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Induction by NGF of Meiotic Maturation of Xenopus
Oocytes Expressing the trk Proto-Oncogene Product

ANGEL R. NEBREDA, DIONISIO MARTIN-ZANCA,* DAvVID R. KAPLAN,

Luis F. PArRADA, EUGENIO SANTOST

The effect of nerve growth factor (NGF) was assessed in Xenopus oocytes expressing
the human trk proto-oncogene product, pl40P ™ Qocytes injected with trk
messenger RNA expressed polypeptides recognized by antibodies to the trk gene
product. Exposure of these oocytes to nanomolar amounts of NGF resulted in specific
surface binding of '2°I-labeled NGF, tyrosine phosphorylation of p140P**°™*, and
meiotic maturation, as determined by germinal vesicle breakdown and maturation
promoting factor (p34°92) kinase activation. Thus the trk proto-oncogene product can
act as a receptor for NGF in a functionally productive manner.

HE MEMBERS OF THE TRK GENE
family (1) code for receptor-like, ty-
rosine kinase molecules that are tran-
scribed in a pattern that suggests that they
have a specialized role in neural tissue devel-

opment (2). NGF (3) induces tyrosine”

phosphorylation and tyrosine kinase activ-
ity of the #k proto-oncogene product
(p140Pr°rk) in PC12 cells (4), suggesting
that this protein may transduce NGF sig-
nals. In Xenopus oocytes, factors that control
cell proliferation and regulate the cell cycle
(including hormones, growth factors and
their receptors, and oncogenes) can easily be
studied (5-7). We have now expressed the
product of the human trk proto-oncogene in
Xenopus oocytes by injecting them with trk
mRNA synthesized in vitro and analyzing
the biochemical and biological effects pro-
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duced by NGF in these oocytes.

A cDNA fragment coding for the com-
plete human ¢k proto-oncogene product (8)
was inserted into vector pGEM2 to generate
plasmid pGEMTRK-R1 from which full-
length sense trk mRNA can be transcribed.
An analogous H-ras"*'? construct, used as a
control in these studies, was generated with
a 670-bp EcoR I fragment from plasmid
pJCL30 (9). These constructs were used to
synthesize in vitro the full-length ¢k mRNA
(2.7 kb) and ras mRNA (0.7 kb) (Fig. 1A),
which were then injected into the cytoplasm
of full-grown Xenopus oocytes. Expression
of the protein products, after incubation to
allow for translation of the injected mRNA,
was assessed by immunoprecipitation of ly-
sates of radiolabeled, injected oocytes with
specific antibodies (Fig. 1BJ. Immuno-
precipitation with two different antibodies
to either the whole p70*™* oncogene protein
(10) (lanes 1 and 2) or the COOH-terminal
region of pl40P®* (8) (lanes 3 and 4)
revealed significant de novo accumulation of
two polypeptide bands of 110 and 140 kD
(Fig. 1B, lanes 2 and 4) that corresponded
in size to the glycosylated protein products
of human trk (8). The antibodies did not
react with these molecules in control oocytes
injected with water (lanes 1 and 3).

Expression of p21™° in oocytes was car-
ried out in a similar manner by injecting the
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ras mRNA and allowing translation of the
functional protein product. Expression of
p217®¥*!2) protein in oocytes injected with
ras mRNA resulted in rapid induction of
germinal vesicle breakdown (GVBD), with
an efficiency similar to that caused by pro-
gesterone, the physiological inducer of
GVBD in oocytes (Table 1). Oocytes inject-
ed with water remained morphologically
unaltered. In addition, injection of water
and subsequent incubation before proges-
terone treatment did not alter the ability of
the injected oocytes to undergo hormone-
induced meiotic maturation (Table 1), indi-
cating that the microinjection procedure
does not impair the maturation ability of the
oocytes.

In contrast, injection of trk mRNA and
subsequent expression of pl40Pe=* did
not produce any significant GVBD by itself
(Table 1). Addition of low concentrations of
NGF (1.7 to 35 nM) to oocytes expressing
p140P™°™ resulted in meiotic maturation,
with the highest levels of GVBD obtained in
those experiments where translation of the

Fig. 1. Expression of p140P™™* in  p 1
Xenopus oocytes injected with syn-
thetic trk proto-oncogene mRNA.
(A) Ethidium bromide staining
of RNA markers (lane 1), raslys12
mRNA (lane 2), trk proto-onco-
gene mRNA (lane 3) synthesized
(17) in vitro and electrophoresed
on 1% agarose gels. (B) Immuno-
precipitation of trk mRNA-inject-
ed (lanes 2 and 4) and water-inject-

285—
185—

Fig. 2. Activation of MPF kinase
complex. Histone H1 kinase assay

Progesterone
(18) of oocytes from same samples
analyzed in Table 1, experiment 3.  fasmRNA
Similar results were obtained in all  gxmRNA
other experiments in Table 1. (A) b

Autoradiogram of total reaction
mixtures. (B) Same gel as in (A)
after alkaline treatment (19). Posi-
tion of exogenously added histone
H1 is indicated. Lane 1, control,
water-injected  oocytes; lane 2,
NGF, 35 nM; lane 3, progesterone,
15 pM; lane 4, untreated, trk-ex-
pressing oocytes; lane 5, trk-ex-
pressing oocytes treated with 35

Histone H1 » |

123456

1234 586

nM NGF; lane 6, ras-expressing oocytes. Gels were exposed at room temperature for 5 hours (A) and

16 hours (B).

mRNA proceeded for the longest time be-
fore NGF treatment (Table 1). Addition of
NGF to uninjected oocytes or to oocytes
injected with water alone did not produce
any meiotic maturation (Table 1), indicating
that NGF-induced GVBD was dependent
upon p140P =k expression.

Oocyte meiotic maturation requires the

3 B 12,338
— -
200— ’“ l * « plagerototrk
s 97— i - pﬂoprmotrk
«ras 68 — A
43 —

g

ed (lanes 1 and 3) oocytes with rabbit antiserum 6-3 (lanes 1 and 2) to full length, bacterially expressed
p70"* (10) or with rabbit antiserum 43-4 (lanes 3 and 4) to a COOH-terminal trk proto-oncogene
peptide (8). The oocytes (five per gel lane) were injected and maintained in ND-96 medium (16)
supplemented with 1 mCi/ml each of [35S]methionine (1100 Ci/mmol) and [3S]cysteine (900
Ci/mmol) (NEN) for 14 hours at 20°C. Oocyte lysates prepared in “radioimmunoprecipitation”
(RIPA) buffer (30 pl per oocyte) were centrifugated and the supernatants were immunoprecipitated (3
hours, 4°C) with antisera 6-3 or 43-4 preadsorbed to protein A-Sepharose were (Pharmacia). The
immunoprecipitates were washed four times with RIPA buffer, mixed with SDS-electrophoresis sample
buffer, and analyzed by electrophoresis with 10 to 20% SDS-polyacrylamide gradient minigels

(Integrated Separation Systems) followed by autoradiography for 18 hours at —70°C.

Table 1. Induction of meiotic maturation in injected oocytes. Oocytes ob-
tained from different frogs for each experiment were injected with ras*!2
mRNA, trk mRNA, or water (16) and maintained in ND-96 medium
without KCI. At the indicated times after injection, oocytes were treated with
the different agonists for 12 to 15 hours. Ras mRNA was injected at the time
of agonist treatment of the trk- and water-injected oocytes, and GVBD

previous activation of the maturation pro-
moting factor (MPF) complex (5, 11),
which leads irreversibly to GVBD (5-7).
This active complex contains a serine-threo-
nine histone H1 kinase activity that can be
readily assayed in oocyte lysates. We con-
firmed biochemically the morphological es-
timation of GVBD in Table 1 by assaying
the H1 kinase activity in lysates of the
oocytes matured under the various condi-
tions tested (Fig. 2). There was the same
amount of kinase activity in oocytes that had
been treated with NGF plus trk mRNA as in
oocytes that had been induced to mature
with progesterone or p217° (Fig. 2). Unlike
other endogenous substrates that became
phosphorylated in the assays (Fig. 2A), the
phosphorylation of exogenous histone H1
was in all cases resistant to alkali treatment
(Fig. 2B), presumably due to threonine
phosphorylation.  Oocytes  expressing
p140P™°™ but not treated, did not show
H1 kinase activity. No HI kinase activity
was detected either in control, uninjected
oocytes treated with NGF alone, or in
oocytes injected with water and treated with
NGEF. Therefore, it appears that maturation

was scored 12 to 15 hours later. Percentage GVBD was estimated by scoring
the absence of the nucleus (germinal vesicle) in oocytes fixed with 10%
trichloroacetic acid. Number of oocytes matured per total number of oocytes
used in each experiment is indicated in parenthesis. Time between injection
and agonist treatment: experiment (exp.) 1, 48 hours; exp. 2, 25 hours; exp.
3, 25 hours; exp. 4, 16 hours; n.d., not done.

GVBD (percentage)

Injection Agonist

Exp. 1 Exp. 2 Exp. 3 Exp. 4
ras mRNA - 100 (10/10) 100 (8/8) 100 (8/8) 100 (8/8)
Water Progesterone (15 pM) 100 (10/10) 100 (8/8) 100 (8/8) 100 (9/9)
Water - 0 (0/9) 0 (0/8) 0 (0/6) 0 (0/8)
Water NGF (35 nM) 0 (0/10) 0 (0/8) 0 (0/6) 0 (0/9)
trk mRNA - 0 (0/5) 12 (1/8) 0 (0/7) 0 (0/8)
trk mRNA NGF (35 nM) 100 (6/6) 100 (7/7) 88 (7/8) 40 (4/10)
trk mRNA NGF (1.7 nM) n.d. nd. nd. 20 (2/10)
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induced by p140P™*°™* plus NGF treatment
proceeds by the same mechanisms as that
induced by p21™* or progesterone.

Our results indicate that a functional in-
teraction between NGF and p140P ™™ js
responsible for triggering activation of MPF
and subsequent meiotic maturation. Thus,
p140P ™% may act as a receptor for NGF.
To test this, we examined the specific bind-
ing of '**I-labeled NGF to the surface of
oocytes expressing pl40P™™"* (Fig. 3A).
Incubation of oocytes expressing p140P Tk
with increasing concentrations of '*I-labeled
NGEF resulted in specific binding that was
greater than the background binding in con-
trol, water-injected oocytes. The radioactivity
bound to oocytes that had been injected with
water was considered nonspecific because ad-
dition of excess (>150-fold) unlabeled NGF
to the reaction mixtures did not change the
amount of radioactivity incorporated by wa-
ter-injected oocytes, whereas it reduced the
radioactivity bound to trk-injected oocytes
to the same levels as for water-injected
oocytes. Furthermore, the specific binding
of '?I-labeled NGF to trk-injected oocytes
was completely blocked by a neutralizing
antibody to NGF (Fig. 3A). Thus, the 251
labeled NGF specific binding was defined as
the difference between radioactivity bound
to trk-injected and that bound to water-

injected oocytes (Fig. 3A, inset). Immuno-
precipitation with antibodies to p140PtoT
of extracts of oocytes after the binding reac-
tion with '?*I-labeled NGF (12) showed
that there was a direct, physical interaction
between NGF and p140Pr*,

A functional, direct interaction between
p140Po™* and NGF was indicated by the
detection of tyrosine-specific phosphoryla-
tion of p140P™** after NGF binding (Fig.
3B, lane 2). A 5-min exposure to NGF of
oocytes expressing p140P°* allowed the
detection in immunoprecipitates of a ty-
rosine-phosphorylated band that comi-
grated with the mature p140P™*™ product
(8) expressed in the oocytes injected with ¢rk
mRNA (Fig. 1B). Expression of
p140P™™ alone or treatment of control
oocytes with NGF did not produce such
phosphorylation (Fig. 3B, lanes 1 and 3).

Our results demonstrate that p14QProro
expressed in oocytes can interact functional-
ly with exogenously added NGF. Binding of
NGEF to p140P™*" results in rapid tyrosine
phosphorylation of this protein and triggers
GVBD by activation of the MPF kinase
complex. Similar tyrosine phosphorylation
and GVBD induction upon ligand binding
occurs in oocytes expressing the human epi-
dermal growth factor (EGF) receptor (7). It
is likely that the NGF-induced tyrosine

T A B tkmRNA + + -
NGF -+ +
24 2 6
e 4 e -
[ -] oF=
a 4+ w 4
c 28
Sk - PRERA o 43~
£ a
& ]
B T e 29-
z T 0 2 4 6 Bloi2 1416 123
;g ot NGF (nM)
}_ =
S w
e Fig. 3. Binding of NGF and
induction of tyrosine phos-
phorylation of pl4QPromr,
¢ 0.5nM 0.5nM 0.75nM  2.0nM 2.0nM  8.0nM 8.0nM  15.0nM . e S i
: .0nM 2.0n .0nM 8.0n .On A
BNGF BNGF BINGF BHGFENGE  BGFEINGE BINGF ob [0 oocytes injected
+ + a':h with trk proto-oncogene
mwﬂ mNCFM NG mRNA (solid bars) or with

water (open bars). Groups

of three to five oocytes injected with water or trk mRNA (16) were incubated 48 hours after injection
with the indicated concentrations of '**I-labeled 2.5S murine NGF (1500 Ci/mmol) (Amersham) at
0°C (to avoid internalization) for 3 to 4 hours in ND-96 medium supplemented with bovine serum
albumin (1 mg/ml). Where indicated, an excess (350 nM) of unlabeled 2.58 murine NGF (Bochringer
Mannheim) or a neutralizing antibody to NGF (dilution 1/50) (Sigma) were included in the reaction
mixtures. Qocytes were washed five times at 0°C, counted individually, and the average and SD of
radioacrivity incorporated per oocyte calculated. Similar results were obrained in two separate
experiments performed with oocytes from different animals. (B) NGF-induced tyrosine phosphoryla-
tion of p140P™™"* (arrow) expressed in oocytes. Lysates of oocytes (16 per gel lane) injected 48 hours
previously with rrk mRNA (lanes 1 and 2) or water (lane 3) were incubated with 35 nM NGF for 5 min

(lanes 2 and 3), followed by extraction with Triton X-100—containing buffer (13).

immunoprecipitates prepared with antibody 43-4

lepnno[rk
(8) as in Fig. 1 were electrophoresed in 10 to 20%

SDS-polyacrylamide gradient minigels and analyzed by Western blotting with antiphosphotyrosine
monoclonal antibody 4G10 (Upstate Biotechnology Inc.) and '?*I-labeled sheep antibody to mouse
immunoglobulin G (IgG) (1500 Ci/mmol) (Amersham). The autoradiogram was exposed for 48 hours

at —70°C. Bands ar the 45-kD marker correspond
chain and '**I-labeled antibody to mouse IgG.
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to cross-reaction between the rabbit 43-4 IgG heavy

phosphorylation of p140P** constitutes
the initiating signal for the observed biolog-
ical effects.

Our results also suggest that NGF is a
functional ligand for p140P*°™* and thus
p140P ™% may act in vivo as a receptor for
this multifunctional growth factor (3). This
work with Xenopus oocytes confirms and
extends other observations (14) showing
that p140P™ is a functional receptor for
NGF in PC12 cells. Interestingly, expres-
sion in Xenopus oocytes of a different NGF
receptor, coded by a gene unrelated to trk,
does not result in meiotic maturation, even
upon exposure to NGF (15).
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Chimeric NGF-EGF Receptors Define Domains
Responsible for Neuronal Differentiation

HA1 YAN, JOSEPH SCHLESSINGER, MOSES V. CHAO

To determine the domains of the low-affinity nerve growth factor (NGF) receptor
required for appropriate signal transduction, ‘a series of hybrid receptors were
constructed that consisted of the extracellular ligand-binding domain of the human
epidermal growth factor (EGF) receptor (EGFR) fused to the transmembrane and
cytoplasmic domains of the human low-affinity NGF receptor (NGFR). Transfection
of these chimeric receptors into rat pheochromocytoma PC12 cells resulted in
appropriate cell surface expression. Biological activity mediated by the EGF-NGF
chimeric receptor was assayed by the induction of neurite outgrowth in response to
EGF in stably transfected cells. Furthermore, the chimeric receptor mediated nuclear
signaling, as evidenced by the specific induction of transin messenger RNA, an
NGF-responsive gene. Neurite outgrowth was 'not observed with chimeric receptors
that contained the transmembrane domain from the EGFR, suggesting that the
membrane-spanning region and cytoplasmic domain of the low-affinity NGFR are

necessary for signal transduction.

T HE BIOLOGICAL ACTIVITIES OF
NGF, like those of EGF, are mediat-
ed by cell-surface receptor proteins
that span the plasma membrane (1, 2). Re-
ceptors for NGF exist in a high- and low-
affinity form. However, it is unclear whether
the low-affinity form is capable of participat-
ing in signal transduction. To investigate the
function of the low-affinity NGFR repre-
sented by the p75™S*® protein (2), and the
structural requirements necessary to elicit
biological responses by NGF, we construct-
ed chimeric receptors that consisted of var-
ious domains from the human EGFRs and
NGFRs and tested their ability to carry out
signal transduction.

The cDNA sequences (3) that coded for
the ligand-binding domain of the human

EGFR (amino acid residues —24 to 541)

were fused with the sequences that encoded
the transmembrane and cytoplasmic se-
quences (amino acids 188 to 399) of the
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human p75NSF®R (2), creating EN10 cDNA.
(Fig. 1). We also constructed two other .
chimeric receptor cDNAs with a similar
strategy (Fig. 1, EN30 and EN31). EN30
resulted from a ligation between the extra-
cellular domain of the EGFR (amino acids
—24 to 619) with p75NS*® transmembrane
and cytoplasmic sequences (amino acids 204
to 399), and EN31 consisted of EGFR
ligand-binding and transmembrane domains
(amino acids —24 to 647) fused to only the

cytoplasmic domain (amino acids 250 to
399) of the NGFR. Each hybrid cDNA was
introduced into either the pMV7 (4) or
pCMV5 (5) mammalian expression vectors.

Rat PC12 cells were transfected with each
plasmid, and stable transfectants were select-
ed by resistance to G418. Expression of the
chimeric proteins was assessed by rosetting
analysis (2) with the R1 monoclonal anti-
body, which recognizes the human EGFR
(6). Positive clones were selected and used
for immunoprecipitation and cross-linking
analyses. Transfected cells were labeled with
358-labeled Cys and Met, and receptors were
immunoprecipitated with the R1 antibody.
In cells that expressed the EN10 and EN30
cDNAEs, the chimeric receptors were com-
pared to the native EGFR in A431 cells
(Fig. 2A). The chimeric receptors migrated
at an apparent molecular size of 140 kD, as
would be expected for a receptor that con-
tained the comparativgly shorter NGFR cy-
toplasmic domain. Endogenous EGFRs
were not detected, as the R1 antibody was
specific for human EGFRs (6).

Treatment of PC12 cells with NGF led to
morphological differentiation into a sympa-
thetic cell phenotype (7). No changes in -
morphology were observed with cells treat-
ed with EGF (Fig. 3). We tested the mor-
phological response to NGF and EGF in
transfected cells that contained chimerie re-
ceptors. All clones responded to NGF at
concentrations necessary to observe biolog-
ical responses (1 to 10 ng/ml) (8). In clonal
cell lines that contained the EN10 and
EN30 chimeric receptors, EGF induced cell
flattening within hours and extensive neurite
outgrowth after 3 days of treatment with
EGF. From 40 to 75% of the EN10- and
EN30-containing cell lines showed a phase
bright neuronal-like morphology in re-
sponse to EGF, and the majority of pro-
cesses were greater than one cell diameter
and approached several hundred microme-
ters. The response of these cells to treatment
with concentrations of EGF between 0.5 to
5 ng/ml was qualitatively similar to their

-28  223_244 399
NGFR NH, | COOH -
541/188

EN10 NH, COOH
Fig. 1. Schematic representation of
EGF and NGF chimeric receptors. 619/204
The sequences are aligned at their EN30  NH,{T NN IN \‘_—COOH
transmembrane domains, shown by
the vertical bar. The reading frame
was verified by DNA sequencing. gnay  NH 0 N l&\\sl-ﬁﬁ'
Filled region, NGFR; open re- 2 COOH
gions, EGFR; S, signal peptide;
striped regions, cysteine rich; _24 622 644 1186
checkerboard region, tyrosine ki- EGFR NH TN NN | ERReseesd 1 COOH
nase domain. S -
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