDF-a2 was purified by the follow-
ing procedure. Pooled serum-free conditioned media, from
harvests of roller bottles containing the transfected CHO cells
expressing recombinant rat NDF-ot2, were cleared by filtration
through 0.2-jim-pore-size filters and concentrated with a Pel-
licon diafiltration system with a 10-kDa molecular mass cutoff
membrane. Concentrated material was directly loaded onto a
column of heparin-Sepharose preequilibrated with 20 mM
sodium phosphate buffer (pH 7.2) containing 25 mM NaCl.
The column was then washed with the same buffer containing
0.25 M NaCl until A280 fell below 0.05. Bound proteins were
eluted with a continuous gradient of NaCl from 0.25 to 1 M.
Recombinant NDF in the collected fractions was detected with
a NDF-specific antibody and by the Neu receptor phosphory-
lation assay. Active fractions were pooled and dialyzed against
23 mM sodium phosphate buffer containing 20 mM NaCl.
Insoluble particulates present in the sample were cleared by
centrifugation. The purification yield was about 70%. The
dialyzed and clarified sample was then loaded onto a DEAE-
Sepharose 6B fast flow column which had been preequilibrated
with the above-described dialysis buffer. The column was
extensively washed until no A280 could be detected. The
column was then developed with a 200-ml gradient of 0.02 to
0.5 M NaCl in 20 mM sodium phosphate buffer (pH 7.2).
Fractions were collected and assayed for NDF content. Am-
monium sulfate was added to the pooled NDF fraction ob-

tained from DEAE-Sepharose chromatography to achieve a
concentration of 2 M. The material was loaded on a phenyl-
Sepharose 4B column (Pharmacia) preequilibrated with 20
mM sodium phosphate (pH 7.2) containing 2 M ammonium
sulfate. After loading, the column was washed and developed
with a gradient of ammonium sulfate (from 2 M to no salt) in
20 mM sodium phosphate (pH 7.1). The main peak of activity
was pooled, extensively dialyzed against PBS, and concen-
trated by centrifugation with a Centriprep 10 cartridge.

pI85"eu tyrosine phosphorylation assay. The media condi-
tioned by transfected COS-7 cells were filtered through a
0.2-mm-pore-size sterile filter unit (Costar) and concentrated
16-fold with a Centriprep 10 unit (Amicon). The concentrated
media were added to individual wells of a 48-well dish that
contained 3 x 105 MDA-MB-453 human breast cancer cells
per well. Following a 5-min incubation at 37°C, the samples
were aspirated and the cells were processed for immunoblot-
ting with an anti-phosphotyrosine monoclonal antibody (ICN).
The protocol for cell lysis and enhanced chemiluminescence
Western blotting (immunoblotting) was as previously de-
scribed (30).

Labeling and immunoprecipitation ofNDF proteins. COS-7
cells transfected with pro-NDF cDNA expression plasmids
were grown in 60-mm-diameter dishes in DMEM containing
10% FBS at 37°C for 48 h. Cells were washed and placed in 1.5
ml of medium without methionine and cysteine with 1%
dialyzed FBS. After 60 min, 200 ,uCi of [35S]methionine and
200 ,uCi of [35S]cysteine (Tran35S-label; ICN) was added, and
the cells were incubated for -17 h. The media were collected,
made 1 mM in phenylmethylsulfonyl fluoride, and clarified of
cell debris in a microcentrifuge. The cells were harvested from
culture dishes by scraping them into 1 ml of PBS. The cells
were recovered by centrifugation and lysed by addition of 200
,ul of 1% SDS-1 mM phenylmethylsulfonyl fluoride and heat-
ing at 100°C for 3 min. The cell lysates were clarified by
centrifugation and diluted 1:4 in immunoprecipitation dilution
buffer (1.25% Triton X-100, 190 mM NaCl, 60 mM Tris-HCl
[pH 7.4], 6 mM EDTA, 10 U of Trasylol per liter). The
radiolabeled COS-7 cell-conditioned media and the diluted
cell lysates were pretreated at 4°C for 2 h with 20 ,ul of normal
rabbit serum and 20 ,ul of protein A-Sepharose CL-4B (Sigma)
diluted 1:1 in PBS. Protein A-Sepharose was then removed by
centrifugation. The pretreated samples were gently agitated at
4°C overnight with affinity-purified anti-NDF antibody (20
,ug/ml) and 20 ,ul of protein A-Sepharose. The protein A-
Sepharose beads were pelleted and washed four times in a
washing solution (0.1% Triton X-100, 0.02% SDS, 150 mM
NaCl, 50 mM Tris-HCl [pH 7.5], 5 mM EDTA, 10 U of
Trasylol per liter). The washed beads were heated with 60 ,ul of
SDS-gel electrophoresis sample buffer (Novex) at 100°C for 3
min. The beads were removed by centrifugation, and the
supernatants were analyzed by electrophoresis in SDS-10%
polyacrylamide gels (Novex). Prestained protein molecular
weight markers were from Novex.

Enzymatic deglycosylation. Immunoprecipitated NDF pro-
teins (5 ,lA) in SDS gel sample buffer (Novex) were diluted into
20 pl of H20 with 3-[(3-cholamidopropyl)-dimethyl-ammo-
nio]-1-propanesulfonate (CHAPS) added to a 2% final con-
centration. The samples were incubated at 37°C for 2 h after
0.5 U of N-glycanase, O-glycanase, or neuraminidase (Gen-
zyme) was added. The digested proteins were mixed with 5 pl
of concentrated SDS gel sample buffer, heated at 100°C for 3
min, and analyzed by electrophoresis in a SDS-10% polyacryl-
amide gel (Novex). Prestained molecular weight markers were
from Novex.

Ligand binding analysis. Monolayers of 1 x 105 to 2 x 105
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1912 WEN ET AL.

TABLE 1. Rat-1-EJ pro-NDF cDNA clones

cDNA Size Pro-NDF Bioassay
clone (kb) isoform resultse

4b 1.1-33
19 2.9 cs2b +
20 2.5 ax2b +
22 3.4 P2a +
38 2.4 o2a, truncated +
40C 1.3 32 +
41 2.7 x2a +

42A 2.4 P4a +
42B 3.2 at2a +
44 1.9 ox2c +

a COS-7 cells were transfected with plasmid vectors directing expression of
pro-NDF cDNAs. The conditioned cultured media were assayed for stimulation
of pI85"" tyrosine phosphorylation.

b Truncated at 5' end, starts at codon 11. The 5' end was replaced with the 5'
end of clone 44 for expression studies.

c Truncated at codon 300 in the intracellular domain.

cells per well in 24-well dishes were washed once with binding
buffer (DMEM containing 20 mM HEPES and 1% bovine
serum albumin) and then incubated with 5 ng of '25I-NDF per
ml in the same buffer. Different concentrations of unlabeled
NDF were coincubated with the radiolabeled ligand. Nonspe-
cific binding was determined by the addition of a 100-fold
excess of unlabeled NDF together with 125I-NDF in the same
experiment. After incubation for 2 h at 4°C, the cells were
washed three times with ice-cold binding buffer. Labeled cells
were lysed in 0.5 ml of 0.1 N NaOH-0.1% SDS for 15 min at

37°C, and the radioactivity was determined by using a gamma
counter.

Nucleotide sequence accession number. cDNA clones 4, 19,
20, 22, 38, 40, 41, 42A, 42B, and 44 were submitted to
GenBank under accession numbers U02315 to U02324, re-
spectively. The accession numbers of the human NDF cDNA
sequences are U02325 to U02330.

RESULTS

Structural heterogeneity of pro-NDF molecules. We pre-
viously isolated 10 independent clones from a cDNA li-
brary prepared from ras-transformed Rat-1-EJ cells (36). The
cDNAs ranged in size from 1.1 to 3.2 kb (Table 1) and
presumably are derived from the 6.8-, 2.6-, and 1.7-kb NDF
mRNAs found in Rat-1-EJ cells (36). All 10 clones were
sequenced, revealing that they encode six distinct NDF pre-
cursor proteins (pro-NDFs) (Table 1). The open reading
frames in the 10 cDNAs ranged from 0.7 kb (clone 4) to 2.0 kb
(clone 42A). Two of the cDNAs were partial-length clones.
The sequence of clone 4 begins at codon 11. Clone 40 is
truncated at codon 300 in the intracellular portion, so that it
encodes only the first 36 amino acid residues of the cytoplasmic
domain.
The 10 rat cDNAs encode six homologous NDF precursor

proteins comprising 241 to 662 amino acid residues (Fig. 1 and
Table 1). The six predicted pro-NDFs are identical in the first
213 amino acid residues (Fig. IB). This identical region
includes a basic N terminus which is proteolytically processed
at amino acid 14 in naturally occurring rat NDF from the
Rat-1-EJ cell line (30, 36), an immunoglobulin-like domain, a

A \9 96.Gs FIG. 1. (A) Rat pro-NDF structures predicted from the rat cDNA
sequences. Boxed areas indicate protein coding regions. Ig, EGF, and

pro NDF-a2a 639 aa TM, immunoglobulin-like, EGF-like, and transmembrane domains,
respectively. The number of amino acid (aa) residues in each predicted
precursor sequence is given in the right-hand column. Dashed lines

pro NDF-a2b 461 aa represent divergent 3' untranslated DNA sequences. (B) Amino acid
sequences encoded by rat NDF cDNAs. The complete pro-NDF-ox2a

pro NDF-a2c - g g l . F _ _ _ 422 aa
amino acid sequence is shown. Divergent sequences in pro-NDF
variants are aligned with the pro-NDF-a2a sequence. Pro-NDF-,B2a,
-,B3 and -,84a structures were deduced from Rat-1-EJ cDNAs (Table
1). The NDF-,B1 sequence was obtained from a PCR-amplified cDNA

pro NDF-,B2a 636 aa derived from rat brain and spinal cord tissues. Asterisks, COOH-
terminal amino acids; dashes, gaps introduced to facilitate sequence
alignment; underlining, putative transmembrane domain; dots, cys-

pro NDF-13 - - - - 241 aa teines in predicted extracellular domain (the two N-terminal cysteines
are part of an immunoglobulin-like domain; the six other marked
cysteines are part of the EGF-like domain).

pro NDF-04a L _U

B
proNDF-a2a

proNDF-a2a

proNDF-x2a
proNDF-l1
proNDF-l2a
proNDF-13
proNDF-i4a

f 662 aa

MSERKEGRGKGKGKKKDRGSRGKPGPAEGDPSPALPPRLKEMKSQESAAGSKLVLRCETSSEYSSLRFKWFKNGNELNRKNKPENIKIQKKPGKSELRIN

KASLADSGEYMCKVISKLGNDSASANITIVESNEFITGMPASTETAYVSSESPIRISVSTEGANTSSSTSTSTIGTSHLIKCAEKEKTFCVNGGECFTVK

PNEFTGDRCQNYVMASFYKHLGIEFME------------------
PNEFTGDRCQNYVMASFYK--------------------------
PNEFTGDRCQNYVMASFYSTSTPFLSLPE*
PNEFTGDRCQNYVMASFYMTSRRKRQETEKPLERKLDHSLVKESK

proNDF-a2a

proNDF-a2a
proNDF-a2b
proNDF-a2c

NSRHSSPAGGPRGRLHGLGGPRDNSFLRHARETPDSYRDSPHSERYVSAMTTPARMSPVDFHTPSSPKSPPSEMSPPVSSMTVSMPSVAVSPFVEEERPL
HNLIAELRRNKAYRSKCMQIQLSATHLRPSSITHLGFIL-

100

200

AEELYQKRVXTITGICIALXVVXTMCVVAYCKTKKQRQKLHDR 277

241

477
461
422

proNDF-a2a LLVTPPRLREKKYDHHPQQLNSFHHNPAHQSTSLPPSPLRIVEDEEYETTQEYESVQEPVKKVTNSRRAKRTKPNGHIANRLEMDSNTSSVSSNSESETE 571
proNDF-a2a DERVGEDTPFLGIQNPLAASLEVAPAFRLAESRTNPAGRFSTQEELQARLSSVIANQDPIAV*

LRQSLRSERSNLVNIANGPHHPNPPPENVQLVNQYVSKNVISSEHIVEREVETSFSTSHYTSTAHHSTTVTOTPSHSWSNGHTESVISESNSVIMMSSVE

MOL. CELL. BIOL.
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TABLE 2. Frequency of NDF isoforms in cDNA amplified from
human tumor cells"

Frequency of following NDF isoform:
Cell line

c2 a1 [2 13

A-704 19 1 3
MDA-MB231 5
Hs294T 16 2 2
HT-1080 2 1
5637 1

a Poly(A)+ RNAs were extracted from the indicated five human tumor cell
lines and reverse transcribed to generate first-strand cDNA templates. PCR was
used to amplify a 1-kb DNA segment that includes the coding region of the
EGF-like domain. The amplified DNA fragments were subcloned into a plasmid
vector, and their nucleotide sequences were determined. This enabled identifi-
cation of the encoded isoforms and determination of their relative expression
levels.

spacer domain with sites for N- and 0-linked glycosylations,
and two disulfide loops of the EGF-like domain (36). Variable
sequences C terminally flank this constant portion of NDF.
Structural variation is confined to three domains and defines
the identity of each precursor protein. Thus, two variant
C-terminal portions of the EGF-like domain characterize the a
and a isoforms. An adjacent juxtamembrane processing stretch
displays structural heterogeneity that is denoted by a number
(1 to 4 isoforms). Lastly, the length of the cytoplasmic tail,
which lies downstream to an invariant segment that includes
the constant transmembrane domain and 157 amino acids,
determines the identity of the isoform as a, b, or c. This
nomenclature is an extension of the terminology that was
suggested for human HRGs (15).

In order to isolate human homologs of the rat isoforms of
NDF, we used rat cDNA clone 44 as a probe to analyze
Northern (RNA) blots. This analysis included human kidney
adenocarcinoma cell line A-704, MDA-MB231 human breast
cancer cells, Hs294T human melanoma cells, 5637 human
bladder carcinoma cells, and HT1080 human fibrosarcoma
cells. Whereas NDF was found to be expressed in all these cell
lines, the kidney adenocarcinoma cells exhibited the highest
level of mRNA (data not shown). Therefore, we used this cell
line as a source of mRNA and constructed a cDNA library that
was screened with rat cDNA clone 44 as a probe. Among the
seven positive cDNA clones were one cDNA encoding full-
length NDF-ot2b (clone 43) and two partial clones that encode
NDF-ot2b (clone 17) and NDF-o3 (clone 19). Rescreening of
the cDNA library with clone 43 as a probe yielded a cDNA
clone (920-bp insert) encoding a partial human NDF-133 (clone
33). In addition, two human pituitary cDNA libraries were
similarly screened and yielded NDF-cxla (clone P1) and NDF-
,Bla (clone P13). To identify additional independent human
NDF cDNA clones, we employed a PCR cloning strategy that
amplifies NDF-specific sequences from the above-mentioned
five tumor cell lines. NDF cDNA sequences (-1 kb) corre-
sponding to the region encoding amino acids 119 to 410 in
human NDF-a were amplified (see Materials and Methods).
This region includes the variable portion of the EGF-like
domain and the adjacent juxtamembrane stretch. Nucleotide
sequencing of the amplified DNA segments enabled identifi-
cation of the corresponding isoforms of NDF. Table 2 summa-
rizes the results of this analysis. Evidently, in addition to the
previously identified NDF-ax2, -13, and -f3 sequences, DNA
encoding an additional isoform (NDF-32) was identified.
Although only one ox form was identified, namely, NDF-ox2,
this variant is apparently the most abundant isoform in the
examined tumors.

The variable region of the pro-NDF ectodomain begins in
the third disulfide loop of the EGF-like domain at amino acid
position 213. The cx/p variation alters the sequence between
the fifth and the sixth cysteines of this domain. Pro-NDF-r
proteins share a common sequence at positions 213 to 230 that
is distinct from the corresponding NDF-a- sequence (Fig. IB).
Variation between members of the pro-NDF-( family occurs
carboxy terminally to the EGF domain, where the (1 and 14
proteins contain additional amino acid residues. Pro-NDF-133
cDNA encodes a stop codon in this region, resulting in a
smaller protein that lacks the transmembrane and cytoplasmic
domains. Human cDNAs encoding HRGs ot, (31, 132, and 13
were previously reported (15). The pro-NDF amino acid
sequences are greater than 90% identical to their human HRG
counterparts. A human cDNA corresponding to pro-NDF-f4
has not been reported.
The most variable part of pro-NDF is the stalk that connects

the EGF-like domain with the transmembrane stretch. This
domain presumably undergoes proteolysis while pro-NDF is
released from the cell. Not only does this stretch display
completely different amino acid sequences, but also its length
is variable: the shortest block is present in pro-NDF-,B2a,
whereas the longest (27 amino acids) is found in NDF-(4a. A
tetrad of four basic amino acids (Arg-Arg-Lys-Arg) is present
in the latter sequence, suggesting that it functions as a prote-
olysis site.

Cytoplasmic domains with 374, 196, and 157 amino acid
residues distinguish pro-NDFs ox2a, cx2b, and ox2c, respectively.
These isoforms are identical in the first 422 amino acid
residues. The pro-NDF-cx2a cytoplasmic domain extends for an
additional 217 amino acid residues. This extended carboxy
terminus is found in pro-NDFs (2a and ,B4a (Fig. 1); in
pro-HRGs cx, 13, and 132 (15); and in chicken pro-ARIA (12).
Pro-NDF-cx2b cDNA encodes a different 39-amino-acid-long
sequence following position 422 that results from a 146-bp
insert at codon 422 in the pro-NDF-cx2b cDNA. This insert
adds 39 amino acid residues and then a stop codon. Pro-NDF-
ox2c has the shortest cytoplasmic domain. Its cDNA has a stop
codon at position 423 and then a different 3'-untranslated
sequence. Pro-HRG-,B2 variant clone 84 has a similar structure
(15). Interestingly, in contrast with NDF-cx isoforms, no 1b and
13c isoforms were identified in our screening.
PCR analyses of rat pro-NDF mRNAs. Eleven rat tissues

were analyzed for tissue-specific expression of mRNAs encod-
ing variant pro-NDF proteins. RNA samples were reverse
transcribed and analyzed for divergent pro-NDF sequences by
PCR. Primers that flank the variable EGF-like domain se-
quences (pro-NDF-ax2a codons 200 to 241 [Fig. 1B]) were used
to amplify the products shown in Fig. 2. Most of the 11 tissues
yielded PCR products that comigrated with products obtained
from cloned pro-NDF-ot2a and pro-NDF-,B2 cDNAs (lanes 13
and 14, respectively). Their identities were confirmed by DNA
sequencing. The slightly larger PCR products (--160 bp) from
both brain and spinal cord tissues (lanes 11 and 12, respec-
tively) were subcloned into a plasmid vector and sequenced.
This distinct brain and spinal cord PCR product encoded a rat
NDF variant that corresponds to human HRG-,1B (15). Spe-
cifically, it is identical to NDF-P2 sequence but contains eight
additional amino acids inserted at codon position 231 (Fig.
11B). PCR products corresponding to pro-NDF-P4 are not
evident in Fig. 2, but they were detectable by Southern blotting
(data not shown). Heart (lane 2) and muscle (lane 9) tissues
did not yield significant amounts of the expected products.
Sequencing data showed that the larger PCR products in lanes
2 and 9 were not related to NDF.

Additional PCR experiments using other primers detected
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FIG. 2. PCR analysis of NDF mRNAs expressed in rat tissues.
Reverse transcription was used to prepare first-strand cDNA from rat
tissue mRNA samples. NDF cDNAs were amplified in PCRs with
primers 441-17 and 441-18, which flank the variable EGF-like domains
(pro-NDF-ao2a codons 200 to 241 [Fig. 1B]). Lanes: 1, Rat-1-EJ cells;
2, heart; 3, skin; 4, ovary; 5, lung; 6, stomach; 7, spleen; 8, liver; 9,
muscle; 10, kidney; 11, brain; 12, spinal cord; 13, cDNA clone 20
(pro-NDF-a2a); 14, cDNA clone 40 (pro-NDF-IP2); 15, cDNA clone
42A (pro-NDF-,B4a). Positions of DNA size markers are indicated.

NDF cytoplasmic domain sequences in mRNAs prepared from
the 11 tissues. Most of the tissues yielded both products,
namely, cx2a and a2b forms, that comigrated with products
obtained from Rat-1-EJ cells (data not shown). The PCR
primers would not detect pro-NDF-ao2c mRNA, which encodes
the shortest cytoplasmic domain. The PCR products were
undetectable in heart and muscle tissue.

Functional analyses of recombinant NDF proteins. We used
transient COS-7 cell expression of pro-NDF cDNAs to deter-
mine whether all 10 rat cDNA clones encode biologically
active NDF proteins. The cDNAs were transfected into COS-7
cells under the control of the simian virus 40 promoter. Media
conditioned by the transfected cells were assayed for their
ability to stimulate tyrosine phosphorylation of pl85ne". The
conditioned media were incubated for 5 min with cultured
MDA-MB-453 breast cancer cells, which express high levels of
pl85neu. Cell lysates were prepared and analyzed by Western
blotting for pl85neu tyrosine phosphorylation (Fig. 3 and data
not shown). Nine of the 10 cDNA clones directed the synthesis
and secretion of biologically active recombinant NDF mole-
cules into the COS-7 cell-conditioned media (Table 1). Clone
4, which encodes pro-NDF-,3, did not produce a biologically
active conditioned medium.

In order to quantitatively compare receptor binding charac-
teristics of the different isoforms of NDF, we expressed certain
rat or human isoforms, or their truncation mutants, in either
bacterial cells or in Chinese hamster ovary (CHO) cells. The
purified proteins were analyzed for their binding to T47D
human mammary carcinoma cells. Ligand displacement anal-
ysis was performed with radiolabeled human NDF-131177-246.
The latter differs from the corresponding rat protein in only
one amino acid. When expressed in and purified from bacterial
cells, this isolated EGF-like domain displayed an apparent
dissociation constant of 0.2 x 10-9 to 0.4 x 10-9 M (Fig.
4A). This value is in agreement with those from a previous
report (15), but it is 10-fold lower than the dissociation
constant of native NDF-oL2 that was determined with SKBR-3
cells (31). Comparative ligand displacement analysis confirmed
that the ao2 and ,1 isoforms differ in their apparent affinities by
a factor of 8 to 10 (Fig. 4A). The observed difference is not due

FIG. 3. Stimulation of pl85neu tyrosine phosphorylation by recom-
binant NDF proteins. Monolayers of MDA-MB-453 cells were incu-
bated for 5 min at 37°C with media conditioned by untransfected
COS-7 cells (labeled -) or transfected COS-7 cells. These cells were
transfected with expression plasmids containing the indicated cDNAs
clones. Cell lysates were prepared from the stimulated MDA-MB-453
cells and subjected to antiphosphotyrosine Western blot analysis. The
major tyrosine-phosphorylated band detected in the Western blot
corresponds to p185neu (30).

to inactivation of the recombinant ac2 isoform, since both a
truncated CHO cell-derived rat NDF-ot25-228 and a bacterially
made rat NDF-a214 241 displayed similar low affinities. Inter-
estingly, the bacterially made cx2 isoform contains no sugar
residues, but it nevertheless displayed binding affinity compa-
rable to that of the fully glycosylated truncated protein (Fig.
4A). It was, therefore, concluded that the sugar moieties of
NDF, as well as its whole N-terminal half (residues 1 to 176),
including the immunoglobulin-like domain, do not significantly
affect receptor binding. This was supported by expressing an
N-terminal half of NDF that lacks the third disulfide loop of
the EGF-like domain. This recombinant protein, NDF14211,
displayed no specific cellular binding when its radiolabeled
form was analyzed (data not shown). In addition, it could not
displace cell-bound NDF- 1 177-246 (Fig. 4B). The relatively low
binding affinity that was displayed by the rat a isoform was
evident also by analyzing the corresponding human protein,
namely, human NDF-ao214 241 (Fig. 4B). This result excludes
the possibility that the observed differences (Fig. 4A) are
species specific. However, the observation that NDF-a2 and
NDF-31 differ in their binding affinity could be due either to
the different C-terminal portions of the EGF-like domains or
to the adjacent variant juxtamembrane sequences (Fig. 1B). In
order to address this question, we used the truncated version of
the a2 isoform, which lacks the variant juxtamembrane se-
quence. This recombinant protein, rat NDF-at5228, displayed
ligand displacement activity that was very similar to that of
NDF-ao214 241 (Fig. 4A), indicating that the C-terminal portion
of the EGF-like domain, rather than the juxtamembrane
stretch, affects receptor interactions.

Processing of pro-NDF isoforms. Synthesis of NDF proteins
in transfected COS-7 cells was analyzed by immunoprecipita-
tion of 35S-labeled proteins. For these experiments, antibodies
were raised by immunizing rabbits with a recombinant rat
NDF-a214 241. The NDF antigen was immobilized on a column
and used to affinity purify the anti-NDF antibodies. The
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FIG. 4. Binding of NDF isoforms to T47D human mammary

carcinoma cells. The ability of various NDF proteins to displace
radiolabeled NDF-13I 77246 was analyzed on monolayers of T47D
human breast cancer cells. Binding reactions were carried out with 5 ng

of '25I-NDF 31 177-246 per ml for 2 h at 4°C. This was followed by
extensive washing of the cell monolayers and determination of bound
radioactivity. The amount of bound NDF-11 177-246 is expressed relative
to ligand binding in the absence of competitor unlabeled protein. (A)
Rat NDF proteins. The following proteins were used as unlabeled
competitors: bacterially made rat NDF-ot2,4-241 (filled squares), CHO
cell-derived rat NDF-t5-,22x (open squares), and human NDF-p11177-246
(closed circles). The latter protein differs in only one amino acid
residue from the corresponding sequence of rat NDF-1 I. (B) Human
NDF isoforms. The following unlabeled proteins were used to displace
cell-bound human NDF-P11177246: human NDF-11177246 (closed cir-
cles), a bacterially expressed human NDF14211 (triangles), and two
completely independent preparations of human NDF-ot2142,41 that
were derived from bacterial cells (open squares and filled squares).
Averages of duplicate determinations and the corresponding ranges
(bars) are shown. Each experiment was repeated three times.

purified antibody immunoprecipitated 35S-labeled NDF pro-
teins from COS-7 cells expressing the different pro-NDFs (Fig.
5). NDF proteins were undetectable in cell lysates and in
conditioned media from COS-7 cells transfected with irrele-
vant cDNAs and also when samples were immunoprecipitated
in the presence of excess unlabeled recombinant NDF (data
not shown). The affinity-purified antibody immunoprecipitated
40- to 44-kDa proteins from COS-7 cells transfected with
cDNAs encoding pro-NDF proteins ox2a, ot2b, ox2c, [2a, and
[B4a (Fig. 5). The immunoprecipitated proteins correspond in
size to the processed form of NDF purified from media
conditioned by Rat-1-EJ cells (30). The 40- to 44-kDa recom-

binant NDF proteins were found both in cell lysates and in

FIG. 5. Transient expression of recombinant pro-NDF cDNAs in
COS-7 cells. COS-7 cells were transfected with pro-NDF cDNA
expression plasmids and labeled for 17 h with [35S]methionine and
[35S]cysteine. Radiolabeled COS-7 cell media and lysates were immu-
noprecipitated with affinity-purified rabbit antibody raised against
recombinant rat NDF-ox214-241. The immunoprecipitates were analyzed
by electrophoresis. NDF proteins are indicated by arrows on the left.
The positions (in kilodaltons) of the molecular mass markers are

shown on the right.

conditioned media. Larger NDF precursor proteins were de-
tected as high-molecular-weight proteins immunoprecipitable
from the cell lysates but not from conditioned media. As
predicted from pro-NDF cDNA structures (Fig. 1), the pre-

cursors of NDF-ot2a, -[B2a, and -34a are significantly larger
than the NDF-a.2b and -o2c precursor proteins (Fig. 5). On the
basis of molecular weight estimation, these larger proteins are
most likely unprocessed, glycosylated NDF precursor proteins.

Importantly, the ratio between the various precursor forms
(p60 and p95) and the fully processed form of NDF (p44)
displayed variation in cell lysates. This was especially promi-
nent in the case of pro-NDF-ac2c, in which the precursor is the
major cellular form. Nevertheless, the medium of pro-NDF-
ox2c-expressing cells contained the processed p44 molecule,
implying that NDF release takes place despite a lower rate of
cellular processing.

In contrast to other cDNA clones, the pro-NDF-P33 clone
directed the synthesis of a major 30-kDa cellular protein that
appeared as a sharp protein band on the gel (Fig. 5). No
product was detectable in the medium of transfected COS-7
cells, in agreement with the absence of NDF bioactivity (Fig.
3). The diffuse nature and the size of the other immunopre-
cipitated NDF proteins suggested that they are highly glycosy-
lated, unlike NDF-,B3, which appeared to be unglycosylated. A
large percentage of the mass of naturally occurring rat NDF is
due to N- and 0-linked glycosylation (30). Enzymatic deglyco-
sylation of the 40- to 44-kDa and 60- to 75-kDa NDF-ox2c
proteins reduced their size by approximately 15 kDa but did
not affect pro-NDF-]33 (Fig. 6). Comparison of the mobility
shift that was induced by N-glycanase treatment, with the
combined effect of O-glycanase and neuraminidase, suggested
that 0-linked sugars are more abundant than N-linked carbo-
hydrates (Fig. 6). In addition, the susceptibility of pro-NDF-
ox2c to glycanase treatment implies that glycosylation, and
perhaps also transmembrane localization of the precursor
protein, precedes its proteolytic cleavage and release from the
cell. Consistent with this possibility, pro-NDF-[3, which has no
transmembrane domain, was resistant to glycanase treatment.
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FIG. 6. Endoglycosidase treatment of NDF proteins synthesized by
transfected COS-7 cells. [35S]methionine- and [35S]cysteine-labeled
recombinant NDF-ot2c and NDF-33 were immunoprecipitated from
COS-7 cell media or lysates as described in the legend to Fig. 5. The

samples were incubated with the indicated enzymes and then sepa-
rated by gel electrophoresis. The positions (in kilodaltons) of molec-
ular mass marker proteins are indicated on the right.

This result and the exclusively intracellular localization of
NDF-133 (Fig. 5) indicate that this shortest NDF isoform does
not enter the secretory pathway and imply that the hydropho-
bic transmembrane domain that is present in all the secreted
isoforms of NDF is essential for glycosylation and secretion.

DISCUSSION

Members of the EGF family include EGF, transforming
growth factor ot (TGF-a), heparin-binding EGF, amphiregulin
(AR), and viral growth factors (24). These polypeptide factors
are synthesized as larger precursors with N-terminal signal
peptide sequences, a six-cysteine EGF-like domain, a hydro-
phobic transmembrane domain, and a cytoplasmic domain of
unknown function. Neu differentiation factors belong to this
family and share similar molecular architecture and membrane
topology. However, unlike other members of the EGF family,
which are present in single forms, multiple variants of the basic
structure of NDF exist. Thus, the NDF family includes, in
addition to the seven rat NDF forms that were described in this
work (ot2a, at2b, ot2c, 13, 132a, 13, and 14a), seven versions of
the GGFs that were characterized as cDNA clones (23) and a

single form of ARIA (12). Taken together, it appears that the
minimal number of NDF isoforms is 12. As only one NDF gene
was detected in the human genome (29), it is very likely that
the multiple isoforms are generated by alternative splicing
from a single NDF gene. This multiplicity of isoforms is with
no precedence in other families of growth-regulatory secreted
proteins and raises questions that relate to expression patterns,
the structural basis, and the functional role of many related
factors.

Expression patterns ofNDF isoforms. In contrast with EGF,
whose expression is limited to submaxillary gland, digestive
tract, and kidney, NDFs display wide distribution in many
tissues and organs (29). Moreover, exhaustive cloning of NDF
cDNAs from fibroblasts and epithelial cells and comparison
with GGF (23) and ARIA (12) sequences indicate that the

expression patterns of some isoforms are tissue specific. For
example, the (x2 isoform is the predominant form in mesen-
chymal cells and in nonneuronal organs (Table 2 and Fig. 2).
The second most enriched isoform in these tissues, NDF-P2,
also lacks the juxtamembrane stretch. By contrast, the 13
isoform is enriched in brain tissue and spinal cord (Fig. 2), but
it is a minor form in mesenchymal tissues. A related isoform,
designated ARIA-1, was identified in embryonic chick brain
tissue (12). Neuronal and nonneuronal tissues and organs
differ also in splicing of additional putative exons. Thus, a
kringle domain-containing isoform has not been isolated from
tissues other than brain (23), whereas spacer domain-contain-
ing NDFs were identified only in mesenchymal cells, and they
are absent in the neuronal isoforms, namely, GGFs and ARIA.
This observation suggests that the sugar residues and the
glycosaminoglycan attachment site of the spacer domain are
involved in a mesenchyme-specific function. Taken together,
the differential proportion of the ao2 and ,13 isoforms and the
mutually exclusive presence of the kringle and spacer domains
suggest that tissue-specific, alternatively spliced forms evolved
in order to perform cell-type-specific functions. Some of these
functions are reflected in vitro, and they are discussed below.

Structural aspects of NDF multiplicity. The alternative
NDF sequences beginning at codon 213 could result from
differential splicing of at least four different exons. Extensive
splicing is common in mRNAs encoding the EGF family of
growth factors. The human EGF gene has 24 exons (1),
whereas human TGF-ot and AR precursors are encoded by
genes with 6 exons (8, 32). Alignment of the AR, EGF, and
TGF-a sequences identified an identically placed intron dis-
rupting the coding sequences between the second and the third
disulfide loops of the EGF-like domains (32). The ao/1 diver-
gency of NDF starts near this position. Differential exon
splicing can also account for divergent NDF 3' coding and
noncoding sequences: conceivably, the cytoplasmic domain of
NDF is encoded by three exons that when present together
encode NDF-ox2a and NDF-12a, but the combination of only
two exons yields isoform 2b (Fig. 1A). The amino-terminal half
of the cytoplasmic domain and the flanking transmembrane
domain appear to be encoded by a single exon that is shared by
all the transmembrane isoforms. This predicted multiplicity of
exons is extended by at least six exons, whose existence can be
inferred from the reported structures of NDF-related cDNA
clones. These include exons encoding the kringle domain,
together with a signal peptide, the immunoglobulin-like motif,
and the glycosylated spacer domain. We predict that the
minimal number of exons in the NDF gene is 13, which is in
agreement with an estimation that was made on the basis of the
structure of the coding regions of GGF cDNA clones (23).
Nevertheless, detailed genomic mapping and nucleotide se-
quencing will be needed in order to confirm this prediction.
Such analysis may reveal new exons whose expression may be
limited to specific cell lineages or to certain sites in the nervous
system. Another prediction that arises from the structural
heterogeneity of NDF isoforms relates to the possibility that
transcription of the gene is regulated by two promoters.
Accordingly, one promoter is specific to mesenchymal and
other nonneuronal cells and undergoes activation by certain
retroviral oncogenes, including ras and sis (36), whereas the
other promoter is presumably localized upstream to the kringle
domain coding region and selectively controls neural expres-
sion of certain NDF isoforms.

Functional aspects of the multiplicity of NDF isoforms.
Perhaps the most interesting question that is raised by the
structural multiplicity of NDFs relates to the possibility that it
fulfills certain functional requirements which are dictated by
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the multisite expression of the family. A major hint as to
possible functional roles of the structural variation is provided
by the localization of this heterogeneity. Certainly, the most
variable region in the NDF family comprises the third loop of
the EGF-like domain, the C-terminal tail of this motif, and the
short stretch that connects it with the transmembrane domain.
A region of secondary heterogeneity includes the variable-
length cytoplasmic tail of NDF. Lastly, the domain structure of
the whole region that N terminally flanks the EGF-like domain
displays tissue specificity. At present, only limited information
on the function of each structural domain and its variants is
available.
EGF domain variants. The at/3 variation partially alters the

sequence between the fifth and the sixth cysteine residues of
the EGF-like domain but completely changes the sequence of
the 10-amino-acid-long C terminus of this motif. Nevertheless,
the overall configuration and spacing of cysteine residues is
conserved in all forms of NDF. Our ligand displacement
analyses indicate that these changes significantly affect the
affinity of NDF to its receptor: the 3 isoforms bind to
mammary cells with an affinity that is approximately 10-fold
better than that of the x isoform (Fig. 4). This observation is
consistent with mutational analyses of the binding of human
EGF to its receptor (3, 10, 11, 25). Evidently, both the amino-
and the carboxy-terminal domains of EGF participate in
receptor interactions. Site-directed mutagenesis identified hy-
drophobic residues in the carboxy-terminal domain that reduce
receptor binding, with the most significant decrease observed
in mutations at the highly conserved Leu-47 (10, 25). In
addition, the guanidinium group of the conserved Arg-41 has
been shown to be of critical importance (l1). Whereas the
analogous Arg residue is found in NDF, the homologs of
Leu-47 are a methionine in NDF-ox and a proline in NDF-f.
Presumably, the variation of the carboxy-terminal tail is re-
sponsible for the differences in affinities, but conservation of
most of the EGF-like domain confers the same receptor
specificity and similar basal affinity to all NDF isoforms. The
observation that interaction between NDF and its putative
receptor, p185"'", requires the presence of a still-unknown
membrane molecule (31) raised the possibility that NDF
isoforms differ in the necessity of the putative coreceptor.
However, we observed no differences in cell type specificity of
the ot and ,B isoforms. In other words, both isoforms specifically
bind to mammary cells but display no specific interaction with
fibroblasts and ovarian cells (data not shown).
Juxtamembrane variants. The observation that a truncated

version of NDF that lacks the whole juxtamembrane stretch
shares the same receptor affinity with the longer NDF-co2
isoform (Fig. 4) implies that the region proximal to the EGF
domain is not involved in receptor binding and may have a
different function. A putative proteolysis site (Lys-Arg) is
shared by all the transmembrane forms of NDF, but additional
cleavage sites may be present within the variable part of the
juxtamembrane region. The fact that pro-NDF-,B2a, which
carries no variable juxtamembrane sequence, is nevertheless
processed in COS-7 cells (Fig. 5) indicates that the shared
cleavage site is indeed functional and that the variable part is
dispensable for proteolytic cleavage and glycosylation of the
precursor molecule. Nevertheless, the rate and tissue specific-
ity of pro-NDF processing may be isoform specific. For exam-
ple, NDF-134a carries the longest juxtamembrane variable
sequence (27 amino acids long), which contains five acidic
residues and nine basic amino acids. The latter are clustered in
one tetrad and one pair, which may function as processing sites
(Fig. iB). Metabolic labeling, however, revealed no acceler-
ated processing of this isoform in COS-7 cells (Fig. 5). It is

worthwhile, however, to note that the similarly localized
cleavage sites of the precursors of AR, EGF, and TGF-ot have
different sequences and may be processed by distinct pro-
teases. It is, therefore, not unlikely that the variable juxtamem-
brane sequences of NDF isoforms function as targets for
tissue-specific proteases that control the balance between
soluble and membrane-bound forms of the factors. These
proteases may not exist in COS-7 cells.

Cytoplasmic tail variants. The three variants of the cyto-
plasmic tail of NDF appear to undergo proper glycosylation
and release when expressed in COS-7 cells. However, their
rates of proteolytic cleavage, as inferred from the relative
abundance of the precursor forms, display variation (Fig. 5).
The longest isoform, NDF-cx2a, is apparently the most rapidly
processed form, whereas the shortest precursor, NDF-o2c,
undergoes relatively slow maturation. Other NDF isoforms
that carry the long 374-amino-acid tail, namely, NDF-,2a and
NDF-44a, also displayed efficient processing. This raises the
possibility that the length, or specific sequence, of the cytoplas-
mic tail determines the rate of NDF processing. Another
possibility is that the identity of the carboxy-terminal amino
acid affects the rate of proteolytic processing. Pro-TGF-ox has
a carboxy-terminal valine that is critical for regulated release of
TGF-ox, but leucine or isoleucine can substitute for valine in
this requirement (2). Similarly, the a isoforms of NDF have a
terminal valine residue, and the 196-amino-acid-long tail of
pro-NDF-cx2b has a terminal leucine. By contrast, the 157-
amino-acid-long cytoplasmic tail of pro-NDF-cx2c ends with
two hydrophilic residues, which may account for its low rate of
processing. Lastly, the cytoplasmic tails of rat, human, and
chicken NDF molecules display more than 85% sequence
identity, suggesting that this curiously long domain has a
functional role other than determining turnover rate of the
precursor molecules.
Amino terminus. The EGF-like domain of NDF isoforms is

preceded by a variable-length sequence that contains one
invariant motif, an immunoglobulin-like domain, and two
mutually exclusive domains that flank it at both sides. These
are the neuronal cell-specific kringle domain and the appar-
ently mesenchyme-specific glycosylated spacer domain. Since
isoforms that contain only the EGF-like domain displayed
receptor affinities comparable to those of their amino-termi-
nally extended forms, it is safe to assume that the amino-
terminal portion of NDF is not involved in receptor recogni-
tion. This conclusion is supported by the lack of receptor
binding interference by a recombinant amino-terminal portion
of NDF (Fig. 4B). Instead, the functional role of the variable
amino-terminal portion of NDF isoforms may involve interac-
tion with other tissue-specific molecules and, therefore, may
not be revealed by analyses that are limited to cultured cells.
Transmembrane domain. Unlike the transmembrane do-

main-containing forms of NDF, isoform 3 undergoes no
glycosylation (Fig. 6) and is not released from transfected
COS-7 cells (Fig. 5). Intracellular localization of NDF-,B3 is
consistent with the absence of biological activity in the medium
of cells that were transfected with the corresponding cDNAs of
NDF, GGF, and HRG (Fig. 3) (15, 23). Pro-NDF-,3 has
essentially the entire pro-NDF extracellular domain (Fig. 1). In
contrast, cDNA clone 40 encodes a truncated pro-NDF-,B2
comprising the extracellular domain, the 23-amino-acid-long
hydrophobic domain, and the first 36 amino acid residues of
the cytoplasmic domain. This truncated cDNA clone directed
expression of biologically active NDF that accumulated in
media conditioned by transfected cells. Thus, the capacity for
secretion may be localized to the internal 23-amino-acid-long
hydrophobic domain. The role of the intracellular NDF-13 is
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unknown. This NDF isoform may be released from cells by a

different mechanism. The NDF-f3 isoform may function as a

sequestered growth factor that is released when tissues are

injured. A similar role has been proposed for interleukin-1,B
and fibroblast growth factors, which also lack signal peptide
sequences (26). Alternatively, NDF-P3 could have intracellular
functions. Consensus nuclear targeting sequences are present
in AR and pro-HRG (15, 32). Homologous sequences in the
N-termini of pro-NDFs may direct the intracellular pro-
NDF-,B3 to the nucleus.

In summary, our study attempted to resolve the structural
and functional bases of the multiplicity of NDF isoforms.
Exhaustive cDNA cloning characterized the structures of six

fibroblastic and epithelial isoforms, but genomic cloning and
other approaches may be required in order to determine
whether additional forms exist in these cells. We now distin-
guish between mesenchyme- and neuronal cell-specific groups
of isoforms that differ in the structure of their extracellular
portions. At present, the functional implications of the N-
terminal heterogeneity is less understood than the variability
that is displayed by the carboxy-terminal portions of NDF
isoforms. This latter variation is presumably responsible for
two functional differences: variation within the EGF-like do-
main confers differences in binding affinity, whereas the differ-
ent structures of the juxtamembrane and cytoplasmic domains
apparently affect the rate of processing of the transmembrane
precursor into a soluble molecule. These conclusions, however,
were derived from experiments that were performed with only
a few isoforms, and they are limited by the possibility that
recombinant molecules only partially represent their endoge-
nous counterparts. It is, nevertheless, tempting to speculate
that the NDF family plays multiple biological roles that have
spatial and temporal specificities which are achieved by the
combinatorial design of the mosaic structure of NDF.
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