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Hirschsprung associated GDNF mutations do not
prevent RET activation
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Hirschsprung disease (HSCR) is a complex disorder characterised by aganglia of distal gastrointestinal tracts.
The highest proportion of both familial and sporadic cases is due to mutations of the RET proto-oncogene.
Five germline mutations in the glial cell-line-derived neurotrophic factor (GDNF) gene, one of the RET ligands,
have been detected in HSCR patients. Pedigrees analysis and the observed association between these GDNF
alterations and RET variants in the same patients raised the question of whether the GDNF gene plays any
causative/predisposing role in HSCR pathogenesis. In the present work, we have studied the ability of GDNF
proteins, each bearing one of the reported mutations, to activate RET by performing a functional test in
cultured neuroblastoma cells. Consistently with the lack of genotype/phenotype correlation in human
subjects, our results indicate absence of detectable alterations of mutant GDNF induced RET activation.
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Introduction

Hirschsprung disease (HSCR) or congenital megacolon is a
disorder characterised by the absence of intrinsic ganglion
cells along variable portions of the distal gastrointestinal
tract. From a clinical perspective it presents in the first years
of life as severe constipation with abdominal distension,
failure to thrive and intestinal obstruction." HSCR is
characterised by variable expressivity, incomplete sex-depen-
dent penetrance and a complex pattern of inheritance due to
the involvement of several genes in its pathogenesis.”>
Inactivating, loss-of-function mutations of the RET proto-
oncogene, a gene encoding for a receptor tyrosine kinase
expressed during development of neural crest derivatives,
can be detected in a proportion of both familial and sporadic
HSCR patients.* Additional HSCR susceptibility genes are
represented by the G-protein coupled Endothelin B receptor
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(EDNRB), its ligand Endothelin 3 (EDN3), the transcriptional
regulator SOX10, the endothelin-converting enzyme (ECEI)
and the SMAD interacting protein 1 (SIP1).>~7 However,
mutations in these latter genes are rare and generally
restricted to HSCR associated with specific phenotypes, like
deafness and pigmentary defects or mental retardation and
microcephaly.” ~'°

The glial cell line-derived neurotrophic factor (GDNF) is
one of the RET ligands."! It is a distantly related member of
the transforming growth factor $ superfamily, as indicated by
the presence of a cysteine-knot motif in its quaternary
structure. The three-dimensional structure of the GDNF
monomere is characterised by two long fingers of anti-
parallel f-strands and a «-helix at the opposite end.'? The
mature protein is represented by a homodimer of a 134
residues-long glycosylated polypeptide that is released by N-
terminal proteolytic cleavage from a 211 amino acids
precursor. It acts in a multi-subunit receptor in which a third
component, GDNF receptor o1 (GFRA1), is also required.'*!*

While no mutation of the GFRA1 gene has been found by
extensive screening,’>'¢ five mutations affecting the GDNF
coding sequence have been detected to date in a total of 510
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HSCR patients, all screened also for RET mutations.'” %% A

subset of these patients had also been analysed at other HSCR
susceptibility loci.?’~?* Among the GDNF variants so far
identified only a missense nucleotide substitution determin-
ing the T154S change has been reported as a de novo mutation
in a sporadic case of HSCR.'” Another missense mutation,
leading to R93W, has been found in two HSCR patients in
association with a single base pair deletion in the cytoplasmic
domain of RET'® and a heterozygous synonymous variant of
the RET gene interfering with mRNA splicing,'® respectively.
The same substitution has been detected also in a sporadic
case of pheochromocytoma?®® and in a patient with Ondine’s
curse.’® The remaining three GDNF mutations are: a P21S
change, found in association with a specific maternal/
paternal combination of haplotypes at the RET locus;'® a
D150N missense mutation, found in two HSCR patients, one
of whom was also affected by Down syndrome,'® and in an
unaffected control individual;?” a 1211M change not
segregating with the disease phenotype, being inherited by
one of two equally affected siblings from the healthy
mother.?® More recently, a novel T—»C heterozygous muta-
tion has been detected 25 bases upstream from the GDNF
coding region in a patient also carrying a missense mutation
in exon 12 of the RET gene (T706A).%!

Finally, a missense mutation in the neurturin gene,
encoding another RET ligand, has been reported as not
sufficient to cause HSCR disease since a RET missense
mutation also segregates in the same family.>’

The absence of a clear genotype-phenotype correlation of
GDNF mutations in HSCR patients and the observed
association of GDNF alterations with variants of the RET
proto-oncogene suggested a very marginal role of GDNF in
the pathogenesis of HSCR. On the other hand, Gdnf —/—
mice exhibited phenotypes similar to Ret —/— mice,
displaying intestinal aganglionosis and renal agenesis.>*~
32 Functional studies are therefore necessary to assess the
possible causative/predisposing nature of each GDNF
variant identified so far in HSCR development. To this
end, we have assayed the ability of five different mutated
GDNF proteins to activate RET in cultured neuroblastoma
cells.

Materials and methods

Site directed mutagenesis

GDNF mutant cDNAs were obtained using a commercial kit
in accordance with the manufacturer’s instructions (Altered
sites® in vitro mutagenesis system, Promega). In brief, a cDNA
containing the full-length sequence of human GDNF was
subcloned into the pAlter vector. Single-stranded cDNA from
this construct was used as a template for oligonucleotide-
based site-directed mutagenesis, obtaining the following
variants: 61C-T (P21S), 277C-T (R93W), 448G—-A
(D150N), 460A—T (T154S), 630C—-G (1211M). All mutations
were confirmed by direct sequencing.
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Proteins production and quantitative assay

Both the wild-type (wt) and the five mutant GDNF cDNAs
were subcloned into the pcDNA3.1 eukaryotic expression
vector (Invitrogen). COS7 cells were transiently transfected
by using DEAE-dextran-chloroquine method and the six
GDNF proteins thus produced were recovered from each
conditioned medium. In particular, on the day after
transfection, complete medium was changed to serum-free
Dulbecco’s modified Eagle’s medium supplemented with
insulin, transferrin and selenium (Gibco BRL). Three days
later, conditioned medium was harvested and concentrated
80- to 150-fold by ultrafiltration using Centriprep 20 or 80
plus filters (Amicon).

GDNF content in concentrated COS7-conditioned med-
ium was determined using a specific ELISA test following the
manufacturer’s instructions (GDNF Epax® ImmunoAssay
System, Promega). Conditioned media collected and con-
centrated from cultured cells were assayed in triplicate and
GDNF standards, ranging from 1000 to O pg/ml, were
prepared using serial dilutions of recombinant human GDNFE.
Cell derived GDNF levels were determined by interpolation
from standard curves assayed on individual plates.

RET phosphorylation assay

GDNF functional test was performed in SK-N-MC cells, a
human neuroblastoma cell line stably transfected with RET
cDNA and characterised by endogenous expression of
GFRA1. All mutant GDNF proteins were assayed directly
from concentrated conditioned medium as already de-
scribed.?® In particular, cells were serum starved for 24 h
prior to use and then treated with various concentrations of
wt and mutated GDNF, namely 10, 30 and 100 ng/ml.
Recombinant GDNF (R&D systems) and concentrated
medium from mock-transfected cells were always used as
positive and negative controls respectively. Treated cells were
lysed and immunoprecipitated with rabbit anti-RET poly-
clonal antibody (Santa Cruz). Immunocomplexes were
collected with protein A-sepharose (Amersham), washed,
fractionated by 7.5% SDS-PAGE and transferred to PVDF
membrane (Millipore). The extent of RET tyrosine phosphor-
ylation was determined by probing the membrane with a
biotin-conjugated antiphosphotyrosine monoclonal anti-
body (Upstate biotechnology). Detection was achieved using
a streptavidin-biotinylated horseradish peroxidase complex
(Amersham) and chemiluminescence reagent ECL (Amer-
sham). Stripped blots were reprobed with rabbit anti-RET
polyclonal antibody (Santa Cruz).

Autophosphorylation levels and amounts of RET receptor
were quantified by image analysis using the ImageQuant
software. Values of RET activation, normalised for the
corresponding amounts of p170 mature form of RET, were
obtained from three tests, performed by treating cells with
30 ng/ml GDNF, and submitted to statistical analysis. In
particular, differences between wt and each mutant GDNF
were analysed by the Student’s t-test.



Results

Five different mutant GDNF constructs, obtained by site-
directed mutagenesis from a wild-type (wt) cDNA, have been
used to transiently transfect COS7 cells. Both wt and mutant
GDNF proteins, secreted in the corresponding conditioned
medium, were quantified by ELISA test using purified
recombinant GDNF as a standard. The five mutant GDNF
proteins under analysis displayed the expected molecular
weight on Western blot analysis and could be recovered from
COS7 conditioned media at levels comparable with the wt
(data not shown).

The ability to activate the RET receptor was assayed for all
mutants and wt by assessing the level of the receptor
autophosphorylation on tyrosine residues, after using con-
centrated conditioned medium directly on RET espressing
SK-N-MC neuroblastoma cells (see Figure 1 for a representa-
tive experiment). Recombinant GDNF was always used in the
same assay as a positive control. Concentrated medium from
mock-transfected cells had no effect on RET kinase. The test
was performed at three different GDNF concentrations:
100 ng/ml and 30 ng/ml induced similar levels of receptor
activation, while the third one, 10 ng/ml, determined lower
autophosphorylation level, presumably reflecting a condi-
tion of non complete saturation®* (data not shown). The test
was repeated three times with the 30 ng/ml concentration to
verify its reproducibility. All the five GDNF mutants under
analysis showed a degree of RET autophosphorylation
roughly comparable with that induced by the wt GDNF
protein. To assess possible slight differences between mutants
and wt, signals obtained from the three tests performed at
30 ng/ml GDNF concentration were quantified by analysing
the films with the ImageQuant software. For each experi-
ment, band intensities corresponding to the tyrosine
phosphorylated RET were corrected according to the level
of the mature p170 RET protein present in each lane of the
same blot. To compare each mutant to wt, the normalised
values of RET autophosphorylation, shown in Figure 2, were
subjected to a t-test, thus confirming that none of the tested
mutations induced a statistically significant modification of
the GDNF ability to activate RET (P>0.05).

Discussion

Genetic mapping in families and mutation screening of
candidate genes have clearly shown the involvement of
multiple genes in the pathogenesis of HSCR disease.? A wide
range of mutations of the RET proto-oncogene accounts for
the highest proportion of both familial and sporadic cases.*
Other genes, some to be identified yet, are involved to a lesser
extent in determining a HSCR predisposing genetic back-
ground.®*~7 Both the identification of GDNF mutations in
HSCR patients and the generation of Gdnf —/— mice,
characterised by a phenotype similar to Ret —/— mice,
including kidney agenesis, lack of enteric ganglia and pyloric
stenosis,**~3? suggested a potential involvement of the
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Figure 1 Induction of RET auto-phosphorylation by treatment
of SK-N-MC cells with 30 ng/ml of mutant GDNF proteins. After
treatment, RET was immunoprecipitated and blots were probed
with anti-phosphotyrosine antibodies (upper) and re-probed
with anti-RET antibodies (lower). In the RET blot the two
immunobands detected correspond to the mature p170 RET and
to the incompletely glysosylated p150 RET precursor,
respectively. NC=negative control (concentrated supernatant
from mock-transfected cells). PC=positive control (R&D systems
GDNF).
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Figure 2 Extent of RET phosphorylation induced by treatments
with different mutant GDNF proteins. Quantification is obtained
in density units by using the ImageQuant software. Each
phosphorylation value is normalised with respect to the
corresponding RET amount. Values represent means of three
independent experiments carried out by using 30 ng/ml of the
corresponding GDNF protein for cell treatment. Error bars
represent standard deviation of the mean.

GDNF gene in HSCR pathogenesis. However, following the
observation that GDNF mutations detected so far in HSCR
patients are frequently associated with RET mutations and
are not segregating with the disease phenotype within
families, it has been proposed that they are not sufficient to
cause impairment of the normal intestinal innervation.'®!?
Nevertheless, these GDNF mutations might be relevant,
although in combination with other susceptibility factors,
in the pathogenesis of HSCR for several reasons: (i) with the
exception of the D150N substitution, the other mutations are
absent in normal controls; (ii) four mutations affect
conserved residues (P21, R93, T154 and 1211), and also the
fifth one, at codon 150, changes a residue which, although
not conserved, still shows similar chemical features in
human (aspartic acid) and in rat (glutamic acid); finally,
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(iii) with the exception of the T154S substitution, the other
four mutations lead to variations of chemical and physical
features of the corresponding residues.

None of the studies performed so far on the relationship
between structure and function of GDNF has reported
evidences in favour of a role of the residues involved in
HSCR associated GDNF mutations to guarantee RET activa-
tion or cell surviving. In the attempt to identify the amino
acids directly involved in GFRol binding, Eketjall et al*?
mutated, among many others, the residue in position 150
showing a poor effect of this change on GFRa1 binding and
no consequences on RET activation. Moreover, a deletion of
the GDNF N-terminal end, including the R93 residue,
reduced binding to GFR«1 by ~ 20-fold, maintaining at the
same time the ability to activate RET.>* More recently, Baloh
et al®® have identified the GDNF regions critical for activating
the GFR«1/RET and GFR«2/RET receptor complexes. Accord-
ing to this study, none of the amino acids involved in HSCR
associated GDNF mutations is included in the GFR«1/RET
critical region, whereas D150 and T154 are included in the
GFRo2/RET critical region. However, it is difficult to attribute
a role to the D15ON and T154S changes in HSCR develop-
ment since, although an interaction between GDNF and
GFRo2 is detectable in vitro, this co-receptor is considered a
specific partner of neurturin in vivo.3® Finally, Chen et al®’
have demonstrated that deletions including the T154 and
1211 residues abolished the GDNF ability to maintain motor
neurons from the spinal cord. However, since such deletions
also lack the complete o-helix and the finger domain
fundamental to activate the GFRo1/RET receptor complex,
their effect on GDNF activity is likely to be dependent on
deprivation of whole structural regions rather than on the
loss of single residues.

Based on the above considerations, in the present work we
have investigated the functional effect of GDNF mutations
observed in HSCR patients, as a means to establish their
possible contribution to the HSCR phenotype. As mentioned
above, Eketjall et al>® showed that specific GDNF mutations
alter the GFR«1 binding but retain the ability to activate RET
at normal levels, concluding that probably there are two
binding sites for GDNF, one formed by GFRol and one
formed by GFR«1/RET complex. They hypothesised different
signalling capabilities for these two sites*® and, in fact, RET-
independent GDNF signalling has been shown in neuronal
cells.>® However, since no mutation of the GFRAI gene has
been found so far in HSCR patients, in spite of extensive
screenings,'>!¢ it is questionable whether this alternative
pathway has any role in the development of HSCR disease.
For this reason, we decided to functionally test HSCR
associated GDNF mutations by analysing the ability of GDNF
mutants to induce RET activation in intact cells. This is the
first step of a signal cascade finalised to transcriptional
activation in the nucleus. Normal levels of GDNF induced
RET autophosphorylation are assumed as the evidence of
normal downstream RET-dependent pathway.
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After producing five GDNF mutant proteins in COS7 cells
and testing their effect on RET expressing SK-N-MC neuro-
blastoma cells, we have observed a degree of receptor
autophosphorylation comparable to that induced by the wt
GDNF protein at any tested concentration. A statistical
analysis has confirmed that the variability observed in the
extent of mutants and wt GDNF induced RET autopho-
sphorylation, both within the same blots and among
different blots, is not due to a significant difference in their
ability to activate RET (Figure 2).

Our attempt of quantifying the GDNF induced RET
activation might have missed faint differences between wt
and some of the mutant GDNF proteins. We believe that such
a putative undetected effect of mutant proteins, if present,
could have been so low that its contribution to the resulting
intestinal phenotype would be similarly negligible.

While in our functional assay mutant GDNF proteins,
produced in the absence of the wt construct, could be only
tested as mutant homo-dimers, in HSCR patients GDNF
mutations have been detected at the heterozygous status,
thus raising the possibility of an in vivo dominant negative
effect of mutant/wt hetero-dimers. However, having ex-
cluded any role of the mutant homo-dimers, any additional
effect of mutant GDNFs can be considered as unlikely.

Finally, the analysed GDNF mutations may have a func-
tional relevance, which we could not rule out, in specific RET
contexts, such as common RET haplotypes or SNP alleles. On
the other hand, the lack of association with RET mutations
affecting the extracellular, GDNF interacting domain seems to
exclude a direct, synergical effect of reported GDNF mutations
and RET variants on the phenotype.

In conclusion, we have demonstrated that none of the
GDNF mutations observed in HSCR patients significantly
prevents RET activation and, presumably, the following
signal transduction in cultured neuroblastoma cells. This
observation is consistent with the lack of genotype/
phenotype correlation in human subjects.
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