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ABSTRACT

Point mutations, deletions, and recombinations of the RET proto-onco
gene are associated with several inherited human diseases of neural
crest-derived cells: Hirschsprung's disease, familial medullary thyroid

carcinoma, and the multiple endocrine neoplasia (MEN) syndromes, types

2A and 2B. RET expression is restricted to normal and malignant cells of

neural crest origin, such as human neuroblastoma cells. To better under
stand the role of the activated RET oncogene In neural crest cells, we

transfected two adherent human neuroblastoma tumor cell lines with
oncogenic MEN2 mutant RET cDNAs. Transfectant clones from both cell
lines overexpressing MEN2B RET demonstrated a marked increase in the
cell fraction growing in suspension. Both control and MEN2B cells formed
tumors at the site of injection In all cases. However, mice injected with
MEN2B cells developed lung metastases at a much higher frequency than
control mice. Only RET protein derived from MEN2A transfectant cells

had increased autokinase activity, whereas MEN2B transfectant cells
demonstrated selective activation of the mitogen-activated protein Idnase,
Jun kinase-I (ink!). These results indicate a biochemical signaling path
way that may link oncogenic RET with the metastatic process.

INTRODUCTION

The RET proto-oncogene codes for a trans-membrane receptor
tyrosine kinase, which is necessary for normal neuro-ectodermal

tissue development. In the developing rodent peripheral nervous sys
tern, RET expression occurs at highest levels during migration of
primitive neural crest cells (1), whereas in adult rodent tissues, RET

expression is low (2). Recent studies have suggested that activation of
the RET receptor requires the formation of a multicomponent receptor
complex consisting of GDNF3 and a glycosyl-phosphatidylinositol
linked protein (GDNFR-a; Refs. 3â€”6).In mice lacking either GDNF
(7â€”9)or RET (10) expression due to targeted gene disruption, prim
itive neural crest cells fail to migrate to the gut wall, resulting in
congenital megacolon, or Hirschsprung's disease, and varying degrees
of renal agenesis. In humans, germ-line inactivating mutations of RET
have been linked to inherited and sporadic forms of Hirschsprung's
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disease (1 1, 12). The mechanism whereby activation of RET signaling
leads to neural migration in utero is unknown.

Specific germ-line point mutations of RET are associated with the
familial cancer predisposition syndromes: familial medullary thyroid
carcinoma and MEN types 2A and 2B (13â€”17).Affected MEN2A
patients develop MTC, pheochromocytoma, and parathyroid hyper
plasia, whereas MEN2B patients develop mucosal neuromas and
ganglioneuromas in addition to the MEN2A tumor types. Somatic
RET mutations have also been found in sporadic forms of MTC and
pheochromocytoma (15, 16). In the case of MEN2A and familial
medullary thyroid carcinoma, the RET mutations most commonly
occur in the cysteine-rich, putative ligand-binding extracellular do
main of exons 10 and 11 (14, 17) but have also been found in exons
13 and 14 (18, 19). In over 90% of MEN2B cases and in many cases

of sporadic MTC, the activating RET mutation involves a methionine
to threonine substitution at codon 91 8, within the cytoplasmic sub
strate recognition pocket of the tyrosine kinase domain (16, 20).

In malignant cells, endogenous RET expression is restricted to
tissues of neural crest origin: neuroblastoma cell lines and tumor
tissues, pheochromocytoma, MTC, astrocytoma, schwannoma, and
neurofibroma (21â€”24).Transgenic mice carrying RETin the germ line
under the control of the human metallothionein promoter developed a
single neuroblastoma tumor and multiple melanocytic tumors (25).
However, examination of human neuroblastoma tumor tissue and cell
lines did not show any evidence of gross deletion, rearrangement, or
amplification of RET genomic DNA or an association between RET
mRNA expression level and clinical tumor stage (21, 22, 26, 27).
Indeed, endogenous RET expression was induced in neuroblastoma
tumor cell lines, coordinate with a process of retinoic acid-induced
neural differentiation (28).

The biochemical mechanism by which proto-RET affects cell
growth is unknown. Transfection experiments with NIH 3T3 cells
indicate that transformation induced by MEN2A mutant RET is

associated with constitutive dimerization, enhanced tyrosine kinase
activity, and increased autophosphorylation of the mutant RET recep
tor (29, 30). Constitutive dimerization is thought to occur because
MEN2A mutations leave cysteine residues unpaired in the extracel
lular ligand binding domain. These cysteine residues form intermo
lecular disulfide bonds that covalently cross-link mutant receptors in
the absence of ligand. Conversely, the MEN2B mutation does not
substantially increase the tyrosine kinase activity of RET but alters the
substrate specificity of the kinase domain (20, 30). WT RET phos
phorylates synthetic tyrosyl-peptides that are substrates for the EGF

receptor, but MEN2B mutant RET preferentially phosphorylates
tyrosyl-peptides that are normally substrates for cytoplasmic tyrosine
kinases such as Src and AbI. Thus, transformation by MEN2B RET is
potentially a consequence of aberrant activation of signaling pathways
that are normally regulated by cytoplasmic tyrosine kinases, whereas
transformation by MEN2A RET may result from constitutive activa
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tion of signaling pathways that are activated only transiently when
WT RET is cross-linked by ligand.

Signaling downstream from tyrosine kinase receptors involves the
activation of kinase cascades culminating in the activation of homol
ogous, but distinct, proline-directed MAP kinases (31, 32). The ex
tracellular-signal-regulated MAP kinases (Erki and Erk2) are acti
vated by a signaling cascade involving Raf and MEK under the
control of Ras, whereas the c-Jun NH2-terminal MAP kinases (Jnkl
and Jnk2) are activated by a signaling cascade involving MEKK and
Sekl, under the control of the small GTPases Rac and Cdc42Hs,
probably via another kinase, PAK65 (33). A third cascade, also
activated by constitutively activated Rac and Cdc42Hs, regulates the
activity of p38 MAP kinase, the mammalian homologue of the yeast
osmotic responsive kinase, HOG! (34). Activation of these MAP
kinases is effected by phosphorylation of key regulatory threonine and
tyrosine residues. MAP kinase activation has not been evaluated in

neural crest cells expressing oncogenic or proto-RET.
To further elucidate the biochemical mechanism of oncogenic,

activating RET mutations and their effects on cellular growth prop
cities of neural crest-derived cells, we transfected and expressed
MEN2A, MEN2B, and WT RET in two adherent, human neuroblas
toma tumor cell lines. Our results suggest that MEN2B RET enhances
cell growth in suspension in vitro, increases metastatic behavior in
vivo, and selectively activates the MAP kinase, Jnkl.

MATERIALS AND METHODS

Cell Culture. The human neuroblastomatumorcell lines used in these
experiments were the N-myc-amplified BE (2)-C (BE) and the N-myc single
copy SH-SY5Y (SY) cell lines, both kindly provided by Dr. J. Biedler
(Memorial Sloan-Kettering Cancer Center, New York, NY). These cell lines
grew as adherent monolayers and were maintained in DMEM supplemented
with L-glutamine and 10% FCS. Cos-l (COS) cells were obtained from the
American Type Culture Collection (Bethesda, MD).

Plasmid Constructs and Transfections. Full-length human cDNAs cod
ing for the short-form RET proteins representing WT, MEN2B (codon 918
Metâ€”*Thr)mutant RET and MEN2A (codon 634 Cysâ€”*Arg)mutant RET,
were generated as described (35). Each cDNA was cloned into the PvuII
restriction enzyme site in the polylinker of the mammalian expression plasmid
pREP4 (36), which contains a resistance gene for the eukaryocidal antibiotic,
hygromycin B. Cloned cDNAs in the pREP4 vector were constitutively cx
pressed under the control of the Rous sarcoma virus long terminal repeat.

BE and SY cells were transfected with each construct using the electropo
ration technique as described previously (37). Hygromycin B (500 @Wml)
selection commenced 48 h after electroporation. Individual transfectant clones
were isolated after 3â€”4weeks and then perpetuated in mass culture.

Restriction Enzyme Digestion of PCR-generated cDNAs. To confirm

the presence of the MEN2A (RETexon 11)and MEN2B (RETexon 16)mutant
RET mRNA transcripts in transfectant clones, total cytoplasmic RNA was
isolated, treated with DNase, and reverse transcribed as described previously
(37). RET exon-specific PCR primers were generated for exon 11 (forward

primer, 5'-CGAGCCCGAAGACATCCAGG-3'; reverse primer, 5'-
GGAGATGGGTGGCTTGTGGGC-3') and exon 16 (forward primer, 5'-

CCFACGTGAAGAGGAGCCAG-3'; reverse primer, 5'-TAACCTCCAC
CCCAAGAGAG-3'). A cDNA equivalent of 50 ng from each cell line was
amplified using RET exon 11 or exon 16-specific primers for 30 cycles in a
final volume of 25 pJ with I unit of Taq polymerase. After an initial period of
denaturation for 3 mm at 94Â°C, the cycling conditions for exon 1 1 consisted of

30 s at 94Â°C,30 s at 66Â°C,and 45 s at 72Â°C,and for exon 16, 30 s at 94Â°C,
30 s at 60Â°C,and 45 s at 72Â°C.The resulting PCR products measured 150 bp
for exon 11 and 157 bp for exon 16. An aliquot of 10 pAfrom the PCR product
was then digested with restriction enzyme, either HhaI or Foki, respectively,
to identify the codon 634 Cysâ€”*Argmutation in exon 11 and the codon 918
Metâ€”+Thrmutation in exon 16, respectively. The restriction enzyme-digested
PCR products were resolved electrophoretically on a 12.5% polyacrylamide
gel. Bands were visualized following ethidium bromide staining prior to
photography.

Assays of Cell Growth Characteristics. To determine the cell growth
rates of individual clones, 5 X l0@ cells were plated in T75 culture flasks
(Corning, Inc., Corning, NY). Viable cell numbers present in each flask, both

adherent and in the supematant, were determined at different time points over
the course of a week following plating using trypan blue exclusion. To
determine the number of viable cells in the supernatant, culture medium was
aspirated from the flask and centrifuged for S mm at 375 X g; the cell pellet
was resuspended in PBS and disaggregated to a single-cell suspension by
gentle pipetting. The adherent cells remaining in the flask were then
trypsinized, similarly centrifuged, and disaggregated before counting. All cell

counts were expressed as a mean and SE derived from at least three individual
experiments performed in duplicate.

Tumorigenesis and Metastasis Studies. Ten million cells were washed
twice and resuspended in 0.2 ml of nonsupplemented DMEM (without hygro
mycin B or FCS) and then injected s.c. into the flanks of athymic nu/nu mice

(University of New South Wales SPF Biological Unit, Sydney, Australia).

Local tumor growth was measured weekly, and mice were sacrificed 25 days

after injection.
Gross postmortem examinations were performed on all mice, and samples

of lungs were preserved in 10% formol saline. Bone marrow smears were
stained with Wright's Giemsa stain for microscopic examination. Formalin

fixed tissue was sectioned and stained with H&E for examination. Between
five and ten sections at different levels of each lung were examined for each
mouse. Mice were considered positive for lung metastases if groups of neu
roblastoma cells were identified on any section of the lung. Histological
sections (2â€”6)of other organs (liver, spleen, heart, and kidney) were also
examined for neuroblastoma cells.

Protein Isolation and Immunoblotting. For protein isolation, 3 X 108BE
or COS cells per cell line were thawed, washed in PBS, taken up in 30 ml of
buffer A [10 mMTris-Cl (pH 7.5), 25 mr@iNsF, 5 msi MgCl2, 1 mMDli', 0.5
mM sodium vanadate, 10 mg/mI soybean trypsin inhibitor, 0.4 ms@ Pefabloc,

and 10mg/mI aprotinin] and incubated on ice for 15rain. Cells were then lysed
with 30 strokes in a Dounce homogenizer, and the postnuclear supernatant was
centrifuged at 100,000 X g for 15 mm at 4Â°C.The supernatant (5100 fraction)
was removed, and after rinsing with buffer A, the pellet (P100 fraction) was
resuspended in 3 ml of buffer A. Samples were snap frozen in aliquots and
stored at â€”70Â°Cuntil used.

The protein content of the Sl00 and P100 fractions was determined in a
Bradford reaction. Equal amounts ofeach P100 fraction (typically 200â€”250 @.tg

total protein) were used for immunoprecipitation. The sample volume was

adjusted to 580 p.1 with buffer A, and 10% NP4O was added to a final
concentration of 1% (vlv). Samples were cleared for 2 h at 4Â°Cwith 30 @.dof
a 50% (v/v) suspension (in buffer A) of protein A-Sepharose beads. The beads
were removed by centrifugation. Rabbit anti-RET polyclonal antibody (15 pal)
or mouse anti-phosphotyrosine monoclonal antibody (10 pJ; both from Santa
Cruz Biotechnology, Santa Cruz, CA) and 30 ,.d of a 50% (v/v) suspension (in
buffer A) of protein A-Sepharose beads were added to the saved supernatants,
and the samples were rotated at 4Â°Cfor 2 h. The beads were collected by
centrifugation, washed twice with 1 ml of buffer B [50 nmi Tris-Ci (pH 7.5),

75 mM NaCl, 25 nmi NaF, S mM MgC12, S mM EGTA, 1% NP4O, 0.1 mM
sodium vanadate, and 1 mMDli'), washed once with 1 ml buffer C [50 mM
Tris-Cl (pH 7.5), 75 mM NaCI, 25 mM NaP, 5 mM MgCl2, 5 mM EGTA, 0.1

mM sodium vanadate, and 1 misi Dli'] and resuspended in 25 @dof 2X

Laemmli sample buffer. Immunoprecipitated proteins were resolved by SDS
PAGEon 6%polyacrylamidegels andtransferredto polyvinylidenedifluoride
membranes using a semidry Western blotting apparatus (Pharmacia Biotech,
Uppsala, Sweden). After blocking in TBST [50 mM Tris-Cl (pH 7.5), 150 mist
NaCl, and 0.1% Tween 20] containing 5% (wlv) dried nonfat milk, membranes
were incubated with 1:1000 (v/v in blocking solution) anti-RET polyclonal or
antiphosphotyrosine monoclonal antibody, washed, and incubated with 1:1000
(v/v in blocking solution) horseradish peroxidase-conjugated anti-rabbit or
anti-mouse antibody (Amersham) as appropriate. Immunoblots were devel
oped using an ECL detection system (Amersham) following the manufactur
er's instructions.

Immunoblots for the MAP kinases were carried out on whole S 100 frac
dons. Samples were normalized for protein content, and total protein (10â€”20
,.Lg)was resolved by SDS-PAGE on 10% polyacrylamide gels. The blotting
protocol was as described above. The concentrations of primary MAPK

antibodies (all purchased from Santa Cruz Biotechnology, Santa Cruz, CA)
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A werestained,dried,andautoradiographed.Theradioactivityincorporatedinto
GST-Jun was measured by Cerenkov counting gel slices containing the fusion
protein.

bp 1 2 3 4 5 6 7

RESULTS

Expression of MEN2A and MEN2B Mutant RET in Human
________________________________________ Neuroblastoma Tumor Cells. Following transfection of both the BE

154@ (@@ I@ â€¢

75 .@
and SY human neuroblastoma cell lines with plasmids carrying either
the short-form WT RET, MEN2A or MEN2B mutant RET cDNAs,
selected clones were evaluated for expression of the mutant MEN2A
and 2B transcripts. Control clones were derived by transfection of BE
(REP) and SY (SY/REP) cells with the empty pREP4 vector.

Following transfection of the MEN2A construct, only two BE cell
transfectant clones and no SY cell clones were obtained. The creation
of a new H/wI site in exon 11 confirmed the expression of the
MEN2A RET transcript in MEN2A clone 2 but not clone I (Fig. 1A).
Thus, only one MEN2A clone (clone 2) was analyzed further for
biochemical and phenotypic properties.

Deletion of a FokI digestion site in exon 16 confirmed the expres
sion of the MEN2B RET transcripts in BE cell clones 1 and 2 (Fig.
1B) and SY cell clones 3â€”6(Fig. 1C). Restriction digests also dem
onstrated that endogenous RET exons 16 and 11 were transcribed in
the MEN2B and MEN2A clones. Furthermore, MEN2A and 2B
mutant transcripts were not present in control transfectants.

MEN2B Enhances Cell Growth in Suspension. MEN2B clones
from both BE and SY cells demonstrated a marked increase in the
proportion of cells growing in suspension as single cells or multicell
aggregates (Figs. 2 and 3). The proportion of viable cells in suspen

sion, compared with adherent cells, at 7 days after plating was
4â€”10-foldhigher in MEN2B transfectants of both BE and SY tumor
cell lines (Fig. 3). MEN2B clones from both BE and SY cells growing
only in suspension were isolated, disaggregated into a single-cell
suspension, and replated in separate flasks. These cells re-adhered to

B
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Fig. 1. Analysis of MEN2A and MEN2B mutant RET transcription in transfected BE
and SY cells. BE and SY cells were transfected with expression plasmids containing
full-lengthhumancDNAscodingfor the short isoformsof eitherWT RET,MEN2A
mutant RET (codon 634 Cysâ€”@Arg).MEN2B mutant RET (codon 918 Metâ€”+Thr). or
empty pREP4 vector (REP) alone. Total cellular RNA from each clone was DNase-treated
priorto reversetranscription;thenfragmentsofRETexonsI I and 16wereindependently
amplified by the PCR from the cDNA. A, Hhal restriction enzyme digest of the l50-bp
RETexon I 1 PCR product to detect a new HhaI site consistent with the MEN2A mutation.
BE transfectants: MEN2B clone 2 (Lane 1), MEN2A clone 1 (Lane 2), MEN2A clone 2
(Lane 3). WT (Lane 4), REP (Lane 5); untransfected BE cells digested (Lane 6) and
undigested (Lane 7). B and C. FokI restriction enzyme digest of the l57-bp exon 16 PCR
productto detectlossof a FokIsite consistentwiththe MEN2Bmutation.B. BEcells
undigested (Lane 1) and digested (Lane 2); BE transfectants: REP (Lane 3), WT (Lane 4),
MEN2B clone 1 (Lane 5), MEN2B clone 2 (Lane 6), and MEN2A clone 2 (Lane 7). C,
SY/REP cells undigested (Lane 1) and digested (Lane 2), MEN2B clone 3 (Lane 3),
MEN2B clone 4 (Lane 4), MEN2B clone 5 (Lane 5), and MEN2B clone 6 (Lane 6).
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used were: anti-ERK!, 1:2000 (v/v); anti-ERK2, 1:1000 (v/v); anti-JNK1,
1:1000 (v/v); anti-JNK2, 1:1000 (v/v); and p38MAPK, 1:500 (v/v).

Autokinase Assays. Anti-RETimmunoprecipitatespreparedas described
above were washed twice with buffer B and once with buffer C. The beads
were mixed at 30Â°Cfor 20 rain in 100 @.dbuffer C containing 1.5 @dof 100 mist
MgCl2, 0.5 Ml 10 mistATP, and 1 @tl[y-32P]ATP(NEN; NEG-002A, 3000
Ci/mmol). The beads were then washed with 1 ml buffer B and 1 ml buffer C
and resuspended in 25 @tlof 2X Laemmli sample buffer. Proteins were
resolved by SDS-PAGE on 6% polyacrylamide gels, fixed, dried, and autora

diographed for 48 h at â€”70Â°C.The radioactivity incorporated into RET protein
was measured by Cerenkov counting gel slices cut out using the autoradio
graphs as a guide.

Juki Klnase Assay. To measureJnkl kinase activity, 60â€”80@.tgof the
5100 fraction were used. The volume was adjusted to 75 p1 with buffer A and
1.5 @l100 mM MgCl2, 0.5 pJ 10 mts@ATP, 1 @.tl[y-32P]ATP (NEN; NEG

002A, 3000 Ci/mmol) added together with 25 @.dof a 30% (v/v) suspension in
buffer A of GST-Jun beads. GST-Jun represents the NH2-terminal 79 amino
acids of c-Jun expressed as a GST fusion protein immobilized on glutathione
agarose beads. The expression vector for GST-Jun, pGEX-Jun, was a kind gift
from Dr. CharmingDer (University of North Carolina, Chapel Hill, NC). After
mixing at 30Â°Cfor 20 mm, the beads were washed with 1 ml of buffer B and
1 ml of buffer C and resuspended in 25 @alof 2X Laemmli sample buffer.

Proteins were resolved by SDS-PAGE on 14% polyacrylamide gels, which

Fig. 2. Cell morphology of transfected neuroblastoma cells growing in log phase after
7 days in culture and photographed at iOOX. BE cell clones. represented in the upperfour
panels. were transfected with empty vector (REP). wild-type RET (Wi), MEN2B RET
(2B-2), and MEN2A RET (2A). SY cells in the lower two panels were Iransfected with
MEN2B RET (2B-3) and empty vector (SY/REP).
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the base of the culture flask, but after 3 days of growth, an increase in
the number of cells growing in suspension was again noted. Adherent
MEN2B cells retained parent cell morphology when newly plated, but
rather than growing across the base of the culture flask, MEN2B cells
grew in loosely adherent multicell aggregates (Fig. 2), which detached
into suspension 3 days after plating.

The single MEN2A clone was growth inhibited compared to REP
control cells and developed neuritic processes (Fig. 3) similar to the
morphological differentiation seen when neuroblastoma cells are

treated with retinoids in culture (37). In contrast, there was no signif
icant difference in growth rates between Wi' and MEN2B clones

compared to control cells for either BE- or SY-transfected cells (data
not shown).

MEN2B Expression in Neuroblastoma Cells Enhances Meta
static Behavior. To evaluate tumorigenicity of the RET transfectants,

athymic nu/nu mice were injected s.c. in the flank with l0@cells from
untransfected BE, REP, WT, MEN2A, MEN2B clone 1, and MEN2B

clone 2 cells. Tumors were detectable within 2 weeks of injection and
grew to similar sizes for all mice.

All mice were sacrificed after 25 days, and no macroscopic cvi
dence of metastatic tumors was found in any organs. Microscopic lung
metastases (Fig. 4 and Table 1) were found in 6 of 8 (75%) mice
injected with MEN2B clone 1 and 9 of 18 (50%) mice injected with
MEN2B clone 2. In contrast, the incidence of lung metastases in mice
inoculated with all other cell lines ranged from 0â€”12%(Table 1). The
microscopic lung metastases were predominantly found in the inter

stitium (Fig. 4). Eight mice injected with MEN2B clone 1 and 10 mice
injected with MEN2B clone 2 had multiple tissue sections of liver,
spleen, kidney, heart, and bone marrow examined for microscopic
metastases. No metastases were found in these organs.

MEN2B Mutant RET Does Not Increase Autokinase Activity.
To investigate the level of expression of RET protein in the trans
fected neuroblastoma cell lines, membrane fractions were prepared
from BE cells in log phase growth, normalized for protein content,
and immunoblotted with an anti-RET antibody. As expected, we
found RET protein expression was increased above control REP
levels in WT, MEN2A, MEN2B clone I , and MEN2B clone 2 cells
(Fig. SA).

We next determined the autokinase activity of RET by immune
complex autokinase assays, which were performed on RET proteins
immunoprecipitated from detergent-solubilized membrane fractions
(Fig. SB). RET immunoprecipitates prepared in parallel with those

Table I Incidence of lung metasta
RET transses

in athymic nu/nu mice injected in the flank with
fectant neuroblastomacellsMice

withlungCell
typemetastases/miceinoculatedBE1/8REP2/16WT0/82A0/82B-l6/82B-29/18

MEN2B RET ACI1VATES Jnkl AND ENHANCES METASTASIS

used for the kinase assays were immunobloued for RET (Fig. 5C). A
protein of Mr 180,000, which autophosphorylated in vitro, was cap
tured by anti-RET antibodies from both mutant RET and control cell
lines. When autokinase values were normalized for differences in
RET protein content (Fig. SC) between samples, RET immunopre
cipitated from the MEN2A clone incorporated 5- and 10-fold more
@y-32Pthan RET immunoprecipitated from REP control and MEN2B
cells, respectively. Thus, in neuroblastoma cells, MEN2A mutant
RET protein had increased autokinase activity, whereas MEN2B
mutant RET protein did not.

We then investigated whether the increased in vitro autokinase
activity of the MEN2A mutant RET receptor resulted in increased
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Fig. 3. The proportion (%) of BE and SY transfectants in suspension compared with

adherent phase in: control (REP; SY/REP). MEN2A (2A). wild-type RET (Wi). and
MEN2B (2B) clones. Seven days after plating 5 X l0@cells. viable cell numbers present
in each flask. both adherent and in the supernatant. were determined using trypan blue
exclusion. To determine the number of viable cells in the supernatant, culture medium was
aspirated from the flask and centrifuged for 5 mm at 375 X g; the cell pellet was
resuspended in culture medium and disaggregated to a single cell suspension by gentle
pipetting.The adherentcells remainingin the flask were then trypsinized,similarly
centrifuged. and disaggregated before counting. All cell counts were expressed as a mean
derived from at least three individual experiments performed in duplicate; bars, SE.
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Fig. 4. A, lung from mouse injected with untransfected BE cells showing normal
alveolar and respiratory epithelium. H&E stain. White bar. 20 @m.B. lung from mouse
injected with MEN2B RET transfected BE cells showing a prominent aggregate of tumor
cells. H&E stain. Whitebar, 20 @sm.
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MEN2B RET ACIIVATES Jnkl AND ENHANCES METASTASIS

lysates from serum-stimulated COS cells (Fig. 6A). Immune complex

kinase assays confirmed the Western blotting results, whereas immu
noblots of p38 MAP kinase also showed no slow-migrating kinase in
any clone (data not shown). However, anti-Jnk! antibodies identified
a mobility shift in Jnkl in lysates from both MEN2B clones (Fig. 6B).
No such mobility shift in Jnkl was evident in any of the other cell
lines.

To confirm that the retarded mobility of Jnkl seen in the immuno
blots of the MEN2B clones represented activated Jnkl, cytosolic Jun
kinase activity was measured directly using GST-Jun as a substrate.
Protein lysates from BE cells expressing MEN2B mutant RET dem

onstrated significantly increased Jun kinase activity compared with
.@Ret untransfected BE, REP, WT, and MEN2A cells (Fig. 6C). Further

more, protein from SY clone 2B4 also showed an increase in Jun
kinase activity of 4-fold compared with SY/REP cells.

DISCUSSION

Endogenous proto-RET is expressed in a restricted group of normal
neural crest-derived cells, many of which can give rise to MEN-type
tumors. This observation suggested to us that neuroblastoma cells,
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Fig. 5. Comparative RET protein expression and autokinase activity in untransfected
BE cells (BE) or BE cells transfected with either empty vector (REP), wild-type RET
(WI), MEN2A RET(2A), or MEN2B RET(clones 2B-1 and 2B-2). Untransfected COS-l
cells have been used as a negative control in the RET autokinase assays. A. 20 @gof each
membranefraction(P100)was resolvedby SDS-PAGEand Westernblottedusing
polyclonalanti-RETantibodies.The immunoblotshowsthat two formsof RET were
expressed in all of the cell lines, the slower-migrating protein, Mr 180,000 represents the
mature, glycosylated form of the precursor protein, M, 160,000. B and C, 100 @sgof each
P100 were taken up in lysis buffer and immunoprecipitated using polyclonal anti-RET
antibodies. One-half of the immunopurified RET was taken into an autokinase assay, and
the products were resolved by SDS-PAGE (B), and one-half was resolved by SDS-PAGE
and Western blotted using polyclonal anti-RET antibodies (C). D, 50 @sgof each P100
were taken up in lysis buffer and immunoprecipitated with anti-phosphotyrosine antibod
ies. The captured immunocomplexes were resolved by SDS-PAGE and Western blotted
with polyclonal anti-RET antibodies. MW, molecular weight marker.
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RET phosphorylation in vivo. Tyrosine-phosphorylated proteins were
immunoprecipitated from detergent-solubi!ized membranes with anti
phosphotyrosine antibodies and immunoblotted with anti-RET anti

bodies. RET was readily immunoprecipitated by anti-phosphotyrosine
antibodies from MEN2A cells but not from any other cell line (Fig.
SD). Similarly, when RET immunoprecipitates were immunoblotted
with anti-phosphotyrosine antibodies, only MEN2A RET was found
to contain detectable phosphotyrosine (data not shown).

MEN2B Mutant RET Expression Activates MAP Kinase, Jnkl.
Phosphorylation of threonine and tyrosine residues in MAP kinases is
activating and results in a retarded electrophoretic mobility of the
activated kinase. We, therefore, immunoblotted cytosol from the
control and mutant RET BE cell clones to identify slow-migrating
forms of Erk, ink, and p38 MAP kinases. Activated Erki or Erk2 was
not detected by this assay in any of the cell lines but were detected in

0

â€”@@ â€” â€” â€”@@ @Jnk1

cell line

Fig. 6. MAP kinase activation by phosphorylation measured by immunoblot (A and B)
and in vitro kinase assay (C). Cytosolic extracts (5100) were prepared from untransfected
BE cells (BE) or BE cells transfected with empty vector (REP), wild-type RET (Wi),
COS-l cells (COS), MEN2A RET(2A), and MEN2B RET(clones 2B-I and 2B-2). A, 20
@sgof each 5100 were resolved by SDS-PAGE and Western blotted using polyclonal

anti-Eric antibodies. B, 20 @sgof each 5100 were resolved by SDS-PAGE and Western
blotted using polyclonal anti-Jnkl antibodies. C. to confirm the slow-migrating form on
the immunoblot representing activated Jnkl, Jun kinase activity in the Sl00 fractions was
assayed using GST-Jun as a substrate. C, result of a typical experiment. Similar results
were obtained in three replicates.
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MEN2B RET ACTIVATES inkI AND ENHANCES METASTASIS

which express high levels of endogenous RET, would behave differ

ently to other cell types in which WT and oncogenic RET signaling
has been evaluated, such as NIH 3T3 or COS-l cells, which do not
express endogenous RET. Our findings indicate that expression of
MEN2B RET in neuroblastoma cells activates a signaling pathway
that leads to altered cell-adhesive properties, manifesting as growth in
suspension and enhanced metastatic potential.

We found that Jnkl was activated in protein from two different
neuroblastoma cell lines expressing MEN2B RET but was not acti
vated in the MEN2A transfectant cells, despite the significantly in
creased tyrosine kinase activity associated with the MEN2A mutant
receptor. The activation of Jnk 1 in our experiments cannot be simply
ascribed to overexpression of the RET receptor because the levels of
RET protein in the MEN2B clones were no greater than RET levels in
WT and MEN2A cells. Moreover, the transfected cell line that had the
highest level of RET protein, MEN2A cells, failed to show any
evidence of Jnkl activation. However, we cannot exclude the possi
bility that Jnkl may be activated in neuroblastoma cells expressing
MEN2A RET because only one MEN2A clone was derived in our
experiments, despite repeated transfections. We did not observe Erk2
activation, as has been reported for EGF-treated neuroectodermal cells
overexpressing an EGF receptor-RET fusion protein (38). However,
our study was carried out with full-length RET, and signaling path
ways activated by EGF receptor-fusion receptor may not always

accurately reproduce events triggered by full-length receptors. For

instance, activation of an EGF receptor-Axl fusion protein by EGF

activates Erk, whereas activation of full-length Axl by its newly
cloned cognate ligand, Gas-6, does not activate Erk (39). In our
studies, activation of Jnkl correlated with MEN2B transfection and

may indicate a signaling pathway linking Jnkl with metastasis. How
ever, additional experiments attempting to block the Jnkl activation
pathway will need to be performed before a definitive relationship
between MEN2B RET, Jnk!, and metastasis can be proven to exist.

EGF or platelet-derived growth factor binding to their cognate
receptors leads to autophosphorylation of the receptor tail and the
generation of specific binding sites for SH2 and PTB domain-con
taming proteins. One complex that is recruited to the activated EGF
receptor comprises the SH2/SH3 adapter protein, Grb2, and the Ras

GEF, hSos 1. The recruitment of hSosl to the plasma membrane where
Ras is localized results in Ras activation. This provides a paradigm for
the activation of Ras-related proteins by tyrosine kinase receptors. A
recent study (20) has shown that the kinase specificity of the RET
receptor is altered by the MEN2B mutation. The Jnk signaling path
way can be activated by the Rho-family GTPases, Rac and Cdc42Hs
(40, 41). Rac and Cdc42Hs have also been implicated in regulating the
cytoskeletal functions (33, 42). An intriguing possibility to explain
our results is that one of the new substrates for MEN2B RET is a Rac
or Cdc42Hs GEF. The Rho GEF could be directly activated by
phosphorylation of the MEN2B mutant RET receptor, or, by analogy
with Ras activation, a RhoGEF or RhoGEF/adapter complex could be
recruited to the plasma membrane by the MEN2B mutant receptor.

We are presently investigating these possibilities.
The mechanism by which MEN2B transfectants acquired enhanced

metastatic potential is unclear. One possibility involves aberrant func
tioning of cell adhesion molecules (43), because MEN2B neuroblas
toma cell transfectants demonstrated in vitro growth properties con
sistent with altered cell adhesiveness. In this regard, low expression
levels of the cell surface glycoprotein CD44 in primary neuroblastoma
tumor tissue have been correlated with the presence of metastatic
disease (44); thus, CD44 expression levels may be altered in our
MEN2B transfectants. A further possibility involves altered interac
tions between cell surface and extracellular matrix. Focal adhesions at
the cell surface link cytoskeletal elements within cells to extracellular

matrix via transmembrane integrins. Normal cell migration requires
both the formation and then dissolution of these focal adhesions. Focal
adhesions are known to contain several regulatory proteins, such as
the tyrosine kinases c-src and focal adhesion kinase (45), and more
recently, novel serine kinases that are putative effectors for Rac and
Cdc42Hs (46). Proto-RET may play a role in the regulation of focal
adhesions in migrating neural crest cells. Aberrant regulation of focal
adhesion turnover by constitutively activated Rac or Cdc42Hs could
explain the phenotypic behavior of neuroblastoma cells expressing

MEN2B RET. This model requires further investigation in our cell
system.

Our findings on the effects of MEN2B expression in neuroblastorna
cells are in contrast to those of D'Alessio Ct a!. (47), who found that

MEN2B expression in a neuroblastoma tumor cell line induced a
differentiated, neuritic phenotype. The differences between our results
and those of D'Alessio et a!. may be explained by differences between
the neuroblastoma cell lines used. Although we and others (48) have
not found MEN2B RET mutations in primary neuroblastorna tissue,
our results indicate that activation of the Jnk! MAP kinase pathway
may contribute to the metastatic process of neuroblastoma cells.
Because GDNF activates RET signaling in nonmalignant embryonic
neural tissues, a consequence of the MEN2B mutation in neural
crest-derived cells may be reduced sensitivity to the differentiating

effects of GDNF. In preliminary experiments, GDNF did not signif
icantly alter the growth properties of control or MEN2B transfectants.
Our finding, that MEN2B RET does not lead to RET autophospho
rylation, as has been observed in rodent fibroblasts expressing
MEN2B RET, may reflect differences in GDNF or GDNF-Rcs cx
pression levels between neuroblastoma cells and fibroblasts.

In summary, we have shown that distinct biochemical changes are
evident in the MEN2A and MEN2B transfectants, consistent with
previous data on the mechanisms of oncogenic activation of RET. Our

data demonstrate a novel role for MEN2B mutant RET in cell adhe
sion and metastasis and suggest that activation of the MAP kinase,
Jnk!, may be involved in these alterations of the cellular phenotype.
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