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A novel member of the epidermal growth factor (EGF) family, the neural- and thymus-
derived activator for ErbB kinases (NTAK), has been purified and cloned. Five alternative
spliced isoforms have been detected in the rat adrenal pheochromocytoma cell line, PC-12
cells. The rat NTAKq2a isoform exhibits 94% identity in its primary sequence with the
human NTAKg¢ isoform. In vivo, NTAK is only expressed in the brain of rat E11.5 embryos,
and in the brain and thymus of adult rats. The soluble 46 kDa form binds directly to ErbB3
and B4, but not to ErbBl1 or B2. NTAK, however, transactivates ErbBl1 and B2 via
heterodimerization with ErbB3 or B4. NTAK stimulates the differentiation of MDA-MB-453
cells and competitively inhibits the binding of ['**I]neuregulin to these cells. In addition to
these neuregulin-like properties, NTAK exhibits limited structural homology to neuregu-
lins in the immunoglobulin (Ig)-like, EGF-like, and hydrophobic domains. Thus, NTAK

appears to be a new member of the EGF family displaying neuregulin properties.
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The ErbB family, which are membrane protein tyrosine
kinases, encompass four members, ErbB1 (EGF receptor),
B2 (neu), B3, and B4 (1-4). ErbB ligand-receptor interac-
tions have been shown to play crucial roles in embryonic
development (5-10) and are associated with certain human
malignancies (11). Studies on ErbB knockout mice have
clearly demonstrated that ErbB1 is essential for epithelial
development in the skin, lung, and gastrointestinal tract
(56-7). In addition, knockout studies have shown that
ErbB2 and B4 are crucial for the development of the cardiac
muscle and central nervous systems (9, 10).

Direct ligands for these receptors, except for ErbB2,
have been identified. EGF (12), transforming growth
factor-a (13), amphiregulin (14), heparin-binding EGF-
like growth factor (HB-EGF) (15), betacellulin (16), and
epiregulin (17) have been identified as ligands for ErbB1.
On the other hand, neuregulins are known to bind directly
to ErbB3 and B4, and to transactivate ErbB1 and B2 via
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heterodimerization with ErbB3 and B4 (18, 19).

In order to investigate other possible ErbB3 and/or B4
ligands, RT-PCR was carried out to clone PC-12-derived
ErbB3 and/or B4 ligands using primers sandwiching the
EGF-like domain of neuregulin (20), and then we cloned a
gene encoding a novel direct ligand, NTAK, for ErbB3 and
B4. We also cloned a gene encoding the human homologue
of NTAK.

EXPERIMENTAL PROCEDURES

PCR and ¢DNA Cloning of NTAK—cDNA was synthe-
sized from poly(A)* RNA of PC12 cells by random hexamer
priming using MMLYV reverse transcriptase (Gibco). The
following oligonucleotide primers were prepared: 5 -prim-
er, 5-AAGGAGAAAACTTTCTGTGTGAATGG-3 (K'®®
EKTFCVNG of NDF, sense); and 3’-primer, 5 -GCAGTA-
GGCCACCACACACATGATGCC-3" (G*'IMCVVAYC of
NDF, antisense). PCR (21) was performed for 35 cycles
comprising 94°C for 1 min, 55°C for 2 min, and 72°C for 1
min. A Uni-ZAP XR cDNA library was prepared from
poly(A)* RNA of PC-12 cells using a ZAP ¢cDNA library kit
(Stratagene) according to the instruction manual. Three
hybridizing clones were purified and analyzed with an auto-
matic DNA sequencer (Perkin-Elmer 373A). To analyze
the isoforms of NTAK, the following PCR primers perfect-
ly matching NTAK were synthesized: 5 -primer, 5-AC-
AGCCAAGTCCTACTGTGTGAATGG-3" (T***AKSYCV-
NG, sense), and 3'-primer, 5'-ACAGTAGGCGACCACAC-
AGACGATGCC-3" (G**’IVCVVAYC, antisense). Human
NTAK ¢DNA was cloned from the human neuroblastoma
cell line, SK-NSH cells, using rat NTAK ¢cDNA as a probe.
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Purification and NH,-Terminal Sequence Analysis of
Processed rNTAKa2a—Recombinant NTAK o 2a was puri-
fied from NS-67 cell-conditioned medium (20 liters) by
heparin affinity, Cu-chelate, and C,-reversed phase column
chromatographies based on HB-EGF purification proce-
dures (22). The activity of NTAK was estimated as
quantitating the increase in tyrosine phosphorylation of
ErbB3 in MDA-MB-453 cells. The purified rNTAKa2a
protein (8 ug) was separated by SDS-polyacrylamide gel
electrophoresis, electroblotted onto a PVDF membrane,
and then stained with Coomassie Brilliant Blue. A piece of
membrane was directly applied to a Hewlett Packard
protein sequencing system, HP G1005A.

Cell Lines and Transfectants—The NS-67 cell line was
established from CHO-K1 cells by transfection with
NTAKa2a cDNA subcloned into the pRc/CMV plasmid
(Invitrogen). Mouse myeloid 32D cells (ATCC) were trans-
fected transiently with human ErbB1l, B2, B3, and B4
¢DNAs subcloned into the pRe/CMV plasmid (20 ug each)
singly or in pairwise combinations by electroporation (500
©F, 350 V). Human ErbB1 ¢cDNA was a gift from Dr. M.
Shibuya (The University of Tokyo), B2 cDNA from Dr. T.
Akiyama (Osaka University), and B3 and B4 ¢cDNAs from
Dr. T. Arakawa (Amgen).

Surface Plasmon Resonance Analysis—The purified
rNTAK a2a was immobilized on a CM5 sensor chip (Phar-
macia Biosensor). The ectodomain purified from each ErbB
(20 g1, 100 xg/ml in 10 mM phosphate-buffered saline)
was injected at the flow rate of 5 xl/min. The ErbB1
ectodomain was purified from A-431 cell-conditioned
medium by affinity chromatography on an anti-ErbB1

S. Higashiyama et al.

antibody column. The purified ectodomains of ErbB2, B3,
and B4 were generous gifts from Dr. T. Arakawa. Surface
plasmon resonance analyses were performed at 25°C with a
BIAcore 2000 apparatus (Pharmacia Biosensor).

Immunostaining—An anti-NTAK rabbit antibody was
raised against a synthetic peptide corresponding to the 308-
327 amino acid sequence in Fig. 1. Western blot analyses
revealed that the antibody does not crossreact with neu-
regulins (Higashiyama et al., unpublished observation).
Brain tissues of 4-week-old rats were perfusion-fixed with
4% paraformaldehyde, and then frozen sections were used
for immunohistostaining of the NTAK protein by the
avidin-biotin complex method (Vector Laboratories) using
the rabbit anti-NTAK antibody. An excess amount of the
peptide blocked NTAK immunostaining.

In Situ Hybridization—Whole-mount in situ hybridiza-
tion was performed with an antisense NTAK probe labeled
with digoxigenin. The mRNA was detected with alkaline
phosphatase-conjugated anti-digoxigenin antibodies and
4-nitrotetrazolium chloride (Boehringer Mannheim RNA
labeling and detection kit).

Northern Blotting Analysis of mRNA—Poly(A)* RNA
was prepared by oligo(dT)-cellulose affinity column chro-
matography (23). Poly(A)* RNA was electrophoresed in a
1% agarose gel, transferred to a HybondN* membrane
(Amersham) by capillary diffusion, and then hybridized
with a rat NTAK or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) probe. The hybridized membranes
were put into contact with a BAS1000 plate (Type BAS-
IIIs), and then analyzed with a BAS1000 (Fuji Photo Film,
Tokyo).
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Fig. 1. NTAK structure. Predicted primary translation products of
rat NTAKa2a and human NTAKe«. Underline, NH,-terminal amino
acid sequence of purified rr-NTAKa2a; asterisks, possible sites of
N-linked glycosylation; arrows, possible translation initiation sites;
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860 rat NTAKa2a
850 human NTAKa

hyphens, identical amino acids in rat and human. Gaps were inserted
in the sequence for the best alignment. The NH,-terminal amino acid
of the rat NTAK2b isoform has not been determined yet.

J. Biochem.

2102 ‘Z G010 uo AisAUN Buned e /B10's[euInolpioxoqlj/:dny woiy pepeojumod


http://jb.oxfordjournals.org/

NTAK, a Novel Ligand for ErbB3 and B4

RESULTS AND DISCUSSION

Four of the cloned ¢cDNAs were found to encode novel
closely related sequences. Using the mixture of the cDNA
fragments as a probe, three hybridizing clones were iso-
lated from a ¢cDNA library constructed from rat PC-12
cells. One of these clones encodes an open reading frame
consisting of 2,580 bp. An 860 amino acid residue primary
translation product of rat NTAK was predicted from this
clone (Fig. 1). Human NTAK cDNA was also cloned from
human SK-NSH cells. An 850 amino acid residue primary
translation product was predicted from this clone (Fig. 1).
Rat NTAKa2a and human NTAKa show 94% identity in
their amino acid sequences. Amino acid hydropathy analy-
sis (Fig. 2a) of rat NTAKa2a revealed a hydrophobic 23
amino acid stretch from valine 422 to cysteine 444. A
typical signal peptide was not found at the NH,-terminus.
NTAK has three characteristic Ig-like, EGF-like, and
hydrophobic domains, of which the amino acid sequences
are completely identical in rat and human (Figs. 1 and 2a).
Furthermore, an alternative splicing site in the EGF-like
domain gives rise to at least four NTAK isoforms (a1, 2,
£, and y), and at phenylalanine 223 two NTAK o 2 isoforms
(a2a and a2b) (Figs. 1 and 2¢). The predicted sequence of
NTAK is novel and exhibits significant homology with
neuregulin in the three characteristic domains. Between
the first and sixth cysteines in the EGF-like domain,
NTAKa and g are structurally most similar to rat neuregu-
lin (49%) (20). There is 43-46% identity to rat EGF (24)
(Fig. 2¢). The hydrophobic domain of NTAK is 91% identi-
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cal and the Ig-like domain 38% identical to the correspond-
ing domains of neuregulin, respectively. However, the
NH,-terminal region upstream of the Ig-like domain and
the cytoplasmic domain exhibit no structural homology
with any member of the EGF family including neuregulins.
Recently, neuregulin 2 was identified and revealed to be
identical to NTAK (25, 26).

To characterize the biological activities of NTAK, rat
recombinant NTAK«2a (rr-NTAK «2a) was purified from
the conditioned medium of NS-67 cells, a stable clone of
CHO-K1 cells transfected with full-length rat-NTAKa2a
c¢DNA. The purified rr-NTAKa2a gave a 46 kDa diffuse
band (Fig. 2b). Approximately 8 uzg of the purified rr.
NTAKa2a protein was subjected to microsequencing,
yielding the unique NH,-terminal amino acid sequence,
X-Y-S-P-S-L-K-S.V-Q-D-Q-A-Y-K-A-P-V-V.-V-E-G-K-V-Q-
G-L-A-P-A-G-G-S-8-8S, which matches amino acids 128 to
162 of the predicted primary sequence (Fig. 1), suggesting
that methionine 109 might be a possible translation initia-
tion site.

Since NTAK is structurally a new member of the EGF
family, NTAK-ErbB interactions were examined in a
purified protein-protein interaction system by means of
surface plasmon resonance analyses. NTAK bound directly
to the purified ectodomains of ErbB3 and B4, but not to that
of ErbB1 or B2 (Fig. 3a). To investigate the biochemical
effects of NTAK-ErbB interactions, the ability of rre
NTAK «2a to induce the tyrosine phosphorylation of ErbBs
was examined using mouse myeloid 32D cell lines, which do
not express any endogenous ErbB (18), but which were
transfected with ErbB ¢cDNA singly and in pairwise combi-
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Fig. 2. Rat NTAK protein purification and isoform analyses. a:
Scheme of the rat NTAKa2a primary translation product and
hydropathy profile. b: SDS-polyacrylamide gel electrophoresis.
Protein was visualized by silver staining (arrow head). Lane C,
without sample; lane NTAK, approximately 100 ng of purified rr-
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NTAKa2a. c: Isoform analyses of rat NTAK and its alignment. The
four isoforms of rat NTAK are aligned with rat neuregulin (NRG)
isoforms (27) and other rat EGF family members (28-30). Hyphens,
identical amino acids; asterisk, COOH-terminus. Gaps were inserted
in the sequence for the best alignment.
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nations. rr-NTAKa«2a induced the tyrosine phosphoryla-
tion in 32D-B4 cells expressing ErbB4 alone, but not in
32D-B3 cells expressing ErbB3 alone, since these cells have
impaired kinase activity. rre NTAK«2a also did not stimu-
late the tyrosine phosphorylation in 32D-B1 or 32D-B2
cells (Fig. 3b). rr-NTAKa2a, however, significantly in-
creased the tyrosine phosphorylation of both of the paired
ErbB receptors in 32D cells expressing ErbB1/B3, B2/B3,
B3/B4, B1/B4, and B2/B4 in pairwise combinations (Fig.
3b), suggesting that rr- NTAK« 2a can transactivate ErbB1
and B2 via heterodimerization with ErbB3 or B4.

Since the ErbB cross-activation induced by rr-
NTAK «2a was similar to that of neuregulin (18, 19), other
activities of neuregulin were examined. MDA-MB-453
cells treated with rr-NTAK«2a or recombinant human
neuregulinB1 (rh-neuregulin81) were more adherent than
controls. The treated MDA-MB-453 cells displayed a flat
morphology with larger nuclei and increased cytoplasm,
whereas the untreated cells were round and only moderate-
ly adherent (Fig. 4a). Purified rr-NTAKa«2a induced
ErbB2 and B3 tyrosine phosphorylation in MDA-MB-453
cells as did rheneuregulingl (Fig. 4b). Furthermore, rr-
NTAKa2a was found to inhibit by more than 90% the
binding of '?*I-rh-neuregulinf1 to MDA-MB-453 cells, as
did rheneuregulingl (Fig. 4c), indicating that rr-
NTAKa2a binds to the same receptor as rheneureguling1
does.
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Fig. 3. NTAK-ErbB interactions. a: Sensorgrams of NTAK-
ErbB interactions. The binding of purified rr-NTAKae2a to the
purified ectodomain of ErbB was determined by surface plasmon
resonance analysis with a BlAcore 2000 apparatus. b: Tyrosine
phosphorylation of ErbBs by rr« NTAKa2a in 32D cells (1 X 108 cells)
transiently expressing ErbB1-B4 (1, 2, 3, and 4 represent single
expression, and 1/3, 1/4, 2/3, 2/4, and 3/4 pairwise expression).
Untreated or rr-NTAKa2a-treated (100 ng/ml) transient trans-
fectants were immunoprecipitated with ErbB antibodies (IP Ab 1-4)
and then analyzed with anti-phosphotyrosine antibody PY-20 as
described previously (18). One microgram of anti-ErbB1 (UBI}, anti-
ErbB2 (#Ab-1) (CALBIOCHEM), anti-ErbB3 (#841), or anti-ErbB4
(#C-18) (Santa Cruz Biotech.) was used.
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Overall, NTAK is functionally similar to neuregulin in
terms of directly activating ErbB4, transactivating ErbB1,
B2, and B3, and stimulating the differentiation of MDA-
MB-453 cells.

A nucleotide probe corresponding to the sequence of
NTAK hybridized predominantly with 3.6, 5.0, and 7.2 kb
transcripts in PC-12 cells (Fig. 5a). In adult rat tissues,
these three NTAK transcripts were found in most parts of
the brain, especially the olfactory bulb and cerebellum, and
the 3.6 and 5.0 kb transcripts in the thymus. They were not
detected in heart, adrenal gland, or testis. The tissue-
specific expression pattern of NTAK mRNA differs from
that of neuregulin mRNA, which is expressed in heart,
liver, kidney, stomach, spinal cord, ovary, lung, spleen, and
skin (20, 27).

In situ hybridization of rat E11.5 embryos with an
NTAK.specific RNA probe demonstrated that NTAK
mRNA is expressed in the telencephalon, but not in the
hindbrain or heart expressing neuregulin mRNA (Fig. 5, b
and c). The differences between the NTAK and neuregulin
mRNA expression patterns in embryo and adult rats
suggest different functional roles in vivo. It has been
reported that ErbB3 is expressed in migrating neural crest
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Fig. 4. Biological effect of NTAK on MDA-MB-453 cells. a:
Induction of MDA-MB-453 cell differentiation. Cells were cultured
for 24 h in DMEM supplemented with 2% FCS. rr- NTAK «2a (20 ng/
ml) or rh-neureguling1 (20 ng/ml) (gifts from Dr. Richard Vandlen,
Genentech) was added to the medium and then the incubation was
continued for an additional 3 days. b: Tyrosine phosphorylation of
ErbB in MDA-MB-453 cells induced by rr-NTAKa2a (20 ng/ml) or
rh-neuregulinf1 (5 ng/ml). ¢: Competitive inhibition of the binding
of '*I-rh-neuregulinf1 to MDA-MB-453 cells. Recombinant h-neu-
regulinf1 was labeled with '**I-Bolton-Hunter reagent (ICN) (31).
Binding competition assays were carried out as described previously
(15). Each point is the mean of quadruplicate measurements.
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Fig. 5. mRNA and protein detection of NTAK. a: Northern
blotting analyses. Poly(A)* RNA preparations of PC12 cells (2.5 ug)
and 4-week-old rat tissues (brain, 5.0 xg; heart, 7.5 ug; adrenal
gland, 4.0 ug; testis, 2.0 ug; and thymus, 6.0 xg) were immobilized
on Hybond N* (Amersham). b-c: Whole mount in situ hybridization
of a rat E11.5 embryo with an NTAK-specific probe (a Sall/Notl
1,530 bp fragment) labeled with digoxygenin. b, lateral; c, ventral. d-
f: Immunohistostaining of NTAK in a 4-week-old rat brain (horizon-
tal section). NTAK protein was positively stained (brown color) in the
pyramidal layer of the hippocampus (d, X 20), pyramidal cells in the
occipital cortex of the cerebrum (e, %X 100), and Purkinje cells in the
cerebellum (f, X 100).

cells of the head and trunk, and that ErbB4 is expressed in
the hindbrain (8). The distinct expression patterns of
NTAK, ErbB3, and ErbB4 indicate paracrine signaling in
vivo. However, the ligand-receptor relationship between
NTAK and the ErbB family must be examined more
precisely.

In a 4-week old rat, immunostaining of the NTAK
protein was widely distributed in the neurons of the whole
brain, consistent with the mRNA expression pattern. The
most intense staining was found in the pyramidal layer of
the hippocampus (Fig. 5d). Pyramidal cells of the cerebral
cortex (Fig. 5e) and Purkinje cells of the cerebellum (Fig.
5f) were also stained positively. Most of the NTAK-posi-
tive cells were neurofilament-positive and GFAP-negative
on double immunostaining (Higashiyama et al., unpub-
lished observation), suggesting NTAK was mainly pro-
duced by neuronal cells.

In summary, we have cloned a new member of the EGF

Vol. 122, No. 3, 1997

679

family, NTAK, that shows limited structural homology to
neuregulins and other EGF-like ligands, but which has the
same biological properties as neuregulins. Thus, NTAK is
neuregulin-like rather than EGF-like. However, the distri-
butions of NTAK and neuregulins differ, suggesting that
there may be multiple mechanisms for activation of the
ErbB protein kinase family in the central nervous system.
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